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Abstract— In this paper, feedback-aided coded random access
(CRA) protocols for grant-free massive access, with and without
exploitation of the power domain, are investigated. The devel-
oped schemes can support non-instantaneous acknowledgment
messages, along with their time resources, with very little penalty
in terms of the achieved tradeoff between scalability, reliability,
and latency. The new CRA-type protocols rely on waiting slots
introduced between consecutive transmissions from the same
device to pipeline the feedback reception without degrading
the throughput. Their performance can be further enhanced by
exploitation of the power domain, in particular by introduction of
a deterministic power selection scheme designed for transmission
of different packet replicas over a short time window. The system
performance is investigated assuming a realistic wireless channel
model, a massive MIMO base station, and a realistic processing,
via simulation and analysis. The achieved results show that
the realistic feedback-aided protocols with deterministic power
selection can support 12.8 grant-free users per slot guaranteeing
a packet loss rate of 10~% while a massive MIMO base station
equipped with 128 antennas is employed.

Index Terms— Coded random access, feedback-aided multiple
access, grant-free access, Internet of Things, massive MIMO,
massive multiple access, power unbalance, waiting slot.

I. INTRODUCTION

HE advent of the Internet of Things (IoT) has fostered

an increasing interest towards machine-type commu-
nications (MTC), i.e., communication between autonomous
connected devices, operating without human supervision [1].
Recently, the expression “massive MTC” (mMTC) has sur-
faced as a consequence of the explosion of the number of
IoT devices in several application domains [2]. In mMTC,
a massive number of devices, each transmitting short packets
with a low duty cycle and at unpredictable time instants,
contend for wireless access to the network through the same
base station (BS); in the uplink, this problem is typically
referred to as massive multiple access (MMA) [3].
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The MMA problem deviates from a traditional multi-
ple access one. Devices are sporadically active and their
transmitted packets are short, but their number is extremely
large and their activity pattern is unknown to the BS [4],
[5]. Moreover, they act without any coordination with each
other. Such a peculiar scenario requires ad-hoc medium
access control (MAC) protocols, which are often grant-free
to let devices share the channel dynamically and avoid
unacceptable overheads. In turn, grant-free access proto-
cols unavoidably lead to interference, which raises the
need for advanced signal processing algorithms at physical
(PHY) layer to achieve the necessary levels of quality of
service.

A class of grant-free MAC access protocols that is gaining
interest to efficiently support massive access from uncoor-
dinated devices is coded random access (CRA) [6], [7],
[8], based on the idea of combining packet diversity with
successive interference cancellation (SIC) at the receiver, thus
attaining multi-packet reception (MPR) working across the
whole frame. While these protocols have so far been studied
in a feedback-free context, very recently the possibility to
exploit a feedback channel to enhance their performance and
increase energy efficiency has been considered [9], [10], [11],
[12]. The feedback channel is usually operated using a time
division duplexing approach, according to which active users
wait for acknowledgement (ACK) messages in dedicated time
windows.! In this context, since broadcasting of feedback
messages requires a certain amount of time depending on
the number of users to be acknowledged, the system latency
suffers from a degradation [13]. On the other hand, if a
maximum latency requirement is imposed, the system may
suffer from throughput degradation.

Another option to further increase the number of
simultaneously-active devices supported by a CRA scheme in
a grant-free fashion consists of exploiting the power domain
to enhance MPR capabilities at the receiver. Exploitation of
the power domain for multiple access was originally proposed
in [14] outside the CRA context. The power domain multiple
access (PDMA) principle may be summarized as intentionally
unbalancing the power levels of the received packets at the
BS to “capture” multiple overlapping packets by application
of an interference cancellation operation to be performed at
single slot level. Some recent works have investigated the
possibility of nesting PDMA into CRA protocols. For example,

'In this paper, the terms “acknowledgement” and “feedback” are used
interchangeably.
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coded slotted ALOHA (CSA) schemes [7] with power diver-
sity are proposed in [15], where encoded packet fragments
from each active device are transmitted with different power
levels. Moreover, irregular repetition slotted ALOHA (IRSA)
schemes [6] with power diversity are investigated in [16]
and [17]. Density evolution analysis and degree distribution
optimization in presence of a different number of available
power levels are addressed again in [15] and [16] and, in addi-
tion, in [18]. We remark that the analyses in these works,
although very innovative, are mainly based on the received
signal power and on considerations related to the signal-to-
interference-plus-noise ratio (SINR). As such, the provided
numerical results are obtained without a detailed modeling
of the signal at PHY layer so that validity of the results
under a more realistic PHY layer modeling is not necessarily
guaranteed. A similar issue was pointed out in [19] outside the
PDMA context. Here, the authors have proposed an analytical
tool for CRA over a non-idealized setting. The proposed
method captures both MAC and PHY layer aspects, going
beyond the simplifying assumption of collision channel model.
In particular, a Rayleigh block fading channel is considered,
a realistic PHY layer processing is performed and a receiver
equipped with a massive number of antennas is deployed.
On the other hand, in the context of PDMA considering a
BS with a very large number of antennas, it could happen that
nesting a power unbalance (PU) strategy based on a random
power selection in CRA over a realistic PHY layer does not
necessarily lead to a tangible performance improvement with
respect to power balance (PB). This may occur due to the fact
that the MPR capabilities offered by massive multiple-input
multiple-output (MIMO) are already exploited at the receiver.
On the other hand, as discussed in this paper, remarkable
performance improvements can be attained tailoring the power
diversity strategy to the specific MAC protocol.

In this paper, we pursue the investigation of feedback-
aided CRA schemes, with and without exploitation of the
power domain. We address the problem of supporting real-
istic (i.e., non-instantaneous) ACK messages, along with their
consumed time resources, without sacrificing the achievable
scalability-reliability-latency tradeoff. To this aim we propose
new CRA-type protocols, referred to as spaced spatial coupling
(SSC), based on the idea of introducing waiting slots between
consecutive transmissions from the same device in order to
pipeline the ACKs reception without degrading the throughput.
We refer to such protocols using the term “spaced” to empha-
size the waiting time between successive transmissions. Both
a deterministic and a randomized version of SSC protocols are
analyzed, under a realistic wireless channel model, a massive
MIMO BS, and a realistic PHY layer processing. In case of
exploitation of the power domain, the proposed SSC protocols
are combined with a specifically tailored PU strategy that
brings to a noticeable boost in the number of supported devices
for the same level of reliability. We can summarize the paper
key contributions of this paper as follows:

o we propose new MAC layer protocols able to effec-
tively pipeline the ACK messages, reducing the intrinsic
feedback overhead;

« we develop a power diversity mechanism which synergies
effectively with the proposed MAC layer protocols;

« we analytically investigate the performance in the packet
loss rate error floor region to provide design guidelines;

o we address the design of both ID-based and pilot-based
ACK implementations in our schemes.

The paper is organized as follows. Section II introduces
preliminary concepts, the system model, and some background
material. Section III presents the proposed ACK design and
MAC layer access techniques, also exploiting the power
domain. Numerical results are provided in Section IV. Finally,
conclusions are drawn in Section V. A subset of the results
presented in this paper appeared in the conference version [20].
With respect to [20]: i) ACK design is provided for both
pilot-based and ID-based feedback; i) a novel power diversity
based scheme is proposed; i) the error floor analysis has been
deepened; iv) several numerical results have been added.

Notation: Throughout the paper, capital and lowercase bold
letters denote matrices and vectors, respectively. The conjugate
transposition of a matrix or vector is denoted by (-)f, while
|| - || indicates the Euclidean norm. The operator | - | applied
to a set represents the cardinality of that set. To keep a
clean and compact notation, we denote the probability that
a random variable A takes the value a, P{A = a}, as P(a).
Similarly, we write P(a,b|c) to indicate the probability
P{A =a,B=0b|C =}, and P{€} to indicate the probability
that an event £ holds.

II. PRELIMINARIES AND BACKGROUND

We consider an MMA system in which the time is organized
in MAC frames, each composed of NV slots. In any frame, K,
active devices (or “users”) contend for transmission of one
information message each, with K, random and unknown to
the receiver. Users are both frame- and slot-synchronous owing
to the presence of a beacon signal broadcast by the BS at the
beginning of each frame; such a beacon is also used for power
control. Each packet (or “burst”) transmitted by an active user
has a transmission time that fits the slot time and arrives at
the BS aligned with one slot.

A. Coded Random Access

In the considered setting, each user has an intermittent
activity, waking up unpredictably and attempting transmission
of one message without any coordination with the other active
devices. As such, “collisions” between packets transmitted in
the same slot by users that are active on the same frame
necessarily occur. Some of these collisions can be resolved
at PHY layer by processing each slot individually, even in
presence of non-orthogonal users’ transmissions. For example,
the availability of a massive number of BS antennas and
the consequent “favorable propagation” [21], combined either
with randomly-chosen orthogonal pilots [22], [23], or with
randomly-generated non-orthogonal pilots [24], allows decod-
ing multiple packets in the same slot.

Unresolved collisions at slot level can be handled combining
the channel access strategy at MAC layer and signal processing
at PHY layer. In CRA, in particular, this is done by performing
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figure assumes that all r replicas are transmitted by each active user.

SIC across different slots of the frame. A simple form of CRA
consists of letting active users transmit multiple copies (or
“replicas”) of their data payload in the same frame; whenever
any such copy is decoded in a slot, the interference generated
by the other replicas is subtracted from the corresponding
slots. The number of copies r transmitted by an active device
in the frame, called the user repetition rate, can be the same
for all users [25] or it can be a random variable sampled
independently by each user at each transmission [6]. More
involved strategies, based on packet fragmentation and erasure
coding, are possible [26], [27].

B. CRA: Intra-Frame Spatial Coupling With Feedback

The device-side access protocol considered in this paper,
from wake up to transmission, may be summarized as follows.
The active user chooses r different slots in the frame. For
each such slot, the user picks uniformly at random one
pilot sequence of length Np symbols, out of Np available
orthogonal ones, and concatenates it with a payload of length
Np symbols, obtained by encoding the information message
with a channel encoder and by mapping the encoded bits onto
a complex constellation. The device then waits for the start
of the next frame, signaled by the BS beacon, and finally
transmits 7 packets in the r pre-selected slots. Note that the
r packets are characterized by the same payload, while the
pilot may differ in each of them. Replica transmissions are
interrupted if an ACK message is received from the BS,
as explained in the remainder of the section.

A conventional way to choose the r slot indexes by an active
device consists of picking them uniformly at random, with-
out replacement, in the set {1,..., Ng}. A different strategy
consists of choosing one slot index n, uniformly at random,
in {1,...,Ng — (r — 1)} and of transmitting the r packet

replicas in slots n, n + 1, ..., n + r — 1 (Fig. la). This
slot selection technique has been called intra-frame spatial
coupling (SC) [10] because, together with the iterative PHY
layer BS processing described in Section II-D, it is able
to trigger an “interference cancellation wave” propagating
from the edges of the frame towards the center of it, where
decoded packets foster interference cancellation in adjacent
slots in which new packets can be successfully decoded. This
phenomenon is analogous to SC in LDPC coding [28].

The benefits of intra-frame SC are augmented when a
feedback channel is available for transmission of ACK mes-
sages from the BS to the users [10]. An ACK consists of a
message broadcast by the BS, at the end of each slot, to notify
users whose messages have been decoded in the current
slot. Users informed of correct reception of their messages
abort transmissions of all not yet transmitted replicas, leading
both to a reduction of the interference in future slots and to
transmit energy savings. This mechanism provides remarkable
enhancements to the system performance in terms, for exam-
ple, of packet loss rate (PLR) versus the number of active
users. Note that interrupting transmissions of unnecessary
replicas (since the user’s message has already been decoded)
is equivalent to these replicas being transmitted and ideally
cancelled.

C. Channel Model

We consider a Rayleigh block fading channel model where
the channel coherence time equals the slot time. Perfect power
control is assumed. The BS has M antennas, each with
independent fading coefficient per user. The received signal
in a slot is expressed as [P, Y] € CM*(Nr+Np) where

P=) ms(k)+2Z, and Y = ha(k)+2Z. (1)
keA ke A
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In (1), A is the set of users transmitting a burst in the slot;
hi = (hg, .. .,hkyM)T € CMx1 ig the channel coefficient
vector of user k € A, whose elements are independent and
identically distributed (i.i.d.) random variables with distribu-
tion CN(0, 03) for all k € A. Owing to perfect power control,
without loss of generality we assume of = 1. Moreover,
s(k) € CY*Ne and x(k) € CY*N are the pilot and the data
payload of user k € A in the slot. Finally, Z, € CM*N? and
Z € CM*No are matrices of Gaussian noise samples.

D. PHY Layer Processing at the Receiver

The processing of each frame is split into two phases.
In phase 1, all slots are processed in order. In each slot,
for all j € {1,...,Np} the BS attempts channel estimation
¢; € CM>1 and then payload estimation Z; via ¢, according
to

H
st

;=1
7 Tl

oY
;12

In (2), A’ is the set of active users employing pilot j in the
current slot, s; € C**N? is the j-th pilot, and z; € CM*! isa
noise vector. Demapping and channel decoding are performed
on Z;. If a user { € A is the only one picking pilot j in
the currently processed slot (A7 = {(}) then ¢; provides
an accurate estimate of this user’s channel vector. We refer
to these users as “singleton” users. Upon successful channel
decoding performed on Z;, the decoded message is stored in
a buffer awaiting for phase 2. Note that, even in the case
Al = {{}, if |A| is too large it may happen that the user
payload is not successfully decoded, despite accuracy of the
channel estimate ¢>j (see, e.g., [23])

In phase 2, an SIC algorithm is performed across slots.
Its task is to subtract the interference due to copies of a
decoded packet in the corresponding slots. Then, reprocess-
ing these slots it may be possible to retrieve previously
undecodable messages. Assuming payload aided based (PAB)
subtractions [23], after correct decoding of the message of
some user ¢, P and Y are updated in all slots picked by user
¢ as

= Z hy +z; and &; = 2)

ke Ai

PO = pU) _ hs(r) 3)
YD — vy _ pg(r) (4)

where P\©) — P, Yy — Y, and h is the channel estimate
for user £ in the slot under processing.” In the slot where the
user message has been decoded, h in (3) and (4) is set equal
to ¢ in (2), while in the other slots channel estimation relies
on the user data payload (the same in all r replicas), as

ﬁ o Y(l)m(f)H
EOTE

Under PAB SIC, every time the matrices P and Y are updated,
(2) is re-computed in the current slot for each pilot, to check

&)

2In practice, there are different ways to let the BS know the set of slots
and the corresponding pilots chosen by a user. A simple way is to make them
a function of the random message. Note also that, in case ACK messages
are used, the BS disables subtraction of interference of future replicas of a
decoded packet, since they will not be transmitted.

if any other user can be correctly decoded after interference
subtraction. Whenever a new user is successfully decoded its
message is buffered; phase 2 iterates until the buffer is empty.

III. PROPOSED MAC LAYER ACCESS TECHNIQUES

This section provides an in-depth discussion of the ACK
message design for the described MMA feedback-based
schemes (Section III-A and Section III-B) and highlights
how, for a fixed user payload size and symbol rate,
increasing the ACK message time deteriorates the perfor-
mance under a maximum latency constraint. To cope with
this issue, in Section III-C new protocols able to support
low-latency notifications to many active devices without
degrading the overall performance are introduced. Next, the
effective exploitation of the degrees of freedom offered by
the power domain within the proposed protocols is addressed
in Section III-D. Finally, analytical performance bounds are
derived in Section III-E.

A. Acknowledgements in Massive Multiple Access

Concerning feedback, we define a misdetection event as the
event in which a user, whose packet has been successfully
decoded in phase 1, does not receive the corresponding noti-
fication by the BS. Similarly, a false alarm event occurs when
a user, whose transmission was unsuccessful, is erroneously
notified by the BS. False ACKs can heavily impair perfor-
mance: users receiving a false ACK interrupt transmissions of
their replicas although their message has not yet been decoded,
which leaves them completely in the care of phase 2. On the
other hand, a missing ACK is not as critical: the user has
been decoded, so the interference it generates in future slots
is subtracted, though imperfectly, by SIC. In fact, the worst
case of a systematic misdetection event simply leads back to
a CRA scheme without ACKs.

In feedback-aided massive access, the structure of the
ACK messages is an important issue, since the problem
of broadcasting them to the users becomes critical as the
population size gets very large. Conventional ACK messages
are “ID-based”, meaning that the ACK message contains
the IDs of the devices whose packet has been successfully
decoded. In principle, however, the MAC protocol described in
Section II admits another form of ACK messages, potentially
more efficient than ID-based ones, referred to as “pilot-based”
[10]. These two different feedback strategies are discussed
in the remainder of this subsection. We also remark that
several techniques to reduce the number of feedback bits, pos-
sibly involving enhanced compression techniques, have been
proposed in the literature. For example, [29] deals with the
problem of broadcasting a minimum-length feedback message
for collision-free scheduling in massive random access. Here,
a scheduled approach is considered and a feedback message is
used to notify the active users about which orthogonal slot they
have to transmit in, guaranteeing absence of collisions. After
an initial user’s detection phase, the BS sends the feedback
message to the users, and only at the end of the scheduling
procedure the users transmit their payload information.
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1) Pilot-Based Feedback: Under the condition that only
packets from singleton users can be successfully decoded
during phase 1, the number of users to be notified at the end
of each slot cannot exceed the number of available orthogonal
pilots Np. Thus, Np bits per ACK message can be used,
where bit 7 is set to 1 if a packet has been decoded when
processing pilot j and is set to O otherwise. The above-
mentioned condition about singleton packets is always satisfied
in presence of perfect power control and a large number of
BS antennas.

Again under the assumption that only packets from single-
ton users can be decoded during phase 1, pilot-based feedback
represents the most efficient strategy to notify users in CRA
protocols without incurring into false alarm or misdetection
events. Remarkably, the number of bits per pilot-based ACK
can be reduced admitting a controlled amount of misdetection
events. Specifically, if a maximum number of users Uj -y to
be notified per slot is set, then the required number of bits per
ACK is the one that allows encoding all possible words of Np
bits with Hamming weight up to U} . Clearly, misdetection
events occur whenever the number of successfully decoded
packets in a slot exceeds Ux . In the following, we refer to
this strategy as “compressed” pilot-based feedback.

As mentioned above, pilot-based feedback is efficient in
terms of required bits per ACK, however it relies on the
assumption that no capture effect (decoding of multiple pack-
ets per slot-pilot pair owing to power unbalance) can be
exploited. When such an assumption does not hold, pilot-
based feedback yields false alarms. This may happen not
only due to power control imperfectness, but also when
PU is intentionally introduced to enhance the receiver MPR
capabilities as addressed later in Section III-D. A false ACK
is generated whenever only one of the users colliding in the
same slot-pilot pair is successfully decoded.

2) ID-Based Feedback: 1D-based ACK messages require
more information bits, causing an increment of the time
resources needed by ACK transmission. A naive approach to
acknowledge Uack users without incurring into false ACKs
consists of broadcasting the concatenation of their IDs. This
technique is simple but inefficient in terms of ACK length,
making it problematic in MMA applications. A simple solution
investigated in literature consists of compressing the user IDs
via a hash function and of concatenating the ID-hashes instead
of the IDs [13], [30]. Users are therefore associated with their
ID-hashes, yielding a shortening of the ACK message size
at the cost of possible hash collisions. This leads again to
false alarm events, whose probability is however controllable.
Considering equiprobable hashes of b bits, the probability that
a device receives a false ACK in a slot where Upack users are
notified is given by

U,
Pra(Uack, b) = ;SK

(6)

In ID-based feedback with ID-hashes, the number of bits
per ACK can be further reduced allowing also a controlled
misdetection probability Pyp(Uack). This is addressed with
more detail in Section III-B.
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B. Acknowledgement Design

Regardless of the feedback scheme (pilot- or ID-based),
since the ACK messages are transmitted over a feedback
channel that is interference-free and therefore noise-limited,
a shorter preamble for channel estimation and a higher order
constellation may be used for transmission of ACK messages
compared to the uplink. Letting the ACK message be protected
by a cyclic redundancy check (CRC) and by a channel code
with rate R,, the ACK packet size in symbols is

)

Ny + NCRC -‘
Ra IOgQ(MACK)

where Np ack is the ACK preamble length, ncrc is the
number of CRC bits, Mack is the constellation order, and
ny, is the number of information bits per ACK message. For
the sake of notation simplicity, we define the user packet size
in symbols as Ny = Np + Np, where Np and Np are the
number of pilot and payload symbols, respectively. The time
requested for the ACK and uplink packet transmission is

Nack = ’VNP,ACK +

Nac Npk
BSK and Tpip = Bit

Tack = ®)
where Bj is the symbol rate, assumed to be the same for uplink
and feedback. We denote by « the ratio of the ACK message
time to the packet time, i.e.,

Tack  Nack
a= = . 9)
Tpkt Npkt

The parameter o can be used to measure the time resources
employed by the above-presented feedback implementations.
Due to time resources spent for ACK message transmission
at the end of each slot, the adoption of feedback necessarily
reduces the number of slots per frame, for fixed frame time
Tr and packet time Tpi. As we will show, this yields a
performance degradation of the CRA scheme, an issue that
will be addressed in Section III-C. To be precise, letting
Ts = Tpky + Tack be the slot time, the number of slots per
frame can be computed as

Q By
Ny = 10
= s M 1o
where 2 = 27 is the maximum latency constraint. The

maximum latency is experienced by a user that wakes up right
after the BS beacon that initializes a frame (making it await
for the next beacon after a time 7Tx) and that is decoded in
the last slot of the subsequent frame or in its SIC phase.

1) Pilot-Based Acknowledgement Design: As described in
Section III-A, pilot-based feedback aims at acknowledging
in which pilots the BS has successfully decoded an uplink
message. Therefore, with reference to (7), we have ny, = Np
in uncompressed pilot-based feedback. However, as pointed
out above, the number of ACK information bits 7}, can be
further reduced by adopting a compressed version of this
feedback strategy, at the price of a nonzero (but controllable)
misdetection probability. Specifically, we can fix a maximum
tolerable misdetection probability Py, and calculate the max-
imum number of users U, -k which can be acknowledged in
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a slot. Then, imposing that up to Uxk users can be notified
by the BS, we calculate ny, as

UZCK
N,

g <‘P> < Np
1

=0

np = | log, (1)

where Z?:;oCK (]\?’) is the total number of possible sequences
of Np bits with up to U,k bits equal to “1”. The procedure
to obtain U,k from Py is detailed below.

2) ID-Based Acknowledgement Design: As mentioned
above, ID-based ACKs can be efficiently deployed accepting
non-zero false alarm and misdetection probabilities. Similar to
compressed pilot-based ACKs, imposing a target misdetection
probability Py allows us finding the maximum number of
users that can be notified per single slot, U} ~k. Then, fixing
a target false alarm probability Pp,, from (6) we are able to
obtain the number of ID-hash bits b = [logy(Uxck/Pia)l-
Thus, we compute the number of required information bits
ny as

ny = bUkok. (12)

Note that, whenever the ACK time Thcxk is imposed, it must
be checked that n}, obtained from (12) fits the requirement.

3) Limiting ACK Messages via Controlled Misdetection
Probability: For a given number of active users in a frame,
K,, the misdetection probability is P(Uack > Uik |Ka).
Intuitively, the misdetection probability increases with K, in
the low traffic regime, reaches a maximum, and then decreases
as K, keeps growing due to system congestion. To release the
analysis from the dependence on K,, we define

Pup (Uick) = max{P(Uack > Uxex|[Ka)t  (13)
and we design U,y for this worst case scenario.

The probability Pyp (Ux k) depends on all PHY and MAC
layer parameter choices, making its exact derivation analyti-
cally intractable. To address this problem, we introduce an
idealized setting where the number of active user per slot is not
influenced by previous ACKs. Since P(Uack > Uxck|Ka)
depends on the number of active user per slot K, we have
a mismatch with the idealized setting. In particular, if in the
realistic setting we have that K, produces an average Kj,
then, in the idealized setting we have that the same Kj is
achieved for a smaller K,, denoted in the following as K, ¢q.
This assumption makes the problem tractable as shown in
Appendix A. Finally, we approximate Pyp as

Pup (Uiex) & max{l — P(Uick | Kaeq)}

a,eq

(14)

where P(UXck | Kaeq) 18 the probability to decode Uj o
users which have picked a unique resource (i.e., slot-pilot
pair), in a generic slot, given the total number of active user
within the frame K, o, in the idealized setting (see (26) in
Appendix A).

Let us now discuss the two main causes which make (14)
an approximation. The first approximation is due to the fact
that the mathematical problem we solve in Appendix A does
not account for load decreasing due to past ACK messages.

Consequently, users in a collision state with only acknowl-
edged ones, could become singleton. Hence, this effect lead us
to underestimate the number of ACKs (or decoded singleton)
considered in the analysis. However, we cannot consider (14)
as an upper bound because we are counting, as new decoded
users, also singletons which could have been already decoded
in past slots (i.e., users already acknowledged which should
not re-transmit). In contrast with the previous effect, this leads
to overestimate the number of counted ACKs. Nonetheless,
it seems that from several simulation carried out, the effect
which makes (14) an upper bound is dominant, making it
useful for system design. This will be illustrated in Section IV.

C. Spaced Spatial Coupling Protocols

The proposed SSC protocols are variants of the intra-frame
SC ones reviewed in Section II-B. They are characterized by
the fact that any two subsequent packet replicas transmitted
by the same user are “spaced” by a certain number of waiting
slots.? In a first SSC version, an active user picks one slot index
n randomly in the set {1,..., Ny — (r — 1)(W, + 1)}, where
W, is the waiting window size, and transmits its r packet
replicas in slots n, n + Wo + 1, ..., n+ (r — 1)(W, + 1).
The parameter W, indicates the number of waiting slots that
must occur between transmissions of two successive replicas
by the same user. During the first such waiting slot, the user
listens for the ACK message from the BS to be informed about
success of its transmission in the previous slot. (Note that other
active users may use these waiting slots for transmission of
their replicas.) The access protocol is exemplified in Fig. 1b
for W, = 1.

The proposed access protocol with spaced repetitions brings
tangible advantages in terms of ACK scheduling. In absence
of spacing and with half-duplex devices, it is necessary to
allocate time resources at the end of each slot to accommodate
reception of the ACK message by the users active in the slot.
In presence of a maximum latency constraint {2, this boils
down to reducing the number of slots per frame Ny, which
deteriorates the performance of CRA systems, as it will be
shown in Section IV-B. In particular, as from (10), it is evident
that increasing Tack = o Tpk¢ the number of slots per frame
turns to be smaller. In contrast, no extra time for ACKs has to
be accounted in SSC, since this protocol guarantees an entire
slot for ACK messages reception by the active users. Hence,
the number of slots per frame for SSC can be computed as

in the hypothesis that Tack = Ty is a sufficient time for the
feedback (a condition equivalent to o < 1).

A second version of the SSC protocol features a random-
ization in the number of waiting slots between two successive
replicas from the same user. In this case, for fixed W, the
number of waiting slots after each transmission is chosen
uniformly at random by a user in the set {1,..., W,}. This is
exemplified in Fig. 1c for W, = 2. Here, the generic user k

5)

3The idea of spacing can be also applied on a baseline scheme adopting
inter-slot ACKs, where the slots are picked uniformly at random and no
waiting slots are considered.
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transmits its = 3 replicas waiting one slot between the first
and the second replica and two slots between the second and
the third transmission. The randomization in the number of
waiting slots is introduced as it allows achieving a remarkable
performance improvement in the error floor region of the PLR
curves, as addressed in Section III-E.

D. Enhancing SSC by Exploiting the Power Domain

A possible strategy to increase the scalability of CRA
schemes consists of resolving packet collisions by exploitation
of the power domain, as first proposed in [14]. Thus, aiming at
improving the receiver MPR capability in MMA applications
we can further scale the system exploiting power diversity
besides massive MIMO. The key idea is to harness the capture
effect, varying the transmitting power levels (again in a power
control setting) to obtain a discrete power unbalance (PU),
i.e., set of receiving power levels. An accurate design of the
power levels can make both the payload estimation (phase 1)
and the SIC processing (phase 2) even more effective, causing
a consistent boost in the overall system performance.

Adopting PDMA with discrete PU in a grant-free setting,
each device may randomly select different received power
levels for different packet replicas, out of a set of available
ones. Let {Pq}?:1 be the set of available power levels, P; >
Py, > .- > Pg, with Q < r (where 7 is again the number of
packet replicas per user). Then, through power control, each
user adjusts its transmit power to reach the receiver with the
desired power level. The expressions of the received pilot and
payload complex matrices P and Y, previously defined in
Section II-C, can be reformulated to incorporate PU as

P =Y " /P(khps(k) + 2, (16)
ke A
and
Y =Y Pk)hpx(k) + Z (17)

ke A

where P(k) € {Pq}qQ:1 is the received power level chosen
by user k € A for its replica in the current slot. Without
loss of generality we apply the usual normalization of = 1.
Hereafter we consider the cases () = 2 and Q = 3. For @) = 2,
we denote the two power levels as 03 and of with 03 > o7,
where “H” stands for high and “L” for low. Therefore, each
element of \/P(k)hy, has distribution CN(0,03) if P(k) =
0% and CN(0,0%) if P(k) = of. For Q = 3, we introduce
an intermediate power level o3, with 0 > o3; > of, where
“M” stands for middle. Again, each element of \/P(k)hy, has
distribution CN'(0, %) if P(k) = o%;. However, we will show
by numerical analysis that () = 2 is optimal in our settings,
and for this reason we will focus more on that case during our
treatment.

The use of discrete PU on the transmission side requires
some variations in the signal processing at the receiver. The
main difference with respect to Section II-D lies in the SIC
phase, upon subtraction of a packet in the slot where it has
been decoded. In fact, if we decode a packet received with
power o7 interfered in the same resource by another packet
received with power of (or o)), the vector ¢ contains the
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estimate of the channel vectors sum, as per (2). Hence, the
subtraction operation (3) using ¢ would cancel also the pream-
ble of the interfering packet, making its future decoding not
possible in that slot. To avoid this, we rely on a low-complexity
energy detector with the purpose of deciding among: ) using
¢ as channel estimate since a singleton user has been detected
in that resource; ii) re-estimating the channel via (5) since
multiple packets have been detected in that resource. Note
that the same energy detector can also be used to optimize
the number of operations the BS has to perform. For example,
it can be used to avoid decoding attempts in empty or “too-
crowded” resources.

Unfortunately, we have found by numerical analysis that the
adoption of discrete PU with a random power selection (i.e.,
where each user chooses a power level randomly for each
replica) does not provide a substantial improvement in CRA
schemes with massive MIMO. Motivated by this empirical
observation, we propose a new deterministic PU scheme which
synergies very well with ACK-aided SSC protocols. In the
considered scheme, each user adopts P; for replica i, if i < Q,
and adopts Py for all replicas ¢ with ¢ > (. We remark
that, to be fair in the comparisons between different strategies,
the power levels {Pq}qQ:1 must be designed subject to the
normalization constraint over the average power level, i.e.,
quQ_ll P+ (r+1- Q)PQ:|/T = 1. Considering Q = 2,
the proposed power selection scheme, dubbed “HLx”, still
exploits the two power levels o and 0. Accordingly, the
high-power level is always employed for the first replica
transmitted by an active device, while the low-power level
is applied to all subsequent r — 1 replicas. For example,
if the number of replicas is » = 3 then the deterministic
power level pattern is high-low-low (HLL). This choice of the
power levels fits well with the use of an ACK mechanism at
the end of each slot. In fact, the systematic use of a high
power level for the first replica and of a low power level
on the subsequent ones favors correct decoding of the first
replica, rendering the ACK process more effective in avoiding
transmission of unnecessary successive replicas of the same
packet, with a sensible reduction of the load on the frame.
The SSC-HLL scheme is pictorially represented in Fig. 1d
(for non-randomized SSC) and Fig. le (for randomized SSC).
Furthermore, we extend the proposed power selection strategy
to the case ( = 3. We refer to this scheme as “HMLx”. Again,
with reference to » = 3, the deterministic pattern is high-
middle-low (HML). Accordingly, the first replica employs an
high-power level, the second replica employs an intermediate
power level, and the last one employs a low-power level.

As mentioned above, we adopt an energy detector to switch
between two SIC techniques when discrete PU is enabled.
In particular we use the detection rule

2
% S (18)
where ~ is the switching threshold. Following a likelihood
ratio test approach, a simple design of ~y for large M and
@ = 2 (see Appendix B), is given by

_ 20% (0f + of)

19
0%4—20%1 (19)
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Regarding ACK message design in presence of discrete PU
with two power levels, ID-based feedback is not a concern,
while it is still possible to exploit a pilot-based feedback as
addressed next. Introducing two separate ACK messages, both
of length Np bits (i.e., n, = 2 Np bits), we can acknowledge
both high-power and low-power users. This way, if two active
users are present in the same resource with different power
levels, we can separately acknowledge them. As usual in
pilot-based ACKs, two users with the same power cannot be
decoded in the same resource. For example, let us consider
Np = 4 pilots and a slot in which we decode: one user with
high power in pilot 1; one user with low power in pilot 2; two
users with high and low power in pilot 4. The ACK message
for high power users is “1001” and for low power ones is
“0101”, resulting in a final message “10010101”. Similarly to
what proposed in Section III-A, we can adopt a compressed
version of this pilot-based strategy.

E. Error Floor Analysis of SSC

We can analytically derive PLR lower bounds for SSC
schemes by extending the approach developed in [10] for SC
ones and based on the “birthday paradox” [31], [32]. The lower
bound is tight in the small K, regime, and therefore can be
used for error floor estimation, providing useful system design
guidelines. For example, system configurations leading to poor
performance in the error floor region (PLR values above the
target one) can be preemptively discarded. Let “resource”
be a slot-pilot pair. Each user employs a resource r-tuple
{(n1,p1),...,(nr,p)} C C, where n; is the i-th chosen slot,
p; is the pilot chosen in slot n;, and C is the set of all resource
r-tuples. The size of C depends on the adopted CRA-type
protocol. With perfect power control, an error event which
cannot be resolved, even in noiseless conditions, occurs when
at least two users choose the same resource r-tuple.

Under (non-randomized) SSC, the r replicas from the
same user are evenly spaced, any two subsequent ones being
separated by exactly W, slots. Having drawn the first slot from
{1,...,Ng — (r — 1)(We + 1)}, there is only one option for
placement of the remaining replicas. Since in each slot there
are Np available pilots, the size of C in the SSC case is

ICssc (We)| = [Ns = (r = 1)(We + D] Np. (20)

Regarding randomized SSC, the first replica location is
again drawn from {1, ..., Ny—(r—1)(W,+1)}, while multiple
options are available for the subsequent  — 1 slots. The main
intent of randomization is to increase the size of C by adding
more admissible resource combinations, while spacing any two
replicas from the same user by at least one slot. Once the first
slot has been picked, an active user may choose between W,
slots for the second replica. Given the second chosen slot,
the user has again W, choices for the third one, and so on.
This way, the number of resource combinations increases by

a factor of W71, yielding
ICrssc (We)| = [Ns — (r = 1) (We + )] WI I NG . (21)

Next, given that there are K, active users, the probability
that at least two of them choose the same resource r-tuple,

under the assumption of a uniform probability distribution on
the |C| admissible resource r-tuples, is

Ka.—1

Po=1-]]

=0

cl —i
C|

(22)

The true probability distribution on the resource r-tuples is
non-uniform. Letting P, be the probability that at least two
active users (out of K,) choose the same resource r-tuple
under the actual probability distribution, owing to the birthday
paradox (according to which the uniform probability distribu-
tion represents the worst case) we have P, > P,. Hence,
denoting by C} the event that k& active users experience a
resource r-tuple “collision”, we can lower bound the packet
loss probability Pr, as

| Ka g Ka
PL}jZkP(O’“)>E P(Cy)
k=2 k=2
Ka—1
2 2 1 |IC|—1
=—P.>—|1- 2
LA g c (23)

where the first inequality is due to the fact that resource r-tuple
collisions are not the only sources of error (e.g., in a realistic
setting a packet may not be successfully decoded even if it is
the only one using a certain pilot in the slot where it arrives),
the last inequality to P, > P, and (22), and where |C| is given
by (20) and (21) for SSC and randomized SSC, respectively.

It is easy to recognize that, in case of non-randomized
SSC, the lower bound on the packet loss probability increases
monotonically with the size of the waiting window W,.
In fact, with reference to (20) we note that the size of the set
of all resource r-tuples, |Cssc|, decreases with W, causing
a concurrent increment of the packet loss probability Fr,.
Therefore, the best choice of the waiting window size to reduce
the error floor (as predicted by the lower bound, that becomes
tight in the low traffic regime) consists of W, = 1, i.e., it is
recommended to impose a waiting window of minimum size.

In contrast with its non-randomized version, for the ran-
domized SSC protocol the lower bound on the packet loss
probability P, is not monotonically increasing with the max-
imum waiting window size W.. We can derive the value of
We, denoted by W, that makes the lower bound minimum for
given number of slots Ny, number of pilots Np, and number of
packet replicas r. Treating the quantity W, as a real number,
we can compute the derivative of |Crssc (We)]| in (21) with
respect to W, as

9|Crssc (W, L
%ﬁ”:(rfl)we 2 NEAIN. — (5 — 1)]—r Wa) .
24)

This results shows that |Crssc (We)| increases from zero to
we = (Ns — (r — 1))/r and then it decreases. Hence, we can
compute W, as

m:«m

if |Crssc (|we])] = |Crssc (Jwe])|
if |Crssc ([we])| < [Crssc ([we])]-
(25)

[we}
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For example, assuming Ny = 78 slots, Np = 64 pilots and
r = 3 replicas, applying (24) and subsequently (25) we obtain
We = 25. We can also perform an analysis of the effect of the
number of slots Ny and the number of packet replicas r on
the lower bound. Specifically, we observe that the minimum
window size W, increases when the number of slots Ny grows,
while it decreases for a growing repetition rate r. Moreover,
as expected, the value of the minimizing W, is always less
than [Ny — (r — 1)]/(r — 1), which is the maximum value of
W, allowed by the randomized SSC protocol.

We finally point out that the developed lower bound on the
packet loss probability keeps holding, with no modification,
also for the SSC-HLx scheme in which the SSC protocol is
combined with power diversity. The reason is that, when at
least two users choose the same resource r-tuple, due to the
deterministic power pattern all different replicas collide with
the same power level (the high-level and the low-level ones
collide in the same resources for all the interfering users).

IV. PERFORMANCE EVALUATION
A. Simulation Setup

We provide Monte Carlo simulation results for the proposed
CRA schemes, in which each user transmits information
messages encoded with an (n = 511,k = 421,¢t = 10)
binary Bose-Chaudhuri-Hocquenghem (BCH) code. Part of the
k information bits are used to validate the decoded packets
via a CRC. Then, the BCH codeword is padded with a final
zero bit and the encoded bits are mapped onto a quadrature
phase-shift keying (QPSK) constellation with Gray mapping,
yielding a data payload of Np = 256 symbols. We adopt
a bounded distance decoder which corrects up to t errors.
Simulation results are given for a symbol rate By = 1 Msps,
Np = 64 pilots, and » = 3 replicas per active user if not
otherwise stated. An orthogonal pilot set is constructed using
Hadamard matrices. The noise variance is set to 02 = 1
(i.e., signal-to-noise ratio equal to 0 dB). All MAC protocols
assume the possibility to exploit ACKs to preemptively stop
the transmissions. The numerical results assume a perfect
feedback channel for ACKs (i.e., all ACK messages are
always successfully received) and a perfect power control
mechanism (0121 = 1). In case of power unbalance (PU), with
reference to (16) and (17) we adopt the two power levels
0% = 1.6 and 0f = 0.7 for the HLx power selection scheme
(Q = 2). Instead, for the HMLx one (@) = 3) we employ
0%1 =1.3, 01%/1 =1 and O'E = 0.7 for the high, middle, and
low level, respectively. These choices derive from numerical
optimization. The key performance indicator we consider is
the packet loss rate (PLR), P, when a maximum latency
constraint {2 = 50 ms is imposed. In this framed system the
maximum latency is two times the frame time [10]. The PLR
is plotted against the number of simultaneously active users
per frame, K,, representing the system scalability parameter.

B. Numerical Results

1) Misdetection Probability Analysis: In Fig. 2, the misde-
tection probability, both simulated and analytically evaluated
through the method developed in Appendix A, is reported for
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Fig. 2. Misdetection probability of randomized SSC protocol with We = 2,
employing M = 128 antennas. Solid-marked: Simulation. Dashed: Matching.
Solid-ocher: Worst case scenario derived from (14).

the randomized SSC protocol with W, = 2, assuming M =
128 BS antennas. The simulated curves are obtained for K, €
{700, 1025,1200}. These numbers are opportunely chosen to
represent different traffic conditions in the frame. The red
curve characterizes a low traffic regime, which causes the
transmission of a relatively small number of ACKs to the
users. The azure one shows a high throughput regime where
users experience a low error probability, with a large number
of transmitted ACK messages. The green curve refers to a
congested system where the overall number of ACKs is again
small due to frequent decoding failures. For example, for
K, = 1025 we observe that, fixing a misdetection probability
of 0.1% (i.e., PYyp = 1073), approximately Ux i = 21 users
are notified in a slot by the BS. Note that U} - is considerably
lower than Np = 64, which represents the maximum possible
number of ACKSs per slot.

In dashed lines the theoretical curves based on the anal-
ysis conducted in Appendix A are plotted. As explained in
Section III-B, the matching is obtained considering K, oq <
K, due to the fact that the idealized setting described therein
does not capture the traffic reduction caused by ACKs. Despite
this, the analytical approximation fits very well the numerical
simulation in all considered traffic regime. Lastly, the ocher
curve shows the analytical worst case scenario derived using
the approximation formulated in (14).

In the following we take the azure curve of Fig. 2 as a
reference for ACK design. Based on exhaustive simulations,
in fact, this curve is the one achieving the largest Uxqk
for given Pyp and for the considered system parameters;
therefore it represents the most challenging situation for ACK
design. Note that, without running exhaustive simulations, the
analytical ocher curve may also be used for ACK design.

2) ACK Design and Analysis: Table I reports ACK design
results based on Section III-A, Section III-B, and the above
misdetection probability analysis. All adopted parameters are
reported in the north-west side of the table. First, we present
a pilot-based ACK design for Np € {64,128}. In this
uncompressed feedback scheme, neither the false alarm nor
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TABLE I

COMPARISON BETWEEN DIFFERENT ACK FEEDBACK TECHNIQUES WITH AN INTRA-FRAME SC PROTOCOL. TOP TABLE: PILOT-BASED FEEDBACK.
MIDDLE TABLE: COMPRESSED PILOT-BASED FEEDBACK WITH FIXED MISDETETECTION PROBABILITY. BOTTOM TABLE: ID-BASED FEEDBACK
WITH FIXED NUMBER OF PILOTS

System Parameters Pilot-based Np = 64 Np =128
Maximum latency, Q [ms] 50 Symbol rate, Bs [Msps] 1 ACK bits, n, 64 128
Number of antennas, M 128 Packet repetition rate, r 3 ACK symbols, Nack 76 124
High power level, o4 1.6 Low power level, o2 0.7 Ratio Tack /Tpkt, @ 0.2375 0.3229
Noise variance, o> 1.0 Channel variance, o3 1.0  Effective slots, Ns 63 49
Packet Parameters ACK Parameters C. Pilot-based, Pyip = 5 - 1072 Np = 64 Np =128
Payload symbols, Np 256 Preamble length, Np acx 4 ACK bits, ny, 53 77
Code rate, R. 0.82 Code rate, R, 1/3 ACK symbols, Nack 68 86
QPSK modulation, M 4 Modulation order, Macx 16 Ratio Tack /Tpke, & 0.2125 0.2239
CRC bits, ncrc 32 Effective slots, Ng 64 53

ID-based, Np = 64  Ppa = 1073, Pyp = 51072

Ppa =107°, Pyp = 1072

Pra = 1074, Pup = 1072 Pra = 10767 Pup =5 - 1073

Hash bits, b 10 10
ACK bits, np 180 190
ACK symbols, Nack 163 171
Ratio Tack /Tpkt, @ 0.5094 0.5344
Effective slots, N 51 50

14 20
266 400
228 328

0.7125 1.0250

45 38

the misdetection probability need to be considered. For Np =
64 pilots, applying (7) we have Nack = 76 symbols,
descending in a ratio o« = Tack /Tpki, = 0.2375. For example,
adopting an SC protocol, the number of available transmission
slots is reduced to Ny = 63, while for an SSC protocol we
have Ng = 78 as per (15) since a < 1. Allowing a low
misdetection probability in the ACK design, the compressed
pilot-based feedback permits to further reduce the feedback
message length. For example, imposing a Py, = 5 - 1072,
from the azure curve in Fig. 2 we get Urcx = 18, np =
53 bits (from (11)) and o = 0.2125. It translates into a saving
of 1 slot into the whole transmission frame (/Ng = 64). This
recovered slot can be used, for example, to ensure an additional
guard and processing time to the BS.

Concerning ID-based feedback, the goal is to find the value
of o corresponding to given Pj, and Ff. For example,
assuming a target P, = 107* and P{jp = 1072, from (12),
(7), and (9) we find o = 0.7125. From (10) the number of
available slots of a non-spaced access protocol is reduced
to Ny = 45. It is worth noting that, since o < 1, the
proposed SSC scheme with W, = 1 permits to solve the frame
length contraction issue. Imposing more severe requirements,
for example Pg, = 107 and P}, = 51073, we end up
with a > 1. In this situation, even the SSC protocol needs a
reduction of the number of slots N.*

3) Benefits and Costs of the Feedback: Fig. 3 elaborates
on the cost of feedback, in terms of reduction of the largest
supported K, (scalability penalty) for a given PLR (reliabil-
ity). In particular, the intra-frame SC protocol (Section II-B)
and the proposed SSC protocols with our without power
unbalance (Section III-C and Section III-D) are considered.
We fairly compare them fixing the maximum latency 2 and
assuming M = 128 BS antennas. The dashed azure curve in
Fig. 3 corresponds to the ideal intra-frame SC system with

4We mention that a possible solution to this issue, not deepened in this
paper, could involve an SSC scheme in which additional small sub-slots for
the ACKs, able to ensure the residual time (o — 1)Tpkt, are introduced
between the packets transmission slots.

1¢ \ \
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SC (N, = 63)
| [-A-sC (N, =45)
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| [-&-SSC-HLL (N, = 78)
| |- SSC-HML (I, = 78)
1072 g
& F
1073 g
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Fig. 3. Packet loss rates of CRA-type protocols (SC, SSC and SSC-HLL)

for different ACK time resources consuming, and M = 128 antennas. The
SSC curves assume W, = 1.

an instantaneous feedback, not consuming any time resources
(o = 0); for this ideal scheme we obtain Ny = 78 slots
per frame from (10). Considering then a realistic system
(i.e., with non-instantaneous feedback) having for example
a = 0.2375 (obtained for pilot-based ACKs, see Table I),
we obtain Ny = 63. As shown in Fig. 3, this causes a
tangible performance degradation with respect to the idealized
scheme. Moreover, in a scenario where pilot-based ACKs are
not practicable we have to adopt ID-based ACK messages. For
example, with reference again to Table I, with a = 0.7125 we
obtain Ny = 45 slots, leading to a dramatic performance
degradation compared to the ideal case. The SSC protocol
represents an elegant and effective solution to this problem.
As shown in the figure, for W, = 1, the presence of a waiting
window between successive replica transmissions from the
same device guarantees Ny = 78 slots per frame as per (15),
whenever o < 1. We emphasize that this simple approach
achieves the same performance as the idealized intra-frame
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Fig. 4. Average energy cost per user per information message for different

CRA-type protocols (SC, SSC, R-SSC) exploiting both power balance and
power unbalance, with M/ = 128 antennas.

SC system. Moreover, adopting a power diversity approach
we can improve performance even further. In this example,
using the SSC-HLL scheme, we are able to achieve a 10%
scalability boost at a target PLR of 1072, Instead, adopting
the SSC-HML one, a 5% boost at the same target PLR is
achieved.

Next, we discuss how ACKSs can lead to energy savings. For
the sake of fairness in comparing different MAC protocols,
we assume that each packet replica has a cost in energy
equal to its power level. Then, considering all actual packet
transmissions in the frame (weighted by their corresponding
power levels) and dividing this value by K,, we evaluate the
average energy cost, F,,,. Such a metric is related to the
average energy consumption per user per information message.
Fig. 4 shows the trend of F,,, versus K, for feedback-aided
CRA-type protocols (SC, SSC, and R-SSC) with r = 3,
adopting both power balance and power unbalance. Consid-
ering a system without feedback and letting the energy spent
per replica be normalized to 1, the average energy cost is
always E,,, = 3, since each active user always transmits
r = 3 replicas per frame, independently of the system load.
Regarding the schemes with power balance, we can observe
how the feedback mechanism guarantees conspicuous energy
savings, especially in the low traffic regime. For example,
considering a target load K} = 700, we note that the average
energy cost remains considerably below 2, meaning that the
majority of the active users are decoded after transmission
of their first replica. We also see that, when the system load
increases, the energy metric E,,, converges to its maximum
value of 3, because a considerable amount of users needs to
transmit nearly all replicas to have a chance of being decoded.
Next, the energy consumption exhibits a slightly different trend
when power unbalance is exploited. Specifically, for low traffic
values, the average energy cost is higher with respect to the
power balance case, since the first replica is transmitted with
a higher power, according to the HLx deterministic scheme.
On the other hand, the PLR performance of the HLx scheme
is better.
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Fig. 5. Packet loss rates achieved by CRA-type protocols (SC, SSC
and R-SSC) exploiting both power balance and power unbalance, with
M = 128 antennas. Lower bound predictions computed by (23).

4) Impact of Waiting Time Randomization: Fig. 5 elaborates
on the results of Fig. 3 to show the effect of randomization
in the number of SSC waiting slots, again assuming M =
128 BS antennas. The dash-dotted curves, relative to power
balance (PB) and corresponding to SC with Ny = 63 and
to SSC with W, = 1 are the same appearing in Fig. 3.
In addition, the performance of randomized SSC schemes with
We = 2 and W, = 3, denoted as R-SSC in the figure legend,
is reported. Notably, we observe that a randomization in the
number of waiting slots not only provides a better error floor
performance, as expected from the analysis in Section III-E
(dashed lines), but also a better performance in the waterfall
region. With the considered simulation parameters, we found
that the best waterfall performance for (non-randomized) SSC
is achieved for a waiting window size W, = 1, while for
randomized SSC it is achieved for W, = 2; these are the
minimum window sizes for the two protocol versions. For
a target PLR P = 1073, randomized SSC with W, =
2 improves the system scalability, with a gain as high as
15% over the SC protocol, while supporting a Tack that
is 10 times larger than the SC one. Applying the analysis
in Section III-E, we have W, = 25 for the chosen system
parameters. As predicted by such an analysis, randomized
SSC schemes with progressively higher waiting window sizes
tend to_perform better in the error floor region as long as
We < W,. However, we also observed that the improved error
floor performance comes at the cost of a deterioration in the
waterfall performance as shown in Fig. 5 for W, = 3 in
comparison to W, = 2, this latter value offering the best
tradeoff between the two regions of the performance curve.

5) Impact of Power Unbalance: As already observed upon
commenting Fig. 3, intra-frame SSC with discrete PU is able
to outperform both idealized SC (« = 0) and SSC with PB.
In particular, we consider the HLL power pattern (QQ = 2 and
r = 3) previously introduced is Section III-D, where the
first replica is transmitted with high power (0% = 1.6) and
the others with low power (oﬁ = 0.7). We also consider
the HML scheme (Q = 3 and r = 3), where the first
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Fig. 6. Packet loss rates achieved by CRA-type protocols (SC, SSC and
R-SSC) exploiting power unbalance with HLL and HML power selection
schemes and employing M = 128 antennas. Lower bound predictions
computed by (23).

replica is transmitted with high power (o34 = 1.3), the second
replica with intermediate power (01%,[ = 1) and the last one
with low power (62 = 0.7). The performance improvement
that was pointed out in Fig. 3 for the HLL scheme can be
systematically observed also in Fig. 5 as the consequence
of the fact that the considered pattern has been applied to
all spatial coupling schemes. In this example, we observe a
uniform 10% scalability boost at P} = 1073, given by PU.
On the other hand, observing the error floor region, we have no
difference between PB and PU, as anticipated in Section III-E.

Comparing, instead, the HML and HLL power selection
schemes we note that, owing to the imposed power nor-
malization, the first replica of the HLL deterministic pattern
is received with a higher power level with respect to the
HML one. Instead, the second replica of the HLL scheme
experiences a lower power level compared to the second one
of HML. Ultimately, the third replica is received with the same
power in both schemes. Consequently, the HLL scheme tends
to favor decoding of the first replica, while HML favors more
the second replica. Since we are using acknowledgements,
we expect that HLL outperforms HML in terms of overall
packet loss rate. To substantiate this claim, we report in Fig. 6
the comparison between these two power control strategies.
For all the analyzed spatial coupling protocols, the HLL
scheme shows a better waterfall performance than the HML
protocol. As mentioned above, we can attribute this trend to
the effectiveness of the feedback mechanism. In fact, as also
pointed out in in Section III-D, increasing the power level
of the first replica favors its correct decoding, improving the
effectiveness of the ACK phase.

6) Results for Different Degree Distributions: In principle,
CRA-type protocols allow variable packet repetition rates,
meaning that different users might transmit different number
of replicas in the frame. Typically, the choice of the packet

repetition rate is subject to probability distributions. Let us
define the degree distribution through the polynomial A(z) =
>..Aq2", where A, is the probability that a generic user
transmits 7 packet replicas over the frame.

So far, we have provided results for a concentrated degree
distribution profile with packet repetition rate r = 3, meaning
that each active user deterministically transmits 3 packet repli-
cas over the frame (A(x) = 2). This choice follows from the
analysis performed in [19], where it was shown that the repe-
tition rate 7 = 3 achieves a good PLR performance tradeoff in
a Rayleigh block fading channel setting, where a non-ideal
PHY layer processing and a multiple antenna receiver are
additionally considered. However, the setting of [19] differs
from the one proposed in this paper, since neither advanced
MAC layer protocols nor exploitation of power domain are
considered in [19]. Hence, we have extended the numerical
results simulating more degree distributions, both regular and
irregular, aiming to understand the best profile for our scenario.

We report the performance curves in Fig. 7. The simulations
are performed for an SSC protocol with waiting window
size W, = 1, exploting discrete PU. The BS is equipped
with M = 128 antennas. The analyzed distributions are:
i) A(x) = z? (regular, with constant repetition degree 2),
adopting an HL power profile, with 03 = 1.3 (high power
level) and 02 = 0.7 (low power level); ii) A(z) = a3
(regular, with constant repetition degree 3), adopting an HLL
power profile, with 03 = 1.6 and of = 0.7; iii) A(z) =
0.5465 22 + 0.1623 23 + 0.2912 25 (irregular, with average
repetition degree 3.33 [6]), adopting an HLx power profile,
with 0 = 1.6 and o = 0.7; iv) A(z) = 0.5 22 + 0.5 z*
(irregular, with average repetition degree 3), adopting an HLx
power profile, with 03 = 1.6 and o7 = 0.7.

The distribution A(x) = 2?2 outperforms all of the others
in the waterfall region, but is affected by an high error
floor (i.e., around P, = 1072). Out of the two irregular
distributions, the more “concentrated” one shows the better
waterfall performance; nevertheless, both exhibit a worse trend
with respect to A(z) = z2. The regular distribution A(z) =
23 achieves the best compromise between the waterfall and
the error floor performance. In fact, it only experiences a
10% scalability degradation with respect to A(z) = 22 at
a target PLR P} = 1072, Otherwise, for a low-load system
(e.g., K = 900), it can reach a PLR inferior to 10~* while
A(x) = 22 saturates to a PLR slightly lower than 1072
Despite the above-mentioned setting differences, the analysis
performed in [19] remains consistent in the analyzed system.
Following, the best degree distribution profile consists of a
concentrated one with packet repetition rate r = 3.

7) Results for Different Numbers of Pilots: In Fig. 8 the
performance is shown for SC with « = 0.1, SSC with
We = 1, and randomized SSC with W, = 2 protocols,
varying the number Np of orthogonal pilots. Specifically,
we consider Np € {32,64,128}, while the number of BS
antennas is M = 256. Coherently with the number of
pilots Np also the number of available slots Ny changes
accordingly to (10) and (15); this leads us to (Np, Ns) €
{(32,78),(64,71),(128,59)} for SC with & = 0.1 and
to (Np,Ns) € {(32,86),(64,78),(128,65)} for SSC and
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Fig. 7. Packet loss rate achieved by SSC-type protocols for different degree
distribution profiles, exploiting power unbalance, with M/ = 128 antennas.
Lower bound predictions computed by (23), with slight variations for the
irregular distributions.

randomized SSC. Strictly speaking, the comparison between
schemes using different Np is not completely fair, due to
the different coherence time assumptions. However, we find
this comparison useful to highlight two behaviors. Firstly,
increasing the number of pilots Np, we observe that the
scalability performance boost saturates. This is mainly caused
by the fact that: i) Np is approaching Np, resulting in
an unacceptable decrease of Ng; ii) Np is approaching M
which generates a sort of saturation in terms of multi-packet
reception. It seems that Np should not be larger than M, and
this can be true as a general guideline. However, Np can also
be non-trivially increased above M, for example, to increase
the probability to have singletons. Secondly, we can decrease
the error floor, for example, to place it under a target PLR. This
is due to the fact that a higher number of pilots translates into
a higher number of available resources, causing less probable
unresolvable collisions. Anyway, after a certain value of Np,
a saturation phenomenon arises. Finally, we highlight that an
increase of Np imposes stricter requirements in terms of ACK
message symbols, according to (7), which reflects into more
severe ACK time constraints.

V. CONCLUSION

Our study shows that inter-slot ACK messages can be
employed without any performance loss by an effective
pipeline mechanism, naturally arising in our proposed spaced
spatial coupling (SSC) protocol. The possibility to enable
such a feedback strategy brings advantages both in term
of energy efficiency and interference reduction paving the
way to MMA for low power devices. Alongside “spaced”
protocols, we introduce a novel algorithm based on intentional
power unbalance, specifically designed for the feedback-aided
schemes we propose. This algorithm prioritizes the first
replica, enhancing the probability of a successful decoding
and subsequently triggering an ACK. Indeed, we show how
SSC can reach practically the same performance of a spatial
coupling scheme with instantaneous feedback, and the tailored
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Fig. 8. Packet loss rates achieved by CRA-type protocols (SC, SSC and
R-SSC) with Np € {32,64,128}, employing M = 256 antennas. Lower
bound predictions computed by (23).

power unbalance proposal obtain around a 10% scalability
boost. The results are validated using different ACK strate-
gies and analytical lower bound on the packet loss rate are
provided.

APPENDIX A
PROBABILITY DISTRIBUTION OF THE NUMBER OF
TRANSMITTED ACK MESSAGES

In this appendix we derive the probability to decode Uack
users which have picked a unique resource (i.e., pair slot-pilot),
also referred as singleton, in a generic slot, given that the total
number of active user within the frame K ,. Thus, we consider
K, active devices in the frame, K of which are active in the
slot under analysis. Using the law of total probability, we can
write the probability that Upcx ACKs are sent out at the end
of the slot, given K,, as

P(Uack | Ka) = > P(K.| Ka)P(Usck | Ks).  (26)
K

The probability to have K active users in the slot, given K,
total active users in the frame, is

Pk 160 = ()5 1

K. 27)

The parameter p in (27) depends on the specific CRA
protocol, as

" for baseline CRA

p= r (28)
Ny— (We+1)(r—1)

where the “baseline CRA” is the CRA access protocol where
slots for transmissions of replicas are chosen uniformly at ran-
dom without replacement. Note that, for the sake of simplicity,
we are neglecting termination effects in the derivation of p
when addressing SSC protocols. Hence, (28) is exact when
considering a “central” slot n € {We(r — 1) +r,..., Ng —
(We + 1)(r — 1)}. Therefore, the probability to decode (and

for SSC
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consequently acknowledge) Uack singleton users, given K,
can be expressed as

P(UACK |KS) = ZP(UACK ‘ 5; KS)P(6 | KS)

1

(29)

where 0 is the number of singleton users in the slot. For exam-
ple, assuming a t-error correcting code with hard-decision
decoding and QPSK symbols with Gray labelling, and apply-
ing the analytical approximation derived in [33], we have

1) Uack
P(Urck |5, K.) = (UACK> [1- P~ 1)
0—Uack
< [P, - 1) (30)
where
t N, B
= Z( D> (n) (1= P.(n))™ @1
d=0
and
P.(n) = erfc \/% —%erfez 1/% (32)

Finally, the probability to have ¢ singleton users, given Kj,
can be obtained recalling the following probability result: the
probability to have m cells with exactly k balls inserting B
total balls in a total of C cells is [34]

=™

i(IY (¢
g(m:k, B,C) = 5~ ij(q) <m> (;)
O G O

where j € {j:j>m, j <C, kj < B}. Thus, we conclude
that

P(§|Ks) = g(0;1, K, Np) . (34)
APPENDIX B
ACTIVITY DETECTION THRESHOLD

In this appendix, we derive the activity detection threshold
v in (19). The objective is to discern if a resource is used by a
single user or by multiple users in a discrete PU scenario with
two power levels of and o, with o > 0. The worst case
is represented by the situation where we need to discriminate
between a single user employing the high power level and two
users that employ the high and the low power level, respec-
tively. If a single user is transmitting with the high power level,
then ||@||?/M is chi-squared distributed with 2M degrees of
freedom. Since M is large we have that ||@||?/M can be
well-approximated by a normal distribution A (o3, oy /M).
Analogously, in case two users transmit simultaneously with
different power levels then the distribution of ||@||?/M can
be approximated as N (of + o, (o} + o})?/M). We can
now use a likelihood ratio test approach. Let us define y =
|lp||?/M — o%. Then, we can write the likelihood ratio as

o3 M y—o? 2 Y 2
Aly)= —H _ il I A VIR U A . (35
n=gimeel-7 | () (%) |) @

The equivalent log-likelihood ratio test is given by

InA(y) < lny (36)

where 7 is the threshold of the likelihood ratio test cho-
sen accordingly to a certain criterion (e.g., Bayes, minimax,
Neyman-Pearson, etc.). Solving (36) for y and adding o,
we have that the threshold v to be used in (18) is

g<\/1+(K “1)(1+F 5 WK ) - )

K2-1
Moreover, for large M we can approxi-

(37

(38)

which justifies (19). Note that (38) is also the intersection of
the two Gaussian distributions under examination.
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