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On the Multiplexing of Data and Metadata for
Ultra-Reliable Low-Latency Communications in 5G

Ali Karimi, Member, IEEE, Klaus 1. Pedersen, Senior member, IEEE, Nurul Huda Mahmood, Member, IEEE,
Gilberto Berardinelli, Member, IEEE, and Preben Mogensen, Member, IEEE

Abstract—This paper addresses the problem of downlink radio
resource management for ultra-reliable low-latency communi-
cations (URLLC) in fifth generation (5G) systems. To support
low-latency communications, we study performance of two mul-
tiplexing schemes namely in-resource control signalling and joint
encoding of data and metadata. In the former, the metadata
and data are separately encoded and the metadata is sent at
the beginning of transmission time prior to the data. Thus, it
benefits from a low-complexity receiver structure to decode the
data block. The latter takes advantages of transmitting a larger
blocklength to enhance the reliability and improve spectrum
efficiency by jointly encoding data and metadata as a single
codeword. Dealing with small URLLC payloads, the overhead
and error of sending metadata are not negligible and have a
significant impact on the system performance in terms of resource
usage the reliability of transmission. For each scheme, we derive
expressions for the outage probability and resource usage by
taking into account impacts of the finite blocklength payloads,
overhead and error of sending metadata, and probability of error
in uplink feedback channel. We propose a novel framework
for joint data and metadata link adaptation to minimize the
average number of allocated resources, while ensuring the strin-
gent URLLC quality of service requirements. An optimization
problem is formulated for each scheme that is mixed-integer non-
convex problem, difficult to solve in polynomial time. Solutions
based on successive convex optimization are proposed. Numerical
evaluations show that the proposed algorithms perform close
to the optimal solution and demonstrate remarkable gains of
up to 27% improvement in resource usage. Finally, we present
sensitivity analysis of the results for various network parameters.

Index Terms—URLLC, 5G, Radio resource management, Con-
trol channel information, Link adaptation.

I. INTRODUCTION

Recently, third generation partnership project (3GPP) has
introduced the first release of fifth generation New Radio (5G
NR) [1]. Unlike Long-Term Evolution (LTE) networks, which
are primarily serving mobile broadband (MBB) and machine
type communications (MTC) services, SG NR is designed to
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additionally support ultra-reliable low-latency communications
(URLLC) [2], [3]. As the name suggests, URLLC target
applications requiring high reliability with low-latency for
emerging use cases like industrial automation, intelligent trans-
port systems, and haptic communications [4]-[6]. A typical
URLLC target is one-way reliability of 99.999% for a data
unit of 32 bytes to be delivered within a tight time budget of
one millisecond (msec) [2], [7].

A. Brief Overview of the State of the Art on URLLC

In recent years, extensive research efforts have been made
to enable URLLC in 5G NR. As highlighted in [8], current
LTE networks have not been designed to support the stringent
URLLC requirements. As one of the main building blocks to
reduce the latency, flexible frame structure and user scheduling
over short transmission time intervals (TTIs) are discussed
in [9]. Performance analysis of URLLC through advanced
system-level simulations are investigated for the downlink
(DL) and uplink (UL) transmission directions in [10] and
[11] respectively. Multi-user multiplexing solutions for the
coexistence of URLLC and enhanced MBB (eMBB) traffic
are presented [12]-[16]. The works in [17] and [18] study
centralized radio access network (C-RAN) architecture and
dynamic point selection to reduce the obstructive queuing
delay of URLLC payloads. Reliability enhancement by means
of data packet duplication is presented in [19], [20]. To
overcome the timely handshaking procedures of grant-based
scheduling in UL, the studies in [21] and [22] investigate grant
free and semi-grant free access protocols, respectively. UL
multi-cell reception design has been extensively addressed in
[23] by comparing the achievable capacity of various receiver-
combining techniques. Several studies explore URLLC for
vehicular communications [24]-[29].

To enhance spectral efficiency and enable massive connec-
tivity, network design through non-orthogonal multiple access
(NOMA) for URLLC is investigated in [30]—[32]. Performance
comparison of orthogonal multiple access (OMA) and NOMA
is provided in [33]. The study in [34] presents a hybrid channel
access solution based on machine learning techniques. The po-
tential of New Radio Unlicensed spectrum (NR-U) for URLLC
is discussed in [35]. The authors in [36] focus on mobile edge
computing and user/server association to ensure low-latency
communication. Finally, different cooperative protocols and
resource allocation schemes for URLLC have been extensively
considered in [37]-[41].

As URLLC mainly entails transmission of small payloads,
applying the well-known Shannon’s Capacity under asymmet-
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ric assumptions (which is valid when the codeword size tends
to infinity) is not an appropriate approach for radio resource
allocation and performance evaluation [42], [43]. Information-
theoretic principles of finite blocklength (FBL) communica-
tions are studied in [44], [45]. It is shown that applying the
law of large numbers for averaging channel distortions and
noise is not applicable for FBL packet transmissions. The
achievable rate is subject to a rate penalty from the Shannon’s
Capacity which is proportional to the square root of encoded
blocklength [45], [46].

Taking into account the results from FBL communication
theory, many researches have studied several radio resource
management techniques and investigated various URLLC
enablers to further boost the 5G performance. Particularly,
optimal power allocation and subcarrier assignment policies
for DL multi-user scenarios are proposed in [47] and [48],
respectively. The authors in [49] adopt multi-class queuing
theory to design and analyse the network performance of
URLLC. The studies in [50] and [51] investigate effective
capacity for FBL regime and propose a bandwidth assignment
policy for joint UL and DL transmission to guarantee end-to-
end (E2E) latency.

As a well-known technique to enhance the reliability and
spectral efficiency, throughput analysis of FBL hybrid auto-
matic repeat request (HARQ) is investigated in [52]. Trig-
gered by [52], several works have looked at various HARQ
retransmission protocols for FBL communications (see e.g.
[53]-[57]). Interesting power allocation ideas are proposed
to minimize the energy consumption of Chase-Combining
HARQ (CC-HARQ) for Rayleigh and Nakagami-m block-
fading channels in [53] and [54], respectively. On the other
hand, resource allocation schemes for incremental redundancy
HARQ (IR-HARQ) are discussed in [55], [56]. However, due
to the tight latency targets of URLLC applications and the
time requirement of HARQ procedures, HARQ performance
is limited to usually one retransmission for URLLC [58], [59].

B. Motivation and Main Contributions

Successful data communication in DL is conditioned on
the reliable transmission of metadata (also referred to as
control channel information or scheduling grant). One com-
mon assumption of many studies is that the metadata has
negligible impact on the system performance. This perspective
is generally true for analysing eMBB where large data blocks
are usually scheduled with aggressive modulation and coding
schemes (MCSs) to maximize the throughput [60].

Howeyver, the situation is different for URLLC cases as the
data payloads are small, with size comparable to the metadata,
and transmissions are subject to tight reliability and latency
constraints [59], [61]. While most of the existing contributions
have mainly focused on various aspects of data scheduling (see
e.g. [47]-[53]), only a few studies have addressed technical
issues that arise from metadata transmission. In one example,
it is indicated in [62], [63] that for URLLC a considerable
proportion of the network resources are used for metadata
allocation. Recent studies in [59], [64] take error probability
of decoding metadata into account and derive bounds of

reliability interdependences between data and metadata. In
general, low-error transmission of metadata is essential to
support URLLC. At the same time, improving the reliability
by encoding with more conservative MCSs leads to additional
resource usage and increases the probability of queuing [50].
Due to these tradeoffs, a new link adaptation design is required
to efficiently manage joint resource allocation for both data
and metadata while ensuring fulfilments of URLLC require-
ments.

Besides the challenges that arise from joint data and meta-
data allocation, the probability of error in the UL feedback
channel is another important issue that has significant im-
pact on the URLLC performance [65], [66]. On one hand,
erroneous decoding/detection of negative-acknowledgement
(NACK) or discontinuous transmission (DTX) as acknowl-
edgement (ACK) results in outage latency for URLLC ser-
vices. On the other hand, conservative decoding of feedback
signals (e.g. asymmetric decoding of ACK as NACK or DTX)
causes redundant retransmissions and contributes to additional
resource usage.

Motivated by the above discussions, in this paper, we
propose novel solutions for the problem of URLLC DL
radio resource allocation by taking into account non-ideal
metadata and feedback transmissions. We start by exploring
fundamentals of data and metadata multiplexing in wireless
channels. Two multiplexing schemes, namely in-resource con-
trol signalling [9] and joint encoding of data and metadata
[61], are studied. The main idea of the former is to separately
allocate the metadata at the beginning of the DL sub-frame.
Thereby, it benefits from low-computational complexity for
decoding data as well as reduced processing time and may
enable opportunity for fast HARQ feedback [67], [68]. The
latter achieves the enhanced reliability and spectral efficiency
gains of transmitting larger blocklength by jointly encoding
data and metadata in a single codeword.

For each scheme, we adopt the FBL communication theory
and derive expressions for the outage probability and resource
usage. The impacts of overhead/error of sending metadata
and non-ideal feedback signals are explicitly considered. A
resource allocation problem is formulated for each scheme.
Specially, we aim for jointly optimizing link adaptation for
metadata and data to minimize total resource usage subject
to URLLC constraints. To the best of our knowledge, these
problems have not been investigated in the existing literature.
The problems are mixed-integer non-linear optimizations that
are difficult to solve in polynomial time. To overcome the
non-convexity of problems, we propose solutions based on
successive convex optimization. Numerical results indicate that
the proposed algorithms significantly improve resource effi-
ciency and achieve near-optimal solutions. Finally, we provide
extensive numerical results and complementary discussions to
investigate impacts of different network parameters on the
solution’s performance.

In summary, key contributions of this paper are the follow-
ings:

e We introduce a new framework for the analysis of

URLLC performance which includes different multiplex-
ing schemes of data and metadata.
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TABLE I: List of Symbols

Symbol  Definition

General symbols

M Metadata size [byte]

D Data size [byte]

¥ Signal to noise ratio (SNR)

ptar Outage probability target

pgm Probability of decoding ACK as DTX
pna Probability of decoding DTX as ACK
pre Probability of decoding NACK as ACK
pgn Probability of decoding ACK as NACK
R Real numbers

Rt Positive real numbers

N Positive integer numbers

In-resource control signalling

d; Data blocklength in 4-th transmission
Pg i Data block error rate probability (BLEP) in ¢-th transmission
Pg 12 Data BLEP upon HARQ retransmission

m; Metadata blocklength in ¢-th transmission

P Metadata BLEP in i-th transmission
NTt Average number of resource usage
Poqut Overall outage probability

Joint encoding of data and metadata
i Codeword length in ¢-th transmission

PEJ i BLEP in i-th transmission
NJt Average number of resource usage
PJt Overall outage probability

o We present a novel approach for optimizing joint link
adaptation for data and metadata. To address this, we
propose solutions based on successive convex optimiza-
tion.

« Finally, we provide an extensive set of simulation results
to evaluate the performance of the proposed solutions
under different network settings and scheduling scenarios.
It is shown that the proposed dynamic link adaptation
algorithms offer remarkable gains and reduce resource
consumption.

The rest of this paper is organized as follows. The system
model and basic assumptions are described in Section II.
In Section III and IV, we discuss the problem formulation
and present the solution, respectively. Numerical results are
provided in Section V. Finally, Section VI concludes the paper.
Table I includes a list of the main symbols used in this paper.

II. SYSTEM MODEL AND BASIC TRANSMISSION
ASSUMPTIONS

We focus on DL performance assuming orthogonal fre-
quency division multiple access (OFDMA) transmission in
which a base station (BS) serves user-equipments (UEs) with
packets of D bytes. URLLC requires a very low outage
probability target of P!%7 within one msec latency. To re-
duce the transmission time and achieve such tight latency
requirement, we adopt 5G NR flexible numerology with mini-
slot scheduling. Assuming a mini-slot length of two to four
OFDM symbols with 15 — 30 kHz sub-carrier spacing and by
taking into account the packet transmission/processing times,
this leaves enough time budget for a single retransmission (if
the initial transmission fails) [58], [59], [69].

Transmitting D bytes of data requires preceding transmis-
sion of M bytes of metadata carrying transceiver/transmission

specific information such as device-ID, adopted MCS, applied
precoding matrix, allocated physical resource blocks, etc. Two
proposals are investigated for multiplexing of data and meta-
data. In-resource control signalling along with front-loading
of demodulation reference signals is proposed in [8], [9].
Following 5G NR user-centric design for dynamic scheduling
of URLLC payloads, whenever the network schedules a UE,
the corresponding control information is separately encoded
and sent at the beginning of the transmitted packet.

The second approach, joint encoding/decoding of data
and metadata is proposed in [61], [70] aiming to reduce
error probability and spectrum inefficiency initiated by FBL
codewords. The main idea is to combine metadata and data
in a single packet of size M + D bytes. It is shown that
transmission with relatively larger blocklength is more reliable
and spectrally efficient [45]. However, this concept suffers
from high computational-complexity as the UE is required to
decode all the messages, despite if it was not the intended
destination. Thus, it is a trade-off between spectral efficiency
and complexity (additional UE processing time and energy).

In line with [6], [S51], [71]-[74], we analyse URLLC perfor-
mance using the FBL theory in quasi-static flat fading channels
[45]. That is, for a payload of b bits information mapped to a
codeword of length n channel uses, decoding error probability
€ is approximated as

nC(vy) —b
nV(7y)

where C(v) = log,(1 + ) is the Shannon capacity of
complex channels for a given SNR . Q(-) is the Gaus-
sian Q-function (Q(x) = \/% = exp(f“;)du) and V() =
= (1 — ﬁ) is channel dispersion factor [45]. One
can apply (1) with different channel dispersion factor for
performance analysis of non-Gaussian interference channels
[75], [76]. However, applying this does not change the problem
formulation and the provided solution of this paper. Perform-
ing periodic channel state information (CSI) measurements, we
assume that the CSI knowledge is available at both transceivers
[33], [47], [48]. CSI acquisition procedure is run in parallel
with packet scheduling and tight resolution periodicity (e.g.
every two msec) to increase the measurement accuracy. Thus,
whenever a packet arrives at the network, required CSI is
already available and this would not impose additional latency
for URLLC services [10], [13], [62]. As the URLLC latency
target is smaller than the channel coherence time in most of the
applications, it is assumed that the channel remains constant
during the initial transmission and the potential retransmission
[52], [55], [68].

Using (1), the minimum blocklength n™" satisfying the
outage probability ¢y is related to the SNR and the payload
size, which can be expressed as

e~ E(n,7,b)2Q : (D

f(nminv s ba 60) £ nminc(’}/) —b- nminv(’Y)Qil((?O) =0,

2)

where Q7!(-) is inverse of the Gaussian Q-function. The
function f(-) is convex and has a quadratic form with respect
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to Vn™min, Solving (2) and after some algebraic manipulations
we have

T em T ey S
40 ()b 1/2
(14 ) ] O

III. PROBLEM FORMULATION
A. In-Resource Control Signalling

Assuming separate encoding of metadata and data, the
probability of success in the initial transmission is conditioned
upon correct decoding of both the metadata and data. Let m;
and d; respectively denote the number of allocated resources
(i.e., subcarrier symbols) to metadata and data in the ¢-th
transmission round (i € {1,2}). The number of resources in
the initial transmission equals

NI =my +d,. 4)

The probability of success P/t and the corresponding outage
probability P!

ui of the first transmission are given by
Psllicc: (1_Pem1) (1_Pedl)a
P, =1-Ph =Ph 4 pm —phpm, (5

succ

where P41 and P™ denote the BLEP of decoding data and
metadata that are scheduled over codeword sizes of d; and mq,
respectively. After each successful transmission, the UE feeds
back an ACK signal to the network. Three possible outcomes
of the initial transmission may trigger a retransmission:

1) Decoding ACK as NACK: 1t happens when the UE
successfully decodes both the metadata and data and sends
ACK. But, the ACK message is decoded as NACK at the
network. Thereby, an unnecessary HARQ retransmission is
scheduled with the same data blocklength d;. The received
copy is discarded after being decoded by the UE and has no
impact on the outage probability. But, it increases the resource
utilization by

NI = PL. P (mo + dy), (6)

succ e

where P2" is the error probability of decoding ACK as NACK.

2) Failure to decode the data: The second case occurs
when the UE receives the metadata but fails to decode the data.
It then feeds back a NACK. Correct decoding of the NACK
by the BS triggers scheduling of the corresponding HARQ
retransmission. Otherwise, if the BS decodes the NACK as
ACK, it assumes successful transmission and terminates the
procedure. This results in latency outage for URLLC applica-
tions.

Two retransmission protocols of IR-HARQ and CC-HARQ
are considered. Using CC-HARQ), the same codeword as the
initial transmission is sent over the retransmission round [54].
The UE combines multiples of received data packets using
maximum ratio combining (MRC) to enhance the desired
signal power and increase successful decoding probability.
With IR-HARQ, data bits are encoded to a parent codeword
of length dL channel uses, where L is the maximum number

of transmissions [52]. The parent codeword is split into sub-
codewords of d symbols. A new sub-codeword is consecu-
tively transmitted if the UE fails to correctly decode previous
received concatenated samples. The success probability fol-
lowing HARQ retransmission is obtained as [77]

Pl = (1= P™) (1= Pr) (1= Pr) (P8 = P"?),
0

where PI'“ is the error probability of decoding of NACK as
ACK. Variable P42 is the data BLEP after HARQ retransmis-
sion combining equals E(dy, 2y, D) and F(2d,,~, D) for CC-
HARQ and IR-HARQ), respectively [55], [77]. The additional
resource utilization of this case is obtained as

Nl = (1= PP) PO (1= P2 (my + ). (®)

Note that P** is critical for URLLC services as high values
of PI*® prohibit achieving the desired reliability target within
the limited time budget. Asymmetric detection to protect
NACK signals from being decoded as ACK, NACK repetition,
and allocating more resources for feedback signals are among
the proposed approaches to enhance the reliability of feedback
signals [59], [78], [79].

3) Failure to decode the metadata: In this case, the UE
does not know if it is intended to a transmission. Thus, it
does not forward any feedback. This is known as discontinuous
transmission. When the BS does not receive an ACK/NACK
signal by listening to the UL feedback channel, it schedules
a new retransmission. Since the control information required
to identify the data block in the initial transmission was
not correctly decoded, unlike the previous case, there is no
possibility of HARQ combining. Accordingly, the probability

of success P2t and resource usage N2 are driven as

Pl — pm (1 _

NTv = pmi(1 —

Py (1 -

e

B (mg + da) ©)

Pm?) (1P,

€

where P"“ is the probability that the BS erroneously assumes
receiving ACK that leads to an outage.

Following those three error cases for in-resource control
signalling, we derive the overall outage probability P!, as-
suming initial transmission plus one retransmission (if needed)
as

_ PIZa _ P12b

succ succ

Polzit: ]'_Pslﬁcc
= PP [1— P — P2] 4+ P P + P2 P
+PIe[L— P = P PP
+ P[P (1= P (1 - PR
+PI[(1— P™ = P 4 PP (P — P)]
~ P Ppm2 4 prmopde 4 pmepdi 4 phi

+ prapm 4 praph (10)
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Similarly, the average number of resource usage N'! is
obtained as

Nlt — NIl +N11 +N12a +N12},
=my +d; + P™(1 — P™)(1 — P4)(mgy + dy)
+ PH(1 =P (1= P (mo + dy)
+ P (1= P") (m2 + da)

~ my +dip + P™ (mg + dy) + (PY + P (mg + dy).
(11)

As URLLC deal with low values of errors, the relative cross
products are negligible that make the applied approximations
in (10) and (11) reasonable. In Section V, the accuracy of
these approximations are validated.

From (10), we realize that the probability of error in meta-
data, along with the miss-detection of the feedback signals,
are not negligible and have a notable impact on the outage
probability. This is unlike most of the literature studies (e.g.
[53]-[55], [57]) which assume ideal metadata transmission
and mainly focus on data outage probability (i.e., P412). The
overhead and the impact of metadata and UL feedback signals
on the required resources are visible in (11), where we observe
that metadata plays an important role on the network resource
utilization. Therefore, it is essential to design and optimize
the transmission performance of URLLC by jointly taking
into account the data, metadata, and impairments in feedback
channel.

We formulate a resource allocation problem to minimize
the number of allocated resources while satisfying the qual-
ity of service requirements of URLLC. The optimization is
expressed as:

min Nt
di,WLi
S.t. C1L: PIl, < plov
CZIZE(mi,'YvM):Pemiv 1=1,2,
C3I: E(d“’}/,D) :Pgi’ i:1727
cur. {E(d1,2y,D) = P for CC-HARQ,
"1 E(2dy,7, D) = P42 for IR-HARQ,

C5l: dij,m; €N, i=1,2. (12)
Constraints C11I guarantees the reliability target. Constraints
C2I-C4I are the error probabilities corresponding to the chan-
nel allocations of data and metadata in the initial transmission
and the retransmission. Finally, C5I indicates that the number
of allocated resources are positive integers. Note that we
have implicitly taken into account the latency requirement
by considering that a maximum of one retransmission can be
accommodated within the given latency budget [58], [59]. In
(12) the objective function and constraint C1I are non-convex.
The equality constraints C2I-C41 are not affine and CS5I is
integer. Thus, it belongs to the family of integer non-convex
optimization problems, difficult to solve with polynomial
complexity. In Section IV-A, we present a solution based on
consecutive convex optimization to tackle the non-convexity
in (12).

B. Joint Encoding of Data and Metadata

Assuming joint encoding of the metadata and the data to
a single codeword of length n, the probability of success in

the first attempt P!, is given by
Pf;]ulcc =1- Pé]17
P' = E(ny,v, M + D). (13)

The UE sends ACK following correct decoding. Since, both
metadata and data are encoded (decoded) together, we assume
there are no possibilities for sending NACK as well as the
HARQ gain of combining data packets after the retransmis-
sion. If an ACK is not received, the BS assumes failure and
retransmits the packet with a blocklength of n, and BLEP
of PJ2. Thus, the success probability following the second
transmission P2 is given by

PJ2 :Péh(lipéna)(lipéb)'

succ

(14)

Consequently, for joint encoding of data and metadata, the
overall outage probability Pf, is calculated as

out
J J J:
Po’tftzl_Pchc_Pschc
:PeJl(Pgna+PeJ27Pezmapei]2)zPeJIPgna+PeleeJ2

15)

The corresponding average number of allocated resources N7*
equals

N7 =ny + P/ (1= P*)ny + (1 — P/Y) Py

~ny + Ping 4+ PYny, (16)

where PZ™ is the probability that ACK feedback is not
detected correctly by the BS which gives rise to a redundant
retransmission.

The resource allocation problem for joint encoding of data

and metadata is formulated as follows

mi_n N7t

S.t: Cl: Pl = PP + PP < Plar,
C2J: E (nj,v,M +D)=P/i, i=1,2,
C3:n;eN i=1,2 (17)

Similar to (12), the objective function and constraint C1J are
non-convex. Constraint C2J is not affine, and finally C3J is
integer. Accordingly, problem (17) is also integer non-convex
optimization.

IV. PROPOSED LOW-COMPLEXITY NEAR-OPTIMUM
SOLUTION

A. In-Resource Control Signalling

In order to solve the optimization problem (12), an efficient
near-optimum low-complexity solution is proposed. In the
rest of the paper, we assume CC-HARQ. However, similar
approach can be applied to IR-HARQ. We handle the non-
convexity of the problem by developing an algorithm based
on successive solving a convex optimization problem through
the following steps.



o Step-1: Integer relaxation. First, we relax the constraint
C5Iin (12) and assume channel uses can be positive real
numbers (i.e. d;, m; € R1).

Step-2: Convert non-convex functions to convex form.
The objective function and constraint C1I in (12) are
non-convex posynomial functions [80]. To handle the
non-convexity, we introduce new variables as: xr; =
Inmi, 2o 2 Indy, 23 = Inmy, 24 2 Indy, y; 2
P, yp 2InPh, ys 2 InP™, yy 2 In P2 y5 2
In P42, Revising problem (12) with respect to new
variables and substituting the objective function and con-
straint C1I with their logarithmic form result in
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(19), we obtain the following problem

min In {6581 + e®2 +ey1+m3 +ey1+x4 +ey2+xz
TirYi

S Clfa: In [er:+0 4 e010s 4 gvrtos

—In Ptar

out

+ €% 4 Pl 4 Plte | <0,

C2lc:
C3lIc:

E (e, 5, M) — e (1+y; —y?) < 0,i =1,3,
E(e%,7,D) — e¥ (1 +y; —y?) < 0,i =24,

Cdlc: E (7,27, D) — ¥ (1 +y5 —12) <0,

Cslc: x; € RT i€ {1,...,4},
min In [611 + T2 4 eV TTs 4 oUitTa | oYzt Colc: y; e R ie{l,...,5}. 21)
TiYi

+ey2+m3 +pean(6m2 +€IS):|,

S.t. Cla: In [eyl+y3 4 e¥rtya o ov2tys

Step-5: Iterative solving of standard optimization
problem. In (21), the objective and constraints are convex
functions forming a standard convex optimization prob-
lem that can be solved via optimization toolbox with

+e¥s + PVt 4 Pe”aeyﬂ —In P47 <0, polynomial time. Based on these analyses, we apply

Cola: E (%, v, M) = ¥, i—1,3, an iterative algorithm to find a qu.b—oPtlmal soluthn

N _ . for problem (12). The convex optimization problem in

C3la: E(e™,y,D) =¢€¥, i=2/4, (21) is solved with the initial points y?. The initial

Cdla: E (",2v,D) = e, points are then updated with the optimal solutions of the

Csla: ; € RY, i€ {l,...,4}, previous iteration. Algorithm 1 summarizes the steps of
Céla: y; € R, ic{l,..5 (18) the proposed solution.

In the revised optimization problem (18), the objective
function and constraint Clla are standard convex form
[80].

Algorithm 1 Proposed Solution for the Optimization Problem
12)

1

Initialize: The initial points e¥i , the iteration number k& =
0, and the maximum number of iterations K.

Step-3: Modify equality constraints. Constraints C2Ia- = Repeat: o ) ’
C4la are non-affine equality constraints. Without loss of ~ 3  Solve the convex optimization problem (21) with e¥:.
optimality, we modify them to inequality constraints as 4 Seth=*k &+ L.
5. Update e¥: = e¥:.
6: Until: £ = Ky -
C21b: E (e“,”y, M) —e¥i < 0, i=1,3, 7: Return: e®i.
C3Ib: E(e®,v,D) —e¥ <0, i=24,

C4lb: E (e*2,2,D) —e¥5 <0. (19)

B. Joint Encoding of Data and Metadata

Problem (17) has similar structure as that of (12). Thereby,
applying the same approaches as in Section IV-A yields a

Proof. Please refer to Appendix A. L
) PP standard convex optimization

o Step-4: Difference of convex functions. Constraints

C2Ib-C4Ib are the difference of two convex functions. min In [e"! + e* T2 4 Pime?]

Proof. Please refer to Appendix B. WinEi e L et .
To handle the non-convexity of constraints C2Ib-C41Ib, St: Clla: In [e” PI™ +e | =PIy <0,
we employ successive convex approximation [48], [81]. C2Ja: E (e“,v,D + M) — 62?(1 + 2z — z?) <0,
Applying Taylor éxpa‘nsion for. the' convex functioqs,.the C3Ja: w; € R, i=1,2,
first order approximation of e¥’ with respect to an initial .
Cdla: z; € R, 1=1,2, (22)

point ) is expressed as
where w; £ Inn;, z; = In PJi. Algorithm 2 presents the steps
toward solving problem (17).

By solving optimization problems (12) and (17), we derive
the minimum average number of required resources while
satisfying URLLC targets. Note that imposing additional con-
straints in terms of available resources may likely lead to a

e et (g — ) < e, (20)

which is an affine function of y;. Substituting (20) into
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sub-optimal result (i.e. higher number of required resources)
or may not satisfy the reliability requirement.

Algorithm 2 Proposed Solution for the Optimization Problem
a7

1: Initialize: The initial points e , the iteration number k =
0, and the maximum number of iterations K ,x.

Repeat: .
Solve the convex optimization problem (22) with e*: .
Set k =k + 1.

Update e = e,
Until: k£ = K.
Return: ¢":.

V. NUMERICAL RESULTS

Numerical results evaluating the performance of different
multiplexing schemes are presented in the following. For sim-
ulation parameters, we assume equal false-alarm probability
Pfae for P"@ and P (ie. P"* = Pme = Pfa = 1079).
Also, to cover the asymmetric detection of feedback signals in
URLLC we assume P3" = P = 5Pf% = 5 x 107°. We set
the number of maximum iterations Kp,,x = 5 for Algorithms
1 and 2.

A. In-Resource Control Signalling

Fig. 1 depicts the resource usage performance gains of
sending URLLC payloads, assuming in-resource control chan-
nel multiplexing with respect to outage probability targets
ranging from P2 = 10~% to P! = 1077 and for different
channel conditions. We assume data and metadata size are
D = 32 and M = 16 bytes, respectively [61], [77]. The
gains are compared against the baseline scenario with a single
transmission in which both data metadata are encoded with
the same BLEP equal P&t = P™ = 1P!% Considering
cases with two transmissions, we present results for three
scheduling schemes: i) Transmission with constant BLEP (i.e.
Pgi = P = P,, ¢+ = 1,2). ii)) The proposed solution
provided by Algorithm 1. iii) The optimal solution obtained
by performing an exhaustive search over the feasible set of
points and without approximations in (10) and (11).

Assuming two transmissions with equal BLEP P, for both
metadata and data, the expression of total outage probability
in equation (10) is further simplified to

PSt

out

=3P.% + P.(P!" + P["*)+ P* < Py}

out *

(23)

Solving (23) with equality constraint to minimize the number
of resources, results
(P + P™)
6
1
N ((Pgw, + Pgna)Q + 12Ptar) 2

di _ pm; _ ~
Pe _Pe =P.~-

out
6 )
Accordingly, the number of resources can be calculated using
(3). Fig. 1 reveals significant resource efficiency enhancements
with two transmissions. As we observe, the gain increases

i=1,2. 24

¥}
=

O Two trans., Opt., Exhaustive
2 —&— Two trans., Proposed

= = Two trans, Constant BLER
—— SNR=-5dB
—— SNR=0dB
—— SNR=5dB
—— SNR =10dB

Resource Efficiency Gain Compared to One Transmission %

Outage Probability Target

Fig. 1: Performance analysis of in-resource control signalling
for different outage probabilities and channel conditions with
M =16 and D = 32 bytes. P/* = P* = 107° and P" =
PIm =5 x 1075,

with tighter reliability requirements. For instance, at the outage
of P! = 1077 (99.99999% reliability) and —5 dB SNR,
constants BLEP is 16% more resource-efficient as compared
to single-shot scheduling. Moreover, the proposed variable
error-rate scheduling provides better performance and achieves
24% gain in resource usage. This is because the proposed
algorithm schedules the initial transmission with higher rates
to minimize the resources. Failure to decode metadata at the
first transmission, both data and metadata are scheduled with
lower coding-rate to further improve the reliability. On the
other hand, if the UE could not decode the data, HARQ
retransmission is scheduled with robust metadata, and the data
quality is enhanced by HARQ combining of the received data
packets.

Comparing the results from the proposed algorithm with
those of optimal solutions by performing exhaustive search
operation, we observe that our algorithm performs well and
approaches a similar performance close to the optimal point
solution. As the exhaustive search solution is driven by in-
vestigating the original resource allocation problem (without
approximations), it confirms that the applied approximations
in (10) and (11) are accurate and valid. It is also interesting to
note that since a fixed power spectrum density is applied over
the assigned bandwidth, the provided gain is two dimensional,
given that it reduces the assigned spectrum and the power with
the same amount.

Fig. 2 shows the resource efficiency gain for different
metadata and data set sizes assuming SNR of v = 0 dB. For
each set, the achieved gain is calculated by comparing against
the results of single transmission with the same metadata
data sizes. We observe that the gain is higher for short
payload sizes. Assuming M = 10 and D = 16 bytes, the
proposed solution is 27% more resource efficient at 10~7
outage probability. Increasing the data size to D = 50 bytes,
the gain reduces to 18%. This is due to the fact that the
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O Two trans, Opt., Exhaustive
26 |=8— Two trans, Proposed
= = Two trans, Constant BLER
24 |—— M =10, D =16 bytes

M =10, D =50 bytes

M =16, D = 16 bytes
—— M =16, D = 32 bytes

Resource Efficiency Gain Compared to One Transmission %

Outage Probability Target

Fig. 2: Performance analysis of in-resource control signalling
for different metadata and data sizes with v = 0 dB. P*® =
Pma =105 and P = P¥™ =5 x 1075,

impairment of short packet transmission decreases as the
blocklength grows and the achievable rate converges to the
Shannon Capacity. This in turn facilitates low-error scheduling
with single transmission.

B. Joint Encoding of Data and Metadata

In Figs. 3 and 4 we evaluate the performance of joint
encoding of data and metadata. Fig. 3 plots the achieved
gain versus the outage probability for different transmission
schemes and SNR values. For the baseline single transmission,
the minimum number of required resources n; is calculated
based on (3) such that F(ny,v, M + D) = P!, For equal

constant BLEP with retransmission, the error probabilities are
obtained from (15) as

—pre

2 2
As can be observed, the proposed solution improves the
performance by reducing the number of resources required
to guarantee the desired reliability targets. At SNR of v =0
dB and for 99.99999% reliability, it provides 16% gain in
comparison to the baseline single transmission. Moreover, the
performance is very close to that of the optimal exhaustive
search solution. The results in Figs. 1 and 3 show that
retransmission is more favourable at low-SNR regimes. The
achieved gain of retransmission decreases with an increase
in channel quality. The reason is that reliability significantly
enhances at high SNRs. Therefore, it is also possible to achieve
the reliability target with a relatively low number of resources
in a single allocation.

Fig. 4 shows the performance for different metadata and
data sizes. Similar to the results of Fig. 2, we observe
retransmission is more beneficial for small payloads and the
gain decreases for larger blocklengths. Comparing in-resource
control signalling with joint encoding, we observe that the
relative improvements of enabling retransmission are higher

((Pema)Q + 4Ptar)% .

out

Pl =Pl ~ (25)

L 20

= O Two trans., Opt., Exhaustive

-2 —8&— Two trans., Proposed

é 18{|= = Two trans, Constant BLER

z —— SNR=-5dB

E [~ SNR=0aB

T) —— SNR=5dB

= —— SNR =10dB

o

2 14

]

2 -
g = L e==-===

E | - &  __-=---

15) ---

C o @ _Z---- T __---
g1 ===

I} - -z =- "

S ro 7 _-z==

> -7

Q - T e - == ———
= - =T

L -

) -8

& -- ===
5 i e ======r——"

- — _ -

3 -

=

2 4 -

&2 10t 10° 107 107

Outage Probability Target

Fig. 3: Performance analysis of joint encoding of data and
metadata for different outage probabilities and channel con-
ditions with M = 16 and D = 32 bytes. P™* = 107° and
Pa™ =5 x 1075,

22

O Two trans, Opt., Exhaustive
—&— Two trans, Proposed

20f (= - Two trans, Constant BLER
—— M =10, D = 16 bytes
18 M =10, D =50 bytes

M =16, D = 16 bytes
—— M =16, D = 32 bytes

Resource Efficiency Gain Compared to One Transmission %

10 107 10°

Outage Probability Target
Fig. 4: Performance analysis of joint encoding for different
metadata and data sizes with v = 0 dB. P"® = P™m¢ = 10~°
and P = P9 =5 x 1075,

for in-resource control transmission. Assuming M = D = 16
bytes and at the outage probability of 1075, the proposed
algorithm results in 23% gain as compared to baseline case for
in-resource control signalling. While for joint encoding, 17%
improvement is achieved. This is because of the capability of
the joint transmission scheme to encode both the metadata and
data with a larger codeword that diminishes short blocklength
inefficiency.

C. Performance Comparison

In Fig. 5, we provide a comparison between in-resource
control scheduling and joint encoding of data and metadata.
The relationship between resource efficiency and feedback er-
rors is also further investigated. The figure plots the minimum
number of required resource elements versus operating SNRs
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TABLE II: URLLC BLEP targets for different multiplexing schemes and outage reliabilities. M = 10 and D = 50 bytes,

Pre = pme = 107°, P = P9 =5 x 1075, 4 = 0 dB.

Pta/r — 1075 Ptur — 1077
Scenario - ——out — - ——out —
First Transmission Second Transmission First Transmission Second Transmission
Joint Encoding 2 x 1072 4x107% 1x 1072 2 x 107
In-resource Control | Metadata 8 x 103 2x 101 3x 103 1x 107
Signalling _o NACK DTX _3 NACK DTX
Data 210 2%1072 | 4x 104 6> 10 6x1073 | 1.5x 107

400 T T T
In-resource, single trans.

= In-resource, two trans. (proposed), Pﬂ' = 10'4

350 ~ = In-resource, two trans. (proposed), P"’" = lO'5 ul
In-resource, two trans. (proposed), Ph = 10‘7

—— Joint encoding, single trans.

)
=}
S

Joint encoding, two trans. (proposed), pfa=10*

Joint encoding, two trans. (proposed), pla= 107

Joint encoding, two trans. (proposed), pla= 107

e}
53
S

200

Average Number of Resouces

150

100

50 I I I I I I I I I

SNR (dB)

Fig. 5: Performance comparison of in-resource control sig-
nalling and joint encoding of data and metadata with different
feedback errors, assuming P27 = 107¢, M = 10 and D = 16
bytes. P¢ = Pma = pfa pan — pam — 5pfa,

for different scheduling schemes. Benefiting from sending
information over a larger codeword and in comparison to
in-resource control signalling, joint encoding shows supe-
rior resource efficiency for both single and two-transmission
schemes. Recall that, though joint encoding is more effi-
cient, its relative gain with respect to single transmission
is lower than in-resource control signalling, as highlighted
by the previous results. Assuming single transmission and
at 5 dB SNR, it provides 14% gain over the in-resource
control transmission. With two transmissions and by applying
the proposed optimization, the difference decreases to 8%.
However, the gain comes at the expense of higher complexity
(more required energy and processing time) at the receiver.
Detailed comparison between in-resource control signalling
and joint encoding in terms of complexity and energy con-
sumption depends on several practical parameters such as
coding scheme, coding rate, code length, decoding method,
number of codebooks, size of searching area [82], [83]. Such
aspects are left for future studies. Moreover, the plot shows that
the performance difference decreases with improving channel
conditions. Additionally, we observe that feedback errors have
lower (in comparison to data and metadata) impact on the
resource usage. Reducing feedback error from 104 to 10"
results around 1% improvement of the resource efficiency at
5 dB SNR.

Finally, Table II presents BLEP targets of the first and the
second transmissions for different multiplexing schemes and
outage probability. The results illustrate that the BLEP targets
in the first transmission are orders of magnitude higher than
the second ones for both in-resource control signalling and
joint encoding approaches. This is beneficial to enhance the
throughput within the initial allocation. However, the error
probability increases with the coding rates that leads addi-
tional resource assignment for retransmission. Therefore, the
provided gain is bounded by the failure rate, outage probability
target, and the error probability in feedback channel (that limits
the applicability of retransmission).

By comparing the results of joint encoding at 10~5 and
10~7 outage probability levels, we find similar BLEPs for the
initial transmissions. But the BLEP targets significantly vary
for the second retransmissions. This highlights the benefits
of enabling variable rate retransmission to well accommodate
with different reliability targets. A similar trend is observed
considering in-resource control signalling. In this scheme,
based on the source of retransmission, we notice that different
BLEP targets are needed to be set for data scheduling. Due to
the potential gain achieved from CC-HARQ, retransmitting the
same data packet as the original one guarantees the reliability
requirements if NACK is received. In the case of DTX,
transmission with a more robust MCS is desirable.

The provided algorithm can be easily realized for practical
implementations by generating offline such above tables that
take those input parameters and return either the desired
BLER target of the data or the aggregation level of the
metadata as output. Hence, for each new data transmission,
the BS simply performs a look-up in the corresponding table
and selects the aggregation level and MCS for the metadata
and data, respectively, to achieve the most resource-efficient
transmission, while still fulfilling the QoS requirements for
the users. This relaxes the need for solving the optimization
problem each time a new packet arrives and therefore does
not affect processing time requirement of URLLC services.

The proposed solution can be directly applied in multi-cell
multi-user or mixed URLLC and eMBB scenarios to enhance
the network performance. In such cases and for each UE, the
BS determines the best link adaptation strategy that minimizes
the number of required resources. The link adaptation results
(i.e. BLER targets) are then directly used as an input for
multiplexing problems [10], [62]. Scheduling URLLC traffic
with lower number of resources is advantageous as the network
can schedule more URLLC payloads to reduce the queuing
delay or serve a different traffic type (e.g. eMBB) over the
available resources.
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(26)

VI. CONCLUSION

This paper studied downlink radio resource allocation for
URLLC in 5G NR. Two multiplexing methodologies namely
as in-resource control signalling and joint encoding (decod-
ing) of data and metadata were investigated. We proposed
an analytical framework to evaluate the allocated resources
and the outage probability of URLLC scheduling. It was
shown that non-ideal transmission of control information has
a significant impact on the system overhead and reliability
of URLLC. For each scheme, we formulated an optimiza-
tion problem comprising joint link adaptation for data and
metadata to minimize resource allocation while guaranteeing
URLLC requirements. Since the problems are integer non-
convex optimizations, solutions based on successive convex
optimizations were proposed. Numerical analyses showed that
the proposed algorithms perform close to the optimal solutions,
significantly reduce the resource usage, and achieve up to
27% resource utilization improvement. Future studies could
examine the impact of imperfect (delayed) channel knowledge
at transceivers and analyse the performance of multi-user
multiplexing.

APPENDIX A

We show that constraints C2Ia-C4la are hold with equality
at the optimum point. To this end, we first prove that the
decoding error probability is always a decreasing function with
respect to x. The partial derivative of the function E(e*,~,b)
with respect to x is given by

T T —1(efo()-b 2
OB, b) __ eCt+b F(TER) _o o)
2we*V ()

ox )

meaning that E(-) is monotonically decreasing function of x.

Applying the contradiction theory, let us assume {z},y;}
are the optimal solutions of (18) satisfying at least one of the
constraints with non-equality (i.e. E(e%,~,b) < €% ). In this
case, the achieved minimum number of channel uses is de-
noted by N*. We denote z7* as the solution of £ (€%, 7,b) =
e¥i can be obtained using (3). Since E(-) is always decreasing
with respect to x, we have 27 < z7. Suppose a set of points
as {z},,; 2}, y;} resulting N** channel uses. This leads
to N** < N* which is in contradiction with the optimality
assumption of N*. Following similar proofs for other cases,
we conclude that modifying equality constraints to inequality
does not change the optimal solution.

(°C() =) (COe™ +b = VVH)er) (Ce” +b+ VYV ()er) .
II

=

APPENDIX B

To prove the convexity of decoding error probability, it is
sufficient to show that the second derivative of E(e”,~,b)
presented in (26) is positive. In (26), positivity of the term II
holds when e”C(v) > b implying that 0 < E(e®,7,b) < %
which is a valid assumption for URLLC. Also term ® has

. . . x 2
quadratic form and is convex with respect to e2 (662 ‘I% =
€
2C(y) > 0). Therefore, ® is minimized setting 684% = 0, that
(&

results in €2 = /V(vy)/2C(y). The minimum value of ® is
given by

min:bi

(28)

AC()’
Taking the first derivative of ®™" with respect to 7, we have

o™ 1 4 +2(y—In(1+7)) (29)
&y A2 (114p3Wm(1+q)

V(v)
C(

Given that v > In(1 + +) we conclude S%T > 0, indicating

that ®™" is monotonically increasing function of . As ®Mn
is also increasing with b, it is sufficient to show that omin > ()
for few number of information bits and low-value of SNR.
Assuming b = 1 bit and v = —100 dB, we have ™" = 0.27.
We therefore conclude that E(e”,+, b) is convex function of x.
It is straightforward to show that e¥ is also a convex function
with respect to y. This completes the proof.
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