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Abstract: This paper investigates the low earth or-
bit (LEO) satellite-enabled coded compressed sensing
(CCS) unsourced random access (URA) in orthogonal
frequency division multiple access (OFDMA) frame-
work, where a massive uniform planar array (UPA) is
equipped on the satellite. In LEO satellite communica-
tions, unavoidable timing and frequency offsets cause
phase shifts in the transmitted signals, substantially
diminishing the decoding performance of current ter-
restrial CCS URA receiver. To cope with this issue,
we expand the inner codebook with predefined tim-
ing and frequency offsets and formulate the inner de-
coding as a tractable compressed sensing (CS) prob-
lem. Additionally, we leverage the inherent sparsity
of the UPA-equipped LEO satellite angular domain
channels, thereby enabling the outer decoder to sup-
port more active devices. Furthermore, the outputs of
the outer decoder are used to reduce the search space
of the inner decoder, which cuts down the computa-
tional complexity and accelerates the convergence of
the inner decoding. Simulation results verify the ef-
fectiveness of the proposed scheme.
Keywords: LEO; OFDMA; satellite; unsourced ran-
dom access; UPA
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I. INTRODUCTION

The Internet of Things (IoT) plays a pivotal role in
5G, aiming to provide services for massive devices to
make the Internet more immersive and pervasive [1–
3]. However, current terrestrial networks, restricted
by geographical limitations and high costs, strug-
gle to serve remote areas like deserts, oceans, and
forests. Recognizing the wide coverage of low earth
orbit (LEO) satellites, the 3rd Generation Partnership
Project (3GPP) has initiated a study on supporting the
LEO satellite-enabled IoT networks with the 5G New
Radio (NR) to provide services in these remote ar-
eas [4]. In the wide coverage area of a single LEO
satellite, there may be a vast number of devices to
serve, with their data packets being sporadic and short
[5]. For such scenarios grant-based random access
schemes result in significant excessive overhead, net-
work congestion, and high transmission latency [6, 7].
To address this issue, there has been a surge in re-
searches dedicated to incorporate the LEO satellite-
enabled IoT networks with the grant-free random ac-
cess, in which devices transmit signals to LEO satel-
lites directly without a scheduling process [8–11].

Preceding researches mainly focus on integrating
the grant-free sourced random access (SRA) with the
LEO satellite-enabled IoT networks [8–11]. Each de-
vice in the SRA should be allocated a unique pilot for
the channel estimation (CE) and the active user dec-
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tection (AUD). As the number of devices in the LEO
satellite-enabled IoT network proliferates, however,
the SRA scheme becomes increasingly inefficient and
unfeasible due to the arduous task of allocating unique
pilots to each device. Alternatively, the grant-free un-
sourced random access (URA) is more competitive
[12]. In the URA scheme, all the devices share a com-
mon codebook, and the primary responsibility of the
receiver is to recover the transmitted messages with-
out necessarily identifying the specific devices. As it
is independent from the number of devices in the net-
work, the URA scheme, in theory, supports an unlim-
ited number of devices [13–16]. However, the original
URA encounters a challenge in that its codebook size
expands exponentially with the number of information
bits transmitted, resulting in high decoding complex-
ity [17]. To mitigate this computational burden, the
coded compressed sensing (CCS) URA is proposed to
divide device messages into shorter segments, consid-
erably reducing the codebook size [18–20]. In cur-
rent terrestrial IoT networks, CCS URA stands out for
its low implementation cost [21–25]. Considering the
power limitations of LEO satellites, investigating the
CCS URA is crucial for the LEO satellite-enabled IoT
networks [26].

In order to mitigate the implementation costs and
optimize the interaction procedure, it is essential for
the LEO satellite-enabled IoT networks to exploit the
technology commonalities with the current 5G NR,
where the orthogonal frequency division multiple ac-
cess (OFDMA) is adopted [3]. In this context, we
propose the LEO satellite-enabled CCS URA scheme
in the OFDMA framework, where a massive uniform
planar array (UPA) is equipped on the satellite for
improving the system spectral and energy efficiency
[27, 28]. In LEO satellite communications, long prop-
agation delay and large Doppler frequency offset, at-
tributable to the long transmission distance and the
high relative speed between the satellite and devices,
can be mitigated to an extent through the precompen-
sation at the device side [26]. However, for IoT de-
vices operating under stringent cost constraints, resid-
ual timing and frequency offsets after compensation
are inevitable [29, 30]. These residuals induce phase
shifts in signal transmissions, rendering conventional
terrestrial CCS URA receivers ineffective. We delve
into addressing this challenge, and our primary contri-
butions are summarized as follows:

• We propose the OFDMA-based CCS URA
scheme for the UPA-equipped LEO satellite-
enabled IoT networks.

• We expand the inner codebook with predefined
timing and frequency offsets, and then formulate
the inner decoding as a tractable compressed sens-
ing (CS) problem.

• By harnessing the intrinsic sparsity of the UPA-
equipped LEO satellite angular domain channels,
we design an outer decoder that leverages the dis-
criminating power of the angles to supprot more
active devices.

• Building on the proposed inner decoder and outer
decoder, a joint inner and outer decoder is pro-
posed to further enhance the system performance,
where the output of the outer decoder are em-
ployed to reduce the search space of the inner de-
coder, thereby reducing the computational com-
plexity and facilitating the convergence of the in-
ner decoding.

The rest of this paper is organized as follows: Sec-
tion II illustrates the system overview and the channel
model. The details of the proposed OFDMA-based
CCS URA is given in Section III. Section IV elabo-
rates the design of the receiver. Numerical simulation
results are presented in Section V. Finally, Section VI
concludes this paper.

II. SYSTEM MODEL

2.1 System Overview

In the considered scenario, a LEO satellite equipped
with a half-wavelength spaced M = MxMy UPA pro-
vides services to Ktot single-antenna devices. Within
a given time interval, Ka ≪ Ktot devices are ac-
tive and send messages to the LEO satellite. Tak-
ing into account the implementation cost, we pro-
pose the OFDMA-based CCS URA scheme for this
LEO satellite-enabled network, where all active de-
vices transmit on the shared OFDMA resource ele-
ments. Within the OFDMA resource elements grid, an
OFDM symbol encompasses NT subcarriers, in which
Nc adjacent subcarriers are available for active de-
vices. The transmission of each active device occupies
the same Nsym OFDM symbols, i.e., the total number
of available resource elements is NcNsym.
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Denote L as the set of messages transmitted by ac-
tive devices. The system performance is expressed in
terms of the PUPE

PUPE =
|L \ (L ∩ L̂)|

|L|
+

|L̂ \ (L ∩ L̂)|
|L̂|

, (1)

where L̂ denotes the estimation of L output by the re-
ceiver on LEO satellite.

2.2 Channel Model

In light of the considerable altitude of the LEO satel-
lite, it is reasonable to posit that the angles of arrival
(AoA) of all propagation paths emanating from the
same device are congruent. Following this, the chan-
nel hk ∈ CM×1 of device-k can be written as [27]

hk = βku
x
k ⊗ uy

k, (2)

where ⊗ represents the Kronecker product, βk repre-
sents the channel gain exhibiting the Rician fading dis-
tribution with the Rician factor κ, i.e.,

ℜ[βk] ∼ N (βk,

√
κ

2(κ+ 1)
,

1

2(κ+ 1)
),

ℑ[βk] ∼ N (βk,

√
κ

2(κ+ 1)
,

1

2(κ+ 1)
), (3)

the steering vector ud
k ∈ CMd×1, d = x, y, is

given by ud
k = [1, e−jπϕd

k , ..., e−j(Md−1)πϕd
k ]T , ϕx

k =

sin θyk cos θ
x
k , ϕy

k = cos θyk , θxk and θyk are the physical
angles shown in Figure 1. We adopt the block fading
channel model, i.e., the channel hk,∀k remain static
over all of the NcNsym available resource elements.

III. OFDMA-BASED CCS URA

Following the works in [13], we propose the OFDMA-
based CCS URA scheme shown in Figure 2, which
includes the outer encoding, the inner encoding, the
OFDMA mapping, the inner decoding, and the outer
decoding processes. The outer encoder partitions orig-
inal messages into numerous segments, each of which
is appended with parity check bits. Subsequently, in
the inner encoding process, the outer codewords are
mapped to codewords in a common inner codebook,
which will be further mapped to different OFDMA

resouce elements to be transmitted. Upon successful
transmission, the inner decoder identifies the transmit-
ted segmented messages, and then the outer decoder
stitches these segmented messages to recover the ori-
gianl messages.
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Figure 1. The LEO satellite-enabled CCS URA system.

3.1 Outer Encoding

Let wk ∈ {0, 1}B×1 denote the original message
of device-k. In the outer encoding process, wk is
divided into L segments, i.e., wk,1,wk,2, ...,wk,L,
where wk,l ∈ {0, 1}Bl×1 and

∑L
l=1Bl = B. The

parity check bits pk,l ∈ {0, 1}Pl×1 is generated by

pk,l =

l−1∑
i=1

Gl,iwk,i, (4)

where Gl,i ∈ {0, 1}Pl×Bj is the generation matrix
whose elements follow the Bernoulli distribution with
the parameter 1

2 independently, and pk,l is computed
using modulo-2 arithmetic which makes pk,l remain
binary. Subsequently, pk,l is appended to wk,l to form
the fixed-length outer codeword vk,l ∈ {0, 1}J×1,
where J = Bl + Pl, i.e.,

vk,l = [wT
k,l,p

T
k,l]

T . (5)

3.2 Inner Encoding

The inner encoder maps the outer codeword vk,l to
the inner codeword employing the inner codebook
A ∈ CR×2J , where A is a Gaussian random matrix
with entries following CN (0, 1

R) and R = NcNsym

L
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Figure 2. The block diagram of the OFDMA-based CCS URA.

[13]. More precisely, the inner codeword ck,l ∈ CR×1

of device-k in segment-l is given by

ck,l = Amk,l, (6)

where mk,l ∈ {0, 1}2J×1 denotes the inner codeword
indicator vector with only its ((vk,l)b→d + 1)-th entry
being one, and (·)b→d denotes the binary to decimal
conversion.

3.3 OFDMA Mapping and Signal Transmis-
sion

In the OFDMA mapping process, the inner codewords
are mapped to the OFDMA resource elements for be-
ing transmitted to the LEO satellite. As illustrated in
Figure 3, the inner codeword ck,l is uniformly devided
into Ns = R

Nc
fragments, i.e., ck,l,1, ck,l,2, ..., ck,l,Ns ,

and then ck,l,t ∈ CNc×1 is transmitted over the ((l −
1)Ns + t)-th OFDM symbol.

Frequency 
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Time 
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Segment-

Segment-

Segment-

1

l
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Figure 3. The OFDMA resource elements grid.

In LEO satellite communications, long propagation
delay and large Doppler frequency offset can be ame-
liorated to a certain degree via the pre-compensation

mechanism implemented on the device side. How-
ever, for cost-constrained IoT devices, residual tim-
ing and frequency offsets persist following the com-
pensation process. Let τk ∈ {0, 1, ..., τmax} and
ϵk ∈ [−ϵmax, ϵmax] denote the inevitable residual tim-
ing and frequency offset coefficients of device-k, re-
spectively. The frequency domain received signals of
the l-th segment (specifically, the signals received over
the ((l − 1)Ns + 1)-th to the lNs-th OFDM symbols)
Yl ∈ CR×M can be written as [3]

Yl =
∑
k∈Ka

Dk,lck,lh
T
k + Zl, (7)

where Ka with the cardinality |Ka| = Ka represents
the active devices set, Zl ∈ CR×M represents the
noise matrix with its entries independently following
CN (0, σ2

z ), Dk,l ∈ CR×R represents the phase shift
matrix associated with ck,l, which is given by

Dk,l = blkdiag(Dk,l,1,Dk,l,2, ...,Dk,l,Ns), (8)

the phase shift matrix Dk,l,t ∈ CNc×Nc associated
with ck,l,t is given by

Dk,l,t = WNcΛk,l,tQkW
H
Nc
, (9)

WNc ∈ CNc×NT represents the submatrix composed
of Nc row vectors extracted from the NT-point dis-
crete Fourier transform (DFT) matrix indexed by the
available subcarriers, Λk,l,t ∈ CNT×NT is given by

Λk,l,t = e
j2πϵk(Ncp+((l−1)Ns+t−1)(Ncp+NT))

NT

× diag(1, e
j2πϵk
NT , ..., e

j2πϵk(NT−1)

NT ),

Ncp represents the length of the cyclic prefix, and
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Qk ∈ {0, 1}NT×NT represents the τk left cyclic shift
matrix.

IV. RECEIVER DESIGN

4.1 Inner Decoding

To overcome the path loss challenge in LEO satel-
lite communications, the receiving beamforming tech-
nique is often adopted. Given the innate directivity of
the UPA-equipped LEO satellite channels, we employ
the beamforming method rooted in the extensively
utilized DFT beamforming codebook [27]. Denote
F = Fx ⊗ Fy as the beamforming codebook, where
Fd ∈ CMd×Md , d = x, y, represents the Md-point
DFT matrix. Subsequent to the receiving beamform-
ing process, the angular-frequency domain received
signals Ỹl[:, s] ∈ CR×1 of angle-s in segment-l can
be written as

Ỹl[:, s] = YlF[:, s]
∗

=
∑

k∈Ka,s

Dk,lck,lbk[s] + Z̃l[:, s]

=
∑

k∈Ka,s

Dk,lAmk,lbk[s] + Z̃l[:, s], (10)

where Z̃l = ZlF
∗ ∈ CR×M , bk = FHhk ∈

CM×1 represents the sparse angular domain chan-
nel of device-k, and Ka,s = {k|bk[s] ̸= 0} with
Ka,1 ∪ Ka,2 ∪ · · · ∪ Ka,M = Ka represents the active
devices set corresponding to angle-s.

The role of the inner decoder is to recover the set
of the transmitted outer codewords Ll = Ll,1 ∪ Ll,2 ∪
· · ·∪Ll,M , where Ll,s = {vk,l|k ∈ Ka,s}. For conven-
tional terrestrial IoT networks, where the phase shift
matrix Dk,l can be represented as an identity matrix,
the estimation of Ll,s can be obtained employing the
direct CS method based on (10) [13]. However, for
the LEO satellite-enabled IoT networks, the presence
of the unknown Dk,l makes the direct CS method in-
applicable. To circumvent this obstacle, we expand the
inner codebook A = [a1,a2, ...,a2J ] with predefined
timing and frequency offsets, and then formulate the
inner decoding as a tractable CS problem.

To build the inner decoding model, we postulate
that the timing and frequency offsets for the active de-
vices are uniformly distributed within the discrete sets

T = {η1, η2, ..., η|T |} and E = {ν1, ν2, ..., ν|E|}, re-
spectively. It should be highlighted that this assump-
tion is employed primarily to facilitate building the
inner decoding model, rather than representing an in-
herent property of the timing and frequency offsets.
With a little bit of notations abusing, denote El,i,j as
the phase shift matrix, where the timing and frequency
offsets are ηi and νj , respectively. In essence, El,i,j is
obtained by replacing τk and ϵk in Dk,l with ηi and νj ,
repectively. We expand A to

Ae
l = [Ae

l,1,A
e
l,2, ...,A

e
l,2J ] (11)

for the l-th segment, where Ae
l,b ∈ CR×|T ||E| is given

by

Ae
l,b = [El,1,1,El,1,2, ...,El,|T |,|E|]ab. (12)

As a result, the signal transmission model (10) can be
rewritten as

Ỹl[:, s] =
∑

k∈Ka,s

Dk,lAok,lbk[s] + Z̃l[:, s]

=
∑

k∈Ka,s

Ae
l (ok,l ⊗ ek,l)bk[s] + Z̃l[:, s]

= Ae
lgl,s + Z̃l[:, s], (13)

where the timing and frequency offsets indicator vec-
tor ek ∈ {0, 1}|T ||E|×1 has only one non-zero entry
whose index indicates the timing and frequency offsets
of device-k, and gl,s =

∑
k∈Ka,s

(mk,l ⊗ ek,l)bk[s] ∈
C2J |T ||E|×1 is a sparse vector.

Denote gl,s = [gT
l,s,1,g

T
l,s,2, ...,g

T
l,s,2J ]

T with gl,s,b ∈
C|T ||E|×1. It is important to note that, in our model,
”gl,s,b ̸= 0” implies that there exists at least one de-
vice from the set Ka,s transmitting ab in segment-l.
Therefore, the inner decoding is equivalent to the es-
timation of gl,s based on (13), which is a traditional
CS problem. We resort to the AMP algorithm in [31]
to obtain the log-likelihood ratio rl,s ∈ C2J×1 with its
entry being

rl,s[b] = ln
p(gl,s,b ̸= 0|Ỹl[:, s])

p(gl,s,b = 0|Ỹl[:, s])
. (14)

Then, the inner decoding results of angle-s in
segment-l (i.e., the estimation L̂l,s of Ll,s), is given
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by

L̂l,s = {(b− 1)d→b| rl,s[b] > 0} , (15)

where (·)d→b represents the decimal to binary conver-
sion.

4.2 Outer Decoding

The outer decoder should stitch the candidate outer
codewords from the inner decoders across different
segments together for reconstructing the original mes-
sages. The traditional tree outer decoder in the CCS
URA [13] achieves this task relying solely on the dis-
criminating power of the parity check bits. Neverthe-
less, such mechanism will end up with incorrect de-
coding results when the number of active devices Ka

exceeds the discriminating power of the parity check
bits. The sparsity of the UPA-equipped LEO satel-
lite angular domain channels indicates that the dis-
criminating power of the angles can be employed as
an additional tool to stitch the candidate outer code-
words. With the discriminating power of the angles,
wrong decoding results will only occur when the ac-
tive devices number |Ka,s| < Ka of angle-s rather
than Ka surpasses the discriminating power of the
parity check bits. In light of this, we perform the
tree outer decoding in the angular domain. Based
on L̂1,s, L̂2,s, ..., L̂L,s, the tree outer decoding is per-
formed for getting the outer decoding results L̂s of
angle-s (i.e., the estimation of Ls = {wk|k ∈ Ka,s}).
Then, the outer decoding result L̂ (i.e., the estima-
tion of L = {wk|k ∈ Ka}) is obtained by aggregat-
ing the results corresponding to all angles i.e., L̂ =

L̂1 ∪ L̂2 ∪ · · · ∪ L̂M .
Specifically, for any angle s: Each outer codewords

in L̂1,s is chosen as a root node. For each root node
from L̂1,s, there are |L̂2,s| candidate outer codewords
to be stitched in segment-2, thus forming |L̂1,s||L̂2,s|
paths. Then, the valid paths fulfilling (4) are retained.
Denote the set of the valid paths in segment-2 as P̂2,s.
Accodingly, there exist |P̂2,s||L̂3,s| paths in segment-
3. Once more, reserve the valid paths matching (4) to
get the set of the valid paths in segment-3, denoted as
P̂3,s. This segment-by-segment progression continues
up until segment-L. Then, L̂s is obtained by extracting
the message parts of the valid paths set P̂L,s.

We summarize the proposed decoding algorithms in
Section 4.1 and Section 4.2 as Algorithm 1.

Algorithm 1. Proposed decoding.
Input: Yl, T , E .

1: for s = 1, ...,M do
2: for l = 1, ..., L do
3: Expand A to Ae

l .
4: Apply the AMP to (13) to acquire L̂1,s (Inner

Decoding).
5: Compute P̂l,s with the tree outer decoder

(Outer Decoding).
6: end for
7: Extract the message parts of P̂L,s to get L̂s.
8: end for

Output: L̂ = L̂1 ∪ L̂2 ∪ · · · ∪ L̂M .

4.3 Joint Inner and Outer Decoding

To further improve the decoding performance and re-
duce the decoding complexity, we propose the joint
inner and outer decoder on the basis of the decoding
process proposed in section 4.1 and section 4.2. Based
on Ỹl[:, s], the joint inner and outer decoder outputs
the estimation L̂s, and then L̂ is get by combining the
results of all angles, i.e., L̂ = L̂1 ∪ L̂2 ∪ · · · ∪ L̂M .
As depicted in Figure 4, the operation of the inner and
outer decoders is orchestrated in an alternating man-
ner. The output of the outer decoder are utilized to
reduce the search space of the inner decoder, thus re-
ducing the computational complexity and facilitating
the convergence of the inner decoding. For the sake of
argument, we will detail the decoding procedure spe-
cific to angle-s in segment-(l + 1) in the remainder of
this section.

Denote the n-th valid path in the valid paths set P̂l,s

of angle-s in segment-l as

P̂l,s,n = {vl,s,n,i|i = 1, ..., l}, (16)

where vl,s,n,i ∈ {0, 1}J×1 represents the i-th outer
codeword from the inner decoding of segment-i as-
sociated with the valid path P̂l,s,n. According to
the parity check equation (4), the check components
for the transmitted outer codewords of angle-s in
segment-(l + 1), which can be stitched to the valid
path P̂l,s,n, are confined within the check pattern:∑l

i=1Gl,ivl,s,n,i[1 : Bi]. Consequently, any transmit-
ted inner codeword ab of angle-s in segment-(l + 1)
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Figure 4. Schematic of the joint inner and outer decoder of angle-s. The circles denote the outer codewords, and the lines
composed of solid circles are the valid paths.

must adhere to the condition:

ṽb[(Bl+1 + 1) : J ] ∈{
l∑

i=1

Gl,ivl,s,n,i[1 : Bi]

∣∣∣∣∣n = 1, ..., |P̂l,s|

}
, (17)

where ṽb = (b− 1)d→b.
In segment-(l + 1), we prune the inner codebook

A to Al+1,s ∈ CR×Kl+1,s by only reserve the inner
codewords that comply with (17), where the dimen-
sion Kl+1,s ≤ 2J . Following this pruning operation,
we expand Al+1,s to Ae

l+1,s ∈ CR×Kl+1,s|T ||E| with
the predefined timing and frequency offsets to acquire
the inner decoding result L̂l+1,s of angle-s in segment-
(l + 1) (See section 4.1.), and then the valid paths set
P̂l+1,s of angle-s in segment-(l + 1) is obtained with
the tree outer decoder (See section 4.2.). It is pertinent
to note that the search space in segment-(l+1)’s inner
decoding of angle-s has been reduced form 2J |T ||E|
to Kl+1,s|T ||E|.
Remark 1. Given the sparsity of UPA-equipped LEO
satellite channels in the angular domain, |Pl,s| is sig-
nificantly less than |Pl,1 ∪ Pl,1 ∪ · · · ∪ Pl,M |. The
result suggests that angle distinctiveness aids in fur-
ther pruning the inner codebook, thereby reducing the
computational complexity and facilitating the conver-
gence of the inner decoding.

The proposed joint inner and outer decoding algo-
rithm is summarized in Algorithm 2.

V. SIMULATION RESULTS

In this section, we provide numerical simulations to
evaluate the performance of the proposed OFDMA-

Algorithm 2. Joint inner and outer decoding.
Input: Yl, T , E .

1: for s = 1, ...,M do
2: Apply the AMP to (13) to acquire P̂1,s (Inner

decoding in the first segment).
3: for l = 2, ..., L do
4: Prune A to Al,s according to P̂l−1,s.
5: Expand Al,s to Ae

l,s.
6: Apply the AMP to (13) to acquire L̂l,s (Inner

Decoding).
7: Compute P̂l,s with the tree outer decoder

(Outer Decoding).
8: end for
9: Extract the message parts of P̂L,s to get L̂s.

10: end for
Output: L̂ = L̂1 ∪ L̂2 ∪ · · · ∪ L̂M .

based CCS URA scheme in the LEO satellite IoT net-
work. The energy per bit to noise power spectral den-
sity ratio is given by

Eb

N0
=

L

Bσ2
z

. (18)

The OFDMA-based CCS URA is configured as fol-
lows: The length of original message is B = 24, the
number of segment is L = 7, the length of the outer
codeword is J = 9, the lengths of the parity check bits
are [P1, P2, P3, P4, P5, P6, P7] = [0, 5, 5, 5, 6, 9, 9],
the number of the total subcarriers is NT = 2048, the
length of the cyclic prefix is Ncp = 144, the number of
the available subcarriers is Nc = 72, the available sub-
carriers indices are 1001, ..., 1072, and the number of
OFDM symbols for transmission is Nsym = 14. Be-
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sides, the channel Rician factor is set as κ = 10dB, the
physical angle ϕx

k,∀k and ϕy
k,∀k are uniformly dis-

tributed in (−1, 1] [27], devices’ timing offsets τk,∀k
and frequency offsets ϵk,∀k distribute uniformly in
{0, 1, ..., τmax} and [−ϵmax, ϵmax], where τmax = 20

and ϵmax = 0.2 [32]. In the proposed receiver, we set
T = {0, 5, ..., 20} and E = {−0.2,−0.1, ..., 0.2}.

We compare the following decoding schemes, with
their respective computational complexities delineated
in Table 1.

Table 1. Computational complexity of different decoding
schemes.

Algorithm Computation Complexity

PD O(R|T ||E|M2JL)

JD O(R|T ||E|
∑L

l=1

∑M
s=1 Kl,s)

DOT O(R|T ||E|M2JL)

DOCT O(RM2JL)

1. Proposed decoding algorithm in section 4.1 and
section 4.2 (PD).

2. Joint inner and outer decoding algorithm in sec-
tion 4.3 (JD).

3. Decoding with original tree outer decoder (DOT):
This method aligns closely with the PD, with the
key distinction that the outer decoding in DOT
exclusively utilizes the distinguishing capacity of
the parity check bits (In essence, it inputs L̂l, l =

1, ..., L, to the tree outer decoder to directly get
L̂.).

4. Decoding with original inner codebook and origi-
nal tree outer decoder (DOCT): The DOCT is the
conventional terrestrial CCS URA decoder [13].
It parallels the DOT, but the inner decoding in
DOCT employs the original inner codebook A,
as opposed to the expanded inner codebook Ae

l .

In Figure 5, we assess the PUPE performance for
various algorithms under the assumption of zero tim-
ing and frequency offsets. The result validates the ef-
fectiveness of the baseline DOCT approach. Addition-
ally, in the absence of the timing and frequency off-
sets, the performance of DOCT is equivalent to that of
DOT. Figures 6 through 8 illustrate the performance of
the proposed OFDMA-based CCS URA under condi-
tions involving timing and frequency offsets. In Figure
6, the decoding performance of several algorithms is
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Figure 5. The PUPE of different decoding schemes versus
Eb
N0

, where Ka = 50 and Mx = My = 4.
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Figure 6. The PUPE of different decoding schemes versus
the number of active devices Ka, where Eb

N0
= 5dB and

Mx = My = 4.

investigated against the variation in the number of ac-
tive devices. We can observe that the DOCT is almost
ineffectual. All the algorithms manifest degradation in
performance with the increase of the number of active
devices. Comparing the DOT and the DOCT, it can
be inferred that the expanded inner codebook signif-
icantly mitigates the effects of timing and frequency
offsets. Moreover, the distinguishing capacity of the
angles enables the PD to outperform the DOT. Due to
the reduced search space which expedites the conver-
gence of the inner decoding, the JD with lower com-
putational complexity, demonstrates superior perfor-
mance compared to the PD. Figure 7 shows the perfor-
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Figure 7. The PUPE of different decoding schemes ver-
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Figure 8. The PUPE of different decoding schemes versus
Eb
N0

, where Ka = 50 and Mx = My = 4.

mance of different algorithms with respect to the num-
ber of antennas. As the number of antennas escalates,
the distinguishing power of the angles is progressively
augmented. This results in a widening performance
gap between the DOT and the proposed algorithms PD
and JD. Figure 8 illustrates the decoding performance
of several algorithms against the Eb

N0
. The proposed al-

gorithms PD and JD outstrip the baseline algorithms
across an extensive Eb

N0
range. Furthermore, consistent

with previous observations, the proposed JD algorithm
achieves the optimal performance.

VI. CONCLUSION

In this paper, we combined the CCS URA and the
LEO satellite communication in the framework of the
OFDMA to serve massive devices in remote areas.
With the presence of the inevitable timing and fre-
quency offsets, we formulated the inner decoding of
the CCS URA as a soveable CS problem, and pro-
posed the angular domain outer decoding algorithm.
Then, the joint inner and outer decoding algorithm was
proposed to reduce the computational complexity and
further improve the system performance. Simulations
revealed the effectiveness of the proposed scheme.
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