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AbstrAct
The integration of fifth generation (5G) mobile 

network and satellite communication promises a 
promotion on the interconnection of everything, 
and has become one of the key development direc-
tions of beyond 5G and even 6G. As an inevitable 
development trend of mobile communication, the 
space-based Internet of Things (S-IoT) is expected 
to be commercially available in building an integrat-
ed information infrastructure network of the space, 
air, ground and oceans, and so on. However, the 
tremendous growth in the number of connected 
user equipments poses a fundamental rethinking of 
conventional multiple access technologies, which 
is considered one of the open challenges in future 
S-IoT networks. In this article, we first review the 
main challenges of massive access in S-IoT. Then, 
we present and discuss how to develop a scalable 
massive access S-IoT network by leveraging intro-
duced technologies, including intelligent hybrid 
non-orthogonal multiple access (NOMA) transmis-
sion, grant-free superimposed pilot NOMA random 
access and multi-slot pilot allocation random access 
protocol. Finally, some exciting future directions of 
massive access in S-IoT are revealed.

IntroductIon
Fifth generation (5G) mobile communication 
can be regarded as the beginning from Internet 
of Human to Internet of Everything. 5G not only 
upgrades the existing 4G network by enhancing 
mobile broadband (eMBB), but also draws forth 
two typical Internet of Things (IoT) scenarios: 
ultra-reliable low-latency communications (uRLLC) 
and massive machine type communications 
(mMTC), which are devoted to promoting the 
ability for broadband multiple access at anywhere 
and anytime [1]. However, the terrestrial network 
only covers about 20 percent of the surface of 
the Earth, yet resulting in the difficulty to provide 
ubiquitous connectivity and on-demand multiple 
access services, such as smart agriculture, natural 
disaster prevention, climate monitoring and intelli-
gent transportation system (ITS), and so on.

With the rapid development of Ka/Q/V milli-
meter-wave (mmWave) band high throughput sat-
ellites (HTS), the space-based IoT (S-IoT) has been 
recognized as one of the technology driven para-
digm shifts and the continuous evolution of wire-

less networks for beyond 5G and even 6G. The 
envisioned S-IoT can provide global coverage and 
time-critical broadband access in a cost-efficient 
manner, including intelligent traffic, smart grid, tele-
medicine and industrial automation, and so on, 
especially in the extreme topographies with limit-
ed terrestrial Internet infrastructures, such as envi-
ronmental monitoring, and disaster relief due to 
the agile deployment capability [2]. Moreover, the 
multibeam low earth orbit (LEO) HTS can provide 
much lower latency and propagation loss in com-
parison with the geostationary earth orbit (GEO) 
satellite, which is regarded as a key component in 
the forthcoming S-IoT and has aroused universal 
attention in both industry and academia.

Further, the aforementioned emergent IoT 
applications are usually equipped with a large-scale 
of ground user equipments (UEs), which contin-
uously monitor, interpret and transmit the status 
information to the access HTS. It is worth noting 
that the practical implementation of massive access 
wireless communication is one of the open chal-
lenges in the upcoming S-IoT network [3]. Con-
sidering that the non-trivial propagation delay due 
to the huge communication distances in S-IoT and 
the limited resources and computing capacity of 
the HTS [4], it is a huge challenge for S-IoT both 
enabling the massive access of large-scale UEs 
efficiently and ensuring the timeliness of updated 
information. To address these issues, this article 
will elaborate the dynamic topology with intelli-
gent adaptation transmission, hybrid pilot design 
and on-demand multi-slot random access, which 
will potentially support massive access and provide 
insights into the practical implementation of future 
S-IoT network.

The remainder of this article is organized as fol-
lows. The challenges of massive access in S-IoT 
are given in the following section. We then elabo-
rate the promising technologies for massive access 
in S-IoT. After that, future research directions and 
conclusion are presented.

the demAnd And chAllenges of  
mAssIve Access In s-Iot

The latency and reliability requirements of S-IoT 
services are drawn in Fig. 1, where the time-crit-
ical and large-scale access services that can be 
supported by S-IoT are shown in the right part [1, 
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2], and the block error rate (BLER) of uRLLC envi-
sioned by 5G is less than 10–5 and the end-to-end 
latency is less than 1 ms, which is shown in the 
left part of Fig. 1 [5].

dynAmIc topology of s-Iot networks
In recent years, the upcoming giant LEO con-
stellation projects such as Starlink, OneWeb and 
Telesat, and so on, have launched thousands of 
LEO mmWave HTS, which can cooperate with 
terrestrial infrastructures to realize S-IoT networks, 
and provide global geographic coverage and 
time-critical broadband access in a cost-efficient 
manner. To fully exploit the ubiquitous broadband 
access capability of HTS to simultaneously sup-
port multiple UEs, non-orthogonal multiple access 
(NOMA) can be utilized in S-IoT networks [4, 6]. 
In fact, although the UEs within a beam cover-
age have similar distances to the HTS, it still can 
observe significant differences in their channel 
gains due to the various path losses, which makes 
it feasible to apply NOMA in S-IoT networks. 
Moreover, compared to orthogonal multiple 
access (OMA) schemes, the S-IoT with NOMA 
can reduce at least half of the transmission phases 
at the cost of a little more power consumption 
[6], which can significantly reduce the end-to-
end transmission delay in comparison with OMA 
due to the non-trivial propagation delay in S-IoT. 
However, the performance of S-IoT with NOMA 
is constrained due to the mobility and the num-
ber of grouped UEs, which should be carefully 
optimized in the dynamic topology S-IoT network.

short pAcket communIcAtIons In mmtc
mMTC is dominated by uplink-oriented short 
packet transmissions, where a HTS should pro-
vide uplink mMTC for massive UEs simultaneous-
ly. Thus, the S-IoT could perform random access 
to reduce the control overhead. The most widely 
used random access protocols in satellite com-
munications are the Aloha protocols, which can 
partially alleviate the conflict of massive access 
[7]. A coded slotted Aloha scheme for non-col-
laborative random access is proposed in [8], 

where the bipartite graph with erasure coding is 
utilized for asymptotical analysis. Further, the fra-
meless Aloha protocol for time-varying channels 
is introduced in [9] by leveraging rateless coding, 
where the theoretical performance analysis and 
sub-optimal solution between the access failure 
probability (AFP) and activate probability of UEs 
are presented under limited access time slots. 
However, the Aloha protocols essentially utilize 
channel resources in an orthogonal manner, lim-
iting the number of UEs that can simultaneously 
be accessed in the system [3]. Thus, the HTS can 
simultaneously serve multiple UEs at the same 
frequency via NOMA, which improves the per-
formance of massive access in S-IoT networks. 
Furthermore, the pilot sequence and data payload 
follow successive transmission in a convention-
al regular orthogonal pilot (RP) scheme, which 
is sub-optimal in short packet communications 
because the length of the pilot is comparable to 
the data payload.

mAssIve Access In A crowded scenArIo
In addition, various applications for the future 
S-IoT are foreseen to increase exponentially UEs 
during the years ahead, which impose critical 
challenges for the S-IoT network to provide mas-
sive connectivity with short packets. Since the 
number of IoT UEs is growing at an impressive 
rate and much larger than that of the available 
pilot sequences, pilot collision is unavoidable. 
To alleviate this issue, some relevant works have 
increased the access time slots to provide sec-
ondary access opportunity for collision UEs. A 
strongest-user collision resolution (SUCR) random 
access protocol is proposed in [10], where the 
access point allows the collision UEs with the 
strongest channel gain to perform the second 
access. Moreover, the extension versions named 
SURC combined idle pilots access (SUCR-IPA) 
and SURC combined graph-based pilots access 
(SUCR-GBPA) are proposed in [11]. However, 
these protocols still could not completely solve 
the congestion problem from a massive number 
of bursty UEs transmission.

The HTS can simulta-
neously serve multiple 

UEs at the same fre-
quency via NOMA, 
which improves the 

performance of mas-
sive access in S-IoT 

networks. Furthermore, 
the pilot sequence and 

data payload follow 
successive transmission 

in a conventional reg-
ular orthogonal pilot 

(RP) scheme, which is 
sub-optimal in short 

packet communi-
cations because the 
length of the pilot is 

comparable to the data 
payload.

FIGURE 1. The end-to-end latency and reliability requirements for future S-IoT network.
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the key technologIes for  
mAssIve Access In s-Iot

In this section, we introduce three NOMA-relat-
ed technologies to address the aforementioned 
challenges for massive access in S-IoT, including 
intelligent hybrid NOMA transmission, superim-
posed pilot NOMA (SP-NOMA), and multi-slot 
pilot allocation (MSPA) random access protocol, 
which have the potential to break through the 
bottleneck of massive access in S-IoT, as shown 
in Fig. 2.

IntellIgent hybrId nomA trAnsmIssIon for 
dynAmIc topology

Note that the end-to-end delay from the LEO HTS 
to the end UEs can be limited in 10 ms, the S-IoT 
network has the potential to support the mission 
critical communications (MCC) for the Internet 
of Vehicles, and also provide the ubiquitous 
connectivity inherited from the HTS. The perfor-
mance of dynamic topology S-IoT with NOMA is 
affected to the mobility and number of grouped 
UEs. Moreover, the onboard power and storage 
resources of HTS are limited, which raises several 
challenging issues. Therefore, the first key technol-
ogy introduced in this article is to design an intel-
ligent hybrid NOMA transmission scheme for the 
dynamic topology S-IoT network to minimize the 
outage probability (OP) and maximize the system 
throughput.

Downlink Transmission Scheme: Moreover, 
how to group the UEs and allocate the downlink 
resources is crucial due to the mobility of UEs, 
which should be carefully optimized in the pro-
posed intelligent hybrid NOMA transmission. Note 
that the high directivity and sparsity inherent in the 
mmWave band channel, we establish a sparse geo-
metric-based channel model for the satellite-ter-
restrial channel in S-IoT networks. Then, we study 
three typical scenarios according to the mobility of 
UEs during the transmission, and formulate optimi-
zation problems for the intelligent hybrid NOMA 
transmission, including the quasi-static, intra-cell 
and inter-cell scenarios, where the UEs remain in 

the same beam, move into a different beam of the 
same HTS, and move into a different HTS, respec-
tively. Two algorithms are proposed to minimize 
the OP and maximize the system throughput, 
named the iteration power allocation (IPA) scheme 
for the quasi-static scenario, and power realloca-
tion method based on the expectation maximi-
zation (PREM) scheme for intra-cell and inter-cell 
scenarios. The proposed intelligent hybrid NOMA 
transmission schemes are optimized due to the 
constrains of the complexity and OP requirement 
for UEs.

Simulation results validate that our proposed 
intelligent hybrid NOMA transmission schemes 
outperform the benchmark schemes [12] as shown 
in Fig. 3, where the NOMA power allocation 
coefficient is 0.75, the number of groups in each 
beam is set as 2, and the number of UEs in each 
group is initialized as 5, and the UEs are random-
ly distributed in the beam following the Poisson 
distribution. The number of antennas in HTS is 32, 
and the mmWave band channel is assumed at 30 
GHz with 2 GHz bandwidth. It can be observed 
that the proposed IPA and PREM schemes can 
achieve almost the same throughput as the glob-
al exhausted search schemes (complete power 
allocation (CPA) and complete power realloca-
tion (CPR) schemes) at a much lower calculation 
cost, and the throughput is significantly higher 
than the original power allocation (OPA) scheme 
and the k-means based power reallocation (KPR) 
scheme in the three scenarios, especially in the 
high signal-to-noise ratio (SNR) region. Moreover, 
the throughput of the quasi-static scenario is lower 
than that of intra-cell and inter-cell scenarios, when 
the SNR is less than 20 dB. It is worth noting that 
the number of grouped UEs in intra-cell and inter-
cell scenarios has significant impact on system 
performance, which should be further studied to 
provide practical guidelines to design an intelligent 
hybrid NOMA transmission for the dynamic topol-
ogy S-IoT network.

Uplink Transmission Scheme: In addition, for 
the uplink transmission in S-IoT networks, we can 
classify the UEs according to their quality of service 
(QoS) requirements, that is, the eMBB UEs, mMTC 

FIGURE 2. The key technologies for the massive access in S-IoT network.
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power reallocation 
method based on the 
expectation maximiza-
tion (PREM) scheme for 
intra-cell and inter-cell 
scenarios. The pro-
posed intelligent hybrid 
NOMA transmission 
schemes are optimized 
due to the constrains of 
the complexity and OP 
requirement for UEs.

JIAO_LAYOUT.indd   120JIAO_LAYOUT.indd   120 11/4/21   10:15 PM11/4/21   10:15 PMAuthorized licensed use limited to: University of New Brunswick. Downloaded on June 08,2022 at 23:25:20 UTC from IEEE Xplore.  Restrictions apply. 



IEEE Wireless Communications • October 2021 121

UEs and MCC UEs. Consider the ongoing giant 
multi-layer LEO mmWave HTS constellation such 
as Starlink, where the high mobility of LEO HTS 
would lead to only several minutes line of sight 
(LoS) link duration to access each LEO HTS. There-
fore, we assume that the MCC UEs and mMTC 
UEs only access to the lower level HTS SL due to 
the better channel conditions and the lower prop-
agation delay, and let the eMBB UEs connect to 
higher layer HTS Su with longer LoS link duration 
and also can connect to the lower layer HTS if 
necessary. Then, by taking account of the satellite 
handoff cost and the LoS duration of each layer 
HTS, we can formulate three optimization prob-
lems for the intelligent hybrid NOMA uplink trans-
mission to guarantee the QoS requirements of the 
above mentioned three types of UEs. Preliminary 
studies indicate that different types of UEs can be 
grouped in the intelligent hybrid NOMA transmis-
sion under a well-designed combination scheme, 
and different QoS requirements can be simultane-
ously satisfied. Thus, the intelligent hybrid NOMA 
uplink transmission for the dynamic topology S-IoT 
should be further studied.

grAnt-free sp-nomA rAndom Access for  
short pAcket communIcAtIons

Consider the tremendous growth of UEs in future 
mMTC applications with S-IoT, the dedicated 
pilot allocation in the conventional grant-based 
scheme is infeasible. The decentralized assign-
ment of pilot sequences and grant-free random 
access have become a natural choice for the 
S-IoT. Moreover, the LEO HTS is still hundreds or 
thousands of miles away from UEs, the grant-free 
random access can reduce the propagation delay 
and signaling overhead caused by conventional 
grant-based schemes. Thus, in grant-free random 
access, each activated UE selects a pilot sequence 
at random from a predefined pilot sequence set, 
and then sends it to the HTS followed by data 
payload, which could alleviate the overload and 
pilot collision.

SP-NOMA Random Access Scheme: Further-
more, the most common traffic in massive access 
is uplink-oriented mMTC, which is dominated by 
short packet communications. Note that the pilot 
sequence and data payload are successively trans-
mitting in conventional RP scheme. However, the 
length of the pilot sequence is non-negligible com-
pared to the data payload in short packet commu-
nications. Therefore, inspired by the widely used 
spread spectrum technology in satellite communi-
cations, we propose a SP-NOMA random access 
scheme for massive access in S-IoT networks, in 
which the pilot and data sequences are transmitted 
simultaneously in a superimposing manner, and do 
not require additional time-frequency resources 
for pilots. In grant-free SP-NOMA random access, 
each activated UE randomly selects a pilot and 
superimposes on its data payload, then performs 
access to HTS. Assume that if multiple activated 
UEs select the same pilot, the HTS can identi-
fy the collision by utilizing the statistical channel 
state information (CSI) of received signals and a 
real domain codebook of pilots [3]. Note that the 
collided signals will obstruct the recovery of sin-
gle UEs, it is essential to estimate the total inter-
ference power of collided signals. Furthermore, 
the SP-NOMA scheme would lead to the ill-posed 

problem with the conventional least square chan-
nel estimation (CE) algorithm, because the matrix 
of pilot sequences is irreversible. Thus, we propose 
an iteration CE based on ridge regression (ICER) 
algorithm to calculate the optimal power allocation 
coefficients between pilot and data payload.

Decoding Methods: The decoding procedure 
of the SP-NOMA random access scheme is sum-
marized as follows. Assume that the system has A 
activated UEs; each activated UE randomly choos-
es a pilot and then superimposes on its data to 
perform access to HTS. By utilizing the statistical 
information of received signal power and the pilot 
codebook, the HTS identifies (A – a) collision UEs 
and estimates the total interference power. Then, 
the HTS optimizes the power allocation coefficient 
e between pilot and data via the ICER algorithm. 
Next, the received power of singleton UEs are sort-
ed in descending order as P1 ≥ P2 ≥ … Pa. Then, 
the HTS utilizes the successive interference can-
cellation (SIC) hard decoding method, or succes-
sive joint decoding (SJD) soft decoding method, 
to recover the single pilots, that is, the pilot is cho-
sen by only one UE. Finally, the HTS broadcasts 
the access status of activated UEs and the optimal 
power allocation coefficients.

The HTS can select the SIC decoding method 
with less complexity, or the SJD decoding meth-
od with superior decoding performance. The SJD 
decoder decodes all a single UEs’ signals conjointly. 
Let Rc denote the code rate of activated UE, if the 
signal to interference plus noise ratio (SINR) of all a 
single UEs are less than Rc or the decoding process 
of SJD fails, the HTS regards the weakest single UE 
(i.e., the a-th UE) as interference, and then com-
pares the SINR of residual a – 1 single UEs with Rc. 
This procedure repeats until the decoding process 
is successful or there are no more single UEs to 
be recovered. In contrast, in each step of SIC, the 
strongest signal with the largest received power P1 
is decoded by regarding the rest of the signals as 
interference. If the strongest single UE is decoded 
successfully, the decoded signal would be subtract-
ed from the total received signals. Then, the HTS 
decodes the second strongest signal with P2. The 
SIC decoding stops when a single UE fails to be 
decoded or all single UEs are decoded successfully. 

FIGURE 3. The system sum throughput performance of intelligent hybrid 
NOMA transmission schemes.
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Since the total interference power of collision UEs 
is important in the decoding performance of SIC 
and SJD, it is essential to derive the corresponding 
expression of total interference power in closed 
form. Then, we can further derive the theoretical 
performance of our SP-NOMA scheme.

For performance comparison, we employ the 
grant-free random access and SIC/SJD decoding 
methods in the RP-NOMA scheme. As shown in 
Fig. 4, we investigate the performance of the sys-
tem achievable throughput versus the normalized 
data packet length T and pilot length L = 1 under 
the RP-NOMA and SP-NOMA schemes with the 
SJD and SIC methods, respectively. The abscissa 
in Fig. 4 represents the ratio K of packet length T 
to pilot length L. We can observe that the system 
achievable throughput of SP-NOMA is about twice 
higher than that of RP-NOMA, when the data pay-
load is equal to the pilot sequence length (i.e., L 
= 2), and validates that the SP-NOMA scheme is 
suitable for short packet communications.

Hybrid Pilot NOMA Scheme: In short pack-
et communications, the transmission of pilot 
sequence and data payload in the RP-NOMA 
scheme is in an orthogonal manner, and it may 
result in rate loss. In comparison with the RP-NO-
MA scheme, the SP-NOMA scheme requires no 
additional time resource reserved for pilots, and 
thereby can achieve a higher spectral efficiency. 
However, the SP-NOMA scheme introduces the 
interference between pilot and data, which leads 
hard to get perfect CSI. Therefore, the CE algo-
rithm plays a key role in the SP-NOMA scheme. 
Furthermore, the power allocation between pilot 
and data is another important issue, which affects 
the estimation quality of the CE algorithm. More-
over, when the number of single UEs increases, 
the throughput performance of the SP-NOMA 
scheme degrades quickly, especially in the low 
SNR region. Therefore, a hybrid pilot NOMA 

(HP-NOMA) scheme as an optimal combina-
tion of the RP-NOMA and SP-NOMA schemes, 
could be proposed to further improve the OP 
and throughput, and the detailed derivation of 
optimal parameters for the HP-NOMA scheme is 
left in future work.

mspA rAndom Access protocol for A  
crowded scenArIo

Although grant-free random access can partially 
alleviate pilot collision in massive access, since 
the number of idle pilots decreases dramatically 
in a crowded scenario, the pilot contamination 
becomes the bottleneck in massive access. Note 
that the SURC and its improved versions have 
increased one access time slot to provide a sec-
ondary access opportunity for collision UEs [10, 
11], there is no significant performance improve-
ment on throughput and AFP in an overload case. 
Moreover, considering that the typical space com-
munications can be characterized by delay toler-
ant but reliability-critical, there exists an inherent 
trade-off between the minimum access time slots 
and achievable AFP under limited pilot sequenc-
es, which allows for guaranteeing the desired 
AFP of UEs at the price of slightly increasing the 
access time slots. Thus, we propose a MSPA ran-
dom access protocol, which can adjust an optimal 
number of access time slots in the overload case, 
where the activated UEs jointly transmit random-
ly chosen pilot sequences along with their data 
payload in multi-slot, which can satisfy the AFP 
requirement and raise the system throughput.

By introducing the graph representation for the 
MSPA random access protocol, the activated UEs 
are denoted as variable nodes, and the selected 
pilots in certain time slots are check nodes. Then, 
assume that the HTS utilizes SIC to resolve the 
received UEs and refer to the belief propagation 
(BP) decoding for an erasure code over a bipartite 
graph, we can derive the relationship to the AFP 
and system throughput under the number of activat-
ed UEs, pilots and access time slots in a finite length 
regime, which can be used to design a satisfying 
MSPA random access protocol. Thus, the jointly 
optimized MSPA random access protocol can sig-
nificantly improve both the AFP and system through-
put when extending the access time slots properly.

Grant-Free MSPA Random Access Protocol: 
An implementation of the MSPA random access 
protocol is introduced as follows. Initially, each acti-
vated UE will receive a control signal broadcasted 
by the HTS, allowing for estimating the average 
channel gain and synchronizing with HTS. Then, 
each activated UE randomly selects a pilot from a 
mutually orthogonal pilot set, and sends its data to 
the HTS in an appropriate way (SP or RP scheme). 
The HTS detects the power of received signals and 
utilizes the pilot codebook to determine whether 
a pilot is in collision, that is, the pilot is selected 
by more than one UE. Then, the HTS broadcasts 
the pre-coded random access response and rese-
lection pilots (i.e., the pilots that can be used for 
reselection transmission in the subsequent time 
slots) information over the downlink channel to 
all activated UEs, which enables each UE to iden-
tify whether the collision is generated at the first 
transmission round. The collision UEs are permitted 
to reselect a pilot from the reselection pilot set in 
each subsequent time slot for accessing, while the 

FIGURE 4. The corresponding achievable throughput versus different packet 
length under SP-NOMA and RP-NOMA when SJD and SIC methods are 
used, where Rc = 0.2. It can be seen from the simulation results that SJD 
achieves better achievable throughput performance than that of SIC at the 
cost of higher decoding complexity; The achievable throughput of SP-NO-
MA is higher than that of RP-NOMA scheme when L ≤ 5.
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single UEs no longer participate in the pilot rese-
lection phases. Maximum ratio combining is uti-
lized by the HTS to merge all packet copies which 
belong to the same UEs, and then recover the 
data from superposition signals. At the end of the 
access time window, by utilizing the information 
cached in previous steps, the HTS performs SIC or 
SJD to recover the accessed UEs, and broadcasts 
the decoding result to all accessed UEs.

Figure 5 illustrates the AFP of MSPA and other 
existing random access schemes versus the system 
load, denoted by g. As can be observed, increasing 
the number of access time slots, denoted by DN, 
can significantly decrease the AFP. Moreover, in a 
transmission frame, expanding the access time slot 
appropriately can resolve more UEs, and raise the 
system throughput. Moreover, the MSPA scheme 
outperforms the SUCR-GBPA and SUCR-IPA 
schemes because both the idle pilots and collision 
pilots are utilized by the collision UEs for accessing 
in the MSPA scheme [11]. Specifically, when DN 
= 3, the system throughput of the MSPA random 
access protocol reaches the peak for all considered 
values of system load g, and then decreases as 
DN > 3. This indicates that there exists an optimum 
solution for achieving the maximum throughput 
in mMTC, which can be obtained by deriving the 
expressions of these key parameters according to 
the QoS requirements.

Unequal Access Latency Protection MSPA Ran-
dom Access Protocol: Considering that the UEs 
may have diversity QoS requirements and coexist 
in a hybrid access scenario, to design and optimize 
the MSPA random access protocol with unequal 
access latency protection (UAL-MSPA) is important 
and should be further investigated in the massive 
access scenario of S-IoT. Inspired by the motiva-
tion, we propose two types of UAL-MSPA schemes 
in [13]. One is the independent UAL-MSPA (I 
UAL-MSPA) scheme, where the UEs are grouped 
by the access latency requirement, and different 
priority groups transmit in successive stages. The 
other is called the expand UAL-MSPA (E UAL-MS-
PA) scheme, in which the UEs with loose access 
latency and AFP requirements are scheduled to off-
load in the transmission stage of UEs with stringent 
access latency and AFP requirements.

In the I UAL-MSPA random access scheme, 
each UE group performs random access in differ-
ent duration to avoid pilot collision. Without loss 
of generality, we assume that there are two priority 
groups, L1 and L2, which contain K1 and K2 acti-
vated UEs, respectively. The access latency thresh-
old of L1 is less than that of L2, denoted by (t1 = 
DN1) < (t2 = DN1 + DN2). Specifically, in stage 1, L1 
performs the MSPA random access protocol with 
pilot set D11 = {x1, x2, …, xtp} allocated by the HTS, 
and L2 remains silent and is scheduled to transmit 
in stage 2. The HTS recovers the data by utilizing 
received pilots and data signals in the previous DN1 
time slots, and sends an ACK to the resolved UEs 
in L1. In stage 2, L1 is not allowed to access, and 
L2 performs the MSPA random access protocol 
with allocated pilot set D22 = {x1, x2, …, xtp}. At the 
end of stage 2, the HTS decodes data by utilizing 
the received pilots and data signals in the previous 
DN2 time slots, and sends an ACK to the resolved 
UEs in L2.

Based on the preliminary quantitative analysis 
for system throughput and access resource indica-

tors (i.e., the number of time slots, UEs and pilots, 
and so on), we find that under the constraints of 
given pilot set D = {x1, x2, …, xtp} and AFP, a maxi-
mum number of tolerable UEs, denoted by K*, can 
be estimated. This means that when K1 < K*, a part 
of L2 can be allowed to access in the first stage, 
which makes full use of the access resources of L1, 
and effectively reduces the AFP of L2. In stage 1 of 
the E UAL-MSPA scheme, the HTS allocates pilot 
sets bD = D11 = {x1, x2, …, xv} and (1 – bD = D12 = 
{xv+1, xv+2, …, xtp} for L1 and L2, respectively, where 
1 ≤ v ≤ tp and D11 ∪ D12 = D. At the end of stage 
1, the HTS sends an ACK to the resolved UEs in 
L1 and L2. In stage 2 of the E UAL-MSPA scheme, 
the HTS allocates the pilot set D22 = {x1, x2, …, xtp} 
for the unresolved UEs in L2, and decodes data by 
utilizing the received pilots and data information in 
the previous DN1 + DN2 time slots.

Figure 6 illustrates the sum throughput as a 
function of the number of UEs K, including the 
I UAL-MSPA, E UAL-MSPA schemes and other 
relevant schemes without UAL protection, 
where K = K1 + K2 and K1 = K2. In comparison 
with the SUCR-IPA and SUCR-GBPA schemes, the 
I UAL-MSPA and E UAL-MSPA schemes show sig-
nificant gains in sum throughput when K > 100, as 
the offloading design can alleviate the pilot colli-
sion of L2. This validates the potential of offloading 
transmission to improve the system throughput. 
Moreover, the sum throughput of the E UAL-MS-
PA scheme converges to that of the I UAL-MSPA 
scheme as a → 0 and b → 1, indicating that the 
E UAL-MSPA scheme has the flexibility to cope 
with a higher overload case. Finally, investigating 
the optimal parameters of the UAL MSPA random 
access scheme and the intermittent activations with 
more than two groups are important matters to be 
addressed in future work.

future dIrectIons for mAssIve Access In s-Iot
The timeliness of information is of paramount 
importance for the emerging massive access ser-
vices in the upcoming S-IoT network. To evaluate 
the timeliness of information, a metric named the 
age of information (AoI) is introduced to model 

FIGURE 5. The access failure probability and throughput of MSPA random 
access protocol versus the system load.
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the freshness of mMTC and MCC in S-IoT, which 
is defined as the difference between the current 
time and the time instant when the status update 
is generated. Moreover, short code design for 
short packet communications is an urgent need. 
In addition, consider the storage and power 
resources are constrained in HTS, how to design 
an age-optimal resource allocation policy to make 
full use of the multi-dimensional limited resources 
in the S-IoT network is well worth studying.

AoI modelIng And optImIzAtIon for  
relIAble trAnsmIssIon

Information freshness is a stringent requirement for 
the above mentioned timeliness services in S-IoT 
networks. Nevertheless, the S-IoT channel can be 
characterized by high bit error rate and long prop-
agation delay due to the huge communication dis-
tances, and frequent link disruptions caused by the 
dynamic topology. Thus, the bit-level forward error 
correction (FEC) approaching the Shannon limit 
still cannot guarantee the reliable transmission of 
data packets, and the erroneously decoded packet 
is treated as lost and needs retransmission. Howev-
er, the conventional reliable transmission protocol, 
such as hybrid automatic repeat request (HARQ), 
is inefficient in S-IoT, since the retransmission of 
lost packets would significantly increase the end-
to-end delay due to the long propagation delay 
as well as the AoI in S-IoT. The consultative com-
mittee for space data systems released the long 
erasure code (LEC) specification, where a pack-
et-level LEC is proposed at the link layer to help 
mitigate the packet loss by physical layer bit-level 
FEC. Thus, the receiver can utilize packet-level LEC 
to help recover the failure decoded bit-level FEC. 
Therefore, in order to enhance the freshness and 
lower the AoI for reliable transmission in S-IoT, it 
is worthwhile designing a joint age-optimal HARQ 
transmission scheme to enhance the timeliness and 
ensure reliability.

short code desIgn for mmtc And mcc
In the future S-IoT, the most common traffic in 
MCC and uplink mMTC applications are short 
packet communications, which only involve sev-

eral hundreds of bits. Although modern channel 
coding provides a practical approach to meet the 
Shannon limit with long block-length, the use of 
long codes for transmitting short packets will incur 
large overhead and result in long delays. There-
fore, achieving high efficient mMTC and MCC 
mandate the channel codes of short block-length. 
It has been shown that the existing high perfor-
mance finite block-length coding schemes can 
approach the Polyanskiy-Poor-Verdú meta-con-
verse bound under maximum likelihood decod-
ing (MLD) sense decoder [14]. On one hand, the 
code rates of all those schemes are fixed, and the 
transmitter needs to wait for CSI estimation and 
feedback to perform adaptive coding and mod-
ulation. If the receiver fails to decode the data 
block correctly, it will either drop the message 
or request another transmission. These feedback 
and retransmissions will significantly increase the 
end-to-end delay due to the non-trivial propaga-
tion delay in S-IoT networks. On the other hand, 
the MLD sense decoder is too complex for prac-
tical implementation and introduces significant 
processing latency. Decoding latency and feed-
back latency are directly related to the decoder 
complexity and code block-length, and the impact 
of decoder complexity, reliability, and latency 
should be jointly considered in practical opera-
tions. Therefore, to resolve these problems, we 
need to design powerful rateless channel codes 
to approach the short code performance limit, 
and develop near-optimal low complexity decod-
ing for short codes.

Furthermore, the S-IoT wireless channel can 
be characterized by high propagation loss and 
time-varying fading, therefore ultra-high reliability 
can only be achieved at very high SNR. For exam-
ple, to achieve BLER ≤ 10–9 for a short code with 
block-length of hundreds of bits, SNR ≥ 90 dB is 
required [15], which may be unrealistic in most 
power-constrained S-IoT devices. To address this 
issue, the short codes need to be augmented with 
some form of diversity techniques. With diversity 
orders 8 and 16, the required SNR is significant-
ly reduced to 18 dB and 9 dB, respectively [15]. 
Note that space, frequency and time diversity can 
be achieved by using multiple antennas, or multiple 
frequency subcarriers of independent fading or 
transmissions in different time slots, respectively. 
Thus, a joint coding and space/frequency/time 
diversity design is essential, such as code-domain 
NOMA, to achieve reliable transmission of time/
age-critical mMTC and MCC applications in S-IoT 
networks.

multI-dImensIonAl resource optImIzAtIon for  
mAssIve Access

The envisioned S-IoT network promises various 
time-critical and high throughput massive access 
scenarios. Since the average/peak power, stor-
age and link duration are limited for most nodes 
in S-IoT networks, an age-optimal multi-dimen-
sional resource allocation policy urgently needs 
to be addressed. Note that the Markov Decision 
Process (MDP) method in the AoI minimization 
problem encounters the problem of exponential-
ly exploding state space, and huge computation 
complexity brought by the increasing number of 
network variables, which is known as the curse 
of dimensionality. To prevent the MDP system 

FIGURE 6. The sum throughput of the I UAL-MSPA, E UAL-MSPA and other rel-
evant with no UAL protection designed random access schemes versus the 
number of activated UEs K, where DN1 = DN2 = 2, K = K1 + K2 and K1 = K2. 
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from stepping into the curse of dimensionality, 
the Lyapunov optimization framework is recog-
nized as the underlying tool to decouple the long-
term optimization problem over multi-slot into a 
set of single time slot deterministic optimization 
problems [4]. Therefore, we can derive an age-op-
timal resource allocation policy via the Lyapun-
ov optimization framework, subject to the long/
short-term power, network stability and minimum 
throughput constraints in S-IoT network.

conclusIon
In this article, we have highlighted the signifi-
cance of massive access communication as a key 
enabling technology for future S-IoT networks. 
However, there are still fundamental challenges 
ahead for the practical implementation of mas-
sive access in S-IoT, for example, when it comes 
to intelligent hybrid NOMA transmission, grant-
free SP-NOMA and MSPA random access proto-
cols, which are detailed. This provides researchers 
both in academia and industry with a promising 
research potential, and some future research 
directions for S-IoT are revealed, including AoI 
modeling and optimization, short code design for 
mMTC and MCC, and age-optimal multi-dimen-
sional resource allocation for the massive access.
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