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ABSTRACT Owing to the increasing demand for machine-to-machine (M2M) communications, random
access is being intensively researched. With M2M communications, numerous devices can transmit random
access packets simultaneously. This results in congestion in random access and degrades its performance.
To control congestion scenarios, the packet arrival rate of random access must be obtained with a short
delay and high accuracy. In this paper, a new estimator is proposed to obtain the packet arrival rate in a
long-term evolution system. The packet arrival rate of random access is computed using the estimated number
of random access packets in each slot. Using the proposed estimator, the number of random access packets is
estimated based on the received energy vector for sequences and the number of detected sequences. Analysis
and simulations show that the proposed estimator presents better performance for determining the number

of random access packets than conventional approaches.

INDEX TERMS M2M communications, random access, arrival rate, estimation, congestion.

I. INTRODUCTION
Recently, machine-to-machine (M2M) communications have
received significant attention because they provide ubiquitous
connections without human intervention [1], [2]. M2M com-
munications have diverse applications in smart grids, remote
vehicle diagnostics, healthcare, and disaster monitoring [3].
A commonly used system for M2M communications is
third-generation partnership project (3GPP) long-term evolu-
tion (LTE) [4]-[7]. Because most M2M communications are
based on infrequently generated short messages, it is efficient
to use random access [8], [9]. Many previous studies have
explored improving the performance of random access for
M2M communications in an LTE system [10]-[12]. A ran-
dom access in an LTE system is designed by the following
procedure [4], [9]. First, user equigment (UE) transmits
a random access packet composed of only a preamble
(message 1). Several sequences are allocated to the preamble,
and UE selects one of them randomly. Subsequently, evolved
Node B (eNB) computes the received energy values for the
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sequences, based on which it decides whether a random
access packet is received or not. If a random access packet
is received, eNB transmits an uplink (UL) grant message
(message 2) with an UL resource allocation as a response
to the message 1. If message 2 is received, UE transmits
a data packet (message 3) to eNB using the allocated UL
resource. Finally, when eNB successfully decodes message 3,
it transmits a contention resolution message (message 4).

With M2M communications, numerous devices can trans-
mit random access packets simultaneously. For example,
when an earthquake occurs, massive devices can transmit the
news simultaneously. This results in congestion in random
access and severely degrades the performance. To address this
problem, the 3GPP conducts a study on congestion in random
access considering burst traffic scenarios [13].

If congestion occurs in random access, it is very crucial
to detect burst traffic and perform congestion control. Tradi-
tionally, there are many previous approaches for controlling
burst traffic in random access. In [11] and [14], access
class barring (ACB) was studied to control the packet arrival
rate of random access. With an ACB, a device generates
a random number and transmits a random access packet
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only when the number exceeds a predetermined threshold.
In [15] and [16], algorithms were proposed to control the
back-off value for random access retransmission considering
traffic conditions. In [17]-[19], several schemes were pro-
posed to control burst traffic in random access considering
quality of service requirements. In [20], a resource alloca-
tion scheme was proposed to control congestion in M2M
communications.

To enhance the throughput and reduce the delay of random
access in burst traffic scenarios, it is also very important
to obtain its packet arrival rate. This property can be com-
puted by estimating the number of random access packets
per slot. Several approaches have been developed to estimate
the number of random access packets in an LTE system.
In [21] and [22], the number of random access packets was
estimated considering the number of sequence collisions.
However, both studies did not fully consider practical scenar-
ios regarding preamble detection and collision. Two impor-
tant factors need to be considered in preamble detection and
collision in a practical LTE system. The first factor is the
difficulty in resolving sequence collision using message 1,
which increases the detection probability of the sequence at
eNB. The second factor is that 40 ms or more are required
to detect a collision [11], [13], because a collision can be
detected after message 3. This delay in the estimation of the
number of random access packets based on the number of
sequence collisions can degrade the performance of random
access when numerous UEs transmit random access packets
simultaneously within a short time. To reduce the delay,
several methods have been proposed to estimate the number
of random access packets from only the number of idle
sequences1 [23]-[25]. However, these estimation methods
perform poorly when numerous random access packets arrive
at eNB simultaneously.

In this paper, a new estimator is proposed for determining
the number of random access packets in an LTE system. The
above estimation is based on two measurements: the received
energy vector for sequences and the number of detected
sequences. Because both measurements are obtained from
message 1, the number of random access packets can be
estimated with a short processing delay using the proposed
estimator. The proposed estimator is obtained as a linear com-
bination of two sub-optimum estimators. One sub-optimum
estimator is based on the received energy vector. Because the
received energy for random access packets increases propor-
tionally to their number, it can provide accurate estimations
under heavy traffic conditions. The other sub-optimum esti-
mator is based on the number of detected sequences, and it
can yield accurate estimations under low traffic conditions.
To enhance the reliability of the estimation performance in
various traffic conditions, the coefficients of the linear com-
bination are adapted depending on a previously estimated

n this paper, the number of detected sequences is used for packet arrival
estimation. The number of idle sequences is equal to Nseq — S, where Ngeq
is the total number of sequences allocated for random access and S is the
number of detected sequences.
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number of random access packets. Simulations are conducted
to evaluate the performance of the proposed estimator. The
results show that the number of random access packets can
be accurately obtained using the proposed estimator.

The remainder of this paper is organized as follows.
In Section II, a system model for the proposed estimator
is presented. In Section III, the analysis of the proposed
estimator is discussed. In Section IV, performance evaluation
of the proposed estimator is presented. Finally, in Section V,
conclusions are summarized.

Il. SYSTEM MODEL

In this section, a system model for the proposed estimator
based on an LTE system is presented. Consider a cell com-
posed of eNB and Nyg UEs. The link from UE to eNB is
called an UL and that in the opposite direction is called a
downlink (DL).

In a UL of the system model, periodic slots are allocated
for random access packet transmission [26]. When an event
triggering random access occurs, UE transmits a random
access packet based on slotted ALOHA [27].

A random access packet is assumed to be composed
of only a sequence, as in [28]. UE randomly selects a
sequence among Nseq available sequences. c;(¢) denotes the
i-th sequence (i = 1,2, - - - , Ngeq). Sequence c;(¢) is normal-
ized to unit power satisfying fOTp |ci(t)|?dt/ T, =1, where T;,
is the duration of a sequence. A sequence is composed of G
chips, and the duration of each chip is 7. (T,,/T, = G). It is
assumed that each sequence is pseudo-randomly generated
such that different sequences are independent of each other.

A transmitted random access packet experiences a slow
time-selective Rayleigh fading channel, which is assumed to
be invariant in a slot. The channel response is modeled as
h/~/L, where h is a small-scale channel response satisfying
E[4|*] = 1 and L is the path loss. For a Rayleigh fading
channel, its small-scale channel response % follows a complex
Gaussian distribution CA(0, 1). Without loss of generality, L
is assumed to be one, as in [29].

It is assumed that N random access packets are transmitted
in a slot. Denote by V; the number of random access packets
transmitted using the i-th sequence c;(¢). The transmitted
packet number vector is defined as V = [Vq, Vo, -+ -, VNSEQ],

which satisfies Zi\:" Vi = N. Because all sequences are
randomly selected among Nseq available sequences, the con-
ditional probability mass function (pmf) P(V;|N) is expressed

as
o= ()0

U denotes the number of sequences that are not selected by
any UE, and it is expressed as

N, seq

U=y I(Vi=0), ¢

i=1
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FIGURE 1. eNB receiver architecture for random access.

where /(-) is an indicator function. If an event A is true, I/ (A) =
1; otherwise, I(A) = 0.
The received signal r(¢) is expressed as
Nseq V)

r(t) =YY hixVPei(t) + (1), 3)

j=1 k=1

where P is the transmission power for a random access
packet and n(z) is an additive white Gaussian noise with
power spectral density No/2. Here, h;j ;. is the UL small-scale
channel response from the k-th UE using the j-th sequence
¢j(t). It is assumed that all UL small-scale channel responses
from different UEs are independent of each other. Because
the length of a sequence ¢;(¢) is T), its energy is E, = P - T),.
Fig. 1 shows the eNB receiver architecture for random
access, where Z; is the output of the energy detector for the
i-th sequence c;(¢). The received energy vector is defined as
Z=[Z1,2p, -, ZNseq]' If Z; is larger than a detection thresh-
old n, eNB determines that at least one random access packet
is transmitted using the i-th sequence c;(¢). Otherwise, eNB
determines that no random access packet is transmitted using
the i-th sequence c;(#). The number S of detected sequences
is expressed as
Nseq
S =Y 1Z> ). )
i=1
Because the energy detector outputs follow identical dis-
tributions, only the i-th energy detector output for the i-th
sequence is considered as an example. There are two hypothe-
ses for the detection of the i-th sequence c;(t), which are
denoted by H;; and Hp ;. When at least one UE transmits
random access packet using c¢;(t), the hypothesis is Hj ;;
otherwise it is Hp ;. When N random access packets are trans-
mitted in a slot, the detection probability and false alarm prob-
ability are the two performance measures for the detection
of a sequence. Detection probability Pp(N) is the probability
that eNB detects a sequence used by at least one UE. False
alarm probability Pra(N) is the probability that eNB detects
a sequence not used by any UE. Pp(N) and Ppa(N) are
expressed as follows:

Pp(N) = Pr{Z; > n|Hy i, N}, &)

75598

Pga(N) = Pr{Z; > n|Hy;, N}. (6)

IIl. PACKET ARRIVAL RATE ESTIMATOR

In this section, the new estimator is proposed for the packet
arrival rate based on two different measurements, which are
the received energy vector Z and the number S of detected
sequences at eNB. Although the number of random access
packets can be estimated using only Z or S, the estimation
performance can be improved if both Z and § are considered.
In this paper, the proposed estimator is obtained as a linear
combination of sub-optimum estimators based on Z and S,
respectively.

A. SUB-OPTIMUM ESTIMATORS

Before introducing the proposed estimator, the sub-optimum
estimators based on only Z and S are presented sequentially.
First, the sub-optimum estimator based on Z for the number
of random access packets is considered. f(Z|N) denotes the
conditional probability density function (pdf) of Z under the
condition of N transmitted random access packets in a slot.
The sub-optimum estimator output Ni(Z) can be obtained
using a maximum likelihood (ML) algorithm [30], which is
applied by selecting the N that maximizes the conditional pdf
f(Z|N). Then, Nl (Z) is expressed as

Ni(Z) = argmax f(Z|N). @)
N
For a given transmitted packet number vector V =

Vi, V2, -+, Ving,] (Zj\:elq Vi = N), the output Z; of the i-

th energy detector is expressed as

z L™ et
z—'\/—T—p/O r(t)c; (t)dt

Nseq Vj

Vi
Z hi,k,/PTp + Z Z hjyk\/I_JWij
k=1

j=1 k=1
J#

1 Ty A\
+\/—TT)/O n(t)c; (t)dt

Nseq T
1 p
= 'yh/PTp + E ]/j\/FWij + _\/T /0 n(t)c;-k(t)dt
j=1 p

i

2

2

2

El

®)

where y; = S0 hix (i = 1,2,--, Nyeq) and Wy =
1/\/TT, fOTp cj(t)ct (t)dt for j # i. Because the sequences are
pseudo-randomly generated, W; can be approximated by an
independent complex Gaussian random variable following
CN(0,T,/G) for all j (j # i) [31].

There are three terms in the absolute value in the right
hand side of (8). The first term follows a complex Gaussian
distribution CN (0, ViPT),), because y; follows a complex
Gaussian distribution CA/(0, V;). The second term is a sum of
independent complex random variables ij/l_’W,-j with mean
zero and variance V;PT,/G for all j (j # i). From the
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central limit theorem 2(CLT), the second term can be approx-
imated by a complex Gaussian random variable following
CN(0, (N — V))PT,/G). The third term follows a complex
Gaussian distribution CA (0, No) [29]. Therefore, the output
of the i-th energy detector Z; can be approximated by an
exponential random variable that is dependent on V; and N,
with mean V;PT, + (N — V))PT,/G + Np. The conditional
pdf f(Z;|V;, N) is approximated as

N 1 Zi
F@ViN) = exp( = 7). ©)
where A; = V;PT, + (N — V;)PT,/G+ Np. The validity of the
approximation in (9) is verified based on numerical results.
The results show that there is almost no difference between a
real pdf and its approximation using (9).
The conditional pdf f(Z|N) can be approximated by

Nseq
CTr@m
i=1

Nseq N

= H [ Zf(ZiIV,',N) : P(Vi|N)i|

i=1 =V;=0

Nseq N
(] Z 1 Z;
~ [ _exp( B _l)
i=1 hi hi

Vi=0

() ) 0= o

where approximation (a) is used to reduce the computational
complexity. For a large G value, the approximation (a) is
accurate because the correlation between the energy detector
outputs is low. Furthermore, approximation () is used by
substituting P(V;|N) and f(Z;|V;, N) for (1) and (9), respec-
tively. The sub-optimum estimator output Ni(Z) is obtained
using (7) and (10).

Subsequently, the sub-optimum estimator based on S
for the number of random access packets is considered.
P(S|N) denotes the conditional pmf of S under the condi-
tion of N transmitted random access packets in a slot. The
sub-optimum estimator output N»(S) can be obtained using an
ML algorithm, which is applied by selecting the N that max-
imizes the conditional pdf P(S|N). Then, Nz(S) is expressed
as

f(ZIN)

]%(S) = arg max P(S|N). (11)
N

Nseq sequences are divided into two subsets: set A =
{a®Il € {1,2,--+, Ngeq}, Vi = 0} and set B = {c;(?)|] €
{1,2,--+,Nseq}, Vi = 1}. When N UEs select sequences
with probability 1/Neq, the conditional pmf of U, the number

2If N is small, an approximation error is caused by the CLT [32]. However,
the approximation error is negligible because the second term is relatively
small for a large G value. In most practical wireless systems, the length G of
a sequence is large. For example, G is 839 in an LTE system.
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of sequences in set A, is expressed as

Neea'{o}

PUIN) = ,
(UIN) Uieeg”

(12)

where @ = Ngq — U and {1;/ } is a Stirling number of the
second kind [12], which is expressed as

N _ia AV r W
{a}—a!g@( (@ —r)P. (13)

If the i-th sequence c;(¢) is included in set A, the false alarm
probability Pea (V) in (6) can be expressed as

Pea(N) = Pr{Z; > n|Hp;, N}
o0
=/ f(Z|V; =0,N)dz;
n
Gn )
NPT, + GNy/*

If the i-th sequence c;(¢) is included in set B, the detection
probability Pp(N) in (5) can be expressed as

Pp(N) = Pr{Z; > TI|H1 i» N}

~ exp< — (14)

Zf(zm,zv) P<V|H11,N>]
1 Z;
Zaee(=3)
(B)() (- nt)
i () (- )

S1 and S; denote the numbers of detected sequences in sets
A and B, respectively. The number S of detected sequences
is the sum of §; and S;. The conditional pmf P(S|N) is
expressed as

I L
M[N

q:|le-. (15)

beq -1

> YD P(SI.S:|U.N) - P(UIN)

Uu=0 8§ 5
S1+852=S
Nyeq—1

Sy ZZ( )PFA(N>S1(1—PFA(N>)U—SI

Uu=0 8§ S
S1+852=S

) Nseq -
\Y)

N

!

Nseq~{Nseq—U}
U!Neeq™

where approximation (c) simplifies the computation by
assuming that the energy detector outputs for all sequences
are independent. This approximation is reasonable for a
large G value. Therefore, S; and S, are approximated as
binomial random variables following B(U, Ppa(N)) and
BN — U, Pp(N)), respectively. The sub-optimum estimator
output Nz(S ) is obtained from (11) and (16).

P(SIN) =

U)Pnav)sza — Pp(N))NMea= V=5

; (16)
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B. PROPOSED ESTIMATOR

In this subsection, the new proposed estimator for the number
of random access packets based on two different observa-
tions Z and S is presented. The proposed estimator output is
obtained as a linear combination of sub-optimum estimator
outputs Ni(Z) and Ny(S). The proposed estimator output
N(Z, S) is expressed as

N(Z.S) = p(NN1(Z) + (1 — p(N)NA(S),
for 0 < p(N) <1, (17)

where p(N) is a coefficient used for the proposed estimator
when N random access packets are transmitted in a slot.

The coefficient p(N) in (17) is a function of N, which
is the number of random access packets in a slot. In most
real environments, it can be assumed that N does not change
drastically in two consecutive slots. Therefore, instead of the
N value of each slot, the N (Z, S) obtained in the previous slot
can be employed.

C. APPLICATION EXAMPLE

In this subsection, an application example is presented
based on the proposed estimator. A random access scheme
is designed based on an LTE system. In this scheme, a
p-persistent method is applied with a transmission probability
p: (0 < pr < 1) [33]. For the p-persistent method, the UE
trying random access generates a random number between
0 and 1. If the generated random number is smaller than the
transmission probability p;, the UE transmits a random access
packet; otherwise, the UE performs this in the next slot. The
transmission probability p; is updated and broadcasted every
B slots. eNB periodically broadcasts the updated transmission
probability to UE using the system information block (SIB)
of an LTE system [34], [35].

When multiple UEs transmit random access packets using
the same sequence, sequence collision occurs [31]. In this
paper, it is assumed that a random access packet is success-
fully received at eNB, if it is transmitted without sequence
collision and the sequence is detected at eNB.3 If a random
access packet is not successfully transmitted, UE waits Tgo
back-off slots and performs the p-persistent method again.
Here, Tso follows uniform distribution /(0, B — 1).

Throughput is defined as the average number of success-
fully received random access packets during a slot. When N
UEs transmit random access packets in a slot, the probability
that arandom access packet transmitted with the i-th sequence

3Message 1 is detected at eNB based on the received energy for a
sequence. If the received energy is larger than a detection threshold 7, eNB
declares detection of message 1. Because the detection of message 1 is based
on the received energy, the detection probability increases, if more than two
UEs transmit random access packets with the same sequence. In most cases,
it is very difficult to detect a sequence collision at message 1. The sequence
collision can be noticed after receiving message 3. If more than two UEs
transmit the same sequence at message 1, they will transmit message 3 simul-
taneously with high probability. Consequently, the performance of message 3
is severely degraded. In this paper, it is assumed that a random access packet
is successfully received if a sequence is detected at message 1 and there is
no sequence collision such that message 3 is successfully received.

75600
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FIGURE 2. Throughput T(N) versus number N of transmitted random
access packets per slot.

is successfully received is expressed as Pr{Z; > n, V; = 1|N}
(i = 1,2,--+, Nseq). Thus, throughput T(N) is expressed
as (18), as shown at the bottom of the next page.

Fig. 2 shows throughput 7'(N) versus number N of trans-
mitted random access packets in the slot. The result pre-
sented in Fig. 2 is obtained with E,/Ny = 20 dB and false
alarm probability = 1073, Throughput T'(N) increases as N
increases for N < Ngeq. After reaching the maximum value
near N = Ngeq, T (V) decreases as N increases.

To improve the throughput of the simulator in a burst
traffic, the transmission probability must be updated con-
sidering the number of UEs trying random access packet
transmissions. The transmission probability is updated when
m mod B = 0 is satisfied, where mod is a modulo oper-
ator [36]. p;[m] denotes the transmission probability of the
m-th slot. If m mod B = 0, eNB estimates the number of UEs
trying random access as N /p;[m], where N is the average
value of the proposed estimator outputs during previous B
slots. The transmission probability p;[m + 1] for the next slot
is updated as

pilm + 1]
N
NSEQ.IM’ lf z]vseq,fflrrl()dB:07
prlm]
= 1, if —— < Ngeq,mmod B =0,
prlm]
prlm], if m mod B # 0.
(19)
IV. RESULTS

In this section, simulation results of the proposed estimator
are presented. A simulator was built for slotted ALOHA
random access. The simulator is configured such that exactly
N UEs transmit random access packets in a slot. The number
of random access packets is estimated based on the received
energy vector Z and the number S of detected sequences.
For each N, the estimator outputs N (Z, S) are obtained from
simulation of 10000 slots.

Table 1 summarizes the parameters used for the simulator.
To generate a random access packet, UE randomly selects a
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TABLE 1. Parameters used for simulator.

Random access scheme Slotted ALOHA
Number of sequences Nseq 54
Number of chips in sequence G 839
. Independent
Fading channel Rayleigh fgding channel
Average Ep, /No 20.0 dB
False alarm probability 10—3

sequence among Nseq = 54 available sequences. The length
G of a sequence is assumed to be 839 chips, which is the same
as in an LTE system [26]. The average value of E}, /Ny is set to
20 dB. It is assumed that each transmitted packet experiences
an independent Rayleigh fading channel. At eNB, detection
threshold 7 is set to satisfy the false alarm probability 1073,
when no random access packet is transmitted.

The normalized mean square error (NMSE), which is the
mean square of error value divided by the number of random
access packets, is considered as a performance measure of the
proposed estimator. To obtain the p(N) value that minimizes
the NMSE for a specific N, Nl (Z) and ﬁz(S ) values are
obtained from simulations of 10000 slots. Based on N 1(Z) and
N»(S) values for N, the NMSEs of the proposed estimator are
obtained by applying different p(N) values in [0, 1]. The p(N)
value that minimizes the NMSE of the proposed estimator is
selected.

Fig. 3 shows p(N) that minimizes the NMSE of the pro-
posed estimator versus the number N of random access pack-
ets. From Fig. 3, it can be observed that the p(N) value
that minimizes the NMSE is close to zero for N < 15.
This is because NMSE of Nz(S) is negligible compared to
that of N (Z) for N < 15. On the other hand, it can be
observed that the p(N) value that minimizes the NMSE is
close to one for N > 35. This is because NMSE of N} (Z) is
negligible compared to that of Nx(S) for N > 35. It can be
also observed that the p(N) value that minimizes the NMSE
increases from O to 1 as N increases. For an N value between
15 and 35, the p(N) value that minimizes the NMSE can be
approximated by an affine function, which is expressed as
p(N) ~ (N — 15)/20.

e1(N), &2(N), and &,(N) denote the NMSEs of Nl(Z),
NZ(S ), and N (Z,S), respectively, under the condition of N
random access packets. Then, &1(N), &2(N), and &,(N) are
expressed as E[{(N1(2) — N)/N}*], E[{(N2(S) — N)/N}?],
and E[{(N(Z, S) — N)/N}?], respectively.

N I o
N o ®
T T T

Coefficient minimizing NMSE

o
o
T

40 45 50

FIGURE 3. p(N) minimizing NMSE versus N.
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, T
—e—Estimator N (Z)
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o
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o
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o
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o
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o

> P D R e i S AN PP
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FIGURE 4. Comparison of NMSEs for different estimators.

Fig. 4 shows &,(N) versus the number N of random access
packets. £,(N) is obtained using the p(N) value in Fig. 3.
For comparison, ¢1(N) and &>(N) are also plotted in Fig. 4.
As shown in Fig. 4, &,(N) is not larger than £1(N) and &2(N)
forall N values. For N = 10 and 70, €, (N ) values are reduced
by 52% compared to £1(N) and by 60% compared to e2(N),
respectively.

To evaluate the performance of the proposed packet arrival
estimator, a simple simulator was built based on the example
system in Section III-C. The simulator was built using the
parameters listed in Table 1. In the simulator, 1000 events
triggering random access are generated simultaneously in
the first random access slot, after which no other events are
generated. The interval of each random access slot is set
to 10 ms [24], [26]. It is assumed that 40 ms is required
to detect the sequence collision after random access packet

Niseq Nieq

T(N)= ) PriZi>n,Vi=1N} =Y Pr{V; = 1|N}-Pr{Z > n|V; = 1, N}

i=1 i=1

Nseq _ )
N\, 1 1 \N-1 G GZi
~> ()G -52) exp( - )z
=\ 1) \Nieq Neeq y  (G+N — DPT, + NoG (G+ N — DPT, + NoG

1 )N—l -exp( Gn

= N(l -
Nseq

VOLUME 10, 2022
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). (18)
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FIGURE 5. Comparison of access delay CDFs.

transmission [11], [13]. The broadcasting period B is set to
4. The transmission probability of the first random access slot
issetto 1 (p,[1] = 1).

An access delay is defined as the time difference between
when an event triggering random access is generated and
when a random access packet is successfully received at eNB.

Fig. 5 shows the cumulative distribution functions (CDFs)
of the access delay values with several packet arrival rate
estimators. The CDF F'(x) of the access delay is the ratio of
the number of successfully received random access packets
within x random access slots to the total number of triggering
events for random access generated in the first random access
slot. F1(x) is the CDF of the access delay with the proposed
estimator. F(x) and F3(x) are the CDFs of the access delay
values with conventional estimators based on the number of
sequence collisions and the number of idle sequences, which
were proposed in [21] and [25], respectively. F4(x) is the CDF
of the access delay with perfect information. With the perfect
information, it is assumed that eNB can obtain the number of
random access packets without error or delay.

From Fig. 5, it can be observed that the CDF of the
access delay with the proposed estimator is always larger than
that with the conventional estimator based on the number
of sequence collisions or idle sequences. This is because
the NMSE of the proposed estimator is smaller than that of
the conventional estimator based on the number of sequence
collisions or idle sequences. Furthermore, additional delay
is required to estimate the number of random access pack-
ets with the conventional estimator based on the number of
sequence collisions. When CDFs Fi(x), F»(x), and F3(x)
are compared for x = 16, F(x) is approximately 2.33 and
1.65 times larger than F>(x) and F3(x), respectively. In addi-
tion, it can be observed that there is no significant difference
between the CDF of access delay with the proposed estimator
and that with the perfect information of the number of random
access packets.

V. CONCLUSION
In this paper, a new estimator is proposed for obtaining the
packet arrival rate of random access in an LTE system. The
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proposed estimator is based on a received energy vector
and the number of detected random access sequences. It is
obtained as a linear combination of the sub-optimum estima-
tors based on the received energy vector and the number of
detected sequences.

The performance of the proposed estimator is evaluated
by conducting simulations. The numerical results show
that the proposed estimator can achieve lower NMSE than
sub-optimum estimators for most random access traffic
conditions. It is also shown that the proposed estimator
can reduce the access delay compared to the conventional
estimators in a congestion scenario.
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