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Abstract—To reduce the uplink channel access latency in
LTE/LTE-A, we propose a Transmission Time Interval (TTI)
bundling scheme for the random access procedure. With the
proposed method, a UE sends multiple preambles in consecutive
subframes in order to increase the success rate of random access
and hence to reduce the latency. We introduce a Semi-Markov
model to accurately model and analyze the random access
mechanism with TTI bundling. With this model, we formulate
the access latency as a function of the number of TTI bundles
and select the optimal value which minimizes the channel access
latency. The proposed Semi-Markov model is validated against
simulation and the performance of the TTI bundling method
is also evaluated. We find that channel access latency can be
significantly reduced when the preamble collision rate is not high.

Keywords—LTE, Random Access, TTI bundling, Semi-Markov
Model.

I. INTRODUCTION

Low-latency protocols and access methods are becoming
crucial to improve the spectral efficiency and to lower the
energy consumption in end-devices, especially in view of
emerging application scenarios found in machine-to-machine
communication, online interactive gaming, social networking
and instant messaging. However, the majority of wireless
systems, including LTE/LTE-A, are designed to support a
continuous flow of information, at least in terms of the time-
scales needed to send several IP packets, such that the induced
signaling overhead is manageable. While these systems are
intended mostly for downlink-dominant and bursty traffic,
emerging application scenarios are of generally different char-
acteristics [1], namely: uplink dominant packets, periodic and
event-driven packets, small and low duty cycle packets. Such
applications do not necessarily need an increase in the maximal
data rate though part of the 4G-5G requirement [2], they
rather call for an efficient support for low-latency, potentially
coordinated, channel access, and in particular for small to very-
small packets. We argue that in 4G/4G+ system, this represents
an opportunity to limit the modifications in the physical layer
and redesign the access and transmission protocols to obtain
the desired features.

Currently, to reduce the signaling overhead for the uplink
scheduling, a UE can use random access channel for uplink
channel access (see Ref. [3] in case of machine-to-machine
communication). More specifically, to apply for uplink trans-
mission resources from eNB, a UE sends the scheduling
request (SR) message through random access, which provides
a channel access latency of 14 ms in the best case (see Fig. 1).
However, if the random access fails, UE has to backoff before
starting another random access. This significantly increases

the channel access latency, which may not be desirable for
the interactive and/or realtime applications that require fast
reaction time to an event.

A lot of efforts has been given to improve the performance
of random access, with particular attention to machine-to-
machine communication (small low duty cycle packets). In
Reference [4], a self optimization method for random access is
proposed, which pre-computes the random access parameters
(offline approach) to guarantee the channel access latency.
Different backoff schemes for random access are analyzed
in [5]. Based on this method, a dynamic window assignment
method is designed, and as a result, the performance of random
access is greatly improved compared to the fixed window
scheme. Reference [6] suggests a fast collision resolution
method for random access. This method utilizes the timing
advance information of the stationary UEs to identify UEs and
handle collisions between UEs.

To increase the success rate of the random access, we pro-
pose a TTI bundling scheme for the transmission of preambles.
In the proposed method, a UE sends multiple preambles in
several subsequent TTIs (i.e. subframes), by which a random
access is successful if at least one of the preambles is correctly
received by an eNB without a collision. We use a semi-markov
model to analyze the random access with the TTI bundling
scheme. With this model the access latency is derived as a
function of the number of TTI bundles, and hence the optimal
TTI bundling number which minimizes the access latency is
found. The idea of TTI bundling is not new and introduced in
LTE Rel. 8 to improve the uplink coverage for VoIP application
[7]. The method allows a UE to send multiple VoIP packets
through a bundle of several subsequent TTIs before receiving
the HARQ from the serving eNB, which eliminates the latency
caused by the packet retransmissions and thus improves the
QoS for VoIP application [8].

The reminder of this paper is organized as follows. Section
IT provides a background information on the random access
mechanism in LTE/LTE-A and presents the basic idea of the
proposed TTI bundling scheme. Random access model with
TTI bundling and the assumptions are explained in Section
III. The method and how the optimal number of TTI bundles
is calculated are detailed in Section IV. Section V presents the
model validation and simulation results. Finally, Section VI
provides the concluding remarks.

II. RANDOM ACCESS IN LTE/LTE-A AND THE TTI
BUNDLING SCHEME

Fig.1 depicts the procedure for the contention based ran-
dom access in LTE/LTE-A [9]. Firstly, a UE sends a randomly



selected preamble when the backoff counter becomes zero.
Secondly, if the preamble is correctly received by eNB, the
eNB sends the random access response (RAR) information
during the RAR window. Thirdly, UEs decode the RAR mes-
sage. If a UE finds its preamble identifier in the RAR message,
it sends a L2/L.3 message, for example scheduling request SR
(L2 message) or RRC connection request (L3 message). It
has to be noted that multiple UEs send L2/L3 message on
the same resource if they select the same preamble in the
first step (preamble collision), which results in that the L2/L.3
message might not be correctly received by eNB. Finally,
the eNB sends the contention resolution to acknowledge the
correctly received L2/L.3 message. Assuming that the time used
to decode preamble, RAR, and L2/1.3 message is 3ms, the total
latency is around 14 ms in the best case (no preamble collision
and no wireless channel error). However, if the initial random
access fails, a UE has to backoff for certain time before starting
a new random access attempt.1
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Fig. 1. Contention based random access in LTE

To improve the success rate in random access, we propose
a TTI bundling scheme as shown in Fig.2. With the proposed
scheme, a UE sends several randomly selected preambles in
consecutive subframes to perform multiple random access at-
tempts, which is referred to as TTI bundling for random access.
Here we consider the multiple random access in consecutive
subframes as a random access round. It is obvious that if one of
these preambles in a random access round is correctly received
by eNB and without collision, the random access round is
successful, which eliminates the time that a UE has to wait
for to start another random access when the initial random
access fails. It seems that increasing the number of bundling
TTIs yields higher successful probability for a random access
round and thus reduces latency. However, this is not always
true as the preamble collision rate increases with the number
of bundling TTIs. This is because each UE has to trigger more
transmissions when bundling larger number of TTIs, which in
turn could reduce the success rate of a random access round
and accordingly increases the latency. Therefore, the optimal
selection of TTI bundling number in non-trivial.

'The maximum length of the backoff time is signaled by the eNB and can
vary from 0 to 960 ms.

Time UE eNB
P _ TTl bundling
1ms "eampye P
- P
2ms -
3ms - 2ms
0 1 3ms
X_]3m

Corrupt due to

first
RAR for the ——{ 5ms

Vpr,eamb\e i wireless channel

6ms —d error

__Zfor the 5e€©
7ms < raRfort

R preamblé
ams L3
10ms | ) ,m?Ssgge

i % 10 ms

“11ms
\ution

Content\o“ e 13ms

14ms | 14ms

15ms I©

Fig. 2. Contention based random access with TTI bundling

III. RANDOM AcCCESS WITH TTI BUNDLING MODEL
AND ASSUMPTIONS

To find the optimal number of TTI bundles, a mathematical
model is needed to analyze the random access mechanism. The
existing random access models are based on a multichannel
slotted ALOHA [10]- [11], where the delay and throughput of
the random access procedure can be derived. However, they
cannot be used to analyze the benefits of the TTI bundling
scheme as they do not consider the backoff procedure after an
unsuccessful transmission and the waiting state for a random
access response.

We apply the Semi-Markov process to model the random
access in LTE/LTE-A and to analyze both the regular random
access as well as the random access with the TTI bundling. In
the proposed model, the following assumptions are made.

Collision: We assume that each packet collides with a constant
and independent probability. The assumption is feasible when
the backoff window and number of UE are large [12].

Packet Transmission: Regardless of the packet size, all the
packets in a UE’s buffer can be sent by one uplink trans-
mission. This assumption is reasonable as a UE can provide
a buffer status report for the eNB scheduler through the
L2/L3 message (see Fig. 1). Note that during the random
access, it is possible that new packets are generated. With this
assumption, these new packets are delivered with precedent
packets. Therefore, when a UE re-starts at the initial state, there
is no packet in its buffer. Moreover, due to the memoryless
characteristic, the probability that a packet arrives in one
subframe is not changed.

Traffic Model: The packet arrival is Poisson distributed. This
is a simplifying assumption, for analytical purposes, but can
be relaxed later (not considered in this paper).

Random Access opportunity: The random access channel is
available in every subframe, which is related to random access
resource configuration index 14 specifed by 3GPP [13].

Fig. 3 shows the proposed Semi-Markov process model for
random access with TTI bundling, where there are three types
of state: idle, backoff, and random access.
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Fig. 3. Semi-Markov process model for random access with TTI bundling

o Idle state Sy p means there is no packet in the UE’s
buffer.

e Backoff state S; ;,i € [1, M], j € [0, W; —1], means that
the UE in the ¢th backoff stage and the backoff counter
is j, where M is the transmission limit and W; — 1 is the
maximum backoff counter size for ith backoff stage.

e Random access transmission state S; g, i € [1,M],
means that a UE is performing multiple random access
attempts, i.e., sending preambles or L2/L.3 messages, and
waiting for the response from eNB, such as RAR or
contention resolution message.

A UE transfers between states as follows.

e When a UE is at state Sp g, if a packet arrives in one
subframe then UE selects a random backoff counter j
over [0, — 1] and transfers to state Sp ; to start the
first backoff. Otherwise it remains at state Sy . When a
UE is at state .S; j,4 € [1, M],j € [0, W; — 1], it transfers
to S; j_1 after 1ms.

e When a UE is at state S; g, ¢ € [1, M — 1], it transfers to
state .Sy  if a contention resolution indicating a success-
ful random access is received. In contrast, it transfers to
state S;11,; ( j is randomly selected over [0, W1 — 1))
to start another random access round if the n,n € [1, N,
random accesses in one random access round all fail,
where n is the number of bundling TTIs and N is the
limit of TTI bundling number.

e When a UE is at state Sy, g, whether the random access
attempts in this round are successful or not, it transfers
to state Sp r when the random access round ends.

IV. OPTIMAL TTI BUNDLING FOR RANDOM ACCESS

Following the model presented in the Fig. 3, we denote the
probability that a packet arrives during one subframe (1ms)
as po, the state transition probability from So g to Sy, j €
[0, W, — 1], is po/W;. Similarly, we denote p;, i € [1, M —

1], as the unsuccessful probability for the ith random access
round, therefore the state transition probability from S; g, 7 €
(1, M = 1] to Sit1,5,j € [0, Wig1 — 1] is pi/Wia.

Denoting 7; ; as the stationary probability for state S; ;
(the probability that UE remains at a given state), it can be
calculated as:
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With the first and second equations in equation system (1),
we have:
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By the use of the third and fourth equations in equation
system (1), we get
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The sum of the all state’s stationary probabilities is 1,
which yields:
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Now let us calculate the state transition probabilities.
Assuming the packet arrives following Poisson distribution
with arrival rate )\, the probability that a packet arrives in one
subframe is pg = 1 — e~

One random access round is unsuccessful if all the random
access attempts in this round are unsuccessful, therefore p; =
P,; Where pp; is the unsuccessful probability for one random
access in the 7th random access round.

An unsuccessful random access is caused by erroneous
transmission for the preamble or the unsuccessful delivery
of the L2/L3 message. More specifically, the unsuccessful
delivery of the L2/L3 message is also caused by two sub-
cases: (1) collision of the preamble, which leads to the failure

9.



for the L2/L.3 message delivery, and (2) the L2/L3 is corrupted
due to wireless channel error. In the later case, the preamble is
correctly received by the eNB without any collisions, however
the L2/L.3 cannot be successfully decoded by the eNB due to
the wireless channel error. With the above analysis, we have

pri =pEi+ (1 —pEi)pe + (1 —p)(1 —pEi)PEg

In the above equation p, is the collision rate for a preamble;
P, is the error probability caused by wireless channel for a
preamble in the ith random access round; pgg is the error rate
to send the L2/L.3 message which contains SR and Ngarg
is the maximum number of HARQ transmissions. Since the
L2/L.3 message containing SR is of very small size, therefore
its_error rate pgpg is very small (less than 0.1) and hence
pNHARQ ~ 0 considering that Ny arq is usually larger than
2. With this result, we have pr; =~ p. + PE;: — DcPE.:-

From the perspective of one UE, collision happens when
there are other UEs selecting the same preamble, therefore

(Nui— 1) P11 (- ) )

p

HARQ (8)

No—1

pe= )
i=1
In the above equation N, is the total amount of UE; 7 is the

probability that a UE sends a preamble in one subframe; N,
is the number of available preambles for random access.

Now let us calculate the state holding time for this Semi-
Markov process model. It is obvious that the state holding time
for S()’E and SiJJ S [1,M],j € [O,W — 1] is 1ms.

For the UE at S; g,i € [1, M], the calculation for state
holding time is less obvious. We denote the duration that starts
at the end of a preamble transmission and ends at the time
instant when receiving the RAR message for that preamble as
Tragr and the time used to decode the RAR message as 1.
Therefore, the SR message is sent Trar + Ip ms after the
preamble’s transmission if the RAR message is received (no
wireless error for the transmitted preamble). As stated above,
when the UE is at S; g, € [1, M], the state transition happens
when one random access is successful or all the random access
in one random access round fail. Hence, we calculate the state
holding time for three cases:

1) The jth, j € [1,n], random access in the ith, i € [1, M],
random access round is successful.

The probability for the first case p7; is

1—1
[T prpiei (1 = pra),i > 1 (10)
k=1

or -
Py (L=pra),i= 1. (11)

When a random access succeeds, the UE transfers to the
initial state So g after decoding the contention resolution
message. Denoting Togr as the average duration which
starts at time instant when a UE sends the SR message and
ends at the time instant when a UE decodes the contention
resolution message, the state holding time for the first case
is T = j+Trar+Tp +Tcr

2) None of the random access in the ith, ¢ € [1, M], random
access round is successful, and the UE receives the RAR
message from eNB for the last transmitted preamble.

3)

In this case, a UE sends the L2/L.3 message. However, as
the random access is unsuccessful, it cannot receive the
contention resolution message. This UE will transfer to
the initial state Sy g when the contention resolution timer
expires.

Therefore, the state holding time for the second case is
TE = n + Trar + To + Tiimer wWhere Tiimer is the
duration for contention resolution timer. The probability for
this second case when 7 > 1 is

i—1

7= T[ prpi' Prar.. (12)
k=1
When ¢ = 1, the probability for the second case is
pi =0y Prara- (13)
where Prap,i € [1,M], is the probability that the

collision happens for a random access in the ¢th random
access round and UE receives the RAR message. The
Prar, is calculated by equation (14). In equation (14)
r;5+1 1s the detection rate for the preamble in the ith
random access round when j + 1 UEs (one UE plus j
contending UEs) send the same preamble. If 7; ;41 ~ 1 for
7 > 1, i.e., a preamble can mostly be detected when it is
sent by multiple UEs, then Pragr; =~ pe.

None of the random access in the ith, i € [1, M], random
access round is successful, and the UE does not receive
RAR for the last random access.

In this case, after sending the last preamble the minimum
time that a UE will stay at state S; r is Ty, i.e., the
minimum state holding time for state S; r is Ty, where
Tw is the duration which starts at the time instant when a
UE sends a preamble and ends at the last subframe of RAR
window. Besides that, if this UE has received the RAR for a
random access in this round (not the last random access in
this round), it cannot transfer to the initial state Sy g until
the contention resolution timer ends, which may extend the
state holding time. Denoting the time instant when a UE
sends the jth, j € [1,n], preamble as ¢; and assuming the
RAR is received by UE for this preamble, its contention
resolution timer ends at t;+TrAr+TD+Ttimer. Therefore,
for a preamble transmission which can extend the UE’s
state holding time at state .S; r,¢ € [1, M], its transmission
time instant ¢; should satisfy the following the condition

t; +Trar + T + Tiimer > tn +Tw (15)

where t,, is the time instant when a UE sends the last
preamble.

Since t, = t; + (n — j) where n is the index of the last
preamble sent in a random access round and j is the index
of the jth preamble sent in a random access round, the

above calculation is rewritten as

J+Trar +Tp + Ttimer > n+ Tw. (16)

We can find the minimum preamble index j satisfying the
above formula, which is denoted as z.

Therefore, when a UE can transfer from state S; p to
another state is determined by the status whether RAR is
received for the kth preamble, k € [z,n— 1]. Specifically, a
UE transfers from state .S; g to another state when the kth
preamble’s contention resolution timer ends if the following
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conditions hold: (a) RAR is received for this preamble; (b)
the random accesses are unsuccessful for the preambles
sent before it; (c) no RAR messages are received for the
preambles sent after it.

Accordingly, the state holding time is

T{% = k+ Trar + Tp + Trimer a”n
and its probability p;, is

i—1

[1pivhi PrariPRRhg:, i>1 (18)
j=1
or
Pia Prara PR Rap, 1= 1 (19)

where Pnyrar,i, @ € [1, M], is the probability that no RAR
is received in one random access of the ith random access
round. The RAR is not sent to a UE if the transmitted
preamble sent by one UE (or multiple UEs) is not correctly
detected by eNB, therefore we have equation (20).

It is also possible that no RAR is received for all the random
accesses whose index are larger than z. Then the state
holding time is T}, = n 4 Tw and its probability p;",
is

Hp]pz PR, 1> 1 Q21
or
Piy PNpams i=1 (22)

If r; ;.1 = 1 for j > 1, i.e., a preamble can mostly
be detected when it is sent by multiple UEs, we have

Pnrar,i = (1 —pe)pE,i-

With the above results, the average holding time T; r,% €
[1, M], for state S; g is

Z] 1pz ]Tz_] +pRTR + ZJ Zpl:] 17]
Zj:l pi,j +pf+ Zj:z pi,j

Tir = (23)

When a UE is at state S; g, € [1, M], the average duration
which is used for sending preambles is

Z;‘L:I pfjj +pz n+ Z] zp1]

DY PR AR DI

Therefore, the proportion of time that a UE is sending a
preamble, i.e., the probability that a UE sends a preamble in
one subframe, is

Tirx = (24)

i T, RT'L TX 25)
i=1
where
M W-1 M
T=mpe+», > m;+y melir.  (26)
i=1 j=1 i=1

is the average holding time for all the states.

i=1 \/

It can be seen that equations (25) and (9) comprise a
equation system with two unknowns p. and 7, which can be
solved by the use of numerical method.

Provided that the ¢ € [1, M] random access round is
unsuccessful, then the duration that UE stays at state .S; r is
the latency introduced by this random access round. Denoting
the latency in this case as d}, it is calculated by

R N N
T +Zg Zpl]nj

d =
P+ Zj:z pi,j

K2

27)

If a random access is successful at the first random access
round, no latency is caused by the subsequent random access
rounds. Therefore, we have 77 = 0. However, if a random
access is successful at the ith random access round, the latency
caused by the precedent unsuccessful random access is

Zdi

€ [2, M]. (28)

Now let us calculate the access latency for random access
which is defined as the duration that starts at the time instant
when a UE wants to trigger a random access and ends at the
time when that UE receives a contention resolution message
indicating the random access is successful. Assuming the ran-
dom access is succeed in the jth transmission of the ith random
access round the access latency includes (1) the duration of
Z;,l TJ which is used for backoff, (2) the duration of Tfj
which is the time used for the successful random access in the
current round, and (3) the latency 7/ which is used for the
precedent unsuccessful random access rounds.

With above analysis, the average channel access latency
caused by random access is calculated by

(Jl

- Pry pFl) Wi

g= 3 PE o) Wi s

j=1 1_1_[1 1P

M n (j—1)

[Ti= 11’ka1 (1—pri) Wy g
T T

PSS Mt () S ey
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29)

The optimal TTI bundling number which minimizes the
access latency is

arg min d
n (30)
subject to n < N

where NN is the limit of TTI bundling number. The L2/L3
message is sent Trar + Tp ms after the first preamble’s
transmission if the preamble is correctly received by eNB. As
a UE cannot send a L.2/L3 message as well as a preamble at
the same time, the maximum bundling TTI number N should
be no larger than Trar + Tp. Since we do not have a closed
form of d in the term of n, therefore the above optimization
problem can only be solved by exhaustive search.
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For some power constrained devices, the optimal TTI
bundling number obtained from the above equation might be
adjusted to achieve a trade-off between the power consumption
and the latency constraint.

V. RESULTS
A. Simulation Parameters

The simulation parameters are shown in Table I. Here
the total number of available preambles is assumed to be
20. While the total number of available preambles in LTE
is 64, this assumption allows us to study the behaviour of
the proposed method under a high collision rate regime.
In addition, this assumption is also related to the scenario
where the available preambles are divided into multiple (non-
)overlapping sets to control the collision across multiple ap-
plications, e.g. one for human type communication and the
other for the machine type communication [14]. Two packet
arrival rates are considered: A = 1/100 and 1/50 packet/ms,
which correspond to the interactive and/or realtime application
scenarios (e.g. realtime machine-to-machine communication
and online interactive gaming). In case of no collision, the
preamble detection rate is assume to be 1 — ?11 similar to [3],
where ¢ € [1,M] indicates the ith preamble transmission.
When a preamble are sent by multiple UEs, it can always
be correctly decoded, r; ;1 ~ 1 for 7 > 1. This assumption
is quite typical in LTE. If a preamble is sent by two UEs, two
peaks appear at the eNB side. The probability that neither peak
can be decoded by eNB is relatively low.

TABLE 1. SIMULATION PARAMETERS
Parameter Value Description
T 5 ms Time elapsed Abetwe~en the preamble transmission
RAR and the reception of RAR message
Tp 3 ms Time used to decode a RAR message
Time elapsed between the transmission of an SR
Tcr 8 ms and the reception of a contention resolution mes-
sage
T 15 ms Time elapsed between the pream‘ble transmission
and the last subframe of RAR window
Tiimenr 24 ms Duration of contention resolution timer
M 5 Transmission limit for random access
Ny 20 Number of available preambles for random access
N 8 Max TTI bundling number
Wi, i € [1,5] 30 Backoff Window Size

B. Model Validation

To validate the proposed method, we compare the simula-
tion results with the analytical results obtained using equation
(29) in Fig. 4. To validate the applicability of the modelling
approach for both regular random access and random access
with TTI bundling, simulations are performed with 1 and 2
TTI bundles (i.e. n = 1 and n = 2). As shown in Fig. 4, the
analytical results match the simulation results validating the
modelling approach.

C. Optimal TTI bundles and The Induced Latency

Fig. 5 depicts the optimal TTI bundling number under
different numbers of UE and packet arrival rates. It can be
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Fig. 4. Comparison of simulation and analytical results

seen that the optimal TTI bundling number non-increases as
the number of UE and the packet arrival rates increase. The
reason for this phenomenon is that, the preamble collision rate
grows with the number of UEs and the packet arrival rate.
Therefore, when the number of UEs and/or packet arrival rate
become large, a UE should bundle smaller (or same) number of
TTI to reduce the collision rate. Moreover, we also find that
the TTI bundling number scales with the packet arrival rate
in that higher packet arrival rate limits the number of bundles.
This is reasonable since the packet collision rate increases with
packet arrival rate. Therefore, smaller TTI bundling should be
used to control the collision.
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Fig. 6 compares the latency obtained using the results
shown in Fig. 5 to the latency without the TTI bundling
scheme. It can be inferred that the latency is greatly reduced
until the average number of simultaneous channel access is less
than the number of available preambles, e.g. with A = 1/50
and 1000 users, there will be 20 random channel access
attempts per subframe. Thus, the achievable latency gain is
also dependent on the number of available preambles. From
the figures, it can be seen that there are two regimes. In the first



regime, the preamble collision rate is not very high, and thus
bundling multiple TTIs greatly increases the successful rate of
the random access procedure. For example when A\ = 1/100,
n = 1, and N, = 500,the collision rate is 0.22 and the first
random access round successful rate is 0.50 and the resulted
latency is 61ms. When the TTI bundling number n increases to
8, though the collision rate increases to 0.36, the first random
access round successful approximately equals 1 which reduces
the latency to 33ms as shown in Fig.6. In the second regime,
the preamble collision rate is high, thus bundling multiple
TTIs further increases the preamble collision rate. As a result,
the random access success rate could not be improved. For
example when A = 1/50, n = 1 and N,, = 800, the collision
rate is 0.48; the first random access round successful rate is
0.33 and the latency is 85ms. When the TTI bundling number
n increases to 2, the preamble collision rate jumps to 0.65
and the successful rate for the first random access round only
increases to 0.45 which slightly reduces the latency to 81ms
(see Fig.6). Therefore, to reduce the random access channel
access latency when the preamble collision rate is high, the TTI
bundling is applicable only when more preambles and/or more
PRACH resources can be (dynamically) allocated to lower the
collision rate.
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Fig. 6. Latency comparison with and without TTI bundling

Fig.7 shows the channel access latency under different TTI
bundling number when A = 1/100 and 1/50, and N,, = 500. It
can be observed that the latency can increase if the number of
bundles is not optimally selected (see the curve for A = 1/50).
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Fig. 7. Latency under different number of TTI bundles

VI. CONCLUSION

In this paper, we propose a TTI bundling method to reduce
the uplink channel access latency in LTE/LTE-A. With TTI
bundling, a UE sends one or multiple preamble(s) in one
random access round to increase the random access success
rate. To find the optimal TTI bundling number which mini-
mizes the channel access latency, we apply a Semi-Markov
model to formulate the access latency as a function of TTI
bundling number. The proposed model is validated through
simulations and performance of the proposed TTI bundling
scheme is also evaluated. We find that the TTI bundling
scheme can significantly reduce the uplink latency when the
preamble collision rate due to simultaneous channel access
is not high while the latency improvement vanishes as the
preamble collision rate increases.
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