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Abstract—Interest in the integration of Terrestrial Networks
(TN) and Non-Terrestrial Networks (NTN); primarily satellites;
has been rekindled due to the potential of NTN to provide
ubiquitous coverage. Especially with the peculiar and flexible
physical layer properties of SG-NR, now direct access to 5G
services through satellites could become possible. However, the
large Round-Trip Delays (RTD) in NTNs require a re-evaluation
of the design of RLC and PDCP layers timers ( and associated
buffers), in particular for the regenerative payload satellites
which have limited computational resources, and hence need to
be optimally utilized. Our aim in this work is to initiate a new
line of research for emerging NTNs with limited resources from
a higher-layer perspective. To this end, we propose a novel and
efficient method for optimally designing the RLC and PDCP
layers’ buffers and timers without the need for intensive compu-
tations. This approach is relevant for low-cost satellites, which
have limited computational and energy resources. The simulation
results show that the proposed methods can significantly improve
the performance in terms of resource utilization and delays.

Index Terms—Non-Terrestrial Networks, SG-NR, RLC, PDCP,
Buffer Optimization

I. INTRODUCTION

Non-Terrestrial Networks (NTNs) refer to communication
networks that operate in space, beyond the boundaries of
Earth’s surface [1]. These networks utilize satellites, space-
based platforms, or other orbiting infrastructure to establish
connectivity and enable communication services. NTNs play a
crucial role in bridging the digital divide, providing global cov-
erage, and extending connectivity to remote and un-derserved
areas where terrestrial infrastructure is limited or absent. They
are instrumental in supporting various applications, including
telecommunications, internet access, broadcasting, and disaster
response [2], by leveraging the advantages of satellite-based
communication systems in terms of wide coverage, mobility,
and scalability [3].

However, compared to conventional terrestrial networks
(TNs) [4]-[8], NTNs suffer additional challenges due to ex-
tremely large round-trip delays (RTDs) for geosynchronous
Earth orbits (GEO), medium Earth orbit (MEO), and low
Earth orbit (LEO) satellites [9]. However, the benefits of
NTNs have motivated 3GPP, which has been involved in the
standardization of TN communications only [10]-[12], to take
a big leap toward studying the issues and providing solutions
to integrate NTN in the 5G ecosystem. From 3GPP Release
17 onward, satellites have become an integral part of 5G
deployment [13], [14], and this integration is coined as 5G-
NTN.

\
" @"\

=

- EY
| ‘ } @ @ Data Network
~ =1 i >

Fig. 1. Fifth generation non-terrestrial network with transparent payload.
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Fig. 2. Fifth generation non-terrestrial network with regenerative payload.
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In 3GPP Release 17, a particular emphasis was given to
the transparent payload, with the objective of providing direct
access to the 5G services to user equipments (UEs) on Earth.
Transparent payload-based satellites do not require expensive
hardware. Their main goal is to amplify and forward the
signals coming from a ground gNB to a ground UE and vice
versa, acting like a high-altitude relay, with the potential to
establish communication between two entities located even
very far on Earth. This is a simple setup that enables the reuse
of the existing fleet of s atellites w hile b oth the g NB and the
UE operate on the ground.

On the other hand, a regenerative payload satellite offers
more advanced capabilities by performing complex signal
processing tasks based on specific service requirements. This
type of satellites combines all the functionalities of a gNB
and provides substantial advantages. However, implement-
ing regenerative payload systems incurs significant additional
costs compared to transparent satellite systems. But their
deployment is still very desirable, as the regenerative payload
satellites can enable a range of new services and applications
while experiencing only half of the Round-Trip Delay (RTD)
because the signal processing takes place on the satellite
itself. Moreover, such payloads can be promising for enabling
the Inter-Satellite-Links (ISL), thus enhancing the flexibility
and agility of satellite networks by enabling dynamic re-
configuration a nd e fficient re source ut ilization. Ho wever, the
implementation of regenerative payload-based 5G-NTNs is
still in the early stages of research, and while they bring new
opportunities, they also pose unique challenges that demand
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extensive efforts from academia and industry. Realizing such
networks will require new approaches and innovative thinking
in terms of system design. Fig. 1-2 highlights an example of
the deployed transparent and regenerative SG-NTN payloads,
respectively.

II. 5G-NTNS FROM THE PROTOCOL STACK PERSPECTIVE
AND CHALLENGES AT THE HIGHER LAYERS

The NTNs radio interface consists of four primary user-
plane protocol layers for secure and reliable data transfer
between the UE and gNB. Such layers, which are part of the
protocol stack of both the UE and gNB, are the following:
1) Physical (PHY) layer, 2) Medium Access Control (MAC)
layer, 3) Radio Link Control (RLC) layer, and 4) Packet Data
Convergence Protocol (PDCP) layer, as shown in Fig. 3. The
most widely investigated layers are the PHY and MAC, for
which significant contributions are available for the SG-NTNs
in [15], [16] and [17]-[19], respectively. However, challenges
at the RLC and PDCP layers remain unexplored. The main
difference between TN [20], [21], [21] and NTN is that the
latter suffers from large RTDs. This leads to novel challenges
to be tackled at the timing and buffer optimization levels,
due to the limited memory capacity of the satellites and also
to restrict the hardware cost, especially for small and low-
cost regenerative architectures. We shed light on the newly
emerging challenges at the higher layers in the following.

UE gNB
SDAP -« > SDAP
PDCP « » PDCP
RLC < RLC
MAC < > MAC
PHY < » PHY

Fig. 3. Fifth generation new radio user plane protocol stack.

The PDCP layer, which lies on top of the RLC layer, is
responsible for maintaining the integrity and confidentiality
of user data. It performs header compression, duplication
removal, and in-sequence delivery of user data. The PDCP
layer relies on the discard timer and the transmit buffer at the
transmitter and reordering timer at the receiver to function.
The discard timer is used to track the sojourn time of each
service data unit (SDU) at the PDCP layer, which might
need to be discarded from the transmission buffer when their
sojourn timer exceeds the discard timer value or has been
successfully received. The reordering timer is another very
important parameter used at the receiver PDCP entity to assure
that the packets are delivered to the upper layer in the correct
order. Namely, when packets arrive our-of-order, the optimal
value of the reordering timer should be chosen closer to the
expected delay for the missing packets. The PDCP layer relies

on the transmission buffer to store a copy of the data to be
transmitted over the wireless link. The transmission buffer
is used to ensure that the user data is transmitted in the
correct sequence and that any lost packets are retransmitted,
for which its copy is saved in the transmit buffer. Already
larger RTDs significantly increase the number of packets to
be stored in the buffer. Sub-optimally chosen discard timer
values can further impact the sojourn time of the packets in
the buffer, thus leading to high memory requirements to save
unnecessarily an extremely large number of packets in the
transmit buffer. A typical example includes the case in which
the packets are correctly received on the receiver side and their
acknowledgement (ACK) is sent to the transmitter. However,
the ACK is lost and the transmitter instead of triggering the
retransmission waits for the discard timer to expire, while
other packets are being sent for each of which a copy must be
saved in the buffer. Note that this can considerably enhance the
delay in the system and therefore degrade the performance in
terms of throughput/rate. Therefore, optimally tuned discard
timer values will not only remarkably decrease the amount
of memory required at the regenerative payloads but are also
essential to minimize unnecessary delays in the system. This
could further open the possibility to adopt NTN solutions also
for the services demanding low latency.

The RLC layer is responsible for managing the reliable
transmission of data and operates in three different modes.
Namely, 1) RLC transparent mode (TM), 2) Unacknowledged
Mode (UM), and 3) RLC Acknowledged Mode (AM). In RLC
TM, the RLC layer simply passes the data received from the
upper layer to the lower layer without adding any reliability
mechanisms. This mode is suitable for applications that do not
require high reliability, such as streaming video or audio. In
RLC UM, the RLC layer sends the data without waiting for
an ACK from the receiving end. The UM mode is suitable
for applications that can tolerate some degree of packet loss,
such as file transfers or web browsing. In RLC AM, the
RLC layer uses various reliability mechanisms to ensure that
all packets are successfully delivered to the receiving end.
This mechanism includes segmentation, retransmission, and
status reporting. The AM mode is suitable for applications that
require high reliability. For the NTNs, the biggest challenge
lies in the RLC AM as it performs retransmissions. Namely, in
RLC AM, the receiver uses the reassembly timer to ensure that
all packets are received in the correct order and reassembled
into the original data. When a packet is received out of order,
the RLC layer stores it in a buffer until all the missing packets
have been received. The reassembly timer is started when
the first out-of-order packet is received, and it determines
the maximum time that the RLC layer will wait for the
missing packets to arrive. Due to large RTDs, the values of
the reassembly timer should be tightly tuned, such that the
packets do not unnecessarily wait before being forwarded to
the higher layers. Otherwise, the throughput/rate at the higher
layers can degrade.

The aforementioned challenges at the RLC and PDCP are
a function of the delay. Namely, on average, the time required
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for the packets to be correctly received at these layers strictly
depends on the position of the satellite with respect to Earth,
which dictates the RTDs. Therefore, when its position changes
significantly, such parameters need to be re-adapted.

Recall that the optimization of the PDCP and RLC layers
in the NTNs is still an open research problem and has not
yet been tackled. The solution proposed by the 3GPP so
far [13], [14] advises setting the value of the PDCP discard
timer, the PDCP reassembly timer, the PDCP transmit buffer,
and the RLC reassembly timer by considering the worst-case
scenarios consisting of the maximum number of retransmis-
sions allowed by the hybrid automatic repeat request (HARQ)
and ARQ processes in the lower layers to achieve reliable
communications. Therefore, such solutions represent an upper
bound on the values of such parameters and require allocating
the maximum buffer size for the PDCP layer and result in
unnecessary delays for packets that require retransmission but
their ACK is low. However, in practice, the effective number
of retransmissions, depending on the position of the satellites,
channel conditions and signal-to-noise ratio (SNR) at the PHY
layer, could result to be considerably less. To this end, we
present an adaptive approach to optimize the parameters of
such layers by providing the tightest upper bound for the
timers by estimating the effective number of retransmissions
occurring in the systems. During packet loss, no ACKs are
received, and the transmitter must wait until the discard timer
expires. Since we propose the tightest upper bound for the
discard timer value, this results in a minimum waiting time for
retransmitting the lost packets. Moreover, we remark that our
proposed adaptive solutions for the timers result in a minimum
amount of memory required to have no packet loss, which is
very desirable for low-cost next-generation NTN solutions.

III. PROBLEM FORMULATION AND ADAPTIVE SOLUTIONS
A. PDCP Layer Optimization

1) PDCP Discard Timer: Let z; denote the discard timer
for the PDCP layer, which is typically configured for each
data radio bearer (DRB). After receiving the service data unit
(SDU) from the radio resource layer (RRC), the PDCP entity
starts a timer to track its sojourn time after placing the received
SDU in the transmission buffer. Either when the associated
timer to each SDU exceeds the value of the discard timer 74
or the correct reception of the PDCP SDU is confirmed, the
PDCP entity should discard the PDCP SDU.

To optimize ¢4, we assume that its value is periodically
adapted over a period of timer T; by assessing the system for
a very limited duration 7, in which O packets are correctly
received, including all the retransmissions. We propose to
exploit the time stamps (TS) for each SDU received from the
upper layer, which will allow the correct adaptation of ¢4 for
the NTNs. Namely, we start by setting the value of 74 very
large, for example as recommended by 3GPP. Typical values
include 1000 — 1500 ms [13], [14]. Let 757 = {0, 1, ..... 0}
denote the set containing the indices of the TSs for the first
O SDUs that have been correctly received. Note that for this
period packets are discarded from the transmission buffer only

when the peer PDCP entity correctly receives them. However,
it is possible that in timer 7; some packets are correctly
received at the receiver but their ACKs are lost. In such a case,
the TSs of such packets can provide erroneous estimates of the
effective number of retransmissions and therefore we consider
discarding such samples from the set 7;. Let r; denote the
round-trip delay for the 5G-LEO satellite seen between the
PHY layers. From the PDCP layer perspective, the discard
timer value can be written as tg = N (74 +4(t§rD0CP + t,’erOC +
tlﬁm)), where N € N*. Namely, it should be a positive integer
multiple of the RTD times the number of retransmissions N
that effectively took place. Additionally, we have the constants
tPPCP and tRIC denoting the processing time delays at the
PDCP layer and RLC layer, respectively, and tﬁm denote the
total processing delay at the lower layers including MAC and
PHY layer, due to for example modulation, demodulation, en-
coding, decoding, medium access control, flow control, com-
pression/decompression, ciphering/deciphering of data, packet
reordering, header removal etc. Finally, the scalar 4 accounts
for the path from the transmitter to the receiver up to the
PDCP layer and from the receive PDCP entity to the transmit
PDCP entity and therefore the delay (152 +:REC + 45, ) is
experienced 4 times. Remark that such constants are inherent
to the regenerative payload and can be easily known at the
systems level. Depending on the channel conditions and/or
SNR, the average effective number of retransmissions required
at the lower layers seen from the PDCP layer perspective may
vary and thus needs to be accurately estimated.

Consider the observation packets with their time stamps
in 7;5. We aim at estimating the maximum number of re-
transmissions from the observation stamps so that the discard
timer value can be set as tight as possible based on the
effective number of retransmissions occurring in the NTN
system. From the observation data in 7, the maximum number
of retransmissions can be estimated by solving the following
optimization problem.

(= 4(tPDCP 4 (RLC 4 L

max
t rd

(1a)

st.  tgeTy (1b)

Such a problem can be easily solved by comparing the values
of the times that the O packets have stayed in the buffer
available in 7. Let £, denote the optimal solution for (1),
which can be easily obtained. An estimator for the effective
number of maximum retransmissions N can be built as

IZ - 4(I£I’D()CP + t][fr]'dnc + tﬁr()

N=T ] @)

rd

where [-] denotes the least greatest integer.

It should be noted that the proposed solution remains valid
until time Tp, during which the value r4; can be assumed to
be constant. However, as the satellite position changes, the
propagation delay also changes. Hence, it becomes necessary
to adjust the discard timer value again by observing the O TSs
in the new time interval. This observation helps in estimating
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Fig. 4. Flowchart of the adaptive estimator of the discard timer value.

the maximum number of retransmissions in the system. The
overall procedure to build an adaptive estimator for the ef-
fective maximum number of retransmissions occurring in the
system is reported in Fig. 4. This can value can be further
used to set the optimal value of the discard timer.

2) PDCP Transmit Buffer: The buffer size at the PDCP
layers is crucial in the upcoming generation of NTNs, par-
ticularly in compact and affordable NTNs. This is primarily
because substantial propagation delays can result in a rapid
escalation of the number of packets that need to be stored
in the buffer while awaiting their ACKs. Consequently, this
phenomenon imposes stringent demands on a large memory
capacity, which can significantly increase the costs associated
with NTNs.

The optimization of the transmit buffer can be based on the
throughput of the system from the PDCP layer perspective at
the transmit side. Furthermore, on the time required to receive
the ACKs of the correct reception of the packets such that
some portion of the memory can be emptied. Note that this
includes the RTD and the number of retransmissions N at
the lower layer. Namely, let R, denote the effective rate at
the PDCP layer that the transmit buffer must support to have
no packet loss, denoted as the number of packets transmitted
from the PDCP layer in one millisecond. The effective number
of retransmission occurring in the system has been estimated
when optimally tuning the discard timer value in (2). To find
the optimal size of the buffer, we must calculate the total
number of packets which will be stored as a copy in the
transmit buffer when the transmit effective rate results to be
Rp. It can be shown that the number of packets effectively
transmitted over time while waiting for the packets’ ACKs is

given as

Number of Packets = N (rq + 4(tf,)rDOCP + tgrLOC

+ 15.,)) Rp.

3)
Assuming that one memory cell of the buffer stores one packet,
then (3) also represents the minimum buffer size, denoted as
B* in terms of memory cells required to support the throughput
R, and have no packet loss in the 5G-NTN system. In case
the buffer size is chosen to be small than B* is will result
in packet loss at the transmitter itself, which will notify the
higher layers to reduce the packet rate. Note that the ideal
buffer size relies on the RTD value r;. Consequently, as the
regenerative payload changes its position, the RTD value and
the optimal buffer size also change. Therefore, the proposed
solution enables dynamic allocation of the minimum memory
for 5G-NTNs to support the desired throughput/effective rate
R,. When the RTD is large, a significant portion of memory
is allocated to store packet copies. However, when the satellite
orbits closer to Earth, the RTD decreases, resulting in the
release of a substantial portion of memory that can be utilized
for other purposes.

3) PDCP Reordering Timer: Let ¢, denote the reordering
timer, which is another key component of the PDCP layer at
the PDCP receiver entity and is used to ensure that packets are
delivered to the upper layers of the protocol stack in the correct
order. When a packet is transmitted over the air interface,
it may experience delays or be received out of order due
to various factors such as congestion or interference. When
a packet is received by the PDCP layer, it is assigned a
sequence number (SN) based on its order of transmission. The
PDCP layer checks the SN of each received packet against
the expected SN, and if the received packet’s SN is lower
than the expected SN, it is considered an out-of-order packet
and stored in the reordering buffer. The reordering timer starts
when the first out-of-order packet is received and is set to a
value based on the expected delay for the missing packet to
arrive. We propose to solve this challenge by exploiting the
information obtained from the initial O samples for which we
first set the values to the maximum according to the 3GPP
solution. As for different received packets, a different value of
delay can be observed, and we aim at obtaining information
about the maximum number of retransmissions seen at the
receiver, given the observation data. Note that on the receiver
side, only half of the RTD is experienced compared to the
transmit PDCP entity which must wait for the ACK. Therefore,
let r4/2 denote the propagation delay for the PDCP receiver.
The expected delay to receive the packets at the PDCP receiver
entity, including retransmissions and processing delay at the
lower layers, can be written as

PDCP RL
I = M(rd/2+2([proc +tproC

+ o)), )

The scalar r;/2 takes into account the exact propagation delay
from the transmitter to the receiver at the PHY layer and
M denote the effective number of retransmissions. We note
that the number of effective retransmissions observed at the
receiver may result to be different than N. This is mainly due
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to the fact that a packet may be received correctly at the PDCP
layer, but its ACK is lost. In such a case, the transmitter will
retransmit the packets for which no ACK is received, although
they will be discarded on the receiver side. Therefore, M
should be estimated separately by the entity located on the
ground. To build an estimator for the maximum number of
retransmissions occurring in the system, we need to estimate
and solve the following optimization problem based on the
observations

t—2(tPDCP £ (RLC 4 4L

pro pro pro
max ral2 (5a)
st. teTd, (5b)

where 7, is a set which contains the O observation TSs at
the receiver, for which the packets are correctly received,
including retransmission. This problem can be easily solved by
comparing the ratio (5a), with ¢ evaluated over the observation
data in 7. Let ) denote the optimal solution of the problem
(5), then the maximum expected number of retransmissions in
the system is given as

* PDCP RLC L
|.tr - 2(tpro + tpro + tpro

M* =
ra/2

(6)

B. RLC Layer Optimization

The RLC layer with acknowledged mode (RLC AM) is
responsible for providing reliable data transfer between the
NTN wireless interface and the core network. It ensures
the delivery of user data by performing functions such as
segmentation and reassembling of data, error correction, and
flow control. The RLC layer operates on top of the physical
layer and provides a service to the upper layer protocols.
The main challenge for the RLC layer due to large RTDs
lies on the receiver side. Namely, the RLC layer uses the
reassembly timer #,, as a key parameter to ensure that all
RLC protocol data units (PDUs) belonging to a specific RLC
SDU are received in a timely manner. When an RLC PDU is
received by the RLC layer, it is stored in a reassembly buffer.
The reassembly buffer holds all RLC PDUs that belong to a
specific RLC SDU until all the PDUs have been received. If an
RLC PDU is lost or corrupted during transmission, the RLC
layer requests a retransmission of the missing or corrupted
PDU. The reassembly timer is started when the first RLC
PDU belonging to an RLC SDU is received. The timer is
set to a value based on the expected delay for all the PDUs
belonging to the same RLC SDU to arrive. If all PDUs are not
received within the timer duration, the RLC layer will discard
the incomplete RLC SDU.

Since we previously estimated the effective maximum time
to receive the packet which depends on the scalar M, at the low
layer the required time is the same except for the processing
time at the PDCP layer, which lies at the top of the RLC layer.
Therefore, the timer #,. can be optimally tuned as

tre = M*(ra/2+2(tREC +15,,)), (7

pro

Note that buffer optimization is not required at the UE
located on the ground as the UEs have enough memory to
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Fig. 5. PDCP transmission rata as a function of the buffer size.

save a large amount of data. However, if required, a similar
problem to (3) can be solved to obtain the optimal buffer size.

IV. SIMULATION RESULTS

In this section, we present simulation results to evaluate
the performance of the proposed adaptive timer and buffer
approach. We consider the case of one 5G LEO regenerative
satellite serving one UE on Earth. We assume a round trip
delay of 20 ms for a satellite at 1200 km altitude and 10°
elevation angle. We assume that the effective number of
retransmissions observed at the transmitter and receiver are the
same N = M and assume that it is uniformly distributed in the
interval [u — 3, u + 4], where u denotes the average number
of retransmissions. Therefore, higher values of ¢ emphasize a
larger number of retransmissions. The total processing delay
is assumed to be tﬁrD,,CP +t§rL0C + t,%m =0.5 ms.

For comparison, we consider the case where the discard
timer value is set based on the maximum number of HARQ
processes being 32, computed according to the formula pro-
vided above. We assume that the effective rate supported by
the PDCP layer is R,, = 10 pck/ms. To yield the estimators for
the effective maximum number of transmissions, we assume
that a total of 1000 packets are sent and from which the first
20 packets are derived to estimate the effective number of
retransmissions N and M, and then the values of the discard
timer f4, reordering timer ¢, and reassembly timer #,, are
optimized. Since a similar approach is being adopted to tune
the reordering timer and the reassembly timer, we consider
plotting the results only for .

Fig. 5 highlights the throughput at the PDCP layer as a func-
tion of the buffer size that varies in the interval [0.2B*, 1.4Bx],
where B* denotes the optimal buffer size computed according
to (3). We can see that when the buffer size is chosen to be
small, B < B=x this results in significant packet loss at the
PDCP transmitter, which cannot send packets to the lower
layers. That is, the effective number of transmitted packets is
equal to the available memory cells in which a copy of the
transmitted packets can be saved. The effective rate improves
as the size of the buffer increases. We can see that the buffer
size computed according to (3) results in the minimum buffer
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Fig. 6. Average additional delay experienced by the packet which requires

retransmission but its ACK is lost.

size such that the effective rate matches the rate requirement
that the PDCP layer is expected to support.

Figure 6 shows the average additional delay experienced for
a packet which requires to be transmitted but its ACK is lost as
a function of the average number of retransmission u, when the
worst case for the number of retransmissions is considered, in
contrast to the proposed adapted solution of this work. We can
see that each packet which requires retransmission but whose
ACK is lost will be retransmitted very late, especially when the
effective number of retransmissions occurring in the system
is small. On the other hand, when our proposed solution
is adopted, the retransmission is triggered immediately as
the 17, expires based on the effective maximum number of
retransmission, thus resulting in negligible additional delay.

V. CONCLUSIONS

The 5G-NTNs experience significant RTDs, which requires
the development of innovative mechanisms for designing the
higher layers of the protocol stack. This is particularly crucial
for low-cost satellites with limited resources. In this study, a
novel adaptive approach is introduced to optimize the discard
timer, transmit buffer, reordering timer for the PDCP layer,
and the reassembly timer for the RLC layer. The proposed
approach accurately estimates the effective number of retrans-
missions in the SG-NTN system and adjusts the timer values
accordingly. In addition, it determines the optimal buffer size
required to support efficient throughput. Through the results of
the simulation, it is demonstrated that the proposed approach
achieves significant p erformance i mprovements i nt erms of
memory utilization efficiency. M oreover, it e nables t he early
triggering of packet retransmissions that would otherwise
unnecessarily wait for transmission due to ACK loss.
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