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Abstract

Direct-to-cell (D2C) non-terrestrial networks (NTNs) based on 5G technology are emerging
as a key complement to terrestrial cellular networks, extending connectivity to underserved
and remote areas while enabling integration with existing mobile ecosystems. As these
systems begin operating in frequency bands already used by terrestrial International Mobile
Telecommunications (IMT) networks, coexistence becomes critical. This paper presents a
victim-centric methodology for evaluating D2C interference into terrestrial 5G networks
in the 694/698 MHz-2.7 GHz regulatory study range. Seven downlink carrier cases and
four uplink carrier cases between 734 and 2620 MHz are evaluated. For a prescribed
external interference-to-noise ratio, the external contribution is referenced to receiver
thermal noise, while terrestrial intra-network interference remains part of the baseline
and interfered signal-to-interference-plus-noise ratio (SINR). The resulting throughput
loss is translated into candidate power-flux-density (PFD) and equivalent-power-flux-
density (EPFD) protection levels. A reference non-geostationary-satellite-orbit (NGSO)
system is used only to motivate the assumed receiver-exposure fractions; the numerical
network results are therefore conditional on those exposure assumptions. The same external
interference level produces approximately three times greater network throughput loss at
base stations than at user equipment, so direction-specific protection levels are required.
For downlink protection, the tested 3 dB noise-rise case gives candidate PFD levels from
−109.23 to −98.17 dB(W/(m2·MHz)); for opposite-direction cross-border uplink protection,
I/N = −6 dB gives candidate EPFD levels from −138.23 to −130.18 dB(W/(m2·MHz)) for
non-AAS base stations. The approximately 11 dB offset for AAS cases results from the
maximum-gain normalization used in EPFD and should not be interpreted as evidence of
greater satellite exposure. These values are tested candidate levels rather than estimates of
an exact 5% crossing point.

Keywords: direct-to-cell (D2C); NTN; spectrum compatibility; aggregate interference;
694/698 MHz-2.7 GHz; WRC-27

1. Introduction
Direct-to-cell (D2C) non-terrestrial networks are emerging as a practical extension

of terrestrial mobile networks, providing service continuity in remote, underserved, and
disaster-affected areas. Two distinct spectrum approaches must, however, be differentiated.
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The NTN bands standardized by 3GPP to date, including bands n255 and n256 introduced
for NR-NTN in Release 17, are frequency bands allocated to the mobile-satellite service
(MSS). They are not the frequency bands deployed for the terrestrial component of IMT, and
terrestrial LTE/5G networks do not operate co-channel with those standardized MSS-band
NTN assignments [1–3].

The case considered in this paper is fundamentally different. WRC-27 agenda item
1.13, established through Resolution 253 (WRC-23), studies possible new MSS allocations
between 694/698 MHz and 2.7 GHz in frequency ranges identified for terrestrial IMT and
already used by operational LTE and 5G networks [4]. The objective is direct connectivity
between space stations and conventional IMT user equipment, allowing existing, unmodi-
fied smartphones to receive satellite service without a dedicated satellite terminal. This
approach therefore reuses terrestrial cellular spectrum rather than placing NTN only in
separate MSS bands.

For consistency, this paper uses D2C to mean direct-to-cell satellite connectivity. ITU
materials for WRC-27 agenda item 1.13 describe the same sharing scenario as direct connec-
tivity between mobile-satellite service space stations and IMT user equipment, abbreviated
here as DC-MSS-IMT. The term DC-MSS-IMT is retained only when referring specifically
to that ITU nomenclature; D2C is used elsewhere.

This terrestrial frequency reuse creates the central coexistence problem addressed here.
A satellite beam can illuminate territories of several countries at the same time, whereas
national LTE/5G deployments may implement different IMT frequency arrangements
or transmission directions. A satellite downlink transmitted on a terrestrial downlink
frequency can interfere with IMT user equipment. More critically for cross-border coordina-
tion, the same frequency may be used for terrestrial downlink in one country and terrestrial
uplink in a neighboring country, causing the satellite downlink to interfere with IMT base-
station receivers. Protection criteria are therefore required for both user equipment and
base stations and must reflect network-level performance and aggregate interference. The
relevant technical framework is provided by the International Telecommunication Union
Radiocommunication Sector (ITU-R), including Recommendation ITU-R M.2101, Report
ITU-R M.2292, and Recommendation ITU-R M.1036 [5–7].

Related Work and Research Gap

The 3GPP studies supporting NR-NTN standardization established radio-frequency
and coexistence requirements for satellite access in MSS bands, particularly n255 and n256,
and examined compatibility with systems in adjacent bands [1–3]. This work demonstrated
that NR waveforms and cellular-type user equipment can support satellite access. It did
not, however, define co-channel protection limits for satellite transmissions reusing the
frequency bands of operational terrestrial LTE/5G networks under the different national
frequency arrangements considered by WRC-27 agenda item 1.13.

Broader architectural studies have identified propagation delay, Doppler shift, and
PHY/MAC adaptation as central challenges in integrating satellite systems with terrestrial
5G networks [8].

Recent research has examined several complementary parts of the coexistence problem.
Interference analyses have been reported for direct-to-cell operation in the n25 band and
for NTN deployments in the L- and S-bands [9,10]. Coordinated dynamic spectrum-
sharing methods have also been proposed to balance terrestrial-network protection and
NTN resource availability [11]. In addition, controlled laboratory measurements of co-
channel LEO-like downlink interference into terrestrial 5G receivers have shown that a
1 dB receiver desensitization occurs near an interference-to-noise ratio of −6 dB under the
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tested conditions [12]. These contributions provide important link-level, band-specific, and
resource-management results.

Earlier cognitive-satellite studies similarly formulated carrier, bandwidth, and
transmit-power allocation under interference constraints intended to protect incumbent
terrestrial networks [13].

Recent systems research has also examined multi-tenant LEO architectures capable of
providing direct 4G/5G connectivity to conventional mobile phones and IoT devices [14].

A remaining need is therefore a consistent system-level assessment of the specific
WRC-27 agenda item 1.13 scenario: satellite downlinks providing service to conventional
IMT smartphones while reusing frequency bands already occupied by terrestrial LTE/5G.
Such an assessment should connect satellite-generated interference to the throughput
degradation of operational terrestrial networks across the 694/698 MHz to 2.7 GHz range.
It must also address both same-direction protection of user equipment and opposite-
direction protection of base stations, including cross-border cases in which neighboring
countries use different frequency arrangements, and translate the resulting degradation
into regulatory limits applicable to satellite emissions.

The contribution of this paper is a network-level sensitivity analysis that quantifies
how a prescribed receiver degradation produces throughput degradation in an operational
terrestrial 5G network, together with the conversion of that relationship into the required
PFD and EPFD limits. Four specific outcomes follow.

First, the study provides a quantified mapping between externally applied receiver
interference and network throughput loss for seven downlink carrier cases (734, 852,
925, 1805, 1900, 2110, and 2620 MHz) and four uplink carrier cases (734, 852, 1900, and
2620 MHz). Earlier work on direct-to-cell coexistence has addressed individual bands, link-
level receiver desensitization or resource-coordination mechanisms; a common multi-band,
multi-cell mapping of this kind has not been reported for this scenario.

Second, the results identify a marked asymmetry between the two link directions: the
same prescribed noise rise produces an uplink throughput loss approximately three times
the downlink loss. This is the principal empirical outcome of the study and shows that
uplink protection requires more stringent, direction-specific limits.

Third, the study addresses the opposite-direction cross-border case in which a satel-
lite downlink overlaps the terrestrial uplink of a neighboring country using a different
frequency arrangement or duplexing scheme. This case arises specifically from the reuse
of terrestrial IMT spectrum by D2C systems. The corresponding base-station limits are
expressed as EPFD so that the directional receive gain of the victim receiver is accounted
for. The approximately 11 dB offset between the AAS and non-AAS values is produced by
the different maximum-gain normalizations in the EPFD conversion; it does not by itself
indicate greater satellite exposure of AAS sites.

Fourth, because the degradation is prescribed at the victim receiver rather than gener-
ated by a specific interfering system, the resulting PFD and EPFD values are independent
of NGSO architecture and can serve as a common compliance interface. The division of
responsibility between a victim-side limit and a system-side compliance demonstration
follows established practice for flux-density limits in the Radio Regulations; what is new
here is that the limit is derived from an explicit, quantified network-performance criterion
rather than from a receiver-level criterion alone.

The remainder of the paper is organized as follows. Section 2 defines the terrestrial IMT
deployment and antenna parameters. Section 3 presents the system-level throughput-loss
methodology and the conversion from receiver noise rise to PFD or EPFD. Sections 4 and 5
present the protection results for IMT user equipment and base stations, respectively.
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Section 6 discusses the engineering and regulatory implications, and Section 7 summarizes
the main conclusions.

2. Characteristics of IMT Systems in the 694/698-2690 MHz
Frequency Range

The analysis uses the IMT deployment parameters presented in Tables 1 and 2, which
are derived from Report ITU-R M.2292 and Recommendation ITU-R M.2101. The typical
antenna pattern of the non-active antenna system (non-AAS) base station is shown in
Figure 1. The beamforming antenna characteristics of the active antenna system (AAS)
base station are provided in Table 3, and the corresponding composite antenna pattern is
shown in Figure 2. These tables are derived from the corresponding Recommendations
and Report of ITU-R [5,6,15,16], particularly Tables 1 and 2 are from Report ITU-R M.2292
and Table 3 is from the WRC-19 cycle Chairman’s Report of WP 5D.

Table 1. Deployment-related parameters for bands below 1 GHz according to Report ITU-R
M.2292 [6].

Base Station Characteristics/Cell Structure

Cell radius >5 km (typical 8 km) for macro rural scenario
0.5–5 km (typical 2 km) for macro urban/suburban scenario

Antenna height 30 m

Sectorization 3 sectors

Downtilt 3 degrees

Antenna pattern

Recommendation ITU-R F.1336 (recommends 3.1)

• ka = 0.7
• kp = 0.7
• kh = 0.7
• kv = 0.3

Horizontal 3 dB beamwidth: 65 degrees
Vertical 3 dB beamwidth: determined from the horizontal beamwidth
by equations in Recommendation ITU-R F.1336. Vertical beamwidths
of actual antennas may also be used when available.

Antenna polarization Linear/±45 degrees

Feeder loss 3 dB

Maximum base station output power 46 dBm in 10 MHz

Base station antenna gain 15 dBi

Base station EIRP/sector 58 dBm in 10 MHz

Average base station activity factor 50%

Average base station EIRP/sector taking into account
activity factor 55 dBm in 10 MHz

User Terminal Characteristics

Indoor user terminal usage 50% for macro rural scenario
70% for macro urban/suburban scenario

Average indoor user terminal penetration loss 15 dB for macro rural scenario
20 dB for macro urban/suburban scenario

Maximum user terminal transmitter output power 23 dBm

Average user terminal transmitter output power 2 dBm for macro rural scenario
–9 dBm for macro urban/suburban scenario

Antenna gain for user terminals –3 dBi

Body loss 4 dB
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Table 2. Deployment-related parameters for bands between 1 and 3 GHz according to Report ITU-R
M.2292 and Recommendation ITU-R F.1336 [6,15].

Base Station Characteristics/Cell Structure

Cell radius/deployment density (for bands between 1 and 2 GHz) >3 km
(typical figure to be used in sharing studies 5 km)

Cell radius/deployment density (for bands between 2 and 3 GHz) >2 km
(typical figure to be used in sharing studies 4 km)

Antenna height 30 m

Sectorization 3 sectors

Downtilt 3 degrees

Antenna pattern

Recommendation ITU-R F.1336 (recommends 3.1)

• ka = 0.7
• kp = 0.7
• kh = 0.7
• kv = 0.3

Horizontal 3 dB beamwidth: 65 degrees
Vertical 3 dB beamwidth: determined from the horizontal
beamwidth by equations in Recommendation ITU-R F.1336.
Vertical beamwidths of actual antennas may also be used
when available.

Antenna polarization Linear/±45 degrees

Below rooftop base station antenna deployment 0%

Feeder loss 3 dB

Maximum base station output power (5/10/20 MHz) 43/46/46 dBm

Maximum base station antenna gain 18 dBi

Maximum base station output power/sector (EIRP) 58/61/61 dBm

Average base station activity 50%

Average base station power/sector taking into account
activity factor 55/58/58 dBm

User Terminal Characteristics

Indoor user terminal usage 50%

Indoor user terminal penetration loss 15 dB

Maximum user terminal output power 23 dBm

Average user terminal output power 2 dBm

Typical antenna gain for user terminals –3 dBi

Body loss 4 dB

Table 3. Beamforming antenna characteristics for IMT in the 1710–4990 MHz frequency range accord-
ing to Document/716 Annex 4.4 of Working Party 5D ITU-R Chairman’s Report and Recommendation
ITU-R M.2101 [5,16].

Base Station Antenna Characteristics

Antenna pattern Refer to the extended AAS model in ITU-R Rec. M.2101

Element gain (dBi) (Note 1) 6.4

Horizontal/vertical 3 dB beamwidth of a single element (degree) 90◦ for H; 65◦ for V

Horizontal/vertical front-to-back—ratio (dB) 30 for both H/V

Antenna polarization Linear ±45º
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Table 3. Cont.

Antenna array configuration (Row × Column) (Note 2) 4 × 8 elements

Horizontal/Vertical radiating element/sub-array spacing, dh/dv 0.5 of wavelength for H, 2.1 of wavelength for V

Number of element rows in sub-array, Msub 3

Vertical radiating element spacing in sub-array, dv,sub 0.7 of a wavelength for V

Pre-set sub-array downtilt, θsubtilt (degrees) 3

Array Ohmic loss (dB) (Note 1) 2

Conducted power (before Ohmic loss) per antenna
element/sub-array (dBm) (Note 5) 28

Base station horizontal coverage range (degrees) ±60

Base station vertical coverage range (degrees) (Notes 3, 4, 6) 90–100

Mechanical downtilt (degrees) (Note 4) 3

Maximum base station output power/sector (EIRP) (dBm) 72.28

Note 1: The element gain in row 1.2 includes the loss given in row 1.8 and is per polarization.
This means that this parameter in row 1.8 is not needed for the calculation of the BS composite
antenna gain and EIRP. Note 2: For the small/micro cell case, 8 × 8 means there are 8 vertical
and 8 horizontal radiating elements. For the extended AAS model case, 4 × 8 means there are
4 vertical and 8 horizontal radiating sub-arrays. Note 3: The vertical coverage range is given in global
coordinate system, i.e., 90◦ being at the horizon. Note 4: The vertical coverage range includes the
mechanical downtilt. Note 5: The conducted power per element assumes 8 × 8 × 2 elements for the
micro/small cell case, and 4 × 8 × 2 sub-arrays for the macro case (i.e., power per H/V-polarized
element). Note 6: In sharing studies, the UEs that are below the base station vertical coverage range
can be considered to be served by the “lower” bound of the electrical beam, i.e., the beam steered
toward the max. coverage angle. A minimum BS-UE distance along the ground of 35 m should be
used for urban/suburban and rural macro environments.

 

Figure 1. Typical three-dimensional antenna pattern of a non-AAS IMT base station.
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Figure 2. Typical composite antenna pattern of an AAS IMT base station in the 1880–1920 MHz and
2500–2690 MHz frequency bands.

3. Methodology for Throughput-Loss Assessment and
PFD/EPFD Derivation

The methodology deliberately separates protection of the terrestrial victim network
from the design of a particular interfering D2C system. The effect of D2C interference is
evaluated by comparing a baseline terrestrial IMT simulation with paired cases in which a
prescribed interference-induced noise rise is added at selected receivers. A specific satellite
constellation, orbital geometry, propagation path, beam layout, and set of individual satel-
lite signals are therefore not explicitly simulated in the throughput-sensitivity calculation.

This choice is intentional. D2C systems can differ substantially in orbital altitude and
geometry, satellite and beam antenna patterns, the number and width of active beams,
frequency-reuse arrangements, traffic loading, power control, duty cycle, and operational
modes. A compatibility result obtained for one selected constellation would consequently
apply only to that implementation and could not establish whether other NGSO designs
protect terrestrial IMT receivers. The present approach instead determines the maxi-
mum receiver-side interference that the terrestrial network can tolerate under a defined
throughput-loss criterion and expresses that interference as a PFD or EPFD protection limit.

The resulting limit provides a common regulatory interface between the victim and
interfering systems, subject to the terrestrial deployment and exposure assumptions stated
in this paper. Each proposed D2C system can use its own constellation geometry, beam
configuration, frequency reuse, loading, and propagation assumptions to calculate the
PFD or EPFD produced at the relevant IMT receiver and demonstrate that the applica-
ble limit is not exceeded. This eliminates the need to repeat the terrestrial system-level
throughput simulation for every NGSO architecture, while retaining the need for each
operator to perform a system-specific emission and propagation assessment as part of its
compliance demonstration. Each terrestrial-network configuration evaluated here com-
prises 5000 paired Monte Carlo snapshots. Every snapshot includes user generation and
association, resource scheduling, desired-signal calculation, intra-network interference
and receiver-noise calculation, application of the prescribed receiver noise rise, SINR-to-
spectral-efficiency mapping, and aggregation of user throughput. The procedure is applied
separately to the downlink and uplink.
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3.1. Network Topology, User Association, and Scheduling

Step 1: For each Monte Carlo snapshot, construct a cluster of 19 tri-sector sites, cor-
responding to 57 cells. With K = 3 scheduled UEs per cell, drop 5K = 15 candidate UEs
uniformly in each sector hexagon. The candidate locations and propagation realizations
are regenerated for every snapshot.

Step 2: Calculate the path coupling loss from every candidate UE to every sector,
including propagation loss, fading, and the applicable antenna gains, with a 70 dB mini-
mum coupling loss. Each candidate is associated at random with one of the sectors whose
coupling loss is within 3 dB of the minimum. If any sector receives fewer than K candidates,
the candidate drop is repeated.

Step 3: Select K = 3 associated candidates at random in every cell, thereby enforcing
exactly 171 simultaneously scheduled UEs in each snapshot. A 5 MHz channel with 15 kHz
subcarrier spacing provides 25 resource blocks (RBs); each scheduled UE receives n = 8 RBs,
so 24 RBs are used by the three equal scheduling chunks and one residual RB is unassigned.
When beamforming is used, the serving base-station and UE beams are directed toward
each other. The scheduler is round robin and does not use instantaneous channel quality.

The common simulation configuration is as follows: inter-site distance 6 km (sector-
hexagon radius 2 km) for the carriers 1–3 GHz and 12 km (sector-hexagon radius 4 km)
for the carriers below 1 GHz, minimum UE-BS distance 35 m, base-station power 46 dBm
per sector, non-AAS pattern per Recommendation ITU-R F.1336 unless an AAS case is
explicitly identified, UE maximum power 23 dBm, P0_PUSCH = −92.2 dBm/RB, fractional
power-control factor α = 0.8, 5 MHz bandwidth, 15 kHz subcarrier spacing, 25 available
RBs, and 8 RBs per scheduled UE. AAS cases use the array configuration reported in Table 3.

The value 171 denotes simultaneous scheduled links per snapshot, not the total reg-
istered subscriber population. A larger registered population, such as 5000 UEs, can be
represented by drawing candidates and scheduling different subsets over successive snap-
shots. Modeling 5000 simultaneously active UEs in a 5 MHz channel would require a
different traffic, resource-allocation, and load model. Computational cost grows approx-
imately with the number of candidate UE-to-sector coupling calculations and with the
number of scheduled co-channel links retained for interference evaluation.

3.2. Desired Signal, Intra-Network Interference, and Receiver Noise

The desired received power and the interference-plus-noise power are evaluated for
every scheduled UE. In the downlink, the serving base station provides the desired signal
and all non-serving base stations contribute intra-network interference. In the uplink, the
desired signal is received from the scheduled UE in the serving cell and simultaneously
scheduled UEs in the other cells contribute intra-network interference.

For AAS inter-cell interference, RB chunk k in every interfering sector is transmitted
toward that sector’s own scheduled UE k. The composite gain from the interfering sector
toward the victim receiver is then evaluated at the corresponding off-axis direction. Thus,
an interfering beam is not steered toward the victim UE; the victim generally sees a side-lobe
or off-boresight gain of a beam serving another UE.

Step 4: Let PMax
BS denote the maximum base-station transmit power, M = nK the

number of RBs assigned across the K scheduled users, and PUE
BS the power allocated to one

scheduled UE over its n RBs:
PUE

BS = PMax
BS

n
M

(1)

Step 5: For scheduled UE k in cell j, the desired received power is denoted by C(j,k)
and the aggregate interference power by I(j,k).
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For the downlink case, C (j, k) is the received power from the serving BS, i.e., the
j-th BS.

C(j, k) = PUE
BS × pathCouplingLoss(UEj,k, BSj) (2)

For the uplink, C(j, k) is the received power from UEj,k, at the j-th BS:

C(j, k) = PPUSCH(j, k)× pathCouplingLoss(UEj,k, BSj) (3)

Step 6: I (j, k) is the interference power which consists of intra-system interference
(from other cells in the same network) Iintra(j, k), and receiver thermal noise Nt; external
D2C interference is added separately in Step 7.

I(j, k) = Iintra(j, k) + Nt (4)

Iintra(j, k) = ∑Ncell
l=1,l ̸=j PUE

BS × pathCouplingLoss(UEj,k, BSl) (5)

The receiver thermal-noise power over the n-RB allocation bandwidth can be expressed
as follows:

Nt = 10 (̂(10log10(kT) + 10log10(bandwitho f nRBs) + NoiseFigureUE)/10) (6)

For the uplink, the intra-network interference at base station j is as follows:

Iintra(j, k) = ∑Ncell
l=1,l ̸=j PPUSCH(l, k)× pathCouplingLoss(UEl,k, BSj) (7)

UE power control is applied according to the following algorithm [17]:

PPUSH(i) = min(PCMAX , 10log10(MPUSH(i)) + POPUSH (j) + α(j)·PL) (8)

where the following applies:

PPUSCH: transmit power of the terminal in dBm;
PCMAX: maximum transmit power in dBm;
MPUSCH: number of allocated RBs;
P0_PUSCH: target power per RB in dBm;
a: balancing factor for UEs with bad channel and UEs with good channel;
PL: path loss in dB for the UE from its serving BS.

3.3. Statistical Emulation of Satellite Interference

Step 7: Represent D2C interference by an external interference-to-noise ratio ρ = Iext/N
referenced exclusively to receiver thermal noise N. In the downlink assessment, the pre-
scribed noise rise is applied to 50% of the UEs. The remaining 50% are assumed to be
indoors and therefore not to receive appreciable satellite interference due to the wall loss of
at least 15 dB. For the uplink, 70% of base stations are assumed to be exposed, whereas the
remaining 30% are assumed to be oriented with their backlobes toward the areas served
by D2C systems. These fractions are statistical exposure assumptions motivated by the
reference-system analysis in Section 3.7 and do not form part of the definition of I/N.

For each exposed receiver, the baseline and interfered ratios are SINR_0 = S/(Iintra + N)
and SINR_1 = S/(Iintra + N + Iext), respectively.

For a prescribed ρ in decibels, the external contribution used in the simulation is
Iext = N·10ˆ(ρ/10). The terrestrial intra-network term Iintra is unchanged between the
paired baseline and interfered calculations.

The external contribution is therefore not obtained by scaling the loaded quantity
Iintra + N. The corresponding thermal-noise rise is NR_N = 10log10[(N + Iext)/N] =
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10log10[1 + 10ˆ(ρ/10)]. The evaluated ρ values −6, −5, −4, −3, and 0 dB correspond
to NR_N values 0.97, 1.19, 1.46, 1.76, and 3.01 dB, displayed in the figures and tables as 1.00,
1.19, 1.46, 1.76, and 3.00 dB. Iintra affects SINR and throughput loss, but it is not included in
the ITU-R I/N normalization.

I(j, k) = Iintra(j, k) + Iexternal(j, k) + Nt (9)

3.4. SINR-to-Throughput Mapping

Step 8: Convert the SINR of every scheduled link to spectral efficiency using the
following piecewise approximation of link adaptation. The Shannon bound is scaled by
an implementation-loss factor and limited by the minimum and maximum SINR values
supported by the assumed modulation and coding set [17]:

Spectral e f f iciency (SINR) [bps/Hz] =


0 f or SINR ≤ SINRMIN

α_ f actor·S(SINR) f or SINRMIN < SINR < SINRMax

α_ f actor·S(SINRMax) f or SINR ≥ SINRMax

where the following applies:

S(SINR): Shannon bound, S(SINR) = log2 (1 + SINR)[bps/Hz];
α_ f actor: Attenuation factor, representing implementation losses;
SINRMin: Minimum SINR of the code set [dB];
SINRMax: Maximum SINR of the code set [dB].

The SINR thresholds listed in Table 4 are expressed in decibels and are converted to
linear scale before application of the spectral-efficiency equation.

Table 4. Parameters describing baseline link-level performance for 5G NR.

Parameter DL UL Notes

α_factor 0.6 0.4 Represents implementation losses

SINRMIN [dB] –10 –10 Based on QPSK, 1/8 rate (DL) and 1/5 rate (UL)

SINRMax [dB] 30 22 Based on 256QAM 0.93(DL) and 64QAM 0.93 (UL)

The parameters SINRMIN and SINRMAX can be chosen to represent different modem
implementations and link conditions.

For each snapshot, the throughput of a scheduled UE is obtained from its spectral
efficiency and its allocated share of the 5 MHz channel bandwidth. Cell throughput is the
sum over the scheduled UEs, and network throughput is the sum over the evaluated cells.
For a baseline throughput T0 and an interfered throughput TI, the reported percentage loss
is 100 × (T0 − TI)/T0. The throughput CDFs are formed from the corresponding Monte
Carlo results.

3.5. Monte Carlo Scenarios and Receiver-Exposure Assumptions

The terrestrial IMT network is represented by the 19-site, 57-cell tri-sector cluster
described above, with three scheduled UEs per cell and a 5 MHz channel bandwidth.
Each configuration is evaluated over 5000 Monte Carlo snapshots, with UE locations
randomly regenerated for successive snapshots. Terrestrial propagation is modeled using
the 3GPP TR 38.901 Rural Macro (RMa) channel model with probabilistic line-of-sight
conditions [18,19]. UE association is based on minimum path coupling loss with a 3 dB
handover margin. The Rural Macro model is adopted deliberately to represent a bounding
cross-border interference case. In this environment, satellite interference reaches terrestrial
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receivers with little or no clutter attenuation, whereas in urban and suburban scenarios
buildings shield both base stations and UEs, especially at low elevation angles; a greater
share of UEs are also indoors and benefit from building-entry loss [18,19]. The rural
scenario therefore produces a larger interference contribution at the victim receiver for a
given incident flux density. Second, rural macro cells are substantially larger, so a greater
proportion of users operate near the cell edge at a lower baseline C/(N + Iext), where a given
Iext/N degradation removes a larger fraction of achievable spectral efficiency. Third, the
near-border areas in which interference is likely to be greatest are often rural and sparsely
populated, making rural deployments particularly susceptible. Applying the Rural Macro
model at all evaluated frequencies therefore produces protection limits that remain valid
for less exposed deployment types.

Network performance is first evaluated without external interference to establish the
reference throughput. D2C interference is then introduced as a prescribed increase in the
effective noise floor of the exposed receivers. The evaluated receiver noise-rise levels are
1.00, 1.19, 1.46, 1.76, and 3.00 dB, matching the cases reported in the throughput figures
and tables.

Receiver exposure is represented statistically. For the downlink, 50% of UEs are
assigned the prescribed noise rise and 50% are treated as indoor UEs with negligible
received satellite interference due to building entry losses. For the uplink, 70% of base
stations are assumed to be exposed, whereas the remaining 30% are assumed to be oriented
with their backlobes toward the areas served by D2C systems.

This abstraction captures partial network exposure without requiring a satellite con-
stellation or time-dependent geometry simulation. Figure 3 shows an example of terrestrial-
network realization.

 

Figure 3. Example of tri-sector IMT network geometry showing base-station sites, sector coverage
areas, and randomly distributed user equipment.

Results are retained at two spatial scopes. For each configuration, the reference cell is
selected from sectors on the outer ring as the edge sector with the lowest mean downlink
intra-network over Monte Carlo run. Figure 4 shows the selected reference sector for
the illustrated 2110 MHz case. The reference-cell result therefore provides a deliberately
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favorable edge-sensitive comparison, while the full-network metric averages the response
over all 57 sectors.

 

Figure 4. Mean baseline downlink SINR over the finite 19-site, 57-cell network at 2110 MHz. The
outlined east-facing sector of the rightmost site is the reference cell. No wrap-around interference
is used.

No wrap-around replication or periodic boundary condition is used: desired and
interfering signals are calculated only for the 19 sites in the simulated cluster. Consequently,
sectors near the cluster boundary have fewer in-cluster interferers than sectors in an infinite
or periodically replicated deployment. The full-network average includes these edge
sectors and may therefore be optimistic, while the selected reference sector represents
an especially favorable boundary case. Both reporting scopes should be interpreted as
conditional on this finite-cluster geometry rather than as wrap-around network results.

Before fixing the simulation length, Monte Carlo convergence was checked for the
2110 MHz downlink case with a 3 dB receiver noise rise and 1900 MHz UL with 1.19 dB
noise rise. The baseline and interfered calculations are paired snapshot by snapshot using
common random numbers: for pair i, both calculations reuse the same UE locations,
line-of-sight and propagation/fading realizations, cell associations, exposure assignments,
and scheduling decisions. The interfered member differs only by the prescribed external
noise-rise term. UE locations and other random quantities are regenerated for the next
pair. Pairing isolates the incremental D2C interference effect and substantially reduces
the sampling uncertainty of throughput loss compared with independent baseline and
interfered runs. The run length is N = 5000 snapshots and the stability-window length is
W = 1000 snapshots, corresponding to n = 4000–5000 in Figures 5 and 6.
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Figure 5. Monte Carlo convergence of aggregate downlink cluster throughput for the 2110 MHz, 3 dB
receiver noise-rise case. The dashed vertical line marks the start of the 4000–5000-snapshot stability
window; the shaded band denotes the 95% confidence interval.

 

Figure 6. Monte Carlo convergence of aggregate uplink cluster throughput for the 1900 MHz, 1.19 dB
receiver noise-rise case. The dashed vertical line marks the start of the 4000–5000-snapshot stability
window; the shaded band denotes the 95% confidence interval.

Figures 7 and 8 indicate the terrestrial intra-network interference Iintra present in the
paired baseline and interfered SINR calculations. In the downlink, the median lies between
−102.4 dBm at 925 MHz and −95.8 dBm at 1805 MHz for non-AAS base stations, with a
pronounced upper tail. In the uplink, the median lies between −120.2 and −116.5 dBm,
and the upper tail is lighter because uplink power-control limits many strong contributions.
Active antenna systems lower the uplink median by approximately 6 dB through off-axis
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receive-gain effects. These distributions describe the operating regime of the terrestrial
network; they are not used to redefine or rescale the external Iext/N criterion.

Figure 7. Cumulative distribution of the aggregate intra-network interference received by a scheduled
user equipment in its resource-block allocation, downlink, for the evaluated carrier frequencies and
base-station antenna configurations.

Figure 8. Cumulative distribution of the aggregate intra-network interference received by a base sta-
tion in the resource-block allocation of a scheduled user, uplink, for the evaluated carrier frequencies
and base-station antenna configurations.

Because Iext is fixed relative to thermal noise, its marginal effect on SINR depends on
the existing Iext/N of each link. A more interference-limited downlink has a larger Iintra term
in both SINR0 and SINR1 and is therefore less sensitive to the same Iext/N than the more
noise-limited uplink. This is the physical origin of the direction-dependent throughput
response reported below.
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3.6. Selection of Protection Criteria and Conversion from Receiver Noise Rise to PFD/EPFD

The external interference ratio and thermal-noise rise are related by NRN = 10
log10[1 + 10ˆ(Iext/N/10)]. Thus, Iext/N = −6 dB gives NRN = 0.97 dB and Iext/N = 0 dB
gives NRN = 3.01 dB. Recommendation ITU-R M.2101 and Report ITU-R M.2292 identify
I/N = −6 dB as a conventional receiver-protection criterion for IMT sharing studies [5,6].
In addition, this study adopts 5% full-network throughput loss values as a selected en-
gineering screening ceiling. It is not presented as a normative ITU-R threshold or as a
statistically estimated exact performance boundary.

For the downlink, the primary decision metric is the aggregate throughput loss of
the full 57-cell network; the reference-cell result is supplementary. The 0 dB Iext/N case
(3.01 dB thermal-noise rise, displayed as 3 dB) is the highest evaluated grid point and gives
network-wide loss is 3.39–4.95% in the seven evaluated bands. It is therefore retained as a
tested candidate protection case under the stated exposure assumptions. Because no finder
sweep above this grid point was performed, the result is not described as the maximum
tolerable interference or as the exact 5% crossing.

For the uplink, Iext/N = −6 dB (0.97 dB rise, displayed as 1 dB) gives a network-wide
loss of 4.13–4.54%. The next evaluated point, Iext/N = −5 dB (1.19 dB rise), gives 5.01–5.49%.
The −6 dB point is therefore retained as the highest tested grid value below the screening
ceiling in all four uplink cases and as a conservative candidate level, not an estimate of the
exact crossing.

After evaluating throughput at each thermal-noise-referenced Iext/N level over the
5 MHz simulation channel, the same external interference power is converted analytically
to a power-flux-density level normalized to a 1 MHz reference bandwidth [20]. The through-
put calculation and power-flux-density conversion therefore use the same N reference.

A receiver noise figure of 9 dB is used for the UE downlink calculation, and a receiver
noise figure of 5 dB is used for the base-station uplink calculation. For UE protection,
the conversion gives a PFD limit using the effective UE antenna gain. The corresponding
base-station calculation is expressed as an EPFD limit so that the directional base-station
antenna gain is incorporated. The receiver-noise relationship is as follows:

p f d = 10log10(kT0B) + NF + 10log10(10
(N+Iext)/N

10 − 1)− Gr(θ) + L − 10log10

(
λ2

4π

)
(10)

where the following applies:

k: Boltzmann’s constant (1.380649 × 10−23 J/K);
T0: receiver thermal noise in K;
B: reference bandwidth (1 MHz);
NF: receiver noise figure in dB;
(N + Iext)/N: thermal-noise rise corresponding to the applied external interference in dB;
Gr(θ): effective antenna gain in dBi of the receiver antenna in the direction of the interferer;
θ: the elevation angle;
L: Receiver antenna feeder loss for IMT BS and body loss for IMT UE.

The conversion is evaluated separately for every considered frequency because the
wavelength-dependent effective aperture and the applicable receiver antenna characteristics
differ by band. No satellite orbit, ephemeris, elevation track, or time-dependent link
geometry enters the network simulation; satellite interference is parameterized by receiver
noise rise, and the associated PFD or EPFD is obtained analytically. The resulting limits are
then associated with the throughput degradation at the corresponding noise-rise level.

Same thermal-noise reference is used in both parts of the methodology. In the Monte
Carlo calculation, Iext = N · 10ˆ(ρ/10) is added to Iintra N; in the PFD/EPFD conversion,
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that identical Iext is expressed as incident flux density. No correction based on the loaded-
network Iext/N is required, and the values of PFD limits obtained in this study correspond
directly to the external interference levels used for the reported throughput-loss cases.

Figure 9 summarizes the victim-centric procedure. A candidate receiver noise rise,
Iext/N is applied to the exposed terrestrial receivers, and full-network throughput loss is
calculated relative to the paired baseline. The highest evaluated grid point satisfying the 5%
screening ceiling in all cases of the relevant direction is retained as a candidate protection
level and converted to PFD or EPFD. The finite grid means that the procedure selects a
tested case rather than solving an exact crossing point.

Figure 9. Victim-centric procedure for deriving NGSO-design-independent PFD/EPFD protection
limits from the adopted 5% full-network throughput-loss criterion.

The receiver-side conversion does not prescribe an NGSO architecture, but the nu-
merical throughput response is conditional on the assumed terrestrial deployment and
exposure fractions. A D2C operator must use its actual constellation, beams, loading,
propagation, and simultaneous emissions to demonstrate that the aggregate PFD or EPFD
at the protected receiver does not exceed the applicable level.

3.7. Reference NGSO System and Resulting Exposure Statistics

The exposure assumptions used in Sections 4 and 5 are motivated by an explicit
simulation of one reference direct-to-cell NGSO system submitted to ITU-R Working Party
4C; its parameters are reproduced in Table 5. The system is used only to characterize one
set of receiver-exposure statistics.
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Table 5. Parameters of the reference NGSO direct-to-cell system used to establish the exposure
statistics, as submitted to ITU-R Working Party 4C under WRC-27 agenda item 1.13.

Parameter Value

Orbital configuration

Orbit type Walker

Altitude 525 km

Inclination 53◦

Number of orbital planes 28

Satellites per plane 120

Total number of satellites 3360

Space station transmitter

Frequency range 2500–2690 MHz

Bandwidth per beam 5 MHz

Polarization RHCP

Maximum power flux density −83.5 dB(W/(m2·MHz))

Antenna radiation pattern Rec. ITU-R S.1528, Section 1.4 [21]

Maximum antenna gain, G_max 34.1 dBi

Antenna dimensions, L_r = L_t 1.6 m

Side-lobe ratio, SLR 20 dB

Pattern parameter, l 2

Wavelength, λ 0.15 m

Figure 10 shows a snapshot of the constellation, in which 3229 of the 3360 satellites are
transmitting. Satellites whose sub-satellite point falls within a rectangular exclusion zone
over the territory containing the terrestrial cluster are switched off, which represents the
operational practice assumed for a system reusing terrestrial IMT spectrum by agreement
with the administration concerned. Of the transmitting satellites, 91 are simultaneously
visible from the cluster and therefore contribute to the aggregate interference at that instant.

Figure 11 gives the complementary cumulative distribution of the population-average
Iext/N produced by the reference system at outdoor and indoor UEs, with outdoor-to-
indoor loss modeled according to Recommendation ITU-R P.2109 [19]. The two medians
differ by 14.6 dB (−9.0 dB outdoors and −23.6 dB indoors). This result motivates, 50%
exposed-UE assumption used in Section 4. This exposure generally is based on the informa-
tion from Report ITU-R M.2292 [6] which says that 50% of the rural UEs are located indoors.

Figure 12 gives the corresponding distributions at the base-station receiver for three
sectors with Recommendation ITU-R F.1336 patterns and 3 degrees mechanical downtilt.
The sector medians are +1.6, −0.3, and −6.8 dB. Two of the three orientations therefore
have medians above −6 dB; the 70% exposed-sector assumption is a rounded statistical
representation of this two-of-three result for the reference geometry. It remains a scenario
assumption rather than a universal property of NGSO systems.
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Figure 10. Snapshot of the reference NGSO constellation, showing transmitting satellites, satellites
switched off over the exclusion zone, and satellites simultaneously transmitting and visible from the
terrestrial cluster. Of the 3360 satellites, 3229 are transmitting at the instant shown and 91 are visible
from the cluster.

 

Figure 11. Complementary cumulative distribution of the population-average interference-to-noise
ratio produced by the reference NGSO system at outdoor and indoor user equipment, downlink.
Outdoor-to-indoor loss is modeled in accordance with Recommendation ITU-R P.2109 [19] and
applied on the space-to-Earth path, with half of the user population located indoors. The vertical line
marks the Iext/N = −6 dB protection criterion.
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Figure 12. Complementary cumulative distribution of the site-average interference-to-noise ratio
produced by the reference NGSO system at the base-station receiver, by sector. Base-station antenna
patterns follow Recommendation ITU-R F.1336 with 3 degrees of mechanical downtilt. The vertical
line marks the Iext/N = −6 dB protection criterion.

4. Downlink Results and Protection of IMT User Equipment
4.1. Downlink Throughput Degradation

Figures 13–19 show the cumulative distribution functions (CDFs) of aggregate down-
link cluster throughput for the 734, 852, 925, 1805, 1900, 2110, and 2620 MHz cases. In every
band, increasing the prescribed receiver noise rise shifts the throughput distribution toward
lower values. The black dashed curve gives the baseline without external interference,
while the colored curves correspond to noise rises of 1.00, 1.19, 1.46, 1.76, and 3.00 dB.

 

Figure 13. CDF of aggregate downlink cluster throughput at 734 MHz for the evaluated receiver
noise-rise levels.
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Figure 14. CDF of aggregate downlink cluster throughput at 852 MHz for the evaluated receiver
noise-rise levels.

 

Figure 15. CDF of aggregate downlink cluster throughput at 925 MHz for the evaluated receiver
noise-rise levels.
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Figure 16. CDF of aggregate downlink cluster throughput at 1805 MHz for the evaluated receiver
noise-rise levels.

 

Figure 17. CDF of aggregate downlink cluster throughput at 1900 MHz for the evaluated receiver
noise-rise levels.
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Figure 18. CDF of aggregate downlink cluster throughput at 2110 MHz for the evaluated receiver
noise-rise levels.

 

Figure 19. CDF of aggregate downlink cluster throughput at 2620 MHz for the evaluated receiver
noise-rise levels.

Tables 6 and 7 summarize the downlink throughput losses for the reference cell and
the full 57-cell network, respectively. At a 1 dB receiver noise rise, the reported loss ranges
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from 1.25% to 1.82% for the reference cell and from 1.04% to 1.53% for the network. At
a 3 dB noise rise, the corresponding ranges increase to 4.01–5.80% and 3.39–4.95%. The
largest 3 dB losses occur in the frequency cases below 1 GHz.

Table 6. Downlink throughput loss in the reference cell for the evaluated receiver noise-rise levels.

Frequency (N + Iext)/N = 1 dB
Iext/N = −6 dB

(N + Iext)/N = 1.19 dB
Iext/N = −5 dB

(N + Iext)/N = 1.46 dB
Iext/N = −4 dB

(N + Iext)/N = 1.76 dB
Iext/N = −3 dB

(N + Iext)/N = 3 dB
Iext/N = 0 dB

734 MHz 1.56% 1.93% 2.36% 2.88% 5.04%

852 MHz 1.73% 2.12% 2.61% 3.18% 5.53%

925 MHz 1.82% 2.24% 2.74% 3.34% 5.8%

1805 MHz 1.25% 1.54% 1.89% 2.3% 4.01%

1900 MHz 1.26% 1.55% 1.9% 2.31% 4.13%

2110 MHz 1.26% 1.58% 2.05% 2.4% 4.24%

2620 MHz 1.27% 1.57% 1.92% 2.34% 4.09%

Table 7. Downlink throughput loss in the full 57-cell network for the evaluated receiver noise-
rise levels.

Frequency (N + Iext)/N = 1 dB
Iext/N = −6 dB

(N + Iext)/N = 1.19 dB
Iext/N = −5 dB

(N + Iext)/N = 1.46 dB
Iext/N = −4 dB

(N + Iext)/N = 1.76 dB
Iext/N = −3 dB

(N + I ext)/N = 3 dB
Iext/N = 0 dB

734 MHz 1.3% 1.61% 1.98% 2.41% 4.25%

852 MHz 1.45% 1.79% 2.2% 2.68% 4.7%

925 MHz 1.53% 1.89% 2.32% 2.83% 4.95%

1805 MHz 1.05% 1.3% 1.59% 1.95% 3.42%

1900 MHz 1.05% 1.34% 1.59% 1.94% 3.55%

2110 MHz 1.04% 1.44% 1.67% 2.06% 3.68%

2620 MHz 1.04% 1.29% 1.58% 1.93% 3.39%

4.2. PFD Limits for UE Protection

Table 8 gives the PFD levels obtained by selecting the 3 dB receiver noise-rise case
and normalizing the result to a 1 MHz reference bandwidth. The levels range from
−109.23 dB(W/(m2·MHz)) at 734 MHz to −98.17 dB(W/(m2·MHz)) at 2620 MHz.

Table 8. PFD limits for protection of terrestrial IMT user equipment, derived using the performance-
based 3 dB receiver noise-rise criterion.

Frequency PFD Limit [dB(W/(m2·MHz))]

734 MHz −109.23

852 MHz −107.93

925 MHz −107.22

1805 MHz −101.41

1900 MHz −100.97

2110 MHz −100.10

2620 MHz −98.17

Under the assumptions of this study, the tested 0 dB Iext/N case gives network-wide
downlink loss of 3.39–4.95 and is therefore retained as a candidate level under the 5%
screening rule. The result is conditional on 50% UE exposure and on the finite 57-cell
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deployment. It is not an exact estimate of the maximum tolerable interference. The
conventional Iext/N = −6 dB case gives lower modeled loss (1.04–1.82%) and would
provide an additional 6 dB margin relative to the selected tested case.

5. Uplink Results and Protection of IMT Base Stations
5.1. EPFD Formulation

Protection of terrestrial IMT base stations is expressed in terms of EPFD so that the
directional receiving gain of the base-station antenna is incorporated. Article 22 of Radio
Regulations [22] defines the equivalent power flux-density as follows:

EPFD = 10log10

[
∑Na

i=1 10Pi/10 Gt(θi)

4πd2
i

Gr(φi)

Gr,max

]
(11)

Here, Pi is expressed in dBW in the reference bandwidth, while the antenna gains
inside the summation are linear ratios. Article 22 therefore treats EPFD as the aggre-
gate power flux density from all visible interfering transmitters, weighted by the off-axis
discrimination of the reference receiving antenna.

Define the ordinary power flux density produced by transmitter i as follows:

Si = 10Pi/10 Gt(θi)

4πd2
i

[
W/m2

]
(12)

The Article 22 equation in linear units is then as follows:

epfdlin = ∑Na
i=1 Si

Gr(φi)

Gr,max
. (13)

The effective aperture of the receiving antenna in direction φi is as follows:

Ae(φi) =
λ2

4π
Gr(φi) (14)

The aggregate interference power at the antenna is as follows:

Iant = ∑Na
i=1 Si Ae(φi) = ∑Na

i=1 Si
λ2

4π
Gr(φi) (15)

Factoring out the maximum receiving-antenna gain gives the following:

Iant =
λ2

4π
Gr,max∑Na

i=1 Si
Gr(φi)

Gr,max
. (16)

The summation is exactly the linear EPFD. Consequently, the expression below can
express Iant:

Iant = epfdlin
λ2

4π
Gr,max, (17)

and therefore the following:

epfdlin =
Iant

Gr,maxλ2/(4π)
. (18)

The denominator is the maximum effective aperture of the reference receiving antenna:

Ae,max = Gr,max
λ2

4π
. (19)
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In dB, that would have the following form:

EPFD = Iant − Gmax − 10log10

(
λ2

4π

)
(20)

Here, EPFD is expressed in dB(W/m2) in the applicable reference bandwidth; Iant is
expressed in dBW in the same reference bandwidth; Gmax is expressed in dBi; and λ is
expressed in meters. With feeder loss it would be as follows:

EPFD = Irx + Lfeeder − Gmax − 10log10

(
λ2

4π

)
(21)

The feeder-loss term has a positive sign because a larger EPFD is required at the
antenna to produce the same permissible interference power after attenuation in the feeder.

Hence, the EPFD limit would be as follows:

EPFDlim = 10log10(kT0B) + NF +

(
I
N

)
lim,dB

− Gmax + Lfeeder − 10log10

(
λ2

4π

)
(22)

Converting I/N to (N + I)/N will give the following equation:

EPFDlim = 10log10(kT0B) + NF + 10log10

(
10

(N+Iext)/N
10 − 1

)
− Gmax + L f eeder − 10log10

(
λ2

4π

)
(23)

where the following applies:

k: Boltzmann’s constant (1.380649 × 10−23 J/K);
T0: receiver thermal noise in K;
B: reference bandwidth (1 MHz);
NF: receiver noise figure in dB;
(N + Iext)/N: thermal-noise rise corresponding to the applied external interference in dB;
Gmax: effective maximum antenna gain of BS in dBi;
θ: the elevation angle;
L f eeder: Receiver antenna feeder loss for IMT BS.

EPFD weights each simultaneously incident PFD contribution by the base-station
receive gain in its direction of arrival and combines the weighted contributions in the linear
domain before conversion to decibels. The values reported here are aggregate system
levels: the summation includes all simultaneously visible satellites and active beams of
one NGSO system. Aggregate interference from multiple independent D2C systems is
outside the present scope. For AAS, the dynamically changing receive gain requires the
time-dependent statistical compliance methodology identified in Section 6.

5.2. Uplink Throughput Degradation

Figures 20–23 show the CDFs of aggregate uplink cluster throughput for the 734, 852,
1900, and 2620 MHz cases. As in the downlink, increasing the receiver noise rise shifts the
distributions toward lower throughput. The numerical results show that the uplink degra-
dation is more pronounced than the downlink degradation for the same nominal noise-rise
values, reflecting the different uplink link budgets and terrestrial interference conditions.
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Figure 20. CDF of aggregate uplink cluster throughput at 734 MHz for the evaluated receiver
noise-rise levels.

 

Figure 21. CDF of aggregate uplink cluster throughput at 852 MHz for the evaluated receiver
noise-rise levels.
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Figure 22. CDF of aggregate uplink cluster throughput at 1900 MHz for the evaluated receiver
noise-rise levels.

 

Figure 23. CDF of aggregate uplink cluster throughput at 2620 MHz for the evaluated receiver
noise-rise levels.

Tables 9 and 10 summarize the uplink throughput losses for the full 57-cell network
and the reference cell, respectively. At a 1 dB receiver noise rise, the loss ranges from 4.13%
to 4.54% for the network and from 3.86% to 4.34% for the reference cell. At a 1.19 dB noise
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rise, the corresponding ranges are 5.01–5.49% and 4.70–5.27%, showing that the network-
wide 5% ceiling is already crossed. At a 3 dB noise rise, the ranges increase to 11.53–12.43%
and 10.98–12.05%, respectively. The uplink is therefore substantially more sensitive than
the downlink to the same nominal receiver noise rise in the simulated scenarios.

Table 9. Uplink throughput loss in the full 57-cell network for the evaluated receiver noise-rise levels.

Frequency (N + Iext)/N = 1 dB
Iext/N = −6 dB

(N + Iext)/N = 1.19 dB
Iext/N = −5 dB

(N + Iext)/N = 1.46 dB
Iext/N = −4 dB

(N + Iext)/N = 1.76 dB
Iext/N = −3 dB

(N + Iext)/N = 3 dB
Iext/N = 0 dB

734 MHz 4.5% 5.44% 6.56% 7.79% 12.32%

852 MHz 4.54% 5.49% 6.6% 7.87% 12.43%

1900 MHz 4.13% 5.01% 6.04% 7.21% 11.53%

2620 MHz 4.25% 5.15% 5.93% 7.4% 11.8%

Table 10. Uplink throughput loss in the reference cell for the evaluated receiver noise-rise levels.

Frequency (N + Iext)/N = 1 dB
Iext/N = −6 dB

(N + Iext)/N = 1.19 dB
Iext/N = −5 dB

(N + Iext)/N = 1.46 dB
Iext/N = −4 dB

(N + Iext)/N = 1.76 dB
Iext/N = −3 dB

(N + Iext)/N = 3 dB
Iext/N = 0 dB

734 MHz 4.27% 5.17% 6.23% 7.43% 11.87%

852 MHz 4.34% 5.27% 6.34% 7.57% 12.05%

1900 MHz 3.86% 4.7% 5.67% 6.79% 10.98%

2620 MHz 4.05% 4.92% 6.2% 7.09% 11.39%

5.3. Derived EPFD Limits and Cross-Border Applicability

Table 11 presents aggregate candidate EPFD levels derived from Iext/N = −6 dB. For
non-AAS base stations, the level varies from −138.23 to −130.18 dB(W/(m2·MHz)). At
1900 MHz, the AAS value is 11.2 dB more stringent than the non-AAS value because the
EPFD conversion is normalized by the higher maximum AAS receive gain.

Table 11. EPFD limits for protection of terrestrial IMT base stations, derived using Iext/N = −6 dB.

Frequency and Antenna Configuration EPFD Limit [dB(W/(m2·MHz))]

734 MHz non-AAS −138.23

852 MHz non-AAS −136.93

1900 MHz non-AAS −132.97

2620 MHz non-AAS −130.18

1900 MHz AAS −144.17

2620 MHz AAS −141.37

The 11.2 dB offset is therefore a normalization consequence and must not be inter-
preted as evidence that AAS sites experience greater incident satellite exposure. It is also
compatible with the lower median terrestrial intra-network interference observed for AAS
in Figure 8, because that distribution and the EPFD maximum-gain normalization describe
different quantities. Compliance must be evaluated using the applicable directional gain
model and the linear aggregation in Section 5.1.

All evaluated network-wide uplink losses remain below 5% at Iext/N = −6 dB, whereas
the next tested grid point, −5 dB, gives 5.01–5.49%. The −6 dB case is consequently retained
as a conservative tested candidate consistent with the conventional receiver criterion; no
exact 5% crossing is claimed.
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The base-station limits represent a worst-case cross-border condition in which neigh-
boring countries operate the same spectrum in opposite transmission directions. Adminis-
trations commonly seek to harmonize FDD and TDD arrangements, so the applicability
of the base-station EPFD limits depends on the frequency plans actually used on the two
sides of a border.

Consequently, studies and regulatory provisions under WRC-27 agenda item 1.13
should distinguish between same-direction and opposite-direction cross-border operation.
The EPFD limits derived here are relevant to the latter case and should not be applied
indiscriminately where the terrestrial frequency arrangements do not expose base-station
receivers to satellite downlink emissions.

6. Discussion
6.1. Direction-Dependent Results and Regulatory Interpretation

The results demonstrate that a common external Iext/N value does not produce the
same network-level effect in the downlink and uplink. At the displayed 1 dB thermal-noise
rise, downlink throughput loss lies between 1.04% and 1.82%, whereas uplink loss lies
between 3.86% and 4.54%. At the displayed 3 dB rise, downlink loss increases to 3.39–5.80%
and uplink loss to 10.98–12.43%. The greater uplink sensitivity reflects the different baseline
Iintra/N regimes at the base-station receiver.

This difference supports direction-specific tested candidate levels. For downlink,
the 0 dB Iext/N grid point remains below the 5% full-network screening ceiling in all
seven evaluated cases. For uplink, the −6 dB grid point remains below the ceiling, while
the next point (−5 dB) exceeds it in all four network-wide cases. These selections are
conditional on the exposure fractions and finite deployment and do not estimate exact
performance boundaries.

The paired reporting scopes are complementary. For each configuration, the refer-
ence cell is the outer-ring sector with the lowest mean downlink intra-network interfer-
ence, selected from the completed Monte Carlo run. The full 57-cell result is the pri-
mary aggregate-impact metric. Because no wrap-around is used, boundary sectors have
fewer interferers than an infinite deployment, so both scopes remain conditional on the
finite-cluster geometry.

This distinction is especially important for the WRC-27 agenda item 1.13 scenario. The
NR-NTN bands standardized by 3GPP to date are MSS allocations that are separate from
terrestrial IMT operation [1–3]. By contrast, the scenario studied here reuses a spectrum
identified for terrestrial IMT and already employed by LTE/5G networks, enabling satellite
connectivity to unmodified smartphones [4]. Co-channel coexistence must therefore be
evaluated for the terrestrial transmission direction actually used in each country.

For UE protection, the evaluated Iext/N = 0 dB case gives candidate PFD levels from
−109.23 to −98.17 dB(W/(m2·MHz)) and modeled network-wide loss of 3.39–4.95%. For
base-station protection, Iext/N = −6 dB gives non-AAS candidate EPFD levels from −138.23
to −130.18 dB(W/(m2·MHz)). The approximately 11 dB AAS/non-AAS difference at 1900
and 2620 MHz follows from maximum-gain normalization in the EPFD definition, not from
a claim of greater AAS exposure.

The findings complement earlier band-specific interference analyses for direct-to-cell
NTN operation [9,10], dynamic spectrum-coordination studies [11], and experimental
receiver-desensitization measurements [12]. The present work extends those contributions
by applying a common multi-cell methodology over several IMT bands, translating receiver
degradation into network throughput loss, and then linking that loss to PFD and EPFD
values. Dynamic coordination, beam management, or geographic exclusion mechanisms

https://doi.org/10.3390/network6030071

https://doi.org/10.3390/network6030071


Network 2026, 6, 71 30 of 34

can be treated as complementary mitigation measures, with the limits derived here serving
as protection constraints for their design.

6.2. Scope, Compliance, and Limitations

The principal regulatory value of the methodology is this separation of responsibilities.
The terrestrial study determines, once for each victim type, frequency band, antenna config-
uration, and sharing direction, the PFD or EPFD associated with the accepted performance
degradation. An NGSO operator then models its own system only to determine whether
its aggregate emissions at the protected IMT receiver comply with that limit. Because the
compliance test is expressed at the receiver rather than in terms of a prescribed constellation
design, systems with different numbers of satellites and beams, frequency-reuse patterns,
power-control strategies, loading conditions, and operating modes can be assessed on the
same basis. Simulating a single nominal NGSO system could not provide this common
regulatory framework for protection of terrestrial systems. This division of responsibility
is itself long established for flux-density limits; the contribution here is that the value of
the limit is anchored to a measured network-performance criterion, so that its degree of
conservatism can be stated explicitly rather than inherited from convention.

An important qualification concerns EPFD compliance for AAS BS. The AAS EPFD val-
ues reported in this study are receiver-protection targets derived using the assumed antenna
characteristics; they do not by themselves constitute a complete operational compliance-
verification method for a live AAS network. Unlike a non-AAS receiver with a fixed or
slowly varying antenna pattern, an AAS base station continuously changes its beamforming
weights and active beams as users, traffic, scheduling decisions, and resource-block alloca-
tions change. At the same time, a D2C (DC-MSS-IMT) satellite moves through azimuth and
elevation. The receive gain of the AAS toward the interfering satellite is therefore time-,
direction-, frequency-, and scheduler-dependent and cannot be represented reliably by one
static gain value. Consequently, actual AAS EPFD compliance cannot be established by a
purely static analytical conversion of PFD using a single assumed antenna gain.

The cross-border applicability of the EPFD limits must nevertheless be assessed using
the frequency arrangements actually implemented by neighboring administrations. The
most demanding base-station case occurs when satellite downlink emissions overlap
terrestrial uplink reception because different countries use opposite transmission directions
in the same spectrum. Where frequency plans are harmonized and the same direction
is used on both sides of the border, the relevant victim receiver and required protection
mechanism may be different. Regulatory provisions should therefore distinguish same-
direction and opposite-direction cases rather than applying the most restrictive EPFD limit
uniformly to every border.

Two assumptions tend to increase the modeled sensitivity. First, the three eight-RB
scheduling chunks are continuously occupied in every cell; 24 of the 25 available RBs are
allocated in each snapshot. Second, round-robin scheduling assigns equal RB chunks with-
out exploiting instantaneous channel quality. These full-scheduled-load, non-opportunistic
assumptions follow the convention used in Recommendation ITU-R M.2101 [5]. The result-
ing loss values should be interpreted as conditional high-load impacts rather than expected
busy-hour predictions for all operational networks.

Several limitations define the scope of the candidate levels. The 50% UE and 70%
base-station exposure fractions are fixed and motivated by one reference constellation at
one geometry; no exposure-fraction sensitivity sweep was performed. Only five discrete
Iext/N points were tested, so the exact 5% crossing was not solved. A 95% confidence
interval and convergence trace are shown for one representative downlink case, not for
every band and direction. The terrestrial analysis uses one 6 km and 12 km inter-site-
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distance RMa deployment, 5 MHz bandwidth, K = 3 simultaneously scheduled UEs per
cell, one scheduler, and one set of antenna and power-control parameters. No wrap-around
replication is used, so boundary sectors can bias the network average toward higher SINR
and lower loss. The results therefore provide conditional tested candidate levels and not
universal or statistically exact protection boundaries.

6.3. Further Research

A priority topic for further research is a reproducible methodology for verifying EPFD
compliance at AAS base stations. Such a method should couple time-dependent NGSO
ephemerides and incident PFD from all simultaneously visible satellites and active beams
with the terrestrial AAS state, including UE locations, traffic load, scheduler decisions, beam
codebooks, digital and analog beamforming weights, array calibration, and resource-block
occupancy. For every time-frequency sample, the instantaneous AAS receive gain toward
each interfering satellite should be obtained from a validated array model or measured
antenna pattern. The interference contributions received should then be combined in the
linear domain to obtain an EPFD time series or distribution. Compliance should be assessed
against specified spatial and temporal percentiles, averaging intervals, and exceedance
probabilities rather than against one nominal gain. Measurement campaigns, hardware-
in-the-loop tests, and comparison with operational AAS beam logs would be needed to
validate the methodology.

Additional research should examine aggregate interference from multiple D2C sys-
tems, simultaneous multi-beam operation, realistic frequency-reuse and power-control
strategies, time-varying traffic loading, and mitigation measures such as beam blanking,
power reduction, geographic exclusion, and dynamic coordination [11,23,24].

Dynamic coordination, beam management, geographic exclusion zones, and database-
assisted coordination can be treated as complementary mitigation mechanisms for
satellite–terrestrial spectrum sharing [11,24].

The terrestrial side should be extended to wrap-around deployments, urban and sub-
urban channel models, wider bandwidths, different UE and base-station exposure fractions,
and national FDD/TDD arrangements. In addition to mean throughput loss, future studies
should evaluate cell-edge throughput, outage probability, latency, reliability, and service
availability so that the selected regulatory criterion can be related to a broader set of IMT
quality-of-service objectives. NGSO-specific studies should use actual constellation and
propagation parameters to demonstrate compliance with the common limits, not to redefine
terrestrial receiver tolerance separately for every constellation.

7. Conclusions
This study evaluated coexistence between terrestrial IMT networks and D2C satellite

downlinks in frequency bands between 694/698 MHz and 2.7 GHz that are identified
for terrestrial IMT and already used by LTE/5G systems. This spectrum-reuse scenario
is distinct from existing 3GPP NR-NTN operation in dedicated MSS bands because it
enables service to unmodified smartphones while creating co-channel interference risks for
terrestrial UEs and, in opposite-direction cross-border cases, base stations.

A 57-cell terrestrial network with three simultaneously scheduled UEs per cell and
a 5 MHz channel was evaluated over 5000 paired Monte Carlo snapshots. External inter-
ference was normalized to receiver thermal noise and added to Iintra + N in the interfered
SINR. It was applied to 50% of UEs in the downlink and 70% of base-station sectors in the
uplink. The numerical results are therefore conditional on these exposure fractions and on
the finite terrestrial deployment.
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For downlink, the highest evaluated grid point, Iext/N = 0 dB, gives network-wide
loss of 3.39–4.95% and candidate PFD levels from −109.23 to −98.17 dB(W/(m2·MHz)).
For uplink, Iext/N = −6 dB gives loss of 4.13–4.54%, while the next evaluated point
gives 5.01–5.49%; the corresponding non-AAS candidate EPFD levels are −138.23 to
−130.18 dB(W/(m2·MHz)). These are conservative tested candidates under the adopted
5% screening rule, not exact estimates of a crossing point.

The results show that protection requirements depend on terrestrial link direction,
receiver type, frequency, base-station antenna configuration, national frequency arrange-
ments, and the assumed exposure model. Within a defined case, the receiver-side PFD or
EPFD level can be used as a common compliance interface, while each operator models
its actual aggregate NGSO emissions. The quantified mapping covers seven downlink
frequency cases and four uplink frequency cases and demonstrates strong direction depen-
dence. A complete AAS EPFD verification procedure and sensitivity studies over exposure
fraction, wrap-around geometry, bandwidth, load, and scheduler remain for future work.
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Abbreviations
The following abbreviations are used in this manuscript:

3GPP Third Generation Partnership Project
AAS Active antenna system
BS Base station
CDF Cumulative distribution function
D2C Direct-to-cell satellite connectivity
DL Downlink channel
EIRP Equivalent isotropically radiated power
EPFD Equivalent power flux density
FDD Frequency division duplex
IoT Internet of Things
IMT International Mobile Telecommunications
ITU-R International Telecommunication Union Radiocommunication Sector
TDD Time division duplex
NTN Non-Terrestrial Networks
NR New Radio
MAC Medium access control
MCL Minimum coupling loss
MSS Mobile Satellite Service
LTE Long-Term Evolution
LEO Low Earth orbit
SINR Signal-to-interference-plus-noise ratio
PHY Physical layer
PFD Power flux density
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RB Resource Block
RHCP Right-hand circular polarization
RMa Rural Macro
UE User equipment
UL Uplink channel
WRC World Radiocommunication Conference
DC-MSS-IMT Direct connectivity between MSS space stations and IMT user equipment
NGSO Non-geostationary satellite orbit
QAM Quadrature amplitude modulation
QPSK Quadrature phase-shift keying
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