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Abstract— Non-Terrestrial Networks (NTNs) are commonly
envisioned as a means of extending coverage beyond the reach
of terrestrial infrastructure. However, they can also be used to
complement Terrestrial Networks (TNs) in supporting traffic
demand. This paper evaluates load balancing strategies for
TN-NTN coexistence through bidirectional user offloading and
resource allocation. Five offloading strategies are compared. The
results show that bidirectional offloading reduces outage by
redistributing traffic between both networks.
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I. INTRODUCTION

Non-Terrestrial Networks (NTNs) have emerged as a key
component of future wireless networks, complementing terres-
trial infrastructure through wide-area coverage and ubiquitous
connectivity [1]. Beyond coverage extension, the integration
of NTNs and Terrestrial Networks (TNs) also creates new op-
portunities for traffic management, allowing User Equipments
(UEs) to be served by different access technologies according
to network conditions and resource availability.

In integrated TN-NTN deployments, UE association plays
a central role in determining how traffic is distributed across
the terrestrial and satellite segments. When both networks are
simultaneously available, assigning UEs exclusively accord-
ing to radio conditions may lead to an uneven utilization
of network resources. As a consequence, one segment may
experience resource scarcity while capacity remains available
in the other. Load balancing mechanisms address this issue by
enabling UE migration between networks and redistributing
traffic according to resource availability rather than solely
channel quality [2].

While load balancing is widely studied in terrestrial net-
works, TN-NTN coexistence faces severe capacity asymme-
try due to large satellite footprints and limited spectrum.
Addressing this gap, this paper moves beyond conventional
unidirectional offloading to propose a proactive bidirectional
UE migration framework. Five distinct offloading heuristics
are evaluated via Monte Carlo simulations, providing critical
insights into how different selection criteria balance outage
reduction, network load, and fairness trade-offs.
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II. SYSTEM MODEL

We consider a coexistence scenario composed of a terrestrial
cellular network and a Low Earth Orbit (LEO) satellite-based
NTN operating over distinct frequency bands. The terrestrial
segment consists of a single TN cell of radius Rrpy, while
the satellite segment is represented by a single NTN beam
of radius Ryrpn, with Ryrny > Rpn. The terrestrial base
station is located at the center of the satellite footprint. A set
K of UEs is distributed over the coverage area, and each UE
may potentially access either network depending on channel
conditions and resource availability.

The use of orthogonal frequency bands eliminates co-
channel interference between the terrestrial and satellite seg-
ments. Consequently, the radio resources of each network can
be managed independently. Let N = {TN,NTN} denote the
set of available access networks and let R, represent the set
of resource blocks (RBs) available in network n € N. The
objective of the subsequent load balancing procedure is to
determine the network association of each UE.

The propagation conditions experienced by terrestrial and
satellite links are modeled according to standardized 3rd
Generation Partnership Project (3GPP) assumptions. For the
terrestrial segment, the downlink channel follows the Rural
Macro (RMa) non-line-of-sight (NLOS) propagation model
specified in 3GPP TR 38.901 [3]. The corresponding path
loss is computed according to the analytical expressions de-
fined in the specification, while large-scale channel variations
are represented through log-normal shadowing with standard
deviation o4 = 8 dB.

For the satellite segment, propagation follows the assump-
tions adopted for LEO NTNs in 3GPP TR 38.811 [1]. The
channel model accounts for free-space path loss associated
with the satellite slant range, beam gain variations due to
the satellite radiation pattern, atmospheric attenuation, and
polarization mismatch losses. Small-scale channel fluctuations
are modeled through Rician-Shadowed fading, capturing both
the dominant line-of-sight component and the effects of shad-
owing and multipath propagation [4].

Let gi . denote the channel gain between network n € N
and UE k£ € K on RB r € R,,. The channel gain incorpo-
rates all propagation effects associated with the corresponding
access technology, including path loss, shadowing, fading,
antenna gains, and additional propagation losses. Assuming a
fixed transmit power spectral density within each network, the
transmit power allocated to a given RB is denoted by P ,,.
The resulting Signal-to-Noise Ratio (SNR) experienced by UE
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k on RB r is therefore given by

Pt;c,ngk,n,,r
0—2

SNRy 0, = , (1)

where o2 denotes the thermal noise power including receiver
noise figure.

Assuming ideal link adaptation and neglecting coding and
implementation losses, the achievable rate associated with RB
r is approximated through Shannon’s capacity expression

Ok,n,r = BRB 10g2 (1 + SNRk,n,r) 5 (2)

where Brp denotes the bandwidth of a single RB. The total
data rate achieved by a UE corresponds to the sum of the
capacities of all RBs assigned to that UE. These rate values
are subsequently used by the load balancing and resource
allocation procedures described in the following sections.

III. DESIGN OBJECTIVES AND CONSTRAINTS

The considered TN-NTN coexistence scenario requires
determining both the serving network of each UE and the
allocation of the available radio resources within each network.
Since the terrestrial and satellite segments operate over distinct
frequency bands, their resource pools are independent and can
be managed separately. Nevertheless, UE association decisions
directly affect the resource availability in each network and,
consequently, the achievable UE rates.

Let x5, denote the association variable associated with UE
k and network n, defined as

1, if UE k is associated with network n,
Ty = . 3)
0, otherwise.

Since each UE can be served by at most one access network
at a given time, the following association constraint must hold:

d awkn<1l,  VEEK. )
neN
Radio resource allocation is represented through the binary
variable vy, ,, ., defined as

1, if RB r of network n is assigned to UE k,
Yen,r = .
0, otherwise.
4)
Because orthogonal multiple access is assumed, a given RB
can be assigned to at most one UE within the same network.
This requirement is expressed by

Z Yk,n,r < 1, Vn € N,V’f‘ €ER,. (6)
keK

Furthermore, radio resources can only be allocated by the
network serving the corresponding UE. Therefore, resource al-
location must remain consistent with the association decisions

according to
Yk,n,r < Tk,ns vk € K, Vn € N, Vr € R,. @)

Given the achievable rate C}, ,, , associated with RB r in
network n, the total rate experienced by UE k can be expressed

as
Rk = Z Z yk,n,rck,n,r~ (8)

neN reR,

In practical systems, UEs are typically associated with min-
imum service requirements. Accordingly, a UE is considered
to be in outage whenever its achieved throughput falls below
a predefined threshold R,,,. To facilitate the performance
evaluation, we define the binary satisfaction indicator

> .
e = 1a Rk = Rmma (9)
0, Ri < Rumin-

The total number of satisfied UEs can then be written as

Nsat = Z 2k

keK

(10)

while the outage probability is obtained from the fraction of
UE:s that fail to satisfy the minimum rate requirement.

The objective of the load balancing process is to increase
the number of satisfied UEs while efficiently utilizing the radio
resources available in both networks. Different association and
offloading decisions may lead to distinct resource distributions
between the terrestrial and satellite segments, affecting outage
probability, UE throughput, fairness, and network utilization.

IV. LOAD BALANCING STRATEGIES

This work evaluates a set of load balancing strategies based
on bidirectional UE offloading between the TN and NTN.
The overall procedure consists of two sequential stages: UE
association and resource allocation. The first stage determines
the serving network of each UE, while the second stage
distributes the available radio resources among the associated
UEs.

Initially, UEs whose received SNR is below —5 dB in both
networks are considered to be in physical outage and are
excluded from the association process. For the remaining UEs,
an initial association is established according to the highest
instantaneous SNR. A UE is considered eligible for migration
whenever the minimum SNR requirement is simultaneously
satisfied in both networks. Such UEs constitute the candidate
set from which offloading decisions are made.

The offloading procedure is applied sequentially in both
migration directions. It is first executed from the network
exhibiting the highest outage probability towards the oppo-
site network. After no further beneficial migrations can be
identified, the same procedure is applied in the reverse direc-
tion. This bidirectional evaluation allows traffic redistribution
across both networks and reduces the dependence of the final
association on the initial UE distribution.

Candidate UEs are examined according to a predefined
ordering criterion. UEs are migrated one at a time and a
migration is accepted only if it does not increase the overall
outage probability. Whenever the source network reaches
zero outage, additional migrations are accepted only if they
improve the overall median UE capacity. Consequently, the
offloading process prioritizes outage reduction while avoiding
unnecessary capacity degradation.

Five UE-selection strategies are investigated. The first strat-
egy (M) evaluates all migration candidates and prioritizes
UEs with the lowest SNR in the source network. This greedy
source-relief tactic assumes that offloading UEs with poor
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channels removes the most resource-hungry connections from
the origin, despite potential suboptimality at the destination.

The second strategy (M2) adopts the same ordering crite-
rion as M1 but restricts the candidate set to UEs currently
experiencing service outage. This policy focuses exclusively
on UEs whose achieved rate is below the minimum service
requirement.

The third strategy (M3) evaluates all migration candidates
and prioritizes UEs with the highest SNR in the destina-
tion network. This proactive criterion ensures migrated UEs
achieve high spectral efficiency, maximizing resource utility
and minimizing bandwidth consumption after reassociation.

The fourth strategy (M4) combines the candidate filtering
adopted in M2 with the destination-SNR ordering adopted
in M3. Therefore, only UEs in outage are considered for
migration and priority is given to those exhibiting the strongest
channel conditions in the destination network.

Finally, the fifth strategy (M5) evaluates all migration candi-
dates and prioritizes UEs according to their RB cost. The RB
cost is defined as the number of resource blocks required for
a UE to achieve the minimum target rate R, in the source
network. UEs demanding a larger amount of radio resources
are therefore migrated first, potentially releasing additional
resources for the remaining UEs.

After the UE association stage is completed, radio resources
are allocated independently within each network. A Round
Robin scheduler is employed to distribute the available RBs
among the associated UEs. Since resource allocation is per-
formed independently of channel quality, the resulting perfor-
mance differences can be primarily attributed to the offloading
decisions rather than to scheduler-specific throughput gains.
This allows the impact of the evaluated load balancing strate-
gies to be assessed in a consistent and comparable manner.

V. PERFORMANCE EVALUATION

A. Simulation Assumptions

The performance evaluation is conducted through snapshot-
based Monte Carlo simulations. Each snapshot represents an
independent realization of UE positions and channel condi-
tions. The considered scenario consists of one terrestrial cell
and one LEO satellite beam operating over distinct frequency
bands, as described in the previous sections. The main simu-
lation parameters are summarized in Table I.

For each simulation snapshot, UEs are spatially distributed
over the considered coverage region according to a composite
distribution. Half of the UEs are uniformly distributed in-
side the terrestrial cell, representing a local concentration of
traffic within the TN coverage area. The remaining UEs are
uniformly distributed over the satellite footprint. This spatial
distribution creates a coexistence scenario in which part of
the traffic demand is concentrated in the terrestrial cell, while
another part is distributed over the wider NTN coverage area.

We consider different numbers of active UEs, i.e., Nyg €
{30, 40, 50, 60, 70, 80, 90,100} in order to evaluate the load
balancing strategies under different traffic loads. For each
value of Nyg, 1000 independent Monte Carlo snapshots are

TABLE 1
PARAMETERS
Parameter Terrestrial (TN) Satellite (NTN) Ref.
Layout Open RMa Scenario 9 (LEO-600) [3], [5]
Carrier Frequency 700 MHz 2.0 GHz (S-band) [1], [3]
System Bandwidth 20 MHz 30 MHz [8]
Subcarrier Spacing 15 kHz 15 kHz [8]
Num. of RBs 106 160 [8]
RB Bandwidth 180 kHz 180 kHz [8]
Power / EIRP 46 dBm 78.8 dBm [6], [5]
Eval. Radius 15 km 50 km [3], [1]
Height 35 m 600 km [11, [3]
Tx Gain 15 dBi 30 dBi [31, [5]
Rx Gain 0 dBi 0 dBi [31, [5]
Add. Losses (L) 2 dB 5.4 dB [31, [5]
Prop. Model RMa (NLOS) FSPL + Beam roll-off [3], [1]
Fading Rician-Shadowed [31, [7]

Shadowing (8 dB)
Chan. Params -
Noise Figure
Antenna Type

K =15dB,m =15 [7]
9 dB [8]
Spot beam [11, [3]

9 dB
3GPP 3D

generated. In each snapshot, UEs positions, channel gains, ini-
tial association, offloading decisions, and resource allocation
are computed independently.

The baseline scenario associates each UE with the network
providing the highest instantaneous SNR. No subsequent load
balancing is performed in this case. The baseline therefore
represents a channel-driven association policy, against which
the evaluated offloading strategies are compared.

The minimum service requirement is set to R, = 1 Mbps.
A UE whose achieved rate is below this threshold is considered
to be in outage. The performance of each strategy is evaluated
using four metrics. The first metric is the outage probability,
defined as the fraction of UEs that do not achieve R,,i,. The
second metric is the median UE capacity, which represents the
typical rate experienced by admitted UEs and is less affected
by extreme values than the average throughput. The third
metric is Jain’s fairness index, computed from the achieved UE
rates. Finally, the network load is measured as the fraction of
UEs associated with each access network, allowing the effect
of offloading on traffic distribution to be assessed.

B. Simulation Results

The purpose of this evaluation is to determine how different
UE migration policies affect the performance of the integrated
TN-NTN system. The evaluated strategies differ only in the
criterion used to select UEs for migration. Therefore, the
observed differences can be attributed to the load balancing
policy rather than to changes in the propagation model, traffic
model, or resource allocation procedure.

Fig. 1 shows the capacity distribution obtained for the base-
line association with 30 UEs. In this case, UEs are associated
exclusively according to the highest instantaneous SNR. The
figure shows that the terrestrial and satellite segments provide
substantially different capacity distributions. The terrestrial
segment can provide higher data rates to a portion of the UEs,
whereas the satellite segment exhibits a more concentrated
distribution at lower rates. This difference is expected due to
the distinct propagation conditions, coverage footprints, and
resource sharing characteristics of the two access technologies.
The result also indicates that a purely SNR-based association
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Fig. 1. Baseline scenario CDF evaluating 30 UEs.

may not fully exploit the resources available in both networks,
motivating the use of load balancing mechanisms.

Fig. 2(a) presents the overall outage probability as the
number of UEs increases. The baseline exhibits the highest
outage over the evaluated load range, showing that maximum-
SNR association alone is insufficient to balance the demand
between the terrestrial and satellite segments. All offloading
strategies reduce the outage relative to the baseline, confirming
that UE migration can improve the utilization of the available
radio resources.

The network-specific outage curves in Fig. 2(b) and
Fig. 2(c) explain the origin of this improvement. For the
considered scenario, most outage events occur in the satellite
segment, while the terrestrial segment remains less congested
under the baseline association. The offloading strategies reduce
the NTN outage by transferring part of the traffic to the
TN. This behavior demonstrates that, in the evaluated setup,
terrestrial resources can be used not only for local coverage
but also to relieve congestion in the satellite segment.

Among the evaluated strategies, M3 consistently provides
the lowest overall outage. Prioritizing UEs with the highest
destination SNR ensures they require very few RBs to achieve
their target rate. This high spectral efficiency effectively pre-
vents offloading from merely transferring congestion, thereby
preserving capacity in the receiving network.

A second relevant trend is observed when comparing M1,
M3, and M5 against M2 and M4. The former group evaluates
all UEs eligible for migration, whereas the latter group restricts
the candidate set to UEs already in outage. The results
indicate that limiting the offloading process to outage UEs
can be overly restrictive. UEs that are not currently in outage
may still consume a significant amount of resources in the
source network. Migrating such UEs can release resources for
multiple remaining UEs and thereby reduce the overall outage
more effectively than a purely reactive policy focused only on
unsatisfied UEs.

The median capacity results in Fig. 2(d)—(f) show the
trade-off associated with this redistribution. In the terrestrial
segment, the median capacity decreases when load balanc-
ing is applied, as additional UEs are admitted by the TN.
This reduction should be interpreted together with the outage

curves: the terrestrial network sacrifices part of its excess per-
UE capacity in order to serve additional UEs and reduce the
system outage. In contrast, the NTN median capacity tends to
improve or remain more stable because fewer UEs compete
for the satellite resources after offloading.

The overall median capacity in Fig. 2(d) reflects the com-
bined effect of resource redistribution between the two access
networks. Although the terrestrial median capacity decreases
when additional UEs are associated with the TN, the NTN
median capacity tends to remain slightly higher for some
offloading strategies. As a result, the overall median capacity
varies only moderately across the evaluated methods. This
indicates that median capacity and outage probability capture
different aspects of the system behavior and should be inter-
preted jointly rather than as equivalent performance indicators.

Figs. 2(h) and Fig. 2(i) show the distribution of UEs between
the two networks. Compared with the baseline, the offloading
strategies increase the fraction of UEs associated with the
TN and reduce the load assigned to the NTN. This behavior
is consistent with the outage results and confirms that the
reduction in outage is achieved through a redistribution of UEs
across the two access networks.

Finally, Fig. 2(g) presents Jain’s fairness index computed
from the achieved UE rates [9]. The fairness values remain
limited by the heterogeneous nature of the coexistence sce-
nario, since terrestrial and satellite links exhibit different
channel conditions and resource availability. Nevertheless, the
offloading strategies do not produce a substantial fairness
degradation relative to the baseline. This suggests that the
outage reduction is mainly obtained through improved traffic
distribution rather than through excessive concentration of
resources on a small subset of UEs.

Overall, the results show that bidirectional offloading is
effective in reducing outage in the considered TN-NTN co-
existence scenario. The comparison among the strategies also
provides an important design insight: considering all eligible
UEs for migration tends to be more effective than considering
only UEs already in outage. This indicates that load balancing
should be viewed as a proactive resource redistribution mech-
anism rather than only as a corrective action for UEs that have
already failed to meet the target rate.

VI. CONCLUSION AND FUTURE PERSPECTIVES

This paper evaluated load balancing strategies for the co-
existence of terrestrial and non-terrestrial networks operating
over distinct frequency bands. Five bidirectional UE offloading
policies were investigated under different traffic loads and
compared in terms of outage probability, median UE capacity,
fairness, and network load distribution.

The results showed that different UE-selection criteria lead
to distinct traffic distributions and performance trade-offs
across the considered metrics.

A particularly relevant observation is that strategies evalu-
ating the complete set of eligible migration candidates consis-
tently outperform those restricted to UEs already experiencing
outage. This behavior suggests that effective load balancing
should not be viewed solely as a corrective mechanism for
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load distribution.

unsatisfied UEs. Instead, proactive traffic redistribution can
release resources in congested segments and indirectly benefit
a larger number of UEs.

The results also showed that the terrestrial infrastructure can
play an important role in supporting traffic demand within in-
tegrated TN-NTN deployments. By redistributing UEs across
the available access networks, the evaluated strategies modify
both the load distribution and the resource utilization patterns
observed in the system.

Future work includes multi-cell scenarios, UE mobility,
QoS-aware schedulers, and statistical sensitivity analyses to
further validate the heuristics’ robustness.
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