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Based on an open radio access network (O-RAN) architecture in
terrestrial networks (TNs), this study proposed an open nonterrestrial
network (open NTN) architecture, in which multiple service operators
could share low Earth orbit (LEO) satellites for cost-effective network
deployment in LEO-based NTNs. In the open NTN, a centralized unit
of next-generation node B is located in a gateway, and the distributed
units and radio units are in LEO satellites. Intersatellite links (ISLs)
between LEOs function as wireless fronthaul links, where data and pi-
lot symbols are delivered for further processing. Compared to O-RAN
in TNs with wired fronthaul, the bandwidth constraints in wireless
ISL fronthaul are more stringent, and signal compression in fronthaul
cannot be avoided. Therefore, to improve the efficiency of open NTNs,
a joint optimization problem of ISL fronthaul compression rate and
power allocation to the data and pilot signals was formulated to
maximize the sum of uplink rates of multiple user equipments under
the bandwidth constraints of the ISL fronthauls. The original problem
was divided into two subproblems: one is an optimization of the data
and pilot compression rate and the other is that of the data and pilot
power allocation. An alternating optimization approach that solved
two subproblems in an iterative manner was adopted to find the
convergent near-optimal solution. The convergence and performance
of the proposed approach were verified with numerical results.

[. INTRODUCTION

Nonterrestrial networks (NTNs) have attracted consid-
erable attention from academia and industries as comple-
mentary networks for terrestrial networks (TNs) comprising
global 3-D 6G networks [1], [2], [3]. Because NTN can
cover the coverage holes of TN, the integration of TN and
NTN is considered as an inevitable approach for realizing
global coverage. With the emergence of low Earth orbit
(LEO) satellites, the latency of satellite communication can
be substantially reduced. Hence, a LEO-based NTN can
be considered as a potential solution to 6G networks [4].
However, the NTN deployment for anytime and anywhere
communication services requires a lot of LEO satellites.
Therefore, it will be an extensive burden for a single wireless
network operator to deploy its NTN with several hundreds
or thousands of LEO satellites for seamless service. By
sharing LEO satellites among multiple operators in different
countries, the deployment cost of NTN can be reduced.
For example, the LEO satellites deployed by an operator
in one country may not be used when they are in orbit
above the other countries. Therefore, sharing LEO satellites
among operators in different countries is an efficient and
cost-effective approach for NTN deployment. To this end,
the functions of LEO satellites and the interfaces between
LEO satellites and ground stations are harmonized for in-
teroperability.

Along with the evolution of cellular communication, the
architecture of base stations (BSs) has also been modified.
To support nonuniform and dynamic traffic distribution due
to the concentration and movement of mobile users, a cloud
(or centralized)-radio access network (C-RAN) has been
proposed [5]. In the C-RAN architecture, the resources of
a baseband unit (BBU) pool are organized by gathering
multiple BBUs in the commonplace. Then, depending on
the traffic amount demanded and generated by each remote
radio head (RRH) cell site, the BBU pool resources can
be dynamically allocated. The RRHs include only analog
and radio frequency (RF) function blocks, whereas the
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remaining digital functions are included in the BBU. In
C-RAN, the BBU and RRH are inter-connected by a fron-
thaul interface which is called the common public radio
interface (CPRI) [6]. As the fifth and sixth generation (5G
and 6G) networks operating millimeter wave (mmWave)
channels have emerged, the bandwidth and the number
of antennas increased. Accordingly, the requirement of
fronthaul bandwidth, i.e., fronthaul capacity, becomes more
challenging [7], [8], [9].

When deploying BSs with a C-RAN architecture, net-
work operators use a dedicated optical fiber as fronthaul and
define their own interfaces because the BSs are operated
and managed by themselves. Therefore, the RRHs that are
installed in the same location by multiple operators cannot
be shared, even though the functions and structures of RRHs
are identical.

To relax such a stringent fronthaul capacity requirement
and standardize, i.e., harmonize, the fronthaul interface in
the functional split boundary in C-RAN, the concept of
an open radio access network (O-RAN) has emerged [10],
[11]. In 5G and 6G networks operating in mmWave and
sub-THz channels, numerous BSs are required to guarantee
coverage similar to that of a conventional cellular network
operating in sub-6 GHz channels due to the propagation
characteristics of high-frequency signals. To increase the
flexibility of 5G/6G BS in the O-RAN architecture, i.e.,
next-generation node B (gNB), the functions of gNB are
divided into three function blocks, i.e., central unit (CU),
distributed unit (DU), and radio unit (RU). The interfaces
between them are defined as a fronthaul between DU and
RU and a midhaul between CU and DU. The deployment of
numerous BSs can be an extreme burden on the operators
and this burden can be minimized by sharing the RUs
and DUs with common function split boundaries and their
interfaces.

When deploying LEO-based NTN, a concept similar to
O-RAN can be employed [12], [13]. For example, a ground
gateway plays the role of CU in a 5G/6G BS. LEO satellites
can function as DUs and/or RUs depending on their direct
connection to the gateway. In detail, LEO satellites with
a direct connection to the gateway have both DU and RU
functions, while those without a direct link to the gateway
have only the RU function. In this case, a feeder link between
the gateway and LEO satellite becomes a midhaul interface,
and intersatellite links (ISLs) among LEO satellites become
fronthauls. If the function split boundaries and interfaces are
standardized as in O-RAN, LEO satellites can be shared by
operators even in different countries because LEO satellites
orbit around Earth 12—16 times a day. This is referred to as
the open NTN in this article.

In such an open NTN architecture, the midhaul and
fronthaul, i.e., feeder link and ISL, are not wired but wireless
links. Therefore, the capacities of these links in open NTN
may be considerably limited than those in O-RANs. Con-
sequently, compression in the fronthaul interface may be
required to relax the fronthaul capacity requirements [14].
The more compression in the ISL fronthaul signals induces

LEE ET AL.: O-RAN-BASED NTN ARCHITECTURE: OPEN NTN CONCEPT AND OPTIMIZATION OF POWER ALLOCATION

the more distortion of the signals; however, a lower capac-
ity of ISL links is required. Such a tradeoff between the
ISL capacity and signal distortion can be analyzed using
the rate-distortion theory. In addition, power allocation to
the pilot and data symbols can be examined to maximize
the achievable rate by considering the channel estimation
effects in data detection. The higher power allocation to pilot
symbols can improve the accuracy of channel estimation but
reduce power allocation to data symbols. In the proposed
open-NTN architecture with ISL fronthaul compression,
the network performance, e.g., throughput, is dependent on
the pilot and data power allocation and their compression
rates.

A. Related Work

The CPRI fronthaul in C-RANSs, including its specifi-
cations, concepts, designs, and interfaces, was summarized
in [15]. In [16], the problem of maximizing the uplink rate
was studied by optimizing the distortion variances of the
data and pilot signals in an uplink C-RAN under a given
frame structure. As an extension, a joint optimization of the
power allocation and fronthaul compression for data and
pilot signals was investigated in [9]. Under the time-varying
channels, pilot and data length as well as compression
distortions were optimized with a Kalman filter [8]. In [8]
and [9], the weighted sum of the uplink and fronthaul rates
was considered in a simple uplink scenario with a single
BS and user. In this study, however, a more complicated
scenario with multiple uplink users and multiple ISL fron-
thauls was considered in an uplink open-NTN platform.
In [14], various fronthaul compression methods, e.g., block
compression and modulation compression, which were dis-
cussed in the O-RAN standardization, were introduced and
the bandwidth reduction by each compression scheme was
discussed. In [17], the feasibility of various functional split
options in NTNs was investigated with respect to fronthaul
latency, maximum fronthaul distance and required band-
width. In the proposed NTN model where ISLs between
LEO satellites become fronthaul, the fronthaul latency is-
sue is minimized, but fronthaul bandwidth requirements
increase significantly [15], [16]. To address this bandwidth
challenge, we suggested the compression of ISL fronthaul
signals to simultaneously reduce allocated bandwidth and
maximize user data rates in this study. The proposed func-
tional split for the open NTN can lead to a reduction in
on-board power consumption and payload weight in LEO
satellites owing to minimal computational demands. There-
fore, we expect that the open NTN model can be effectively
deployed in real world scenarios.

The integration of an O-RAN framework with vari-
ous network models has been investigated. In [18], the
maximization problems of energy efficiency for both data-
sharing and compression-based strategies, where user and
DU allocation, data rate, and precoding were jointly de-
signed, were examined under a traditional C-RAN archi-
tecture. Motalleb et al. [19] optimized the RU association,
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physical resource block assignment, and power allocation
under the constraints of fronthaul capacity and end-to-end
latency in O-RAN systems with network slicing for dif-
ferent 5G service features. An O-RAN architecture for
integrated sensing and communication was examined from
the perspective of the RU-DU functional split and fronthaul
throughput requirements in [20].

The integration of artificial intelligence/machine learn-
ing with the O-RAN architecture has been studied in [21],
[22], even though an NTN was not considered. In [21], a
federated deep reinforcement learning (RL)-based scheme
was proposed to establish intelligent user-centric access
control mechanism to optimize the overall throughput and
avoid frequent handovers in O-RANSs. In [22], an RL-based
dynamic function splitting technique for O-RANs, which
maximizes the utilization of renewable energy sources and
minimizes the operator costs, was developed. In [23], a
double deep Q network-based resource allocation scheme
was proposed to minimize service latency by optimizing
requests allocated and processed between near-real time
(RT) radio intelligent controller (RIC) and non-RT RIC in
the O-RAN architecture.

Finally, in [12], [13], and [24], the NTNs enabled by
an O-RAN infrastructure and the O-RAN approach for the
spectrum sharing of TN and NTN were discussed, respec-
tively. However, the authors in [12], [13], and [24] just pro-
posed a conceptual model integrating the O-RAN and NTN
architectures. In [12], an O-RAN-based LEO clustering
concept was introduced for cooperative transmission among
LEO satellites in mega-constellation. Campana et al. [13]
introduced a possible implementation of an NTN infrastruc-
ture based on the O-RAN approach. In addition, the trends
and challenges of an O-RAN-based NTN architecture in
terms of open interface, functional split optimization, and
wide-scale radio resource management was investigated.
Although the previous studies in [12] and [13] provided the
concept of an integrated NTN architecture with O-RAN, the
detailed optimization problem in the O-RAN-based NTNs
has not been investigated.

In this article, we provide the detailed open NTN model,
including the function split between a ground gateway and
LEO satellites and the ISL fronthauls between LEO satel-
lites. Moreover, a specific optimization problem that max-
imizes the uplink sum rate under ISL fronthaul constraints
with respect to the power allocation and compression of
both the pilot and data symbols was considered.

B. Contribution and Organization

The contributions of this study can be summarized as
follows.

1) The open NTN architecture, which is an integrated
concept of O-RAN and NTN, was proposed. By
introducing the common functional splits among
CU, DU, and RU, LEO satellites can be shared by
multiple countries and network operators. Conse-
quently, the LEO-based NTN can be deployed in a
cost-effective manner.

7952

gNB eNB
RU Fronthaul Fronthaul DU (RU)
™
‘ ISL - '\vISL
Midhaul
Feeder link
Service s
link ervice gNB
link Cu Backhaul
. twok
(W “
UE UE Gateway

Fig. 1. Network configuration of open NTN with multiple LEO
satellites where LEOs connected with UE include RU functions, an LEO
with direction connection to a gateway has DU functions, and a gateway

on the ground takes a role of CU.

2) In open NTN, ISLs between LEO satellites can be
fronthauls. It means that the fronthauls are not wired
links but wireless links. Therefore, the bandwidth
constraint of ISL fronthaul becomes more stringent.
To mitigate this problem, the compression of pilot
and data signal in the ISL fronthaul is introduced. In
addition, the power allocation to the pilot and data
symbols was also investigated. In detail, a maximiza-
tion problem of uplink sum rates under ISL fronthaul
bandwidth and packet energy constraints was formu-
lated. After investigating the original problem, we
developed an alternating optimization algorithm to
find the solutions, i.e., power allocation and com-
pression rate of uplink pilot and data symbols.

3) Through various simulations, the effectiveness of the
proposed algorithm was verified. It is shown that we
can achieve higher throughput under ISL bandwidth
constraints. Therefore, ISL fronthaul compression as
well as power allocation to pilot and data symbols
can be considered as one of the most essential tech-
niques in open NTN architecture.

The rest of this article is organized as follows. Sec-
tion II introduces the proposed open-NTN architecture. In
Section III, we describe the proposed uplink system model.
The uplink signal compression and demodulation with
channel estimation effects are investigated in Section IV.
Section V formulates an uplink rate maximization problem
under ISL bandwidth and packet energy constraints and
proposes an alternating algorithm to solve the problem.
Section VI presents the numerical results to verify the
effectiveness of the proposed optimization scheme. Finally,
Section VII concludes this article.

[I. OVERVIEW OF OPEN NTN

In this study, we combined the concept of an O-RAN
with a regenerative-payload NTN and constructed a system
model, as shown in Fig. 1. The NTN gateway performs the
role of the gNB CU; the LEO satellites that have a direct
link with the gateway simultaneously perform the functions
of the gNB DU and RU; and the remaining LEO satellites
perform the function of the RU. The most important part of
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an open NTN is standardizing the frequency and wireless
interface of the feeder link, which acts as midhaul, and
the ISL, which acts as fronthaul. Since satellites provide
services while moving across all continents and oceans on
Earth, they must secure a frequency band that is commonly
used worldwide. If the interfaces of midhaul and fronthaul
are standardized, LEO satellites can be shared and used by
various operators in various countries.

In particular, in LEO satellite-based NTNs, the number
of satellites required for one operator to configure its own
LEO satellite network may range from hundreds to thou-
sands. In addition, each LEO satellite is used only when it
passes over a specific service area; when it leaves the service
area, the satellite may not be used. Considering these opera-
tional characteristics of LEO satellites, the deployment cost
of an NTN network can be significantly reduced by sharing
LEO satellites among operators in different countries. To
achieve this, it is necessary to standardize the interfaces
between ground stations and satellites, and between satel-
lites. This is the same concept as sharing RU/DU among
operators in O-RAN of TN.

In the case of the feeder link, which is midhaul in the
proposed open NTN architecture, a high transmission rate
can be secured through a high power and antenna gain at
the ground gateway, and the required bandwidth (channel
capacity) of the midhaul is generally not higher than that of
the fronthaul. However, fronthaul ISL has severe bandwidth
(transmission rate) limitations because it is transmitted
with limited transmission power of the satellite through
the ISL antenna installed on the small satellite. In addition,
as expected in LEO constellation, when a vast number of
LEO satellites share a channel, a complex network structure
can cause mutual interference in ISLs, so the transmission
rate can be limited. Therefore, the reduction in fronthaul
bandwidth requirements will be an important issue in open
NTNSs. Therefore, signal compression techniques in fron-
thaul transmission will also play an important role. In the
open NTN architecture, the functional split boundary, which
has been proposed for the O-RAN architecture for TN, is
adopted as shown in Fig. 2. After analog and RF processing
with an uplink packet, the RU performs OFDM demodu-
lation, i.e., removes cyclic prefix (CP) and performs fast
Fourier transform (FFT). The output samples of FFT corre-
spond to the subcarriers of an OFDM symbol, i.e., resource
elements, and they are divided into data and pilot symbols.
Therefore, we can apply the different compression rates to
the data and pilot symbols. The separately compressed data
and pilot symbols are delivered to the gNB DU via an ISL
fronthaul.

. SYSTEM MODEL

In an uplink transmission considered in this study, each
user equipment (UE) transmits a packet to the LEO satellite
closest to the UE as shown in Fig. 3. The LEO receives the
uplink signal and performs parts of the receiving process
including the separation of the data and pilot symbols. In
detail, the signal received by the ith LEO from the ith UE for
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Fig. 2. Function split of RU/DU/CU in the open NTN architecture
where RF, CP, FFT, FEC, MAC, RLC, PDCP, and RRC represent RF, CP,
FFT, forward error correction, medium access control, radio link control,

packet data convergence protocol, and radio resource control,
respectively.

i = 1,*+* M, divided into pilot and data signals, is expressed
as follows:

yplnl = Prp,Gphipiln]+np,[n]
= Pyhupilnl+nylnl, n=1,...,N, (1)
vanl = PrqGphidin]+ng[n]

= Pihdinl+nglnl, n=N,+1,...,N; (2

where p;[n] and d;[n] denote the pilot and data symbols
transmitted by the ith UE and their transmit powers are
given by Pr ,, and Pr 4, respectively. In addition, the chan-
nel gain between the ith UE and the ith LEO satellite
is given by  G,h; where G; denotes the channel power
gain, i.e., pathloss, and &;( CN (0, 1)) is a channel co-
efficient due to channel fading effects. Therefore, P, and
Py, denote the received power of pilot and data symbols,
respectively. n, [n]( CN (0, 1)) and ng[n]( CN(O, 1))
denote additive Gaussian noise. An uplink packet consists
of N; symbols where the first N, symbols are pilot and the
remaining Ny(= N;  N,,) symbols are data. In this study, it
is assumed that UEs have a single antenna and a single pilot
symbol is enough for channel estimation, i.e., N, = 1.1 In
the above equations, the index 7 in y,,[n] and y4,[n] can be
considered as a subcarrier index in an OFDM symbol or a
time index, i.e., OFDM symbol index, in a specific single
subcarrier.

! For accurate channel estimation even in multiple antenna channels, we
can use more pilots, i.e., N, > 1. The analysis with N;, = 1 can be simply
extended to cases with N, > 1.
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functions, where data and pilot symbols are compressed and forwarded through ISL fronthauls.

V.  UPLINK SIGNAL COMPRESSION AND DEMODU-
LATION

As shown in Fig. 3, LEO i for i =1,...,M does
not have a direct link with the ground gateway, so they
should connect to LEO M + 1, which has the DU functions,
through ISLs. UEs 1 to M sends its uplink signal to LEOs
1 to M, respectively. LEO i transmits the signal from UE i
(data and pilot symbols) as well as the fronthaul signals
from LEOs 1 toi 1to LEOi+1 fori=1,...,M.
Further decoding processes of a gNB, i.e., DU functions,
for uplink data from UEs 1 to M are fulfilledin LEOM + 1.
Specifically, the uplink channels are estimated based on the
pilot symbols, and uplink data symbols are decoded with
the estimated channels. After such a DU processing, the
decoded data is transmitted to the ground gateway through
afeeder link, i.e., midhaul. Here, if the bandwidth allocated
to the ISL is sufficient, signals can be transmitted without
compression. Otherwise, each LEO satellite without a direct
link to the ground gateway performs a signal compression
process and then transmits the compressed data and pilot
symbols to another LEO satellite to reduce the bandwidth
requirement of the ISL. On the other hand, it can be assumed
that the bandwidth of the feeder link is sufficient to transfer
the decoded data because the bit rate of the decoded data can
be similar to that of the source information. In the O-RAN
standards, various compression techniques have been dis-
cussed [14]. The simplest method is a quantization-based
compression adjusting the number of quantization bits for
the I/Q value of each data or pilot symbol. For an LEO
satellite with RU functions to deliver the pilot and data
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symbols to another LEO satellite through ISL fronthaul with
lower bandwidth even with high signal distortion, the reso-
lution of the delivered signal can be decreased by decreasing
the number of bits for 1/Q signals, e.g., by eliminating the
least significant bits. In this article, the quantitative relation
between the ISL fronthaul bandwidth and signal distortion
caused by compression is required, and it may depend on
a specific compression technique. To avoid the dependency
on a compression technique, the rate-distortion theory can
be adopted which provides the fundamental lower bound
of a compressed signal bandwidth under a given distortion
constraint.

Based on the system model shown in Fig. 3, the data
and pilot symbols of UE 1 are compressed by LEO 1 and
transmitted to LEO 2 through an ISL between LEO 1 to LEO
2. LEOs 2 to M relays the data and pilot signals of UE 1 to
LEO M + 1 that includes a DU function. Because the UE
1’s signal received by LEOs 2 to M are already compressed
at LEO 1, LEOs 2 to M delivers these signals without
compression. In this article, it is assumed that the multiple
fronthaul signals from different UEs are synchronized at
LEO M + 1 before decoding the uplink packet with DU
functions. In addition, the error-free transmission over ISL
fronthauls was assumed. Therefore, the final data and pilot
symbols of UE i that arriving at LEO M + 1 are as follows:

Palnl = Pyhidiln] + ng[n] + qg(n 3)
Ipnl = Pyhipiln] + n,[n] + q,,[n) “4)

where 4 [n] and 9, [n] are the compressed data and pilot
symbols for UEi (i {1,...,M}), respectively. g, [n] and
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qp,[n] denote the distortions induced in the signal compres-
sion processes for the data and pilot symbols of UE i. Here,
itis assumed that g4, [n] and g, [n] are independent from the
original signals, i.e., Ehidi[n] and PT,,.hip,'[n], and they
follow the Gaussian distribution, i.e., g4,[n] CN (0, 21_)
and g,,[n] CN(O, j[ .

In the DU function block of LEO M + 1, the uplink
channels are estimated using the received pilot symbols,
and the data symbols are decoded based on the estimated
channels. In the channel estimation process, the effective
signal-to-noise ratio (SNR) of uplink pilots from UE i is
given by

P,
n= ﬁ- o)
Pi
If minimum mean square error-based channel estimation
is assumed, the variances of channel estimate, i.e., fzi, and
channel estimation error, l~15(= h; ﬁ,-), are written by

L2 = Di

S (©)
- 1

E P = (M

Considering the channel estimation, the data symbols from
UE i are rewritten by

Salnl = Pyhidiinl +  Pyhidiln]
+ ng,[n] + qq,(n] ®)
forn =2,...,N,. In (8), the first term on the right-hand
side is the desired data symbol and the remaining terms

can be regarded as effective noises. Therefore, the uplink
achievable rate for UE i is expressed as

N, Py | hi)?
Ru,- = _dE log 1+~d1¢
N; szlhi|2+1+ a%
(a) N PE il,'z
—dlog 1+ dl ]
N; PiE |h]> +1+
R )

In the approximation (a) of (9), it is used that E[log(1 +
x/y)]  log(l + E[x]/E[y]) for random variables x and y.
Based on the following lemma, the accuracy of the approx-
imation can be discussed.

LEMMA 1 For given positive random variables x and y,
there exist positive numbers, ¢y, ¢z, 1, and ,, such that

E
E log 1+ : log 1+ ﬂ
y Ely]
VAR[x + VAR
log 1+ ¢ SoRX+)] o YARDT )
E2[x +y] E2[y]
when VSF;!’;;]Y l'< | and Végly l< )

PROOF Refer to Appendix A.
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Therefore, the accuracy of the approximation (a)
in (9) increases as E*[Py|hi|* + Pylhi|* + 1+ 2] and
E2[Py |hi|*> + 1+ dz,-] increase.

The relation between the throughput required to de-
liver the compressed signal and the signal distortion in
the compression process can be evaluated by using the
rate-distortion theory. According to rate-distortion theory,
the required ISL fronthaul throughput can be obtained as a
function of the distortion variance. The transmission rates
of the pilot and data signals from UE i after the compression
at LEO i are evaluated as follows:

) 1 |hi|* Py, + 1
Ry (Fp» p) =7/ E log 1+ ———
¢ Pi
1 P, +1
—log 1+
Nt Di
Ry Py ) (11)
N, h; 2p, +1
Ry(Py, DH=-2E 1 o il Py 1 4
t d;
N, P+ 1
Liog 1+ -4 3
N, 2
Ry, (Pay ). (12)

In (11) and (12), E[|4;]*] = 1 and the Jensen’s inequality
are used. When the distortion variance is sufficiently small,
the upper bounds are tight enough to evaluate the exact
throughput requirements.

Therefore, the upper bound of the required ISL through-
put between LEO i and LEO i+ 1 is expressed as
Ry (Py,, 2)+ Ry (P, ;)withthe pilotand data distortion
variances of > and J.

V. UPLINK RATE MAXIMIZATION UNDER ISL BAND-
WIDTH CONSTRAINTS

Based on the uplink achievable rates and required ISL
throughput, which were derived in the previous section, we
can consider the system optimization problem to maximize
the uplink rate under ISL bandwidth (or capacity) con-
straints. In the proposed open NTN architecture, ISLs, i.e.,
wireless fronthaul links, have limited bandwidth and this
bandwidth resource is shared by numerous LEOs. There-
fore, the ISL bandwidth will be a bottleneck of the uplink
rate. In addition, an energy constraint of the transmitted
packets should be considered. Because the pilot and data
symbols with a symbol duration 7 have different power
levels, the total energy constraint can be expressed as

Prp T+ PraNiTy  Er (13)
ErG
Py + PNy~ (14)

where E7 denotes the maximum total energy for a packet
transmitted by the ith UE, and E, = ETTﬁ is the maximum
total energy normalized with a symbolr duration and mul-
tiplied by a channel power gain. Then, the optimization

7955

Authorized licensed use limited to: AJOU UNIVERSITY. Downloaded on June 13,2025 at 05:21:30 UTC from IEEE Xplore. Restrictions apply.



problem, where the sum of approximated uplink rates for
M UEs is maximized under the constraints of ISL fronthaul
bandwidth, total energy, and positive variables, can be for-
mulated as follows:

M
max Ru,- (15a)
PoisPis pyo 4 i=1
s.t. BWis,  w; (15b)
P, +P;N, E (15¢)
S, 0, 4 0 (15d)
P, 0, Py, O (15€)

for i {l,...,M}. Here, BWig, denotes the bandwidth
required for ISL links from LEO i to LEO i+ 1 and w;
is the maximum bandwidth for each ISL fronthaul. The
required bandwidth for each ISL fronthaul is determined by

: R, ( 2)+ Rd 2
i Pjtopj d;
BWist, j=1 SE;

efficiency of each ISL. In this study, we assumed that
SE; =SE foralli {l,...,M} because it predominantly
depends on the transmit power and distance between the two
LEO satellites. Then, the bandwidth constraints in (15b) can
be rewritten as

where SE; is the spectral

i1
7 2 > 2
Rpj( p/)+Rd,-( dj)
J=1

Ry ( o)+

pi

Rd(d) Ci

(16)
where ¢; = W;SE for i = 1,..., M. It is noteworthy that
various technologies, such as free-space optics and RF tech-
nologies, can be considered for ISLs by selecting BWig,
and w; properly.

Because it is difficult to solve the original problem given
by (15), we simplified the uplink rates and required ISL
throughput. The uplink achievable rate for UE i can be
approximated as follows:

N Ny P, P,
RLl[ = log 1+ 2 : 2’ 2
N, (I+ 2P +H(1+ 2)(Pp+1+ 2)
N, P, P
~L1og o (17)
N, I+ 2P+ 1+ )P,

In the first equality of (17), (6) and (7) are substituted into
(9). For the approximation in (17), high signal-to-distortion-
plus-noise ratio (SDNR) was assumed, i.e., P, 1+ 13

The ISL fronthaul rates, i.e., the throughput required
to deliver the compressed signal through the ISL fron-
thaul between two LEO satellites, are also needed to be
approximated for analytical tractability. First, the required
ISL fronthaul throughput to deliver the compressed pilot
symbols, which is obtained by using the rate-distortion
theory in (11), is approximated as

P, +1
RP!( pir [7)_ _log I+ ———
Pi
L jog L2 (18)
— 10 — .
NS
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This approximation holds under a high SNR condition, i.e.,
P,, 1. The other required ISL fronthaul throughput to
deliver the compressed data symbols, which is defined in
(12), is also approximated as

Fa (19)

i

Ry (P, )

ol

Ny
— log
N,

S

Even with the approximated uplink rates and ISL
throughputs, the original problem is still challenging to
find the optimal solution in terms of power allocation and
ISL fronthaul compression of uplink data and pilot signals
because many optimization variables are mutually related to
each other. To overcome this difficulty, the original problem
can be divided into two subproblems: one is an optimization
problem of ISL fronthaul compression with the fixed data
and pilot power allocation and the other is a problem finding
the optimal power allocation problem with the fixed ISL
fronthaul compression, i.e., with the fixed distortion vari-
ances. These subproblems are investigated in the following
two sections.

A. ISL Fronthaul Compression Optimization Under
Fixed Power Allocation

Although the power of the data and pilot symbols in
uplink packets is fixed, the uplink rate can be changed by
compressing the data and pilot symbols separately in the ISL
fronthauls. After determining the signal compressions of
UE jforj=1,...,i 1, the first subproblem optimizing
the fronthaul compression for the pilot and data symbols of
UE i is expressed as

max Ry, ( . 3 (20a)

pi’ d;

st Ry ( )+ R(C )@ (20b)
S0, 40 (20c)

where¢; = ¢; 'J _\ R R, ( 2)+R,,l( Jyande; = cp.Itis

noteworthy that we have to solve the optimization problem
(20) from UE 1 to UE M, i.e., in an increasing order of
i because the solutions for UEs 1 to i 1 are required to
determine ¢;.

The solution to (20) is discussed in the following
Lemma.

LEMMA 2 The optimal distortion variances to maximize
the uplink rate of UE i with fixed data and pilot power
allocation under ISL fronthaul bandwidth constraints, i.e.,
the solution to an optimization problem of (20), are given
by

€
4 =PyNj2 € 1)

Ny
2 Ny Ci
2 =p,N, "2 4,

(22)

PROOF Refer to Appendix B.
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COROLLARY 1 When the equal power is allocated to data

and pilot symbols, i.e., P; = P,, the ratio of distortion
2

variances for data and pilot symbols is given by & = N;.
Pi

PROOF With (21) and (22), the distortion ratio is expressed
by

2 N
P,NY2 & LYy
d _ 'd T —
== dNi =N," =N, (23)
b PPiNd M2

COROLLARY 2 As the number of data symbols which is
greater than or equal to 4, i.e., Ny( 4), increases with the
fixed N,(=1), the optimal distortion variances for data and
pilot symbols, i.e., (21) and (22), decrease. Moreover, when

Ny . 4 and > approach P;2 “ and 0, respectively.

1 Ny
PROOF When N; 4, N, and N, "™ monotoni-

cally decrease with N,;. Moreover, it can be shown that
1 Ng

N, "™ = 0. Therefore,
2 _
n= 0.

limy, N, =1 and limy,

we have limy, 2 = P;2 % andlimy,
,

B. Power Allocation Under Fixed ISL Fronthaul Com-
pression

When the distortion variances in ISL fronthaul compres-
sion are fixed, the optimal power allocation problem for UE
i can be written as

max R, (P,,, Py) (24a)

i Fd;

st. R,(Py)+ Ry (Py) T (24b)
P, +P;N; E (24c¢)
P, 0, P, O. (24d)

The solution to (24) is obtained by the following Lemma.

LEMMA 3 Under the fixed ISL fronthaul compression in the
considered system model, the power allocation maximizing
the uplink rate of UE i, i.e, the solution to (24), is obtained

as follows:
1

2 2 Ny
I+ " Ny
p,= L4 2W5m 25)
T oNa+
Ny
Nd 5(1 + 2‘) N, 0 .
PPi = — 4% > Di ]i N 9Ci (26)
a+ 0

if the above Pd,- and Pp; can meet the conditions of Pp,» +
NgP, < E and R, (P,) + Ry (P,) = C:.

E 1+ 2
= — (27)
Ny(1+ 2)+Ny; 1+ 7
E 1+ ]
P, = (28)

I+ 2+ Ny(1+ i)
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Algorithm 1: Optimization of Power Allocation with
Fixed ISL Fronthaul Compression for UE i.
Initialization : Distortion variances are given by
s and . Set land P} = PS.
Calculate P, and P, with (25) and (26).
if P, +NyP, <E and R, (P,)+ Ry (P,) =
then
Terminate the algorithm.
else
Recalculate P, and Ppl_ with (27) and (28).

if P, +N,P, = E and R, (P,) + Ry(P,) <7

then
Terminate the algorithm.
else
while [P, Pj|> or|P, P)|> do
SetP, =Pj.
Find P{ such that R, (P,) + Ry, (Pg) = ;.
Set Py =E, NyPj.
end while
SetP, = FPj and P, = Pp.
end if
end if

if the above P, and P, can meet the conditions of P, +
NgP, = E;and R, (P,) + Ry, (P,) <&

PP

pi Pdi7PPi

Ry, (Py yHRy (Py) = €

Pp,’ +Nde, :Et1
(29)

if the above P, and P, can meet the conditions of P, +
NPy, = E, and R,(P),) + Ry (Py) = C;.

PROOF Refer to Appendix C.

As shown in Lemma 3, depending on the conditions, the
optimal power allocation can be obtained in a closed form
or by iteratively solving the two equations. An algorithm to
determine the power allocation maximizing the uplink rate
for UE i under the fixed ISL fronthaul compression can be
developed as shown in Algorithm 1.

C. Alternating Optimization

Based on Lemmas 2 and 3, an alternating optimiza-
tion algorithm can be formulated to determine the solution
( j{, i-PduPp,- fori =1,...,M). By optimizing the ISL
fronthaul compression and power allocation alternatively,
we can find the converged solutions. The proposed algo-
rithm is summarized in Algorithm 2.

In general, the optimality of an alternating optimization
algorithm cannot be guaranteed. Therefore, the final solu-
tion obtained by Algorithm 2 is not the optimal solution
but the convergent solution. The near-optimality of the
convergent solution can be verified with numerical results
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Algorithm 2: Alternating Optimization of ISL Fron-
thaul Compression and Power Allocation.
fori=1,...,Mdo
Stepl1 Initialize P;, and P,, such that P, = P,
and Ppi + NyPy = E;.
Step2: Compression optimization Find 7
» with fixed power allocation in Step1 or
Step3 (Using Lemma 1).

Step3: Power optimization Find P, and P, with
the fixed fronthaul compression in Step2 (Using
Lemma 2).

Step 4 Repeat Steps 2, 3 until the algorithm
converges.

end for

and

presented in Section VI. The convergence of Algorithm 2
is discussed in Lemma 4.

LEMMA 4 The alternating optimization algorithm in Algo-
rithm 2 converges.

PROOF Refer to Appendix D.

VI.  NUMERICAL RESULTS

In this section, numerical simulations under various
configurations are performed to validate the optimization
problem of maximizing user rate under the constraints of
a packet transmission energy and the ISL fronthaul band-
width. Because the solution maximizing the uplink rate of
each UE is obtained when the ISL fronthaul bandwidth is
fully utilized, the simulations are focused only on a single
UE and ISL fronthaul, e.g., the first UE and ISL fronthaul,
without loss of generality.

First, the accuracy of approximations which are adopted
in (17)—(19) with a high S(D)NR assumption is examined.
In Figs. 4 and 5, we show the uplink rate of UE 1 and the
allocated bandwidth for ISL 1 along with their approxi-
mations with respect to distortion and power of data and
pilot signals, respectively. In this evaluation, the average
SNR of the service link from UE to LEO is assumed
to be 20dB, i.e., E;/(N; + N,) = 20 dB (E; = 10000 and
N; = N, + N; = 100) with unit noise variance. In addition,
an ISL spectral efficiency, which depends on the distance
between the two satellites and the transmission power of
the satellites, is assumed to be SE; =5 bps/Hz. Figs. 4
and 5, the equal power allocation, i.e., Py, = P, =20 dB,
and the equal distortion variance, i.e., dzl = 131 = 20dB
for data and pilot symbols, respectively. As shown in the
results in Figs. 4 and 5, the approximation errors made by
the high S(D)NR assumption are negligible and it can be
concluded that the approximated expressions can be used
for the proposed optimization problem. As the distortion
variances, i.e., 7 and >, increase, the ISL fronthaul
bandwidth and UE’s uplink rate decrease. On the other hand,
as the signal power increases, the ISL fronthaul bandwidth
and uplink rate increase.
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Fig. 4. Exact and approximated uplink rate of UE 1 (R, and R, ,) and

) R, +R Ry +R, .
fronthaul bandwidth of ISL 1 J‘Tl”' and "‘TI” with respect to

s 31 , and (b) the
distortion variance of pilot signal distortion, 2 when
Ny =99,N, =1,E =40dB, Py, = P,, =20dB (i.e., SNR = 20 dB).

(a) the distortion variance of data signal distortion

To verify Lemma 2, we examine the uplink rate of
UE as a function of both data and pilot distortion vari-
ances under different bandwidth constraints. Here, we set
Ny =99,N, =1,E, =40dB, P;, = P,, = 20 dB. The op-
timal point where the uplink rate of UE is maximized
is marked with a red  in Fig. 6. The optimal point is
found through a grid search, i.e., evaluating all possible
combinations of 7 and » with a sufficiently small grid
spacing. In the figure, an infeasible region where the fron-
thaul bandwidth constraint of (20b) is violated is not plotted,
i.e., the white area is an infeasible set. The optimal distortion
variances found by a grid search are exactly same as the
solutions of (21) and (22) in Lemma 2. As expected, the
variance in the data distortion is much greater than that
in the pilot. It means that the allocation of more power to
a pilot symbol is more effective than that to data symbols
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because the distortion of a pilot symbol deteriorates channel
estimation accuracy resulting in a lower uplink rate. Based
on the results in Fig. 6, we can easily verify Corollary
1. Moreover, the higher distortion variances are required
when the bandwidth constraint becomes tighter, i.e., when
c; decreases.

Similarly, the uplink rate as a function of data and pilot
powers for different bandwidth constraints is shown in Fig. 7
when N; = 99,N, = 1, E, = 40 dB, 51 = 2 = 20dB.
The optimal power combination (Py,, P,,) found by a grid
search is marked with ared “ ” in Fig. 7. Fig. 7(a) shows
the case where the ISL fronthaul bandwidth is high (¢; = 15
bps) and the optimal data and pilot powers meet the con-
ditions of P, + NyP, = E; and R, (P, )+ R4, (P,) < cy.
The optimal power allocation obtained by a grid search is
identical to the analytical solution given by (27) and (28).
The case where the optimal data and pilot powers meet the
conditions of P, + NP, = E, and R, (P, ) + Ry, (P,) =
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Fig. 6. Contours of IAQ,” and the optimal point maximizing R, , (red

“ 7)) with respect to 5} and p21 when N; = 99,N, = 1, E; =40 dB,
P;, = P,, =20dB with (a) ¢; = 15 bps, (b) ¢; = 13 bps, and

(c) c; = 12 bps.

¢y is shown in Fig. 7(b) when ¢; = 13 bps. The analyti-
cal solution with ¢; = 13 bps is obtained by solving two
equations in (29) in an alternating manner that is illus-
trated with a “while” loop in Algorithm 1. In Fig. 8, the
convergence of the solutions of (29) with respect to the
number of iterations is illustrated. The convergent solution
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iterations, which are obtained by two equations in (29) in an alternating
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dB.

in Fig. 8 coincides with the optimal point in Fig. 7(b).
Fig. 7(c) with ¢; = 12 bps corresponds to the case where the
optimal powers satisfy the conditions of P, + NyP, <E,
and R o (Pp] )+ IA?d, (Pdl ) = c1. As expected, the closed-form
solutions of (25) and (26) in Lemma 3 are identical to
the optimal solutions found by a grid search. From these
simulation results shown in Figs. 7 and 8, we can verify
that the optimal data and pilot powers which result in the
highest uplink rate can be obtained through Algorithm 1.
In addition, as the constraint of ISL fronthaul bandwidth
becomes lower, the higher pilot power and lower data power
are needed and it results in uplink rate decreasing. In the
case where c; = 12 bps, all the energy is not allocated to
the packet due to bandwidth constraint because the ISL
fronthaul bandwidth constraint is more stringent than the
energy constraint. On the other hand, the cases where ¢, is
high, e.g, c; = 13 or 15 bps, all the energy is allocated to
data and pilot symbols.

Next, we verify the proposed Algorithm 2 which finds
the convergent solutions with an alternating optimization in
Fig. 9. It can be seen that the proposed alternating optimiza-
tion algorithm monotonically converges within several iter-
ations. Further, the converged solution and resulting uplink
rate obtained by Algorithm 2 are nearly matched with those
obtained by a grid search with a sufficiently small grid spac-
ing. It is confirmed that all three cases, i.e., c; = 15,13, 12
bps, converge to the near-optimal point and both ISL fron-
thaul bandwidth and packet energy are fully utilized due to
the compression optimization. In Fig. 7(c) withc; = 12 bps,
the packet energy is not fully used, i.e., P, + NP, <E,,
because the fronthaul bandwidth constrain is stringent and
only power allocation is adjustable with fixed compression
rates. However, in Fig. 9(c) with ¢; = 12 bps, a packet
energy is fully used, i.e., Pm + Nde1 = E,, and the achieved
uplink rate is much higher than the result in Fig. 7(c)
because signal distortion variances, i.e., compression rates,
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Fig. 9. Convergence of uplink rate (R,,l ) of UE 1 and the converged
solutions of Algorithm 2, i.e, ( 3 , pzl ) and (P, Py, ), when
Ng =99,N, =1,N, = 100, E; = 40 dB with (a) ¢c; = 15 bps,
(b) ¢; = 13 bps, and (c) ¢; = 12 bps.

as well as data and pilot powers are controllable. Further-
more, as expected, the proposed alternating optimization
of both compression distortion and power allocation shows
the better performance compared to the partially optimized
(only-power optimized and only-compression optimized)
results in Figs. 6 and 7.

Finally, the converged uplink rate, distortion variances,
and power allocation depending on the packet size, i.e., the

LEE ET AL.: O-RAN-BASED NTN ARCHITECTURE: OPEN NTN CONCEPT AND OPTIMIZATION OF POWER ALLOCATION

Fig. 10. Convergence of Algorithm 2’s solution and the resulting uplink
rate with respect to the number of iterations with different
Ny {9,49,99, 499} when (fo’}vp) =20dB (i.e., SNR = 20dB),
N, =1, and ¢; = 15 bps: (a) convergence of uplink rate (Ru, ),
(b) convergence of distortion variances ( 51 s 1%1 ), and (c) convergence
of data and pilot powers (P, P,

number of data symbols, are investigated under ¢; = 15 bps
in Fig. 10(a)—(c), respectively. Here, to fix the average
SNR of service link from UE to LEO at 20 dB, the to-
tal energy is set by E, {1000, 5000, 10 000, 50 000} (i.e.,
{30,37,40,47}dB) for N;  {9,49, 99, 499}, respectively.
Fig. 10(a) shows that the converged uplink rate of UE 1
increases with the number of data symbols because the data
portion in a packet increases. In addition, as the number of
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