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Abstract—Scheduling in 5G networks is a challenging task due
to the heterogeneous Quality of Service (QoS) requirements of
traffic sources. In this paper, we consider the problem of uplink
scheduling in 5G networks for mixed traffic that includes Ultra-
Reliable Low Latency Communications (URLLC) devices and
enhanced Mobile Broad-Band (eMBB) users. For this purpose, a
mathematical model for Grant Free (GF) services is derived for
the k-repetitions Hybrid Automatic Repeat reQuest (HARQ). We
formulate the scheduling problem as a mixed-integer non-linear
programming optimization problem. We introduce a complete
system model that includes grant-free and grant-based subsys-
tems. We then introduce our proposed solution to the scheduling
problem that addresses the two traffic types. Different scheduling
techniques are then compared and a performance upper bound
is added as a reference. The results show that the proposed
technique provides near-optimal results and outperforms other
scheduling techniques with a significant complexity reduction.

Index Terms—eMBB Grant Based scheduling; Genetic Algo-
rithm; k-repetitions HARQ; Uplink scheduling; URLLC Grant
Free scheduling.

I. INTRODUCTION

The fifth-generation (5G) new radio (NR) supports hetero-
geneous services with different key requirements [1], [2]. Two
of the main services are the enhanced Mobile Broad-Band
(eMBB) communications and Ultra-Reliable Low Latency
Communications (URLLC), each has different requirements
[3]. The eMBB users require high data rates while moderate
packet latency is acceptable. On the other hand, URLLC
nodes, also known as Critical Machine Type Communications
Devices (C-MTCDs), have strict low latency requirements and
their payload is generally small in size.

In the Uplink direction, there are three main types of
scheduling in 5G, namely, Grant Based (GB), Semi-Persistent
Scheduling (SPS), and Grant Free (GF) scheduling. GB uses
a handshaking procedure between the user and the gNode-
B (gNB) [4]. SPS is used with periodic traffic [5]. In GF
scheduling, the gNB reserves a certain BW for a user, or a
group of users, to send their packets in an arrive-and-go man-
ner without a handshaking procedure [6]. These techniques can
be used interchangeably in the system. To fulfill each traffic
requirement, an optimization problem should be formulated.
The scheduling optimization problem is complex due to the
variety of the traffic types and their targeted QoS.

GB scheduling is used for the eMBB traffic since they have
moderate latency requirements. In contrast, GB cannot be used
with URLLC since the handshaking associated latency will
violate its latency requirement. In addition, SPS is not suitable
since this traffic is sporadic and cannot be predicted. On the

other hand, GF seems like a promising solution to the URLLC
traffic since there is no handshaking required between the
device and the gNB. In addition, resources can be allocated for
more than one user. The main drawback of GF scheduling is its
susceptibility to collision, which occurs when multiple nodes
try to simultaneously access the same frequency resources.
Collisions can be mitigated using HARQ techniques. There
are three main HARQ techniques that are adopted in literature;
reactive, k-repetitions, and proactive schemes [7]. The first two
techniques are accepted by the 3GPP as the HARQ for GF
scheduling [8]. The proactive scheme requires high processing
power to transmit and receive at the same time, which is not
available for most C-MTCDs.

The resource allocation problem for the uplink traffic is
considered by several recent studies, however, limited research
studies consider the mix of both types of traffic and how it
will affect the system performance. The theoretical framework
for the coexistence of different types of traffics in the uplink
direction is discussed in [9] and [10]. A general mathematical
analysis for the three main HARQ techniques is discussed
in [7]. Some work considers only the URLLC requirements
in the system as in [11]. It discusses the Random Access
(RA) procedure in 5G communications and the URLLC traffic
requirements for Factories of the Future (FOF). In [12], multi-
users decoders are discussed to enable GF techniques. In
[13], power boosting techniques in GF Uplink scheduling
for URLLC are discussed. Different enhanced GF NOMA
techniques are discussed in [14] to satisfy the URLLC require-
ments. Other work included the URLLC latency and reliability
requirements in the uplink scheduling problem [15], [16]. In
[15], a queuing model is developed for each service for both
eMBB and URLLC. Another uplink optimization problem is
discussed in [16]. The concepts of matching theory are applied
to find sub-optimal solutions.

In this paper, we consider the problem of joint scheduling of
the eMBB and URLLC traffic types. GB scheduling is adopted
for eMBB scheduling while GF with k-repetitions HARQ is
adopted for the URLLC traffic. Unlike the previous studies,
we focus on the interaction between both types of traffic and
formulate a resource allocation problem to account for the
different QoS requirements. To the best of our knowledge, this
is the first work done to model the probabilistic nature of the
URLLC uplink traffic in a single cell. We derive an equation
governing both the reliability and latency requirements for the
URLLC devices based on the number of allocated RBs and
the repetition factor. This equation will aid in choosing the
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optimum number of RBs and repetition factors to satisfy the
reliability and latency requirements for URLLC devices. We
analyze the effect of changing several system parameters on
the outcome of the derived equation. In addition, we propose a
novel scheduling algorithm that provides near-optimal results
for the scheduling problem in real-time.

The rest of the paper is organized as follows. In Section II,
the GF and GB subsystem models are formulated. In Section
III, the optimization problem is introduced and the proposed
solution procedure is discussed. Section IV analyzes the solu-
tion technique, provides a comparison between the scheduling
techniques with the optimal scheduler, and discusses a solution
to a complete operational scenario. Section V concludes the
paper.

II. SYSTEM MODEL

In this section, we develop both the GF and GB models
for a single gNB in order to formulate the resource allocation
optimization problem. Our system is composed of Na URLLC
devices, E eMBB users, and a single gNB. The GF URLLC
devices share a common pool of resources as scheduled by
the gNB at each Transmission Time Interval (TTI).1 The
frequency-time grid of each TTI is composed of Nf frequency
slots and Nt short-TTIs (sTTIs). At the beginning of each TTI,
the gNB broadcasts the minimum GF slots locations for all Na

users. The provided slots should, at least, fulfill their latency
and reliability requirements. The k-repetitions is adopted as
the HARQ scheme. In the k-repetitions, the c-MTCD sends
k replicas of the packet one by one each sTTI and waits
for feedback from gNB after transmission; the procedure is
summarized in Figure 1. At the beginning of each TTI, the
gNB receives the eMBB scheduling requests and then decides
their RBs allocations to provide their rate requirements.

A. GF Model

The GF URLLC devices are permitted to send their packets
in arrive and go manner; where at each time they have a packet
to send, it is sent directly to gNB in the shared resource pool. It
is assumed that the packet is sent upon arrival in the next sTTI
and it is assumed that the transmission time is 1 sTTI as shown
in Figure 1. In addition, the packet processing and feedback
processing at gNB takes one sTTI each. The packet generation
is modeled as a Bernoulli process with arrival probability pa.
Our channel is modeled as a flat fading Rayleigh channel with
channel gain h. The receiver noise is modeled as additive
white Gaussian noise with variance σ2 = N0B. The packet is
considered damaged when the Signal to Interference and Noise
Ratio (SINR) is below the decoding threshold, SINR ≤ γth.
Since the gNB does not know the locations of the c-MTCDs,
we define ρ as the full path-loss inversion power control that
will compensate for the worst-case scenario path-loss and gm
is the m-th re-transmission power level where gmρ is the
targeted received power at gNB. We can define the maximum
allowable re-transmissions before the latency constraint is
violated as M . During the M re-transmissions, the c-MTCDs
can re-transmit their packets, with the associated k replicas,

1A TTI is 1 msec as defined in the 3GPP standards [8].

without violating the maximum allowable latency, τ . The value
of M can be calculated as

M =
⌊
(τ − 1)/TRTT

⌋
, (1)

where TRTT = k + 3 sTTI is the round trip transmission
time for the k-repetitions scheme, the three sTTIs are added
based on our transmission, processing, and feedback delays
assumptions, and τ is the maximum latency, in sTTI units,
for URLLC devices. Define the Probability of Delay Bound
Violation (PDBV) as

PF = P (T ≥ τ) =

{
1 M = 0

1−
∑M

m=1Ampm M ≥ 1
, (2)

where Am is the probability that the URLLC device is still
active in the m-th round trip if the last m−1 re-transmissions
failed. And pm is the GF access success probability, as defined
in [7]. It can be shown that

Am =

{
1 m = 1

1−
∑m−1

i=1 Aipi m ≥ 2
, (3)

and

pm =

Na∑
n=0

(
Na

n

)
(Ampa/R)n(1−Ampa/R)Na−n

.Θ[n,m, k](1−Θ[n,m, k])n

, (4)

where R is the number of allocated resources to URLLC
devices and

Θ[n,m, k] = 1−
k∏

l=1

(1− P (SINRm
l ≥ γth), (5)

where Θ[n,m, k] is the transmission success probability of the
URLLC device given that the number of interfering URLLC
devices equals n. SINRm

l is the signal to noise and interference
ratio of the lth replica of the mth re-transmission. It is assumed
in our analysis that hard decoding is applied. If at least one of
the k replicas is decoded then the transmission is considered
a success. Equation (5) can be re-written using the Laplace
transform for aggregate interference received at gNB as

Θ[n,m, k] =

k∑
l=1

(−1)l+1

(
k

l

)
exp(−lγthσ2/gmρ)

(1 + γth)ln
. (6)

The complete proof of the derived equations is omitted due
to space limitations. The equations developed in this section
will be used to decide on the optimal number of resources,
R, and the number of repetitions, k, to achieve the targeted
latency and reliability requirements of URLLC devices with
the least possible resources to maximize the eMBB QoS.

B. GB Model

The gNB needs to schedule the GB eMBB users along with
giving enough resources to URLLC devices to meet their delay
bounds. Since we aim to maximize the rate of eMBB users,
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Figure 1: k-repetitions diagram with k = 3

we need to define the rate equations based on a scheduling
parameter Se

ij ; the scheduling parameter, Se
ij , is defined as

Se
ij =

{
1 eMBB user e is allocated the (i, j) RB
0 elsewhere.

(7)

The eMBB user rate is given by

Re =
∑
i,j

Se
ijB log(1 + SNRe

ij), (8)

where SNRe
ij =

|hij,e|2Pe

N0B
. The symbol hij,e denote the

channel coefficient and Pe is the transmission power of the
eth eMBB user. In the next section, the equations developed in
this section are used to formulate the gNB resource scheduling
optimization problem.

III. PROBLEM FORMULATION AND PROPOSED
ALGORITHM

Based on the previous discussion, a good scheduler should
provide the highest rates possible to eMBB users, while
guaranteeing a minimum rate for each user. In addition, it
should provide the minimum possible resources to satisfy the
reliability and latency requirements of the URLLC devices.
Failing to do this may result in under-utilizing the network
resources and compromising the users’ experience. Based on
the system model described in the previous section and the
developed equations, we can define our optimization problem
that aims to maximize the eMBB users rate while satisfying
the PDBV requirements of the URLLC devices. We can define
our resource allocation optimization problem as

max
Se
ij ,R,k

∑
e

Re (9)

subject to p(T ≥ τ) ≤ ε, (9a)
Se
ij ∈ {0, 1}, ∀i, j, e (9b)

Re ≥ Rmin
e ∀e (9c)∑

e

Se
ij = 1, ∀i, j (9d)

R ∈ N (9e)
Se
ij = 0, for i ∈ {i1, i2, ..., iR}, ∀j, e (9f)

Equation (9) aims to maximize the overall rate of all eMBB
users. Equation (9a) is the PDBV for URLLC devices with

maximum allowable error ε. Equation (9c) is used to prevent
the starvation of any of the scheduled eMBB users by guar-
anteeing a minimum rate Rmin

e . Equation (9d) constraints the
number of scheduled eMBB users on each RB to only one user.
Equation (9e) ensures that the number of allocated resources
to URLLC devices belongs to the set of Natural numbers. The
non-multiplexing constraint between different types of traffic
is defined in Equation (9f), where ir is the number of allocated
frequency resources to URLLC devices.

The optimization problem defined is a mixed-integer non-
linear programming problem. As such, it cannot, in general, be
solved using normal optimization methods. The problem is di-
vided into two sub-problems as follows; satisfying the URLLC
device’s requirements with minimum possible resources and
optimal scheduling for eMBB users. The separation done will
not affect the optimality of the problem, since the PDBV is
only affected by the number of the allocated URLLC slots, R.

In the first part, Equation (9a) is solved for a specific number
of allocated slots to the URLLC devices, R, and repetitions,
k. We will select the minimum R (and the corresponding k) to
satisfy the URLLC devices latency requirements and this will,
in turn, result in maximizing the eMBB users rates; this is
because, from the eMBB users point of view, we have wasted
the least amount of frequency resources to meet the URLLC
devices latency constraints. Given the latency threshold, the
number of maximum re-transmissions, M , is calculated. Using
the iterative process, Am and pm are calculated for every
possible value of the packet replication, m. If the inequality is
satisfied, the scheduling step is executed. If not, the value of R
is increased or the value of k is changed to fulfill the reliability
requirements. In the next step, the positions for these resources
are chosen and a scheduling policy of the remaining resources
for all eMBB users is chosen in order to maximize the overall
eMBB rate while satisfying the minimum rate requirements.

An optimal solution can be found using the grid search
method by searching over all possible URLLC allocations for
the optimal eMBB allocation that provides higher rates while
satisfying the minimum rate requirements. It requires high
processing power, which makes it unfeasible for operational
environments. The best Channel Quality Indicator (best CQI)
scheduling algorithm [17] is considered a greedy algorithm
that aims to maximize the overall system throughput without
considering the minimum rate requirements. Therefore, the
users with bad channel conditions will starve for resources. In
contrast, the Proportional Fair (PF) scheduling [17] maintains
fairness among eMBB users as they are scheduled in a way
that guarantees an almost equal rate to all eMBB users.
However, it results in decreasing the overall throughput of
the network. Another family of commonly used approaches
for resource allocation in wireless networks is the Genetic
Algorithm (GA) based approaches. The GA approach tries to
solve the same problem using reproduction and mutations. The
GA scheduler ensures that the starvation problem is solved by
guaranteeing a minimum rate for each eMBB user, in addition
to maximizing the overall system throughput. The GA-based
approaches are considered to be search techniques; yet, they
are, in general, faster than grid search-based approaches.
However, in larger dimensions, they require high computation
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power.

A. Proposed Scheduling Technique

Due to the shortcomings of the previously discussed tech-
niques, we propose a new technique to capture the best
characteristics of both the best CQI and PF techniques. The
first step is to split the resources equally between the eMBB
users, by assigning Nch =

Nf−R
E channels for each user, to

ensure the minimum rate requirement is fulfilled. Then the best
assignment of these resources is done to ensure the maximum
overall rate is reached. The users are ordered randomly, to
avoid extra processing, and for each iteration, each user is
assigned the best, highest gain channel based on the remaining
resources. Algorithm 1 shows the pseudo-code of our proposed
scheduling algorithm.
Algorithm 1 Proposed Algorithm for the Channels Assign-
ment problem

Require: R and CSI
Calculate Nch, the number of channels assigned to each
eMBB users to ensure minimum rate requirements
for j = 1 to Nch do

for i = 1 to E do
Choose the best jth channel for user i using CSI

end for
end for
Reserve the worst R channels for URLLC traffic

IV. EVALUATION RESULTS

In this section, we first analyze the developed PDBV
equation. Then, we compare different scheduling techniques
with the optimal scheduler. Finally, we analyze an operational
scenario and compare different scheduling results. Unless
stated differently, the system parameters are given in Table
I.

Table I: system Parameters

Parameter Value Parameter Value Parameter Value
BW 100 MHZ Na 150 Nt 10
Nf 100 ε 10−5 τ 1.4 ms
γth 0.1 Pe 0.5 W σ2 -114 dbm
Pa 10−5 gm m Rmin

e 12 Mbps

A. Analysis of PDBV for GF Traffic

In this section, we analyze the PDBV for URLLC devices,
in Equation (9a), when varying different parameters, e.g., the
repetition factor, k, the number of assigned frequency slots,
R, the SINR threshold, γth, and the latency threshold, τ . The
number of URLLC devices adopted, Na, in this section, is
st to be 50, and their latency threshold, τ , is set to be 1
ms. Figure 2 shows that at a low delay threshold increasing
the value of k will negatively affect the system performance.
In contrast, increasing the repetition factor, k, for c-MTCDS
that have a higher latency threshold will decrease the PDBV
and enhance the reliability. Figure 3 shows that increasing
the latency threshold, τ , will not increase the PDBV. It is
important to understand that sometimes increasing the latency
will not affect the PDBV, because the maximum number of
re-transmissions, M , is not changed. Finally, Figure 4 shows
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Figure 2: PDBV (PF ) vs the number of packet repetitions (k). (a)
One RB (R = 1). (b) Two RBs (R = 2)
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Figure 3: PDBV (PF ) vs the latency threshold (τ ). The number of
allocated RB (R)=1, and number of repetitions (k)=2

that as the SINR threshold increases, the decoding of the
URLLC packets becomes difficult and the PDBV increases.
In addition, the gap between one reserved frequency slot and
two frequency slots, R = 1 and R = 2, curves shrinks as
the SINR threshold, γth, increases. It should be noted that at
medium SINR thresholds, some repetition values, k > 1, have
better performance, but studying this aspect is out of our scope
in this paper.
B. Optimal Scheduling for GB eMBB Traffic

In this section, we compare different scheduling algorithms
with the optimal grid search technique. In this setup, we
assume the number of frequency slots, Nf , to be equal to 6
and the minimum rate requirement for each eMBB user to be 2
Mbps with the rest of the parameters adopted from Table I. The
goal of the scheduling algorithm, after knowing the number
of frequency slots allocated for URLLC devices, is to choose
the suitable channels that maximize the eMBB rate, while
maintaining the minimum rate requirements for eMBB users.
Figure 5 shows a comparison between the aforementioned
algorithms, with a 95% Confidence Interval (CI). Figure 5a
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Figure 5: Comparison among the different Scheduling Techniques.
(a) Fixing the number of URLLC allocated RBs, R = 1. (b) Fixing
the number of eMBB users in the system, E = 3.

shows the accumulated eMBB rate when varying the number
of eMBB users, E, and reserving one frequency slot for
URLLC traffic, R = 1. In Figure 5b, the number of allocated
URLLC frequencies, R, is changed, while maintaining the
number of eMBB users fixed, E = 3. The Best CQI algorithm
shows a higher accumulative rate than the optimal grid search
since it ignores the minimum rate constraint for eMBB users.
The GA achieves near-optimal performance in the case of a
small search space as it can efficiently search for the optimal
solution in this case. The proposed algorithm performs slightly
lower than the GA to maintain the fairness condition among
eMBB users. The PF performs the least due to the strict
fairness condition.

In the next section, an operational scenario is discussed and
it will be shown that our proposed algorithm performs better
than the GA scheduler, the Best CQI, and the PF schedulers.
C. Operational Scenario Results

In this section, a full operational scenario is discussed. The
system parameters are as summarized in Table I.
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Figure 6: PDBV (PF ) vs the number of packet repetitions (k)

First, PDBV is calculated for different repetition factors, k,
and different numbers of allocated frequencies, R. Figure 6
shows the results for k = 1, 2, 3 and R = 1 or R = 2. It
should be noted that the reliability threshold accepted by the
3GPP for URLLC devices is 10−5 [8]; it is shown in Figure
6 to indicate the combinations of R and k that satisfy this
reliability requirement.

Next, Best CQI, PF, GA, and our proposed algorithm
are used for the scheduling step. In addition, to show the
drawbacks of Best CQI, an error percentage is calculated in
each case where the results are taken by averaging several
simulation runs. In addition, a CI of 95% is calculated for
each case. Figure 7a shows the accumulated eMBB rate when
varying the number of eMBB users, E, and reserving one
frequency slot for URLLC traffic, R = 1. While Figure 8a
shows the accumulated eMBB rate when varying the number
of allocated URLLC frequencies, R, for a fixed number of
eMBB users, E = 15.

As shown in Figures 7 and 8, the Best CQI algorithm results
in the highest sum data rate. However, the algorithm violates
the minimum rate requirements as shown in Figures 7b and 8b,
and the number of violations increases as the number of eMBB
users increases. Our proposed algorithm comes second in
terms of the sum data rate, with all the requirements satisfied.
The GA approach produces results that are lower than our
approach, due to the high dimension of the problem in this case
of the operational scenario. Moreover, our proposed approach
is more efficient and requires less computational resources
as compared to the GA based approach. The PF algorithm
remains the least one in terms of the overall achieved sum
data rate due to its strict fairness condition.

V. CONCLUSIONS

In this paper, we address the problem of mixed eMBB
and URLLC traffic in 5G networks. For this purpose, the
k-repetitions HARQ GF scheduling technique is discussed
and the probability of delay bound violation for any number
of URLLC devices is derived for a single cell. The results
show the effect of changing several system parameters on
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Figure 7: (a) Comparison among the different scheduling
algorithms. (b) Error percentage in satisfying the minimum rate
requirements.
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Figure 8: (a) Comparison among the GA, PF, Best CQI, and the
proposed algorithm. (b) Error percentage in satisfying the minimum
rate requirements.

the probability of the delay bound violation. An optimization
problem for uplink scheduling is formulated with the aim
to maximize the eMBB rate while satisfying the reliability
and delay requirements of URLLC devices. In addition, a
minimum rate guarantee for each eMBB user is maintained.
The formulated problem is a mixed-integer non-linear opti-
mization problem. The techniques that can produce optimal
results for this family of problems require high computational
power and time. This is not suitable for real-time applications.
Therefore, a simple scheduling technique is proposed, which
benefits from both the qualities of the PF algorithm and the
Best CQI algorithm. Evaluation results show that the proposed
scheme can efficiently result in a near-optimal performance that
is better than other more complex algorithms under different
operating conditions.
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