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Abstract—Cellular systems are gaining more attention as a
means of connectivity solutions for machine-type communications
(MTC). The future cellular systems need to encounter new
features in order to meet the diverse requirements of MTC
applications. Ultra-reliable with low-latency communications
(URLLC) is one of the considered features, required for mission-
critical applications. This paper attempts to provide a better
understanding of URLLC in the cellular systems. It considers
different transmission modes and presents the required signaling
and data transmissions. The optimal resource allocations are
formulated for data transmissions. In addition, simplified solu-
tions are given in order to reduce the computation complexity of
resource allocations.

Index Terms—5G, cellular systems, D2D, ultra-reliable com-
munications, low-latency.

I. INTRODUCTION

Machine-type communications (MTC) is becoming an im-
portant part of our digital society. It enables a wide range of
services and applications in different domains. Cellular sys-
tems are considered as a prime choice for providing the con-
nectivity for MTC applications. They offer mobility support
and scalability for machine devices. However, the envisioned
MTC applications have different requirements. This makes the
implementation of these applications challenging over cellular
systems. The efficient support of MTC applications relies on
embedding new features in the future cellular systems [1].

Ultra-reliable with low-latency communications (URLLC)
is an essential feature for many MTC applications, such as
industrial automation, public safety, and vehicular communi-
cations. This indicates that a generated message should be
delivered within a short period of time with high success
probability [2]. The Third Generation Partnership Project
(3GPP) targets at providing reliability up to 10−5 within 1
millisecond (ms) in the future cellular systems [3].

The fifth generation (5G) of cellular systems is foreseen as
a converging technology, providing connectivity for human-
centric and machine-type applications. This entails that the 5G
networks encounter novel features which are not supported in
the current cellular systems. These features include: support
of massive number of machine devices, URLLC, coverage
enhancement, and low-power consumption mode. In order
to enable these features, various network modifications and
enhancements have been proposed [1]. For example, a flexible
frame structure allows adapting the transmission time interval
(TTI) according to the latency requirement. The shorter TTI,
as 0.125 ms, can be utilized for delay-sensitive applications

to reduce the over-the-air transmission time [4]. Massive
multiple-input-multiple-output (MIMO) antennas can be em-
ployed to improve the link quality. Support of device-to-device
(D2D) communications enables establishing direct links be-
tween nearby devices [5]. New medium access control (MAC)
schemes can be implemented for event-based applications to
establish the communication link faster.

This paper describes how the URLLC can be enabled in cel-
lular systems. It presents three different transmission modes.
For each mode, the required signaling and data transmissions
are explained. Accordingly, we find the maximum number
of transmission attempts and formulate the optimum resource
allocation. In addition, the efficiency of transmission mode is
assessed in term of achievable transmission rate.

The rest of the paper is organized as follows. Section II
describes the system model and the transmission modes.
Section III presents the optimum resource allocations and
performance comparisons for the considered schemes. Finally,
conclusions are drawn in Section IV.

II. TRANSMISSION MODES AND SYSTEM MODEL

We consider an ultra-reliable and low-latency data transmis-
sions between two machine-type devices operating in a cellular
system shown in Fig. 1. In cellular systems, data transmissions
are performed over dedicated radio resources. The cellular
network can allocate the radio resources in different manners,
such as, adaptively, persistently, and semi-persistently [6].
We assume that the transmitter device generates sporadic
messages. In this case, the device needs to send a scheduling
request (SR) message whenever it has a message to transmit.
The eNodeB then allocates the required resources adaptively.
In the process of resource allocation, the eNodeB needs to
know the quality of communication links. This information
can be obtained through a feedback channel.

The tolerable latency for the payload transmissions is
around 1 ms [3]. This latency is considered from the time
that the enodeB receives the SR message until the payload is
delivered successfully. The delay analysis is based on the as-
sumption of TTI equal to 0.125 ms according to the proposed
frame structure for URLLC in 5G systems [4]. Hence, the
maximum of eight signal and data transmissions is envisioned
for each payload transmission. The reliability is defined as the
probability of delivering the payload successfully fulfilling the
latency budget, i.e.,

ρ = 1− ε, (1)
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(a) D2D mode

Initial transmission
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(b) Cellular mode (c) Hybrid mode

Fig. 1: Transmission modes

where ε is the block error rate (BLER) over the payload
transmission. This target is set for all payload transmissions
regardless of the link quality.

A. Signaling and Data Transmissions for D2D Mode

D2D mode allows two devices communicating directly
without passing data through the cellular network. This mode
is applicable when two devices are located in close vicinity.
Although the direct communication is performed between the
devices, the eNodeB is still responsible for providing the radio
resources. The signaling and data transmissions are shown in
Fig. 2(a):

(1) TX sends SR to eNodeB;
(2) eNodeB sends sounding reference signal (SRS) grant

to TX and RX;
(3) TX sends SRS to RX for channel measurement;
(4) RX reports D2D channel state information (CSI) to

eNodeB;
(5) eNodeB allocates radio resource and sends D2D grant;
(6) TX performs the initial data transmission;
(7) RX sends acknowledgment/negative-acknowledgment

(ACK/NACK) message to eNodeB;
(8) if NACK is received, eNodeB sends new D2D grant;
(9) TX retransmits data.

In case the RX cannot decode the message in (6), it tries to
decode the message in (9) using both received data in (6) and
(9). As Fig. 2(a) represents, there are 8 different signaling and
data transmissions (steps: 2-9). Further retransmissions cannot
not be envisioned considering 1 ms latency.

B. Signaling and Data Transmissions for Cellular Mode

In the cellular mode, the eNodeB establishes separate links
with the transmitter and the receiver. Data transmissions are
performed in the uplink (UL), link between the transmitter
device and the eNodeB, and downlink (DL), link between the
eNodeB and the receiver device, consecutively. The essential
signaling and data transmissions are illustrated in Fig. 2(b):

(1) TX sends SRS to the eNodeB for channel measurement,
while RX reports the CSI to the eNodeB;

(2) TX sends SR to eNodeB;
(3) eNodeB sends UL grant to TX;
(4) TX performs the initial data transmission;

(5) eNodeB sends ACK/NACK message to TX; if NACK
is received, the eNodeB sends new UL grant;

(6) in case of receiving new UL grant, TX retransmits data;
(7) eNodeB sends DL grant and data to RX;
(8) RX sends ACK/NACK to eNodeB;
(9) if NACK is received, the eNodeB sends DL grant and

retransmits data.

It can be observed that the number of transmission attempts
should be limited to two in uplink and downlink in order to
meet the 1 ms end-to-end latency.

C. Signaling and Data Transmissions for Hybrid Mode

The hybrid mode can be considered as the combination of
D2D and cellular modes. In term of data transmissions, the
initial attempts is performed using the direct link between
two devices. During the initial transmission, the eNodeB also
tries to decode the message. If the receiver cannot decode
the message in the first transmission round, the retransmission
can be performed either in the D2D link or in downlink, if
the eNodeB has been decoded the message correctly. The
signaling and data transmissions are shown in Fig. 2(c):

(1) TX sends SRS and RX reports CSI to eNodeB;
(2) TX sends SR to enodeB;
(3) eNodeB allocates and sends the grant for D2D SRS;
(4) TX sends the SRS to RX for channel measurement;
(5) RX reports D2D CSI to eNodeB;
(6) eNodeB sends the allocated radio resource for D2D;
(7) TX performs the initial transmission;
(8) RX sends ACK/NACK to eNodeB;

(9.a) If NACK is received and D2D is selected for retrans-
mission, eNodeB allocates radio reosurce for D2D
link;

(10.a) TX retransmits data;
(9.b) If eNodeB has received the data in (7) and downlink

transmission is selected, it sends DL grant and
retransmits data.

In order to meet the 1 ms latency, only one retransmission
attempt can be performed either in D2D link or in downlink.
The criterion for link selection for data retransmission is
explained in the next section.
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Fig. 2: Signaling and data transmissions in different modes

III. RESOURCE ALLOCATIONS

This section provides the radio resource allocations for the
considered transmission modes. The main objective is to maxi-
mize the transmission rate while achieving the target reliability
and latency. We consider the maximum of two transmission
attempts over a link for all the transmission modes. The
resource allocations are derived for each transmission round.
In our analysis, we use the results of [7], [8]. In particular,
the achievable rate for a blocklength of n under a block error
probability of ε is tightly approximated as

r = C(γ)−
√
V (γ)

n
Q−1(ε) +

1

n
O(log2(n)), (2)

where γ is the signal-to-interference-plus-noise ratio (SINR).
C(γ) is the Shannon capacity, V (γ) is the channel dispersion,
and Q(.) denotes the Gaussian Q-function. In (2), the notation
f(x) = O(g(x)) means that lim supx→∞ |f(x)/g(x)| < ∞.
For additive white Gaussian noise (AWGN) channel, we have

C(γ) =
1

2
log2(1 + γ), (3)

V (γ) =
γ

2

γ + 2

(γ + 1)2
log22(e), (4)

where C(γ) denotes the number of bits per transmission [9,
Theorem 9.1.1, pp 264]. In this paper, we use the following
expression to derive a lower bound on the expected BLER for
delivering k (k ≥ 100) bits of information using n channel
uses at the SINR of γ [10], [11]:

E(n, k, γ) = Q

(
nC(γ)− k√

nV (γ)

)
. (5)

Considering a single link, the expected number of channel
uses, allowing maximum of two transmission attempts, can be
calculated as

N(l1, l2, k, γ) = l1 + l2E(l1, k, γ), (6)

where l1 and l2 are the numbers of allocated channels in the
initial and retransmission rounds, respectively. The probability
that a payload can be decoded successfully, with maximum of
two transmission attempts, can be expressed as

Psucc =[1− E(l1, k, γ)] + E(l1, k, γ)

[
1− E(l1 + l2, k, γ)

E(l1, k, γ)

]
= 1− E(l1 + l2, k, γ). (7)

A. D2D mode

Assume that n1 and n2 are the channel uses in the initial
transmission and retransmission. The retransmission is per-
formed if the receiver cannot retrieve the message successfully
using the received information in the initial transmission
round. The optimal number of channel uses, LD2D(k, γ, ε), for
the D2D link can be obtained by

LD2D(k, γ, ε) = minimize
n1,n2

N(n1, n2, k, γ) (8)

subject to
E(n1 + n2, k, γ) ≤ ε. (9)
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Equations (9) and (5) indicate that the minimum total
number of channel uses n1 + n2 satisfies

Q−1(ε) =
(n1 + n2)C(γ)− k√

(n1 + n2)V (γ)
. (10)

Proposition 1: Given the SINR, the length of the data
message, and the reliability requirement ε, an approximation
for the number of channel uses of the first transmission,
n∗1(k, γ, ε), can be expressed as

n∗1(k, γ, ε) = Round

(
u+

w2 + w
√
bπ/2a3

w +
√
2bπ/a3Q ((au− b)/

√
u)

)
,

(11)
where Round(x) means the nearest integer to x, u = n1 + n2
satisfies (10), a = C(γ)/

√
V (γ), b = k/

√
V (γ), and w =

b/a− u.
Proof: We consider that the BLER is less than

0.5, which yields n1 > b/a. The tangent line at(
b/a,N(b/a, u− b/a, k, γ)

)
can be obtained as

y1 = n1

(
1 +

b− au√
2πb/z

)
+
u

2
−
√

b

8aπ
(b− au).

Similarly, The tangent line at
(
u,N(u, 0, k, γ)

)
can be ob-

tained as

y2 = (n1 − u)Q
(
au− b√

u

)
+ u.

n∗1 is obtained from the crossing point of this two tangent
lines. Thus solving a linear equation yields the result.

Table I represents the channel uses for the initial trans-
missions according to the optimal and estimation values.
Fig. 3 compares the number of channel use for the initial
transmission for different link qualities. The accuracy of
estimation increases for higher SINR value and information
bits. Fig. 4 illustrates the achieved average transmission rates,
k/LD2D(k, γ, ε), obtained by the optimal (8) and estimation
(11) resource allocations. The achieved transmission rates are
very close for different data size and SINR values.

TABLE I: Comparison of the approximation and exact values
of n1 with ε = 10−10. The exact values1are given in paren-
thesis.

XXXXXXXXk
SNR (dB) -10 0 10

100 1750 (1849) 231 (239) 63 (64)
1000 15479 (15573) 2099 (2107) 596 (598)

B. Cellular mode

In the cellular mode, the maximum of two transmissions
are possible in uplink and downlink. Let ui and di denote the
number of channel uses for the ith transmission round in the

1Obtained by exhaustive searching.
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Fig. 3: Number of channel uses for the first transmission in
D2D mode, ε = 10−10.
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Fig. 4: Average transmission rate for D2D mode, ε = 10−10.

uplink and downlink, respectively. The average total channel
uses for the uplink and downlink is

M(u1, u2, d1, d2, k, γu, γd) = N(u1, u2, k, γu) (12)

+ (1− E(u1 + u2, k, γu))N(d1, d2, k, γd),

where γu and γd are the SINR of uplink and downlink,
respectively. The optimal number of total channel uses,
LCell(k, γu, γd, ε), in uplink and downlink can be derived from

LCell(k, γu, γd, ε) = minimize
u1,u2,d1,d2

M(u1, u2, d1, d2, k, γu, γd)

subject to
1− (1− E(u1 + u2, k, γu))(1− E(d1 + d2, k, γd)) ≤ ε.

(13)

To meet the reliability of 1−ε over two links in the cellular
mode, the BLER of data transmission over each link should be
less than ε, i.e E(u1+u2, k, γu) ≤ ε, and E(d1+d2, k, γd) ≤
ε. To simplify the optimization (13), we can set the same
BLER target for both uplink and downlink [12]. This enables
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Fig. 5: Average transmission rate for cellular mode, k = 100
bits, ε = 10−10.

to achieve a suboptimal solution allowing performing the
resource optimizations separately for the uplink and downlink.
Setting the error probability of 1 −

√
1− ε as the BLER for

both links guarantees that the end-to-end reliability of 1− ε is
achieved. The suboptimal resource allocation is derived from

L∗Cell(k, γu, γd, ε) =LU (k, γu, 1−
√
1− ε)

+ LD(k, γd, 1−
√
1− ε), (14)

where LU and LD can be derived in a similar way that LD2D

is defined in (8).
Fig. 5 compares the achieved average transmission

rates for the optimal, k/LCell(k, γu, γd, ε), and suboptimal,
k/L∗Cell(k, γu, γd, ε), solutions for different SINR values. It is
evident that the optimal solutions has slightly better perfor-
mance when the link qualities are different. This is due to
the fact that increasing the reliability in the link with higher
SINR level, which can be achieved by using more channel
uses, allows reducing the required reliability for the link with
low SINR. The lower reliability for the link with low SINR
can result in reducing the average channel uses significantly.

C. Hybrid mode

In the hybrid mode, the initial transmission is performed
using D2D link. If the retransmission is required, it can be
performed using D2D link or downlink. For the retransmission,
the downlink is selected if the eNodeB has decoded the
message correctly in the initial transmission round and it has
a better link quality compared to the D2D link, i.e γd ≥ γ.
The average total channel uses, H(n1, n2, d2, k, γ, γu, γd), of
hybrid mode can be expressed as

H(n1, n2, d2, k, γ, γu, γd) = n1 + E(n1, k, γ)

× [n2E(u1, k, γu) + (1− E(u1, k, γu))min(n2, d2)].
(15)
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Fig. 6: Average transmission rates for different transmission
modes, k = 100 bits, ε = 10−10.

The probability of decoding the payload in this mode is

PHybrid =


1− E(n1 + n2, k, γ), if γ ≥ γd

1−Q

(
n1C(γ) + d2C(γd)− k√

n1V (γ) + d2V (γd)

)
, otherwise

(16)

The optimal resource allocation for the hybrid mode can be
derived according to

LHybrid(k, γ, γu, γd, ε) = minimize
n1,n2,d2

H(n1, n2, d2, k, γ, γu, γd)

subject to 1− PHybrid ≤ ε. (17)

where n1 is the number of channel uses for the initial trans-
mission in D2D link. n2 and d2 are the number of channel uses
for the retransmission in D2D and cellular links, respectively.
Fig. 6 illustrates the transmission rates for all the considered
transmission modes. The achieved transmission rates for both
cases of γu = 5, γd = 10 and γu = 10, γd = 5 are very close,
according to L∗Cell(k, γu, γd, ε). It is clear that the hybrid mode
outperforms the D2D mode, when the γD ≥ γ otherwise the
direct link is selected for all transmission attempts. In addition,
the better downlink link quality achieves the higher gain
compared to the uplink link quality. Indeed, the hybrid mode
can be considered as the enhanced version of D2D mode; it has
some gain when the channel qualities are comparable, while it
performs similar to the D2D mode when the quality of D2D
is much better than cellular link.

IV. CONCLUSIONS

This paper considered the ultra-reliable communications
with low-latency for three different transmission modes, i.e.:
D2D, cellular, and hybrid modes. The 1 ms is considered as the
latency constraint with TTI of 0.125 ms. The adaptive resource
allocations limit the maximum number of data transmission
rounds for each payload transmission. The study suggests that
the number of transmission attempts should be limited to two
over each link to meet the 1 ms latency, in all the considered
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modes. The D2D mode can achieve a higher transmission rate
compared to the cellular mode by bypassing the data relaying
at the base station. This is applicable when the quality of the
direct link is superior. In addition, the transmission rate for the
D2D mode can be further increased in the hybrid mode, aiding
from the base station for performing data retransmission.
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