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Abstract—We introduce Mini Slotted ALOHA and MuMiSTA
as novel reservation based random access policies focused on
the scalable and timely delivery of status updates in a dense
network. In mini slotted ALOHA, each data slot is preceded
by multiple mini slots and active users compete for the use of
the data slot, by becoming the only user to transmit in one of
the mini slots. MuMiSTA is an age-aware modification of mini
slotted ALOHA where the set of active users is limited to the
users with age larger than a fixed threshold. Users with smaller
ages do not congest the channel while conserving energy. In this
paper, we derive the throughput of mini slotted ALOHA along
with the set of optimal parameters, under finite and infinite node
assumptions. We express the ideal number of mini slots in terms
of the throughput, depending on the ratio between the lengths
of the data slot and the mini slot. A steady state distribution
of the number of active nodes under MuMiSTA is derived
and an efficient method of obtaining MuMiSTA parameters is
described. It is shown that it can approach a ideal round-robin
policy with a throughput of 1. In a practical scenario, MuMiSTA
is shown to achieve a throughput increase of 141% over slotted
ALOHA, and an average Aol reduction by 79%.

Index Terms—slotted ALOHA, threshold ALOHA, age of in-
formation, age threshold, information freshness, random access,
age-aware, mini slot, reservation-based.

I. INTRODUCTION

Rapid growth of Internet-of-Things(IoT) systems in recent
years has resulted in the development and deployment of
numerous real time applications, such as remote sensing and
energy scheduling. Age of Information and other information
freshness metrics quantify the timeliness of status updates and
are more relevant measures of performance in recent real-time
applications compared to delay.

In many of the large-scale IoT networks, a centralized
multiple access scheme with scheduled access is not practical.
Instead, many IoT and MTC applications use random access
technologies, like CSMA and slotted ALOHA. Reservation
based random access policies have emerged five decades
ago in broadcast [1] and satellite [2] communication stud-
ies as a compromise between ALOHA and TDMA. It has
been studied in the context of ad-hoc networks [3], M2M
communications [4], vehicular networks [5] and in satellite
networks [6]. Real time applications based on these types
of networks would benefit from improved spectral efficiency
and information freshness.

In [7] and [8], a slotted ALOHA policy with an age
threshold was proposed and rigorously studied. Average
Aol has been shown to be reduced by nearly half when
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an age threshold is used to reduce the number of users
that participate in the random access scheme. However, the
inherent throughput limitation of slotted ALOHA restricts
the achievable amount of Aol improvement even with age-
aware threshold and transmission probability modifications
as in [7]-[9]. Motivated by this observation, MiSTA [10] has
suggested a modified time slot structure in which each data
slot is preceded by a mini slot for control and reservation
purposes. In [11], a multi-access policy with a framed slot
structure is studied in terms of Aol where one of the slots in
each frame is used for reservation. In [12], slotted ALOHA
and CSMA networks are investigated whereby time horizon
is divided into homogeneous smaller mini slots.

In this paper, we introduce a novel random access policy,
Multiple Mini Slotted Threshold ALOHA (MuMiSTA). In
MuMiSTA, we suggest a reservation based transmission
policy by employing multiple mini slots before each data slot,
such that the channel is utilized to a greater degree whilst
preserving the random access nature.

Our main contributions are the following:

o We describe the novel slot structure of mini slotted
ALOHA utilizing prefixed mini slots ahead of data
slots. Further, we introduce MuMiSTA as an age-aware
modification of mini slotted ALOHA.

o We express the throughput of mini slotted ALOHA in
the case of a finite network size and a network size that
grows to infinity, and derive the maximum achievable
throughput along with optimal parameters. We determine
the ideal number of mini slots in each time slot such that
the throughput of mini slotted ALOHA is maximized.

o We define a truncated state space for a network running
MuMiSTA, and express the steady state distribution of
the number of active nodes.

o We propose a method with reduced complexity to obtain
a set of parameters for MuMiSTA achieving major
improvement in terms of throughput and average Aol,
compared to slotted ALOHA.

II. SYSTEM MODEL AND DEFINITIONS

We consider n nodes that interact with a common access
point (AP) through a random access channel. We adopt the
“generate at will” model, where the packets are generated by
the nodes immediately before a transmission takes place. The
nodes perform transmissions in a synchronized manner. The
time horizon is slotted, comprising mini slots and data slots.
The ratio between the length of a data slot and a mini slot is
denoted as L and is greater than 1. No collision resolution is
performed at the destination; if two or more nodes attempt
a transmission at the same time, all packets are discarded



by the AP. Lost packets are not retransmitted, the nodes
continue their random access policies with fresh packets in
the next slot. Upon successful transmission, the nodes receive
a success feedback (this is necessary for consistency with
the generate-at-will model). In the following, we define two
reservation based random access policies.

In Mini Slotted ALOHA each time slot begins with W —1
mini slots, which are used as an opportunity to reserve the
remainder of the slot, which we refer to as a data slot (Fig.
1). In the it mini slot, each active user attempts transmission
with probability 7;, and leaves the active set with probability
1 — 7; for the rest of the time slot. If a user receives an
ACK, this means this user was the sole attempter, and the
data slot will be reserved for this user. Otherwise, each user
(if any) in the set of active users again independently attempts
transmission in the next mini slot, with probability 7;,, and
leaves the active set with probability 1 — 7;4;1. If, by the
beginning of the data slot, no reservation has yet been made,
then each active user attempts to transmit sensor data in the
data slot with probability 7y .

MuMiSTA is an age-aware modification of mini slotted
ALOHA that refines the set of active users in order to improve
information freshness. If the flow served by a node currently
has age below I, the node will stay silent. Nodes with ages
at or above the age threshold I' are active nodes, and only
active nodes are allowed to use the random access mechanism
in the form of mini slotted ALOHA described above. Nodes
with ages below I' are passive nodes and stay idle until their
Aol reaches this threshold.

Our proposed algorithms fix the number of mini slots in
a time slot. Hence, even when a node reserves the data slot
in one of the earlier mini slots, it will delay its transmission
until the beginning of the data slot. While this slot structure
may seem wasteful compared to some other reservation-based
slotted ALOHA protocols, it allows passive nodes to sleep for
a long time and conserve energy without repeatedly waking
up for synchronization purposes.
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Fig. 1: Diagram of two consecutive time slots, each consisting
of multiple mini slots and a data slot.

III. THROUGHPUT ANALYSIS OF MINI SLOTTED ALOHA

In this section, we derive a simplified expression for the
optimal throughput in a data frame at steady state, according
to mini slotted ALOHA. Note that, as in each data slot at
most one user can successfully transmit, this is equivalent to
the probability of a successful transmission in any given data
slot. We denote the expected throughput when there are m
active users in the system as T'(m, {r;}}¥,), {r:}}¥ is the
sequence of transmission probabilities in each mini slot. The
net throughput of the system at steady state can be computed
by multiplying this value by ﬁ This product can be
further optimized over the choices of L and W.

A. Throughput of Mini Slotted ALOHA for finite network size

In this section, we compute the expected number of suc-
cessful transmissions per data slot at steady state in mini-
slotted ALOHA.

Theorem 1. Consider mini-slotted ALOHA (Def. 2) with W —
1 mini slots, and m > 1 active users, where the attempt
probabilities for active users in mini slots numbered 1 to
W — 1 are, respectively, 11, T, ..., Tw—1, and the attempt
probability in the data slot is Tyw. Define (; = mlll_, 7
for g =1,... ., W and (w1 = 0. The expected number of
successful transmissions at the data slot is the following: '

w C m—1
TmZZ(l—an (G = Gi+1) (D
j=1
Proof. See Appendix A. [

Throughput of mini slotted ALOHA closely resembles the
throughput of slotted ALOHA. We also notice that the use
of attempt parameters (; instead of the 7; sequence results
in a clearer narrative. Hence, we use the attempt parameters
instead of attempt probabilities in the rest of the paper, unless
stated otherwise.

Theorem 2. Let the sequence {Dy(m), k,m € Z*} be
defined as follows:

Dy(m) =0, 2
_ym-t
Dy(m) = (=) . k=23,... 3
m—1
(1 _ Dk—’nll(m))

i) Maximum probability of successful transmission in the
data slot of mini slotted ALOHA with m > 2 active
nodes is:

Tmax - DW+1(m)- (4)

ii) The attempt probabilities that maximize the probability
of successful transmission in the data slot are:

LIV Dy ()
T = HZI;/]J:T ( )#7 j=1,2,...,W
1-[[;Z;" Di(m)==
®)
Proof. See Appendix B. O

As a result of Theorem 2, optimal throughput of mini slot-
ted ALOHA can be computed recursively, for any number of
users. For the special case of W = 1, the policy is equivalent
to slotted ALOHA. Maximum throughput of slotted ALOHA
is achieved when the expected number of transmissions is
equal to 1, corresponding to the throughput (1 — %)m_l with
7 = -1, consistent with Theorem 2.

In Fig. 2, the iterative derivation of the Dy(m) se-
quence is illustrated whereby intersection points on the blue
line and the orange line stand for (Dg_1(m), Dx(m)) and

(Dg(m), Di(m)) respectively.

I'We believe it is obvious to the reader that T}, depends on the transmis-
sion probabilities {n}i‘zl, so we leave these parameters out of the notation
of T}, for simplicity.
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Fig. 2: Tteratively obtaining the maximum throughput of mini-
slotted ALOHA for 100 nodes.

. P e =

o
©

E/EAEI/E/EL SEaaa

o o o
o ~ o

Maximum Throughput

o
o

T
—

04

03 ‘ ‘ ‘ ‘ ‘

0 5 10 15 20 25 30
Number of Mini Slots

Fig. 3: Maximum throughput of mini slotted ALOHA vs the

number of mini slots for 100 users.

B. Infinite User Case

In this section, we consider the asymptotic throughput of
mini slotted ALOHA as the network size grows, as commonly
done in the analyses of slotted ALOHA systems [13]. We
redefine the parameters such that (;’s correspond to the
expected number of transmissions in the infinite user case;
¢j £ limy, oo m [[)_, 7. Then, we use (1) to obtain:

w
Too = lim T, = DG —Gr)e . (6)
j=1
Notice that, the special case of slotted ALOHA yields Ge™ ¢,
where G is the expected number of transmissions per time
slot. In the following, we present the optimal throughput
and important characteristics of mini-slotted ALOHA under

infinite-node assumption:

Theorem 3. Let the sequence {Qy, k € Z*} be defined as
follows:

Q1=0, )

Qk’ = eXp(th—l - l)a k= 2a33 (8)

i) Maximum probability of successful transmission in the
data slot of mini slotted ALOHA with infinitely many
nodes is:

Tmae = QW+1' )

ii) The attempt parameters that maximize the probability of
successful transmission in the data slot are:

w
i=j
iii) The Qy, sequence satisfies the following limit:
lim k(1 — Qx) =2 (11
k—o0
Proof. See Appendix C. O

Corollary 1. Maximum throughput of mini-slotted ALOHA
in the data slot satisfies the following:

o2 (L
T w %\ w )

as a result of Theorem 3.

e (12)

C. Ideal Number of Mini Slots

Increasing the number of mini slots before a data slot
increases the probability of a successful reservation of the
data slot and therefore, a collision-free transmission in the
data slot. However, too many mini slots will reduce the share
of time spent on data transmissions and reduce the through-
put. The duration of a data slot spans a fraction ﬁ of
the corresponding time slot. The average throughput of mini
slotted ALOHA is derived by multiplying ﬁ with T,,.
Hence, maximum throughput of mini slotted ALOHA is:

L
powy L
mer T LW -1

In the following theorem, we derive the optimal number
of mini slots in terms of the throughput:

Dw11(m) 13)

Theorem 4. Throughput optimal window size W* is the
greatest integer such that h(W*) < L where h(w) is defined

as:

Dw-{—l(m)
Dyy1(m) — Dyy(m)
Proof. In order to find the optimal value of W in terms of
throughput, we study the T,%La’;”_l) < Téﬁ,[;") statement. This
is equivalent to:

h(w) = —w+1

(14)

LD,(m) _ LDy (m)
L+w—-2~" L+w—-1"
which can be rewritten to obtain h(w) < L. Similarly,
TiEw D) < 8B yields h(w +1) > L. 0

15)

The h sequence allows us to properly tune W to the
size of the data slot and the mini slots. For large L and m
values, optimal T/ can simply be approximated as v/2L as a
result of Corollary 1. Consequently, the maximum achievable
throughput can be approximated to 1 — 2\/% .

In the following section, the effect of L on the throughput
and average Aol is not repeated throughout the section to
simplify the expressions.



IV. STEADY STATE ANALYSIS OF MUMISTA
A. Truncated State Space Model

Based on mini slotted ALOHA, MuMiSTA is as follows:
At the beginning of each time slot, each node in the network
checks whether their Aol has reached the age threshold, I'.
Then, all active nodes perform mini slotted ALOHA in the
time slot as described in the previous section. As opposed to
pure mini slotted ALOHA, the number of active users is a
time-varying stochastic process in MuMiSTA. We define the
attempt parameters in terms of 7, the number of all nodes:
G En[l_, m for j=1,...,W and (w41 = 0. Then, the
probability of a successful transmission in a time slot with
m active nodes is:

m w C m—1
Tm = E Z <1 - TZ> (Cj - Cj-‘rl)a (16)
j=1

from Theorem 1. In this section, we analyze the steady state
behaviour of the MuMiSTA policy. We use the fruncated state
space method of [8] in our analysis. The truncated state vector
is defined as:

AT[H = (AT A3

where Al'[t] € {1,2,...,T} is the Aol of source i at time ¢
€ Z7 truncated at I' and evolves as:

AlT]) (17)

AT[f] = { 1, src. 4 updates at time t — 1,
: min {Al'[t — 1] +1, T}, otherwise.

(18)

In the following Theorem, we establish the distribution of

m, the number of active users.

Theorem 5. The truncated MC {A"[t],t > 1} has the
following properties:

i) Given a state vector (s1  $a Sn), its steady state
probability depends only on the number of entries that
are equal to T

ii) Let P,, be the total steady state probability of states
having m active users. Then,

Pm+1 _ I_Tm
P, Tomy1 '—n+m

Proof. Similar to [8], we establish four classes of types that
can precede or succeed a state of the other types. The type
sets are:

° 76 é (M, {’U,l,’u,g, ey Up—M—1, 1})

° 71 é (M+ 1,{u1,u2,...,un_M_1})

o T2 £ (M+ 1,{1}4 —Liuo—1,...,Up_pr—1 — 1})

o T3 2 (M T —1,u1 —Liug — 1,... up_nr—1 — 1})
States of types 7y and 77 can only be preceded by a state
of 75 or 7T3. Further, states of types 75 and 73 can only
be succeeded by states of types 7o or 7;. We may use this
relationship to write the steady state equations for states of

To and Ti:

n—m

19)

mrn =71 = Ty1) + (M + 1)1 —=Ty)  (20)
T
T =TT, MM—:ll + 7Ty (2D

In the following, we test the equiprobability property stated
in Theorem 5(i), by assigning m,, to be the steady state

probability of a state with m active users. Replacing 77; and
w1, With mpr41 and w7, and w7, with )7 yields:

Trr+1 = Ta41(1 — Targ1) + mar M (1 —Tar), (22)

Tt
M+1

Equations (22) and (23) are reduced to the same equation
below:

TM = TM+1 +7mmTy. (23)

1-1T,
Tm+1 ’

Tm+1
Tm

=(m+1)

(24)

Further, please note that the state where all sources are
truncated is accessible by all states and is aperiodically
recurrent; showing the uniqueness of the steady state solution.
As a result of this, (24) is sufficient to describe the steady
state solution. The total number of states corresponding to 7,
is the number of recurrent states with m sources at truncated
age I':
N, — (n) (T —1)!

m) (L —n—1+m)!

Steady state probability of having m active sources can be
derived by multiplying N,, with m,,:

P =

(25)

(26)

m7Tm
provides the steady state solution. O

Corollary 2. The expected throughput of a MuMiSTA net-
work at steady state can be computed by Theorem 5:

n
T = E[Ty] = Z P T (27)
m=1

PMF of the active nodes can also be used to derive
the expected average Aol of the nodes at the steady state.
The age of a passive node is uniformly distributed in the
set {1,2,...,T' — 1} as a result of the first property and
therefore, the expected age of a passive node is g The
expected age of an active node depends on the expected
time until the next successful transmission by that node
upon becoming active. We note that, while the steady state
probability of truncated states was shown to be independent
of the age of the passive nodes, the expected time until a
successful transmission depends on the age of passive nodes
and requires a solution of high complexity O(I'"*), shown in
[7]. However, the probability of successful transmission by
any given active node while there are m symmetric active
nodes is, by symmetry, % Considering the fact that the
number of active nodes changes very slowly and that the
number of active nodes will be probabilistically clustered
around the local maxima of the PMF of the active nodes,
we approximate the expected age of an active node while
there are m active nodes to I' + % Consequently, we obtain
the following approximation on the average Aol:

Corollary 3. The expected Aol of a MuMiSTA network at
the steady state can be approximated as:

~I T M M?
A=—-+—-FE|—|+FE
2 + 2 |: n :| + |:’I’LTM:|
The approximation is justified by the convergence of the

ratio of the active nodes as n — oo [8], and the accuracy of
the approximation is illustrated in Sec. V.

(28)



B. Design of MuMiSTA Parameters

Theorem 5 can be used to derive the local maxima of the
distribution of the number of active nodes. Using (19), we
define:

1-— Tm + Tm+1

. (29)
Tm+1

y(m) £ (n —m)
such that P, 1 > P, if and only if v(m) > I. Let mg =
4~ 1(T), then either [mq] or |mg] shall be a local extrema. In
order to find a good set of parameters with low complexity,
we may search through suitable mg values. For each my,
we select attempt parameters that maximize 7, according
to Theorem 2. The age threshold T is chosen as [y(mqg)].
Finally, the average Aol can be approximated using Corollary
3. Selection of mg with lowest Aol approximation results
in an acceptable set of parameters for MuMiSTA with O(n)
complexity.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present our results for MuMiSTA
policies with varying number of mini slots, of 200 nodes.
The ratio between the length of data slots and mini slots are
assumed to be L = 500, with lengths of a mini slot and a
data slot being set to 10us and 5ms, respectively.

W(Window Size) | Thrghpt. | AAol (ms) | E[m| | T
Slotted ALOHA 0.3678 2720.5 200 —
1 (TA [8]) 0.3637 1491.9 54.88 | 399
2 (MiSTA [10]) 0.5255 1008.5 45.18 | 295
8 0.7969 641.2 24.66 | 218
32 0.8882 567.8 11.34 | 201
Round-robin 1 502.5 — -

TABLE I: A comparison of round-robin, slotted ALOHA and
MuMiSTA policies with different window sizes with respect
to throughput, average Aol, expected number of active nodes
at steady state and age threshold, 200 nodes, t; = 5ms,
tm = 10us.
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In Table I, the performance of MuMiSTA policies are
compared to a slotted ALOHA policy and an ideal round-
robin policy with no overhead. In Fig. 5, simulation results are
compared to the estimation expression derived in Corollary
2 and it is shown that the throughput increases sharply for
smaller values of W. As h(W) exceeds L (see Theorem
4), the length of mini slots hinders the effectiveness of
MuMiSTA and decreases the throughput. In Fig. 4, the
average Aol of MuMiSTA is illustrated against the number of
mini slots and the approximation presented in Corollary 3 is
shown to be accurate within 1% of simulation results. Both
throughput and the average Aol are optimized at 32 mini
slots, due to the value of L = 500. If MuMiSTA with 32
mini slots is adopted according to Sec. IV-B, expected ratio
of active users is less than 6% (Fig. 6), while the probability
of more than 15% of the nodes being active at the steady state
is less than .01%. The throughput is increased by 141% and
average Aol is decreased by 79% in comparison to slotted
ALOHA policy. Note that even an ideal round-robin policy
decreases the average Aol by at most 81%, compared to
slotted ALOHA [14].

Overall, MuMiSTA grants great improvements to the per-
formance of a homogeneous random access setting in terms of



information freshness and energy consumption by increasing
the throughput and reducing the number of active users.
These improvements, however, come at the cost of a more
complicated reservation based slot structure compared to
slotted ALOHA. Consequently, depending on the system
requirements, MuMiSTA has the potential to become a fa-
vorable alternative to the traditional random access schemes
in the future of IoT applications. Future work may include the
analysis of MuMiSTA for infinite nodes, investigation under
lossy channels or utilization with SIC techniques.

APPENDIX A
PROOF OF THEOREM 1

We use proof by induction. For W = 1, the system
is equivalent to slotted ALOHA and the throughput is
T(n,m1) = nm (1 — 7)™ "; a successful transmission occurs
iff there is exactly one user making a transmission attempt.

Next, assume W > 2. Let there be k& nodes attempting
transmission in the first mini slot, with probability (") 7 (1—
71)m — k). A successful reservation happens if k¥ = 1 and
no successful transmission happens in the data slot if k£ = 0.
If £ > 2, the conditional throughput of the data slot is:

w N k-1
T(k, {Tz}zVZQ) = Z (1 - le) (G = G+1) L7

mT mTy
(30)
from the induction claim. Then, the throughput of the data
slot can be found as:

7 = - Y ()b n)m T () )
k=2

(31)
Finally, (1) can be obtained from (30) and (31) to confirm
the induction hypothesis.
APPENDIX B
PROOF OF THEOREM 2

Jj=2

To maximize (1), we evaluate %LC’TL = 0, which is equiva-
J

lent to:
Aj—l m—1 A'+1
=m—(m—1)=2 32
(%) —m-m-n% e
A G . A, m—1
where A; = 1 — 2L We derive that (1{1—) = Dj(m)
and A; = Hlvijl Di(m)ﬁ to prove the second part.

First part follows from induction on W using the optimal
parameters in second part.

APPENDIX C
PROOF OF THEOREM 3

First two parts follow from Theorem 2 as m tends to
infinity. To prove the third part, we define Rj, sequence as
follows:

R — o 1 B 1 B 1
"TToQr 1-Qrn 1-ep(@Qra—1) 1-Qp1
(33)
Then, Ry can be expressed as a function of Qp_1:
Ry = g(1 — Qr-1), (34)
where ¢ function is defined as:
1 1 x—14exp(—2x
g(x) T e ) NET

T 1- exp(—z) =z x — xexp(—x)

Further, the limit of g as x goes to 0 (or as Q1 goes to 1)
is 1/2, found from the L’Hopital’s rule. Then,
. 1 1
im —
k—oo 1 — Qp 1—Qr_1
Finally, Stolz—Cesaro theorem can be used to derive the
following limit:

(36)

1
— lim Ry = -.
i

i 1
im ————
k—oc0 k‘(l — Qk)
from which the third part follows.

=2, (37)
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