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ABSTRACT In this paper, we study the extension of 5G New Radio (NR) to Non-Terrestrial Networks
(NTN). For terrestrial ones, Hybrid Automatic Repeat reQuest (HARQ) is the main retransmission solution
used by 5G NR at the physical and MAC layers, enhancing decoding performance through diversity and
coding gain. However, for NTN, its implementation faces challenges due to the significant delays caused by
the long distances of satellites. In the first part, we begin by investigating the minimum number of HARQ
processes required for various LEO scenarios, as well as the relationship between the number of processes
and the coherence time of the satellite link. Next, while the performance of 5G retransmission schemes over
AWGN and terrestrial channels is well explored, this is not the case for realistic satellite channel models.
To address this, we have developed an open-source simulator that accurately implements all the blocks
of the data channel transmission and reception chain, including the retransmission schemes and the Land
Mobile Satellite (LMS) channel. We consider the 5G NR Physical Downlink Shared Channel (PDSCH) and
we present and discuss a number of results over the LMS channel, which are important to understand the
HARQ performance for the NTN satellite scenario. In the second part, we consider the 5G NR alternative
retransmission solution, RLC ARQ, which is available at the Radio Link Control (RLC) layer. This method
might be interesting for satellite links, because it adds minimal complexity to the receiver side, but it provides
less enhancement to signal reception capabilities and more latency. We first present an analytic model to
compute its performance over the LMS channel, then we analyze its behavior. Finally, we provide a detailed
comparison and discussion of HARQ and RLC ARQ performance in terms of block error rate, spectral
efficiency, and latency. This extensive analysis provides valuable insights for researchers and space agencies
interested in applying 5G NR to satellite-based Non-Terrestrial Networks.

INDEX TERMS Satellite communications, 5G New Radio, Non-Terrestrial Networks, HARQ, ARQ.

I. INTRODUCTION
Traditionally, terrestrial infrastructure forms the backbone
of mobile communication networks. However, the growing

The associate editor coordinating the review of this manuscript and

approving it for publication was Tarcisio Ferreira Maciel .

relevance of Low Earth Orbit (LEO) satellite constellations
is leading to their integration into the latest 5G specifica-
tions [1]. This convergence offers an effective solution for
bridging the digital divide, enabling internet access in remote
zones previously underserved by traditional Terrestrial Net-
works. In addition to closing the digital gap, satellites are
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TABLE 1. List of most frequently occurring acronyms.

also crucial for densely populated areas, bringing additional
internet access to big cities, providing a secondary link in
case some disruptions affect the terrestrial ones, and for
passengers of vessels and aircraft.

In Release 17, the Third Generation Partnership Project
(3GPP) introduced Non-Terrestrial Networks (NTNs) in the
5G standard [2], [3]. The main use cases identified for NTN
are the following:

• Enhanced Mobile Broadband (eMBB) - backhauling
support for underserved areas with limited user through-
put, users in isolated villages, passengers on board
vessels or aircraft, critical network links as primary
or secondary connections, live broadcast and ad-hoc
broadcast/multicast streams.

• Massive Machine-Type Communications (mMTC) -
enhanced wide area or local area Internet-of-Things
services to collect and report local information.

The satellite access network can then be used to serve both
fixed and mobile satellite services, and can also be supported
by a terrestrial access network (Fig. 1).

FIGURE 1. Possible satellite access network architectures.

To enable the adoption of 5G for NTN, it is essential
to thoroughly examine its performance over satellite links,
anticipate its expected behavior, identify potential critical
issues, and determine if adaptations are necessary. The new
solutions for NTN shall consider the different challenges

posed by the user-satellite link, such as high path losses
and large delays due to the satellite distances, and the high
Doppler shifts due to the satellite speed [4], [5].

In this context, retransmission techniques play a funda-
mental role in guaranteeing the success of the data exchange.
Hybrid Automatic Repeat reQuest (HARQ) is the primary
retransmission solution implemented by 5G NR at the
physical layer [6] and handled by theMediumAccess Control
(MAC) layer. It can significantly improve the decoding
performance thanks to diversity and coding gains. However,
the high delays caused by the satellite distance make its
implementation challenging. A different solution is available
at the Radio Link Control (RLC) layer, called RLC ARQ [7].
This solution requires negligible additional complexity at the
receiver side, but offers also less improvement to the signal
reception capabilities. The purpose of this paper is to conduct
a thorough analysis and comparison of these two schemes for
5G NTNs.

A. PREVIOUS LITERATURE
For terrestrial networks, HARQ was studied in [8], while
in [9] novel protocol architectures were studied to improve
HARQ/ARQ latency and reliability. In [10] the HARQ
feedback was optimized to enhance the Spectral Efficiency
(SE), while in [11] a solution to predict the decoding
outcome was designed to anticipate the HARQ feedback
transmission and reduce latency for mission-critical com-
munications. A solution to reduce the delay in HARQ was
proposed also in [12], namely adaptive HARQ, where the
transmitter schedules multiple transmissions together when
it experiences a low quality channel, thus decreasing the
delay due to retransmissions. Moreover, [13] presents a new
solution to decrease the hardware complexity of HARQ at the
decoder.

The performance of 5G NTN with LEO satellites was
investigated in [14], while four LEO constellations were com-
pared in [15], where authors described their configurations
and evaluated their system throughput.

Authors in [16] developed a 5G NTN testbed over
Geostationary Orbit (GEO) satellites, and discussed the
need of disabling HARQ due to the very large delays.
Similarly, [17] shows an experimental study of 5G NTN
over GEO satellites, but investigating the performance of
retransmissions at RLC level.

For NTNs, latency is a major impairment and is mostly
caused by the satellite distance. The 3GPP discussed the
enhancements in NTN to solve this criticality of HARQ
in [18], considering both the possibility of adapting the
number of HARQ processes to cope with the large delays,
and the option to disable HARQ, depending on the scenario.
Other 3GPP studies focused on the performance of HARQ
and its comparison with RLC ARQ, and some results were
presented in [19] and further deepened in [20].

These results provide a first baseline for discussing
NTN solutions; however, further analysis is needed to
comprehensively understand factors such as the number
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TABLE 2. Literature comparison.

of retransmissions, performance, latency, and spectral
efficiency.

B. MOTIVATIONS
Retransmission schemes in 5G networks have been thor-
oughly analyzed for terrestrial networks, but not for satellite
ones, characterized by very long distances. Moreover, while
the performance of these schemes is well understood in the
case of AWGN and terrestrial channels, this is not true for
realistic Land Mobile Satellite (LMS) channels.

Given that retransmissions are crucial for extending 5G
to non-terrestrial networks, there is a need to evaluate their
performance specifically in satellite environments. First of all
it is essential to understand the minimum number of HARQ
processes required for different LEO scenarios, and the link
between the number of processes and the coherence time of
the satellite link.

Then it is important to calculate the retransmission
performance, and compare HARQ and RLC ARQ schemes
over the LMS satellite model to provide quantitative insights
into the differences between the two for LEO non-terrestrial
networks. Results in terms of block error rate, latency, and
spectral efficiency should be made available to researchers
and space agencies to fully understand the behavior of the
two retransmission schemes in this satellite scenario.

Last but not least, we believe it is important to offer
an open-source simulator that models the entire 5G trans-
mission and reception chain for satellite links, including
retransmission schemes and LMS model so that researchers
can further analyze their performance and explore potential
improvements.

C. CONTRIBUTIONS
The scope of this paper is to evaluate and compare the
performance of the two 5G NR retransmission protocols,
HARQ and RLC-ARQ, over NTN links, considering the
specific challenges related to satellite distance and channel
modeling. In particular:

• We calculate the minimum number of HARQ processes
required for different LEO scenarios and analyze the
relationship between the number of processes and the
coherence time of the satellite link.

• We have developed and made available an open-source
simulator, which includes all the constituent blocks of

the PDSCH transmission and reception scheme, both
retransmission protocols, and the satellite LMS model.

• We present an extensive set of results on HARQ
performance over the LMS channel, clarifying its
behavior in NTN scenarios.

• We derive an analytical model to evaluate RLC ARQ
over the LMS channel, validate it through simulations,
and compute the performance of ARQ over the LMS
channel.

• We compare HARQ and RLC ARQ over the LMS chan-
nel, offering quantitative insights into their differences
for LEO non-terrestrial networks in terms of block error
rate, latency, and spectral efficiency.

A thorough analysis of this kind for satellite scenarios is,
to our knowledge, entirely novel. We believe these results
will be valuable for researchers and space agencies in
fully understanding the behavior of the two retransmission
schemes in realistic satellite environments, offering useful
insights for the extension of 5G to non-terrestrial networks.

D. ORGANIZATION
The paper is organized as follows. Section II presents the
scenario adopted for this study and the NTN channel model.
Section III introduces the different functional blocks of the
PDSCH and the two retransmission techniques, HARQ and
RLC ARQ. In Section IV we present the problem setting.
In Section Vwe consider HARQ, we highlight its main issues
for NTN, and we present an extensive set of performance
results. In Section VI we present an analytic formulation and
numerical results for RLC ARQ over the LMS channel. The
comparison between the two schemes is further discussed
in Section VII. Finally, in Section VIII the conclusions are
drawn.

II. SCENARIO AND CHANNEL MODEL
The NTN scenario we are considering in this paper is
described in Tab. 3.
The eMBB use case is of particular interest for the satellite

industry because of the growing demand for broadband
services and the need for global high-speed connectivity.
A typical User Equipment (UE) for broadband commu-
nications in the Ka-band, which falls within the 3GPP
Frequency Range 2 (FR2), requires a directive antenna and
an environment with a clear Line-of-Sight (LOS) to the
satellite. SuchUE is typically denoted as Very Small Aperture
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TABLE 3. Considered NTN scenario.

Terminal (VSAT), and in the following we will assume for
simplicity a perfect satellite-tracking capability and perfect
GNSS-assisted synchronization. Although not yet supported
by the 3GPP Release 18, regenerative payloads will be
included in Release 19 and are considered in this paper to
simplify the system architecture under study.

The choice of this scenario guides the selection of the
channel model. For 5G NTN, the 3GPP introduced a
new channel model in Section VI of TR 38.811 [2]. The
characteristics of this channel are:

• Support of the frequency range from 0.5 GHz up
to 100 GHz. Two frequency ranges are targeted in
particular: FR1 below 6 GHz, and FR2 corresponding
to the Ka-band. For the Ka-band, the uplink (UL)
frequency is around 30 GHz while the downlink (DL)
frequency is around 20 GHz.

• UE mobility. Speeds up to 1000 km/h are supported,
implying that aircraft can be served by the satellite.

The channel fading model is influenced by the propagation
environment and the user terminal, resulting in either a flat or
a frequency-selective fading channel.

As shown in Tab. 3, in this paper we are considering a
VSAT terminal as UE with a 20 cm Ka-band antenna. When
directive antennas are used, the antenna radiation pattern
spatially filters out the multipath generated by the signal
reflections coming from non-LOS directions, which typically
have higher delays and cause the frequency selectivity of the
channel [21]. This assumption is also clearly stated by the
3GPP when considering a VSAT-type UE antenna pattern
(Section 6.4.2 of [2]).
As a consequence, we focus on the flat fading model.

The description is provided by the 3GPP in [2], Section 6.7,
and it is essentially coincident with the LMS ITU channel
model [22].
The LMS channel serves as a reliable reference for satellite

link simulations, as it is based on extensive real-world
measurements across various environments, frequency bands,
and satellite elevations. It is based on the concept of two-
state fading, where the channel can be in a good or a
bad state, depending on the shadowing affecting the direct
signal, usually referred to as the LOS component. For our
VSAT scenario, we focus on users seeing the channel in
the good state and without shadowing. The signal is then
characterized by the contribution of a strong LOS component
and themultipath, generated by the nearby scatterers, as in the

Rice model [23]. The complex multipath component is the
fast-varying component of the channel and is characterized
by the Doppler spread resulting from the user terminal speed
s. The Rician fading can be described by theK -factor, defined
as the ratio between the power of the LOS component and the
power of the multipath.

In this paper we will focus on:

• K -factor values equal to 15 and 20 dB;
• Terminal speed values equal to 0, 50, 150, 900 km/h;
• LEO satellite altitude equal to 600 km.

III. 5G NTN PDSCH AND RETRANSMISSION TECHNIQUES
In 5G NR, the PDSCH is the physical channel delivering user
data [24]. Fig. 2 represents the transmission diagram of the
PDSCH physical layer, from data generation to its recovery.
In PDSCH the data bits are encoded by Low-Density Parity
Check (LDPC) coding, and then modulated as QPSK or
QAM symbols depending on the selected Modulation and
Coding Scheme (MCS). Finally, they are mapped onto
the resource grid together with pilot symbols for channel
estimation, called Demodulation Reference Signals (DMRS).
More details on PDSCH can be found in [24], [25], and [26].

All the blocks of the transmitter and the receiver were
implemented in a Matlab link-level simulator.1

A. HARQ
The HARQ protocol is the primary way of handling
retransmissions in NR. If the receiver detects errors in the
received codeword and/or the transmitter does not receive
an acknowledgement (ACK) message, a retransmission can
be scheduled. When the receiver is not able to correctly
decode the codeword, the received codeword still contains
useful information that would be lost if the codeword were
discarded. This shortcoming is addressed by HARQwith soft
combining: the received codewords are stored in a memory
buffer and later combined with the retransmitted versions to
obtain a single, combined codeword that is more reliable than
its constituents [28]. The LDPC decoder operates then on the
combined codeword. Although the protocol itself is primarily
handled by the MAC layer [29], soft combining is a physical
layer functionality.

For the DL, a maximum of 16 HARQ processes per
cell are supported by the UE. Each HARQ process handles
up to 3 retransmissions of a codeword, for a total of
4 transmissions. In 5G NR, each transmission corresponds
to a different Redundancy Version (RV), in the order {0 2
3 1}. For each redundancy version, the set of bits to be
transmitted is different, and this is why HARQ has a coding
gain. A circular buffer, represented in Fig. 3, is used to store
and select the bits to be transmitted for each RV.

1The Matlab code of the 5G NTN PDSCH HARQ/ARQ simulator used to
obtain the paper’s results is available at [27].
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FIGURE 2. PDSCH block scheme.

FIGURE 3. Circular buffer and redundancy versions for HARQ
transmissions.

B. RLC ARQ
RLCARQ is a retransmission protocol at the RLC layer of the
5G stack, above theMAC layer. Differently fromHARQ, this
protocol does not exploit previous transmissions to improve
the decoding, i.e., it is memoryless. This means that no
coding or diversity gain can be obtained. However, it does
not need to store all the data at the receiver side, providing
a much lower complexity than HARQ. For RLC ARQ,
up to 32 transmissions of the same codeword are possible.
Details on RLC and the ARQ retransmission mechanism are
reported in [7]. Fig. 4 shows a simplified representation of
the ARQ mechanism at the RLC layer. Two RLC entities,
one at the transmitter side and one at the receiver side,
manage the packet buffer, the ACK/NACK feedback, and the
retransmission decision.

IV. PROBLEM SETTING
Tab. 4 reports the main transmit, channel, and receive
parameters used in this paper to evaluate the performance of
the HARQ and RLC ARQ protocols on the PDSCH. It also

FIGURE 4. RLC transmitting (TX) and receiving (RX) entities.

contains the main parameters for the configuration of the
DMRS. Please note that for the following results, the channel
estimation is considered perfect, i.e., genie-aided, and not
based on the DMRS.

The metrics we are using to evaluate the performance of
5G NTN are the following.

• Block Error Rate (BLER): It is defined as the ratio of
the number of correctly decoded TBs NTB,CD over the
total number of transmitted TBs NTB,TX:

BLER = NTB,CD/NTB,TX.

• Spectral Efficiency (SE): In general, the nominal SE
can be defined as:

SE =
k
n
log2(M )

[
bit
s · Hz

]
(1)
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FIGURE 5. Latency with N HARQ processes and different Round Trip Times.

where k is the number of information bits, n is the
number of coded bits, and M is the modulation order.
This expression does not take into account the impact
of errors on the actual rate achievable by the system.
We then define an SE based on the concept of goodput,
i.e., we consider the number of correctly received
information bits over the total transmission time:

SEGP =
NTB,CDNb/TB

BT

[
bit
s · Hz

]
(2)

where Nb/TB is the number of information bits per TB,
B is the signal bandwidth, and T is the time interval
considered for the computation of the SE. T can be
computed as T = TOFDM sym ·NOFDM sym = Tslot ·Nslots,
where TOFDM sym is the duration of anOFDM symbol (in
seconds), NOFDM sym is the number of OFDM symbols
that fit in T , Tslot is the slot duration (in seconds), and
Nslots is the number of slots that fit in T . All the results
in this paper refer to this definition of SE.

• Latency: A representation of the modelled delay can be
seen in Fig. 5. In order to estimate the latency caused by
the user-satellite distance as a function of the number of
retransmissions NReTx , we adopt the following formula:

L(NReTx) = (NReTx + 1)Tslot + Tslot · ⌈Tp/Tslot⌉

+ Tslot · ⌈Tp/Tslot⌉ · 2NReTx
= (NReTx + 1)Tslot

+ Tslot · ⌈Tp/Tslot⌉ · (2NReTx + 1) (3)

where Tp is the propagation delay due to the satellite
distance d , computed as Tp = d/c where c is the
speed of light, and the ceiling operation ⌈x⌉ returns the
first integer equal or greater than x. In the right-hand
side of Eq. (3), the first term takes into account the
time required for the slot to be transmitted, while
the other terms correspond to the propagation time of
the first transmission, plus the propagation time of the
NACK and the successive retransmissions. The ceiling
operator guarantees that the actual time consumed by the
propagation must be a multiple of the slot time, since the
system considers slot-based transmissions.2 Note that
this latency is measured at the receiver side, neglecting
the additional delay caused by an ACK transmission
(i.e., after successful decoding) or the last ACK/NACK
transmission. We overlook the extra delay caused by UE
or gNB processing. Therefore, the latency obtained with
Eq. (3) is a lower bound for the actual system latency.

V. RESULTS FOR HARQ
The HARQ designed for NR presents some critical issues
when adopted for NTN, due to the larger delays caused by
the satellite distance. In our study, we focus on regenerative
payloads and account for only the propagation delay in the
user-satellite link as the Round-Trip Time (RTT), excluding

2Both gNB and UE must wait for the fraction of the slot currently
processed before transmitting the new one.
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TABLE 4. PDSCH and receiver configuration.

delays associated with the ground station feeder link. While
the RTT in terrestrial networks is of the order of a few
milliseconds, the propagation delays in NTN are much
longer, ranging from several to hundreds of milliseconds
depending on the satellite orbit. Due to these larger delays
resulting from the user-satellite distance, HARQ may cause
an under-utilization of the available resources. Indeed,
if the transmitter reaches the maximum number of HARQ
processes, it has to wait until the first ACK is received before
restarting to transmit. This kind of approach is called stop-
and-wait, and the waiting time may result in a significant
throughput drop. A simplified representation of the HARQ
mechanism and the use of different N HARQ processes can
be seen in Fig. 5.

This problem was pointed out during 3GPP meetings and
at this time an agreed solution is not available yet. However,
two potential solutions were studied [18], [30]. The first is
to allow the disabling of HARQ. The second is to optimize
HARQ for NTN, avoiding the reduction in peak data rates,
by following one of these approaches:

• Increase the number of HARQ processes to match the
longer satellite RTT and avoid the stop-and-wait in
HARQ. A proposed increased number of supported
HARQ processes is 32 [20], but it may be insufficient
for many NTN deployments (see analysis in the next
section).

• Disable the UL HARQ feedback (ACK/NACK) to avoid
the stop-and-wait and rely instead on RLC ARQ.

In the following, we analyze the number of HARQ
processes and how that relates to the channel coherence time.

A. ANALYSIS OF THE NUMBER OF HARQ PROCESSES
FOR NTN
In this section, we compute and discuss the number of HARQ
processes required to fill the RTT. The minimum number of
HARQ processes Nmin required to avoid waiting times, and
thus resource wasting, is

Nmin = ⌈2Tp/Tslot⌉ + 1.

Examples of Nmin values for different satellite altitudes,
elevation angles θ , and Sub-Carrier Spacings (SCS) are
reported in Tab. 5. The cases exceeding themaximum number
of 32 HARQ processes, leading to stop-and-wait, are in bold.

From these results we can state that HARQ can be still
a solution for LEO, but for lower SCS, corresponding to
Frequency Range (FR) 1 of 5G: a maximum of 60 kHz at
600 km altitude and a maximum of 30 kHz at 1200 km alti-
tude. Thus, there are deployments which can still use HARQ
without wasting resources. An example are the deployments
for handheld devices, operating at lower frequency bands,
as L-band and S-band. Instead, HARQ should not be used for
Medium Earth Orbit (MEO) satellites. The number of HARQ
processes in different NTN use cases are also discussed
in [20] and [31].

TABLE 5. Minimum number of HARQ processes required for different
scenarios (regenerative payloads).

B. ANALYSIS OF CHANNEL COHERENCE TIME
Another aspect that is important to investigate is the
temporal coherence of the satellite link between different
retransmissions. An upper bound of the coherence time is
1/fm, where fm is the maximum Doppler shift, defined as
fm = vfc/c, where fc is the carrier frequency. Amore practical
definition of the coherence time is usually much shorter,
as for Clarke’s model [32], where Tc =

√
9/(16π f 2m) ≈

0.423/fm. In Tab. 6 we report the channel coherence time for
different terminal speeds s (Ka-band), while Tab. 7 contains
the number of HARQ processes that can be considered
experiencing a correlated channel (computed as Tc/Tslot ),
depending on the numerology µ. Since a HARQ process
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utilizing all the retransmissions requires at least three RTTs,
there are no cases where all the HARQ transmissions
experience correlated channel realizations.

TABLE 6. Time coherence for different terminal speeds.

TABLE 7. Number of HARQ processes within one coherence time for
different SCSs and speeds.

C. HARQ PERFORMANCE VS. NUMBER OF
RETRANSMISSIONS
To analyse the performance of the HARQ mechanism we
implemented a link-level simulator for the 5G PDSCH
described in Section III, based onMATLAB5GToolbox [33].
Our first objective is to highlight the benefits of HARQ in
terms of BLER and SE, with different numbers of maximum
retransmissions NMax

ReTx , from 0 to 3. We adopt the LMS
channel with K = 15 dB and user speed s = 50 km/h, for
two MCSs from Tab. 8:

• Fig. 6 for MCS A, corresponding to QPSK with code
rate 1/2.

• Fig. 7 for MCS B, corresponding to 256QAMwith code
rate 8/9.

It can be seen in both cases that each retransmission
shifts the BLER curve toward lower values of Es/N0, at the
cost of a lower SE. Moreover, the gain provided by each
retransmission is different for the two MCSs, with QPSK
showing a total gain of more than 8 dB at BLER = 10−2,
while for 256QAM the total gain is almost 18 dB.

TABLE 8. The set of MCSs used for the analysis.

The difference in HARQ gains between different MCSs is
caused by the different coding gains obtained with the HARQ
incremental redundancy, which depends on the nominal code

FIGURE 6. Performance of HARQ for MCS A (QPSK-1/2) and different
NMax

ReTx . LMS channel with K = 15 dBand user speed s = 50 km/h.

rate. The higher the initial nominal code rate, the higher the
coding gain provided by the HARQ incremental redundancy:
at each retransmission, more new redundancy bits are added
to the codeword at the receiver.

The variation of code rate at each retransmission can be
tracked with a measure that we denote as effective code rate,
reported in Fig. 6c and Fig. 7c, for QPSK and 256QAM,
respectively. It is defined as the ratio between the amount of
unique systematic bits cumulatively transmitted by each RV,
and the total amount of unique bits (which include both the
systematic bits and the redundancy bits of each RV), counting
only once the bits that were transmitted multiple times.

D. HARQ PERFORMANCE VS. DIFFERENT SCENARIOS
Another important aspect that can impact the PDSCH
performance is the channel condition, which can vary in
different scenarios. Thus, we evaluate the SE performance
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FIGURE 7. Performance of HARQ for MCS D (256QAM-8/9) and different
NMax

ReTx . LMS channel with K = 15 dBand user speed s = 50 km/h.

also with different parameters of the LMS channel, as the
Rician K -factor (15 dB and 20 dB) and the user terminal
speed s (0, 50, 150 and 900 km/h), for all the four different
MCS reported in Tab. 8:

• Fig. 8a for MCS A, corresponding to QPSK with code
rate 1/2.

• Fig. 8b for MCS B, corresponding to 16QAMwith code
rate 2/3.

• Fig. 8c for MCS C, corresponding to 64QAMwith code
rate 3/4.

• Fig. 8d for MCS D, corresponding to 256QAM with
code rate 8/9.

In this case, NMax
ReTx is set to 3. With the assumptions in Tab. 4,

the UE speed from 0 to 150 km/h influences the performance
only marginally. At very high terminal speed (900 km/h)
there is a trade-off. High speed typically translates into a

larger Doppler spectrum, and thus into higher Intercarrier
Interference (ICI) among the subcarriers. On the other hand,
having a larger Doppler spectrum means that the channel
coherence time is shorter. This may be beneficial since it
means that deep fade events are shorter and affect fewer
samples. We can observe that for the curves corresponding to
the largest user speed (900 km/h), the SE is practically lower
for the entire Es/N0 interval, but the curve tends to be steeper
than the lower speed cases.

E. HARQ PERFORMANCE VS. NUMBER OF HARQ
PROCESSES
As reported in Tab. 5, different orbits require different
numbers of N HARQ processes. The impact on SE when
the maximum number of processes is limited to 32 can be
seen in Fig. 9 (for subcarrier spacing 120 kHz and elevation
angle 90◦). The loss in terms of SE is significant, due to the
amount of time resources wasted during stop-and-wait. Given
a certain orbit by system design, possible solutions are to
increase the number of maximum HARQ processes, to use
lower SCS, or to disable HARQ.

VI. RESULTS FOR RLC ARQ
In this section we present the performance of RLC ARQ.
First, we derive an analytic model to compute the BLER of
RLC ARQ over the LMS channel, starting from the BLER
over the Additive White Gaussian Noise (AWGN) channel.
Then we present and discuss a set of results. The set of
MCSs considered in the following is reported in Tab. 9. It lists
the first 17 MCSs defined by 3GPP for PDSCH in [6],
which correspond to all the MCSs using QPSK or 16QAM.
We select this subset considering the DL link budget provided
in Table 6.1.3.3-1 of [30], reporting a carrier-to-noise-ratio
of about 8.5 dB with 30◦ satellite elevation. This link
budget does not consider implementation losses, imperfect
synchronization, and fading. Thus, despite the use of higher
MCSs should not be excluded a priori, it is considered less
realistic and therefore not included for this analysis.

A. AN ANALYTICAL MODEL FOR RLC ARQ
Let us assume that the BLER over the AWGN channel is
known. For simplicity, we denote γth the Es/N0 value at
which the BLER on the PDSCH over the AWGN channel
reaches a certain threshold. The LMS channel realization h is
Rician-distributed as h ∼ Rice(ν, σMP), with ν the amplitude
of the LOS component and σ 2

MP the multipath power (per
in-phase/quadrature component). The K -factor of the Rician
distribution is defined as K = ν2/2σ 2

MP. Over the LMS
channel, the instantaneous received Es/N0 can be expressed
as (

Es
N0

)
RX

= |h|2γ

where h is the instantaneous channel gain, and γ is the
nominal Es/N0 without fading. An approximation of the
probability of failed decoding of a codeword can be computed
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FIGURE 8. HARQ Spectral Efficiency results for different MCS uses cases and different scenarios.

FIGURE 9. HARQ SE for different satellite orbits. MCS A (QPSK-1/2), LMS
channel with K = 15 dB, s = 50 km/h, and θ = 90◦.

by assuming a threshold behavior of the decoder: when
the instantaneous received Es/N0 (assumed constant over a
whole codeword) is above the threshold γth, the decoding is
successful; otherwise it is not. We set the threshold so that
the corresponding BLER is 10−2: over the AWGN channel,
the BLER curve is very steep, so it can be approximated by
a step function where the transition from 1 to 0 occurs at
γth. The probability of failed decoding can be reformulated as
follows:

P
{(

Es
N0

)
RX

≤ γth

}
= P

{
|h|2 ≤

γth

γ

}
. (4)

Eq. (4) is the Cumulative Distribution Function (CDF) of Y =

|h|2, which is a scaled non-central χ2-distributed random
variable with two degrees of freedom. From [34], this CDF

TABLE 9. PDSCH QPSK MCS from Tab. 5.1.3.1-1 of [6].

can be expressed as:

FY (y) =

 1 − Q1

(
ν

σMP
,

√
y

σMP

)
if y > 0

0 otherwise

whereQ1(.) denotes the MarcumQ-function. From this CDF,
the probability of correct decoding for RLC ARQ with NT
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FIGURE 10. Simulated and analytical BLER for MCS 2 (QPSK-193/1024)
with RLC ARQ, in AWGN or LMS channel with K = 15 dB and s = 50 km/h.

FIGURE 11. SE RLC ARQ and HARQ for MCS 2 (QPSK-193/1024), in AWGN
or LMS channel with K = 15 dB and s = 50 km/h.

transmissions can be computed as:

Pc(γ,NT ) =

NT−1∑
m=0

(
1 − FY

(
γth

γ

))
FmY

(
γth

γ

)
= 1 − FNTY

(
γth

γ

)
.

Finally, the BLER for a given Es/N0 value γ is given by
1 − Pc(γ,NT ).

B. NUMERICAL RESULTS FOR RLC ARQ
For our tests, as reference, we select MCS 2 of Tab. 9,
corresponding to QPSK with rate 193/1024, and we set
the LMS channel with K -factor 15 dB and user speed s
50 km/h. This configuration is particularly relevant since it
represents a mobile scenario with vehicles at medium-low
speed, typical of urban and suburban environments. However,
the results can be generalized for any MCS. The performance
results obtained with the Matlab PDSCH simulator are then
compared with the analytic result derived in the previous
section in Fig. 10. The blue curve corresponds to the AWGN
performance with a single transmission and it is used to
obtain the LMS analytic curves. The BLER curves from
the analytical model and the Montecarlo simulations closely
overlap. As expected, the probability of correct detection can
be increased by increasing the number of retransmissions.

As for the SE, it is depicted in Fig. 11. An important
aspect of the RLC ARQ is that the goodput SE, for a certain
Es/N0 value, is not affected by the number of retransmissions,

FIGURE 12. RLC ARQ transmission distribution for MCS 2
(QPSK-193/1024), in LMS channel with K = 15 dB and speed s = 50 km/h.

since the decoding of each TB is independent, even when it
is a retransmission. The analytical expression for the goodput
SE of RLC ARQ with NMax

ReTx , denoted as SEARQ
GP , can be

obtained from the definition in Eq. (2) by some considerations
and algebraic manipulations, yielding:

SEARQ
GP

(
γ,NMax

ReTx

)
= SE · Pc (γ, 1) ∀NMax

ReTx .

The independence between retransmissions can also be
seen by the probability distribution of the number of
retransmissions required at certain Es/N0 levels.

This result is reported in Fig. 12, where we set the
maximum number of RLC ARQ transmissions to 32. When
the Es/N0 drops below −4 dB, the number of required
transmissions starts spreading almost uniformly from 1 to 32,
and then stabilizes at themaximumnumberwhen theEs/N0 is
too low to decode correctly.

VII. COMPARISON BETWEEN HARQ AND RLC ARQ
In this section we compare and discuss the performance of
HARQ and RLC ARQ, first for a single MCS and then for
a set of MCSs with an Adaptive Coding and Modulation
(ACM) mechanism.

A. RESULTS FOR HARQ VS RLC ARQ - SINGLE MCS
We first compare HARQ and RLC ARQ for a single MCS,
with the same setting as before (MCS 2 and LMS channel
with K = 15 dB and user speed s = 50 km/h).

The results for the BLER are reported in Fig. 13. From
these curves, the advantage of using HARQ instead of RLC
ARQ is noticeable. While HARQ shifts the BLER curve by
several dBs thanks to the diversity and coding gains, the RLC
ARQ is only capable of increasing the steepness of the BLER
curve of the single transmission. In theEs/N0 range where the
BLER for the single transmission is already 1 (Fig. 13, below
Es/N0 = −7.5 dB), RLC ARQ is not able to guarantee a
successful decoding.

The comparisons for the SE over the LMS channel,
reported in Fig. 11, show that the SE with HARQ is always
equal or higher than the one with RLCARQ. However, the SE
gain becomes relevant at low Es/N0, where the BLER for a
single transmission starts increasing. This means that HARQ
extends the operationalEs/N0 range of anyMCS by including
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FIGURE 13. BLER of RLC ARQ and HARQ for MCS 2 (QPSK-193/1024),
in AWGN or LMS channel with K = 15 dB and s = 50 km/h.

FIGURE 14. SE of RLC ARQ and HARQ for MCS 2 (QPSK-193/1024) over
LMS channel with K = 15 dB and s = 50 km/h.

lowerEs/N0 values. To better highlight the behavior of the SE
with respect to the number of retransmissions, we also plot
the SE curves as a function of 1-BLER in Fig. 14. Moreover,
we color-coded markers to represent the Es/N0 levels in the
different SE curves. Different aspects can be observed:

• The two curves without retransmissions (one over
AWGN and one over LMS, the blue and the red curve,
respectively) have the same behavior since the plotted
SE is just the probability of correct decoding multiplied
by the nominal SE of the MCS as in Eq. (1). However,
the two curves correspond to different Es/N0 values,
as can be seen by the different colors of the markers
(circles for LMS and diamonds for AWGN).

• The SE of RLC ARQ depends on the maximum number
of retransmissions. The higher this number, the lower the
BLER for a given value of SE (and of Es/N0). On the
other hand, for a given BLER, the SE can be increased by
reducing the maximum number of retransmissions and
increasing the Es/N0.

• For HARQ, the Es/N0 value for a certain BLER is much
lower than all the corresponding Es/N0 values for RLC
ARQ. This can be seen by comparing the colors of the
circles (for RLC ARQ) and the squares (for HARQ).
Moreover, the HARQ curve approaches the RLC ARQ
curve with 4 transmissions (the purple dashed curve) for
higher BLER, since also HARQ is using 4 transmissions
at those BLER values, resulting in equivalent SE values.

The latency for the same different cases (in terms of
mechanism and number of retransmissions) is shown in

Fig. 15. The latency with RLC ARQ reaches its maximum in
a single transition, over the Es/N0 range corresponding to the
BLER increase. On the other hand, HARQ results in a multi-
step transition, where each step is related to the need for an
additional retransmission. This is the same trend shown by
the SE in Figs. 6 (b), 7 (b), and 8. Moreover, exploiting very
large numbers of maximum retransmissions for RLC ARQ
can be very harsh on the latency, and may not be acceptable
for many kinds of applications.

FIGURE 15. Latency comparison of RLC ARQ and HARQ, MCS 2. LMS
channel, in LMS channel with K = 15 dB and s = 50 km/h.

B. RESULTS FOR HARQ VS RLC ARQ - SET OF MCSs
In the following tests, we assume an ACM mechanism is
adopted by the system. The ACM selects the appropriate
MCS that satisfies a certain BLER threshold and maximize
the SE. The selected MCS is kept fixed for all the HARQ
retransmissions. This ensures the correct functioning of the
HARQ scheme, and it is also reasonable since the state fading
duration is typically larger than the time interval required for
retransmissions. The average durations of fading states for
the LMS channel, from real-world measurements in different
environments and computed as in Eq. (17a) of [22], are
reported in Tab.10.

TABLE 10. LMS average good state durations at 20 GHz and elevation 30◦

[22].

To limit the complexity of the simulations, we consider
only MCSs with the same modulation (QPSK) but different
code rates, i.e., the entire set of MCSs reported in Tab. 9.

We define the envelope of the SE as the maximum SE
among all the MCSs for any Es/N0 value, for a target
maximum BLER. In our simulations, this target BLER is set
to 10−3. The results for the SE envelope are shown in Fig. 16,
where HARQ provides a clear SE improvement for very low
Es/N0 values (i.e., below−7 dB), and it also provides a slight
improvement between −7 dB and 1 dB. This small boost can
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FIGURE 16. SE envelope comparison of RLC ARQ and HARQ, for MCS
from 0 to 9, in LMS channel with K = 15 dB and s = 50 km/h. Target
BLER 10−3.

FIGURE 17. SE of HARQ with NMax
ReTx = 3, for MCS from 0 to 16, in LMS

channel with K = 15 dB and s = 50 km/h. Target BLER 10−3.

be explained by looking at Fig. 17, where the tails of the SE
for higher MCSs are higher than the SE of lower MCSs. Even
if this SE boost is a positive effect of HARQ, it is worth
noting that it requires more retransmissions in order to be
reached, and hence a longer latency. To better understand the
impact of retransmissions on the LMS channel, we report
in Fig. 18 the same curves for AWGN channel. This is an
extreme case but could be considered for scenarios where the
amount of scattering is extremely low, as for rural areas or
aircraft vehicles. In this case, no significant differences can
be seen between HARQ and RLC ARQ.

It should be noted that this analysis does not consider
the potential challenges of communication at extremely
low Es/N0, given that 5G NR initial access requires an
Es/N0 larger than −10 dB [35], [36].

Finally, in Fig. 19 we report both the Es/N0 values and the
SE for a target BLER of 10−3, for all the different MCSs
in Tab. 9, and for every number of transmissions allowed by
the HARQ protocol. For a certain range of Es/N0 values, the
higher MCSs have a higher SE, if more transmissions are
used. As an example, MCS 2 with one transmission achieves
the target BLER at Es/N0 = −0.5 dB, and so does MCS
6 with two transmissions. However, MCS 2 has an SE of
0.35 bit/s/Hz, while MCS 6 has an SE of 0.47 bit/s/Hz.

FIGURE 18. SE envelope comparison of RLC ARQ and HARQ, for MCS
from 0 to 16, over AWGN channel. Target BLER 10−3.

FIGURE 19. Es/N0 curves with SE values for each point, in LMS channel
with K = 15 dB and s = 50 km/h. Target BLER 10−3.

C. IMPERFECT SYNCHRONIZATION
The performance of 5G NTN can be severely weakened
by the errors caused by the carrier frequency offset and
the Doppler frequency shift, which can be particularly
harsh in high frequency bands and with non geostationary
orbit satellites, since their speed can be very large (about
7.6 km/s for LEO at 600 km). However, in 5G, most of
the frequency offset compensation and, in general, time
and frequency synchronization are performed during the
initial access. A significant difference between NTN and
terrestrial networks is the magnitude of the Doppler rate, i.e.,
the variation of the Doppler shift in time, which requires
additional effort to be mitigated. Various approaches exist
and may also exploit the user position provided by the Global
Navigation Satellite System (GNSS). 3GPP suggests in [30]
to adopt a frequency error of 0.1 ppm to emulate the Residual
Frequency Offset (RFO) for the data link simulations, i.e.,
after initial synchronization. This frequency error translates
into an OFDM symbol-based phase variation and ICI. The
effect of RFO on PDSCH SE is shown in Fig. 20, reporting
results for 16QAMMCSs, since higher modulations are more
affected by frequency errors. The curves show how a practical
receiver can expect a loss of around 1 dB due to frequency
errors. The simulations are obtained by implementing a phase
offset compensation via Phase Tracking Reference Signals
(PTRS), which are additional 5G pilot symbols designed to
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have lower periodicity in time than DMRS. In more detail,
firstly we compute the average phase offset in an OFDM
symbol via maximum likelihood estimation over the PTRS
as

θ̂i = Arg

 1
Mi

Mi−1∑
m=0

P(i)m R
(i)∗
m

 (5)

where θ̂i is the estimated phase offset in OFDM symbol i,Mi
is the number of PTRS symbols in the i-th OFDM symbol,
P(i)m and R(i)m are the m-th PTRS symbol and the the m-th
received sample, respectively. Arg() is a function that outputs
the argument of a complex value, and .∗ denotes the conjugate
operator. Then, we linearly interpolate the obtained sequence
of estimated phase offsets to get phase offset estimates also
in the OFDM symbols that do not contain PTRS. Finally,
we compensate the data symbols with the estimated phase
offsets for each OFDM symbol.

FIGURE 20. SE envelope comparison over AWGN channel for MCS
from 10 to 16 (16QAM) and with RFO of 0.1 ppm. Target BLER 10−3.
No retransmissions.

D. DISCUSSION
The results presented show that, even for the LMS satellite
channel, the advantage provided by HARQ over RLCARQ is
significant in terms of BLER, allowing the system to operate
at amuch lowerEs/N0. Also, the latency increasewithHARQ
(while lowering the Es/N0) is lower than the latency increase
with RLC ARQ. As a consequence, HARQ is confirmed as
the preferred solution also for most NTN applications. Our
analysis quantifies the gain, and our open-source simulator
can be used to further explore other aspects of interest.

Nonetheless, HARQ is more complex than RLC ARQ
because it combines error detection and retransmission with
forward error correction, requiring additional processing at
the receiver to store and decode partially received data while
managing multiple transmissions. This hybrid approach
increases computational demands and memory requirements
compared to RLC ARQ, which simply retransmits erroneous
packets and operates on individual blocks. The support
of HARQ is then linked to a cost-performance tradeoff.
Considering the main options for NTN equipment, a first
feasibility evaluation can be done:

TABLE 11. RLC ARQ latency.

TABLE 12. 5G latency requirements (from [37] and [38]).

• Internet of Things (IoT) terminals must be energy effi-
cient, and the complexity is a limiting factor. However,
since they do not usually require high throughput,
HARQ may still be used allowing stop-and-wait to
combine different data retransmissions.

• Handheld terminals can afford a higher complexity, but
battery duration is still a design constraint. HARQ may
still be helpful in harsh signal propagation conditions,
without requiring an excessive increase of the number
of processes (reaching very low Es/N0 for minimum
service, e.g., emergency).

• VSAT terminals for satellite communications typically
provide high throughput. These devices may benefit
from the adoption of HARQ as they can support features
requiring an even higher complexity.

If HARQ complexity is a concern for the on-ground
receiver, and if an ACMmechanism is in place, the advantage
of HARQ over RLC ARQ in terms of spectral efficiency
becomes smaller and limited to the very low Es/N0 regime,
which may be outside the operational range of interest. RLC
ARQ could then become a preferable alternative in NTNs
under these conditions:

• LMS channel characterized by a large K -factor;
• Channel state changing slowly w.r.t. ACM loop;
• Receiver with limited complexity or energy consump-
tion constraints.

Clearly, RLC ARQ latency becomes a critical factor, and the
number of retransmissions must be carefully managed.

To give a better overview of latency values for RLC
ARQ with different orbits and number of retransmissions,
we report some representative latency values in Tab. 11.
This can be compared to Tab. 12, which contains some
typical applications for 5G and the corresponding latencies.
To obtain a fairer comparison between the two tables, the
values in Tab. 11 should consider at least an additional
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propagation delay Tp for the feeder link, and a 5 ms network
latency (clause 7.4 in [37]).

VIII. CONCLUSION
In this paper, we analyzed the performance of 5G for
Non-Terrestrial Networks by examining the behavior of two
New Radio retransmission schemes, HARQ and RLC ARQ,
in realistic satellite scenarios. While their performance in
terrestrial networks has been well explored, this was not the
case for satellite environments.

Firstly, we have investigated the number of HARQ
processes required in different scenarios and their relation to
the coherence time of the channel. Next, we have developed
an open-source simulator that includes all the constituent
blocks of the PDSCH physical layer, the retransmission
protocols, and the LMS satellite channel. For RLC ARQ
we have also presented an analytic approach to estimate the
BLER performance over the LMS channel.

Then, we have presented an extensive set of results on
the performance of 5G NR HARQ and RLC ARQ over the
satellite LMS channel, in terms of BLER, spectral efficiency,
and latency. Importantly, both fixed MCS and an ACM
mechanism have been considered. Pros and cons of each
retransmission protocol have been highlighted and discussed.

The advantages of HARQ over RLC ARQ on the satellite
link have been clearly quantified. These insights are valuable
as they demonstrate that, even in the complex NTN scenario,
characterized by long distances and satellite channels, the
HARQ solution can still provide significant gains and enable
operation at very low signal-to-noise ratio values, and should
be considered the preferred choice for many applications.

From a practical perspective, HARQ increases the com-
plexity of the receiver, requiring extra processing to manage
multiple transmissions and to store and decode incomplete
received data, which may be problematic for some NTN user
equipment. In such cases, if an effective ACM mechanism
is available, RLC ARQ could become a viable alternative
in NTN. Clearly, signal-to-noise ratio and especially latency
become critical factors that must be carefully considered
during the design phase of any system.

The presented results and comparisons provide useful
guidelines and trade-offs to researchers and space agencies
dealing with the use of the 5G NR waveform and protocol
stack over Non-Terrestrial Networks. The comprehensive
simulator developed in this study enables other researchers to
further explore the topic and propose potential improvements.
Future research lines include the study of the performance
of HARQ and RLC ARQ for very-low Earth orbit satellite
constellations (with altitude ranging from 100 km to 450 km),
and high-altitude platform systems (with altitudes ranging
from 20 km to 50 km), which are recently gaining interest
for 5G applications.
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