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Modeling of Distributed Queueing-Based Random Access for Machine
Type Communications in Mobile Networks
Ray-Guang Cheng , Senior Member, IEEE, Zdenek Becvar , Member, IEEE, and Ping-Hsun Yang
Abstract— Machine type communications (MTC) devices stay
in idle mode to save energy and should perform random
access (RA) procedure to obtain radio resources for data transmission. The RA procedure introduces access delay and extra
power consumption for the MTC devices. Thus, RA needs to be
optimized. In this letter, we develop low complexity analytical
models to rapidly estimate maximum access delay and average
number of preamble transmissions for distributed queueingbased random access (DQRA) protocol, which improves the
performance of standard RA for MTC in LTE. The proposed
model can be used to analyze the performance of group paging
using DQRA. The performance analysis shows that the proposed
analytical models accurately match the simulation results.
Index Terms— Random access, machine type communications,
analytical model, distributed queuing.

I. I NTRODUCTION

M

ACHINE type communications (MTC) is a new way
enabling communication between electronic devices
and machines through cellular networks. A key characteristic
of MTC is that it involves massive amount of simultaneous
attempts of devices to access radio resources. In LTE-based
cellular networks, a slotted ALOHA protocol is adopted as
the access control protocol. However, this protocol may lead
to a high collision probability and a huge access delay due to
serious congestion in random access channels (RACHs) [1].
There are many schemes developed to solve the collision problem in the ALOHA-based system (see, e.g., [2], [3]). Another
drawback of ALOHA, reported in [4], is a low throughput.
The throughput limitations can be overcome by a Distributed
Queueing (DQ) protocol [5]. The DQ protocol demonstrates
a stability of its performance and near optimum behavior in
terms of throughput and access delay. Such features makes the
DQ a suitable protocol for the RA of massive MTC devices
in future mobile networks.
In the DQ protocol, time is divided into slots and each
slot consists of two parts, access part and data part. The
first part is further divided into minislots representing access
opportunities. The DQ protocol is based on a tree splitting
algorithm with simple rules to organize each device into
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two virtual queues: i) contention resolution queue (CRQ) for
solving previous collisions and ii) data transmission queue for
the data transmission.
There are two implementations of the DQ protocol into
LTE RA structure. One is denoted as Distributed Queuing
Access Protocol for LTE (DQAL) [6] and the other one is
known as Distributed Queueing-based Random Access [7].
Both implementations apply the CRQ into LTE RA and the
minislots in DQ protocol are virtually mapped to the preambles
in LTE. The devices, which select the same preamble form a
collided group and transmit a new preamble in later random
access slots (RASs). The order of the collided groups in
the CRQ is based on the selected preamble (lower preamble
number served first). In DQAL, several collided groups can
retransmit different preambles in one RAS, while in DQRA
only one collided group retransmits the attempt in each RAS.
Simulation results in [7] show that the DQRA can reduce
access delay and energy consumption while maintaining a
low blocking probability for a high amount of devices simultaneously attempting to access radio resources. Comparing
to DQAL, DQRA conducts a simpler mechanism and outperforms the conventional LTE RA even for low number
of simultaneous arrival. Nevertheless, [7] does not provide
analytical modeling, which is needed to estimate the RA delay
bound for optimization of the RACH’s resource allocation. The
contribution of this paper consists in the analytical modeling
of DQRA to estimate the maximum access delay and the
average number of access attempts before devices obtain the
radio resources. We also address complexity of the models
and develop low complexity approaches for both metrics.
The developed models match simulation results, thus, can
be exploited for extensive evaluation of the impact of key
parameters on the DQRA performance and its optimization.
The rest of the paper is organized as follows. Section II
summarizes the principle of DQRA. Section III presents the
developed analytical model for both performance metrics.
Numerical results and conclusions are provided in Section IV
and Section V, respectively.
II. S YSTEM M ODEL FOR DQRA M ODELLING
In this section, a system model is outlined and a principle
of DQRA is described in order to provide background for the
analytical modelling.
We consider a fixed number of devices performing DQRA
in multichannel slotted ALOHA in LTE with the time divided
into fix-length access cycles. Each access cycle is composed
of ten sub-frames and contains a RAS reserved for the
devices to transmit their attempts to access the radio channel.
As in [8], we consider a one-shot RA scenario where all the
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Fig. 1.
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Example of DQRA operation and principle of queue management.

devices receive a group paging message from the eNB and
simultaneously transmit their first RA attempts in the first
RAS. We also assume an infinite number of retransmissions.
In each RAS, any device can indicate its willingness to
obtain communication resources by transmitting a preamble
randomly chosen from a predefined set of preambles.
As in [7], it is assumed that the eNB is not able to
decode simultaneous transmission of the same preamble by
multiple devices. Therefore, the eNB considers the preamble
transmitted by multiple devices as collided preamble and
devices do not receive radio resources for communication.
After receiving the preamble, the eNB broadcasts a Random
Access Response (RAR) containing the collision status of
each preamble. The device learns the success or failure of its
attempt according to the information in RAR. The successful
devices are assigned with dedicated channels for further communication based on the Connection Request message and the
access procedure is finished after reception of the Connection
Setup message by the device. The collided devices follow
DQRA proposed in [7] to determine the next RAS for new
RA attempts. New devices are not allowed to enter the process
if there is an ongoing contention in the selected RAS.
The DQRA protocol utilizes virtual CRQ to split collided
devices into groups to reduce the collision probability of
subsequent retransmissions. The queues and devices’ positions
in the queue are identified by two counters: RQ counter and
pRQ counter. The RQ counter represents the queue length
(i.e., the number of the groups of devices in the queue) and the
pRQ indicates the position of the group of devices within the
queue [7]. The devices colliding with the same preamble form
a contention group and enter the CRQ at the same position.
Each device computes its position in the queue (defined by
the pRQ) based on the information received from the eNB
in RAR message. In DQRA, the devices located at the head
of the CRQ (i.e., p R Q = 1) perform retransmission in the
upcoming RAS. After a group of devices retransmits the new
preambles in the new RAS, the RQ counter is decremented.
Contrary, the RQ is incremented if there is a new collision
of the devices with the same preamble. The counter pRQ is
decremented by all devices after each RAS until p R Q = 1.
The devices can transmit preamble in the next RAS when the
devices’ pRQ become equal to 1.
Fig. 1 illustrates an example of the DQRA operation. Let’s
assume three preambles are available in each RAS and Mi, j

represents the number of devices belonging to the j t h group
of devices colliding in the i t h RAS. The lower part of Fig. 1
shows the values of RQ and pRQ counters in individual
RASes. In this example, M devices simultaneously transmit
randomly chosen preambles in the 1st RAS. There is a
collision if two or more devices select the same preamble.
Let’s assume M1,1 , M1,2 , and M1,3 devices collide by choosing
preamble 1, 2, and 3, respectively, in the 1st RAS. The RQ
value is set to the amount of collided preambles, i.e., 3 in our
example. The amount of collided preambles is learned by the
devices from the RAR message sent by the eNB.
The pRQ value represents the position of the group of
devices within the CRQ and thus pRQ differs for all three
groups of collided devices. The collided devices enter the
CRQ in the order of the preambles they choose, i.e., p R Q is
set to 1 for the devices selecting the lowest preamble (in our
case M1,1 ). Hence, the pRQs for the groups of M1,1 , M1,2 ,
and M1,3 devices are set to 1, 2, and 3, respectively. The group
of the M1,1 devices is at the head of the CRQ (i.e., p R Q = 1),
thus, these devices transmit the new preambles in
the 2nd RAS.
Now, let’s assume that out of M1,1 devices colliding in
the 1st RAS, M2,1 and M2,2 devices collide again in the
2nd RAS. Both groups of M2,1 and M2,2 devices enter the
CRQ again. Thus the RQ counter is incremented by two and
the new RQ value is set to 4 (3 groups colliding in the 1st R AS
minus one group served in the 2nd RAS plus two groups
collided in the 2nd RAS). The pRQ values for the groups of
M1,2 and M1,3 devices, which are already in the CRQ from
the 1st RAS, are decremented, i.e., the new pRQ values are set
to 1 and 2, respectively. The pRQ values for the newly collided
M2,1 and M2,2 devices are set to 3 and 4, respectively. In the
3rd RAS, the group of M1,2 devices is allowed to retransmit
their preambles as their pRQ is equal to 1. In similar way,
the groups of M1,3 , M2,1 and M2,2 devices are scheduled to
transmit and succeed in the 4t h , 5t h , 6t h RAS, respectively.
Their counters are updated accordingly in each RAS as shown
in Fig. 1.
III. A NALYTICAL M ODEL FOR DQRA
In this section, we describe analytical models for maximum
access delay and average number of preamble transmissions
as these are key performance indicators for the RA.
A. Maximum Access Delay
Let Tmax (M, N) be the average value of the maximum
access delay (unit: RAS) required by M devices to successfully
access N channels. After the first transmission in the first
RAS, K preambles collide (0≤K ≤N) and remaining (N − K )
preambles are either idle or successful. In other words, DQRA
splits the devices into K collided groups. Let M1,k (M1,k ≥ 2)
be the number of devices in the k-th collided group (0≤k≤K ).
From the second RAS, the K collided groups operate independently. Hence, the average value of the maximum access
delay of the K collided group is the sum of the average
valueof the maximum access delays for these K groups
K
Tmax (M1,k , N). Hence, we can define Tmax (M, N)
(i.e., k=1
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K

as follows:

k=1
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N

= 1+

R(M1,k , N) ×

R(M, N)
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×(
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P(i, K )× K Tmax (i, N) (2)

K =1

i=2

where P(i, K ) is the probability that M devices access
N channels, and among them, there are K collided groups
and each collided group has exactly i devices. The second
summation covers all combinations of the numbers of devices
in collided groupsP(i, K ) is given by:
M−(K −1)i

P(i, K ) =

. Hence, we can obtain R(M, N) as:



P(M1,1 , M1,2 , . . . , M1,K |K )

K =0 M1,1 ,M1,2 ,...,M1,K
K


R(M1,k , N) ×

k=1

Mi,k
)
M

(4)

Applying P(i, k) as in (2), R(M, N) can be written as:

where the number  1 represents the first RAS,
P(M1,1 , M1,2 , . . . , M1,K |K ) is the conditional probability that
K preambles collided in total, each preamble colliding with
M1,1 , M1,2 , . . . , M1,K devices, respectively (i.e., probability
of the possible combinations for all K collided groups).
P(M1,1 , M1,2 , . . . , M1,K |K ) is calculated as a multiplication
of the number of combinations of the collided devices chosen
out of M devices and the number of combinations of the
successful devices chosen out of the remaining devices.
The concept of (1) is straightforward, however, it is a
time-consuming process to calculate Tmax (M1,k , N) since the
total number of terms in (1) becomes intractable for large
values of M and N as the computational complexity of (1)
is O(N × M N + 1). The computational complexity of (1)
can be reduced by reordering the collided groups from a
variety of the combinations and by merging together the
collided groups, which have an identical number of devices.
The reordering and merging process can greatly reduce the
number of individual terms to be calculated (the computational
complexity is O(N × M 2 )) while the results of computation
are identical. Hence, Tmax (M, N) can be rewritten as:

Tmax (M, N) = 1 +

N


Mi,k
M

C KN CiM . . . Ci
NM

×

N!
(N − (M − K i ))!

(3)

y

where C x is the number of x-combinations from a given set
y
of y elements (C x = 0, if y < x).
B. Average Number of Preamble Transmissions
Let R(M, N) be the average number of the preamble transmissions for M devices to access N channels. Analogically
to (1), K preambles collide (0≤K ≤N) and remaining (N − K )
preambles are either idle or success after the first transmission
in the first RAS. From the second RAS, the K collided
groups operate independently. Hence, the average number of
the preamble transmissions is the sum of the average number
of the preamble transmissions for these K groups. That is,

R(M, N) = 1+

M

i=2



min{ Mi ,N }



K =1

P(i, k)×k R(i, N) ×

i (5)
M

IV. E VALUATION AND D ISCUSSION
In this section, the performance metrics, simulations
set-up and system parameters are described. Then, the numerical results of the analytical model are presented and compared
with simulation results.
A. Performance Metrics
The maximum access delay (in seconds) and the average
number of preamble transmissions are chosen as the performance metrics.
The maximum access delay is the time elapsed between
the first attempt to access the radio resources (1st RAS) and
reception of the Connection Setup message by the last device
out of all M devices. The maximum access delay (in seconds)
is modeled based on (2) and transformed to time units as:
Tmax(M, N)×TR A

R E P +TR AR +TR RC +r and[1, TC R ]

(6)

where TR A R E P is the time interval between two successive
RASs, TR AR is the time interval between RA attempt (preamble) and RAR, TR RC is the time interval between the RAR
and Connection Request, and TC R indicates the maximum
duration for receiving Connection Setup. Note that TC R is set
for a device to consider that Connection Setup is not received,
therefore, we assume the Connection Setup arrives in random
time between 1 and TC R after sending Connection Request.
The average number of transmissions is obtained directly
by enumeration of (5).
B. Simulation Set-Up and System Parameters
Simulations are conducted in C-based simulator to verify
the accuracy of the proposed analytical model. The results
are averaged out over 1 000 simulation drops. Each sample is
obtained by performing one-shot DQRA with M devices and
N preambles available for each RAS. According to LTE, the
duration of one sub-frame is 1ms. The simulations environment is duplicated from [7], i.e., M = 10 ∼ 2500; N = 6,
18, 36, 56; TR A R E P = 10 subframes; TR AR = 2 subframes;
TR RC = 5 subframes; TC R = 15 subframes.
C. Analytical and Simulation Results
The analytical and simulation results for both performance
metrics are shown in Fig. 2 and Fig. 3, respectively.
As depicted in Fig. 2, the maximum access delay increases
with decreasing number of available preambles since the
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Fig. 2.
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Maximum access delay (in seconds).

Fig. 4. Maximum access delay (in seconds) as a function of the number of
preambles.

of two effects. First, a lower collision probability due to a
higher number of preambles leads to a lower access delay
(as for the low N). Second, for a higher N, a larger time
is required for retransmissions as the distributed queues are
served sequentially. A combination of both effects leads to a
non-monotonic behavior for the larger M, as shown in Fig. 4.
V. C ONCLUSION

Fig. 3.

Average number of preamble transmissions.

collision probability is inverse function of the number of
preambles. For N equals to 18 and 36, the maximum access
delay converges and reverse around M equals to 1700 devices.
It is because, in DQ mechanism, the devices retransmit in the
order of their positions in the CRQ and the length of CRQ
affects the access delay of devices. Thus, when the number of
preambles increases, the chance of successful access increases
as well, but the waiting time for retransmission can also
become high due to the longer CRQ. Comparison of the
analytical models and the simulations shows the analytical
model perfectly matches the simulation results.
Fig. 3 shows that the average number of preamble transmissions rises with the number of devices and then saturates for
large M. This confirms that DQRA is able to serve access of
massive amount of MTC devices. Like in the previous figure,
the analytical model perfectly fits the simulations.
Fig. 4 shows that for smaller values of M, increasing N
effectively reduces the maximum access delay because the
success probability is significantly increased. However, for a
larger M, the retransmission delay first drops rapidly with
rising N to a local minimum (about N = 16 and N = 18
for M = 1500 and M = 2500, respectively). Then, the
access delay slightly increases to a local maximum and starts
slowly decreasing again. This behavior is due to a combination

In this paper, we have developed the analytical model for
fast estimation of DQRA performance. The analytical models
of the average number of transmissions and the maximum
access delay can be used for an optimization of the RACH’s
resource allocation. The numerical results derived by the analytical models demonstrate that the models accurately match
the simulation results and confirm the behavior of the DQRA
in the sense that a low number of transmissions is needed to
obtain access to radio resources even for a high number of
simultaneously accessing MTC devices.
As the DQRA is a potential solution to handle massive
number of devices in LTE. In the future, more performance
metrics, such as energy consumption should be modeled.
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