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Access Delay Optimization of M2M Communications in LTE Networks

Wen Zhan

Abstract—This letter focuses on the optimization of access
delay performance of Machine-to-Machine (M2M) communica-
tions in Long Term Evolution (LTE) networks. Specifically, by
deriving the probability generating function of access delay, both
the first and second moments of access delay are obtained as
functions of system parameters. The mean access delay is fur-
ther minimized by optimally tuning the Access Class Barring
(ACB) factor, and significant gains are demonstrated over the
standard setting where the ACB factor is fixed.

Index Terms—M2M communications, random access, LTE,
access delay, optimization.

I. INTRODUCTION

2M COMMUNICATIONS has experienced a remark-

able growth over the past few years. Many emerging
M2M use-cases, such as industrial automation, rely on the real-
time control, which imposes stringent latency requirements on
wireless connectivity [1]. However, recent studies have demon-
strated that as a key enabler for M2M communications, the
LTE networks would suffer from severe congestion at the ran-
dom access channel when a massive number of Machine-Type
Devices (MTDs) simultaneously send access requests for con-
nection establishment [2]. In that case, excessively long access
delay occurs due to low chances of successful access. How to
optimize the access delay performance has thus become a sig-
nificant challenge for supporting M2M communications over
LTE networks.

In LTE networks, the access delay of each MTD is defined
as the time spent from the generation of an access request until
its successful transmission. It closely depends on the back-
off parameters including the Uniform Backoff (UB) window
size and the ACB factor (i.e., the initial transmission proba-
bility of each MTD). The access delay performance with UB
or ACB scheme has been analyzed in [3]-[10], where the
mean access delay [3]-[8] or the probability mass function
of access delay [9], [10] was calculated based on the number
of access requests' in each time slot. In practice, however,
such information is usually unavailable due to the uncoor-
dinated nature of MTDs. Therefore, various algorithms were
developed to estimate the number of access requests according
to the number of idle slots [3], [4], or collision slots [5], [6].
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In [7]-[10], iterative methods were further proposed to calcu-
late the current number of access requests based on previous
ones.

Despite the above extensive studies, effects of key system
parameters on the access delay performance have not been
well understood. For instance, the data arrival rate of each
MTD, which determines the traffic load of the network, has
been ignored in previous studies, where MTDs were usually
assumed to be bufferless. How the mean access delay varies
with the total number of MTDs or the number of pream-
bles under different traffic conditions thus remains largely
unknown. More importantly, due to the lack of accurate
information of the number of access requests, the mean access
delay has to be numerically calculated based on the esti-
mated or iteratively updated number of access requests. The
implicit nature renders it extremely difficult to further study
how to optimize the access delay performance of each MTD
by properly tuning backoff parameters.

In our recent work [11], a new analytical framework was
proposed for M2M communications in LTE networks to
maximize the network throughput. In this letter, the proposed
analytical framework will further be extended to optimize the
access delay performance of MTDs. Specifically, based on
the discrete-time Markov process of each access request, the
probability generating function of the access delay is derived,
from which the first and second moments of access delay can
further be obtained. The analysis shows that when the UB
window size W = 1, the minimization of the second moment
of access delay is equivalent to the minimization of the first
moment of access delay, i.e., the mean access delay. Explicit
expressions of the minimum mean access delay and the cor-
responding optimal ACB factor are obtained, which show that
the minimum mean access delay linearly increases with the
number of MTDs and is inversely proportional to the number
of preambles when the total data arrival rate is large.

The remainder of this letter is organized as follows.
Section II presents the system model and preliminary anal-
ysis. The minimum mean access delay and the corresponding
optimal ACB factor are characterized in Section III, and ver-
ified by simulation results presented in Section IV. Finally,
concluding remarks are summarized in Section V.

II. SYSTEM MODEL AND PRELIMINARY ANALYSIS

Consider a single-cell LTE system with n MTDs attempt-
ing to access the Base Station (BS). Assume that for each
MTD, the arrivals of data packets follow a Bernoulli process
with parameter A € (0, 1), and one access request is generated
once the MTD has data packets in its buffer. In the random
access procedure, each MTD randomly selects one out of M
orthogonal preambles and transmits its access request to the
BS through the Physical Random Access CHannel (PRACH),
which appears periodically [12]. We define the time slot as the
interval between two consecutive PRACHs. In each time slot,
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Fig. 1. State transition diagram of each individual access request.

an access request is successful if and only if there are no con-
current access request transmissions using the same preamble.
Otherwise, a collision occurs and all of them fail.

In our recent work [11], a new analytical framework has
been proposed for optimizing the access efficiency of M2M
communications in LTE networks, in which a discrete-time
Markov process {X;,7 = 0,1,...} has been established to
characterize the behavior of each access request, with the state
transmission diagram of each access request shown in Fig. 1.
A detailed description of the state transition process of each
individual access request can be found in [11, Sec. II-B].

Let D; denote the time spent from the beginning of State i

until the service completion, where ¢ € {T,0,1,..., W —1}.
It can be obtained from Fig. 1 that
1 with probability ¢p,
D; ={ 14Dy with probability 1 — ¢ + 2072, 1)
14+D; with probability 25720 4 —1 . W —1,
j €{T,0} and

Di=1+D;_1, +1=12,....,W—1, 2)

where p = tlim pt is the steady-state probability of successful
— 00

transmission of access requests, ¢ € (0, 1] denotes the ACB
factor and W € {1,2,...} represents the UB window size.

Note that a fresh access request is initially in State T and its

service completes when it shifts back into State T. Therefore,

D is the access delay of each MTD. Let Gp,.(z) denote its

probability generating function. According to (1) and (2), we

have

W(l—2)z

Gor () = g ey O

The first moment of the access delay, i.e., the mean access

delay (in unit of time slots), E[Dy], and the second moment

of the access delay E[D%] can then be obtained from (3) as

(I—p)(W-1)

E[Dr] = G}, (1) = & + 25—, )
and
E[D%] = Gp, (1) + G} (1) (5)

= E[D7]2E[D7] = 1) + 3(3 - D(W? = 1),

respectively.

We can see from (4) and (5) that both E[D7] and E[D2] are
crucially determined by the ACB factor ¢ and the UB window
size W. It is interesting to observe from (5) that when the UB
window size W = 1, the minimization of the second moment
of access delay E[D%] is equivalent to the minimization of the
mean access delay E[Dr]. Therefore, in this letter, we assume
W = 1 and focus on the optimization of mean access delay.
We are interested in minimizing the mean access delay E[D ]
by optimally tuning the ACB factor ¢, i.e., ming E[D7].

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 8, NO. 6, DECEMBER 2019

III. MINIMUM MEAN ACCESS DELAY

Let us start by establishing the relationship between the
mean access delay and network throughput. In [11], the
network throughput, which is defined as the average number
of successful access requests per time slot, was derived as

5\out = 3 A
A1, (=p)(W-1) ’
a ()

(6)

where A = n) is the aggregate input rate. By combining (4)
and (6), we can see that
n
E[Dr] =~
indicating that the mean access delay E[D7| is minimized
when the network throughput A,,; is maximized.

It has been shown in [11] that the network has either two
steady-state points, i.e., the desired steady-state point p; and
the undesired steady-state point p4 with p;, > p4, or one
steady-state point py,, depending on whether it operates at the
bistable region or monostable region. Both py, and p4 are non-
zero roots of the fixed-point equation of p, which was derived
in [11] as

-1, @)

P = exp MM
p+A/(ng) )’
when the UB window size W = 1. The maximum network
throughput Apax = Me ™! is achieved only when the network

operates at the desired steady-state point p; and the ACB
factor ¢ is set to

()

= Mt ©)
It is clear from (7) that the minimum mean access delay
is achieved at =—"— — % = - % (time slots), when the

ACB factor ¢ :m(;i( and the network operates at the monos-
table region. If the network operates at the bistable region for
q = ¢*, however, then the network may shift to the undesired
steady-state point p4, at which the minimum mean access
delay 57 — 5 is unachievable. To see how to optimally tune
the ACB factor ¢ to minimize the mean access delay in that
case, in the following, we will start from the single-preamble
scenario, where all MTDs share one preamble, ie., M = 1.
The analysis will be extended to the multi-preamble scenario
in Section III-B.

A. Minimum Mean Access Delay With M = 1

Let us first determine the conditions for the network to oper-
ate at the desired steady-state point py, with ¢ = ¢*. In [11],
the bistable region and monostable region were defined in
terms of the quadruple (n,A, ¢, W). With the UB window
size W = 1, for given the number of MTDs n and the aggre-
gate input rate )\, the bistable region and monostable region
in terms of the ACB factor g can be written as:

e Bistable region By = {q|q1<q<¢2}, in which the network
has two steady-state points py, and p4.

e Monostable region My = B_q, in which the network has
only one steady-state point py,. g1 and g9 are given by

4W2_1<7\/§/2> 4W§<7\/§/2>
nt2nW_, (—ﬂ/z) ’ n+2nwo<—\ﬁ/2>

@ =- 42 , (10)
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Fig. 2. Bistable region B4 and monostable region M g.

respectively,” where Wo(-) and W_1(-) are two real-valued
branches of the Lambert W function with Wy(-) as the
principal branch.

Fig. 2 illustrates the bistable region B, and monostable
region My. It can be clearly seen from Fig. 2 that ¢*
is included in the monostable region M, only when the
aggregate input rate A is sufficiently high, i.e., A > Ao,
where )\ONO 48 is the smgle non-zero root of the equation

A= A1+1/W_4 \[/2 -y, which is derived
by combining q = q, 9 and (10). With A\ > )\0, the
network is guaranteed to operate at the desired steady-state
point p;, when the ACB factor ¢ is set to ¢*, with which the
network throughput is maximized and the mean access delay
is minimized. We then have

*, (11)

arg mqu[DT] Sshg = 4

On the other hand, if b\ < 5\0, then q*qu, indicating that
the network has two steady-state points with ¢ = ¢*. In this
case, ¢* may not be the optimal ACB factor for minimizing
the mean access delay as the network may shift to the unde-
sired steady-state point p 4 that is much lower than the desired
steady-state point py,. As Fig. 3 illustrates, for ¢ < ¢* € By,
the mean access delay E[Dr],—p, monotonically decreases
as the ACB factor ¢ increases if the network operates at
the desired steady-state point py,. If it operates at the unde-
sired steady-state point p4, on the other hand, E[Dr],—p,
increases with ¢, and E[D7plp=p, > E[Dplp=p,. It is
unknown when the network would shift from the desired
steady-state point py, to the undesired steady-state point pg4.
Yet, the larger g, the higher risk of the network shifting from
pr, to py. Therefore, to minimize the chance of operating at
the undesired steady-state point p4, g should be set at the
lowerbound ¢y, i.e.,

12)

arg mqin E[Dy) S<he = U

Finally, by denoting the optimal ACB factor for minimizing
the mean access delay as qE and combining (9)-(12), we have

5 £5 s 5
pY W= if A> Mg,
M= = 4W31(f\/§/2

n(—2W71<—\/§/2>—1> otherwise.

13)

Zq;l and go are the roots of 5\1 = Xand 5\2 = respectively, where 5\1
and Ao are given in [11, eqs. (7)-(8)].
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Fig. 3. Mean access delay E[D] versus the ACB factor g for g€B¢ when
A<

It can be seen from (13) that the optimal ACB factor qBMZl

decreases as the number of MTDs n or the aggregate input
rate \ increases.

B. Extension to Multi-Preamble M > 1

The above analysis is based on the assumption that all n
MTDs share one preamble, i.e., M = 1. In this section, by
applying the multi-group model proposed in [11], the analysis
will be extended to the multi-preamble scenario in which n
MTDs choose M > 1 preambles. Specifically, as the pream-
bles are orthogonal to each other, we can divide n MTDs into
M groups according to the preamble each MTD chooses. Since
each MTD independently and randomly selects a preamble in
each access attempt, the group size n(9) can then be approx-
imated as n(?) ~ 47 if the number of MTDs # is large. By
replacing n and A with n() ~ 47 and PQIPS "ﬁ)‘ in (13),
respectively, the optimal ACB factor can be obtained as

ﬁ it A >
AMW? | (ﬂ/n,\/M/2)
n<72W_1<7\/n)\/M/2)71)

By substituting (14) into (4) and (8), the corresponding
minimum mean access delay can be derived as

M3
ﬁ)‘(]v

(14)
otherwise.

ne 1 if A > 2,
min E[Dr] = ( 2W 1( \/W/Q) ) h . (15)
q 4MW{ ( VI /2) = otherwise,
where pz:'“ is the desired steady-state point of the network
with ¢ = ¢, which is the larger non-zero root of
the fixed-point equation nA(1 + 2W_1(—+/nA/M/2)) —
AMpW2 | (—/ = 2 (~Mn/M
pWZ (= nA/M/2) = 4nAWZ | >—)/Inp.

We can see from (15) that the minimum mean access
delay ming E[Dr] increases as the number of preambles M
decreases or the network size n grows. For large n or A, i.e.,
nA > M\g, a linear increase of the minimum mean access
delay ming E[Dr] with regard to n and ﬁ can be observed.

IV. SIMULATION RESULTS

In this section, simulation results are presented to verify
the above analysis. The simulation setting is the same as the
system model described in Section II, and each simulation is
carried out for 108 time slots. In simulations, the mean access
delay is obtained by calculating the ratio of the sum of access
delay of all successfully transmitted access requests to the total
number of successful access requests.
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Fig. 4. Mean access delay E[D] (in unit of time slots) versus the ACB
factor ¢. n = 1000. M = 10. A € {0.004,0.01}.
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Fig. 5. Mean access delay E[D] (in unit of time slots) versus the number
of MTDs n. M € {10,20}. A = 0.01. ¢ = ¢}, or 0.1

Specifically, the expression of mean access delay E[D] has
been given in (4) and illustrated in Fig. 4, where the number
of preambles M = 10 and the number of MTDs n = 1000. For

large data arrival rate A, i.e., A = 0.01 > %Q0.0M& the
analysis has shown that the network is guaranteed to operate
at the desired steady-state point py, for ¢ = ¢* = 0.016, with
which the mean access delay is minimized. It can be seen from
Fig. 4 that the minimum mean access delay ming E[Dp] =
e f% = 171 time slots is indeed achieved with ¢}, = 0.016.

M

On the other hand, for A\ = 0.004 < %, the network
operates at the bistable region with two steady-state points, i.e.,
the desired steady-state point py, and the undesired steady-state
point p4, when the ACB factor ¢ = ¢* = 0.125. As Fig. 4
shows, for ¢ € By = {¢]0.048 < ¢ < 0.13}, the network
quickly shifts to p4 as g increases, at which the mean access
delay E[Dy] is much higher than that at py. Therefore, to
minimize the mean access delay, the optimal ACB factor ¢*
should be set to the lowerbound ¢}, = ¢; = 0.048, with which
the minimum mean access delay ming E[Dry| = 41 time slots
is achieved according to (15). Simulation results presented in
Fig. 4 well agree with the analysis.

Note that the analysis further shows that with the ACB fac-
tor optimally tuned as ¢ = ¢, the minimum mean access
delay ming E[D] linearly increases with n and ﬁ for large
number of MTDs n, which is verified by simulation results
presented in Fig. 5. In sharp contrast, if the ACB factor ¢ is
fixed, as the current standard does [13], then the mean access
delay E[Dr] exponentially increases with n and ﬁ, as Fig. 5
illustrates. The gap between the minimum mean access delay
and the mean access delay with the ACB factor ¢ fixed at 0.1
grows as the network size n increases or the number of pream-
bles M decreases, indicating that adaptive tuning of the ACB
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factor is crucial for massive access scenarios with a limited
number of preambles.

V. CONCLUSION

In this letter, the analytical framework in [11] is extended
to study how to properly tune backoff parameters to optimize
the access delay performance of M2M communications in
LTE networks. By establishing the relationship between the
mean access delay of each MTD and the network through-
put, it is shown that the mean access delay is minimized
when the network throughput is maximized, to achieve which
the network should operate at the desired steady-state point
with backoff parameters properly chosen. Explicit expressions
of the minimum mean access delay and the corresponding
optimal ACB factor are obtained, which reveal that in contrast
to the maximum network throughput that is solely determined
by the number of preambles, the minimum mean access delay
further depends on the network size and the traffic input rate
of each MTD. Simulation results corroborate that compared to
the standard setting where the ACB factor is fixed, the mean
access delay of each MTD can be substantially reduced by
optimally tuning the ACB factor according to the number of
MTDs and the traffic input rate of each MTD. The improve-
ment is especially significant in the massive access scenarios
with a limited number of preambles.
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