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Massive Uncoordinated Multiple Access
for Beyond 5G

Mostafa Mohammadkarimi
and Moe Z. Win

Abstract— Existing wireless communication systems have been
mainly designed to provide substantial gain in terms of data
rates. However, 5G and Beyond will depart from this scheme,
with the objective not only to provide services with higher data
rates. One of the main goals is to support massive machine-
type communications (mMTC) in the Internet-of-Things (IoT)
applications. Supporting massive uplink communications for
devices with sporadic traffic pattern and short-packet size, as it
is in many mMTC use cases, is a challenging task, particularly
when the control signaling is not negligible in size compared to
the payload. In addition, channel estimation becomes challenging
for sporadic and short-packet transmission due to the limited
number of employed pilots. In this paper, a new uplink multiple
access (MA) scheme is proposed for mMTC, which can support
a large number of uncoordinated IoT devices with short-packet
and sporadic traffic. The proposed uplink MA scheme removes
the overheads associated with the device identifier as well as
pilots and preambles related to channel estimation. An alternative
mechanism for device identification (DI) is employed, where a
unique spreading code is dedicated to each IoT device as iden-
tifier. This unique code is simultaneously used for the spreading
purpose and DI. Two IoT DI algorithms which employ sparse sig-
nal reconstruction methods are proposed to determine the active
IoT devices prior to data detection. Specifically, the Bayesian
information criterion model order selection method is employed
to develop an IoT DI algorithm for unknown and time-varying
activity rate. Our proposed MA scheme benefits from a new
non-coherent nonlinear multiuser detection algorithm designed
on the basis of unsupervised machine learning techniques to
enable data detection without a priori knowledge on channel
state information. For performance improvement, an extension
to multiple receive antennas through hard decision combining
is proposed. The effectiveness of the proposed MA scheme for
known and unknown activity rate and high overloading factor is
supported by simulation results.
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I. INTRODUCTION

ASSIVE uplink connectivity is the key factor in the

realization of the Internet-of-Things (IoT), as part of 5G
and Beyond wireless communication systems [1]. In many [oT
applications, massive machine-type communications (mMTC)
services are required, where a large number of devices transmit
very short packets sporadically. Typically, the number of IoT
devices assigned to each base station (BS) in mMTC is
in orders of magnitude above what current communication
networks are capable to support. Moreover, IoT devices do
not transmit continuously, rather updates are infrequently
transmitted to the BS, whenever a measured value changes.
Hence, small packets are expected to carry critical payload in
mMTC [2].

The design of the current wireless communication systems
relies on the assumption that the control signaling related to
physical (PHY) and media access control (MAC) layers is
of negligible size compared to the payload. Thus, heuristic
design of control signaling is acceptable and does not affect
the overall system performance. However, in mMTC with
short-packet transmission, the control signaling can be similar
in size with the payload; thus, inefficient design of control
signaling leads to highly suboptimal transmission schemes.
Excessive control signaling, e.g., the overheads, preambles,
and pilots associated with device identifier, exploited for chan-
nel estimation, and used for random access procedure, hinders
massive connectivity [3]. Thus, efficient multiple access (MA)
schemes with highly limited (or non-existent) control signaling
are required.

Moreover, channel estimation is another challenge for spo-
radic and short-packet transmission, especially for a massive
number of non-orthogonal transmissions. Existing channel
estimation approaches are often based on the assumption that
devices are active over long periods so that channel estimation
through pilots and preambles is feasible. However, if an IoT
device only transmits occasionally, such an assumption cannot
longer be valid. Instead, channel estimation has to rely on
a single transmission that may be very short, which con-
strains the number of orthogonal pilots [4]. Channel estimation
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becomes more challenging in the grant-free uplink MA
scheme, where resources are randomly selected by devices [5].

Motivated by these facts, a new uplink MA scheme for
short-packet and sporadic traffic in mMTC is proposed in
this paper. The main idea behind the proposed MA scheme
is to reduce the control signaling while simultaneously sup-
porting a massive number of uncoordinated IoT devices with
a single BS. The proposed MA scheme is designed based
on asynchronous direct-sequence spread spectrum (DS-SS)
with non-orthogonal spreading codebook, and is capable of
supporting undetermined DS-SS systems in static networks,
where the BS and IoT devices are immobile.

To remove the control signaling associated with the IoT
device identifier, a unique spreading code is dedicated to
each IoT device which is simultaneously used for the spread-
ing purpose and device identification (DI). In a nutshell,
instead of allocating a fragment of the IoT packet to the
signaling associated with the MAC address (device identifier),
the unique spreading code is used as IoT device identifier.
Our MA scheme also relies on an unsupervised machine
learning technique to enable non-coherent data detection, thus
removing the need of preambles and pilots used for channel
estimation. The lack of preambles and pilots further reduces
the control signaling.

Our proposed approach for removing the device identifier
relies on sparsity-aware IoT DI at the BS to determine the
active IoT devices before data detection. Based on the sporadic
traffic pattern of the IoT devices as well as lack of knowledge
about the channel state information (CSI) of the IoT devices,
the squared ¢o-norm sparse signal reconstruction (SSR) and
Bayesian information criterion (BIC) ¢; — {5 mixed-norm
simultaneous sparse signal reconstruction (SSSR) IoT DI
algorithms are developed. In the former algorithm, the IoT
identification problem is formulated as an SSR using the gen-
eralized cross-validation (GCV) approach followed by parallel
hypothesis testing. The latter algorithm formulates the IoT DI
problem as a BIC model order selection SSSR problem.

The proposed uplink MA scheme is also equipped with
a new non-coherent nonlinear multiuser detection (MUD)
algorithm to detect data of the active IoT devices, applied after
the IoT DI algorithms. We propose the non-coherent 2-mean
clustering (2-MC)-MUD algorithm based on 2-MC unsuper-
vised machine learning and differential coding to detect data
without channel estimation at the BS.

A. Related Works

IoT device activity and data detection techniques can be
categorized into three groups: 1) regularized, 2) greedy, and
3) iterative-thresholding based methods [6]. The regularized
methods apply a regularization parameter into the cost function
which balances both approximation error and sparsity level
of the solution. Sparse maximum a posteriori probability
(S-MAP) and its relaxed versions were the first algorithms
for activity and data detection that took into account regular-
ization parameter [7]. To achieve an acceptable performance
with lower computational complexity compared to the opti-
mal S-MAP detector, several detectors were then proposed,
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such as sparsity-aware successive interference cancellation
(SA-SIC) [8], SA-SIC with sorted QR decomposition [9],
activity-aware multiple feedback SIC [10], activity-aware
recursive least squares with decision feedback [11], and direc-
tion method of multipliers (ADMM) [12].

In the greedy techniques, the goal is to solve the sparse
representation with the fp-norm minimization. Because of
the fact that this problem is NP-hard, the greedy technique
provides an approximate solution to alleviate this difficulty.
The greedy strategy searches for the best local optimal solution
in each iteration with the goal of achieving the optimal
holistic solution. The pioneering work in this category applied
the orthogonal least squares and orthogonal matching pur-
suit (OMP) algorithms to perform joint detection of data and
device activity for mMTC [13]. Other detection algorithms
in this category are: group OMP (GOMP) [14], compressive
sample matching pursuit, detection-based OMP [15], weighted
GOMP [16], detecting-based GOMP, block-correlation SIC
[17], simultaneous OMP with extrinsic information transfer,
and the threshold aided block sparsity adaptive subspace
pursuit [18].

Iterative-thresholding based methods are alternatives to con-
vex optimization for large-scale problems. These methods are
inspired by belief propagation (BP) in graphical models, where
their foundation is Gaussian loopy BP with simplified mes-
sage passing that assumes high dimensional signal vectors in
order to factorize a multivariate distribution. There are several
approaches in this category, such as approximate message
passing (AMP) with non-separable denoiser [19], vector AMP
with MMSE denoiser [20], bilinear generalized AMP [21],
joint expected maximization and AMP [22], and mixture
of compressive sensing and message passing [23]. A blind
BP detection algorithm for non-coherent non-orthogonal
MA with massive receive antennas was also proposed
in [24].

Most of the mentioned approaches either assume perfect
CSI or its estimate through pilot at the BS. While using pilot
results in lower spectral efficiency and higher latency in these
approaches compared to our non-coherent method, some of
these approaches, such as [20], can offer lower packet error
rate (PER) when a sufficient number of pilots is used for joint
activity detection and channel estimation. On the other hand,
the single phase joint activity detection, channel estimation,
and data detection approaches without requiring pilot, such
as the structured sparsity learning MUD algorithm in [21],
exhibit higher PER compared to our non-coherent method due
to lack of spreading. Moreover, unlike most of the above-
mentioned approaches, which considered coordinated uplink
MA with perfectly synchronized transmissions, our proposed
MA scheme supports uncoordinated IoT devices. It is worth
mentioning that the algorithm in [21] is very promising for
symbol-level synchronized transmission, and [20] can analyt-
ically characterize channel estimation error. Besides, existing
regularized algorithms do not propose any solution to set the
tuning parameter in the optimization problem when the activity
rate is unknown and time-varying. The degree of sparsity, and
thus, the false alarm and correct identification rates depend on
the value of the tuning parameter.
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B. Contributions

The main contributions of this work are as follows:
o A new uplink MA scheme is proposed for mMTC. The

proposed MA scheme exhibits the following advantages:
It is capable to support thousands of uncoordinated

IoT devices;

— It supports sporadic traffic pattern and short-packet;

— It significantly reduces packet time on-air since it
is designed for underdetermined DS-SS (number of
devices is larger than the spreading factor);

— It removes the control signaling associated with the
device identifier as well as pilots and preambles
employed for channel estimation to reduce uplink
overhead;

— It exhibits high scalability in terms of adding new
IoT devices (high overloading factor) without nega-
tively affecting the system performance.

o A new mechanism for the IoT DI at the BS is developed
instead of using device identifier. Since the active IoT
devices in the network do not use a device identifier
in order to identify themselves to the BS, the squared
f5-norm SSR and the BIC ¢; — /5 mixed-norm SSSR IoT
identification algorithms are proposed to detect active IoT
devices. The proposed algorithms exhibit the following
advantages:

— They can detect active IoT devices without knowl-
edge of the CSI;

— They remove the need for matched-filter (MF) imple-
mentation for all spreading codes; thus reducing the
complexity of the receiver;

— The BIC ¢; — ¢5 mixed-norm SSSR algorithm can
identify active IoT devices when the activity rate is
unknown and time-varying;

— They take the advantage of optimal tuning parameter;

— The BIC ¢; — ¢5 mixed-norm SSSR algorithm can
identify active IoT devices for non-identical activity
rate due to the BIC model selection;

— There is control over the false alarm and correct
identification rates of the individual IoT devices in
the ¢3-norm SSR IoT DI algorithm.

o The statistical performance analysis of the squared
{o-norm SSR IoT DI algorithm is presented, and theo-
retical expressions for the correct identification and false
alarm rates are derived.

e A new non-coherent nonlinear MUD algorithm,
i.e., 2-MC-MUD in combination with differential coding
is designed for short packet transmission. The proposed
2-MC-MUD algorithm exhibits the following advantages:

— It supports both coordinated and uncoordinated
DS-SS transmission irrespective of the traffic pattern;

— It does not require knowledge of the CSI at the BS.

o An extension to multiple receive antennas through hard
decision combining is proposed. This combination offers
the following advantages:

— The performance of the proposed uplink MA boosts
because of spatial diversity;

— Higher overloading factor can be supported.
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Fig. 1. Received packets at the BS.

C. Notations

The identity matrix and zero vector are shown by I and O,
and the indicator function is defined as I{z} =1 if  is true;
otherwise, I{z} = 0. The cardinality of a set, which measures
the number of elements of the set, is denoted by card(-). The
¢y quasi-norm of vector a; = [ag; ai,; ... am,lyj]T and
the £y — o quasi-norm of matrix A £ [ag a; ... a, ;| are
respectively defined as ||a;llo = card({i € Z|a;; # 0}),
and [|Allo £ card({i € Z|3j,j =0,1,...,n—1,a,; # 0}),
where Z £ {0,1,...,m—1}. We use tr(B), B~! and det(B)
to show the trace, inverse, and determinant of an square matrix
B. We also employ diag(B) to represent the diagonal elements
of B in vector form. Throughout the paper, (-)*, (-)T, and
()} show the complex conjugate, transpose, and Hermitian
transpose, respectively. Also, | - |, |-], and ® represent the
absolute value operator, floor function, and Kronecker product,
respectively. E{-} is the statistical expectation, & is an estimate
of x. The complex Gaussian distribution with mean vector
and covariance matrix X is denoted by CA/ (;t, E).

The remaining of the paper is organized as follows.
Section II introduces the system model. Section III describes
the proposed IoT DI algorithms and presents their analytical
performance evaluation. In Section IV, the data detection
problem is discussed, and the nonlinear 2-MC-MUD algorithm
is proposed. An extension to multiple receive antennas is
discussed in V. Simulation results are provided in Section VI,
and conclusions are drawn in Section VIIL.

II. SYSTEM MODEL

Consider K, IoT devices communicating with a single IoT
BS in a single-hop communication. It is considered that the
IoT devices transmit data in short packets over independent
doubly block fading channel, where the fading channel is block
fading in time and in frequency. The activity rate for each
IoT device is assumed to be P,.! The IoT devices transmit
their packet after receiving a beacon signal transmitted by the
IoT BS. This signal is periodically transmitted with period
Tt = NgTs + Tmax, Where Ny is the number of symbols per
IoT packet, 7§ is the symbol duration, and Ty,ax 1S the known
maximum delay of the single-hop IoT network. It is assumed
that T} equals the coherence time of the fading channel.

We denote X, = {0,1,...,K, — 1} and X, the total and
active IoT devices in the network, respectively. The round-
trip delay of the kth IoT device is shown by 7, £ 2d;/c,
Tr € [0, Tmax|, Where ¢ is the speed of light, and dj, is the

Both known and unknown activity rate are studied in this paper.

Authorized licensed use limited to: TU Delft Library. Downloaded on June 14,2022 at 12:00:00 UTC from IEEE Xplore. Restrictions apply.



2972

Differential coding

Fig. 2. Block diagram that illustrates packet transmission at IoT devices.

distance between the k-th IoT device and the BS. We consider
that 73, k, € Xy, is known at the receiver. Fig. 1 illustrates the
received IoT packets at the BS.

As illustrated in Fig. 2, for each IoT device, the payload bits
dg, k € &,, are encoded by the channel encoder to increase
the reliability of packet transmission. Then, the encoded data
is passed through the differential encoding block. Differential
encoding is employed to remove the need of channel estima-
tion in the MUD at the BS to enable non-coherent detection.
After differential encoding, the data is binary phase-shift-
keying (BPSK) modulated. Finally, the modulated signal is
multiplied by a unique spreading waveform and then trans-
mitted. It is considered that the spreading waveforms of the
IoT devices do not change over time.

The impulse response of the doubly block fading channel
for the kth ToT device is given as g (t) ~ g0 (t — 71 ), where
gi is the fading coefficient of the kth IoT device, which is
constant during a packet but changes to an independent value
for the next packet. Doubly block fading channel is a suitable
model for sporadic traffic and short packet transmission. The
received baseband signal over doubly block fading channel in
each transmission period with respect to the timing reference
of the BS is modeled as

Ky—1N.—1

r(t) = Z Z G/ TRDRE P2 by, 51 (t — nTs — ) + w(t)
k=0 n=0
Ky—1N.—1

= > grbkmsk(t — nTe — ) +w(t), (1)
k=0 n=0

where ¢ € [0, T3], gk = Gr\/Mepre’®", and g, ¢, and {by n,
n=0,1,...,Ng — 1} respectively denote the fading channel
coefficient, carrier phase (CP), and symbol stream of the kth

[oT device, which are unknown at the BS. Also, n = ( 47)r‘ék )2

and pj denote the pathloss and transmit power of the kth
IoT device, respectively, where \. is the wavelength of the
carrier signal. It is considered that g ~ CN (uk, aﬁ), and the
envelope of the CSI, i.e., |x| has a Rician distribution with
K-factor |ux|?/(c?). The symbol stream for the inactive IoT
devices is modeled as transmitting zeros during the packet,
ie, byn =0,n=0,1,..., Ny — 1, while active IoT devices
employ BPSK modulation with E{|by,|?} = 1. The DS-SS
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BPSK modulation RF chain

DS-SS sequence

signaling waveform of the kth IoT device, s (t), is given by

N.—1
set) =Y aMu(t—mTe), tel0,T, ©)
m=0

where T is the chip duration, c;, = [ci,o) c,(:) ..
is the spreading sequence of {+1, —1} assigned to the kth ToT
device, N, is the spreading factor, and 1) (t) is the chip wave-
form with unit power. It is assumed that ¢ (¢) is a rectangular
pulse confined within [0, T¢]. To support massive connectivity,
K, > N¢, which leads to non-orthogonal transmission. The
baseband additive complex Gaussian noise at the output of the
receive filter with bandwidth 1/7. is denoted by w(t) in (1).

Fig. 3 shows the block diagram of the proposed receiver at
the IoT BS. As seen, the received baseband signal is passed
through the chip MF and sampled at the chip rate. The output
of the sampled chip MF for the ith chip at the jth observation
symbol is obtained as

. ci,NC_l) f

. G T+ (i+1)T,
ri) 2 / r(6) (t — §Ts —iTe) dt
JTs+iT.
Ku—1

ST g +wl? i=0,1,..
k=0

Ne—1,  (3)

_ JTa+ (1) Te
w2 / w(ty) (t — jTu — iTe)dt, ()
J

Ts+iTe
and
() st‘i’('LJFl)Tc Ns—1
(3 A
u,m = / bkmsk (t — nTS — Tk)
JTs+iTe n=0

X (t — jTy —iT.)dt.  (5)

By employing (4), one can show that the joint probabil-
ity density function (PDF) of the corresponding noise vec-
tor associated with the jth observation vector, ie., w; e
[wg_o) w§1) w§N°71)]T is characterized by w; ~
CN (On,,021) with 02 £ No/T., where No/2 is the power
spectral density of the white noise. The integral in (5) repre-
sents the area under the received signal waveform of the kth
IoT device during the ith chip-matched filtering duration at
the jth observation symbol.
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Fig. 3. Block diagram of the proposed receiver at the BS.

Let us write the delay of the kth IoT as
(6)

with o £ |7 /T5), Br = [7%/Te] — axNe, and & € [0, T).
Based on the values of «y, Ok, and &, U,(;)j in (5) is
expressed as a function of by j_o, and by j_q,—1 as [25]

e = Ty + Bk Te + &k,

(1)
Uk,j
Ng—1 N.—1

> 2 A bin

n=0 m=0

JTs+(i+1)T.
X / Yt — nTs—mTe—1i)0(t— Ty — iTe)dt
JTs+iT.

(1>

= brjmap—12y) (1= &) + b jar ey (€1), 7

where
) N1 (7,+1)TC
)2 / W(t—mTo—vTo)(t—iTs)dt,
m=0 tle
(8)

with v € [0,1). We can write (7) in vector form as follows

Uy = brj—ap—1Xk,0 + bk j—a, Xk, 1 )
where by ; = 0 when j ¢ [0, Ny — 1], and
1t
w2 [ug); ul ol ”} , (10a)
_ T
xer 2 |2 (&) ol (@) - o V@] (10b)
_ T
xeo 2 o (1-&) o (1 - &) .. o™ V-]

(10c)

For the rectangular chip waveform ) (¢), we can obtain

Oﬁk 05k+1
< , :
[ ’“’1} =1-&)| e |+&| < (11)
Xk,0
ON. -84 ON.—Br—1

T | {be,....bs ) (
. . 0 KB‘71 . . .
: Channel decoding Differential decoding

IoT device
identification

L

Let us define X, £ [x,0 xx,1]. By employing (3) and (9),

the jth observation vector, i.e., r; = [r;U) rg.l) . rg.NC*l)]T,
is written as follows
r; = XGb] +w; = th + wj, (12)
where
X £ [XoXy... Xk, 1], (13)
9o 0
N g1
G = ® Ia, (14)
0
JK,—1
b; £ [bod—ao—l bo,j—ao b1j—a1-1 b1j—a,
) I e | bK.,—l,j—(y(Ku,D} ,  (15)
and
T
h; = [hom hoja hijo haja .. hi,—150 hKu—LJ}l}
(16)
with
Picjp 2 Gkbkj—an—1+7. f€{0,1} (17)

Finally, by staking the N, observation vectors, the observa-
tion matrix is written as follows

Rt =XGBr +Wp=XHt + Wr, (18)
where RT £ [I‘o ry ... I‘Ntfl], BT £ [bo b1 bNtfl],
Wr 2 [wowy ... wy,—1], and Hp 2 [hg hy ... hy, 4]

In (18), X is referred to as dictionary.

As seen in Fig. 3, after chip-matched filtering and sampling,
the ToT DI algorithm is applied to the measurement matrix
R to detect the active IoT devices. The outcome of the IoT
DI algorithm is a set of IoT devices /f'a. Then, the MUD
algorithm is applied to detect data of the IoT devices in X,.
After MUD, the bit streams related to the active IoT devices
pass through differential and channel decoders, respectively.
In the remaining of the paper, we propose different algorithms
to realize the system in Fig. 3.
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III. IoT DI

DI is the first step in uplink MA schemes that devices do
not use control signaling in order to identify themselves to
the BS. In this case, the BS needs to determine the active
devices before data detection. In this section, different IoT DI
algorithms are developed.

A. IoT DI: Problem Formulation

For the sake of decreasing the complexity, a portion of
the observation window can be employed for IoT DI. Let us
consider a truncated observation window of length L as

R=XGB+W=XH+W,

. Tatr-1), B £ [bs bai1
[Wa Wa+t1 Wa+L71], and H £
< L < N+

19)

where R = [rg Tai1
barr-1), W £

[ha ha+1 ha+L,1] with 1

omin — &, where & 1is an arbitrary positive integer,
_ N A
a > omax = max{ag,a1,...,0Kk,-1}, and amin =
min{ag, a1, ...,ak,1}.> Fig. 4 shows the underdetermined

system of linear equations in (18), and Fig. 5 illustrates
truncated observation windows for IoT DI in (19).

The activity of an IoT device is defined for an entire packet,
i.e., the rows of H corresponding to the active and inactive [oT
devices are non-zero and zero, respectively. Thus, the problem
of IoT DI for the kth IoT device, k € X, can be expressed
as the following binary hypothesis testing:

Hy, :hi®" 20

Hoy, - h{™" =0, (20)
where
a,L T
L P Y SN I -
i
hy; £ {hk,j,o hk,j,l} , (21b)

and Hy, and Hjj are the null and alternative hypotheses
denoting that the kth IoT device is active and inactive, respec-
tively. As seen in (20), the IoT DI problem is formulated as
K, parallel binary hypothesis testing problems. The first step
in IoT DI is to reconstruct hk,a’L}, k € X, from the truncated
observation matrix in (19)..

Let us denote the number of active IoT devices by the
random variable k, = card(X,). For P, < 1, P{k, <
K.} = 1, and thus, B and H in (19) are sparse matrices.
Moreover, the columns of H(B) share the same sparsity
profiles. This sparse structure is referred to as block-sparse.
The block-sparse structure of H can be observed in Fig. 5.

The sparse structure of H can be employed to reconstruct
the columns of H from the underdetermined linear observation
model in (19). When each column of H is individually recon-
structed from its corresponding column in R, it is referred to
as SSR. The SSR for the columns of H, i.e., h;, a < j <
a + L — 1, is formulated as follows

N 1
by = arg min® e, — Xby [ 4 vy, @2)
J

2The number of non-zero elements of the observation window for the active
IoT devices is considered the same to facilitate theoretical analysis.
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where )y, is the tuning parameter which balances both approx-
imation error and sparsity level of the solution.

The fp-minimization in (22) is both numerically unstable
and NP-hard since the ¢y quasi-norm is a discrete-value
function. One approach to the SSR is to replace the ¢y quasi-
norm by a convex function with common sparsity profile
that leads to a solution very close to the one of the original
problem. Different convex functions can be employed to relax
|Ihjllo in (22). A common family of convex functions is the
¢4 norm, given as

K,—1 1 q %
|[hyl|, = ZZ‘hlm}f‘ :

k=0 f=0

(23)

The recovered vectors by the £, norm minimization can be
employed to infer the active IoT set &j,.

On the other hand, the block-sparse structure of H can
be employed to improve the reconstruction of H in (22).
This method of signal reconstruction is referred to as SSSR.
Opposite to SSR, the SSSR simultaneously exploits the col-
umn sparsity along with the block-sparse structure in the
optimization problem in order to reconstruct the matrix H.
The SSSR of H, given R and the dictionary X, is expressed
as

H = arg min %HR-XH\|§+A§3||H||O, (24)
where )\ﬁg is the tuning parameter which balances both approx-
imation error and sparsity level of the solution. Similar to
the /p-minimization in (22), the £y — {o-minimization in (24)
is unstable and NP-hard. Therefore, the quasi-norm |[H||, is
replaced with the ¢, — ¢, (p,q > 1) mixed-norm as

K,—1

Tpq(H) = > |[n{™ P
k=0

to convert the combinatorial problem in (24) into a convex
optimization problem. The vector h,ga’L} in (25) is defined
in (21). The recovered matrix by the relaxed SSSR can also

be employed to infer the active 10T set.

(25)

B. IoT DI for Known Activity Rate

Here, we propose an algorithm for IoT DI when the prob-
ability of activity P, is known at the BS. Convex relation
through squared ¢o-norm followed by a threshold setting
mechanism is employed for IoT DI.

1) Squared (,-Norm SSR IoT DI: The squared {s-norm
convex relaxation form of (22) is given by

h;j = arg min %Hrj — Xhy 5+ A5 @6)

J

where h; is given in (16) and (17). The squared ¢2-norm SSR
algorithm formulates the IoT identification problem as a ridge
regression (RD) estimation problem as in (26) followed by K
parallel binary hypothesis testing problems. This is because the
RD does not set the coefficients of flj to zero. The optimal
solution of (26) is obtained as [26]

~ —1
h; = (XTX T 2/\1) X'r;, 27)
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Fig. 4. Underdetermined system of linear equations for Ky = 7, Ky = 2, Ny = 8, Nc = 5, amax = 1, and Ny = 6. Due to the asynchronicity among the
IoT devices, the matrix of the transmitted symbols B includes two rows for each IoT device.

3
Hrp H(a=4)

L

H(a=3)

Fig. 5. Different observation windows for IoT DI (Ky = 7, Ny = 7,
Qmax = 2, omin = 0, 1 < L < 4). The purple color is employed to show
the packet of the IoT devices, which is zero for inactive and non-zero for
active IoT devices.

which is a simple linear estimator of r; that shrinks ordinary
least-squares (LS) estimates towards zero. The tuning para-
meter A\ for SSR can be obtained through cross-validation and
GCV [27], [28]. The latter is a method of model selection that
is widely employed; in this case, )\ is obtained as follows [27]

Aey = arg min H Qr; H2 (28)

A [tr(I [r(1- Q)]

where Q £ X (XX + 2AI)_1XT. In [29], it has been shown
that the optimal tuning parameter of the RD estimator for r; =
Xh; + w; in terms of minimum mean squared error can be
approximated as follows

oatr[Ex']
hl! S hy 4 3u[23%]

X;p ~ (29)
where £x £ XTX. As observed, A 2P depends on h; which
is unknown and needs to be estlmated by the RD estimator.
In this case, for moderate and high signal-to-noise ratio
(SNR) range, an appr0x1mat10n of (29) can be obtained by
replacing h EX h; with its expected value [30]. Since the
elements of h are uncorrelated by employing E{|h j0l?} =
E{|hk,j71|2} = Paipr(o? + |ukl?), k € X,, we can show
that E{hHE_Tth} P, (T ®1‘L)1_Xx, where T' 2 [yo 71 ...
Yru-1) e £ mepe(op + |pkl?), 12 = [1 1], and Ax £
diag(2x'). Substituting E{h¥E" h } = P, ®1MAx
into (29), results in

afvtr[flil]
P(TT @ 1) Ax + 3u[252]

opt

(30)

As seen in (30), \°P! is inversely proportional to P,.

By substituting r; = Xh; + w; in (12) into (27), flj can
be written as a linear function of h; as

h; = Qh; + w, 3
where
Qo0 Qo1 Qo,2K,—1
Q2 Q10 Qi1 Q1 2K,-1
Qor,—1,0 Qoky—1,1 -+ Q2K —1,2K,.—1
= T— 2XPH(Sx + 2XP) (32)
and
/
0,] 0
wO,L
w2 = (Sx +22°P) ' XTw,. (33)
Wi, 1,50
!
Wk,—1,5,1

In (33), w;- is zero-mean complex Gaussian colored noise
vector with covariance matrix given by

U), U), U),
0,0 0,1 0,2K,—1

7 7
w w w
1,0 X7 21,21([,—1

w/
22Kufl,2Ku71
2=

EX;

YK —1.0 0K, 1,1 < -
E{w!,(w))"} = 02 (Ex + 22°P'T)~
where Eéulirfh?szrfg = E{w;€17j,f1 (w;czd}fz)*}'

The elemeA:nts of thin (31) associated with the kth IoT
device, i.e., hy jo and hy ;1 can be written as follows

(34)

P f = Qabtfok+ kg r + Qop 0wt e 7

+ Z {Q2k+f,2n+fhn,j,f + Q2k+f,2n+fhn,j,f}
n#k
/
+ W0

where f, f € {0,1} and f £ f + (—1)7. The second term
on the right-hand side of (35) represents the effect of the
multiuser interference caused by the active IoT devices in
the network. Due to the central limit theorem (CLT), fzkd’ fs
f € {0,1}, in (35) given hypothesis Hoy and Hyj can be
accurately approximated by complex Gaussian random vari-
ables for sufficiently small values of K-factor ky, = |ux|?/o?

(35)
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Fig. 6. Scatter plot of R{h1¢,;,1} and R{h10 0} when device k = 10 is
active, Ky = 1536, N = 512, P, = 0.01, and SNR= 16 dB.

and large enough P, K. Simulation results show that for
ki = |pxl?/o? < 0.2, Gaussian assumption is valid. In fact,
the lower ki, the more reliable the Gaussian assumption
is. It should be mentioned that the random variables ilk,j,o
and iLk’ 4,1 are not joint Gaussian random variables as shown
in Fig. 6. The mean, variance, and cross-correlation of ]/:Lk7j70
and hy, 4,1 are given in Lemma 1.

Lemma 1: First and second order statistics of the recon-
structed signal for the kth IoT device in (35), i.e., fzk,j,O and
/Auwﬂ, are given as follows

E{hk,j,O‘Htk} = E{ﬁk,j,l‘Htk} =0,
E;]ff Val"{ilk,j,ﬂHtk} =

te{0,1}
> 2
E{}hk,j,f} |Htk}
2 2
= (sz+f,2k+f + sz+f,2k+f)

2 2
+ P, Z Y (sz+f,2n+f + sz+f,2n+f)
n#k

(36)

+ X0kt £ 2kt £ 37

and
e = (COV{hkg 05 e g1 ‘Htk} E{ﬁk,j,oﬁz7j71‘Htk}
=tk (Q%,%Q%H,% + Q2k+1,2k+192k,2k+1)

+ P, Z Y (QQk’,QnQQk’-}—l,Qn+92k’+1,2n+192k,2n+1)
n#k

(38)

where i = mepr(of, + |uxl?), 2% = S t.f € {0,1},
f& f+ (-1, and Egjkl’+f,2k+f is given in (34) ( Proof in
Appendix A) U

Since the joint PDF of lAz;w"o and fzkd’l given Hy, i.e.,
p(ﬂkﬁjyo, iALk,j71|Htk), t € {0,1}, cannot be expressed in a
tractable mathematical form and since there is high correlation
between ]/:Lk7j70 and ilk7j71, we can either use ]/:Lk7j70 or ]/:Lk7j71 to
identify the transmission state of the kth IoT device. Moreover,
the in-phase and quadrature components of ]/:Lk7j7 ¢ can be
accurately approximated by correlated joint Gaussian random
variables due to the CLT for sufficiently small values of

’
w
+ X0k 2k 15

TABLE I
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CREDIBILITY OF GAUSSIAN ASSUMPTION FOR iy, j o AND iy, j 1

Variable Kurtosis | Skewness Variance
Gaussian (theory) 3 0 0.002 {0.2657}
Re{hx o} 3.105 | 0.0224 0.001
Re{hy 1} 3014 | —0.0233 |  {0.2643}
K-factor kj, £ | |?/o? and large enough P, K. To verify the

credibility of Gaussian assumption, we evaluate the kurtosis
and skewness for R{/z o} and R{hs 1} in Table L.

Similar to the proof of Lemma 1, we can show that the
distribution of the reconstructed signal for the kth IoT device
is given as follows

P?{hlw 0}] N(0,C8%),  Hox (39)
S{hwj0} N(0,C%),  Hu,
and
P?{’:lml}] _JN(0.CYy), Hor “0)
S{hkrjvl} N<0ac%k1)a Hlkv
where
S5 o}
CYy = { il } (41)
R Loty 2%

Py = {%{hk,j,f}\f{ﬁk,j,fHHtk}
= Lk ik Nk Dk (ng,_;’_f ok f + ngﬂ, 2k+f)

+ P, Z o flon M Pn (sz+f 2ntf T sz+f 2n+f)

n#k
(42)
. 5 2
fo 2 Val'{%{hk7j7f}|Htk} = E{ (%{hkd,f}) |Htk}
= t(o}/2 + |k |*)mepr (Q§k+f,2k+f + Q§k+f72k+f_)
+ P 2(02/2 + |ﬂn|2)77npn
n#k
X (92 +02 -)
2kt f,2n+f 2k f,2n+F
+ B0t £2k41 /2 (43)
and
Stk
Xrr

£ Var{%{ﬁk7j7f}‘Htk} = E{(%{ilk7j7f})2|ﬂtk}
= t(o} /2 + |ik]*)mepr (Q§k+f,2k+f + Q§k+f72k+f_)

+Fa 2(03/24’ |fin|*) 10 (Q§k+f,2n+f+93k+f,2n+f')
n#k
+ Bt £2k4 1 /25 (44)
with i = R{p} and fix = S{pe}.
The larger the ratio of the variances in (39) and (40),
i.e., Bg% /20%, and 1% /%08, the better identification perfor-
mance. Accordmgly, we use the reconstructed signal in (35)
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for the identification of the kth IoT device as follows

2 [%{hml}} {ox < 0} + [%{}}’“’”}} K{or = 0},

S{hr.a} S{hi g0}
(45)
where }Vlkd‘ = [lulkd?o,]vlk’j?l]]t, k e X,, and
Soo  Zih
<28f‘o 594

Using the reconstructed signal in the form of (45) enables us
to derive closed-form expressions for the correct identification
and false alarm rates. In order to identify the transmission state
of the kth IoT device, k € X, based on flkd‘, the maximum
likelihood ratio (MLR) test can be used [31].

Lemma 2: The optimal MLR decision rule for loT DI based
on the reconstructed signal flkd, k € X,, in (45) is given by

Hyy, ¢(flk7j) > O
di = o 47
’ {Hom ¢(hij) < bk, “n
where
. 1

¢(he;) =D xprlnlzi in] (48)

n=0

LA
xrsln) & % (49)

In (49), At 5[0] and )\f ¢[1] are the eigenvalues of the
symmetric matrix Bf = (AO )TC1 fA (Cf 1 is defined
in (41)), and

(21,510, 205 [1]]T 2 (V)T (AY) Ty, 5, (50)
where V}kf is the modal matrix of B}kf
ie, (Vi )TB”C Vi = A}kf (matrix of eigenvalues for

1k 0k 0k \T 0k x/0k __ AOk
Biy) ALy 2 VI <A 1) T (Vi) Cy Vs =AY,

and f= 1f0r Ok < O and f =0 for op, > 0. The threshold

value for the kth IoT device, i.e., O, is set for a desirable

false alarm rate Pk(,f) £ ]P’{dk = H1k|H0k} as follows
exp(—jwx)

+<>o
/ V1 =2jxssnlw

By using (48), we can obtain the correct identification rate
for the kth IoT device as follows
exp(—jwx)

oo ptoo 1
B QW/ak / H\/1—2J/\ff
(Proof in Appendix B) U
The decisions corresponding to the L measurements for the
kthIoT device, i.e., di ¢, ¢ = 1,2,..., L, can be fused together
Zngl di.e > ng

as
Hlka
Dy = I
Hok, Y54 diee < ng,

where ny, is an integer value [32]. A formal description of the
proposed squared ¢2-norm SSR IoT DI algorithm is given in
Algorithm 1.

P = dwdx. (51)

dwdz. (52)

; (53)
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Algorithm 1 Squared /5-Norm SSR ToT DI

Input: X, R, PV, ny, ke X,
Output: Active [oT set X,
Initialization: X, = ()
1: for k=0,1,...., K, — 1 do
Obtain 0 by using (51)
Obtain hy j by employing (27) and (45)
Compute d)(ljlk’j) for 7 =0,1,...,L — 1 using (48)
Identify the transmission state of the kth IoT device
by employing (47) and then (53)
6: if Dy = Hy; then
7: X, — { X, k)
8
9

end if
: end for

C. IoT DI for Unknown Activity Rate

Here, we develop an IoT DI algorithm for the case of
unknown activity rate P, at the BS. The convex relaxation
through ¢; — /5 mixed-norm is employed for signal recon-
struction, which can directly identify the active IoT devices
through the non-zero elements of the reconstructed signal. This
is attributed to the /1 — {5 mixed-norm ability to provide sparse
estimates. Note that the proposed /1 — ¢» mixed-norm SSSR
IoT DI algorithm does not require knowledge of transmit
power by IoT devices.

1) BIC {; — {3 Mixed-Norm SSSR IoT DI Algorithm: Let
us consider P, € [0, Ppax], where P, and the maximum
activity rate P.x are unknown at the BS. Since in-phase
and quadrature components tend to be either zero or non-zero
simultaneously, this provides additional grouping in SSSR.
By stacking the in-phase and quadrature components (X is
a real-valued matrix), we can write (19) as

Y =XU+V, (54)
where
Y £ [%{R} %{R}}, (55a)
U £ [%{H} S{H}}, (55b)
vV £ [%{W} S{W}] (55¢)

For block-sparse matrix U in (54), the ¢; — {5 mixed-norm

SSSR is given as follows

Ku—1
U= arg min —HY XUHF + NgAg Z HquHQ, (56)
k=0
where Nq £ 2L N,
ug, £ [Uz,. Usiyr,.], (57)

and Uy, . is the kth row of U. In (56), A\, represents the tuning
parameter which is unknown and time-varying. The degrees
of sparsity depends on Ag; the larger ), is, the sparser the
estimate is. For unknown g, model order selection methods
can be employed to identify active [oT devices. By extending
the BIC model order selection method in [33] to multiple
measurement vectors, the reconstructed matrix U is given by

U=10W, (58)
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where
5\ = arg min CBIC(/\), (59)
AL, U]
1 - d
Cric(3) £ log (5[ ¥ = XOW) + log(Na) 1. (60)
Nq
Ky—1
O = arg min J[[Y - XU[ 4+ Nd 3 |,
k=0
(61)
and df is the degree of freedom which is given as follows
S S o |
@ = 3 W, > 0 +@E-1) 3 o 6
k=0 k=0 UGy ll2
where uIéS is the LS estimate for the kth IoT device signal.

The Karush—Kuhn-Tucker (KKT) optimality conditions of
the optimization problem in (61) is given as

— W, + Ngh\—F ||qu H2 =0 ifug, #0° (63a)
|k, < NaX if ug, =07, (63b)
where
W, 2V, 1Y - XU
- [X~,2k(Y - XU) XT,2k+1(Y - XU)L (64)
and X. ;. is the kth column of X. Let us write ¥y, as
W) = o —uc, Ak (65)
where
Pk = [XT’%(Y—XU,{%.}) XizkH(Y_XUf{%H,-})L
(66)
and
Ay, & diag{XT,, X o, ..., X1 X oy,
X.T72k+1X~,2k+1, cee XingX.,zkH} (67)

with U_g; 4 as the matrix U with the ith row being set to of.
The dimension of the diagonal matrix Ay is 4L x 4L.

From (63a) and (65), we have ug, (Nd)\I/Hqu ) ) =
¢, when the kth IoT device is active. In contrast, when the
kth 10T device is inactive, W, = ¢p,.. Hence, we can write

NgA
H Gk||2

To solve the optimization (61), we can use block-coordinate
descent algorithm, where consists of solving each ug, in (57)
at a time. By starting from a sparse solution like, U = o,
at each iteration, we check for a given k£ whether ug, is
optimal or not based on the conditions in (63). If |||z <
NgA, Gg, = 0;otherwise, ug, at the tth iteration is iteratively
updated as

1
G = H{H%Hz > NdA}%( I+Ak> . (68)

[t NaA
af, = {llel' 2 > Nar}eo ”(—d

—1
i I+ Ak) , (69)
H Gk ||2
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Algorithm 2 BIC ¢; — /5 Mixed-Norm SSSR IoT DI Algo-

rithm
Imput: Y, X, Ay, £k =0,1,....,K, — 1, A € [AL, \ul,
Mc, and MG
Output: Active [oT set X,
Initialization: X, = (), i = 1, Golden = 1, \; = AL,

1: vyhile Golden =1 do
Ul =0,t=1,89SR=1

2:  while SSSR=1 do
3: for £k =0,1 —1do
Obtain cpi] by employlng (70)
4 if [|¢!]ly < NA; then
uék =0
else
5: Update u[(t;]k as in (69)
end if
6: end for
7: if (UM —Ul-YU|>e)n(t< Mc) then
8: t—t+1
9: elsg(x) R
U™ =0, SSSR=0
end if
10:  end while
t— i+ 1

11:  if ©+ = 2 then
Ai = Au, Golden =1

122 elseif (|A\i—1 — X\i—2| > €;) N (i < Mg + 1) then
Find \; using the Golden selection search
Golden =1

13:  else

A= argmin Cgic(N),
Ae{Ai—1,Ai 2}

U= IAJ()‘), Golden =0,
14: end if
15: end while
16: Xo = {Vk €{0,... K

]2 #0}.

where

ol =[x, (Y -xu" )

t—1
—{2k,- }) x! 2n1 (Y= xul) )]

—{2k+1,-}
(70)

This procedure continues until the absolute difference
of successive iterations becomes smaller than the tolerance
value €.

2) Efficient One-Dimensional Search: Efficient one dimen-
sional iterative search algorithms can be used to solve the
optimization problem in (59). In an iterative search method,
the interval [\, Au] is repeatedly reduced on the basis of func-
tion evaluations until a reduced bracket [Ar,, Ay] is achieved
which is sufficiently small. These methods can be applied
to any function and differentiability of the function is not
essential. An iterative search method in which iterations can
be performed until the desired accuracy in either the minimizer
or the minimum value of the objective function is achieved is
the golden-section search method [34].
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Convergence of the Optimization Problem in (61): It
has been shown that for an optimization problem whose
objective function is the sum of a smooth and con-
vex function and a non-smooth but block-separable con-
vex function, block-coordinate descent optimization converges
towards the global minimum of the problem [35]. In (61),
Y — XU]|% is a smooth and differentiable convex function
and EkK:“a Yljug, ||2 is a separable penalty function, where
|lug, ||2 is a continuous and convex function with respect to
ug, . Thus, block-coordinate descent converges to the global
minimum.

A formal description of the ¢; — ¢ mixed-norm SSSR
IoT identification algorithm is summarized in Algorithm 2.
In Algorithm 2, Mg and M, denote the maximum num-
ber of iterations for the Golden selection search and the
block-coordinate descent optimization, respectively.

IV. DATA DETECTION

The next step after IoT DI is to detect the data of devices
identified as active. Since CSI is unknown, the existing MUD
algorithms, such as SIC cannot be employed. In this section,
we propose a new nonlinear MUD algorithm which does not
require CSI for data detection.

A. 2-MC-MUD Algorithm

The output of the IoT DI algorithm is a set of IoT
devices /'E'a. Since the delay of the IoT devices are known,
we can apply sequence matched filtering to the small set of
active IoT devices. Without loss of generality, we assume that
/{/a £ {kOaklw"ka(a_1} and Thy < Thy < o0 < Thig 1o
where K, £ card(X,).

We consider a bank of K, single-user MFs for the iden-
tified active ToT devices in X,. The output of the MF after
synchronized sampling and normalization by N, for the k,th
IoT device is expressed as [36]

A1 Thyp, +(i+1) T
= ., r(t)sk, (t
¢ Jry,, +iTs

= Gk, bk, i + Z Gk Ok i1 Pk ke; + Z Gk; by Pk,
ke <k ke <Fom

+ E Gk; Ok i Pk k; + E Gk; Ok i 1Pk ke, T Wiy i
kj>kn kj>kn

— i1y — Tkn)dt

(71)

g, (t — iTs — Tkn)dt,
TkJ )dt, and pk] kn

T + (i 1) T
w ey, w(b)s

Ts
Plnk; < 1\1/C fm] Sk, (£)s1; (8 —

Tk
3 o sk (1) sk, (E+ To — 73, )d.
The output of the single-user MF in (71) for the k,th IoT
device can be written as

where wy, ; =

Yknyi = Gk Oknyi + Vkyin 1 =0,1,...,Ng =1, (72)

where vy, ; represents the effect of noise and multiuser

interference on the k,th IoT device, and by, ; € {—1,+1}.
For data detection without any sign ambiguity, the phase

of gi,, kn € Xa, is leastwise required to be known at the

2979

0.4
03f P
0.2 °% % o
0004
) @) @@% 7
© 01t ° % I
= QP O *
E oo ®5 8 / g
s QO oo * *Q@&*
g 8 B K
= * pky g
S 01t o gk K
*
-0.2r ﬁ*i% *
%
-0.3 ¢
04 : ! !
-0.4 -0.2 0 0.2 0.4
In-phase

Fig. 7. Separated symbols by the proposed 2-MC-MUD algorithm for an
active IoT device at 10 dB SNR, K, = 768, and N, = 512.

BS. However, by employing differential coding at IoT devices,
a MUD algorithm can be developed which removes the need
for such a priori knowledge. Differential coding is a coding
technique used for non-coherent data detection. Instead of
encoding a bit sequence directly, it encodes the difference
between the bit sequence as [30]

kn € X, (73)

where @ is the modulo-2 addition and 0§, ; € {0,1} is the
ith bit at the output of the channel encoder of the k,th IoT
device as shown in Fig. 2. The BPSK modulated data for
the k,th IoT device in (72), i.e., by, ; can be mathematically
expressed based on the differentially coded bit bgz e {0,1}
as by, i = (_1)5‘;,,,7:_

Since g, kn € A, remains unchanged during the short
packet, the received symbols of the active IoT device k,
in (72) form two clusters corresponding to the transmitted
bits 1 and 0. The main idea behind the proposed MUD
algorithm is to extract these two clusters regardless of which
cluster is labeled 1 or 0. By extracting the two clusters, the data
stream of the active IoT device k,, can be detected without
any prior knowledge about the CSI and CP due to differential
coding.

To extract these two clusters for each active IoT device,
the 2-MC algorithm can be employed. By applying the 2-MC
algorithm to vy, 4, ¢ = 0,1,...,Ng — 1, in (72), the two
clusters are separated based on the nearest mean criterion
disregard to the label. The 2-MC minimizes the within-cluster
sum of squares (WCSS), i.e., the sum of the squared Euclidean
distance [37]. Let us define & = {0,1,. — 1}. The
2-MC algorithm partitions I/ into two sets Uk 0 and Uy, 1
by minimizing the WCSS as follows

Z ‘ykz - Mkn,l‘Qa

c __1c d
knsi = Ok, ic1 © bk, 4

arg min Z ‘ykz - MkmO‘Q +

1€UL,, 0 1€UR, 1
subject to g, 0 = E Yk,
& card (U, o) L{k 0) 2
e Zeuk ,,0

— i 74
Mkt = —— d(uk IR (74)

1EZ/{kn 1

The minimization problem in (74) can be solved by different
methods. One of the most common algorithm is the Lloyd’s
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Algorithm 3 : 2-MC-MUD Algorithm

Input: r(t), X, K. = card (<&, )
Output: bk Lk, § X

I:forn=0,1,..., K, —1do

2 Set initial value for U, [0 ] 1 and L{,E ) 0

3 Obtain yx,, 4, @ = 0, 1, co Ng—1, by employing (71)

& white 4" 2" | do

5: obtain U, [t] .1 and L{,Li]uo by employing (75)

6 u[tjl] — I/{ (18 ; by employing (76a)

7 it u,LjHO by employing (76b)

8 end while

9: Obtain the binary mapped sequence b} through (77)

10:  Apply differential decoding in (78) to b}’ to obtain
bj.,

11:  Apply channel decoding to by, to obtain dg,

12: end for

algorithm which uses an iterative refinement technique [38].
Given initial mean values® MES]HO and MLI]1 for pg, 0 and g, 1
in (74), the Lloyd’s algorithm proceeds by alternating between
the assignment and updating steps as follows:

Assignment St : The element of U/ at iteration ¢, i.e., U!"

is assigned to L{ .0 When
. 2 2
uy = {Z: T T } (75)

Otherwise, it is assigned to U,[:] 1

Updating Step: The mean of the clusters U,[Cﬂ_o and Z/{,[Cﬂ_l
are updated as

[t+1] 1

% = Yl i (76a)
Bl T card U7 1) eg: ot

€U, 0
[t-+1] 1
0 = y (76b)
0 card(u o) Z it

kn, 'LEUM

The 2-MC algorithm converges when the assignment step
does not change. Fig. 7 shows the output of the 2-MC
algorithm for an active IoT device. As seen, the sequence at
the output of the MF is portioned into two clusters regardless
of the label.

After partitioning U/ into two clusters Uy, o and Uy, 1, Yk, i»
i=0,1,..., Ns—1, is mapped into a binary sequence b} = =
[bg;,o b g .-

by Ns_l]T with elements as
i = {0 € Un, 1}
Then, by applying differential decoding to the mapped
binary sequence b}, the channel coded data stream for the
active IoT device k,, is obtained as follows

7c __m
knyi — b

(77)

@bmz 1

ny

(78)

Finally, by 2 [bf 32”,1 oo b5 n_o) " is decoded by
the channel decoder, and the data stream of the active IoT

3The Forgy method is used for initialization, where two observations from
the dataset are used as the initial means [37].
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device k,, is obtained. The proposed 2-MC-MUD algorithm is
summarized in Algorithm 3.

B. Complexity Analysis

The complexity of the proposed squared ¢2-norm SSR IoT
DI algorithm is O(K,LN?2 + LN?2). The complexity of the
proposed BIC ¢; — {5 mixed-norm SSSR IoT DI algorithm per
each iteration is O(N.LK?), where the maximum number
of iterations is MqgMc (Mg and Mc are the maximum
number of iterations for the Golden selection search and the
block-coordinate descent optimization, respectively. The com-
plexity of the proposed 2-MC-MUD for single user matched
filtering and clustering is O(N2? Ngk,) and O(K,Nsk,),
respectively, where k, = card(X,).

V. MULTIPLE RECEIVE ANTENNAS

The performance of the proposed IoT DI algorithms dras-
tically improve by employing multiple receive antennas at
the BS due to spatial diversity. Let us consider that the BS
is equipped with [V, receive antennas and fuses all 1-bit
activity decisions made by each receive antennas according
to following logic rule

N,
Hyy, E iile,i > my,

N,
HOkv E ie1 Dk,i < mg,

where Dy, ; € {0,1} is the decision made by the ith receive
antenna on the transmission state of the kth IoT device, and
my, is an arbitrary integer for the kth IoT device. For the sub-
optimal detector in (79) and my =m, k=0,1,..., K, — 1,
the correct identification and false alarm rates are given by

Zr = (79)

N,

N, -
o= (V)R-
l=m
and
N /N, Ne—1
QF=Z(ZF)PH1—P£) o 81)

l=m
where P and Pr are the correct identification and false alarm
rates for a single receive antennas. Similarly, 1-bit decision
fusion can be used for the 2-MC-MUD algorithm to improve
data detection performance.

VI. SIMULATION RESULTS

In this section, we examine the performance of the proposed
IoT DI algorithms and the 2-MC-MUD algorithm through
several simulation experiments.

A. Simulation Setup

Unless otherwise mentioned, we considered an IoT net-
work with K, = 1024 IoT devices. It is assumed that the
spreading sequences of the IoT devices are random binary
codes with spreading factor N, = 512. Each IoT packet is
128 bits with payload length of 40 bits. The delay of the IoT
devices was generated as uniform distributions ag ~ Uy [0, 5] R
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The system correct identification rate, Pc, and false alarm rate, Pg, of the proposed squared ¢2-norm SSR IoT DI algorithm (Algorithm 1) versus

SNR for different values of Pa, P{*) € {0.03,0.04,0.05}, K, = 1024, and L = 1.
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Fig. 9. Performance of the proposed ¢2-norm SSR IoT DI algorithm for Pf(k) € {0.05,0.07,0.1}, K, € {1024,4096}, L = 1, and N, = {1, 64} with

the majority hard decision combining.

B ~ Ual0,511], and & ~ Uc[0,1). The effect of the
unknown CSI and CP for each IoT device was modeled as
independent complex Gaussian random variables with mean
Mk = \/(ﬁ—l—j\/OT and variance J,% =1, k € X, ie., Rician
fading with K-factor 0.2 was considered. The average system
SNR was defined as ¥ £ P, > (|uk|* + 02)prnw /02, where
pr = </mk (¢ changes according to ©), P, = P, for
Algorithm 1, P, = Py, /2 for Algorithm 2 (for the case of
time-varying P,), and 02 = 1 is the variance of the additive
noise. The range of tuning parameter for the BIC minimization
in (59) was set as A = [0 500], ¢, = 2, and Mg = 50.
The performance of the proposed IoT DI algorithms were
evaluated in terms of system correct identification Pc and
system false alarm Pp rates for 10% Monte Carlo trials. Also,
the performance of the proposed 2-MC-MUD algorithm was
evaluated in terms of average PER in the presence IoT DI
error.

B. Simulation Results

Fig. 8 depicts Pc and Pp of the proposed squared ¢5-norm
SSR IoT DI algorithm (Algorithm 1) versus SNR for different

values of P, and P, K, = 1024, and L = 1. The threshold
values 0y, k € Xy, are set by using (51). As seen, Algorithm 1
can offer high correct identification error rate even for a single
observation vector. Also, there is an insignificant gap between
P obtained in the simulation experiment and the theoretical
result in (52). Similarly, Pr matches the preset false alarm
rate, i.e., Pf(k) € {0.03,0.04,0.05}, k € X,. We notice from
Fig. 8 that the theoretical results more accurately match the
simulation results at higher P, and at lower SNRs since the
CLT is more reliable.

In Fig. 9, we illustrate the performance of Algorithm 1
for K, € {1024,4096}, P, € {0.02,0.05,0.1}, and P"
{0.05,0.07, 0.1} when multiple receive antennas are employed
at the BS. Here, we consider the majority rule hard decision
combining as a suboptimal detector for N, = 64 receive
antennas. As observed, miss identification (Py; = 1 — P¢) and
false alarm rates substantially decrease by employing multiple
receive antennas at the BS. Here, for 10° Monte Carlo trials,
we obtain Py = 0; this value is 4.43 x 1026 for the theoretical
result given in (81).

In Fig. 10, we compare the performance of Algorithm 1
and Algorithm 2 with the ADMM algorithm using
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Fig. 10. Performance comparison of the proposed IoT DI algorithms with the ADMM-GCYV in [39], the AMP-based non-coherent activity detection algorithm
in [40] and GOMP method in [14] for P, = 0.02, Ky = 1024, N; = 1, L = 21, and P{") = 0.05 (Algorithm 1).
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Fig. 11.
N, = {1,18}, L = 21, and P = 0.06.

GCV (ADMM-GCV) in [39], the AMP-based non-coherent
activity detection algorithm in [40] and the GOMP method
in [14] for P, = 0.02, K, = 1024, L = 21, and N, = 1.
For Algorithm 1, the threshold values 6, k € X, are set
for P,gf = 0.05 in (51), and nr = 5 are used for hard
decision combining in (53). As seen, our proposed algorithms
offer acceptable correct identification and false alarm rates
for a single receive antenna at the BS. Moreover, we observe
that GOMP exhibits a larger correct identification rate at the
expense of significantly higher false alarm rate. This is differ-
ent for the algorithm in [40], which offers a lower false alarm
rate compared with Algorithm 2 in the range of [10,20] dB
SNR at the cost of reduced correct identification rate. We also
notice that the performance improvement of Algorithm 1 for
L = 21 is not very high compared to L = 1 in Fig. 8 since
p(Pkjims Piejoom [Hik) # p(Piejm|He) D (P jom | Her ) s
j1 # Jo, t € {0,1}. Moreover, as seen, the false
alarm rate of Algorithm 1 increases slowly as the SNR
increases. There are two reasons for this behaviour: 1) the
validity of joint Gaussian PDF assumption decreases,
and 2) the effectiveness of the hard decision combining

0.05

—=—Asyne, N, =1
——Sync, N =1
—o—Async, N, =18
[|—%—Sync, N, = 18

-
o
[
o®
ok
-
o
-
(&)
N
o
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(b) Pg versus SNR

Effect of uncertainty in delay 7, k € Xy, on the performance of the proposed ¢2-norm SSR IoT DI algorithm for P, = 0.05, K, = 1024,

decreases due to the high correlation among the reconstructed
vectors.

In Fig. 11, we show the effect of uncertainty in delay 75, £
apTs+ BT+ &k, k € Xy, on the performance of Algorithm 1
for P, = 0.05, K,, = 1024, L = 21, n, = 5, and P**) = 0.06.
We consider that packets arrive at the BS with chip delay
uncertainty /7. € U.[0,1) while the identification and
detection are performed by employing the estimated delay
based on distance, which is a priori known and fixed at the BS.
For multiple receive antennas, we consider the majority rule
hard decision combining as a suboptimal detector for NV, = 18
receive antennas. As observed, the performance of Algorithm 1
degrades in the presence of the round-trip delay estimation
error. However, by employing multiple receive antennas at the
BS, this performance degradation can be reduced.

Fig. 12 illustrates Pc and Pr of the proposed BIC ¢ — /o
mixed-norm SSSR IoT DI algorithm versus SNR when the
activity rate varies uniformly in the range P, € [0, 0.06].
As seen, the proposed algorithm exhibits high correct iden-
tification rate for high overloading factors, such as OF = 2
(1024 devices), when P, is unknown and time-varying. Also,
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Fig. 12. The system miss identification rate, Py, and false alarm rate, Pr, of the proposed BIC ¢; — ¢2 mixed-norm SSSR IoT DI algorithm (Algorithm 2)
versus SNR for random activity rate P, € [0 0.06] and L = 21 with the majority rule hard decision combining.
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SNR (dB)
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Fig. 13. PER of the proposed MA scheme when 2-MC-MUD and DCD-
MUD [36] algorithms are employed for non-coherent data detection at the BS
(K, =768, OF = 1.5, and P, € [0, 0.06)).

the false alarm rate of the proposed algorithm is significantly
low for the SNR values lower than 15 dB.

Fig. 13 compares the performance of the developed MA
scheme when the proposed 2-MC-MUD and differentially
coherent decorrelation (DCD)-MUD [36] algorithms are
employed for N, = 12. We also show the performance with
estimated CSI using the joint activity and channel estimation
method in [20]. As seen, the proposed MUD algorithm outper-
forms the DCD-MUD [36]. This superiority in performance is
related to the capability of the 2-MC algorithm to accurately
separate the two clusters of data. We also observe that data
detection with estimated CSI can offer lower PER compared
with our proposed non-coherent detection when a sufficient
number of pilots N, is used for joint activity detection and
channel estimation. This is achieved at the expense of lower
spectral efficiency and higher latency.

VII. CONCLUSION

A new uncoordinated uplink MA for mMTC with
short-packet and sporadic traffic was proposed in this paper.

The proposed MA scheme reduces the control signaling asso-
ciated with the MAC and PHY layers. Instead of transmitting
the device identifier using a portion of bits in a packet, the
squared £o-norm SSR and BIC ¢; — ¢ mixed-norm SSSR ToT
DI algorithms were proposed to identify active IoT devices
through the assigned unique non-orthogonal spreading code to
each IoT device. To further reduce the overhead, we removed
the preambles and pilots used for channel estimation by
developing the non-coherent 2-MC-MUD algorithm based on
unsupervised machine learning.

APPENDIX A

By applying the statistical expectation to (35) and employ-
ing E{hij1|Hee} =0 and E{hy jo|H } = 0, we can write
E{iLkJ,ﬂHm} =0, t,f € {0,1}. To obtain the variance of
]/:l/k;7j7f given Hy, i.e., Z‘}’ff, we use the variance sum law as

Var{ Z aizi} :Z (|a¢|2Var{zi}+Z a;a;Cov{z;, zj})
i i £
(82)

Since hg, j.f> My, j 7> and wfw-’f, k,ki1,ky € Xy, in (35),
are zero-mean and uncorrelated random variables, by applying
(82) to (35), we obtain (83), as shown at the bottom of next

page.
By using (17), Var{hy ; |H1x}, f € {0,1}, in (83) can be
written as
Var{hk7j7f|Htk} = Var{gkbk7j_ak_1+f|Htk}
= E{Var{gkbk,j—ak—1+f|gk7Htk}}
+Var{E{gk’bk,j—ak—l+f|gkaHtk}}-
(84)
Since Var{bi j—qa,—1+7|Hu} = t. t,f € {0,1}, we can
write
E{Var{gkbk,j—ak—uﬂgmHtk}}

= E{[gx|*} Var{bs ;o -1+ 7| Hix } = t(oh + |l mepr.
(85)
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By substituting (85) and E{grbx j—a,—1+7|gk Hix} = 0,
f €{0,1}, into (84), we obtain

Var{hk,j,f|Htk} = t(aﬁ + |uk|2)nkpk. (86)
Similar to (84), for n # k and f € {0,1}, we can write
Var{hn,j,f|Htk} = Var{gnbn,j,a”,HﬂHtk}
- E{Var{gnbm_an_w|gn, Htk}}
—|—Var{E{gnbn,j,an,Hﬂgn, Htk}}.
(87)

Because Var{by j_qa,—147/Hu} = Var{bp j—a,—14f} =
P.,,n#k, fe{0,1}, we can write

E{Var{gnbm_%_Hf |9 Hik } }

= E{|9n|2}Var{bn7jfanfl+f|Htk} = Pa(JrQL + |Nn|2)77npn~
(88)

By substituting (88) and E{gnbk,jfa,ﬁuﬂgn,ﬂ}k} =0,
f €{0,1}, into (87), we obtain

Var{h"vj7f|Htk} = Pa(O'Z + |Mn|2)77npn-

substituting (86), (89), Var{w%’j’f}
25“,;+f72k+f into (83), (37) is derived. For the cross-correlation

(39)

Finally, by
of hy j0 and hy ; 1, we obtain (90), as shown at the bottom of
the page, where by substituting (86) and (89) 1nt0 (90), and

then by using E{wj ; o(wy ;)" |Hu} = 2k72k+1, results
in (38).

APPENDIX B

By employing the MLR test, the transmission state of the
kth ToT device is identified as active, i.e., d, = Hq, if

- Ok |3 _ 1Rt 1k \—1% .
p(hk,j|H1k)_27T|Cfﬁf|2eXp< shy ;(Crlp)™ hk,;)

PBuIH)  anfcttesn( - 15l (b

>,

where A\ = (1 — P,)/P.. A canonical form of the above

detector is given by [31]
hi,(CHy)H(CN(CYy + CFy)

where 6, is determined based on des1rab1e false alarm rate for
the kth ToT device. Let us write C%; = VY A% (V) =1,

Yhy; > 0k, 9D

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 21, NO. 5, MAY 2022

where Vglf“f is an square matrix whose columns are eigen-
vectors of C(}ff, and A(}{“f is a diagonal matrix where its ¢th
diagonal element is the eigenvalue associated Wlth the th col-
umn of CO% . We define A%, = V9 (A%,)~ 2 and B}f“f =
(A9 )Tclk . Taking into account (V9)IV ;= I,
we can show that (AO’ )TCOk Aff I. Then, using this
result, the canonical detector in (91) can be written as follows

hl A¥BF B + DAY h; >0 (92)
Based on elgenvalue decomposition of B(}kf, we have
B = (A7) CY AT, = VIR AP (V)™ (93)

where Vf » and A are the eigenvector and eigenvalue
matrices of B £ respectively. Since B1 f.¢ 1s a symmetric
matrix, we have (V}f“f)TV}{“f = L By letting z,,; =
(2,3 (0], 2z 3 [1)]T 2 (VI7)T (A9 )Thy, ; in (92), we obtain

zf AP (A + 1) (94)

which is equivalent to the test statistics in (48) and (49). Note
that the matrix A(}ka}kf diagonalizes both C%" 7.y and C1

By employing (48) and (49), the false alarm rate for the kth
IoT device is derived as follows

P = Pla, = Huy|Hox }

_P{fof Zk] >9k|HOk}

To obtain the PDF of U £ Zn o0 X7.5nlz2 j[n] in (95), we
need to derive its characteristic function (CF) and then express
the PDF as the inverse Fourier transform. Since z;j; j[ n] in (48)
under hypothesis Hy; follows the central Chi-squared (XQ)
distribution with 1 degrees of freedom and the fact that zk 0]
and zk .[1] are independent random variables, we obtain the
CF of U as follows

zk,j > Hk;

95)

¢v (w) = E{exp(jwl)} = (96)
H o V91— 2Jx rln

where X ¢[n] is given (49). Taking the inverse Fourier trans-

form of ¢y (w), we have

1t exp(—jwu)
pU(u|H0k) = 2—/ H - dw.
T J 0 1-— 2]Xf7f[n]w
Using (97), the false alarm rate for the kth IoT device is
obtained as in (51). Following the same procedure, the correct
identification rate for the kth IoT device in (52) is derived.

o7)

S%p=Var{hij | Ho} =E{ b s [ Ho }

= D3y g Var{lu [ Hen} + 195, ¢ o, FVar{hy ; ¢l Hoi}
+ 2 B pani s Var{hn letk}JrZ

2k+f,2n+fvar{hn,j,f|Htk } +Var{w§€7j7f}. (83)

S5 = Cov{hj0. b ji | Hi } = E{ by j o, il Hie} = t(Qor,26Q0k11,26 ) E{ |50 [ Her }

+t(Qok 1,251 Qo2 1) E{ g1 |2 Her | + Zn#k

+ Zn;ﬁ

. Qorr1,2n412k 2041 B{ | 1 [P Hiw } + B{wp ;0 (wh ;1

)QQk,2n92k+1,2nE{|hn,j,0| |Hu }

)| H }- (90)
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