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ABSTRACT

Access Control is an effective way to protect the radio access part of Long-Term Evolution-Advanced (LTE-A) network
from the overload caused by a huge number of Machine Type Communication Devices (MTCD). A class of access control
mechanisms is the Access Class Barring (ACB), which regulates the machine-to-machine (M2M) traffic in accordance with
the available random access (RA) resources. In this paper, we extend the single power level ACB scheme to a multiple
power level method in order to increase the number of successfully transmitted requests in the case of overload. Our
analysis is based on the capture effect in the third step of RA procedure of the LTE-A system in which one of the transmitted
requests by two or more co-tagged MTCDs, MTCDs which use the same preamble in the first step, can be decoded by the
eNB. We first formulate the power level selection as an optimization problem assuming the perfect capture model without
considering MTCDs'’ energy budget. Then, to take into account MTCDs’ energy consumption, the scenario is extended
for the Signal to Interference Ratio (SIR) based capture model. In addition, we investigate the advantages of the proposed
multiple power level RA method on discriminating the access of MTCDs with different priorities. The numerical results
show that using the optimal parameters, the RA throughput can be improved in comparison with the single power level
system at the cost of slightly increasing MTCDs' energy consumption and the complexity of RA procedure. Ca@yright
2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION Resource Blocks (RB) of Physical Uplink Shared Channel
(PUSCH). In this case, it is probable that the eNB could not
Machine-to-Machine (M2M) communications enable the detect the transmitted requests and hence the contending
connectivity between billions of Machine-Type Commu- MTCDs could not successfully pass the RA procedure
nication Devices (MTCD) in the context of the Inter- [3]. Due to the slotted ALOHA-based RA contention, the
net of Things (loT). In the 10T paradigm, MTCDs will performance of RA is suffering from the collisions caused
be able to measure, analysis and deliver information inby a lot of connection requests of MTCDs which typically
an autonomous manner with minimal human interaction.is greater than user equipments by orders of magnitude.
M2M solutions for remote monitoring show great mar-  Collision in the RA procedure will waste the system
ket opportunities in many fields such as smart metering,resources, decreases MTCD’s energy, and increases the
health care, transportation, and industrial automatiggn [ access delay. In order to control the RACH overload
In order to achieve a ubiquitous connectivity of MTCDs, in the LTE/LTE-A caused by M2M communications,
Long-Term Evolution (LTE) and LTE-Advanced (LTE-A) several proposals have been discussed in Third-Generation
networks are envisaged to provide cost-effective solutionsPartnership Project (3GPP) and different literati#e5,
for the deployment of M2M applicationZ]. 6, [7]. Although, these overload control solutions mainly
In the LTE / LTE-A networks, unconnected MTCDs focus on barring requests of MTCDs or increasing the
may get connected to the evolved-Node B (eNB) throughnumber of contention resources upon overload detection
the Random Access (RA) procedure. In the contention-to enhance the performance of RA procedure. Providing
based RA procedure, the Physical Random Accessnore RA resources leads to rising the costs of resource
Channel (PRACH) is used to transmit orthogonal preambleusage; while barring more MTCDs increases the access
codes. If two or more MTCDs select the same preambledelay.
code on the same PRACH opportunity simultaneously, Inorder to decrease the average access delay of MTCDs
they will grant and transmit their requests on the samewithout increasing the number of contention resources,
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in this paper, the advantage of the power capture effecin Section 5. Finally, conclusions are presented in Section
is used to improve the success probability of MTCDs 6.
in the RA procedure. According to this effect, the
transmitted request of one MTCD with a high enough
transmission power will be detected by the eNB, while,
it has collided with other MTCDs’ request8][ In order 2. RELATED WORKS
to benefit from the power capture effect, the number
of contending MTCDs at each power level must be The deployment of a huge number of MTCDs in the LTE
determined in accordance with the available RA resourcesleads to the overload problem. There are various solutions
To do this, we formulate an optimization problem to forthe overload control problem in literature, some of them
find the optimum values of the ACB parameters and have been summarized [i]. The proposed solutions can
the corresponding selection probabilities for each powerbe classified into two main categories: in the first, excessive
level. It is well known that the energy consumption of access requests of MTCDs are barred and in the second, the
MTCDs is of paramount importance and depends on thehnumber of contention resources in an overload condition is
specified application requirementg ). By considering  increased.
the energy consumption of battery-powered MTCDs, we In the first category, 3GPP introduced some specific
aim to determine the transmission power at each powesolutions to protect the radio access network of the LTE.
level in the signal to interference (SIR) based captureln these solutions, the access of delay-tolerant MTCDs
model. Beside the RA throughput enhancement, we als@re barred upon overload detection. One suggestion by
show that the power capture effect can be used to3GPP working groups for the RACH overload is the ACB
discriminate the access of MTCDs with different priorities scheme/4]. In the ACB, the eNB broadcasts the barring
which is important for emergency alarm notifications as probability and the barring timer to guide the MTCDs
a significant application of M2M communications. It is how to initiate the RA procedure. When an unconnected
notable to mention that in the multiple power level RA MTCD attempts to connect to the eNB, it uniformly
method, the eNB computes and broadcasts the power leveRBglects a random number between 0 and 1. If the selected
and their corresponding probabilities in the RA procedurenumber is below the barring probability, it can initiate
which may incur additional complexity in comparison the RA procedure. Otherwise, it postpones its attempt for
with the single power level RA procedure. The main a random time. The barring timer determines the mean
contributions of this paper include: duration of access control. In the optimal dynamic ACB
scheme, the eNB knows the number of active MTCDs in
e We extend the single power level ACB scheme each RA procedure and hence can compute the optimum
to a multiple power level scheme to enhance the ACB barring factor taking into account the the number of
throughput of RA procedure. We first compute the RA resources. In [11, 12], the eNB is empowered with
optimum transmission probability for each power load estimation techniques to adjust the ACB factor in
level assuming a simple capture model in which the accordance with the optimal ACB in each RA procedure.
interference of lower power MTCDs does not affect In [13], a Proportional-Integral-Derivative (PID) controller
the successful transmission of a higher power levelis proposed to adjust the ACB factor in order to control
transmission. the congestion level in the core network node. The authors
e Adopting a more realistic SIR-based capture model,of [14] apply the dynamic ACB factor to control the
we then take into account the interference of the overload of MTCDs in both the radio access network
lower power MTCDs and find the transmission and the core network of the LTE/LTE-A, simultaneously.
power and the corresponding transmission proba-3GPP also specified the EAB for M2M communications,
bility for each level. We show that using the pro- where individual applications can be controlled through
posed scheme, the average access delay and tHeroadcasting RA information called System Information
RA throughput are enhanced compared to the singleBlock (SIB) [4]. The performance of the EAB scheme
power level ACB scheme. for M2M communications and the optimal values of EAB
¢ Finally, we use the multiple power level RA method parameters are analyzed [h5[. In addition to the EAB
for the emergency applications which require higher method, the specific backoff adjustment scheme for M2M
priority in channel access against the low priority communications has been introduced by 3GF|Pahere
applications. the requests of MTCDs are delayed in the case of overload.
The authors inl16] investigated the throughput of the
The outline of the paper is as follow. In Section 2, the RA procedure in the LTE-A under different backoff timer.
related works are reviewed. The system model is presentedlthough these works can control the congestion through
in Section 3. Section 4 is dedicated to the proposed RAbarring the excessive access requests of MTCDs, they did
method for the perfect capture model and the SIR-basedot take into account the maximum acceptable delay of the
capture model. Also, in this section, the priority point of barred MTCDs.
view of the proposed RA method has been investigated. In the second category, the dynamic allocation of
The performance of the proposed method is demonstrate®A resources is introduced iflT], where the excessive
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access requests are mitigated through allocating more a

RA resource. Authors inll8] used additional preambles

to guarantee the access delay of emergency devices in 1— .@ @’ —q
an overload condition which improved the conventional SL
RA procedure. Ini#] the average number of successful

transmissions increased through allocating more PUSCH

to successfully detected preambles by the eNB. The s,
number of contention resources is enhance®jimhrough
a new codeword method. In this method, the MTCD selects Figure 2. The traffic model of the MTCD

one preamble on each RA sub-frame of a virtual frame.

The virtual frame consists of some RA sub-frames that

RA is performed over it. These approaches improve theconnection setup, each active MTCD will draw a random

throughput of the RA procedure at the cost of using morenumber betweerf0, 1] uniformly. The MTCD is allowed

RA resources. to start the RA procedure only if the drawing number is
To decrease the access delay of MTCDs withoutless than the ACB factogacg announced by the eNB.

increasing RA resources, we have offered a multiple powerrhe MTCD which passed the ACB check, referred as

level RA method in this paper. The proposed method isthe contending MTCD in this paper, initiates the multiple

based on the capture effect in the RA which previously power level RA procedure. we do not consider a limit on

evaluated for the slotted ALOHALB, 120, 21,122, 23] and the number of retransmission attempts and the back-off

802.11 P4] networks. We show that the access delay andinterval before each transmission as[#6[27]. That is,

the throughput of RA can be reduced and improved in theif the contending MTCD could not pass the RA procedure

case of the overload through the proposed method. successfully, it continues the aforementioned process until

its data is successfully received by the eNB.

3. SYSTEM MODEL AND PROBLEM &———— PDCCH+DL-SCH ——«——@
STATEMENT e "
response MTCDL1's data

We consider the Frequency Division Duplexing (FDD) I_I I:I
mode of the LTE-A system. In this mode, there are some 2 -
Random Access Opportunities (RAO) in each frame in &) ? (2)“,‘ ©) ;‘E? Y
accordance with FDD configuration®d]. Each frame ! N
composed of ten subframes witlms duration each one.
The number of RAOs in each frame determines the
total number of RA resources in each frame as given
by the multiplication of the number of PRACH sub-
frames and the number of RA preambles. We use PRACH
configuration index 6 as the typical configuratiofy 25, Time Time

Downlink / eNB

Uplink / MTCDs
Power
Power
z
iE
2

in which one PRACH subframe with 54 preambles is Transmission of preamble m Transmission of Data

provided every 5ms. Notice that in this configuration, there

are 54 preambles within one PRACH opportunity, the Figure 3. Multiple power level RA procedure

number of RAOs is equal to the number of preambles for

each RA procedure. In this paper we consider a single cell in which all

Fig. 1 shows the system model considered in this paperMTCDs experience similar RA channel and configuration
Event-driven M2M applications such as secure alarm,as in [19, 20, 21, 22, 23]. That is by comparing the SIRs,
health emergency notification, the location update, andthe powers of MTCDs which transmit simultaneously is
remote control have been considered. In the assumed traffithe key factor in deciding which MTCD can capture the
model, each idle MTCD triggers with probability to granted uplink resources in the RA procedure.
transmit the early sensing data. We model the traffic of The multiple power level RA procedure is shown in
each MTCD by a two-state Markov chain that its statesFig. 3. The considered RA procedure consists of four
represent active and idle modes of MTCD operation, seesteps as similar to the contention-based RA procedure in
Fig. 2. In Fig. 2qg _refers to the probability of successfully the LTE-A [3]. In the proposed multiple power level RA
transmitted requests among all active MTCDs. method, in contrast to [3], each MTCD which receives the

There ardNt MTCDs in the system where some of them Random Access Response (RAR) message in the access-
are active. The active MTCDs include the new-triggered granting step successfully, selects its transmission power
devices as well as the barred and unsuccessful devices fromccording to a given probability mass function. The MTCD
the previous RA procedure. The remaining MTCDs which which its transmission power is high enough in comparison
are in the idle state called inactive devices. To initiate thewith the interference caused by the transmissions of other
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SuccessL

Figure 1. System model for multiple power level RA method.

MTCDs on the same RBs can capture the channel inthe PDCCH and hence, transmit their data/scheduled-
the third step of the RA procedure. In what follows, the requests on the same PUSCH. In this case, in contrast to
steps of the proposed multiple power level method will be the preamble transmission in step 1, only one co-tagged
explained. MTCD can capture the channel if its transmission power is
In step 1, the contending MTCD randomly selects onehigh enough in comparison with other co-tagged MTCDs’
preamble from the M2M dedicated RA preambles. We interferences. It is worth noting that the advantage of the
define the contending MTCDs which select the samepower capture effect is also used in the power ramping
preamble as co-tagged MTCDs. Notice that the eNBtechnique which has been introduced by 3GPP working
can decode the received preamble while it has beergroup [B2]. At last in step 4, the eNB acknowledges
transmitted by the co-tagged MTCDs. However in this the successfully received data/scheduled-requests of step
step, the eNB cannot differentiate whether the preamble3, as shown in Fig. 3 for th&ATCD; that capture the
is chosen by more than one MTC devicg8] [29). channel. Those contending MTCDs which did not receive
We do not consider the channel conditions and powerthe corresponding message in step 4, attempt at the next
ramping factor on successful preamble detection in thePRACH opportunity.
first step of the RA procedure. Hence, the preamble In the massive access scenario, the RA procedure
transmission power is adjusted according to the maximumsuffers from the collisions caused by the simultaneous
transmit powerP-max, as described by 3GPR2(]. The transmissions of message 3 via the same granted RBs
preamble transmission power is considered to be highwhen two or more MTCDs select the same preamble in
enough that can be detected by the eNB. In the nexthe RAR requests. Hence, two relevant capture models
step, the eNB replies the corresponding RAR messagewshich are known as perfect model and SIR-based model
through the Physical Downlink Control Channel (PDCCH) are adopted for unconstrained and constrained energy
to acknowledge the received preambles (see step 2 imudget scenarios in this paper, respectively, to evaluate the
Fig. 3). The RAR message contains some information toconditions that the simultaneous transmissions of message
inform the contending MTCD about the index of received 3 in the eNB can be decoded. In the perfect moldl CD;
preamble, timing advance command, and the dedicatedan transmit its data/scheduled-request among all other co-
PUSCH for transmitting message 3. We assume that in theaggedMTCD;, j = 1,...,L, j #1i, successfully ifp; > pj.
considered massive access scenario, sufficient downlinkVhile, in the SIR-based mode¥)TCD; can successfully
and uplink resources are available in the second and thirdiccomplish the RA procedure i be greater than the
steps of the RA procedure if all dedicated M preamblesinterference of other co-tagged MTCDs, as:
are detected successfully. A comprehensive study of the
constraints on the connection establishment in the LTE L
from downlink and uplink resources point of view is bi >B<_ >N pi+(”i—1)pi)v @
presented ind1]. =LA
In step 3, each contending MTCD successfully received  \yherep denotes the minimum required SIR which can
the RAR from the eNB, selects its transmission powz_arfrombe detected by the eNBy; and n; refer to the number
a set of the candidate power leve{§), Pz, ., pL}, With ¢ co.tagged MTCDs which select power levgland
their associated probabilitiegds, Gz, ..., qL}, to transmit j respectively. In the multiple power level RA method,
message 3. Without loss of generality, we assume thajhe eNB broadcasts the PRACH configuration index, a
P1 < Pz < ... < p.. Message 3 indicates the purpose yector of transmission powers, and power level selection
of connection setup by the MTCD which may be data probabilities in each RA procedure.
transmission (28, 129 or scheduled requesB] In this The objective of this paper is to increase the successful
step, the co-tagged MTCDs receive the same RAR throughyansmissions of MTCDs while decreasing the access delay
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in the case of the overload. That is by proper selection This process can be continued to fifd In summary,

of barring factors and the corresponding power levels, wefor a system with giveh power levelsS is given by:

can determine the proper number of contending MTCDs in

each power level in order to maximize the RA throughput. § =S 11— i)m +n (1— i)nrl (4)

This causes the number of barring MTCDs and hence M M

the average access delay of MTCDs to be decreased in Assume that; MTCDs select power levél We can find

comparison with the single power level RA procedure.  §_ as afunction ofy,i=1,...,L, in a recursive manner as
in (5).

4. PROPOSED MULTIPLE POWER S =(01- i)“‘“l)pL (5)

LEVEL RANDOM ACCESS METHOD M s
wherep. = L m(1- &)2=m.

In this section, we first derive the RA throughput of the  The objective is to find the optimal number of MTCDs
proposed method in the perfect capture model. In thiswhich select power level nf, such thatS_ is maximized.
paper, the RA throughput refers to the expected numbefheit™ component of the gradient & with respect tay,
of MTCDs which passes the RA procedure successfully inis given by (6).
each PRACH opportunity. Then, the proposed method has
been extended to the SIR-based model. We use an adaptive 5. 1 M
method to determine the ACB factor and the corresponding == (1-)z=mt (17 In( )p,) (6)
transmission powers according to the number of active oni M M-1
MTCDs. Finally, we discuss how the proposed method
can be deployed to serve MTCDs with different priorities
in a real scenario. In what follows we exploit the capture
effect at the eNB to improve the performance of the RA

Now, by setting (6) to zero, we can fimd in a recursive
manner as in (7).

procedure and don't consider the successive interference £ a <1_ (1- )niil) . 1 %
cancelation which may also be used at the eNB. =R  P= W%)
4.1. Model 1: Perfect Capture Model wheren; = | (1M ;-
. . n M-1
We first formulate the RA throughput of multiple power Lemma 4.1

level RA procedure in the perfect capture model as an
optimization problem and then the optimum value of
the ACB factor and corresponding power levels selection
probabilities are derived. By applying the optimum values pygof

of gj,i = 1,..., L, the number of contending MTCDs canbe gee Appendix A. 0
balanced between different power levels to maximize the

RA throughput. Therefore, the optimum values of barring  Also, the maximum RA throughput of a system with
factors can be obtained through finding the desired numbepower levels S, can be obtained by replacing the optimal
of contending MTCDs in each power level. values ofn, andp,, i.e.nf andp/', in (5).

Let S denote the RA throughput of the system with  According to (7),17(17$)”i—1 is a decreasing term of
given i power levels. The RA throughput of the system n andn’ <nf_ ;. Therefore, for high enough valuesiate
with the single power level is determined by the successwill haven: — 0. That isS* reaches tq—mL ~M,
probability ofn; given MTCDs multiplied by the number | ; N(g=z)(M-1)
of preambles,M. In this case, the success probability
of MTCDs is the probability that only one out of;
contending MTCDs selects each preamble, namednd
others do not. That i) (&)1~ &)™~L. Then, 5
simplifies to (2).

n',i =1,...,L is the unique global optimal point &_ in
the perfect capture model.

which can be considered as the upper boundgfor

Let nact be random variable denoting the total number
of active MTCDs in each RA procedure. Assuming the
traffic model of Fig. 2, the probability that each MTCD
be in active statellae, is given by (8). Also, the eNB
can compute the expected value of the number of active
MTCDs, E[nact], in each RA opportunity.

aNt —§
aNt

- _i -1
S =m(l-g)™

For a system with two power levels whepg > p;, the Mact =
RA throughput is the sum of the throughput of the first
power level provided that there is not any interference from  NOW, by using (8) E[nact] can be computed as in (9).
the second power level, and the throughput of the second

(8)

power level, as: E[Nact] = Nt Mact 9)
1 1 In an overload condition, the expected number of active
S =51~ M)nz+n2(1* M)nrl (3)  MTCDs is greater than the sum of the desired number
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of contenting MTCDs at all power levels, i.€€[nact] > 4.2. Model 2: SIR-based Model
sL  n. In this casegacg is used to block the excessive
active MTCDs. Then, by obtaining the values rjf and
E[nact] using (7) and (9)gace and g can be computed
from (10) and (11) respectively to sustainn each power
level near to its optimum value.

In this subsection, the RA throughput of the SIR-based
capture model with. available power levels is computed.
As mentioned earlier, a contending MTCD can transmit its
data/scheduled-request successfully, if it can capture the
channel among all other co-tagged MTCDs. In the SIR-
base model, the channel is successfully captured by the

L on
OACB = min{l, 2i=1M } (10)  MTCD with power levelp; if the following condition is
E[Nact satisfied.
n*
G=_r — (11) i
shan 2

L
p>B( Y mp+i-Dpi+ Y mp)  (14)
As a special case, it should be noted that # 1, using =1 j=1+1
(10) and (11) we haveacg = ﬁ andgy = 1, which is
the traditional single power level ACB scheme. In a lightly

loaded condition whereNt < §', we havegacg = 1. In

The first, second, and third terms in the right hand side
of (14) are the interferences caused by the transmissions
this condition, by replacing; in (5) with G E[nac], S can of lower, the same, and hlgher power levels of co-tagged
be found through solving (5), (8), and (9) numerically. MTCDs, respectlvely: Notice that _whe_n one or more

In the next step, we compute the average acces$§0-t2gged MTCDs with power leve] > i transmit the
delay of MTCDs using the obtained values f& data/scheQuIed-request, Frar?smlssmns of other co-tagged
and Enae] according to (5) and (9), respectively. In MTCDs v_\nth power leveli will not be detected by the
a system withL power levels, the access delag, eNB as in the_ pe_rfect capture model. The same also
for the MTCD accounts for the time duration between N@Ppens whenj =i but the number of MTCDs with
the first transmission attempt and the final successfullyPOWer leveli is greater than one, i.eqj > 1. However,
reception by the eNB. It is noted that each active MTCD for J <1, the number of co-tagged T CD; determines the
continues the RA procedure to successfully transmit its@mount of |.n.curred interference. Thlsllnterference causes
data/scheduled-request in the next RA opportunities. Also € probability of successfully decoding the transmitted
the probability of successful transmissiogy , in each ~ dat&/scheduled-request froMTCD; at the eNB to be
PRACH opportunity is the same and independent ofdecreased. For a system with power levels, in order
previous attempts. Therefore, the number of retransmissioff®_cOmMpute the probability of failure in the decoding of
attempts until the successful transmission is a randonMTCDL'S data/scheduled-request at the eNB, denoted by
variable with geometric probability mass function that 9., We continue as follows. Defink as a set of all
its expected value is given b)f;. Now, if T denotes Vvectors satisfying condition (1SEL:
the time interval between two consecutive PRACH
opportunities, the average access dekjy, ], is given by

L-1
the multiplication ofT andé as given in (12). KL = {k = [klkz-nkaﬂ’B > kipj > PL} (15)
i1
-
Eld]=— (12) .
as. where k = [kg,k, ...,k 1] and k; denote a specific

vector ofK and the number of MTCDs which use power
level p; respectively. It is noted that all MTCDs &fselect
the same preamble in the first step of RA procedure. The

where the probability of successful transmission of the
MTCD could be written as:

S occurrence probability of a specific gk, can be obtained
= 1
ds. Efnact (13)  from (16).
According to (12), it can be found that the average L-1 1
access delay can be decreased through enhancing the a =[] f(kjmjym) (16)
=1

probability of successful transmission of MTCD in each
RA procedure. ,
The perfect capture model describes the effectiveness Where f(kj;nj, i) = (E})(ﬁ)J(l — Nk s the
of the proposed multiple power level RA procedure in a binomial probability mass function. Sincek, is the
scenario in which the effects of MTCDs’ energy budget on probability of all vectors likek which satisfying condition
the successful transmission and access delay have not be€hb), this probability is equivalent to the sumaf as:
considered. To consider the MTCDs’ energy budget, the
performance of the proposed method has been investigated

for the SIR-based model in the next subsection. G = i (a7

kEL
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Now, by applying (17), the throughput in (4) can be power levels, i.e.gk, = 0,i = 2,...,L. In this case,n
found for the SIR-based model as given by (18). is equal to what has been obtained in (7), and the RA
throughput of the system is reached to the throughput of
1 1 the perfect capture model. For the minimum valuesgf
S =5 1(1- M)”L +n(1- M)"L’l(l—qKL) 18) i.e., & = p1T1, by replacing (20) in constraint (23), we
haven; = 0 for i > 1; which concludes the single power
1-qk_in (18) determines the probability of suc- level RA procedure.
cessfully decoding the transmitted data/scheduled-request For other values ofép, variables that should be
from MTCD with powerL at the eNB. According to (18), determined in (21)-(23) are;...n. and p,...p., as the
the first term is the throughput from transmissions of all desired integer and real positive numbers respectively. The
co-taggedM TCD, fori < L. The second term indicates the value ofpy is considered to be as the same as the preamble
throughput ofMTCD’s transmission while the imposed transmission power. Since the formulated problem in (21)-
interference from other co-taggddTCDs thati < L is (23) is a nonlinear problem with mixed discrete and

B times lower than the transmission power MfTCD . continuous variables, we use Genetic algorithm to solve
According to (18),S can be found as the function of itin an intelligent exhaustive search manner.
ni,i =1,...,L, andgg, in a recursive manner as in (19). In the following, the relationship betweeni=1,...,L

and p;,i = 1,...,L, is illustrated for the special case of

L =2in(21)-(23). In this case, from (15) and (16) we have
ki > % andy = f (ky; N1, i), respectively. Hence, using
(17), the probability of failure in the decoding BfT CD,’s
data/scheduled-request at the eNB can be computed as

L L
§= Y-t taoa) a9

Since§_ is a function of bothp; and n;, we need to
find the optimum values of; and n; to maximize S .

High transmission power or greater number of contendingglven in (24).

MTCDs in each power level leads to more energy N 1

consumption of MTCDs. To consider the energy efficiency Ok, = Zp f (ke Ny, M) (24)
issue, the MTCD’s energy budget in each RA procedure k=55

can be bounded. L&t be the random variable denoting the

energy consumption of the MTCD in each RA procedure.
We defineE[£] as the expected energy consumption in
each RA procedure as given by (20).

Notice that k; in (24) is an integer number and
hence p, can be represented bg, = 3cp; wherec
is an integer. If pp has been replaced bycp; in
(24), it can be found thatl — gk, is equivalent to

sk oné Pr(ky < c); which is the Cumulative Distribution Function
E[£] = &2 (20)  (CDF) of binomial distribution. The CDF of binomial
2iza M distribution, F(c;ny, &), can be substituted with the

M

wheredé; is the energy consumption of the MTCD with regularized incomplete beta functiorhg% (np —c,c+
power levelp; and is obtained through the multiplication . ) B(x.a,b .
of p; and the duration of one PRACH opportuniffs, 1), where Ix(a, t_)) Is defined as é(&b)) and B(x,a,b).
i.e., & = piTy. Since the preamble transmission power is and B(a_., b) are incomplete and complet_e beta functions
considered to be constant for all MTCDs and for all RA reéspectively83. Therefore, the problem in (21)-(23) can
opportunities, we just consider the energy consumption of?€ represented fdr = 2 by substitutingp, and 1 — g,
transmitting message 3 in (20) and ignore the energy usag®ith cBp1 andlu_ (ng —c,c+1) respectively, as follows:

of the first step of RA procedure.

Now, the problem of maximizings subject to the 1 nitno1
expected energy consumption constraint can be formulated  Max S =ny(1- &)
as follows: o 1 (25)
n2(1— =)™ M (g —c,140)
max S (21) M !
Ny,...,NL,P2,...,PL
St pa<p, i=23..L, (22 st mpitnecBpy) _ o 26)
Ny +ny
E[6] < & (23)

whereng, ny, andc are integer numbers. According to
where (22) states that the amount of transmission powethe property of the regularized incomplete beta function, it
is increased by increasing the power level index. Constraingan be inferred thatw_1 (ny — ¢, 1+ ¢) is monotonically
(23) ensures that the expected value of MTCDs’ energyincreasing function ofc and hence ofpy, while it is
consumption is not greater than the determined thresholdmonotonically decreasing ofi;. This means that the
&p. By increasingsp, the differences between power levels imposed interferences froflTCDs’ transmissions can
are increased. This causgg to be decreased and hence, be mitigated by decreasing the number of contending
S to be increased. For a high enough valuespfthere  MTCDsg or increasing the transmission power. Also,
are not any interference from the transmissions of loweraccording to the objective function in (25), the value of
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p2 only determines the amount of incurred interference. whereS; 1 andSy» areng (1 - ﬁ)“l*”rl andny(1—
Therefore, the RA throughput can be enhanced by%)nrh v-1(ng —Nn,1+ n) respectively. The optimization
increasing the transmission powgr. In order to increase problem in (28)-(30) can be solved numerically to find the
the transmission powez, we can search for the maximum - ptimum values ofy andn; at feasible points. Notice that
value ofc satisfying constraint (26) with given values of pe optimum value of is obtained by replacing different
ny and np. Therefore, the objective function in (25) can 4)yes ofn; andny in (29) to find the maximum value of
be expressed in terms of two variablesandny; which ¢ which satisfy this inequality. This optimization problem
limit the search space to a small feasible region. Due to thg;gn pe simplified to the perfect capture model wh@n
limited search region, the optimization problem in (25)- g high enough. Since in this case has a single global
(26) can be solved by searching all possible values;of maximum, see Lemma 1, the RA throughput of the system
andng, ng,nz € {1,...,M}. After solving the optimization oy, < S; , reaches t&§ and the optimum values of

problem, the values afacg, G, andE[d, | can be computed  4nqn, are computed using (7). iy > S} ,, the optimum

using (10), (11), and (12) respectively. value ofny is computed through solvingp (1 — %)nrl =

o, numerically. Then, the optimum value af can be
found by substituting the optimum value of into the
The multiple power level scheme can be deployed toobjective function in (28) and searching for all possible
prioritize some MTCDs against others. In this subsection,values ofn; which maximize (28). It is noted that the
we discuss the required conditions to guarantee the@maximum value of g equals to the RA throughput of the
priority of MTCD with a higher power level against single power level system which &.
the transmissions of the lower power levels in the RA  Notice that considering the priority of MTCDs with
procedure while at the same time the RA throughput ishigher power levels may lead to the decrease in the number
maximized. of total successfully transmitted requests in the system
Let § ;j represent the expected number of successfullyas expected at the optimal point. This happens when the
transmitted requests at tHBlevel of a system with giveh ~ number of transmitted requests from the higher power
power levels. It can be inferred from (19) tit; is given  levels is greater than its optimal value.

by:

4.3. Priority based multiple power level RA

Si=n- T aa) @)
5. PERFORMANCE EVALUATION
According to (27) forgk; = 0andn; = n, §_j would be
equal to the number of successfully transmitted requestsy this section, the performance of the proposed multiple
from theith power level in the perfect capture model at the power level RA procedure has been compared with the
optimal RA throughput. In this cas8, j is denoted bY§ ;. single power level RA or the traditional ACB scheme
Due to the various obtained throughput for different py simulation and analysis. The results discussed in four
power levels in (27), the proposed RA procedure cangypsections including: the perfect capture model, the SIR-
be used to discriminate among MTCDs with different pageq capture model, the priority point of view, and the
priorities. Since MTCDs with higher power levels jnplementation issues. We consider a scenario in which
consume more energy in comparison to MTCDs Wwith the eNB broadcasts the required parameters for the RA
lower power levels, in what follows we find the required procedure, i.e.gacg and gj. Then, each active MTCD
condition to guarantee the priority of these MTCDs in jpitiates the RA procedure with probabilityacg. In the
the RA procedure. We continue this study for a systemcgnsidered RA procedure, each contending MTCD selects
with two power levels, however, it can be extended to dealipe yth preamble in the first step and tii8 power level
with multiple power level system. In order to guarantee thej, the third step of RA procedure with probabili%r and
number of successfully transmitted requests of the secongIi respectively, to transmit the request to the eNB. Values
power level to be more than a predefined thresholdllike  f dacs andg are computed according to what has been
the optimization problem in (25)-(26) can be revised by giscussed for the perfect capture model and the SIR-based

considering the condition &> > I'o as follows: capture model in subsections 4.1 and 4.2, respectively.

1 In the simulated scenario, we assume that the arrival
maxszznl(l_f)nﬁnrhr probability of MTCDs is 0.003 and the eNB is able
Mu,N2,C M (28)  to estimate the number of active MTCDs in each RA

n2(1—£)”zfllﬁ(n1—c,1+c) proc.edure.‘ We should note tha.t .since each MTCD

M M continues its access attempts until it could successfully

transmit its request, the number of access attempting

st T(npy+nacfpy) _ o, (29)  requests in each RA procedure is much greater than the
ny+n2 B expected new access attempts. The simulation results are
1 averaged over 5000 RA runs. The values of the simulation
np(1— M)“Z’ll B (n1—c,1+c) > Ty, (30) parameters are summarized in Table 1.
8 Trans. Emerging Tel. Tech. 2012; 00{1-15/© 2012 John Wiley & Sons, Ltd.
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Table I. System parameters 7—
Parameter Details Value sof M f

M Number of preambles 54 ol

Reference Power level fo 1
pP1 L 23dBm wl

The arrival probability of sl 8
a MTCDs 0.003 <
T time interval between twag 5ms ER R

PRACH opportunities 2

Duration of one RA pro- \ %,

T || cedure ms NS
. S
15\ i i

In what follows, the performance of the proposed
multiple power level RA method is evaluated in terms
of the RA throughput and the average access delay of
MTCDs. It is shown that the performance metrics can

be improved at the cost of slightly increasing the energy ) ) )
consumption of MTCDs. 4.1. We. find from Fig. 6 tha§. is greater tha_rs___l,
emphasizes that the achievable RA throughput is increased
5.1. Performance results of the perfect capture with the number of power levels. In_addltloﬁl in each
model power level has been increased by increasing the number
of MTCDs until it reaches to its maximum value for each
In this subsection, the performance of the proposed RApower level. As previously mentioned, the maximum RA
procedure has been investigated for the perfect capturgnroughput of each power level happens in an overload
model. In Fig. 4 and its corresponding contour curves in¢congition whereNy > % If Ny < % S has a value
Fig. 5, the RA throughput of the system with two power betweenS ; and § as shown in Fig. 6. The circle
levels for different number of contending MTCDs at each markers in Fig. 6 show the values b where Ny =
power level are depicted. For analytical results, the RA S for L = 2,3, 4. These values oN; can be used
throughput is obtained by substituting valuesipfaindny, t?y the eNB io ‘determine the number of power levels

Ny, € {5,10,..,M}, in (5). The maximum value of RA 5 accordance with the total number of MTCDs. This
throughput happens at the values which are expected b}ﬁweans that in a lightly loaded condition, the proposed RA
@. procedure can be switched to the lower power levels in
order to decrease the MTCDs’ energy consumption. From
the resource efficiency point of view, we can notice to the
nise ratio of the RA throughput values to the total number of
possible accommodated requests udihg 54 preambles.
According to Fig. 6, the resource efficiency is equad.&7
forL=1,0.54forL=2,0.63for L =3, and0.69for L =4.
Fig. 7 compares the average access delay of MTCDs in
the perfect capture model for different valuesLofl ~ 4.
In this figure, the value of[d.] is derived using (12).
We find from Fig. 7 thai£[d| ] increases linearly when the

Figure 5. Contour curves of Fig. 4

w

=]
[
N
@
©
<Q

Simulation

RA throughput of the perfect model

o O Analytical optimum point total number of MTCDs is increased. However, the rate of
a0 » % increasing foL = 1is greater thanthat fdr=2, 3, 4. This

oo w indicates that by applying more power levels in an overload

n, 0T N condition, the RA delay can be mitigated compared to the

traditional single power level RA scheme.

Figure 4. The throughput of two power level RA procedure for

different values of n, and n, when Ny — 15000 5.2. Performance results of the SIR-based

capture model

In Fig. 6, the throughput of the proposed RA procedureHere, the performance of the proposed method while
in the perfect capture model against different number ofbounding the energy budget of MTCDs is investigated
MTCDs is shown forL = 1,2,3,4. For the analytical for the SIR-based capture model. In the following results,
results, the RA throughput for different values lofcan  the optimum values of RA parameters, is,...,n. and
be found according to what has been discussed in sectiop,,...,pL, are computed by solving (21)-(23). We use
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Figure 6. The throughput of the RA procedure in the perfect Figure 8. The throughput of the RA procedure in the SIR-based
capture model against different values of Ny forL=1,2,3,4 capture model against different values of & for Ny = 1500Q
B=12andL=1234

—e— L=1 (simulation)]| | ! ! !
@ | —5—L=1 (analysis) L. . ,
z, 2 et |- i addition, for a given MTCD’s energy buqlget, the average
8 |~ L=2 (analysis) access delay is decreased by increasing the number of
—— L=3 (simulation)
E 4 %L:S (analysis) : s i pOWGI’ |eve|S.
& 4| —%— L=4 (simulation)
g —%2— =4 (analysis)
E s |
@ ' ! ! ! —e— Level2 (simulation)
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5 o L=12 —=— Level3 (simulation)
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Figure 7. The average access delay of each MTCD in the % 08} ,
perfect capture model against different values of Ny for L = it
1,2,3,4 z%°r #
0.4 ; . L L L
0.19 0.25 0.32 0.4 0.5 0.63 0.8

Eo(mJ)
the genetic algorithm to solve the optimization problem

in (21)-(23). The average access delay for this model isgigyre 9. The average access delay of the MTCD in the SIR-

computed using (12). based capture model against different values of & for Ny =
The throughput of the proposed method against 15000 B =1.2,and L=1,2,3,4
different values of energy budget is shown in Fig. 8lfer
2, 3,4andp = 1.2. This figure shows that for the minimum In Fig. 10, the average access delay of the system with

value of&p, i.e., Ty p1 = 0.19mJ, the RA throughput of the  two power levels against different values & is shown
system with 2, 3, and 4 power levels are the same with dor 3 = 1.2, 2.2, 3.2. As expected for the lower values of
single power level scheme. Also, this situation happens for8 and when4 is high enough, the average access delay is
&o = 0.25mJwhere the RA throughput of the system with decreased since each co-tagged MTCD has higher chance
4 power levels is equal to the system with 3 power levels.to capture the channel in the presence of other co-tagged
On the other side, the RA throughput can be increased upMTCDs’ interferences. Also, according to (20) and (23),
to its maximum value through more energy consumption.for & = p1T1 = 0.19mJ, the optimum value ofi, would
The maximum value df_in the SIR-based capture model be equalto zero and hence, the valu&fh] reaches to the
has the same value for the perfect capture model which isaverage access delay of the system with single power level,
demonstrated by the dashed lines in Fig. 8. as it is shown in Fig. 10. However, for the high enough
The average access delay of MTCDs against differentvalues of &y, the successful transmission probability of
values of &y for L =2,3,4, B = 1.2, andNt = 15000 MTCDs with the second power level is increased that leads
is shown in Fig. 9. According to this figurég[d ] is  to decrease in the value &f{dy] and tends to its optimal
decreased at the cost of more energy consumption. lrvalue at the perfect capture model. The reason is that in
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this case the interference caused by the transmissions fror
the first power level oM T CDs could be overcomed. The
maximum and the minimum values @fdy] are shown
with circle markers in Fig. 10.

E[D,] '@ B=1.2 (simulation)
—©&— B=1.2 (analysis)
'm0 B=2.2 (simulation)
—&— (=2.2 (analysis)
¥+ B=3.2 (simulation)

—=%— B=3.2 (analysis)

Avg. access delay of MTCDsin the SIR model (s)

0.19 0.25 0.32 0.4 0.5 0.63 0.8 1

Eo(mJ) }

Figure 10. The average access delay of the MTCD in the SIR-
based capture model against different values of & for Ny =
15000and B =1.2,2.2,3.2

5.3. Performance results of the priority based
multiple power level RA method

In this section, it is shown that the proposed method car
be used to provide different priorities for MTCDs with
distinct two power levels. In this simulation, the optimum
values ofn, andn, have been obtained by solving (28)-
(30) numerically. Also, for the analytical results, the
number of successfully transmitted requests of each powe
level is computed using (27).

The average number of successfully transmitted
data/scheduled-requests of each power level in the SIR
based capture model is shown in Fig. 11 for 2 against
different values of&p. In this figure, the value of g is
considered to bel6. According to this figure, we find
that S, is an increasing function ofy as it is expected.
Also, we note that the values &, and S, are not
necessarily an increasing function & at the optimum
RA throughput. Furthermore, we note tHt is greater
than the determined threshold which indicates the priority
of MTCDs of the second power level against MTCDs of
the first power level in the RA. In addition, for the high
enough values oy, 1 and S > are reached to their
optimal values in the perfect capture modgl, andS; ,.

In Fig. 12, we show the effect dfy on the number of
successfully decoded requests from the first and secon
power levels of the system with two power levels. We
find that forg < S5 ,, i.e., [g < 1832, the values of
S1andSy are eqdal to their expected optimal values,
S, and S , respectively, which leads to the maximum
RA throughput. In this case, the value b§ does not
impose additional constraint on the problem. However,
if [p > 1832, the value ofS,, is increased linearly by
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Figure 11. The average number of successfully transmitted

requests of each power level for the system with two power

levels against different values of & for Ny = 1500Q 3 = 1.2, and
[o=16

increasinglp to ensure that the number of successfully

transmitted requests from the second power level meet the
imposed constraint. In this case the number of successfully
transmitted requests from the first power level is decreased.
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Figure 12. The average number of successfully transmitted

requests of each power level for a system with two power

levels against different values of I'p for Ny = 1500Q 8 = 1.2, and
& =0.6mJ

5.4. Implementation issues

th the analysis of the proposed multiple power level
RA scheme we consider some simplifying assumptions.
In this subsection, we provide the simulation results
of the multiple power level RA scheme considering
some implementation issues. In these simulations, we
consider the maximum allowable number of MTCDs’
retransmission attempts, the probability of successful
preamble detection, the accuracy of the estimator at the

11
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eNB, and the constraints on connection establishment in
the LTE. max(E[d,]
A. Maximum number of retransmission attempts 3 zf o e
According to the 3GPP specifications, each collided
MTCD should reattempt for the RA procedure after
a random backoff time if the maximum number of
retransmission attempts has not been reacBedr our

Avg. accessdelay of MTCDsin the perfect model (s)

analysis we do not consider a limit on the number of i medED
retransmission attempts and the back-off time before each - =——n
transmission. In what follows, we provide the simulation

results of the proposed method against different values of osr E , .
the maximum number of retransmission attempts which is o i e
denoted b)RmaX asin QGJ : : : ; ; —m— L=2 (simulation)

0 5 10 15 20 25 30 35 40

We consider a scenario of the perfect capture model in R
which each collided MTCD will wait for a random number
of RA opportunities that selected according to a uniform gigure 13. The average access delay of each MTCD in the
probability distribution between 0 andihax. The value  perfect capture model against different values of Ryaxfor L= 1,2
of Winax is set to be 20 RA opportunities. Also, if the and Nr = 15000
maximum number of retransmissions attempts is reached,
the collided MTCD will give up the RA procedure and
will return to the idle state until new data arrival. Notice
that each collided MTCD will be become active after a the first step of the RA procedure. However, in a practical
backoff duration and perform the ACB check to participate Scenario of M2M communications over LTE network, the
in the RA procedure according to what has been discusse@NB may not be able to detect all transmitted preambles
in section 3. by the MTCDs and should estimate the number of active

The average access delay of MTCDs against differentMTCDs in each PRACH opportunity. Regarding these
values ofRmax for L = 1 andL = 2 is shown in Fig. 13.  implementation issues, we have simulated and compared
As it is expected, by increasir@max most of the MTCDs  the RA throughput of the single power level and two power
remain back|ogged and hence experience more accedgvel schemes for three different scenarios: the RA with
delay as it is shown foi[d;] and E[d,] in Fig. 13. the perfect estimator and detector (ideal scenario), the RA

The maximum MTCDs’ access delay happens in the caseavith the imperfect detector, and the RA with the imperfect
where there is no limit for retransmission attempts, i.e.’estimator. Simulation results have been shown in Flg 14
Rmax= . In this case, the values &fd;] andE[d,] canbe  for Rmax= ©, Wmax= 0.

computed using (12) &07 and0.92 respectively; which In the imperfect detection scenario, we assume that
are demonstrated by the dashed lines in Fig. 13. Wherthe eNB cannot detect the transmitted preambles by the
Rmax = 0, the collided MTCDs do not retry to transmit MTCDs with probability ge. Fig. 14 shows that at the
their data/scheduled-requests. This causes the contendirfiftection error ofge = 0.2, the achieved throughput of
MTCDs remain active with probability— pacg and return both single power level and two power level schemes are
to the idle state with probabilitpacs. Hence, by replacing @lmost%20less than their corresponding ideal throughput.
s With gace, the probability that each MTCD be in We note that in the proposed multiple power level RA
active state[lae, would be equal toi Then, by method, only one co-tagged MTCDs may accomplish the
substituting the value oflagt in (9) and by solving (9) RA procedure. Hence, each detected preamble by the eNB
and (10), we can find the values qfcg andE[na] as ~ May imply just one successful transmission at the end of
1 and44.86 for both scenarios df = 1 andL = 2. In this RA procedure. Therefore, for large number of MTCDs,
case, the expected number of contending MTCDs is equalhe error in preamble detection leads to the reduction in
to E[naet] for L = 1 andL = 2 because ofjxcg = 1. Since the RA throughput proportionally. Faxr < 5000 due
gace = 1 andRmax = 0, there is no backlogged MTCDs to the lower number of selected preambles, there is not a
and the average access delay is equal to the time periogignificantdifference between the ideal throughput and the
of one PRACH subframe, i.€&[d | =5msL =1,2. Also,  Other scenarios fage = 0.2.

it is worth to mention that the average access delay in a 10 investigate the effect of estimating the number of
system with two power levels is less than the single poweractive MTCDs at the eNB, we use the estimation technique

max

level scheme. of [27] in each RA procedure. In this technique, at the first,
B. The effect of estimation and unsuccessful preambléhe eNB counts the number of idle preambles in iffle
detection at the eNB PRACH opportunity and divides it byl to compute the

So far, it is assumed that the eNB knows the numberProbability that one preamble remains idigye i. Then, by
of active MTCDs in each PRACH opportunity and there is considering the value dfigie j, the number of contending

no error in detecting the received preambles by the eNB aMTCDs which is denoted byCi, can be computed as
follows [27]:
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accordance with the available resources.Agtlenote the
2 In(Gde,) allowable number of contending MTCDs in each PRACH
In(M=1) opportunity that can be served by the eNB. In order to
sustain the number of contending MTCDs arouksl
it is assumed that the eNB computes the ACB factor
using the value of\g, and broadcasts it in each PRACH
opportunity. Therefore by considerig, gacg would be
é equal tomin{1, -2 Bfnea] o } We do not consider the available
number of preambles for computing the valuegjgég. The
parameters of this simulation are as followg: = 1500Q
Also, according to (10) and by using the value of M = 54, Rpax= %, Wnax= 0.

Now, the eNB can compute the number pf active
MTCDs in the(i +1)"" PRACH opportunity fronC; and
Oacei as follows R7]:

rA]act,iJrl = Oacai
i

facti+1, the eNB updates the ACB factor in tife+ 1)t Fig. 15 shows the RA throughput of the system with
PRACH opportunity as given by: L = 1,2,3 power levels against different values a.
Notice that the RA throughput of the system with
JACRI+1 = mln{ Z 1ny } power Ieye!s can be computed by replacmdn (5) W|th

Racti+1 the multiplication ofg; and the number of contending

MTCDs, i.e.,daceE[Nact]- As it is shown in Fig. 15, the
RA throughput of the system with two and three power
levels outperform the single power level scheme when
Ao is almost greater than 15. Also, as it is expected, the
maximum RA throughout of the system with power

é evels happens at the values that the total number of
contending MTCDs is equal t§& ; n; which are equal

to 53.5, 87.31, and 112.37 far= 1, L 2,andL =3.

The number of contending MTCDs can be controlled
by broadcasting the updated value @ycg by the eNB
in each RA procedure after estimation. As it is shown in
Fig. 14, the RA throughput of the single and two power
level schemes using this estimation technique follow the
corresponding ideal scenario where the proposed multipl
power level scheme outperforms the single power one.

30

‘, —O— L=1 (estimation)
—e— L=1 (ideal) 35
—7— L=1(q,=0.2)
—H&— L=2 (estimation)
| —=— L=2 (ideal)

A L=2(702)
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Figure 14. The RA throughput of the perfect capture model
against different values of Nr for three considered scenarios
when Whax= 0, Rpax=,and L =1,2

Figure 15. The RA throughput of the perfect capture model
against different values of Ap for Ny = 1500Q M = 54, Rpax= o,
Whax=0,andL=1 2, 3

C. Constraints on connection establishment

Connection establishment in the LTE suffers from the
limited amount of the resources available in downlink
and uplink. This causes all contending MTCDs which 6. CONCLUSION
successfully pass the first step of RA procedure, can not
be served by the eNB. That is, there is not sufficientWe proposed the multiple power level RA method to
resources in the PUSCH, PDCCH, and Physical Downlinkimprove the performance of the RA throughput of M2M
Shared Channel (PDSCH) for the traffic generated fromcommunications in the LTE/LTE-A network. At first, the
the selected preambles by the MTCDs. To show theoptimum selection probability of each power level is
performance of the multiple power level RA method derived based on the perfect capture model. Then, by
when there are constraints on the resources of uplinkconsidering the constrained energy budget of MTCDs,
and downlink, we consider a simple scenario of thewe extend the results for the SIR-based capture model.
perfect capture model in which the number of contendingThe proposed method has been evaluated for different
MTCDs in each PRACH opportunity is limited in numbers of MTCDs and different values of MTCD'’s
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energy budget in the perfect capture model and the SIR- wherenj is a value betwee@iandM, according to what
based capture model, by simulation. Moreover, we showhas been obtained in (7). The first-order derivative of the
that by considering the required condition, the proposedieft term in (34) with respect to] is:

method can be used to prioritize the access of MTCDs. The

results show that the multiple power level RA method can (In( M ))2(M —n)(1- i)M—nE >0

enhance the average number of successful transmissions M-1 M

and decrease the average access delay of MTCDs at the Which is a positive value for all possible valuesrgf
cost of more energy consumption of MTCDs and more Thus, the left term in (34) is an increasing functionngf
computations at the eNB. These advantages of the multipl@nd its maximum valuel, happens at = M. Then, the
power level RA method makes it suitable for emergencyinequality in (34) is true fon; € (0,M).

situations such as the power grid blackout. For future work, ~According to what has been discussed in this lemma, the
we will investigate the effects of RA channel properties, value ofS_at the boundary oflom§ _is less thar§§ and
i.e., noise and fading effects, on successful transmission§encen;,i=1,...,Lis the only global optimal point of the

at each power level. function§..
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