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Abstract— Based on an open radio access network (O-RAN)
architecture in terrestrial networks (TNs), this study proposed an
open non-terrestrial 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 (CU) of next-generation node B
(gNB) is located in a gateway, and the distributed units (DUs) and
radio units (RUs) are in LEO satellites. Inter-satellite links (ISLs)
between LEOs function as wireless fronthaul links, where data and
pilot 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 (UEs) under the bandwidth constraints of the
ISL fronthauls. The original problem was divided into two sub-
problems: 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 sub-problems
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.

Index Terms— NTN, O-RAN, open NTN, ISL, compression,
optimization.

I. INTRODUCTION

NON-TERRESTRIAL networks (NTNs) have attracted
considerable attention from academia and industries as
complementary networks for terrestrial networks (TNs)
comprising global three-dimensional (3D) sixth genera-
tion (6G) networks [1]–[3]. Because NTN can cover the
coverage holes of TNs, 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 ser-
vice. 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 inter-operability.

Along with the evolution of cellular communication,
the architecture of base stations (BSs) has also been mod-
ified. To support non-uniform and dynamic traffic distri-
bution 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
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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 remaining digital functions are in-
cluded in the BBU. In C-RAN, the BBU and RRH are
inter-connected by a fronthaul 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. Ac-
cordingly, the requirement of fronthaul bandwidth, i.e.,
fronthaul capacity, becomes more challenging [7]–[9].

When deploying BSs with a C-RAN architecture,
network operators use a dedicated optical fiber as fron-
thaul 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 require-
ment and standardize, i.e., harmonize, the fronthaul in-
terface 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 conven-
tional 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 inter-satellite 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 paper.

In such an open NTN architecture, the midhaul and
fronthaul, i.e., feeder link and ISL, are not wired but wire-

less links. Therefore, the capacities of these links in open
NTN may be considerably limited than those in O-RANs.
Consequently, compression in the fronthaul interface may
be required to relax the fronthaul capacity requirements
[14]. The more compression in the ISL fronthaul signals
induces the more distortion of the signals; however, a
lower capacity of ISL links is required. Such a tradeoff
between the ISL capacity and signal distortion can be
analyzed using the rate-distortion theory. Additionally,
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-RANs, including its spec-
ifications, concepts, designs, and interfaces, was sum-
marized 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], [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 up-
link users and multiple ISL fronthauls was considered
in an uplink open-NTN platform. In [14], various fron-
thaul compression methods, e.g., block compression and
modulation compression, which were discussed 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 bandwidth. In
the proposed NTN model where ISLs between LEO
satellites become fronthaul, the fronthaul latency issue
is minimized, but fronthaul bandwidth requirements in-
crease 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
functional 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.
Therefore, we expect that the open NTN model can be
effectively deployed in real world scenarios.

The integration of an O-RAN framework with various
network models has been investigated. In [18], the max-
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imization 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. The authors of [19] optimized the RU association,
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
different 5G service features. An O-RAN architecture
for integrated sensing and communication (ISAC) 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 (AI/ML) with the O-RAN architecture has been stud-
ied in [21], [22], even though an NTN was not considered.
In [21], a federated deep reinforcement learning (DRL)-
based scheme was proposed to establish intelligent user-
centric access control mechanism to optimize the overall
throughput and avoid frequent handovers in O-RANs. In
[22], a reinforcement learning (RL)-based dynamic func-
tion 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 (DQN)-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.
respectively. However, the authors of [12], [13] and [24]
just proposed 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.
The authors of [13] introduced a possible implementation
of an NTN infrastructure based on the O-RAN approach.
Additionally, the trends and challenges of an O-RAN-
based NTN architecture in terms of open interface, func-
tional 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 paper, we provide the detailed open NTN
model, including the function split between a ground
gateway and LEO satellites and the ISL fronthauls be-
tween LEO satellites. Moreover, a specific optimization
problem that maximizes 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:

• 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 multi-
ple countries and network operators. Consequently,
the LEO-based NTN can be deployed in a cost-
effective manner.

• 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 fron-
thaul bandwidth and packet energy constraints was
formulated. 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.

• 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
techniques in open NTN architecture.

The remainder of this paper is structured as follows:
Section II introduces the proposed open-NTN architec-
ture. In Section III, we describe the proposed uplink
system model. The uplink signal compression and demod-
ulation with channel estimation effects are investigated in
Section IV. Section V formulates an uplink rate maxi-
mization 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 the study.

II. 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 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
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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 num-
ber of satellites required for one operator to configure
its own LEO satellite network may range from hundreds
to thousands. 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 operational 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 satellites. 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. Additionally, 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 NTNs. Therefore, signal com-
pression techniques in fronthaul 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 radio frequency (RF) processing with
an uplink packet, the RU performs OFDM demodulation,
i.e., removes cyclic prefix (CP) and performs fast Fourier
transform (FFT). The output samples of FFT correspond
to the subcarriers of an OFDM symbol, i.e., resource
elements (REs), and they are divided into data and pilot
symbols. Therefore, we can apply the different compres-
sion rates to the data and pilot symbols. The separately
compressed data and pilot symbols are delivered to the
gNB DU via an ISL fronthaul.

III. 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 i = 1, · · ·M , divided into pilot

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.

Fig. 2. Function split of RU/DU/CU in the open NTN architecture
where RF, CP, FFT, FEC, MAC, RLC, PDCP, and RRC represent
radio frequency, cyclic prefix, fast Fourier transform, forward error
correction, medium access control, radio link control, packet data

convergence protocol, and radio resource control, respectively.

and data signals, is expressed as follows:

ypi [n] =
√
PT,piGhhipi[n]+npi [n]

=
√
Ppihipi[n]+npi [n], n = 1, · · · , Np, (1)

ydi [n] =
√
PT,diGhhidi[n]+ndi [n]

=
√
Pdihidi[n]+ndi [n], n = Np+1, · · · , Nt, (2)

where pi[n] and di[n] denote the pilot and data symbols
transmitted by the ith UE and their transmit powers are
given by PT,pi and PT,di , respectively. Additionally, the
channel gain between the ith UE and the ith LEO satellite
is given by

√
Ghhi where Gh denotes the channel power

gain, i.e., pathloss, and hi (∼ CN (0, 1)) is a channel co-
efficient due to channel fading effects. Therefore, Ppi and
Pdi denote the received power of pilot and data symbols,
respectively. npi [n] (∼ CN (0, 1)) and ndi [n] (∼ CN (0, 1))
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Fig. 3. Open NTN system model with M UEs, M LEO satellites with RU functions, an LEO satellite with DU functions, and a gateway with
CU functions, where data and pilot symbols are compressed and forwarded through ISL fronthauls.

denote additive Gaussian noise. An uplink packet consists
of Nt symbols where the first Np symbols are pilot and
the remaining Nd(= Nt − Np) 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., Np = 1. 1 In the above equations, the index n in
ypi [n] and ydi [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.

IV. Uplink signal compression and demodulation

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 to i − 1 to LEO i + 1 for i = 1, · · · ,M .
Further decoding processes of a gNB, i.e., DU functions,
for uplink data from UEs 1 to M are fulfilled in LEO
M + 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 a feeder 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

1For accurate channel estimation even in multiple antenna channels, we
can use more pilots, i.e., Np > 1. The analysis with Np = 1 can be
simply extended to cases with Np > 1.

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
symbols to another LEO satellite through ISL fronthaul
with lower bandwidth even with high signal distortion,
the resolution of the delivered signal can be decreased
by decreasing the number of bits for I/Q signals, e.g.,
by eliminating the least significant bits (LSBs). In this
paper, 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 which 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 paper, it is
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assumed that the multiple fronthaul signals from different
UEs are synchronized at LEO M + 1 before decoding
the uplink packet with DU functions. Additionally, 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:

ŷdi [n] =
√
Pdihidi[n] + ndi [n] + qdi [n], (3)

ŷpi [n] =
√
Ppihipi[n] + npi [n] + qpi [n], (4)

where ŷdi [n] and ŷpi [n] are the compressed data and pilot
symbols for UE i (i ∈ {1, · · · ,M}), respectively. qdi [n]
and qpi [n] denote the distortions induced in the signal
compression processes for the data and pilot symbols of
UE i. Here, it is assumed that qdi [n] and qpi [n] are inde-
pendent from the original signals, i.e.,

√
Pdihidi[n] and√

Ppihipi[n], and they follow the Gaussian distribution,
i.e., qdi [n] ∼ CN (0, σ2

di
) and qpi [n] ∼ CN (0, σ2

pi).
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

γpi =
Ppi

1 + σ2
pi

. (5)

If minimum mean square error (MMSE)-based channel
estimation is assumed, the variances of channel estimate,
i.e., ĥi, and channel estimation error, h̃i(= hi − ĥi), are
written by

E
[
|ĥi|2

]
=

γpi
1 + γpi

, (6)

E
[
|h̃i|2

]
=

1

1 + γpi
. (7)

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

ŷdi [n] =
√
Pdi ĥidi[n] +

√
Pdi h̃idi[n]

+ ndi [n] + qdi [n], (8)

for n = 2, · · · , Nt. 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

Rui
=
Nd
Nt

E

[
log

(
1 +

Pdi |ĥi|2

Pdi |h̃i|2 + 1 + σ2
di

)]

(a)
≈ Nd

Nt
log

1 +
PdiE

[
|ĥi|2

]
PdiE

[
|h̃i|2

]
+ 1 + σ2

di


, R̂ui

. (9)

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

LEMMA 1. For given positive random variables x and y,
there exist positive numbers, c1, c2, δ1, and δ2, such that∣∣∣∣E [log

(
1 +

x

y

)]
− log

(
1 +

E[x]

E[y]

)∣∣∣∣
≤ log

((
1 + c1

VAR[x+ y]

E2[x+ y]

)(
1 + c2

VAR[y]

E2[y]

))
.

(10)

when VAR[x+y]
E3[x+y] < δ1 and VAR[y]

E3[y] < δ2.

Proof: Refer to Appendix A.
Therefore, the accuracy of the approximation (a) in

(9) increases as E2
[
Pdi |ĥi|2 + Pdi |h̃i|2 + 1 + σ2

di

]
and

E2
[
Pdi |h̃i|2 + 1 + σ2

di

]
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:

Rpi(Ppi , σ
2
pi) =

1

Nt
E
[
log

(
1 +
|hi|2Ppi + 1

σ2
pi

)]
≤ 1

Nt
log

(
1 +

Ppi + 1

σ2
pi

)
, R̂pi(Ppi , σ

2
pi), (11)

Rdi(Pdi , σ
2
di) =

Nd
Nt

E
[
log

(
1 +
|hi|2Pdi + 1

σ2
di

)]
≤ Nd
Nt

log

(
1 +

Pdi + 1

σ2
di

)
, R̂di(Pdi , σ

2
di). (12)

In (11) and (12), E
[
|hi|2

]
= 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
throughput between LEO i and LEO i + 1 is expressed
as R̂pi(Ppi , σ2

pi) + R̂di(Pdi , σ
2
di

) with the pilot and data
distortion variances of σ2

pi and σ2
di

.

V. Uplink rate maximization under ISL bandwidth
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 max-
imize the uplink rate under ISL bandwidth (or capacity)
constraints. In the proposed open NTN architecture, ISLs,
i.e., wireless fronthaul links, have limited bandwidth and
this bandwidth resource is shared by numerous LEOs.
Therefore, the ISL bandwidth will be a bottleneck of
the uplink rate. Additionally, an energy constraint of the
transmitted packets should be considered. Because the
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pilot and data symbols with a symbol duration Ts have
different power levels, the total energy constraint can be
expressed as

PT,piTs + PT,diNdTs ≤ ET , (13)

Ppi + PdiNd ≤
ETGh
Ts

(
, Et

)
, (14)

where ET denotes the maximum total energy for a
packet transmitted by the ith UE, and Et = ETGh

Ts
is the

maximum total energy normalized with a symbol duration
and multiplied by a channel power gain. Then, the opti-
mization 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 formulated as follows:

max
Ppi

,Pdi
,σ2

pi
,σ2

di

,

M∑
i=1

R̂ui
(15a)

s. t. BWISLi
≤ wi, (15b)

Ppi + PdiNd ≤ Et, (15c)
σ2
pi ≥ 0, σ2

di ≥ 0, (15d)
Ppi ≥ 0, Pdi ≥ 0, (15e)

for i ∈ {1, · · · ,M}. Here, BWISLi
denotes the band-

width required for ISL links from LEO i to LEO i + 1
and wi is the maximum bandwidth for each ISL fron-
thaul. The required bandwidth for each ISL fronthaul is

determined by BWISLi ≈
∑i

j=1

R̂pj
(σ2

pj
)+R̂dj

(σ2
dj

)

SEj
where

SEj is the spectral efficiency of each ISL. In this study,
we assumed that SEi = SE for all i ∈ {1, · · · ,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

R̂pi(σ
2
pi)+ R̂di(σ

2
di) ≤ ci−

{
i−1∑
j=1

R̂pj (σ2
pj ) + R̂dj (σ2

dj )

}
,

(16)
where ci = wiSE for i = 1, · · · ,M . It is noteworthy that
various technologies, such as free-space optics (FSO) and
radio frequency (RF) technologies, can be considered for
ISLs by selecting BWISLi

and wi 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:

R̂ui
=
Nd
Nt

log

(
1+

PdiPpi
(1+σ2

pi)Pdi+(1+σ2
di

)(Ppi+1+σ2
pi)

)
≈ Nd
Nt

log

(
PdiPpi

(1 + σ2
pi)Pdi + (1 + σ2

di
)Ppi

)
. (17)

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 was assumed, i.e., Ppi � 1 +
σ2
pi .

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

R̂pi(Ppi , σ
2
pi) =

1

Nt
log

(
1 +

Ppi + 1

σ2
pi

)
≈ 1

Nt
log

(
Ppi
σ2
pi

)
. (18)

This approximation holds under a high SNR condition,
i.e., Ppi � 1. The other required ISL fronthaul throughput
to deliver the compressed data symbols, which is defined
in (12), is also approximated as

R̂di(Pdi , σ
2
di) ≈

Nd
Nt

log

(
Pdi
σ2
di

)
. (19)

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 variances. These subproblems are
investigated in the following two subsections.

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 j for j = 1, · · · , i − 1, the first subproblem
optimizing the fronthaul compression for the pilot and
data symbols of UE i is expressed as

max
σ2
pi
,σ2

di

R̂ui
(σ2
pi , σ

2
di), (20a)

s.t. R̂pi(σ
2
pi) + R̂di(σ

2
di) ≤ c̄i, (20b)

σ2
pi ≥ 0, σ2

di ≥ 0, (20c)

where c̄i = ci −
∑i−1

j=1 R̂pj (σ2
pj ) + R̂dj (σ2

dj
) and c̄1 = c1.

It is 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 c̄i.

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
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by

σ2∗
di = PdiN

1
Nt

d 2−c̄i , (21)

σ2∗
pi = PpiN

−Nd
Nt

d 2−c̄i . (22)

Proof : Refer to Appendix B. �

COROLLARY 1. When the equal power is allocated to
data and pilot symbols, i.e., Pdi = Ppi , the ratio of
distortion variances for data and pilot symbols is given
by

σ2∗
di

σ2∗
pi

= Nd.

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

σ2∗
di

σ2∗
pi

=
PdiN

1
Nt

d 2−c̄i

PpiN
−Nd

Nt

d 2−c̄i
= N

1+Nd
Nt

d = Nd. (23)

�

COROLLARY 2. As the number of data symbols which
is greater than or equal to 4, i.e., Nd(≥ 4), increases
with the fixed Np(= 1), the optimal distortion variances
for data and pilot symbols, i.e., (21) and (22), decrease.
Moreover, when Nd →∞, σ2∗

di
and σ2∗

pi approach Pdi2−c̄i
and 0, respectively.

Proof : When Nd ≥ 4, N
1

1+Nd

d and N
− Nd

1+Nd

d mono-
tonically decrease with Nd. Moreover, it can be shown

that limNd→∞N
1

1+Nd

d = 1 and limNd→∞N
− Nd

1+Nd

d =
0. Therefore, we have limNd→∞ σ2∗

di
= Pdi2

−c̄i and
limNd→∞ σ2∗

pi = 0. �

B. Power allocation under fixed ISL fronthaul
compression

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

max
Ppi

,Pdi

R̂ui(Ppi , Pdi), (24a)

s.t. R̂pi(Ppi) + R̂di(Pdi) ≤ c̄i, (24b)
Ppi + PdiNd ≤ Et, (24c)
Ppi ≥ 0, Pdi ≥ 0. (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:

P ∗di =

(
σ2
pi(1 + σ2

di
)

Nd(1 + σ2
pi)

) 1
Nt (

σ2
di

)Nd
Nt 2c̄i , (25)

P ∗pi =

(
Ndσ

2
di

(1 + σ2
pi)

(1 + σ2
di

)

)Nd
Nt (

σ2
pi

) 1
Nt 2c̄i , (26)

if the above P ∗di and P ∗pi can meet the conditions of P ∗pi +

NdP
∗
di
< Et and R̂pi(P ∗pi) + R̂di(P

∗
di

) = c̄i.

P ∗di =
Et

√
1 + σ2

di√
Nd(1 + σ2

pi) +Nd

√
1 + σ2

di

, (27)

P ∗pi =
Et
√

1 + σ2
pi√

1 + σ2
pi +

√
Nd(1 + σ2

di
)
, (28)

if the above P ∗di and P ∗pi can meet the conditions of P ∗pi +

NdP
∗
di

= Et and R̂pi(P ∗pi) + R̂di(P
∗
di

) < c̄i.

(
P ∗di , P

∗
pi

)
=
{

(Pdi , Ppi)
∣∣∣Ppi +NdPdi = Et,

R̂pi(Ppi)+R̂di(Pdi) = c̄i

}
, (29)

if the above P ∗di and P ∗pi can meet the conditions of Ppi +

NdPdi = Et and R̂pi(Ppi) + R̂di(Pdi) = c̄i.

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.

Algorithm 1 Optimization of power allocation with fixed
ISL fronthaul compression for UE i.

Initialization: Distortion variances are given by σ2
di

and σ2
pi . Set ε� 1 and P odi = P opi .

Calculate P ∗di and P ∗pi with (25) and (26).
if P ∗pi + NdP

∗
di
< Et and R̂pi(P

∗
pi) + R̂di(P

∗
di

) = c̄i
then

Terminate the algorithm.
else

Recalculate P ∗di and P ∗pi with (27) and (28).
if P ∗pi +NdP

∗
di

= Et and R̂pi(P
∗
pi) + R̂di(P

∗
di

) < c̄i
then

Terminate the algorithm.
else

while |P ∗di − P
o
di
| > ε or |P ∗pi − P

o
pi | > ε do

Set P ∗pi = P opi .
Find P odi such that R̂pi(P ∗pi) + R̂di(P

o
di

) = c̄i.
Set P opi = Et −NdP odi .

end while
Set P ∗di = P odi and P ∗pi = P opi .

end if
end if

C. Alternating optimization

Based on Lemmas 2 and 3, an alternating optimization
algorithm can be formulated to determine the solution
(σ2
pi , σ

2
di
, Pdi , Ppi for i = 1, · · · ,M). By optimizing the

ISL fronthaul compression and power allocation alterna-
tively, we can find the converged solutions. The proposed
algorithm is summarized in Algorithm 2.
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Algorithm 2 Alternating optimization of ISL fronthaul
compression and power allocation.

for i = 1, · · · ,M do
Step 1 Initialize Pdi and Ppi such that Ppi = Pdi
and Ppi +NdPdi = Et.
Step 2: Compression optimization Find σ2∗

di
and

σ2∗
pi with fixed power allocation in Step 1 or Step 3

(Using Lemma 1).
Step 3: Power optimization Find P ∗di and P ∗pi with
the fixed fronthaul compression in Step 2 (Using
Lemma 2).
Step 4 Repeat Steps 2, 3 until the algorithm con-
verges.

end for

In general, the optimality of an alternating optimiza-
tion algorithm cannot be guaranteed. Therefore, the final
solution 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 presented in Section VI. The convergence of
Algorithm 2 is discussed in Lemma 4.

LEMMA 4. The alternating optimization algorithm in
Algorithm 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
bandwidth. 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 approximations 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 20 dB, i.e., Et/(Nd + Np) = 20 dB
(Et = 10000 and Nt = Np + Nd = 100) with unit noise
variance. Additionally, an ISL spectral efficiency, which
depends on the distance between the two satellites and
the transmission power of the satellites, is assumed to
be SE1 = 5 bps/Hz. Figs. 4 and 5, the equal power
allocation, i.e., Pd1 = Pp1 = 20 dB, and the equal
distortion variance, i.e., σ2

d1
= σ2

p1 = −20 dB 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

(a)

(b)
Fig. 4. The exact and approximated uplink rate of UE 1 (Ru1 and

R̂u1 ) and fronthaul bandwidth of ISL 1 (
Rd1

+Rp1
SE1

and
R̂d1

+R̂p1
SE1

)
with respect to (a) the distortion variance of data signal distortion,
σ2
d1

, and (b) the distortion variance of pilot signal distortion, σ2
p1

,
when Nd = 99, Np = 1, Et = 40 dB, Pd1 = Pp1 = 20 dB (i.e., SNR

= 20 dB).

concluded that the approximated expressions can be used
for the proposed optimization problem. As the distortion
variances, i.e., σ2

d1
and σ2

p1 , 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.

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
Nd = 99, Np = 1, Et = 40 dB, Pd1 = Pp1 = 20 dB. The
optimal 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 σ2

d1
and σ2

p1 with a sufficiently small
grid spacing. In the figure, an infeasible region where
the fronthaul 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 because the distortion of a pilot symbol
deteriorates channel estimation accuracy resulting in a
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(a)

(b)
Fig. 5. The exact and approximated uplink rate of UE 1 (Ru1 and

R̂u1 ) and fronthaul bandwidth of ISL 1 (
Rd1

+Rp1
SE1

and
R̂d1

+R̂p1
SE1

)
with respect to (a) data power (Pd1) and (b) pilot power (Pp1), when

Nd = 99, Np = 1, Et = 40 dB, σ2
d1

= σ2
p1

= −20 dB.

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 c1 decreases.

Similarly, the uplink rate as a function of data and
pilot powers for different bandwidth constraints is shown
in Fig. 7 when Nd = 99, Np = 1, Et = 40 dB,
σ2
d1

= σ2
p1 = −20 dB. The optimal power combination

(Pd1 , Pp1) found by a grid search is marked with a red ‘×’
in Fig. 7. Figure 7(a) shows the case where the ISL fron-
thaul bandwidth is high (c1 = 15 bps) and the optimal data
and pilot powers meet the conditions of P ∗p1+NdP

∗
p1 = Et

and R̂p1(P ∗p1) + R̂d1(P ∗d1) < c1. 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 ∗p1 + NdP

∗
p1 = Et and R̂p1(P ∗p1) + R̂d1(P ∗d1) = c1 is

shown in Figure 7(b) when c1 = 13 bps. The analytical
solution with c1 = 13 bps is obtained by solving two
equations in (29) in an alternating manner which is
illustrated 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 in Fig. 8 coincides with the optimal point in Fig.
7(b). Figure 7(c) with c1 = 12 bps corresponds to the

(a)

(b)

(c)
Fig. 6. The contours of R̂u1 and the optimal point maximizing R̂u1

(red ‘×’) with respect to σ2
d1

and σ2
p1

when
Nd = 99, Np = 1, Et = 40 dB, Pd1 = Pp1 = 20 dB with (a)

c1 = 15 bps, (b) c1 = 13 bps, and (c) c1 = 12 bps.

case where the optimal powers satisfy the conditions of
P ∗p1 + NdP

∗
p1 < Et and R̂p1(P ∗p1) + R̂d1(P ∗d1) = 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. Additionally, 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
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(a)

(b)

(c)
Fig. 7. The contours of R̂u1 and the optimal point maximizing R̂u1

(red ‘×’) with respect to Pd1 and Pp1 when
Nd = 99, Np = 1, Et = 40 dB, σ2

d1
= σ2

p1
= −20 dB with (a)

c1 = 15 bps, (b) c1 = 13 bps, and (c) c1 = 12 bps.

c1 = 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 c1 is high,
e.g, c1 = 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
optimization algorithm monotonically converges within
several iterations. Further, the converged solution and

Fig. 8. The converged solution of Pd1 and Pp1 with respect to the
number of iterations which are obtained by two equations in (29) in

an alternating manner when c1 = 13, Nd = 99, Np = 1, Et = 40 dB,
σ2
d1

= σ2
p1

= −20 dB.

resulting uplink rate obtained by Algorithm 2 are nearly
matched with those obtained by a grid search with a
sufficiently small grid spacing. It is confirmed that all
three cases, i.e., c1 = 15, 13, 12 bps, converge to the
near-optimal point and both ISL fronthaul bandwidth and
packet energy are fully utilized due to the compression
optimization. In Fig. 7(c) with c1 = 12 bps, the packet en-
ergy is not fully used, i.e., P ∗p1 +NdP

∗
d1
< Et, because the

fronthaul bandwidth constrain is stringent and only power
allocation is adjustable with fixed compression rates.
However, in Fig. 9(c) with c1 = 12 bps, a packet energy is
fully used, i.e., P ∗p1+NdP

∗
d1

= Et, and the achieved uplink
rate is much higher than the result in Fig. 7(c) because
signal distortion variances, i.e., compression rates, as well
as data and pilot powers are controllable. Furthermore, 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 number of data symbols, are investigated under c1 =
15 bps in Fig. 10(a), (b) and (c), respectively. Here, to fix
the average SNR of service link from UE to LEO at 20dB,
the total energy is set by Et ∈ {1000, 5000, 10000, 50000}
(i.e., {30, 37, 40, 47} dB) for Nd ∈ {9, 49, 99, 499}, re-
spectively. Fig. 10(a) shows that the converged uplink rate
of UE 1 increases with the number of data symbols be-
cause the data portion in a packet increases. Additionally,
as the number of data symbols, Nd, increases, the data
distortion and pilot distortion decrease as shown in Fig.
10(b). The reduction in pilot distortion is much greater
than that of data distortion because the quality of a single
pilot symbol, i.e., pilot distortion, is more important than
that of data symbols as Nd. This observation is well
matched with Corollary 2. In Fig. 10(c), it is observed that
the data power decreases and the pilot power increases
as Nd increases. The increasing gap in pilot power is
significantly larger than the decreasing gap in data power.
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(a)

(b)

(c)
Fig. 9. The convergence of uplink rate (R̂u1 ) of UE 1 and the

converged solutions of Algorithm 2, i.e, (σ2∗
d1
, σ2∗

p1
) and (P ∗

d1
, P ∗

p1
),

when Nd = 99, Np = 1, Nt = 100, Et = 40 dB with (a) c1 = 15

bps, (b) c1 = 13 bps, and (c) c1 = 12 bps.

These results indicate the impact of the pilot signal quality
is much greater than that of data signal in achieving the
higher uplink rate when the number of data symbols
increases. That is, we allocate more power to a pilot
symbols even with the reduced data signal power because
of a total energy constraint to achieve more accurate
channel estimation.

VII. Conclusion

In this paper, we proposed an NTN architecture, i.e.,
open NTN, which combines the concept of O-RAN with

(a)

(b)

(c)
Fig. 10. The convergence of Algorithm 2’s solution and the resulting

uplink rate with respect to the number of iterations with different
Nd ∈ {9, 49, 99, 499} when Et

(Nd+Np)
= 20 dB (i.e., SNR = 20 dB),

Np = 1, and c1 = 15 bps: (a) convergence of uplink rate (R̂u1 ), (b)
convergence of distortion variances (σ2∗

d1
, σ2∗

p1
), and (c) convergence of

data and pilot powers (P ∗
d1, P

∗
p1).

LEO-based NTN. In the open NTN model, the fronthaul
capacity becomes the tightest constraint because the ISLs
play the role of wireless fronthauls. Hence, we formulated
an optimization problem that maximizes the uplink sum
rate under the constraints of the ISL fronthaul bandwidth
and the total energy of a packet in the uplink open
NTN scenario. Even with approximations of uplink and
fronthaul throughput, it was difficult to directly find the
optimal power allocation and compression distortions of
data and pilot symbols in the formulated problem. We
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approached the problem by dividing it into two sub-
problems: 1) optimization of compression distortions un-
der the fixed power allocation, and 2) optimization of data
and pilot power allocation under the fixed compression
rates. Through an alternating optimization based on the
solutions to two sub-problems, the converged solution of
ISL fronthaul compression rate and power allocation were
obtained. With intensive simulations, the effectiveness of
compression and power allocation was verified. Based on
this study and results, the extensions to various network
topologies can be considered. As further work, we can
develop an RL algorithm to control the compression rate
and power allocation under more complicated open NTN
topology.

Appendix A
Proof of Lemma 1

Proof: From the fact that log(t) and log

(
1

t

)
are concave

and convex functions with respect to t, respectively, we
have the following inequalities with a random variable a
by using Jensen’s inequality.

log

(
1

E
[

1
a

]) ≤ E [log(a)] , (A.1)

E [log(a)] ≤ log(E[a]). (A.2)

With (A.1) and (A.2), we have

log

 1

E
[

1
y

]
 ≤ E [log(y)] ≤ log(E[y]), (A.3)

log

 1

E
[

1
x+y

]
 ≤ E[log(x+ y)] ≤ log(E[x+ y]), (A.4)

by substituting a = y and a = x+ y, respectively.
Subtracting two inequalities (A.3) and (A.4), we can
obtain

log

 1

E
[

1
x+y

]
− log(E[y])

≤ E [log (x+ y)]− E [log (y)]

≤ log(E[x+ y])− log

 1

E
[

1
y

]
 . (A.5)

Combining the inequalities log

 1

E
[

1
x+y

]
 ≤ log(E[x+

y]) in (A.4) and log

 1

E
[

1
y

]
 ≤ log(E[y]) in (A.3), we

have

log

 1

E
[

1
x+y

]
− log(E[y])

≤ log (E[x+ y])− log (E[y])

≤ log(E[x+ y])− log

 1

E
[

1
y

]
 . (A.6)

If p ≤ A ≤ q and p ≤ B ≤ q, the inequality of |A −
B| ≤ q− p holds. Therefore, we can obtain the following
inequality with (A.5) and (A.6).∣∣∣∣E [log

(
1 +

x

y

)]
− log

(
1 +

E[x]

E[y]

)∣∣∣∣
≤ log(E[x+ y])− log

 1

E
[

1
y

]


− log

 1

E
[

1
x+y

]
+ log(E[y])

= log

(
E [x+ y]E

[
1

x+ y

]
E [y]E

[
1

y

])
. (A.7)

Next, for a random variable a, a Taylor series expansion
of

1

a
around E[a] is given by

E
[

1

a

]
= E

[
1

E[a]
− 1

E[a]2
(X−E[a])+

1

E[a]3
(X−E[a])

2
+· · ·

]
=

1

E[a]
+O

(
VAR[a]

E3[a]

)
. (A.8)

It means that there exist positive numbers of δ and c such
that

E
[

1

a

]
≤ 1

E[a]
+ c

VAR[a]

E3[a]
, (A.9)

when
VAR{a}
E3[a]

< δ. Hence, (A.7) can be written as∣∣∣∣E [log

(
1 +

x

y

)]
− log

(
1 +

E[x]

E[y]

)∣∣∣∣
≤ log

((
1 + c1

VAR[x+ y]

E2[x+ y]

)(
1 + c2

VAR[y]

E2[y]

))
,

(A.10)

when
VAR[x+ y]

E3[x+ y]
< δ1 and

VAR[y]

E3[y]
< δ2 for positive

values of c1, c2, δ1 and δ2. �

Appendix B
Proof of Lemma 2

Proof: To find the solution to (20) with
Karush–Kuhn–Tucker (KKT) conditions, the Lagrangian
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is formulated as follows:

Lc =R̂ui + λ1

(
c̄i − R̂pi(σ2

pi)− R̂di(σ
2
di)
)

+ λ2σ
2
di + λ3σ

2
pi , (B.1)

where λi is the Lagrange multiplier for each constraint.
With the KKT conditions, we consider the following
stationarity and complementary slackness conditions to
find the solutions of σ2

di and σ2
pi

∂Lc
∂σ2

di

=
∂R̂ui

∂σ2
di

− λ1

∂R̂di(σ
2
di

)

∂σ2
di

+ λ2 = 0, (B.2)

∂Lc
∂σ2

pi

=
∂R̂ui

∂σ2
pi

− λ1

∂R̂pi(σ
2
pi)

∂σ2
pi

+ λ3 = 0, (B.3)

and
λ1

(
c̄i − R̂pi(σ2

pi)− R̂di(σ
2
di)
)

= 0, (B.4)

λ2σ
2
di = 0, (B.5)

λ3σ
2
pi = 0, (B.6)

respectively. Because σ2
di 6= 0 and σ2

pi 6= 0 in (B.5)
and (B.6), respectively, we have λ2 = 0 and λ3 = 0.
If c̄i− R̂pi(σ2

pi)− R̂di(σ
2
di) > 0 in (B.4), λ1 = 0 and then

(B.2) becomes
∂Lc
∂σ2

di

=
∂R̂ui

∂σ2
di

= 0, and (B.3) becomes

∂Lc
∂σ2

pi

=
∂R̂ui

∂σ2
pi

= 0. Since R̂ui
(σ2
di) in (17) is a monotonic

deceasing function with respect to σ2
di , the stationarity

(B.2) cannot be satisfied. Similarly, (B.3) cannot be hold
because the other stationarity R̂ui(σ

2
pi) is a monotonic

decreasing function with respect to σ2
pi . Therefore, we

can conclude that the solution is obtained by σ2
di and σ2

pi

such that R̂pi(σ
2
pi) + R̂di(σ

2
di) = c̄i, i.e.,

σ2
di = Pdi2

− Nt
Nd

c̄i

(
Ppi
σ2
pi

) 1
Nd

. (B.7)

Additionally, the stationary conditions of (B.2) and (B.3)
should be satisfied as follows:

∂R̂ui

∂σ2
di

∂R̂di
(σ2

di
)

∂σ2
di

= λ1 =

∂R̂ui

∂σ2
pi

∂R̂pi
(σ2

pi
)

∂σ2
pi

, (B.8)

where
∂R̂ui

∂σ2
di

∂R̂di
(σ2

di
)

∂σ2
di

=
Ppiσ

2
di

(1 + σ2
di

)Ppi + (1 + σ2
pi)Pdi

, (B.9)

∂R̂ui

∂σ2
pi

∂R̂pi
(σ2

pi
)

∂σ2
pi

=
NdPdiσ

2
pi

(1 + σ2
di

)Ppi + (1 + σ2
pi)Pdi

. (B.10)

Therefore, the solutions of σ2
d1 and σ2

p1 should be satis-
fying the following equation.

σ2
pi =

Ppiσ
2
di

NdPdi
. (B.11)

By solving both (B.7) and (B.11), we have

σ2
di = PdiN

1
Nt

d 2−c̄i , (B.12)

σ2
pi = PpiN

1
Nt
−1

d 2−c̄i . (B.13)

�

Appendix C
Proof of Lemma 3

Proof: To find the solution, the Lagrangian is defined as

L = R̂ui + µ1

(
c̄i − R̂di(Pdi)− R̂pi(Ppi)

)
+ µ2(Et − Ppi −NdPdi) + µ3Pdi + µ4Ppi . (C.1)

To avoid trivial solutions, i.e., Pdi = Ppi = 0, in the
KKT conditions, we have to set µ3 = µ4 = 0. To find the
solution, we consider the stationarity and complementary
slackness conditions as follows:

∂L
∂Pdi

=
∂R̂ui

∂Pdi
− µ1

∂R̂di
∂Pdi

− µ2Nd = 0, (C.2)

∂L
∂Ppi

=
∂R̂ui

∂Ppi
− µ1

∂R̂pi
∂Ppi

− µ2 = 0, (C.3)

and
µ1

(
c̄i − R̂di(Pdi)− R̂pi(Ppi)

)
= 0, (C.4)

µ2 (Et − Ppi −NdPdi) = 0. (C.5)

Considering two complementary slackness conditions
(C.4) and (C.5), we have four cases as follows:

CASE 1: If R̂di(Pdi) + R̂pi(Ppi) < c̄i and Ppi +
NdPdi < Et, µ1 = µ2 = 0 and the stationarity conditions
can be rewritten by

∂L
∂Pdi

=
∂R̂ui

∂Pdi
= 0, (C.6)

∂L
∂Ppi

=
∂R̂ui

∂Ppi
= 0. (C.7)

However, the above stationarity conditions cannot be
satisfied because R̂ui

is a monotonic increasing function
of Pdi and Ppi .

CASE 2: If R̂di(Pdi) + R̂pi(Ppi) = c̄i and Ppi +
NdPdi < Et, µ1 > 0 and µ2 = 0 and the stationarity
conditions are given by

∂L
∂Pdi

=
∂R̂ui

∂Pdi
− µ1

∂R̂di
∂Pdi

= 0, (C.8)

∂L
∂Ppi

=
∂R̂ui

∂Ppi
− µ1

∂R̂pi
∂Ppi

= 0. (C.9)

By combining both equations, we have

∂R̂ui

∂Pdi

∂R̂pi
∂Ppi

=
∂R̂ui

∂Ppi

∂R̂di
∂Pdi

(C.10)

Nd
Nt

(1 + σ2
di

)Ppi
Pdiω

1

NtPpi
=
Nd
Nt

(1 + σ2
pi)Pdi

Ppiω

Nd
NtPdi

(C.11)

Pdi =
(1 + σ2

di
)

Nd(1 + σ2
pi)
Ppi , (C.12)
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where ω = (1 + σ2
di)Ppi + (1 + σ2

pi)Pdi . By substituting
(C.12) into R̂di(Pdi) + R̂pi(Ppi) = c̄i, we can obtain

Pdi =

(
σ2
pi(1 + σ2

di
)

Nd(1 + σ2
pi)

) 1
Nt (

σ2
di

)Nd
Nt 2c̄i , (C.13)

Ppi =

(
Ndσ

2
di

(1 + σ2
pi)

(1 + σ2
di

)

)Nd
Nt (

σ2
pi

) 1
Nt 2c̄i . (C.14)

CASE 3: If R̂di(Pdi) + R̂pi(Ppi) < c̄i and Ppi +
NdPdi = Et, µ1 = 0 and µ2 > 0 and the stationarity
conditions are given by

∂L
∂Pdi

=
∂R̂ui

∂Pdi
− µ2Nd = 0, (C.15)

∂L
∂Ppi

=
∂R̂ui

∂Ppi
− µ2 = 0. (C.16)

With two equations, we have

Pdi =

√
(1 + σ2

di
)

Nd(1 + σ2
pi)
Ppi . (C.17)

By substituting (C.17) into Ppi + NdPdi = Et, we can
find the solutions as follows:

Pdi =
Et

√
1 + σ2

di√
Nd(1 + σ2

pi) +Nd

√
1 + σ2

di

, (C.18)

Ppi =
Et
√

1 + σ2
pi√

1 + σ2
pi +

√
Nd(1 + σ2

di
)
. (C.19)

CASE 4: If R̂di(Pdi) + R̂pi(Ppi) = c̄i and Ppi +
NdPdi = Et, µ1 > 0 and µ2 > 0 and the stationarity
conditions are given by

∂R̂ui

∂Pdi
− µ1

∂R̂di
∂Pdi

− µ2Nd = 0, (C.20)

∂R̂ui

∂Ppi
− µ1

∂R̂pi
∂Ppi

− µ2 = 0. (C.21)

In this case, we can obtain the solution by solving the
following equations simultaneously:

Ppi +NdPdi = Et, (C.22)

R̂di(Pdi) + R̂pi(Ppi) = c̄i. (C.23)

After finding Pdi and Ppi , we can determine µ1 and µ2

with (C.20) and (C.21). Then, we do not need to consider
the stationarity conditions (C.20) and (C.21) in finding the
solutions in this case.

By summarizing the four different cases, we can
complete the proof. �

Appendix D
Proof of Lemma 4

Proof: In the (n − 1)th iteration of Algorithm 2, the
tentative solutions of power allocation are denoted by
Pdi [n − 1] and Ppi [n − 1] for i = 1, · · · ,M . If the
algorithm does not converge, we go to Step 2 for nth
iteration and find the updated data and pilot distortions

σ2
di [n] and σ2

pi [n], respectively, under given constraints
(20b) and (20c).(

σ2
di [n], σ2

pi [n]
)

=

arg max
{
R̂ui(σ

2
di , σ

2
pi , Pdi [n− 1], Ppi [n− 1])

}
.

(D.1)

Because σ2
di [n] and σ2

pi [n] maximize the uplink rate for
UE i under the power allocation of Pdi [n−1] and Ppi [n−
1], it is shown that

R̂ui
(σ2
di [n], σ2

pi [n], Pdi [n− 1], Ppi [n− 1])

≥ R̂ui(σ
2
di [n− 1], σ2

pi [n− 1], Pdi [n− 1], Ppi [n− 1]).
(D.2)

Next, with the fixed distortions σ2
di [n] and σ2

pi [n], we
optimize the transit data power allocation to maximize the
uplink rate under the constraints (24b), (24c), and (24d)
as follows:

(Pdi [n], Ppi [n]) =

arg max
{
R̂ui

(σ2
di [n], σ2

pi [n], Pdi , Ppi)
}
. (D.3)

Therefore, it is shown that

R̂ui(σ
2
di [n], σ2

pi [n], Pdi [n], Ppi [n])

≥ R̂ui(σ
2
di [n], σ2

pi [n], Pdi [n− 1], Ppi [n− 1]). (D.4)

Therefore, we finally have

R̂ui(σ
2
di [n], σ2

pi [n], Pdi [n], Ppi [n]) (D.5)

≥ R̂ui
(σ2
di [n− 1], σ2

pi [n− 1], Pdi [n− 1], Ppi [n− 1]).
(D.6)

It means that the uplink sum rate increases monotonically
with the number of iterations. Hence, we can conclude
that Algorithm 2 converges by the monotone convergence
theorem since the uplink sum rate is upper bounded by a
certain finite value. �
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