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Abstract—With the stringent requirements introduced by the
new sixth-generation (6G) internet-of-things (IoT) use cases,
traditional approaches to multiple access control have started
to show their limitations. A new wave of grant-free (GF)
approaches have been therefore proposed as a viable alternative.
However, a definitive solution is still to be accomplished. In
our work, we propose a new semi-GF coordinated random
access (RA) protocol, denoted as partial-information multiple
access (PIMA), to reduce packet loss and latency, particularly
in the presence of sporadic activations. We consider a machine-
type communications (MTC) scenario, wherein devices need to
transmit data packets in the uplink to a base station (BS). When
using PIMA, the BS can acquire partial information on the
instantaneous traffic conditions and, using compute-over-the-air
techniques, estimate the number of devices with packets waiting
for transmission in their queue. Based on this knowledge, the BS
assigns to each device a single slot for transmission. However,
since each slot may still be assigned to multiple users, collisions
may occur. Both the total number of allocated slots and the user
assignments are optimized, based on the estimated number of
active users, to reduce collisions and improve the efficiency of
the multiple access scheme. To prove the validity of our solution,
we compare PIMA to time-division multiple-access (TDMA) and
slotted ALOHA (SALOHA) schemes, the ideal solutions for
orthogonal multiple access (OMA) in the time domain in the case
of low and high traffic conditions, respectively. We show that
PIMA is able not only to adapt to different traffic conditions
and to provide fewer packet drops regardless of the intensity
of packet generations, but also able to merge the advantages of
both TDMA and SALOHA schemes, thus providing performance
improvements in terms of packet loss probability and latency.

Index Terms—Machine-type communications (MTC), Orthog-
onal multiple access (OMA), Partial-information, Internet-of-
things (IoT).

I. INTRODUCTION

Two are the main categories of applications scenarios for
machine-type communications (MTC) foreseen to be enabled
by fifth-generation (5G) networks: ultra-reliable low-latency
communications (URLLC) and massive MTC (mMTC). Both
of them show several distinct features and challenges, that
stem from the necessity to address the needs of the emerging
internet-of-things (IoT) applications and services. The perfor-
mance requirements of each category are quite challenging,
e.g., URLLC use cases target a maximum latency of 1 ms and
reliability of 99.99999% (e.g. mission-critical applications),
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while mMTC scenarios require supporting devices with a den-
sity up to 1 million devices per square km (e.g. Industrial IoT).
For such demanding targets, that will eventually be more strict
in sixth-generation (6G) networks, several technical advances
should be adopted at all layers. In particular, designing appro-
priate multiple access techniques and protocols is particularly
relevant due to their impact on the limited resources and
capabilities of the transmitting devices. Before the advent of
5@, adopted multiple access protocols were based on resource
requests and grants [1] thus incurring on signaling overhead.
Grant-free (GF) approaches address this issue by allowing
users to transmit the data immediately, without the need to wait
for the grant approval of the base station (BS). GF approaches
include several different techniques, which can be classified
into uncoordinated and coordinated random access (RA) [2].
Uncoordinated RA: these approaches can deal effectively
with collisions while requiring limited communication over-
head. Users transmit at random time instants, and specific
techniques are adopted at the receiver to mitigate the effects
of collisions. Among the uncoordinated RA solutions, non-
orthogonal multiple access (NOMA) [3] has been widely
advocated as the most promising and as an alternative to grant-
based orthogonal multiple access (OMA). However, NOMA
requires advanced pairing and power allocation techniques, as
well as powerful channel coding and interference cancellation
mechanisms that only partially mitigate the collision effects.
Under these conditions, the BS may become prohibitively
complex to serve a large number of users. In recent years,
unsourced RA has been proposed as an effective solution to
manage a massive number of devices [4]. In this paradigm,
at any time, a fraction of devices transmit simultaneously,
making use of the same channel codebook. The receiver
decodes arriving messages without knowing the identities of
the transmitters. Although this approach is very effective in
managing many users, good performance can be achieved only
for very small payloads and with high-complexity massive
multiple input-multiple output (MIMO) receivers [5], [6].
Coordinated RA: these solutions typically divide time
into slots, each with the duration of one packet. Slotted
ALOHA (SALOHA) is the simplest and most widely adopted
coordinated RA protocol: users transmit at the beginning of
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the first slot available after packet generation. When collisions
occur, a random delay is added before re-transmitting the
collided packets. Typically, the random delay has the same
statistics for all users, and the coordination is limited to
slot synchronization. One of its variants, the framed slotted-
ALOHA (FSA) protocol, has been widely adopted in radio-
frequency identification (RFID) systems [7], [8]. In FSA, time
is divided into frames, and each of these is split into slots.
Each user is allowed to transmit in only one slot per frame.
Whenever an uplink packet is generated, the user postpones
its transmission until the next frame, then it selects a specific
slot uniformly at random. Unlike the standard SALOHA, this
protocol reduces collisions. Coordinated RA solutions are par-
ticularly useful when user activations are highly correlated, for
example as a result of correlated underlying traffic generation
[9]. Also, re-transmissions (with the consequent accumulation
of packets in user queues) may yield correlated transmissions
among different users. If on the one hand, such correlation
further increases the chances of collisions; on the other hand, it
can be exploited to indirectly coordinate RA. In the literature,
correlation-based schedulers have recently gained attention as
a possible breakthrough for multiple access in MTC. Such
schemes typically rely on the knowledge of traffic generation
statistics [10], [11], or learn the traffic correlation by exploiting
the capabilities of machine learning tools [12], [13]. Lastly,
an extreme case of coordinated RA is fast uplink grant [14],
wherein the BS schedules one slot for each user, without any
resource request. Note that in this case, the access randomness
is removed, while coordination remains. Slots are usually
shared by multiple users, thus collisions may still occur in
case of simultaneous transmissions.

In this paper, we introduce a new semi-GF coordinated RA
protocol, named partial-information multiple access (PIMA).
In PIMA, time is organized into frames of variable length,
each divided into two sub-frames. The first is the partial
information acquisition (PIA) subframe, where active users
(having packets to transmit) send a signal to the BS. Using
a compute-over-the-air approach [15]-[17], the BS measures
the received power and estimates the number of active users.
Based on this knowledge, the BS then assigns one slot to each
user for the transmission in the data transmission (DT) sub-
frame. We stress that with respect to other two-step RA-access
schemes consisting of preamble and data transmission stages
[1], PIMA acquires only partial information on the activation
statistics in the PIA sub-frame, avoiding to reveal the users’
identities.

The rest of the paper is organized as follows. In Section II,
we first introduce the system model and the packet genera-
tion processes. Then, in Section III, we describe the frame
structure and the PIMA protocol. Section IV provides the
procedure used to perform the partial information estimation,
while Section V presents the scheduling optimization problem
conditioned on this information. In Section VI we discuss the
numerical results and compare PIMA with conventional time-
division multiple-access (TDMA) and SALOHA schedulers.
Finally, in Section VII we draw some conclusions.

frame t — 1 frame t frame t + 1

slot slot slot  slot slot slot
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Figure 1. Example of the PIMA protocol and its frame structure.

Notation: Scalars are denoted by italic letters, vectors,
and matrices by boldface lowercase and uppercase letters,
respectively. Sets are denoted by calligraphic uppercase letters
and |.A| denotes the cardinality of the set .A. P(-) denotes the
probability operator and E[-] denotes the statistical expectation.

II. SYSTEM MODEL

We consider an uplink multiple access scenario with K
users transmitting in the uplink to a common BS. We assume
that the value of K is known at the BS, while this knowledge
is not needed by any user.

Time is divided into frames, each comprising an integer
number of slots and an additional short time interval, whose
purpose is described in the following. Each slot has a fixed
duration, while each frame comprises a different number of
slots. Perfect time synchronization at the BS is assumed, thus
each user can transmit signals with specific times of arrival
at the BS. Users transmit packets, each with the duration of
a slot, and each user can transmit at most one packet per
frame. In the following analysis, 7 denotes the generic time
instant, ¢ the frame index, and 7(t) the start time of frame ¢.
In the considered setup, the same slot is in general assigned
to multiple users for transmission.

Channel: Due to the scheduling of the same slot to
multiple users, collisions between packets may occur. We
assume that when two or more users transmit in the same
slot, a collision occurs, preventing the decoding of all collided
packets by the BS. Successful transmissions are acknowledged
by the BS at the beginning of the following frame, and in
the event of collisions, users retransmit their packets in the
following frame. We assume that the BS always correctly
decodes the received packets in slots without collision, thus
the channel does not introduce other sources of communication
erTors.

Packet Generation and Buffering: Packets generated in
frame ¢ by user k are stored in its buffer and transmitted in
the next slots, according to a first in-first out (FIFO) policy. We
assume that all users have a limited buffer capacity B. To en-
sure data freshness, whenever a new packet is generated while
the buffer is at full capacity, the oldest packet is dropped. Let
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By, (7) be the length of user k queue at time 7. We also define
the activation vector as B(t) = [B1(1), B2(7),..., Bp(7)].
If Bi(7) > 0, the buffer of user k is non-empty at time 7,
and k is said to be active, instead, if By(7) = 0, its queue is
empty and user k is considered inactive. The total number of
active users at the beginning of frame ¢ is v(¢). Finally, we
define the activation probability of user k in frame ¢ as

dn(t) = P(By(mo(t)) > 0). (1)

III. PARTIAL-INFORMATION
MULTIPLE ACCESS PROTOCOL

In this section, we provide a detailed description of the
proposed PIMA protocol. Each frame is divided into two sub-
frames, namely the PIA sub-frame and the DT sub-frame. The
PIA sub-frame is used to estimate (at the BS) the number
of currently active users. Based on this information, the BS
decides the duration (in slots) of the DT sub-frame and assigns
each user to one slot, for possible uplink data transmission.
Such scheduling information is transmitted in unicast to each
of the users at the end of the PIA sub-frame. An example of
PIMA is shown in Fig.1.

A. Partial Information Acquisition Sub-Frame

The beginning of frame ¢, and thus of the PIA sub-frame, is
triggered by the reservation beacon (RB), which is transmitted
in broadcast by the BS to all users. RBs are transmitted
to mark the start of the PIA sub-frame and contain the
acknowledgments of the transmissions that occurred during the
previous frame. Moreover, the RB allows each user to estimate
the large-scale fading coefficient (LSFC) coefficient of the
channel to the BS, denoted as gj. In the PIA sub-frame the BS
obtains the estimate ©(¢) of the number of active users v/(t).
While this problem has already been discussed in the literature
and solved with deep neural networks [18], here we propose
a novel low-complexity estimate inspired by computing over-
the-air [15]. For a duration L4, the users transmit signals to let
the BS estimate the number of active users v(t). More details
on this procedure are provided in Section IV.

At the end of the PIA sub-frame, the BS, knowing #(¢),
schedules the transmissions for the next sub-frame. Let g(t) =
[q1(t), ..., qx(t)] be the slot selection vector, collecting the
slot indices assigned to each user; then, the length Ly(¢) of
the DT sub-frame can be derived from g(t) as

Ly(t) = max gi (). )

To end the PIA sub-frame and trigger the beginning of the
following DT sub-frame, the BS transmits the scheduling
beacons (SBs), which contains the slot selection vector q(t) !.

To maintain synchronization, inactive users could a) wake up and wait for
the next downlink RB when generating a packet, or b) always wake up when
RBs and SBs are transmitted (this can be achieved by collecting the timing
information in the beacons).

B. Data Transmission Sub-Frame

In the DT sub-frame, users transmit their packets, according
to the scheduling set by the BS in the SBs.

If a packet is generated by the user k during the DT sub-
frame, the packet is delayed and transmitted in the following
frame. This feature is needed to ensure low collision proba-
bility, as the DT frame length is derived only based on the
number of users active in the PIA sub-frame.

IV. ESTIMATION OF THE NUMBER OF ACTIVE USERS

To obtain an estimate of the number of active users at the
BS, each active user transmits an activation information (AI)
signal of duration L; immediately after receiving the RB.
The transmit power is such that the signal from each user is
received with the same (unitary) power at the BS. Note that we
are neglecting here the propagation time between the BS and
the user, which can be easily accommodated by considering a
transition (silent) time between the RB and Al transmissions.

In particular, given a total system bandwidth W, we assume
that each user transmits M; = WL; complex Gaussian
symbols in the PIA sub-frame with zero mean and power 1/gy.
The BS then measures the total received power and estimates
the number of active users. The set of users transmitting the
Al signals during the PIA sub-frame is

Ka(t) = {k : Bx(70(t)) > 0}, (3)

with |IC,(¢)| = v(t). The BS does not know the identity of
the active users, since the AI signals do not contain such
information, to make them shorter.

Letting the received samples at frame ¢t be F(t), { =

1,..., M, the estimated total power is
2
. 1 My 1 My
t) = — Ye(t) = — t t
(t) YR Ye(t) Mlzwe(H' > )]
=1 /=1 kEKL (1)

“4)
where 7 ¢(t) is the signal received from user k and wy(t)
is the additive white Gaussian noise (AWGN) term with zero
mean and variance o2.

Let us indicate the probability density function (PDF) of
the received power given that v(t) = b users are active as
Pppu(s(@lb), and the probability that v(¢) = b users are active
as py(s)(b). The maximum a posteriori probability (MAP)
estimate of the number of active users is then

7(t) = argmax Py, (P()]b) pu (D). )

The value of ©(t) is obtained from (5) by splitting the set
of real numbers into K properly designed intervals Z(b) =
[ey—1,€), b=1,..., K, and finding the region where P(t) is
falling. Note that the first and last intervals are special, as for
the first we have Z(0) = [0, ¢g], while for the last we have
Z(K) = [eg, o0]. Decision regions may have different lengths,
thus providing different estimations according to b.

Optimal decision regions Z(b), b = 1,..., K are intervals
with boundaries at the intersections between the adjacent
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Gaussian curves; in particular, the boundary €, between in-
terval Z(b) and Z(b + 1) must solve

p(b) pob+1)
op(b)V2r op(b+1)V21 ©

Equation (6) is equivalent to the quadratic equation Ae; +
Be, + C =0, with

_ (ep=P+1))?
2, (b+1)

_ (ep—P ()2
o2, (b)

1 1
A= 0'123(194— 1) ) (b)7
2P(b) P(b+1)
P=am 2+ @
PO+ POP (pu<b+1>ap<b>)
2011 o) P Borb+1))”

Among the solutions of the quadratic equation, we must
choose that falling between P(b) and P(b+ 1).
Estimation Error Probability: We define the average error

probability
Elv # 7] Zpe )pu (b ®)
where po(b) = P[0 # blv = b).

Assuming 7 ¢(t) and we(t) independent identically dis-
tributed (i.i.d.) Vt,k,¢, as the square modulus of the sum
of complex Gaussian random variables is exponentially dis-
tributed, P(t) follows an Erlang distribution with shape M,
and rate 1/(v(t) + 02). For large values of My, P(t) can
be well approximated as a Gaussian variable with mean
P(v(t)) = v(t) + 02 and variance

v(t) +o2]?
vty = O ©)
Then, the conditional estimation error probability is
pe(b) = PP(t) ¢ Z(b)|(t) = b]
_ e —b+o2
- (VIS (10)

e <m_(€b(bl+_ D Ui)) /

where Q(-) is the tail distribution function of the standard
normal distribution. For b = 0 and b = K, the first and second
terms in (10) are zero, respectively.

To minimize L, we should derive the minimum M that
guarantees the achievement of a target p.. However, the
computation of the optimal decision regions from (8) is in
general quite complex, due to its dependency on p,, (b), which
in turn depends on the duration of the previous frame(s), as
well as on the previous transmission outcomes, therefore being
time-variant and strictly dependent on the traffic generation
statistics. In the following, for simplicity, we assume that the
BS only knows the number of active users and performs the
time resource scheduling conditioned on this partial informa-
tion.

From a practical perspective, since M; is a design param-
eter, it should be time-invariant and should not depend on

the user activations statistics. Hence, by defining P(v(t)) =

v(t) + o2, and choosing €, = P(b) + 3, Vb we approximate
(10) as
M,
~ 2 — . 11
e 20 (550 ay

As Q(+) is a monotonically decreasing function, the maximum
estimation error probability is achieved if all users are active
in the frame ¢. Then, we derive M7 in this worst-case scenario,
which provides a target error probability p. = p.(K), as

= [ ot ()]

V. FRAME-EFFICIENCY-BASED SCHEDULING

12)

In this section, we propose a time-resource scheduling
conditioned on the number of active users estimated in the
PIA sub-frame. Let [ € {1,..., La(t)} be the slot index within
frame ¢ (in the DT sub-frame). We define the success indicator
function at slot [ as ¢ = 1, if a successful transmission
occurs at slot [ and ¢; = 0 otherwise. Then, the conditional
frame efficiency is defined as the ratio between the number of
successes in frame ¢ and the length of the DT sub-frame, i.e.,

1 Ly (t)
n(t) = 0] ; Elci|v(t)]. (13)

The adaptive maximization of this metric provides the proper
balance between the DT sub-frame length and the successful
transmission probability.

In frame ¢, immediately after the end of the PIA, the BS
solves the following optimization problem:

max n(t), (14a)

q(t)

st qu(t) € {1,..., Lo(t)}.

Note that, without making any assumption on the activation
probability distribution, the problem is not solvable in closed
form; therefore we focus on the case of i.i.d. activation
probabilities are equally distributed, without considering the
correlations caused by the retransmission attempts and the
packets generated during the DT sub-frame.

First, we observe that, since activations of users are i.i.d.,
we only have to determine how many users are assigned to
each slot, as any specific assignment satisfying this constraint
will yield the same collision probabilities and thus the same
expected frame efficiency.

To minimize the number of users assigned to the same slot,
given a length Ly(t), we assign to slot [ the following number
of users

(14b)

[ L%W it 1< K mod La(t),
w(t)=4," (15)
{Lf(t)J if 1> K mod Ly(t),

where we may schedule one more user in the first {%@J
slots to minimize the transmission delay.
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Note that the slot success random variable ¢; can be rewrit-
ten as a function of w;(t), as it only depends on the number
of users scheduled in slot [. Now, the optimization problem
(14) is reduced to the optimization of the second sub-frame
length, Lo(t), i.e., from (13), we have

1 La(t)
Li(t) = arng(ri?x L) 2= Elei|v(t), wi(t)], (16a)
s.t. Lo(t) € K/{0}. (16b)

Now, given v(t), the probability of user k being the one and
only active user assigned to slot [ is derived by considering
all cases of active users, where user k is active and all other
users assigned to slot [ are, instead, inactive. The number of
favorable cases is given by all the possibilities to put v(t) — 1
objects on a chessboard with K — u;(t) places, i.e., all the
combinations of v(¢) — 1 elements taken from K — w;(t). For
each combination, there are K — wu;(t) possibilities to put the
active user in slot /. Therefore, the collision probability in slot
lis 1 — E[e|v(t), wi(t)], where

w (1) (Il{,;;i(f))

Elalv(t), m(t)] = —F~—
(V(t))
is the probability of having a successful transmission in slot
[. Note that, in (17), the numerator counts the number of
combinations giving exactly one active user assigned to slot
I, while the denominator counts the total number of possible
combinations of active users.

Note that (16) is a mixed integer non-linear programming
(MINLP) problem, and is not solvable by continuous relax-
ation of L (t), as the rounding functions are not differentiable.
However, it is possible to find the optimal frame length L5 (%)
with complexity O(log K), using a binary search algorithm. In
any case, L3(t) depends only on v(t), thus can be computed
offline and then stored in a table.

a7

VI. NUMERICAL RESULTS

In this section, we present the numerical results, comparing
our PIMA approaches with the TDMA and SALOHA sched-
ulers.

We assume that the traffic generation, also denoted as packet
arrival process, at each user follows a Poisson distribution
with parameter A\. We consider K = 20 users. The well-known
properties of the Poisson processes provide a total arrival rate
of A = K. For a performance comparison, we consider a)
the standard TDMA, which provides frames of fixed duration
of K slots, with one user assigned per slot, deterministically,
and b) the SALOHA protocol. In basic SALOHA, in every
time interval [, users transmit their packets immediately upon
generation unless they are backlogged after a collision, in
which case they transmit with a backoff probability. Instead,
we consider Rivest’s stabilized SALOHA [19, Chapter 4],
wherein all users generating packets in slot [ are backlogged
with the same backoff probability. The backoff probability is
computed for each user through a pseudo-Bayesian algorithm

100
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Figure 2. Average packet dropping probability versus the total packet

generation rate, for K = 20 and B = 3.

based on an estimate of the number of backlogged nodes G(I)

as 1
a(l) = min (1, G(l)) , (18)
where
Gl) = Gl—1)+NO+(e—2)"t ife_y =0,
| max(NO,G(l —1) 4+ N0 —1) if ¢y =1,
(19)

is the estimated number of users backlogged (with G(0) = 0)
and 60 is the probability packet generation in slot [. Note
that, despite being conventional multiple access solutions,
SALOHA and TDMA remain the ideal solutions for OMA
in the time domain in case of low and high traffic conditions,
respectively. In the following, the comparison is made in terms
of packet loss probability and average packet latency.

A. PIA Parameters and Results

Although the analysis of Section V assumes a perfect
estimation of the number of active users, results shown in this
section are obtained using the estimated (), thus including
the effects of an estimation error.

In the PIA sub-frame, M has to be large enough to make
the approximation (12) valid and ensure low estimation error
probability (11). During the PIA sub-frame we assume that
Al signals transmitted by the active users have unitary power,
while the noise power is 02, = —10 dB. Furthermore, we adopt
the third numerology of the new radio (NR) specification,
which provides DT time slots of 0.125 ms [20], and assume a
total system bandwidth W = 100 MHz. Moreover, we neglect
the duration of downlink beacons. In the following, either
L1 = 17 ps or 44 ps, such that the target error probability
(14) is either p, = 0.1 or p, = 0.3, respectively.

In Fig. 2, we show the empirical packet dropping probability
as a function of the packet generation rate A, for K = 20
users with buffer length B = 3. Such metric measures the
probability of packet replacement in the buffers when fresher
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Figure 3. Average packet latency versus the total packet generation rate, for
K =20and B = 3.

packets are generated at users. In low-traffic conditions, very
few packets are dropped for both SALOHA and PIMA. A
higher number of packets are dropped with TDMA, as the
constantly adopted maximum frame length leads to time waste.
In high-traffic conditions, instead, the dropping probability
provided by SALOHA keeps growing, performing even worse
than TDMA, as the backlogging system prevents most users
from transmitting to avoid collisions. The advantages of both
conventional schemes are merged in PIMA, which is able
to adapt to traffic conditions to provide fewer packet drops
regardless of the intensity of packet generation. In the worst-
case scenario, PIMA matches TDMA, with a slight gap due
to the overhead of PIA.

Finally, Fig. 3 shows the impact of the packet generation
rate on the average latency. As expected, the TDMA and
SALOHA protocols perform well at low and high packet
generation rates, respectively. In fact, at low traffic intensity
TDMA suffers from a long waiting due to deterministic
slot allocation. SALOHA instead has a very low latency at
low traffic, as packets are immediately transmitted, while
more collisions occur as the probability of packet generation
increases, increasing the latency. Again, PIMA merges the two
advantages to achieve great results in all traffic conditions.
However, a slight performance degradation is observed at high
traffic, due to both the PIA overhead and the additional delay
introduced when the packet is delayed to the next frame upon
generation.

Finally, note that as L; decreases, packet loss and latency
are reduced. However, the short PIA duration of the subframe
could imply a lower M, leading to erroneous estimation of
v(t), and thus making the BS perform inefficient scheduling.

VII. CONCLUSIONS

For addressing the challenging requirements of the emerging
5G/6G IoT use cases, we have proposed a new semi-GF
coordinated multiple access scheme, the PIMA protocol, based

on the knowledge of the number of users that have packets to
transmit. To this end, PIMA organizes time into frames, and

each frame includes a preliminary phase (the PIA sub-frame),
wherein active users transmit a compute-over-the-air signal
that enables the BS to estimate the number of active users.
Then, we analyzed the protocol, indicating the policies to be
used to minimize packet losses and latency. From the analysis
and the numerical results obtained in a generic MTC scenario,
we conclude that PIMA with proper scheduling significantly
reduces packet loss and latency with respect to TDMA and
SALOHA, particularly when dealing with sporadic activations.
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