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Abstract—The upcoming mega low-earth orbit (LEO) high-
throughput satellite constellation is regarded as an emerging
paradigm shift in the fifth generation-advance (5GA) networks.
In this paper, we propose a multi-type services coexistence han-
dover (MSCH) non-orthogonal multiple access (NOMA) scheme
for a dual-layer mega LEO satellite constellation, which can
simultaneously and efficiently provide uplink NOMA for three
types of 5G user equipments (UEs): mission critical communica-
tions (MCC) UEs (CUs), massive machine-type communications
(mMTC) UEs (MUs) and enhanced mobile broadband (eMBB)
UEs (EUs). The EUs are mainly served in the higher layer
satellites for longer service duration and may handover to the
lower layer satellites to coexist with CUs or MUs. Moreover, the
CUs and MUs perform grant-based (GB) and grant-free (GF)
NOMA on resource blocks (RBs) in the lower layer satellites,
respectively. Then, we derive the closed-form expressions of
three specific key performance indicators (KPIs), i.e., outage
probability (OP), system throughput (ST), and ergodic capacity
(EC) in the MSCH NOMA scheme, and design five corresponding
NOMA algorithms. Simulation results verify the accuracy of
our theoretical derivations, and show that the proposed NOMA
schemes can achieve better KPI performance than the state-of-art
ones.

Index Terms—Mega LEO HTS constellation, uplink NOMA
transmission, multi-layer handover, outage probability, ergodic
capacity, system throughput

I. INTRODUCTION

Non-terrestrial networks (NTN) are expected to foster the
roll out of limited terrestrial fifth generation (5G) network
in un-served and underserved areas, and enable 5G-advance
(5GA) services at anywhere and anytime in cost effective
manner [1]. Recently, several giant low earth orbit (LEO)
high-throughput satellite (HTS) constellations are planned and
begin to launch [2], [3], such as Starlink and OneWeb, both
have tens of thousands of LEO HTS distributed in several
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layers at 300 ~ 1500 km to provide global coverage, and
are expected to support these three types of user equipments
(UEs) [4], [5]: 1) Mission critical communications (MCC) UE
(CU) requires the packet delay budget of 30 ms with packet
error rate (PER) less than 1076 [6]. 2) Massive machine-type
communications (mMTC) UE (MU) needs massive connec-
tivity for 4 MUs per km? [7]. 3) Enhanced mobile broadband
(eMBB) UE (EU) requires stationary connectivity with data
rate up to 25 Mbit/s, such as video surveillance and vehicle
mounted UE [7]. Moreover, considering the limited line of
sight (LoS) duration and capacity of a single LEO HTS to the
covered ground UEs, the SpaceX Gen2 system proposes an 8-
layer LEO HTS constellation at low and very low altitudes [4],
which enables the UEs in the same area to view multiple HTSs.
Therefore, we assume a dual-layer LEO HTS constellation in
this paper, where the EUs are usually served in the higher
layer for longer service duration, and the CUs and MUs are
served in the lower layer.

On one hand, non-orthogonal multiple access (NOMA) is
widely pursued in satellite communications to provide a degree
of freedom on power domain by transmitting the superposed
signal in the same time-frequency resource block (RB) [8]-
[10], which can enhance several key performance indicators
(KPI), such as ergodic capacity (EC), outage probability (OP)
and system throughput (ST) [11]-[14]: 1) Multiple CUs can
simultaneously uplink to HTS via NOMA to reduce the
transmission phases [15], since the worst two-way propagation
latency is expected to be 26 ms for LEO at 600 km [6].
Note that the PER in the quasi-static fading channel is quickly
converged to the OP in finite block-length regime [16], i.e.,
with 103 bits packet length, we utilize OP to evaluate the
NOMA performance of CUs. 2) Obviously, NOMA is viewed
as a potential enabler of mMTC for delay tolerant MUs [17],
and the ST can quantitatively depict the successfully accessed
MUs. Thus, we can maximize ST under an appropriate OP
threshold for the MUs [7], [18]. 3) Further, EUs usually only
have the statistical channel state information (CSI) in satellite
communications, and the design objective in NOMA scheme
for EUs should be maximum EC rather than the actual data
rate [8], [11], [14].

On the other hand, there is still lack of work on the multi-
type services coexistence NOMA scheme for satellite commu-
nications. Recently, Ding et al. in [19] have proposed the semi-
grant free (SGF) NOMA scheme for the grant-based (GB)
and grant free (GF) UEs coexistence in terrestrial networks,
where several GF UEs can perform power-domain NOMA
with one GB UE on the same RB to enhance the system
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Fig. 1. System model of a dual-layer LEO HTS constellation.

spectral efficiency without deteriorating the OP performance of
GB UEs. Moreover, the different channel gains from different
received uplink signals lead to a challenge to analyze the
uplink NOMA [13], and the imperfect successive interference
cancellation (SIC) decoding uplink NOMA schemes for satel-
lite communications are not analyzed yet.

Furthermore, in order to provide broadband access capabil-
ities, HTS adopts the millimeter wave (mmWave) frequency
band, such as Ka, V, Q bands [20], [21]. However, the
performance of the satellite-to-ground channel in the mmWave
band would be seriously affected by rainfall attenuation and
the surrounding environment of UEs [22], [23]. To address
the characteristics of mmWave band channels, we utilize the
widely used log-normal distribution to model our satellite-to-
ground channel [24]-[27], which take two log-normal factors
into account for the rainfall attenuation [28]. Moreover, al-
though the EC and OP in log-normal channel are analyzed in
OMA systems, there is still lack of derivation for the KPIs in
uplink NOMA [23].

Therefore, we propose a multi-type services coexistence
handover (MSCH) NOMA scheme in the dual-layer LEO HTS
constellation, and the main contributions of this paper are
outlined as follows.

« First, we propose the MSCH NOMA scheme to guarantee
the KPI requirements of multi-type UEs coexistence in
the dual-layer LEO HTS constellation. Inspired by the
SGF NOMA, we divide the system bandwidth of lower
layer satellites into RBs for CUs and MUs. Specifically,
CUs select the RBs as reserved RBs (RRBs) to perform
GB NOMA access to satisfy the critical access require-
ment, and MUs can perform GF NOMA access on the
rest RBs as non-reserved RBs (NRBs). Further, the EUs
can handover between the two-layer satellites to perform
broadband access, thus they can perform NOMA on the
higher layer satellites, and joint NOMA access with the
CU or MU in the lower layer satellites, respectively.

e Then, considering the different KPI requirements of
multi-type UEs and the impact of imperfect SIC, we
derive the closed-form expressions of three corresponding
KPIs, i.e., OP, ST, and EC in the MSCH NOMA scheme
over the log-normal rain attenuation channel. Further,
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we propose three uplink NOMA algorithms for each
type of UEs when EUs perform access to the higher
layer satellite, where the “improve ergodic capacity”
(IEC) NOMA algorithm can maximum the EC of EUs
under an appropriate OP threshold for each EU, and the
“improve outage probability” (IOP) NOMA algorithm
can minimize OP of each CU, and the “improve system
throughput” (IST) NOMA algorithm can maximum the
ST of MUs under an appropriate OP threshold for each
MU.

e Moreover, when the EUs handover to the lower layer
satellites to coexist with CUs or MUs, we propose
two uplink NOMA algorithms for the multi-type UEs
coexistence, named “EU and CU coexist” (ECco) and
“EU and MU coexist” (EMco) NOMA algorithms, which
both can maximize the EC of EUs under an appropriate
OP threshold for CUs or MUs, respectively. In addition,
we propose a “RB selection” (RBS) algorithm for EUs
performing the IEC, ECco or EMco NOMA algorithms
on empty RB (eRB), RRB and NRB, respectively, which
can jointly achieve the maximum EC of EUs in the
lower layer satellites. Finally, simulation results validate
the accuracy of our theoretical derivations, and show the
superior performance compared with the related “discrete
uplink power control” (DUPC) NOMA algorithm [29]
and “maximize energy efficiency” (MEE) NOMA algo-
rithm [30].

The rest of the paper is outlined as follows. Section II
introduces the dual-layer LEO HTS constellation, the handover
transmission scheme, channel model, and the MSCH NOMA
scheme. In Section III, we derive the closed-form expressions
of the OP, EC and ST, respectively, and then design the NOMA
algorithms to meet the different KPI requirements of different
types of UEs in Section IV. Section V provides the simulation
results united with corresponding analysis. Section VI draws
a conclusion.

II. SYSTEM MODEL AND MSCH NOMA

We assume a dual-layer LEO HTS constellation providing
KPI-guaranteed uplink NOMA for the CUs, MUs and EUs as
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TABLE I TABLE II
LIST OF ABBREVIATIONS PARAMETERS DESCRIPTIONS
Abbreviation Full name Notation Definition
LEO Low-earth orbit Ly The b-th layer of HTS
HTS High-throughput satellite tp The LoS duration of the HTS in b-th layer
5GA Fifth generation-advance Ay The time cost for handover of HTS in one layer to
MSCH Multi-type service coexistence handover another
NOMA Non-orthogonal multiple access Ty The time cost for handover of two adjacent HTSs in
UE User equipment Ly
MCC Mission critical communication Hgp The a-th HTS in the b-th layer
CU Mission critical communication user equipment Si The i-th frame in the Li-layer HTS
mMTC Massive machine-type communication Si.j The j-th subframe of the i-th frame in the HTS
MU Massive machine-type communication user equip- B The total system bandwidth of HTS
ment D The number of RB in each HTS
eMBB Enhanced mobile broadband Ne¢ The number of CU accessing the RB in Lp layer
EU Enhanced mobile broadband user equipment HTS
GF Grant-free N, The number of MU accessing the RB in Lj layer
SGF Semi-grant free HTS
GB Grant-based Ne The number of EU accessing the RB in Lq layer
GA Grant-based access HTS
KPI Key performance indicator P The maximum transmit power of each UE
OP Outage probability ag The power control coefficient of UE, where oy, €
ST System throughput [0,1]
EC Ergodic capacity Br The residual coefficient, where 8j, € [0, 1]. Specifi-
NTN Non-terrestrial network cally, B, = 0 means perfect SIC and 8 = 1 means
PER Packet error rate SIC is failed
LoS Line-of-sight h The channel gain from UE to HTS
RB Resource block l The beam gain factor
RRB Reserved resource block o? The variance of additive white Gaussian noise
NRB Non-reserved resource block o The receiving SINR of UE at HTS
IEC Improve ergodic capacity
j(0)3 Improve outage probability

IST Improve system throughput

ECco EU and CU coexist
EMco EU and MU coexist
RBS RB selection
eRB Empty resource block
DUPC Discrete uplink power control
MEE maximize energy efficiency
PDF probability density function
SINR Signal-to-interference and noise ratio
MUMS Multi-user multi symbol
mmWave Millimeter wave
SIC Successive interference cancellation
CSI Channel state information
AWGN Additive white Gaussian noise
RAP Random access preamble
RAM Resource acquisition message
CID CU identifier

PI Power information

RAR Random access response

RRC Radio resource control

SSS Switching service signal

RAS Resource allocation signal

EID EU identifier

CDF Cumulative distribution function
RA Random access

shown in Fig. 1 [4], [5] !. The area sandwiched by the purple
arrows in Fig. 1 is the actual communication range of the UEs
for high-quality access, while the area sandwiched by the blue
arrows on the leftmost and rightmost sides is the theoretical
LoS range of the ground UEs. There are multiple HTSs in L,
and Lo, where the LEO HTSs in L; layer are with a lower
altitude of 350 km, and the LEO HTSs in Lo layer are about
1200 km [2], and the number of HTSs in L, is large enough to
form a seamless coverage for the service area, while the UEs
in this coverage area only access one HTS in its LoS duration

IDifferent types of UEs are grouped as shown in Fig. 1, however, these
UEs are coexisting in the same area in practical.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or

[3]. Moreover, we assume that the Doppler shifts caused by
the high dynamic LEO HTSs are identical for different UEs in
the same coverage area due to the high altitude orbit of HTSs
[31], and set a guard bandwidth as double than the Doppler
shifts to relieve the influence of Doppler shifts on the system
[32]. In addition, the MUs and CUs only access the L; layer
HTS due to the low propagation latency and their short packet
communications [2]. For convenience, the related notations are
summarized in Table II.

A. Handover Transmission Scheme for EUs

Without loss of generality, we assume that EUs perform
long-term stationary connectivity (e.g., video surveillance,
vehicular mounted and fix installation services [7]). Note that
the LoS duration of HTS in Lo is longer than that of L;.
Therefore, the EUs usually prefer access to the HTS in Lo
for longer LoS duration to reduce the frequent handovers as
shown in Fig. 2.

Further, we assume that the LoS of HTSs at L, and L;
are to and tq, respectively, and the time cost for handover of
two adjacent HTSs in L1 and Lo are x; and zs, respectively.
Moreover, the time cost for handover from an HTS in L, to
an HTS in L; is A;,as well as from an HTS in L; to an HTS
in L2.

In addition, let R and R» denote the EC of EUs to perform
access to HTSs in L; and L2, respectively. Therefore, the
handover transmission scheme for EUs has three options due
to the system parameters as shown in Fig. 2.

2Ry and Rg are related to the system parameters and the proposed IEC,
ECco and EMco NOMA algorithms with RBS algorithm at L, and the
proposed IEC NOMA algorithm at La, respectively.
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Fig. 2. Schematic diagram of EUs perform handovers between HTSs in L1
and Lo.

The first option is the EUs only perform handover to the
adjacent HTSs in Lo if x5 < 24, and the long-term EC,
which is the average EC of the UEs during a period of uplink
transmission, which can be expressed as

By =
to + xo

If x5 > 2A, the second option is the EUs can handover to
an HTS at L; with A, when the LoS of current HTS Ho
at Lo is finished, and the EUs would handover back to the
Hj j11 after x5 at L;. Thus, the long-term EC of EUs can be
expressed as

(t2 = Ap)Ro + (2 — Ay — nxy ) Ry
t2 + X2
< (tg — At)RQ + (3?2 - At)Rl
- tQ + 2o
where n is the largest number of HTSs at L; that the EUs
need to perform handover within xs.

The third option is the EUs only utilize the HTSs at L, for
uplink transmission, which may experience frequent handovers
during the transmission due to the short LoS duration of HTS
in L, and the long-term EC can be expressed as

t1 R
Es = . 3)

Therefore, the EUs can select an appropriate option to
perform handover according to the above long-term EC per-
formance, which is determined by the relationship of x5 and
2A; in the dual-layer LEO HTS constellation.

(D

< B,

2)

B. Channel Model

We utilize the widely used log-normal distribution to model
the mmWave channel in our dual-layer LEO HTS constellation
[23]. The probability density function (PDF) of the channel
gain |hk7a7b|2 from the k-th terrestrial UE Uy, to the a-th HTS
in the b-th layer H,  is given by

Me,ab
k,a,b

. _ __kab Mk,a,b_l
fitganl? (@) T (Miap)

exp (—€pap-z), 4

where I'(-) is the Gamma function, ek qp = My 0.6/ a.bs
and My, o5 = 1/ (exp (0% q,) — 1) is a measure of the fading

M apt+1

severity, and 0 4. = Gk,a,b Y

represents the average
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power of each link, where g 4.5 = exp (ftk,q,5) 1S the constant
area average power, and (i o and oy, represent the log-
normal location and scale parameters, respectively. Without
loss of generality, assume that the HTSs in the same layer have
the same SIC performance, then we can ignore the subscript
a in the following.

C. Signal Model

Assume that the i-th RB can accommodate at most Z; UEs
by employing NOMA [19], and each UE can only access one
RB. Without loss of generality, the signals of Z; UEs in the
i-th RB are arranged in a descending order according to their
channel gain Ay, and gain factor [;;, between Uj, and H, as
follows

|h1plip] > o > bz, plz, 0], 5

where Iy, , = /Gy - G/ Flp, and Gy, and G, are the antenna
gain at Hy and Uy, respectively, and F}, ; = 92.4+201log f +
20logdyp is the free space path loss between U, and Hy,
which includes the distance dy, ;, between Uy, and Hj, and the
carrier frequency f of Uy.

Then, Hy utilize SIC to recover the received signal at each
RB. Considering the impact of imperfect SIC, the signal-
to-interference and noise ratio (SINR) of Uy in Hj can be
expressed as:

B Oék,bPk,b|hk,blk,b\2 6
Yk,b = ) ( )
’ X+Y +o02

where P
) X= > Pjybaj7b|hj,blj7b|2: Indicates the interference

=k+1
caused by f)thgr UEs in the same NOMA group with worse
signals than that of Uy, where P;; is the transmit power of
Uj, and 0 < agp < 1 is the power coefficient of U which
can be adju:ted by G} and GYy.

—1

2)Y =3 Pz},bﬂi,bai,b‘hi,bli,b|2f Represents the residual

=1
component of Uj’s signal after SIC, where f3; ; represents the
residual coefficient after the i-th SIC at H,,.
3) o2: Additive white Gaussian noise (AWGN) with zero

mean and variance o?2.

D. MSCH NOMA Scheme

In our MSCH NOMA scheme in the dual-layer LEO HTS
constellation, each HTS has multiple RBs to provide SGF
NOMA transmission. First, considering the HTSs in L; as
shown in Fig. 3, recall that the RBs selected by CUs are RRBs,
the rest RBs selected by MUs called NRBs, and the RBs not
selected by any CU and MU are eRBs. Moreover, the LoS
duration ¢; in each HTS H; is divided into K frames, where
the CUs and MUs are randomly activated and perform SGF
NOMA at the beginning of each frame. Further, each frame S;
can be further divided into three subframes as S; i, S; 2 and
Si 3, where S; 1 and S; 1 + S, 2 are the packet delay budgets
of CUs and MU, respectively.

Therefore, as shown in Fig. 3 (a), there are only CUs and
MUs accessing to the HTS in L; when the EUs access to
the HTS in Lo. The CUs perform GB NOMA in the RRBs,
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Fig. 3.
and perform coexist NOMA with CUs and MUs.

and the MUs perform GF NOMA the NRB. When the EUs
perform handover to the HTS in Lq, the CUs, MUs and EUs
perform SGF NOMA to the HTS in L; as shown in Fig. 3 (b).
Specifically, the proposed MSCH NOMA scheme is designed
under the following assumptions: 1) The CSI remains constant
during S; and randomly varies between different .S;. 2) Each
RB corresponds to a random access preamble (RAP), and HTS
can distinguish the selected RBs by the RAPs from received
signals [35], [36]. 3) HTS can identify the number of uplink
UEs and acquire the CSI of each UE in each RB through the
new transceiver structure proposed in [37], which consists of
a secondary preamble and a multi-user multi symbol (MUMS)
detector. 4) The CUs would finish their service in S; 1, and
the MUs can perform random access with RRB in S, 2, and
with NRB in S; ; and S; 5 as shown in Fig. 3.

Furthermore, the proposed MSCH NOMA scheme has three
parts: 1) The SGF random access protocols for CUs, MUs
and EUs as shown in Fig. 4; 2) The resource acquisition
messages (RAM) generator as shown in Fig. 5; 3) The NOMA
algorithms for different UEs, which are designed in Section
IV. In the following, we introduce the first and second parts
of the MSCH NOMA scheme.

E. SGF Random Access Protocols in MSCH NOMA Scheme

1) GB Random Access Protocol for CUs:

Step 1 The HTS broadcasts all RAPs at the beginning of
S;1 as shown in Fig. 4 (a).

Step 2 The CUs upload the selected RAPs and their CU
identities (CIDs) to mark the RRBs, and transmit power
information (PI).

Step 3 The HTS broadcasts random access response (RAR),
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(b)

The illustration of RBs and frames in our MSCH NOMA scheme. (a) CUs and MUs access to the HTS in L1, (b) EUs access to the HTS in L

including CSI, maximum data rate and synchronization mes-
sage, and RAMI1 to all UEs.

Step 4 The CUs that get the successful RAR from the HTS
make a radio resource control (RRC) connection request by
sending their CIDs to the HTS.

Step 5 The HTS sends ACKs to all granted access CUs.

Step 6 The granted access CUs select appropriate NOMA
algorithm according to the RAR and RAMI, and begin to
upload data.

2) GF Random Access Protocol for MUs:

Step 1 The HTS broadcasts all RAPs at the beginning of
S;1 as shown in Fig. 4 (b).

Step 2 The MUs upload the selected RAPs to mark the
NRBs and transmit PL.

Step 3 The HTS broadcasts RAR and RAM?2 to all terres-
trial UEs.

Step 4 The MUs (part 1) select appropriate NOMA algo-
rithm according to the RAR and RAM?2, and begin to uplink
data as shown in Fig. 3, and the rest of MUs that selecting
RRBs (part 2) are waiting in the S ;.

Step 5 At the beginning of .S; 5, the part2 MUs upload the
re-selected RAPs to mark NRBs and transmit PI.

Step 6 The HTS broadcasts RAR and RAM3 to the part 2
MUs.

Step 7 The part 2 MUs select appropriate NOMA algorithm
according to the RAR and RAM3, and begin to upload data.

3) GB Access Protocol for EUs:

Step 0 The EUs perform GB NOMA access to the HTS
in Lo for the longer LoS duration [35] as shown in Fig. 4
(c). When the condition of the first option in the handover
transmission scheme is satisfied, the EUs wait the time cost x5
after ¢5 to perform handover to the next HTS in Ls. Otherwise,

EE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2022.3214927

o)
@

CUs

1) Broadcast available RAPs -
2) Upload selected RAPs,
CIDs, PI

3)Broadcast RAR, RAMI ¢

HTS (L,) MUs

MU (partl)

vy |
€ Ismdacs
BT

MU (part2)

(a) (b)

1) Broadcast available RAPs
2) Upload selected RAPs, PI

3) Broadcast RAR, RAM2

el

5) Upload re-selected RAPs,
PI
€ 6) Broadcast RAR, RAM3

EU:

@

HTS (L,)
Perform GB-NOMA transmission

(=' Decision on which layer to perform handover I=>

PR 1) Broadcast SSS,RASO | __ __ _
Initialization to handover in L, ‘

L)) HTS (L)) ‘

HTS

1) Broadcast RAS1
Pre-allocate
resources

2) Upload EID, PI

3) Broadcast RAR, RAM4

5) Upload EID, PI

6) Broadcast RAR, RAMS }

8) Repeating 5) ~7)

~_| Decision on which layer to |
performihAndoven 9) Broadcast RAS2
9) Broadcast SSS
Re-establish connection in L,

‘<=[ Perform GB-NOMA transmission ]=)

c)

S

Fig. 4. The SGF random access protocols for CUs, MUs and EUs. (a) GB random access protocol for CUs. (b) GF random access protocol for MUs. (c)

GB access protocol for EUs.

the current served HTS in Ly informs an appropriate HTS in
L, that the EUs would perform handover with time cost A
[2], and the GB access protocol for EUs in L; is as follows.

Step 1 The current served HTS in Lo broadcasts switching
service signals (SSS) and resource allocation signal 0 (RASO)
to EUs, and transmits the EU identities (EIDs) in RASI1 to the
HTS in L.

Step 2 After receiving SSS, the EUs begin to upload PI to
the L, layer HTS.

Step 3 The L; layer HTS broadcasts the RAR and RAM4
to the EUs.

Step 4 The granted access EUs selects the appropriate RBs
and corresponding NOMA algorithm according to RAR and
RAM4 for data transmission.

Step 5 At the beginning of the S; 2, the EUs upload EIDs
and PI to the L; layer HTS.

Step 6 The L, layer HTSs broadcasts the RAR and RAMS
to the EUs.

Step 7 The granted access EUs selects the appropriate RBs
and corresponding NOMA algorithm according to RAR and
RAMS for data transmission.

Step 8 Repeat above Steps 5-7 in S; 3.

Step 9 Repeat above Steps 2-8 until the EUs can perform
handover to the Lo layer HTS. Then, the L; layer HTS
transmits RAS2 to the L, layer HTS with the time cost Ay,
and then the Lo layer HTS broadcasts the SSS to the EUs.

Step 10 Then, EUs begin to perform GB NOMA access to
the Lo layer HTS.
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F. RAM Generator in MSCH NOMA Scheme

The generation logic of RAM signals in above SGF random
access protocols is shown in Fig. 5. When the L; layer HTS
receives RAPs, CIDs, EIDs and PI from CUs, MUs and EUs,
as well as RAS from Ly layer HTS, it estimates the CSI of
UEs according to the PIs and identifies the number of CUs
and MUs in different RBs. In addition, the HTS utilizes the
RBS algorithm in Section IV-F to select an appropriate RB for
EUs. Therefore, the number of CUs, MUs and EUs in each
RB can be obtained as N, N,, and N, respectively. Then, the
HTS generates access denied signal as ) in RAM according
to N¢, Np,, N, and CSI, or further generates control signals
in RAM for the UEs to select appropriate NOMA algorithms.

III. DERIVATION OF KPIS

In this section, we first derive specific KPIs (i.e., OP, EC
and ST) to measure the performance of different types of UEs.

A. Problem Formulation Under Two UEs Model

Note that the number of UEs in power domain NOMA is
usually small in practical [11], thus, we set Z = 2 in each RB
to derive the closed-form expressions of KPIs in the following.
First, recall Eq. (6), the SINR of U; at H}, can be expressed

as:
arp Pyl ||l o]

Mp= ) @)
042,bP2,b|h2,b|2|l2,b|2 + o2
and the SINR of Us at Hy is
2.5 Py hap|?|l2.0]?
- 2.6P2 b P2 p| 7| l2,5] @)

h1,b|2|l1,b|2 +02

Bip -1 pPry
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B. EC Performance Analysis

Recall that EC is defined as the expected value of instanta-
neous mutual information of SINR ~;; of Uy at Hy, and we
have

C(vkp) = Ellog(1 + k)] )

With the help of [39, Eq. (6)], C(y&,) can be well approx-
imated as

E (y2) — E(k,)?

C(vkp) = logy(e) - {ln[l + E(vkp)] — 21 + E(v b))2
(10)

Further, with the help of [38, Eq. (6.455.1)], we can get the
closed-form expression of E (v ;) and E (fyib) for U; at H,
as follows

p1parpl (Myp 1)

E(yip) = F (1)
, 1
(14 papanp 2 et ye )T (M)
and
2 2
P L (Map +2)
E(yi,) = FoveiD 2y » (12)
(L+ p2pap riig ) €1 (M)
where p;p = iiéb|li,b‘2 denotes the transmission average

signal-noise ration (SNR) of U; at Hj. Then, we can get EC
C(mp) for Uy at Hy by substituting Eq. (11) and Eq. (12)
into Eq. (10).

Similarly, we can obtain the closed-form expression of
E(v2,) and E('y227b) for Uy at Hy as follows

p2,p02pl (Mo 4 1)

E(y2p) = s (13)
(1+ ﬂ1,bﬂ1,ba1,b%)51,bf (Miy)
and
2 p3 55,1 (May +2)
E(Ph’b) B DMy ,+1) \2 o ’
(I + Broprpars =i, o)) Ete L (Ml,b()14)
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Logic generation diagram of RAM signal in RRB and NRB for CU, MU and EU.

and we can obtain EC C(v,,;) for Uy at H;, by substituting
Eq. (13) and Eq. (14) into Eq. (10). The detailed derivations
for Egs. (11)-(14) are shown in the Appendix A.

C. OP Performance Analysis

The OP of each UE is defined as the probability that the
instantaneous SINR -y, ; of U}, at H}, lower than a given SINR
threshold 4", and we have

Fip (i) = Pr(ves < i) (15)
where Fk’b(v,?"b) is the cumulative distribution function (CDF)
of Vic,b-

With the help of [38, Eq. (3.351.2)], we can obtain the
closed-form expression of OP for Uy at Hy, as follows

T <M1,ba
1 —
(16)

Similarly, we can obtain the closed-form expression of OP
for Uy at Hy via [38, Eq. (3.351.2)] as follows

ok C(Mg p+1)
€161, (14+P2,602,6 o~y 1)
P1,6Q1,b

th\ __
Frp (1) = T (My,)

Ez,b‘vél,‘h(lJrﬁl,bPLbal,b%)
r M2’b’ P2,602 b '
Fop (v5h) =1—
2,b (’72,b) T (MQ,b)
(17)

The detailed derivations for Eq. (16) and Eq. (17) are shown
in the Appendix B.

Further, note that the channel conditions of U; and Us are
independent, then the joint OP expression of this NOMA group
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at Hjy can be obtained as

Fy (7h) = 1= Pr(y1,e > 95%) Pr(v2e > 74%)

th (Mg p+1)
61,b’h,b(1+ﬂ2,b0¢2,bm)
r <M1,b, * *
-1_

P1,bx1b

T (./\/l17b)

th DMy p+1)
€202 b(1+51,bP1,ba1,b52F(7'M))
’ ,b 1,b
r (Mz,b,

P2,602,b

['(Map)
(18)
With the given SINR threshold fy;-“g, we can establish two
inequations according to Eq. (7) and Eq. (8) as follows, which
should be satisfied by a; when decoding the signal of U; at
Hy,
a1 pp1plh |

h27b|2 +1

> 1Y, (19)

Q2020

and 5
a2 02,6 P2 < A th

= V2, (20)
Bib - a1,bﬂ1,b|h1,b|2 +1

D. ST Performance Analysis

The ST of Uy, at H, can be expressed as the product of EC
and decoding success probability Pr; ) of each UE, which
can be expressed as

Ty = C(Vip) Pl"(’)’i&;},lb)y

i 1)

where: Pr (11%) = 1~ Fly (048,

IV. ALGORITHMS DESIGN FOR MSCH NOMA SCHEME

In this section, we focus on the design of NOMA algorithms
to guarantee the KPI requirements of different types of UEs
in our MSCH NOMA scheme, and we propose the RBS
algorithm to enhance the EC of EUs in L; layer HTS.

A. IEC Algorithm for EU

As shown in Fig. 4 (c) in the aforementioned Section II-E,
when EUs perform NOMA to the HTS in Ly and the eRBs of
the HTS in L, considering the high data rate requirements of
EUs, the optimization goal is maximizing the sum EC Cy,,,
of each EU NOMA group, and the optimization problem is
established as follows

max Osum, = C(’Yel,b) + C(’Yeg,b), (2221)
st.:0<aep <1, (22b)
Fop (7l ) < e (22¢)

where (22b) indicates the power coefficient c, ; for EU} at
Hy, (22c¢) guarantees an OP threshold &, ;, for each EU at Hy,.

Recall that EU; has better channel condition, and C(7e, )
has higher impact on Clyyy, than C(ve,). Then, we can
straightforwardly derive that o, ; is strictly positive with
C (e, ) and a, p is negative with C(~e, ), which is proofed
in Appendix C. Therefore, we can maximize Cl,,, with
Qe » = 1. In addition, according to Eq. (16) and Eq. (17),
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Algorithm 1: IEC Algorithm for EUs and IST Algorithm
for MUs
Input: My, s, €k.b, Bi,ps 7;2}71;,, Pi.b> Picbs Uity Eibo
current system transmit power P, maximum
UE power P,,q., step length A, > 1, iterations
X> Ne;
Output: Power coefficients oy and g p;

1if N.=1or N, =1 then

2 | Return o, =1, and g = 0;

3 end

4 for P, < P4 do

5 Initialize right = 1 and left = 0O;

6 Substitute o1, = 1 and a, = left into Eq. (17) to

get Fop(78}).

7 for y > 0 do

8 let mid = left + ZEJCZXM,

9 Substitute o1 = 1 andn;xz’b = mid into Eq. (17)

to update Fyp(74").

10 if F5,(75",) > &2, then

1 | left = mid;

12 else

13 Substitute o3 5 = 1 and app, = mid into Eq.
(16) to update F} ;(i",).

14 if F15(75") > &1 then

15 | right = mid;

16 else

17 | break;

18 end

19 end

20 xX=x—1

21 end

22 end

23 Return o 3 and as p;

we can derive that o, 5 is strictly positive with Fo, »(v" ),
and negative with Fe%b(vng). Thus, in order to satisfy the
OP threshold &, in (22c), we should find a minimum c,
to satisfy Fe, »(72" ;) < &, » according to Eq. (19) and Eq.
(20). Therefore, we propose the IEC algorithm as NOMA 1
in Fig. 3, which is concluded in Algorithm 1.

B. IOP Algorithm for CU

First, since CUs and MUs only access the L; layer HTS,
we can ignore the subscript b in the following.

Then, according to Eq. (44) in Appendix A, the OP
of Uy at H, can be expressed as Fy(7{*) = 1 —

fj;h(%p“ han [P+ finy2(W)dy, and fi, 2(y) is larger than

@y pP1
zero. Therefore, ff'{h(%pz‘hﬂzﬂ) f\h1|2(y)dy is positive with

a1, which means Fl('yl{if) has negative relationship with
«q. Similarly, we can derive that each «j has a negative
relationship with Fj (vih).

Therefore, when CUs perform NOMA on RRBs of the HTS
in L; as shown in Fig. 4 (a) in the aforementioned Section
II-E, considering the high reliability requirements of CUs, the
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optimization problem is to minimize the OP Fj, (i) of both
CUs, which indicates the power constraints of o, = 1 due to
the negative relationship for each ., with Fj(y"), and we
have

min max Fj,(yh),

s.t. :log (1 + ’yth) > R,

Ck

(23a)
(23b)

where (23b) is the SINR threshold ’YEE to guarantee the
required data rate R, of the k-th CU.
Moreover, vgi‘ in (23c) can be expressed as

(24)
Note that a fixed SINR threshold v'" would lead to error

Ck
floor [40]. Therefore, we set a varying SINR threshold 72{‘ as
follows.

Since (23a) is established for both CUs in the NOMA group,

it can be expressed as

Fo (0 = Fo, (fh). (25)

By substituting Eq. (16), Eq. (17) into Eq. (25), we can get
the expression of 721; to satisfy Eq. (25) as

Y > 2R — 1,

,yth ,Yth
Cc1 _ C2
P(Me+1) ) T(Mey+1)
p01 (1 + 601 pcl M) pCZ (1 + pC2 5C2F(M02))
(26)

Therefore, we can set the varying SINR threshold y}}; as
follows:

1

th R
=max ¢ 271 — 1,
ey 148 (M., +1)
pCl Clpcl Eclr(Mcl)
27

and

1
T(M.,+1
Pes (1 + pe, Ec(zr(j/(c;) )
Therefore, we can solve (23a) by calculating Eq. (27) and Eq.
(28), which is the NOMA 2 in Fig. 3.

Y = max { 2fe2 — 1, (28)

C. IST Algorithm for MU

Further, as shown in Fig. 4 (b) in the aforementioned Section
II-E, when MUs perform NOMA on the NRBs of the HTS
in L1, considering the massive connectivity requirements of
MUs, the optimization problem is maximizing the sum ST
Tsym of each MU NOMA group as follows,

max Tsym = Ty + T, (29a)
5t.:0 < apy, <1, (29b)
ka (7:'?1») S gmkv (29C)

where (29b) is the power coefficient «,,, (29c) guarantees
the OP performance of each MU at H.

Note that Pr(,,,) (R, ) is close to 1 under the condition
of high SNR, thus, T},, approaches to C(7y,, ). Therefore,
the optimization problem (29a) is similar to (22a), and the
IST algorithm is similar to the IEC Algorithm as shown in
Algorithm 1, which is the NOMA 3 in Fig. 3.
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D. ECco NOMA Algorithm for EU with CU

Moreover, as shown in Fig. 3 (b) and Fig. 4 (c) in the
aforementioned Section II-D and Section II-E, respectively,
when EUs perform NOMA with CUs on the RRBs of the
HTS in L;. Considering the stringent requirements of CUs,
the signals of CUs have higher priority to perform SIC in the
RRBs. Therefore, the SINR of CUs and EUs on RRBs can be
expressed as

acpc|hc|2
= 30
aepelhe)? +1 (30)
and
ae € h@ 2
7o = —oebelhel (1)

‘c acﬂcpc|h6|2 + L

In addition, the EC of CU C(~.) and EU C(.) should
satisfy the inequalities as follows
C(ve) > Cghv
{ cezm @
where C*" and C*" are the EC requirements of CUs and EUs,
respectively. Moreover, C! is effected by the delay budget of
CU [6], and C’;h is determined by the data requirement (25
Mbit/s [7]) of EU.
By substituting (10) into (32), we can derive that

zeT(Me)(A+y-Be) _ ol
Qe 2> per(ME+1)S1750.I,y) =0,, 33)
a yecl(Me)(A4a) 9
¢ = pT(Mo+1)(1—Bez-y) s

where z = (20" — 1), and y = (20" —1).
Further, since the SIC first recovers the signal of CU, the
OP F.(y®) of CU can be expressed as

T(Me+1)

ewﬁh(l-lrpeae el (Mg) )
1“ e e
<MC’ ) (34)

PcCc

I'(M.)

Fc(WZh)Zl—

Therefore, the optimization goal is maximizing the EC
C(v.) of EUs under the an appropriate OP threshold . for
CUs, and the optimization problem is established as follows

max C(7.), (35a)
sit.: 0. < ap <1, (35b)
0} < e <1, (35¢)
Fo(v") <& (35d)

where (35b) and (35c¢) indicate the constraints of <. and a, to
satisfy the EC requirements of CU and EU, respectively, and
(35d) guarantees the OP of CU &,..

Considering the high EC requirements of EUs and the
positive relationship for C(7.) and ., we first initialize
o = 1. Then, considering the stringent OP requirement of
CU, we need to maximize EC of EU under the OP threshold of
CU, which may need further adjust o and ., simultaneously.
Thus, we propose the ECco algorithm as NOMA 4 in Fig. 3,
which is summarized in Algorithm 2.
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Algorithm 2: ECco NOMA Algorithm for CU and EU
coexist

Illpllt: Mk" €k Bka ’YItgh’ Pk> hks lks §Cs C};h’ Pcur’ Pmax’
step length A, ;

Output: o, and «;

for P.,. < P4, do

1

2 Calculate 9. and 9! according to Eq. (33);

3 Initialize o, = 1, and o, = min(1, d..).

4 Substitute «, and «, into Eq. (34) to get F, (ygh).

5 while o, < 1 do

6 Substitute o, and «, into Eq. (34) to update
F, (v,

7 if F. (v") > & then

8 | e =min(l, ac + Aq,):

9 else

10 | break;

1 end

12 end

13 | while a, > 9! do

14 Substitute . and «. into Eq. (34) to update
Fe ().

15 if F, (’yzh) > £, then

16 | e = max (0}, e — A, );

17 else

18 | break;

19 end

20 end

21 end
22 Return a, and a;

E. EMco NOMA Algorithm for EU with MU

Furthermore, when the EU performs NOMA with MU on
the NRBs of the HTS in L; as shown in Fig. 3 (b) and
Fig. 4 (c) in the aforementioned Section II-D and Section
II-E, respectively, the signals of EU could decoded first than
that of MU due to the delay tolerant of MUs and high EC
requirements of EUs. Therefore, the SINR of EUs and MUs
on NRBs can be expressed as

e pelhel?
= Sebelliel” 36
7 ampm|hm|2+1 50)
and
o = OZum|hm|2 (37)

Bettepelhe? +1°

Considering the high EC requirements of EUs, the optimiza-
tion goal is maximizing C(~,) of EU under an appropriate ST
threshold for MU. Note that T}, approaches C(7, ) under
high SNR, the optimization problem is maximizing C(7.)
under the an appropriate EC threshold C*!' for MU. Similarly,
we have the following inequalities

{ C('Ym) > C;Dr}zlv

C('Ye) Z Cfth7 (38)

where Ct' and C*" are the EC requirements of MU and EU,
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10
respectively. By substituting (10) into (38), we have
ze T(M)(42) a2
Qe 2 ST M AN (- Bez) = Des (39)
«a > Z'EmF(Mm)(lJ’_‘T'Be) — a
m = 5 T( My +1)(1—Bea-x) m

where © = 202]171 ,and z = 2Cfr1371 .
Moreover, the signal of MU is decoded after EU in the
NRB, and the OP F,,,(v%}) of MU can be expressed as

D(me+1)

MY (14 Bepecre )
T EmYm el (Mo)
(¥ ) o0

PmOm

I'(Myn)

Fon () =1 -

Therefore, the corresponding optimization problem is estab-
lished as follows

max C(7.), (41a)
st :Om < ay, <1, (41b)
P <a. <1, (1)
Fon(1i) < &m. (41d)

where (41b) and (41c) indicate the constraints of «,, and a,
to satisfy the EC requirements of MU and EU, respectively,
and (41d) guarantees the OP of MU ¢,,,.

Similar to the ECco algorithm, we set a. = 1 due to the
high EC requirements of EUs. Then, we adjust a,. and «,
to maximize EC of EU under the OP threshold of MU, and
propose the EMco algorithm as NOMA 5 in Fig. 3, which is
summarized in Algorithm 3.

F. RBS Algorithm for EU in L, Layer

In addition, as shown in Fig. 5 in the aforementioned
Section II-F, when the EUs perform GB access to the HTS
in L, there are three kinds of RBs such as eRBs, NRBs
and RRBs for the EUs to perform IEC, EMco NOMA, ECco
NOMA algorithms, respectively. We define the statistical EC
as the average EC of the UEs at HTS, which is obtained by the
HTS after long-term interaction with the UEs. Let C denote
the statistic EC difference of two EUs and one EU on an eRB
with IEC algorithm, and C5 and C5 denote the statistic EC of
EU on the NRBs and RRBs, respectively. Thus, in order to
achieve the maximum EC for the EUs, we propose the RBS
algorithm as follows.

If the L; layer HTS knows the above statistic EC Cy, Cy
and Cs, and let Ny, N, and N5 denote the number of eRBs,
NRBs and RRBs that can be allocated to the EUs, respectively.
Then, the HTS broadcasts the RAM4 and RAMS to grant the
j-th BU (1 < j < J) to access an RB as EU;-”’d to achieve the
maximum EC by allocating adaptive number of RBs for EUs,
where w, d denote the w-th RB in the d-th class of RBs, for
example, EU52 3 means the 5-th EU perform ECco NOMA
to the second RRB. The RBS algorithm is summarized in
Algorithm 4.

Else, the HTS allocates /N; EUs with better channel con-
ditions to access the eRBs, and the rest EUs perform random
access to the available RBs.
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Algorithm 3: EMco NOMA Algorithm for MU and EU
coexist
Illpllt: Mk" €k 6/6’ ’YItgh’ Pk> hk:s lks gm’ Cth’ Pcurs
Praz, step length A, ;
Output: o, and a;
for Pcur < Pmax do

1

2 Calculate 9, and 92 according to Eq. (39);

3 Initialize o, = 1, and «,, = min(1, 0,,).

4 Substitute «, and «,, into Eq. (40) to get F;, (’yﬁj)

5 while «,, <1 do

6 Substitute o, and «,, into Eq. (40) to update
Fin (712).

7 if F, (v') > &, then

8 | o = min(L, am + A, );

9 else

10 | break;

1 end

12 end

13 | while a, > 9? do

14 Substitute o and a,,, into Eq. (40) to update
Fin (7i0)

15 if F,, (’yfﬁl) > &, then

16 | e = max (02, e — A, );

17 else

18 | break;

19 end

20 end

21 end
22 Return o, and a,;
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Fig. 6. EC performance of fixed power coefficient NOMA scheme and OMA
scheme

V. SIMULATION AND ANALYSIS

In this section, we present the simulation results to vali-
date the theoretical analysis and show the superiority of our
proposed algorithms. The simulation parameters are given in
Table III.

A. Validation of Theoretical Analysis

1) EC: The EC performance of a fixed power coefficient
(a1 = 0.2, = 0.8) NOMA scheme and OMA scheme
is shown in Fig. 6. We can observe that the Monte Carlo

i . ©2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.orﬂ/g)ublications/rights/index.html for more information.
Authorized licensed use limited to: University of New Brunswick. Downloaded on January 10,2023 at 22:39:59 UTC from

Algorithm 4: RBS Algorithm for EU in L; Layer
Input: Nl, NQ, N3, él, 02 and 6’3, EUj, Sz’;
Output: [EU4, ..., EUl;
1 Imitialization: j =1, w=1,d =1, Y1 = Ny, Y5 = Ny,
Y3 = N3;
2 for j € [1,N1] and j < J, do
3| BU =EUSY j=j+lw=w+]1;
4 end
5
6

for j € [Ny +1,2N; + No + N3] and j < J do
if (C, == max(C1,Cy,C3) or Yo == 0 or
Y3 == 0) and Y; > 0 then

w=N; - Y, +1;d=1; EU; = EU";
Yl = Y1 — ].;

8 end - S
9 if (Cy == max(C1,C>,C3) or Y1 ==0 or
Y3 ==0) and Yo > 0 and (EU access in S; 1 or

Siyg) then
10 w= Ny — Y +1;d=2; EU; = EU";
Yo=Y, -1
11 end

12 if (03 == max(él,ég,ég) or Y1 ==0or
Yy ==0) and Y3 > 0 and (EU access in S; 1) then

3 w= N3 —Ys3+1;d=3; EU; = EU"%;
Y3=Y3-1;

14 end

15 i=7+1

16 end

17 Return [EUq, ..., EUl;

TABLE III
SYSTEM PARAMETERS

Parameter Value

The altitude of HTS in L; (km) 350
The altitude of HTS in Lo (km) 1200
The number of RBs in each HTS D 320
The total number of CUs 200

The total number of MUs 32000

The activation probability of each CU p. 0.2

The activation probability of each MU p,, [7] 0.01

Additive white Gaussian noise (K) 300
Bandwidth of each RB (MHz) 5

Rain attenuation parameters (u, o) (dB) [23] -2.6, 1.6
Maximum HTS beam gain (dBi) [23] 52.1
UE antenna main lobe gain (dBi) 22.1

Imperfect SIC coefficient 5x10~3

simulations agree well with our analysis results in Fig. 6,
which indicates that our derived expressions Eq. (10), Eq. (11),
Eq. (12), Eq. (13) and Eq. (14) can accurately evaluate the EC
of our system.

2) OP: The OP performance of a NOMA scheme with a
fixed power coefficient (o = 0.2, a = 0.8) and a fixed SINR
threshold (v*" = 1 dB) is shown in Fig. 7. The Monte Carlo
simulations validate the accuracy of Eq. (16), Eq. (17) and Eq.
(18). Note that the ST expression in Eq. (21) is a multiplicative
combination of OP and EC, which can be validated with the
above results.
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Fig. 8. Comparison of EC performance for EUs.

B. Comparison of NOMA Algorithms

1) Comparison of EC Performance for EUs: As shown in
Fig. 8, the IEC algorithm can achieve better EC performance
than other NOMA schemes. For example, the IEC algorithm
can save about 4 dB and 9 dB compared with the DUPC and
MEE algorithm when reaching the same EC (e.g., EC = 10
bit/s/Hz), respectively.

2) Comparison of OP Performance for CUs: As shown
in Fig. 9 (a), the IOP algorithm can achieve the goal of
minimizing the OP of each CU, and it can achieve an OP of
106 per CU at SNR about 39 dB. Meanwhile, as shown in
Fig. 9 (b), the IOP algorithm can achieve much better joint OP
for each CU NOMA group than the MEE NOMA algorithm,
and can save 7 dB than the DUPC algorithm when reaching
the same OP performance at higher SNR (> 25 dB).

3) Comparison of ST Performance for MUs: As shown in
Fig. 10, at higher SNR (> 6dB), the IST algorithm can achieve
better ST performance than other NOMA schemes, and save 4
dB and 8 dB compared with MEE and DUPC algorithms when
reaching the same ST performance (e.g., ST = 10 bit/s/Hz),
respectively.

4) Comparison of EC performance for EU and CU coex-
istence: As shown in Fig. 11 that although the ECco NOMA
algorithm has lower EC of EU due to the OP requirements
of CU, the proposed ECco NOMA algorithm can approach
higher sum EC performance than that of MEE algorithm
before the high SNR region (< 30 dB), and can obtain better
EC performance than the DUPC algorithm.
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5) Comparison of EC performance for EU and MU coex-
istence: As shown in Fig. 12, the proposed EMco NOMA
algorithm can save about 10 dB and 18 dB compared with
MEE and DUPC algorithms when reaching the same EC at
higher SNR (> 22dB), respectively.

C. Comparison of EC performance of RBS Algorithm

As shown in Fig. 13, when fixing the SNR of each EU
as 30dB, the EC gain of RBS algorithm compared with the
random access (RA) algorithm in S; ; and S; 2 subframes,
and the average EC for each EU with RBS algorithm is better
than the RA algorithm with different numbers of access EUs.
Specifically, when J = 60, the RBS algorithm can obtain
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Fig. 12.  Comparison of EC performance for MU with EU performing joint
NOMA.

about 4.2% EC gain in S; 1 compared with the RA algorithm.
In addition, when J = 200, the EC gain of RBS algorithm
compared with RA algorithm in S; ; and S; o is about 16.4%
and 59.9%, respectively. Further, when J = 270, the EC gain
of RBS algorithm compared with RA algorithm in S;; and
S;.2 is about 1% and 11.5%, respectively.

VI. CONCLUSION

In this paper, we have proposed the MSCH NOMA scheme
to guarantee the KPI requirements of multi-type UEs coexis-
tence in the dual-layer LEO HTS constellation. Specifically,
we first proposed a handover transmission scheme for EUs in a
dual-layer LEO HTS constellation, then we proposed the SGF
random access protocols for CUs, MUs and EUs performing
coexist uplink transmission, and further proposed the RAM
generator to control transmissions of the UEs. Moreover, we
have derived the closed-form expressions of KPIs (i.e., OP,
EC and ST) to measure the performance of different types of
UEs, and utilized them to design the NOMA algorithms, where
the IEC and IST NOMA algorithms can maximum the EC
of EUs and ST of MUs under an appropriate OP thresholds,
respectively, and the IOP NOMA algorithm can minimize OP
of each CUs, and the ECco and EMco NOMA algorithms
both can maximize the EC of EUs under an appropriate OP
threshold for CUs or MUs, respectively. In addition, we have
proposed an RBS algorithm to further improve the EC of
EUs. Finally, the accuracy of our derived expressions has been
verified by Monte Carlo simulations, and extensive simulation
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results demonstrate that the proposed NOMA algorithms have
better OP, EC and ST performance than the MEE-NOMA and
DUPC-NOMA algorithms.

APPENDIX A
DERIVATIONS OF EQ. (11) TO EQ. (14)

Since the first order moment expression of <y ; can be
calculated by:

E [’Wﬁb] = /OOO [1 — Fk7b(.’L‘)}d.’E

By substituting Eq. (16) and Eq. (17) into Eq. (42), and
with the help of [37, Eq.(6.455.1)], we can get the first-
moment expression of 1 ; and 23 as Eq. (11) and Eq. (13),
respectively.

In addition, the second order moment expression of 7 ; can
be calculated by:

E [(727;,)2} - 2/000 o[l — Fyp(x)] da.

Then, we can get the second-moment expression of 1, and
2.5 as Eq. (12) and Eq. (14), respectively, by substituting Eq.
(16) and Eq. (17) into Eq. (47) and via [37, Eq.(6.455.1)].

(42)

(43)

APPENDIX B
DERIVATION OF EQ. (16) AND EQ. (17)

By substituting Eq. (7) into Eq. (15), and with the help
of [37, Eq.(3.351.2)], we can derive the OP of U; at H} as
follows:

F’Yl‘b (’73117) = Pr(’ylyb < ’ﬁf‘b)

( 1,601,616
042,1>/72,b|hz,b|2 +1
- ’Y{flb(az,bpz,bmzb

@1.6P1,b

tl 2
71,’5(“2,b02,b|h2,b| +1)
>1,bP1,b

= fing o2 (W)dy
0

00
=1- f’il,jb(a2,bﬂ2,b|h2,b|2+1) f|h1,b|2(y)dy’

*1,bP1,b

€ th (14 « h 2
) T (Ml,ba 1,671, (1+p2,002 5| h2b|”)
=1

2

< Pﬁflb)a

1+1)

= Pr(|hy )

(44)

P1,b01,b

I (M)
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where Eq. A is derived with the help of [37, Eq.(3.351.2)].
Similarly, by substituting Eq. (4) into Eq. (5), and with the
help of [37, Eq.(3.351.2)], we can derive the OP of U, at Hy

as
r (MZ,bv
1—

2,574 (1481601601 5] h1,5|%)
P2,bQ2 b

F27b(’75},1b) =

[ (Map)
(45)
Since \hk,b|2 of each U, at H}, obeys the log-normal distri-
bution, we utilized the expected value of |hy 2, hi.b fnean

to simplify the calculation.
With the help of [37, Eq.(3.381.11), we can obtain the

2
|hkvb|mean as

M
€k,b

B2 _ R LA
| k7b|mean [mf F(Mky}))x
EMk,b [eS)
. k:,b Mkb
_Gkb zMrb oxp (—er 1) dx
' (M) /—oo P
_ PMip 1)
€k,b - (Mk,,b) .

M p—1 exp (—epp - ) dz

(46)
By substituting Eq. (46) into Eq. (44) and Eq. (45), we can
get the closed-form expression of OP for U; and Us at H;, as
Eq. (16) and Eq. (17), respectively.

APPENDIX C
THE RELATIONSHIP OF ct¢, j, AND e, p WITH C'(7Ye, )
p1,p1 ' (M1 p+1)
(Lpa,praz oo B e o T(Ma )
1 at higher SNR p;;, of Uy at Hy, the EC C(vy,) of Uy at

Hy can be approximated as

Since is much larger than

prpoarl (Myp+1)

C’(’Yl,b) :10g2(6) ’ [1 + T(M }
(1+ P2,ba2%)5l,br (M)
T'(Miy) —1
T'(M;y,p+1)
~ logy(e) - T
47)
r(amy ) .
Note that —M is a constant, we can straightfor-

wardly derive that oy, is strictly positive with C(vy1,) and
a, 1s negative with C'(7y1p).
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