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Abstract: This paper considers the frame-
asynchronous grant-free rateless multiple access (FA-
GF-RMA) scenario, where users can initiate access
at any symbol time, using shared channel resources
to transmit data to the base station. Rateless cod-
ing is introduced to enhance the reliability of the
system. Previous literature has shown that FA-GF-
RMA can achieve lower access delay than frame-
synchronous grant-free rateless multiple access (FS-
GF-RMA), with extreme reliability enabled by rateless
coding. To support FA-GF-RMA in more practical
scenarios, a joint activity and data detection (JADD)
scheme is proposed. Exploiting the feature of spo-
radic traffic, approximate message passing (AMP) is
exploited for transmission signal matrix estimation.
Then, to determine the packet start points, a max-
imum posterior probability (MAP) estimation prob-
lem is solved based on the recovered transmitted sig-
nals, leveraging the intrinsic power pattern in the code-
word. An iterative power-pattern-aided AMP algo-
rithm is devised to enhance the estimation perfor-
mance of AMP. Simulation results verify that the pro-
posed solution achieves a delay performance that is
comparable to the performance limit of FA-GF-RMA.
Keywords: asynchronous grant-free; JADD; rateless
codes
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I. INTRODUCTION

1.1 Backgrounds and Motivations

The proliferation of connected devices in the Internet
of Things (IoT) [1] has given rise to numerous emerg-
ing applications of massive Machine Type Commu-
nications (mMTC) [2]. In the era of the Internet of
Things, wireless networks will provide differentiated
services [3], including wide coverage, large-scale con-
nectivity, high reliability, low latency, and high data
rates for a vast number of devices. In the context of
mMTC, data traffic exhibits characteristics such as a
high proportion of uplink data, and bursty short pack-
ets [4]. These features drive the need for an efficient
random access scheme to address various service re-
quirements, including large-scale access, low power
usage, and Ultra-Reliable and Low-Latency Commu-
nications (URLLC) [5].

Conventional grant-based access procedure,
adopted in Long Term Evolution-Advanced (LTE-A)
[6] and the fifth-Generation New Radio (5G NR) [7],
requires a four-step handshaking protocol, through
which orthogonal radio resources are allocated to
different users for uplink transmission. However, such
protocol is inefficient in mMTC scenario, since the
payload size may be much smaller than the signaling
overhead. Moreover, it is hard to support massive
device connectivity due to the frequent preamble
collision [8].

To support URLLC and mMTC, grant-free access
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has been proposed and extensively discussed in both
industry and academia. In this approach, the tradi-
tional grant request before uplink transmission is omit-
ted to reduce control signaling overhead and access la-
tency [9].

However, due to the lack of scheduling coordina-
tion, grant-free access may encounter serious collision
problems where multiple users simultaneously use the
same channel resources. To solve this problem, ad-
vanced receivers in Non-Orthogonal Multiple Access
(NOMA) can recover multiple user data streams from
interfered signals [10, 11]. In the context of NOMA,
grant-free access faces a variable number of interfer-
ing users, leading to more dynamic channel condi-
tions [12]. To enhance reliability, conventional link
adaptation methods select a fixed-rate code based on
channel state information (CSI), involving feedback
that results in additional waiting delays [13]. In con-
trast, rateless coding offers an efficient, flexible al-
ternative, which dynamically sets the code rate dur-
ing transmission, adapting to CSI changes on the fly
[14]. Rateless coding involves the continuous gen-
eration of encoded symbols by the sender, without
waiting for feedback. The receiver decodes the mes-
sage successfully once it collects a sufficiently long
codeword [15]. Common rateless codes for additive
white Gaussian noise (AWGN) channels include Ana-
log Fountain Codes (AFC) [16] and Spinal codes [17].
Notably, recent research on short packet AFC [18–20]
has unveiled AFC’s potential to achieve latencies com-
parable to the Polyanskiy-Poor and Verdu (PPV) nor-
mal approximation bound [21], indicating AFC as a
promising solution for URLLC. In this paper, we term
grant-free access with rateless codes as grant-free rate-
less multiple access (GF-RMA).

Existing research on grant-free access typically
assumes frame-synchronous transmission, restricting
users to start access only at the beginning of a trans-
mission period or frame, leading to potential waiting
delays. In frame-synchronous grant-free rateless mul-
tiple access (FS-GF-RMA), without strict delay con-
straints but zero tolerance for packet loss, the transmis-
sion period continues until all active users are success-
fully decoded. If there is a high number of active users
or a user experiences poor channel conditions, the
transmission period could extend significantly. Con-
sequently, a substantial group of users with new pack-
ets may initiate their access in unison in the following

transmission period, potentially further lengthening it.
As demonstrated in [22], an unstable condition arises
in the FS-GF-RMA system when the packet arrival
rate is excessively high. In such cases, the average
number of active users during the transmission period
surpasses that of the previous period, and the average
transmission delay increases over time to infinity.

To address this, frame-asynchronous grant-free rate-
less multiple access (FA-GF-RMA) is proposed in
[23], which allows users to initiate access at any time,
thus eliminating waiting delays. The authors in [24]
show that FA-GF-RMA is stable and achieves sig-
nificantly lower delays than FS-GF-RMA, especially
in low signal-to-noise ratio (SNR) or high packet ar-
rival rate scenarios, indicating that FA-GF-RMA is a
promising approach for achieving URLLC in power-
constrained or high-traffic-load conditions.

However, the delay comparison in [24] is conducted
under ideal conditions including perfect knowledge
of activity and channel state, as well as capacity-
achieving codes. Whether the delay advantages of FA-
GF-RMA persist in more practical conditions needs to
be verified. Furthermore, to fulfill the advantages of
FA-GF-RMA, it is necessary to address the potential
challenges in its practical implementation, including
activity detection, transmission starting point estima-
tion, channel estimation, and demodulation.

1.2 Related Works

In scenarios with low mobility, such as indoor environ-
ments or monitoring with fixed sensors, the channel
coherence time greatly exceeds the data transmission
time. In such cases, it is feasible to assume that the
receiver has prior knowledge of CSI for each poten-
tial device, which can be obtained through an initial
channel estimation process. The receiver’s task is to
perform joint activity and data detection (JADD) over
an extended coherent period. In this work, we consider
the case of perfect CSI at the receiver.

Due to the sporadic feature of traffic in mMTC,
JADD is often cast as a sparse signal recovery prob-
lem, which can be efficiently solved by compressive
sensing (CS) techniques. A great number of works
have studied CS-based JADD for synchronous grant-
free access.

In [25], the temporal correlation of the active user
sets between adjacent time slots is exploited to realize
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JADD in several continuous time slots through the Or-
thogonal Matching Pursuit (OMP) algorithm. While
in [26], a parameter evaluating the quality of the previ-
ous active user set is introduced, which is used as prior
information to aid the subspace pursuit (SP) algorithm
for solving JADD. The greedy-based algorithms fail
to utilize the prior distribution of the transmitted sig-
nals, and the matrix inversions incorporated in them
cause high computational complexity when the sys-
tem scale is large. Recently, the CS techniques un-
der the framework of Bayesian inference, such as Ap-
proximate Message Passing (AMP) [27], Orthogonal
Approximate Message Passing (OAMP) [28], Expec-
tation propagation (EP) [29] and so on, have gained
great attention in JADD due to their flexibility and ac-
curacy. In [30], an AMP-based detection scheme is
proposed with the hyper-parameters of device activity
learned through the Expectation Maximization (EM)
algorithm. The authors in [31] develop an OAMP-
based algorithm to solve the multiple measurement
vectors (MMV) problem, which devises a structure-
learning module to leverage the structured sparsity of
uplink signals among multiple time slots.

Some research works have explored frame-
synchronous access without uplink synchronization.
Assuming that timing offsets are integer multiples
of the symbol interval, [32] proposes a model-driven
deep learning approach, which is termed Learned
Approximate Message Passing Algorithm (LAMP)
to address issues concerning activity detection, time
offset estimation, and channel estimation. The authors
in [33] consider scenarios with continuous-valued
timing offsets where inter-symbol-interference exists.
By assuming the knowledge of the delay profile at
the receiver, they devise a sparse Bayesian learning
algorithm based on the message-passing frame-
work for activity detection and channel estimation,
which allows the receiver to harness timing offsets
among users for improved multi-user interference
suppression.

It’s worth noting that in frame-synchronous access
without uplink synchronization, the starting points of
user data packets are also misaligned but within the
maximum propagation delay of the cell. While in
the frame-asynchronous grant-free access considered
in this paper, users can initiate access at any time, and
the deviations between the starting points of user data
packets may be comparable to the packet length.

Some researchers have investigated the blind de-
tection problem of frame-asynchronous grant-free ac-
cess. In [34], the sliding-window detection framework
is employed, and by exploiting the sparsity structure
embedded in the signal matrix in an observation win-
dow, a blind detection algorithm termed turbo bilin-
ear generalized approximate message passing (Turbo-
BiG-AMP) is proposed to recover the channel, the
transmission start points of active users, and the user
data in a single phase. In [35], the Turbo-BiG-AMP
algorithm is further extended to asynchronous grant-
free access without uplink synchronization. However,
both studies assume the receiver knows the number of
active users in an observation window, which might
limit their applicability in grant-free access scenarios
where the number is often unknown in advance.

The above-mentioned works all address receiver de-
sign issues for grant-free access with a fixed data
rate. As for frame-asynchronous grant-free access
with rateless codes, the authors in [36] have devised a
novel joint user activity detection and channel estima-
tion scheme. However, the delay performance of FA-
GF-RMA with practical rateless codes is not demon-
strated in [36]. In this paper, we focus on the joint de-
tection of user activities and data with the knowledge
of CSI at the receiver and evaluate the delay perfor-
mances of FA-GF-RMA employing AFC.

1.3 Our Contribution

This paper investigates the JADD problem for FA-GF-
RMA. To the best of our knowledge, this is the first
attempt to address the JADD problem in the FA-GF-
RMA system. To this end, we utilized the AMP-based
JADD algorithm to recover the active user set and
their transmitted signals, and then estimate the trans-
mission start points by exploiting the intrinsic power
mode. The proposed JADD solution can be used in
FA-GF-RMA with any specific rateless code. Partic-
ularly, we use AFC as an example to verify the delay
performances of the proposed JADD solution.

The rest of the paper is organized as follows. Sec-
tion II describes the system model of FA-GF-RMA
and briefly introduces the AFC. Section III formulates
the JADD problem in FA-GF-RMA. In Section IV, we
present the proposed solution. Simulation results are
given in Section V to demonstrate the effectiveness
of the proposed algorithm. Finally, conclusions are

36 © China Communications Magazine Co., Ltd. · January 2024



drawn in Section VI.
Notations: We use bold upper and lower case let-

ters for matrices and column vectors, respectively. For
a matrix S, we use si,j , sj ,Sk,: and Sk,a:b to denote
the entry in the i-th row and the j-th column, the j-th
column, the k-th row and the row vector composed
of its a-th to b-th elements in the k-th row, respec-
tively. IM denotes the identity matrix of size M ×M .
CN (x;µ,Γ) denotes the complex Gaussian distribu-
tion of a random vector x with mean µ and covariance
matrix Γ. R+ and C represent the positive real number
and complex number set, respectively.

II. SYSTEM MODEL

We consider a typical scenario of uplink grant-free ac-
cess. A base station equipped with G antennas serves
K Internet of Things (IoT) devices. Assume that all
users have achieved uplink synchronization with the
base station. Each user generates a fixed-size data
packet stream according to a Poisson process with an
arrival rate of λ packets per symbol. In FA-GF-RMA,
users are allowed to initiate data packet transmission
at the beginning of any symbol interval.

When a user’s data packet arrives, it is first en-
coded via AFC to generate a potentially infinite-length
codeword. Then the coded symbols are transmitted
successively until an acknowledgment (ACK) is re-
ceived from the base station or the maximum trans-
mission time is reached1. If an ACK is not received be-
fore reaching the maximum transmission time L, the
packet is considered an outage.

Let τk,j denote the time at which user k starts trans-
mitting its j-th data packet, and ζk,j denote the time at
which user k stops transmitting its j-th data packet. As
shown in Figure 1, the first packet of user 1 starts trans-
mission at τ1,1 and receives an ACK at ζ1,1, resulting
in an early termination of the transmission. While the
first packet of user 2 starts transmission at τ2,1 but con-
tinues until the maximum codeword length is reached
without receiving an ACK, therefore, it is outaged.

2.1 Analog Fountain Codes

The analog fountain code (AFC) is a representative
rateless code, initially introduced in [16]. In this work,
we choose AFC as a specific rateless coding scheme to
exemplify the demodulation and decoding challenges

of FA-GF-RMA, considering the AFC’s significant
promise in achieving URLLC. For the convenience of
our readers, we first provide a brief overview of AFC’s
encoding and decoding processes.

Before applying AFC encoding, the entire data
block of Nb information bits undergo binary phase
shift keying (BPSK) modulation to obtain Nb infor-
mation symbols b ≜ [b1, ..., bNb

]T ∈ {1,−1}Nb×1.
The encoding process of AFC is represented by an

infinite-row generator matrix G, featuring a constant
number of columns denoted asNb. Each row of matrix
G is inherently sparse, with its non-zero elements uni-
formly drawn from a pre-defined set W of real-number
weights, evenly distributed within the row. The num-
ber of non-zero elements, denoted as di for the i-th
row, is determined by a pre-defined degree distribu-
tion function Ω(x) =

∑k
i=1Ωix

i. Denote the index
of the j-th non-zero element in the i-th row as Ibi,j ,
and the corresponding index of weight coefficient as
Iwi,j , then the i-th real-domain AFC coded symbol c̄i is
generated as

c̄i =

di∑
j=1

wIwi,j
bIbi,j . (1)

Regarding the coded symbols as factor nodes and
information symbols as variable nodes, the AFC en-
coding process can also be described by a bipartite
graph, as shown in Figure 2. Assuming the weight set
is energy-normalized, i.e.,

∑|W|
i=1 w

2
i = 1, the average

power of the i-th AFC-coded symbol di.
To fully utilize the constellation plane, each two

consecutive real-domain coded symbols compose one
complex-domain symbol. Specifically, define a mod-
ulator Φ, that transforms the real-domain coded sym-
bols into complex-domain symbols:

Φ([c̄1, ..., c̄2n]
T ) = [c1, ..., cn]

T , (2)

where ci ≜ c̄2i−1 +
√
−1c̄2i .

Theoretically, the AFC encoder can generate an in-
finite number of coded symbols. Practically, consid-
ering the maximum transmission time L, each packet
may be encoded into at most 2L real-domain coded
symbols. The generator matrix G is of size 2L×Nb.

Upon receiving n0 (n0 < 2L) real-domain AFC
coded symbols, the receiver attempts to decode. If
the decoding fails, the receiver continues to collect
additional δ symbols and reruns the decoder. This
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Figure 1. The sporadic and asynchronous packet transmissions in FA-GF-RMA.
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Figure 2. The encoding bipartite graph of AFC and the modulation of real-domain coded symbols.

process continues until successful decoding or the re-
ceived codeword reaches the maximum length. At the
stage of receiving n real-domain coded symbols, the
receiver constructs a sub-graph based on the 1st to
the n-th row of G and then runs the belief propaga-
tion (BP) decoding algorithm on the graph to obtain
the log-likelihood ratios (LLRs) for each information
symbol [37]. To mitigate error floor, in practice, a
fixed-rate precoder may be concatenated to the AFC
encoder, e.g. a low-density parity check precoder.

In a multi-user access scenario, each user k is allo-
cated a unique random seed to construct the genera-

tor matrix Gk. The assignment of these random seeds
is known to the receiver, enabling the retrieval of the
generator matrices on the receiver’s side for decoding.

2.2 Signal Model

Let hk denote the channel vector of user k, following
a complex Gaussian distribution CN (0, βkIG), where
βk represents the path loss and large-scale fading and
G is the number of antennas.

Let ck,j = [ck,j(1), ..., ck,j(L)]
T ∈ CL×1 represent

the AFC codeword of the j-th data packet of user k,
and sk,t represents the signal transmitted by user k at
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time t. Then

sk,t =

{√
pk,lck,j(l), ∃j, τk,j ≤ t ≤ ζk,j ,

0, otherwise,
(3)

where l = t− τk,j +1 and pk,l is the power gain factor
of the l-th coded symbol of user k’s packets. The av-
erage transmission power v2k,l of the l-th AFC-coded
symbol of user k is given by

v2k,l = pk,l(dk,2l−1 + dk,2l), (4)

where dk,l is the degree of the l-th real-domain AFC-
coded symbol of user k.

At the t-th symbol instant, the received signal at the
base station can be expressed as

yt = Hst + nt ∈ CG×1, (5)

where H = [h1, . . . ,hK ] represents the matrix com-
posed of channel vectors of for K potential users, G is
the number of receive antennas, st = [s1,t, . . . , sK,t]

T

represents the vector of transmitted signals from K

users at time t, and nt represents the Gaussian white
noise distributed as CN

(
0, σ2IG

)
.

This paper assumes that the channel matrix H is
known at the receiver. To accomplish decoding, the
receiver needs to recover the starting points of each
data packet {τk,j |∀k, j} and the data packet codewords
{ck,j |∀k, j} based on the received signals {yt|t ≥ 0}.

2.3 The Sliding-Window Framework

Given user-initiated access at arbitrary times, we em-
ploy a sliding-window framework for packet detec-
tion, with window length denoted as W and the slid-
ing step as ∆. While a larger W enhances detection
performance through extended observations, it concur-
rently increases complexity. Given that the maximum
codeword length of each packet is L, it is judicious to
set W = L. This configuration allows the receiver to
observe the maximum-length codeword at a minimal
increase in computational complexity.

Assuming the current time is t, then the sliding win-
dow spans from t − L + 1 to t. Within this window,

the signal model is denoted as

Y(t) = HS(t) +N(t), (6)

where S(t) = [st−L+1, ..., st] ∈ CK×L, and N(t) =

[nt−L+1, ...,nt] ∈ CG×L.
Active users, in this context, are defined as those

who transmit signals within the window. As depicted
in Figure 3, there are three distinct types of packets
transmitted by active users within the sliding window:

• Type I: packets that start transmission before t −
L + 1 and stop within the window, possibly due
to successful decoding or an outage event.

• Type II: packets that initiate and terminate trans-
mission during the window, signifying successful
decoding.

• Type III: packets that start transmission within the
window but remain undecoded at this stage.

In each window, it is only necessary to detect type
III packets. Let At, Dt, and St represent, respectively,
the sets of active users, the starting points, and the
transmitted signals corresponding to type III packets
in the t-th window, which will be formulated in the
next section.

As illustrated in Figure 3, the JADD module pro-
vides the estimation of At, Dt and St, denoted as Ât,
D̂t and Ŝt. Subsequently, the decoder bank concur-
rently attempts to decode the packets of users in Ât

based on the estimations of the transmitted codeword
signals Ŝt. Upon successful decoding of packets, the
respective transmitted codeword signals can be accu-
rately reconstructed, facilitating interference cancella-
tion to improve the performance of the JADD mod-
ule. The iteration between the JADD module and the
decoder bank stops when no more packets can be de-
coded, at which point the window advances by a step
of ∆. For clarity, the receiver structure is described in
Algorithm 1.

Algorithm 1. The sliding-window receiver framework.

1: Initialize t
2: repeat
3: Y = Y(t) ≜ [yt−L+1, ...,yt]

4: JADD: run the JADD algorithm and yield the
estimations Ât, D̂t, and Ŝt based on Y

5: ÂD
t = ∅, X̂IC = 0K×L

6: for all k ∈ Ât do
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Figure 3. Illustration of the sliding-window framework and the receiver structure, where S(t) represents the transmitted
signal matrix of the current window.

7: AFC Decoding: run the AFC decoding algo-
rithm based on the estimated codeword ĉ

(t)
k =

[ŝ
(t)

k,τ̂
(t)
k

, ..., ŝ
(t)
k,L] to obtain the decoded mes-

sage b̂
(t)
k

8: if user k is decoded then
9: ÂD

t = ÂD
t ∪ {k}

10: Regenerate the transmitted codeword of
user k: X̂IC [k, τ̂

(t)
k : L] = Φ(Gkb̂

(t)
k )T

11: end if
12: end for
13: until ÂD

t = ∅
14: Interference cancellation: Y(t) = Y(t) −HX̂IC

15: Window sliding: t = t+∆

16: Go back to step 2

III. FORMULATION OF THE JADD PROB-
LEM IN FA-GF-RMA

As mentioned in the previous section, the objective
of JADD in FA-GF-RMA is to identify the users with
an undecoded packet that initiates transmission within
the sliding window, determine their transmission start
times, and estimate their transmitted codeword sig-
nals. This section is dedicated to formulating the
JADD problem in FA-GF-RMA.

Given that the transmitted signals from the decoded
packets are effectively canceled, within a sliding win-
dow of length L (equal to the maximum transmission
time), only the signals of the type III packets and type
I packets are received. In other words, for each ac-
tive user, a maximum of two undecoded packets from
the same user can be observed within a given sliding
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window. The first packet is of type I and represents
an outage, while the second is of type III and remains
undecoded.

The above observation can be formulated as follows.
Let the relative ending point of the type I packet and
the relative starting point of the type III packet for user
k in the t-th sliding window be denoted as ζ(t)k and
τ
(t)
k , respectively. We define the tuple (ζ

(t)
k , τ

(t)
k ) as

the activity mode of user k in sliding window t. For
all k and t, (ζ(t)k , τ

(t)
k ) ∈ M, where M is defined as

{(ζ, τ)|1 ≤ ζ < τ ≤ L} ∪ {(0, τ)|1 ≤ τ ≤ L} ∪
{(ζ, L + 1)|1 ≤ ζ < L} ∪ {(0, L + 1)} and |M| =
3L2/2− L/2.

It’s worth noting that ζ(t)k = 0 and τ (t)k = L + 1 re-
spectively signify that no type I and type III packet
from user k is transmitted in the t-th window, and
(ζ

(t)
k , τ

(t)
k ) = (0, L + 1) represents that user k is not

active in the window.
For the convenience of description, we refer to

(0, L + 1) as the inactive mode and the others as ac-
tive modes. And an integer m(t)

k ∈ {0, 1, ..., |M|− 1}
is used to denote the activity mode of user k in win-
dow t. Then the original activity mode is retrieved
via two pre-defined one-to-one mappings fζ and fτ as
(ζ

(t)
k , τ

(t)
k ) = (fζ(m

(t)
k ), fτ (m

(t)
k )).In particular, we set

fζ(0) = 0 and fτ (0) = L+ 1, indicating that mk = 0

represents the inactive mode.
With the above notations, the set of active users of

type III packets At, the set of corresponding starting
points Dt, and the set of transmitted codeword signals
St are formulated as follows,

At = {k|fτ (m(t)
k ) < L+ 1}, (7)

Dt = {τk(t) = fτ (m
(t)
k )|k ∈ At}, (8)

St = {[s(t)k,1, ..., s
(t)
k,L]|k ∈ At}. (9)

Consider an arbitrary window and drop the super-
script (t) for simplicity, the signal model is rewritten
as

Y = HS+N. (10)

In order to provide the estimations of At, Dt and St,
it is necessary to recover the signal matrix S and the
latent activity modes m = [m1, ...,mK ]T based on the
observations Y.

The minimum mean square error (MMSE) estimator
of sk,l is the posterior mean, which can be expressed

as

ŝk,l =

∫
sk,lp (sk,l|Y) dsk,l =

∫
sk,lp (S|Y) dS\k,l,

(11)
where S\k,l denotes the collection of all elements in S

except sk,l, and

p (S|Y) =
p (Y|S) p (S)

p (Y)

=
1

Z̃

G∏
g=1

L∏
l=1

p (yg,l|S)
K∏
k=1

∑
mk

p (Sk,:|mk) p(mk),

(12)
where Z̃ is the normalization constant.

The factorization of p (Y|S) and p(S) in Eq. (12) is
due to the assumption of AWGN and the independence
across the users, respectively.

To provide the maximum a posteriori (MAP) esti-
mation of mk, the posterior distribution of mk needs
to be evaluated, which is expressed as

m̂k = max
mk

∫
p (m|Y) dm\k, (13)

where m\k denotes the collection of all elements in m

except mk, and

p(m|Y) =

∫
p(m,S,Y)dS

p(Y)

∝ p(m)

∫
p(S|m)p(Y|S)dS

=
K∏
k=1

p(mk)

∫ K∏
k=1

p(Sk,:|mk)p(Y|S)dS.

(14)

IV. THE PROPOSED JADD ALGORITHM

Both the MMSE and MAP estimators necessitate the
evaluation of posterior distributions that involve in-
tractable integrals. Therefore, in this section, we pro-
pose an approximate approach to obtain the MMSE
and MAP estimations.

First, exploiting the clustered sparsity structure of
S, the approximate message passing with nearest
neighbor sparsity pattern learning (AMP-NNSPL) al-
gorithm is employed to obtain Ŝ and identify ac-
tive users. Then, a power-pattern-based maximum
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a posteriori (MAP) algorithm is introduced to esti-
mate mk for all detected active users, given by m̂k =

argmaxmk
p(mk|Ŝk,:). Finally, we propose a novel

iterative scheme that combines the AMP-NNSPL and
power-pattern-based MAP algorithms to enhance esti-
mation performance.

4.1 The AMP-NNSPL Algorithm

Because of the sporadic nature of MMTC, only a small
fraction of potential users are active at any given time.
Consequently, the columns of S are sparse vectors.
Therefore, the recovery of each column of S can be
conceptualized as a single measurement vector (SMV)
problem in the field of compressed sensing, which can
be efficiently addressed using the AMP algorithm.

Specifically, considering the l-th symbol time within
the sliding window, the received signal at this moment
can be represented as

yl = Hsl + nl, (15)

where H is the known channel matrix, and sl =

[s1,l, ..., sK,l]
T is the sparse vector to be estimated.

To characterize the sparsity of sl, a flexible spike
and slab prior distribution is adopted, i.e.,

p(sl) =
K∏
k=1

(1− γk,l) δ (sk,l) + γk,lf (sk,l) , (16)

where f (sk,l) characterize the distribution of the l-th
AFC-coded symbol of user k’s packets. In this work,
we assume a Gaussian distribution for the AFC-coded
symbols2. Therefore, in Eq. (16), for all k and l,
f(sk,l) = CN

(
sk,l; 0, ψ

2
)

with the variance ψ2 eval-
uated as

∑
k,l v

2
k,l/K/L.

At the q-th iteration, the AMP algorithm provides an
estimation of p(sk,l|yl) as

p̂(sk,l|yl) ∝ p (sk,l) CN
(
sk,l;C

q
k,l, D

q
k,l

)
, (17)

which can be interpreted as the posterior distribution
of sk,l given an observation Cq

k,l = sk,l + n̄qk,l, where
n̄k,l is the independent effective Gaussian noise with
zero mean and variance Dq

k,l. Given the a priori model

in Eq. (16), the estimated posterior distribution is re-
arranged as

p̂(sk,l|yl) =
(
1− πq

k,l

)
δ (sk,l)

+ πq
k,lCN

(
xk,l;A

q
k,l, B

q
k,l

)
. (18)

It is worth noting that the estimated posterior distri-
bution is a Bernoulli Gaussian distribution, in which
πq
k,l can be interpreted as the posterior probability of
sk,l being non-zero or belief indicator.

Assuming that the columns of S are mutually in-
dependent, the posterior distribution p(sk,l|Y) =

p(sk,l|yl). Then the posterior expectation s̄qk,l and vari-
ance νqk,l at the q-th iteration are respectively given as

s̄qk,l =

∫
sk,lp̂(sk,l|yl)dsk,l = πq

k,lA
q
k,l, (19)

νqk,l =

∫
|sk,l − s̄qk,l|

2p̂(sk,l|yl)dsk,l

= πq
k,l

(
|Aq

k,l|
2 +Bq

k,l

)
−

∣∣∣s̄qk,l∣∣∣2 . (20)

And the estimation of sk,l is provided as ŝk,l = s̄k,l.
Nevertheless, independently recovering L columns

of S via AMP does not leverage the inherent sparsity
structure and may consequently result in unsatisfac-
tory performance. As depicted in Figure 3, the non-
all-zero rows of S exhibit a clustered sparsity struc-
ture, where the non-zero elements are grouped into a
block. Similar clustered sparsity structures have ap-
peared in the previous literature [38, 39], where the
nearest neighbor sparsity pattern learning (NNSPL)
technique is applied to the original AMP algorithm.
The rationale behind NNSPL is that sk,l and its neigh-
boring elements, such as sk,l−1 and sk,l+1, tend to be
either simultaneously zero or non-zero.

In this paper, we adopt the AMP-NNSPL algorithm
to accommodate the clustered sparsity structure exhib-
ited in FA-GF-RMA. In Algorithm 2, Nl ≜ {l−1, l+

1} represents the two neighbors of the l-th element and
qmax is the predefined number of iterations.

The AMP-NNSPL algorithm directly provides the
estimation of transmitted signals Ŝt. To obtain Ât,
activity detection is required. A method of activity
detection based on the belief indicators is developed
in [39]. For convenience of description, we define a
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symbol-level activity state αk,l as

αk,l =

{
1, if fτ (mk) ≤ l or fζ(mk) ≥ l,

0, otherwise,
(21)

and define a threshold function r(x; ϵ), where
r(x; ϵ) = 1 if |x| > ϵ and otherwise r(x; ϵ) = 0.

The activity detection begins by making a thresh-
old decision on symbol-level activity states, which em-
ploys

α̂k,l = r(πk,l; ϵbi). (22)

Subsequently, the user-level activity is is determined
as

α̂k = r(
1

L

∑
l

α̂k,l, pth). (23)

Then the active user set is estimated as Ât =

{k|α̂k = 1}. Note that the threshold pth can be con-
sidered the required proportion of active symbols to
categorize a user as active. In general, a higher pth re-
sults in a set that includes only users whose transmitted
codewords are sufficiently lengthy, whereas lowering
pth reduces the risk of miss detection but raises the
false alarm rate.

However, activity detection can only identify
whether a user is active but not able to distinguish
among active modes. In the next sub-section, we de-
velop a power-pattern-based activity mode estimation
algorithm.

Algorithm 2. AMP-NNSPL.

Input: The received signal Y, the prior active proba-
bility matrix Γ, the sensing matrix H

1: Initialization: ∀k, l, ν0k,l = ψ2, ŝ0k,l = 0, z0g,l =

yg,l, q = 1

2: repeat
3: ∀g, l :
4: κqg,l =

∑
k |Hg,k|2ν

q−1
k,l

5: zqg,l =
∑
kHg,kŝ

q
k,l −

κq
g,l

σ2+κq−1
g,l

(
yg,l − zq−1

g,l

)
6: ∀k, l :
7: Dqk,l =

[∑
g

|Hg,k|2
σ2+κq

g,l

]−1

8: Cqk,l = ŝqk,l +Dtk,l
∑
g

h∗
g,k(yg,l−z

q
g,l)

σ2+κq
g,l

9: χqk,l = ln
Dq

k,l

Dq
k,l+ψ

2 +
|Cq

k,l|
2

Dq
k,l

− |Cq
k,l|

2

Dq
k,l+ψ

2

10: πqk,l =
γk,l

γk,l+(1−γk,l) exp(−χq
k,l)

11: Aqk,l =
ψ2Cq

k,l

Dq
k,l+ψ

2 Bqk,l =
ψ2Dq

k,l

Dq
k,l+ψ

2

12: ŝqk,l = πqk,lA
q
k,l

13: νqk,l = πqk,l

(
|Aqk,l|

2 +Bqk,l

)
−

∣∣∣ŝqk,l∣∣∣2
14: γk,l =

1
|Nl|

∑
j∈Nl

πqk,j
15: q = q + 1

16: until q > qmax

Output: The belief indicator matrix Π where πk,l =
πq
k,l, and the estimated signal matrix Ŝ

4.2 Power-Pattern-Based Activity Mode Esti-
mation

As mentioned in the previous sub-section, the AMP-
NNSPL algorithm falls short in estimating the activity
mode mk, making it incapable of providing estimates
for the starting points of type III packets. Despite its
ability to produce belief indicators for symbol-level
activity, they lack the required reliability to determine
the starting point, as depicted in Figure 4.

Moreover, in cases where a codeword begins with
a zero symbol, which is possible with the AFC code,
the related belief indicator typically approaches nearly
zero. This situation will result in an erroneous iden-
tification of the packet’s starting point via the belief
indicators, delayed by one symbol.

To address the activity mode estimation problem,
we resort to the estimation of transmitted signals.
From Eq. (4), it is evident that the transmission power
of AFC-coded symbols fluctuates over time due to the
variable degree or power gain factor. This power vari-
ation, referred to as the power pattern, can be har-
nessed. By purposefully designing the power mode to
exhibit favorable auto-correlation properties, notice-
able second-order statistical distinctions can emerge
among the transmitted signals of packets starting at
different time instances. These distinctions can subse-
quently be employed to distinguish the starting points
of the packets.

Notice that given the activity mode mk, the ele-
ments in Sk,: are mutually independent. Therefore,
p(Sk,:|mk) =

∏
l p(sk,l|mk), where

p(sk,l|mk) =


fk,L−fζ(mk)+l(sk,l), 1 ≤ l ≤ fζ(mk),

fk,l−fτ (mk)+1(sk,l), fτ (mk) ≤ l ≤ L,

δ(sk,l), otherwise.
(24)
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Figure 4. The typical per-symbol posterior probability curves of active users output by the AMP-SSL algorithm are shown
with K = 500, M = 50, and λ = 0.0002.

Here fk,l(·) denotes the distribution of the l-th trans-
mitted AFC-coded symbol of user k’s packets. With
the Gaussian assumption of AFC-coded symbols,
fk,l(·) = CN (·; 0, v2k,l), where v2k,l is given by Eq. (4).

Therefore, given the activity mode mk, the trans-
mitted signals within a sliding window [sk,l, ..., sk,L]

can be regarded as a zero-mean, variance-varying dis-
crete Gaussian process, where the conditional variance
v̄2mk,l

of sk,l is given by

v̄2mk,l
=


v2k,L−fζ(mk)+l, 1 ≤ l ≤ fζ(mk),

v2k,l−fτ (mk)+1, fτ (mk) ≤ l ≤ L,

0, otherwise.

(25)

Now decompose the estimated signals as

ŝk,l = sk,l + ek,l, ∀k, l, (26)

where the estimation error ek,l is modeled as a Gaus-
sian noise with distribution CN (0, ϕ2k,l).

Then the posterior probability of mk given the esti-
mated signals Ŝk,: is expressed as

p
(
mk|Ŝk,:

)
∝ p

(
Ŝk,:|mk

)
p (mk)

=

L∏
l=1

1

π(v̄2mk,l
+ ϕ2k,l)

exp

{
− |ŝk,l|2

v̄2mk,l
+ ϕ2k,l

}
p (mk) .

(27)

According to Eq. (19), ŝk,l can be viewed as an
MMSE estimator, then the estimation error variance
ϕ2k,l is given by the expectation of the posterior vari-
ance νk,l in Eq. (20), of which the closed-form expres-
sion is hard to obtain. In this study, we set ϕ2k,l equal
to the posterior variance νk,l.

Then the MAP estimation m̂k is obtained as

m̂k = argmax
mk

lnp(mk|Ŝk,:), (28)

and the estimated starting point is fτ (m̂k).

Note that the activity mode estimation is carried out
on a per-user basis, which can be computationally in-
tensive, especially when dealing with a large number
of potential users. To reduce complexity, it is feasible
to conduct the estimation solely for users within the
set Ât = {k|α̂k = 1}, which is obtained through the
activity detection process.
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4.3 The Proposed Power Pattern Aided AMP
Algorithm

A straightforward approach for JADD in FA-GF-
RMA is to concatenate the power-pattern-based activ-
ity mode estimation module after the AMP-NNSPL al-
gorithm. However, since prior information on power
patterns is utilized during the activity mode estima-
tion phase, it could be advantageous to iterate between
these two steps to fully leverage the power patterns and
enhance both algorithms’ performance.

Notice that Eq. (27) provides a posterior distribution
of the activity mode given the estimated signals Ŝk,:.
Based on the relation between the activity mode and
the symbol-level activity states as shown in Eq. (21),
it is feasible to derive a posterior distribution of the
symbol-level activity state αk,l as

âk,l ≜ p(αk,l = 1|Ŝk,:) =
∑

mk∈Ml

p{mk|Sk,:}, (29)

where Ml = {m|∀m ∈ M, fτ (m) ≤ l or fζ(m) ≥
l}.

Intuitively, the activity mode estimation accuracy
improves with the number of transmitted coded sym-
bols in a window, as different modes exhibit greater
distinctions in power patterns over a longer range
of transmitted codewords. Consequently, the relia-
bility of the posterior symbol-level active probability
âk,l improves with the codeword length. Therefore,
the power-pattern information from longer-codeword
users can be applied to the AMP-NNSPL algorithm by
updating the corresponding symbol-level active prob-
abilities γk,l as âk,l, potentially enhancing the esti-
mation quality of the signal of the shorter-codeword
users. This process can be iteratively executed to fully
leverage the power-pattern information from all active
users in descending order of codeword length.

The above intuition is implemented in the pro-
posed power-pattern-aided AMP (PP-AMP) algorithm
3, which can be summarized as the following 3 steps

• Step 1: Run the AMP-NNSPL to obtain the es-
timated signal matrix Ŝ and the belief indicators.
(Line 3)

• Step 2: Perform the active user detection with a
decreasing threshold pth until enough active users
are detected. (Line 4-13)

• Step 3: Run the power-pattern-based activity

mode estimation procedure for the detected active
users and update their prior symbol-level active
probabilities. (Line 15-21)

Notice that the threshold pth decreases from pIN to
p0 with a step pδ during the iteration. A higher pIN
ensures that users with sufficiently long codewords are
initially detected. As p0 is increased, users with rela-
tively short codewords are excluded from the iteration,
as their power-pattern information might be unreliable
and unhelpful.

Algorithm 3. Power-pattern-aided AMP.

Input: The received signal Y, the prior active proba-
bility matrix Γ0, the sensing matrix H, initial ac-
tivity detection threshold pIN , and ITurbo, IAMP ,
pδ, p0

1: Initialization: i = 0, Γ = Γ0, Â = Âpre = ∅,
pth = pIN

2: repeat
3: Run AMP-NNSPL algorithm for inputs

Γ,Y,H and output Ŝ, Π
4: Active user detection:
5: ∀k, l, α̂k,l = r(πk,l; ϵbi)

6: repeat
7: ∀k, α̂k = r( 1

L

∑
l α̂k,l, pth)

8: Â = {k|α̂k = 1}
9: pth = max{pth − pδ, p0}

10: if pth = p0 then
11: break
12: end if
13: until |Â| > |Âpre|
14: Âpre = Â
15: Power-pattern-based activity mode estimation:
16: if Â ≠ ∅ then
17: ∀k ∈ Â,mk ∈ M:

Compute p{mk|Ŝk,:} according to Eq. (27)
and normalize it to a probability distribution

18: m̂k = maxmk∈M p{mk|Ŝk,:}
19: Γ = Γ0

20: Update the symbol-level prior active proba-
bility:

21: ∀k ∈ Â, 1 ≤ l ≤ L:
Compute âk,l according to Eq. (29)
Γk,l = âk,l

22: end if
23: i = i+ 1

24: pth = pth − pδ
25: if pth ≤ 0 then
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26: break
27: end if
28: until i > ITurbo

Output: Estimated signal matrix Ŝ, estimated active
user set Â, estimated activity mode {m̂k|k ∈ Â}

4.4 Computational Complexity Analysis

The computational complexity of the algorithms is
quantified in terms of the number of complex-valued
scalar multiplications. In the AMP-NNSPL algorithm,
each iteration requires approximately 7GKL+2GL+

15KL multiplications. In the power-pattern-based ac-
tivity mode estimation, evaluating a posterior distribu-
tion of |M| values is necessary for each active user,
with each probability value involving 3L multiplica-
tions, and therefore 3KaL|M| = 3

2Ka(L
3−L2) mul-

tiplications are required in each iteration. Here Ka

represents the number of active users, which is much
less than the number of potential users K.

Significant computational complexity arises from
the large number of activity modes M, which scales
on the order of L2. In practice, given the infrequent
occurrence of outage events, it is possible to work with
a reduced set of activity modes that excludes those re-
lated to type I packets, i.e., M = {(0, τ)|1 ≤ τ ≤
L + 1}. In this case, the complexity of activity mode
estimation is reduced to 3Ka(L

2 + L) per iteration.

V. SIMULATION RESULTS

In this section, Monte Carlo simulations are conducted
to verify the performance of the proposed JADD algo-
rithm in FA-GF-RMA. In the simulations, the number
of users is set to K = 500, and the packet size is fixed
at 100 bits. Each user generates a data packet flow ac-
cording to a Poisson process with an arrival rate of λ
per symbol interval. The large-scale coefficients of all
users are normalized, i.e., βk = 1. The signal-to-noise
ratio (SNR) is defined as the ratio of average trans-
mitting power to noise power. The information bits
of user data packets are not pre-coded and are directly
input to the AFC encoder after BPSK modulation. A
fixed-degree AFC code with a degree of 8 and a weight
set {1, 2, 3, 4} is employed [20], and its energy is nor-
malized3. For power pattern generation, the power
gain factor pk,l in Eq. (3) is independently and uni-
formly sampled from the set {0.4, 1.6}. The AFC code

has a maximum length of L = 250, and AFC decod-
ing is accomplished using the BP algorithm. The re-
ceiver attempts decoding whenever the window moves
forward with a step size of ∆ = 2. Successful decod-
ing is confirmed when the BPSK sequence of the data
packet is fully restored.

First, we run simulations according to the signal
model Eq. (10). In these simulations, to mimic the
sparsity structure of S, each user is activated with a
probability of Ka/K, where Ka implies the average
number of active users. Each active user then selects
a starting point drawn from either the range [131, 250]

with a probability of 0.8 or [51, 130] with a probability
of 0.2. For performance evaluation, we use the met-
rics of mean squared error (MSE), normalized mean
squared error of codeword (NMSE-C), and starting
point estimation error rate (SPER), which are defined
respectively as

MSE =
||Ŝ− S||2F

KL
, (30)

NMSE-C =
||Ŝk,L−l+1:L − Sk,L−l+1:L||2

||Sk,L−l+1:L||2
, (31)

SPER =

∑
k∈{k|mk ̸=0} I{m̂k ̸= mk}∑

k I{mk ̸= 0}
, (32)

(33)

where l represents the codeword length and I{·} is the
indicator function.

Figure 5 presents a comparison of the MSE perfor-
mance between the AMP-NNSPL algorithm and the
proposed PP-AMP algorithm. The benchmark used
for this comparison is the Oracle Linear Minimum
Mean Squared Error (LMMSE) algorithm, which as-
sumes knowledge of symbol-level activities and re-
covers the signal matrix column by column through
LMMSE. The results clearly demonstrate that the
proposed PP-AMP outperforms the original AMP-
NNSPL algorithm, closely approaching the perfor-
mance of the Oracle LMMSE. The MSE reduction
of PP-AMP concerning AMP-NNSPL becomes more
significant as the number of antennas decreases or the
average number of active users increases. This sug-
gests that the proposed PP-AMP algorithm effectively
leverages the sparsity structure, enabling support for
more active users with fewer antennas.

Figure 6 and Figure 7 compare the NMSE-C and
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Figure 5. Comparison of MSE versus the number of antennas for the proposed PP-AMP and the state-of-art AMP-NNSPL
algorithms.
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Figure 6. Comparison of NMSE-c versus the length of received codeword length l for the proposed PP-AMP and the state-
of-art AMP-NNSPL algorithms.

SPER performance for the various algorithms as a
function of received codeword length. For the AMP-
NNSPL and Oracle LMMSE algorithms, the SPER
curves are obtained by conducting the starting point
estimation for the estimated signals.

The results clearly demonstrate a trend where both
NMSE-C and SPER decrease as the received code-

word length increases, indicating that estimations for
packets with longer codewords are more reliable. No-
tably, the NMSE-C and SPER of the PP-AMP algo-
rithm exhibit a notably faster decrease, especially un-
der conditions of fewer antennas or higher active prob-
ability. It is also worth noting that the NMSE-C and
SPER of both AMP-NNSPL and PP-AMP algorithms
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Figure 7. Comparison of SPER versus the length of received codeword length l for the proposed PP-AMP and the state-of-
art AMP-NNSPL algorithms.

are relatively higher than that of Oracle LMMSE, es-
pecially at small received codeword lengths. This
might be due to the approximations of the original es-
timation problems in Eq. (12) and Eq. (14). Jointly
estimation of the signal matrix and the latent activ-
ity modes through factor-graph-based inference tech-
niques might alleviate this problem, which will be
studied in future work.

Next, we proceed to compare the delay performance
of both FA-GF-RMA and FS-GF-RMA. The FS-GF-
RMA scheme employed here is beacon-based, as de-
scribed in [40], where the base station initiates trans-
mission periods via downlink beacons. In this scheme,
a user can only initiate access at the beginning of a
transmission period. The receiver aims to decode all
active users during a transmission period whenever ad-
ditional ∆ coded symbols are received. The transmis-
sion period concludes when all active users success-
fully decode their data or when the maximum code-
word length is reached. In both schemes, the Oracle
LMMSE algorithm provides the lower bound of delay
achievable by any specific JADD algorithms. Notice
that in FA-GF-RMA with Oracle LMMSE, the start-
ing points are perfectly known. As for FA-GF-RMA
with the AMP-NNSPL algorithm, the starting points

are estimated by conducting the power-pattern-based
activity mode estimation procedure afterward.

The overall delayDo encompasses the time duration
from the moment a packet arrives until it is success-
fully decoded. The transmission delay Dt is defined
as the time interval from the point of packet access to
successful decoding. The difference between Do and
Dt is the waiting delay. It’s worth noting that in FA-
GF-RMA, each packet initiates access upon reaching
the buffer, provided the buffer is empty. As a result,
Dt is almost equivalent to Do in FA-GF-RMA, i.e.,
no waiting delay incurred, especially given a relatively
low packet arrival rate.

Figure 8 illustrates the average delays at different
SNRs with an antenna number ofG = 50 and a packet
arrival rate of λ = 0.0005 per symbol interval per user.
As can be observed, the delays of the AMP-NNSPL
and PP-AMP algorithms are close to each other, and
both algorithms approach the lower bound as SNRs
increase. This is because these algorithms demon-
strate similar estimation performance, particularly at
high SNRs and antenna numbers, as depicted in Fig-
ure 5. It’s essential to emphasize that, although the
lower bound of transmission delay is smaller for FS-
GF-RMA compared to FA-GF-RMA, the substantial
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Figure 8. Comparison of average delays of FA-GF-RMA
and FS-GF-RMA at different SNRs with G = 50 and λ =
5× 10−4 packets per user per symbol interval.

waiting delay in FS-GF-RMA, which accounts for ap-
proximately half of the transmission delay, results in a
significantly longer overall delay compared to FA-GF-
RMA.
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Figure 9. Comparison of average delays of FA-GF-
RMA and FS-GF-RMA at different antenna numbers with
SNR=10dB and λ = 5× 10−4 packets per user per symbol
interval.

Figure 9 provides a comparison of delays about
the number of antennas G. The proposed PP-AMP
algorithm approaches the delay achieved by Oracle
LMMSE. However, it’s important to note that FA-GF-
RMA with the AMP-NNSPL algorithm becomes un-
stable when the number of antennas is less than 40. As
a result, delay values for these configurations are not
displayed. This instability arises because the NMSE-
C of the AMP-NNSPL algorithm decreases too slowly

when the number of antennas is small, as depicted in
the third sub-graph in Figure 6. Consequently, the de-
coder fails to decode packets and perform interference
cancellation at a sufficient rate before more newly ar-
rived packets enter the observation window.

To illustrate this, a sample trajectory of the number
of active users in the observation window atG = 30 is
presented in Figure 10. As can be seen, with the AMP-
NNSPL algorithm, the number of active users contin-
ues to increase after surpassing 25, ultimately exceed-
ing the total number of antennas, which is 30. It’s also
worth noting that the count of active users in an ob-
servation window changes over time in FA-GF-RMA.
When the system reaches a stable state, the average
number of active users is roughly equivalent to λKDt,
which is approximately 0.0005×500×80 = 20 in the
example presented in Figure 10.
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Figure 10. A sample trajectory of the number of active
users versus time in FA-GF-RMA at G = 30, λ = 5× 10−4

packets per symbol per user and SNR=10 dB.

Figure 11 illustrates the delays of both FA-GF-RMA
and FS-GF-RMA using different algorithms versus the
arrival rate. Similarly, the proposed PP-AMP algo-
rithm exhibits delays close to the lower bound, while
the AMP-NNSPL algorithm renders FA-GF-RMA un-
stable at high arrival rates. It’s also noticeable that FS-
GF-RMA is unstable, even with the Oracle LMMSE
algorithm, at a high arrival rate of 0.0011 packets
per symbol interval. The rationale behind this phe-
nomenon is as follows: In FS-GF-RMA with Ora-
cle LMMSE and a sufficient number of antennas G,
the multi-user interference is nearly completely sup-
pressed. Nevertheless, with an excessively high ar-
rival rate, the number of newly arrived users during
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Figure 11. Comparison of average delays of FA-GF-RMA
and FS-GF-RMA at different arrival rates with G = 50 and
SNR=10dB.

the current transmission period can surpass G, result-
ing in the degradation of interference suppression dur-
ing the following transmission period. Consequently,
the transmission period extends and encompasses even
more newly arrived users, ultimately leading to system
divergence.

VI. CONCLUSION

In this work, a joint user activity and data detection
algorithm is proposed for the FA-GF-RMA system.
Considering the sparsity in user activities, an existing
AMP-based algorithm for solving the JADD problem
in synchronous grant-free access is directly applied.
To address the limitation of the AMP algorithm in es-
timating the transmission starting point, the intrinsic
power pattern in the rateless codeword is exploited
to tackle this issue. Simulation results demonstrate
that the proposed power-pattern-aided AMP algorithm
outperforms the existing AMP-NNSPL algorithm in
recovering the signal matrix with the unique spar-
sity structure observed in FA-GF-RMA. The delays
achieved by the proposed solution in FA-GF-RMA
with AFC approach the delay lower bound across var-
ious system configurations, verifying the proposed so-
lution achieves the delay advantages of FA-GF-RMA
over FS-GF-RMA in the practical scenario with un-
known user activity information and practical rateless
codes.
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NOTES

1It is assumed that the ACK is transmitted through an
error-free channel with zero delays.
2Notice that an AFC-coded symbol is essentially the
summation of independent random variables. Accord-
ing to the central limit theorem, when the degree is
sufficiently large, the AFC-coded symbol approaches
a Gaussian random variable.
3The optimization of pre-code, degree distribution and
weight set are beyond the scope of this paper.
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