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Abstract—Ultra Reliable and Low Latency Communications
(URLLC) is deemed to be an essential service in 5G systems
and beyond (also called 6G) to accommodate a wide range
of emerging applications with stringent latency and reliability
requirements. Coexistence of URLLC alongside other service cat-
egories calls for developing spectrally efficient multiplexing tech-
niques. Specifically, coupling URLLC and conventional enhanced
Mobile BroadBand (eMBB) through superposition/puncturing
naturally arises as a promising option due to the tolerance of
the latter in terms of latency and reliability. The idea here is
to transmit URLLC packets (typically sporadic and of short
size) over resources occupied by ongoing eMBB transmissions
while minimizing the impact on the eMBB transmissions. In this
paper, we propose a novel downlink URLLC-eMBB multiplexing
technique that exploits possible similarities among URLLC and
eMBB symbols, with the objective of reducing the size of the
punctured eMBB symbols. We propose that the base station (BS)
scans the eMBB traffic’ symbol sequences and punctures those
that have the highest symbol similarity with that of the URLLC
users to be served. As the eMBB and URLLC may use different
constellation sizes, we introduce the concept of symbol region
similarity to accommodate the different constellations. We assess
the performance of the proposed scheme analytically, where we
derive closed-form expressions for the symbol error rate (SER)
of the eMBB and URLLC services. We also derive an expression
for the eMBB loss function due to puncturing in terms of the
eMBB SER. We demonstrate through numerical and simulation
results the efficacy of the proposed scheme where we show that
1) the eMBB spectral efficiency is improved by puncturing fewer
symbols, 2) the SER and reliability performance of eMBB are
improved, and 3) the URLLC data is accommodated within the
specified delay constraint while maintaining its reliability, 4) and
the proposed strategy has polynomial time complexity making it
an efficient solution to be used in practice.

Keywords—eMBB, multiplexing, puncturing, URLLC, 5G
and beyond, 6G.

I. INTRODUCTION
A. Motivation

5G and beyond systems are anticipated to provide a variety
of service classes with different requirements in terms of
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latency, reliability and connectivity [1]-[3]. This naturally
raises concerns about their coexistence, especially after it has
been shown that allocating a dedicated bandwidth for each
service is not spectrally efficient [4]]. In particular, providing
a dedicated bandwidth for ultra reliable and low latency
communications (URLLC) class of service has been shown to
be poorly efficient where the effectively used bandwidth could
be less than 5% of the total allocated resource. This is mainly
due to URLLC traffic characteristics and requirements [5]. In
fact, the URLLC services come with stringent requirements
in terms of latency (less than one millisecond) and reliability
(packet error less than 107%), implying that such services
require immediate availability of spectral resources [3], [6].
Meanwhile, given the sporadic characteristic of URLLC traffic
and their short packet size, the allocated resources will only
be used occasionally and for a short period [1f, [2]], [7],
[8]. Therefore, on-demand resource allocation for URLLC
transmissions is deemed a promising solution to make good
use of spectral resources.

Aligning with the concept of on-demand allocation of
resources for URLLC communications, the 3GPP standard
has suggested using superposition/puncturing for multiplexing
URLLC and enhanced Mobile BroadBand (eMBB) services
in 5G networks [9], [10]. As time is divided into slots, and
each slot consists of several mini-slots [[11]], the main idea of
the superposition/puncturing framework is to transmit URLLC
packets in mini-slot basis, upon their arrival, over the resources
occupied by ongoing service type transmissions. Specifically,
the eMBB traffic shares the time-frequency resources within
each slot, which can be based on the channel states of the
eMBB traffic. To accommodate the URLLC traffic of the
tight latency constraints, the arriving URLLC packets are
immediately scheduled in the next mini-slot on top of the
ongoing eMBB transmissions. If the BS allocates transmission
power for both eMBB and URLLC traffic, then it is referred to
as superposition. If the BS chooses zero transmission power
for the eMBB traffic, then this is referred to as puncturing
[10].

B. Related Work

Superposition/puncturing is considered a promising option to
allocate the URLLC traffic due to the tolerance of the latter in
terms of latency and reliability. Hence, much work [12]]-[19]]



focused on developing techniques based on coupling URLLC
and conventional (eMBB) data transmission through superpo-
sition/puncturing. In [[12]|-[19], the authors investigated and
developed novel superposition/puncturing approaches aiming
to minimize the impact on eMBB in terms of the contam-
inated symbols. The advantages of using superposition for
sharing resources in uplink communications between eMBB,
mMTC, and URLLC devices was studied in [[12]]. For URLLC
downlink MIMO-NOMA, network layer performance bounds
and cross-layer power control were studied in [13]. A max-
matching diversity (MMD) algorithm was proposed in [14]]
to allocate eMBB users, considering both heterogeneous or-
thogonal and non-orthogonal multiple access network slicing
strategies. A machine learning approach for hybrid multiple
access solution (HMA) was proposed in [15]. In fact, the
classical methods of NOMA, such as power-domain, require
perfect channel state information (CSI) at the BS such that
the transmitted signal can be separated at the receiver with
successive interference cancellation (SIC) [20]]. A new class of
NOMA, namely bits similarity NOMA, was proposed in [20].
It was shown that, without perfect CSI, bit-similarity NOMA
can achieve better spectral efficiency and fairness among
users compared to traditional NOMA techniques. In fact,
superposition techniques (NOMA) cause severe degradation
to the URLLC reliability because the eMBB signal acts as an
interference signal that increases the decoding errors of the
URLLC traffic. Moreover, the lack of the URLLC CSI at the
transmitter decreases the chances to superpose URLLC traffic
on eMBB [21]]. Thus, puncturing is preferred as it conserves
URLLC reliability.

In order to study the impact of puncturing eMBB resources
to accommodate URLLC transmission, the authors in [16]
studied the problem of joint scheduling of eMBB and URLLC
data transmission according to linear, convex and threshold
models of the eMBB rate loss associated with the eMBB re-
sources puncturing. A risk-sensitive approach was introduced
in [[17] to mitigate the risk of puncturing eMBB resources.
A resource allocation scheduler was proposed in [18] where
the formulated problem considered the overhead associated
with the URLLC load segmentation while maximizing the
rate utility. A null-space-based spatial puncturing scheduler for
joint URLLC/eMBB traffic was proposed in [22]. The authors
in [23|] formulated a URLLC traffic allocation problem by
adopting a superposition or puncturing scheme. Practically,
when the URLLC service is initiated in the middle of the
eMBB transport block, part of eMBB symbols are replaced
by and/or superposed with the symbols of the URLLC packet.
Accordingly, the reception quality of the eMBB services could
be degraded severely.

Since eMBB tolerates delays, eMBB users can rely on long
error-correction codes in combination with re-transmission
techniques to compensate for the loss incurred by super-
position/puncturing. Retransmission-based puncturing slows
the eMBB traffic, and it requires more overhead including
puncturing indicator (PI) to inform the eMBB user of the
punctured resources, while the whole information block can be
re-transmitted if decoding errors occur. Therefore, researchers
have been thinking about using codes (code-based puncturing)

to correct the erroneous symbols in the eMBB message and
hence avoiding retransmissions and high overhead signal [4],
[10]. Particularly, the gain achieved by retransmission based
puncturing over code-based puncturing is moderate and less
than 10% [4], [10]. Moreover, indicator-free scheme including
a transmit precoding with blind detection is proposed for re-
source overhead reduction [24]. In general, the more punctured
eMBB symbols there are, the higher the number of erroneous
eMBB symbols and the lower the code rate ( of the error
correction code) we get, which subsequently results in low
spectral efficiency. In this paper, we aim to reduce the number
of contaminated eMBB symbols for the uncoded system and
hence the possibility to enhance the code rate ( of the error
correction code) of the eMBB and then the spectral efficiency.

C. Contributions

In this work, we are motivated to satisfy QoS of both
eMBB and URLLC services in 5G and beyond 5G systems.
Therefore, we seek to develop a puncturing strategy such that
the impact on the punctured eMBB symbols is minimized,
which should essentially lead to better eMBB QoS and spectral
utility. In other words, we aim at devising a puncturing strategy
that can decrease the impact of simultaneous transmissions of
URLLC and eMBB traffic on the eMBB traffic. Hence, there is
no need to inform the eMBB users about punctured resources,
i.e., avoid transmitting costly and unnecessary puncturing
indicator signal. The contributions of the proposed downlink
puncturing strategy are summarized as follows:

« Different from existing works, we exploit the possible
similarity among the URLLC-eMBB symbols instead of
random allocation. Indeed, upon the arrival of a URLLC
packet, the BS scans the ongoing eMBB transmissions
and selects the one that maximizes the number of similar
symbols between the two services. In fact, increasing
the similarity between the eMBB-URLLC symbols effec-
tively reduces the impacted eMBB symbols and hence the
possibility to enhance the used error correction code rate
and then the spectral efficiency.

« While developing the proposed technique, we consider
the case where an eMBB user could have different symbol
constellations than that of URLLC users. Accordingly, we
introduce the so-called similarity region to evaluate the
similarity between the eMBB and URLLC with different
constellations. We describe in detail the encoding and
decoding processes for both eMBB and URLLC traffic.

« Taking into consideration the symbol errors occurring due
to the channel impairment and the puncturing process,
we derive a closed-form expression for the symbol error
rate (SER) of the eMBB traffic. The expression shows
that the SER of the eMBB traffic depends on the signal-
to-noise ratio (SNR), the average URLLC load, and the
average similarity. We also consider the SER to measure
the reliability of the URLLC traffic, as conserving the
SER of the URLLC preserves the minimum packet error
rate. Moreover, other reliability improvement techniques,
i.e., error control coding schemes [25]], packet duplication
[26], and HARQ [27]], can be used to enhance the URLLC
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Fig. 1: Relation between frequency resources and puncturing
mechanism.

reliability. These enhancement techniques are outside the
scope of this work.

« We demonstrate through several numerical examples the
efficacy of the proposed scheme where we show that
gains of up to 10 dB can be achieved in comparison
to the code-based puncturing technique. At high SNR,
the eMBB SER is dominated by error occurring due
to puncturing, i.e., the impact of channel diminishes.
The opposite is true when the similarity increases, that
is, the SER is greatly affected by the channel, not the
puncturing. We also show that the proposed algorithm has
low complexity computational time making it an efficient
solution to be used in practice.

D. Paper Outline

The rest of the paper is organized as follows. Section [II]
describes the adopted system model. The proposed puncturing
strategy is described in [[TI} Section [[V] provides performance
analysis of the proposed strategy where closed-form expres-
sions for the SER for both eMBB and URLLC users are
derived. Numerical and simulations results are shown in [V]
We conclude the paper in Section [VI]

II. SYSTEM MODEL

We consider a downlink wireless system consisting of one BS
that serves certain eMBB and URLLC traffics simultaneously.
The system bandwidth is partitioned into L equally sized
frequency resources, where each frequency resource is referred
to as a resource element (RE). Each 12 REs constitute a
resource block (RB) that is equivalent to 180 KHz. The time
domain is divided into slots, also known as transmission time
intervals (TTIs). The duration of each TTI is 1 ms. To support
the low latency requirement of the URLLC traffic, each TTI
is further divided into mini-slots, also known as small TTIs
(sTTTs), where the duration of each sTTI is 0.143 ms [16].
The REs are assigned to the eMBB traffic at the beginning
of each TTI, while the URLLC traffic arriving at each sTTI
is directly transmitted in the next sTTI by puncturing the
REs belonging to the eMBB load. Each URLLC packet is

TABLE I: List of Variables Used in the Analysis.

Description

Q similarity region

n URLLC modulation order

m eMBB modulation order

L BS downlink frequency resources
l average URLLC traffic

Ye eMBB Signal to Noise Ratio

Yu URLLC Signal to Noise Ratio

Ly, eMBB frequency resources with modulation order m

ln,m punctured eMBB symbols of modulation order m
by URLLC traffic of modulation order n

Lnm effectively punctured eMBB symbols of modulation order m
by URLLC traffic of modulation order n

Ln,m non-effectively punctured eMBB symbols of modulation order m
by URLLC traffic of modulation order n

Pm the probability of encoding eMBB with modulation order m

P() eMBB traffic symbol SER

P() URLLC traffic symbol SER

¢ URLLC block size

Un,m(.)  average similar symbols

K similarity search space

Su URLLC symbol

Se eMBB symbol

divided into blocks of (-symbols, with ( > 1, and it is
allocated within one sTTI. Each eMBB receiver is assumed to
decode its received data without knowledge of the punctured
resources, i.e, each eMBB receiver is assumed to be unaware
of the punctured resources at the transmission. Accordingly,
the puncturing overhead is reduced. Based on this assumption,
each eMBB receiver decodes its received data according to
its decoder. Let m € {2,4,..., M} denote the order of the
quadrature amplitude modulation (QAM) scheme adopted for
the eMBB traffic with symbol error probability P,, (7. ), where
vo denote the received eMBB signal-to-noise ratio (SNR). In
addition, let n € {2,4,..., N} denote the order of the QAM
scheme adopted for the URLLC traffic and let €, denote
its target symbol error probabilityﬂ Practically, the URLLC
modulation order n is low due to the following reasons:
1) the lack of accurate channel estimation due to latency
constraints; 2) the URLLC traffic is assumed to be small, so
the achievable capacity follows the short-block regime; and
3) the high reliability constraint of the URLLC traffic, which
means very low SER. We list in Table [I| most of the variables
used in the analysis throughout the paper.

III. PROPOSED PUNCTURING SCHEME
A. Rationale

The main idea of the proposed puncturing strategy is to
exploit the similarity between the symbols of the URLLC
block and the symbols of the eMBB load such that the
punctured eMBB symbol is similar to the transmitted URLLC
symbol. Instead of puncturing the eMBB traffic randomly or
greedily, we can search through the eMBB information block
to exploit the eMBB sequence that has the highest similarity
to the URLLC data block. Fig. [T]illustrates the mechanism of
the proposed scheme in terms of frequency and time resources.
At each mini-slot, one can transmit two orthogonal frequency
division multiplexing (OFDM) symbols per RE [28]]. Hence, if

1By definition, both m and n are powers of 2.



we consider a wireless network with 100 RBs, then a total of
100 x 12 x 2 = 2400 ODFM symbols can be transmitted
in one SsTTI. The BS searches for similarity between the
URLLC sequence with the ongoing 2400 eMBB symbols and
it allocates the URLLC traffic over the eMBB sequence that
has the maximum similarity. For example, assume that the
URLLC block length is 2 RB, i.e., 2 x 12 x 2 = 48 OFDM
symbols, and that the search window (step) is one RB. Then,
the proposed algorithm evaluates the similarity between the
URLLC sequence and K = 99 possibilities, where K is
the search space. As a result, the BS punctures the eMBB
sequence that has the maximum similarity to the URLLC
sequence.

For more elaboration, let us assume that both eMBB and
URLLC services employ binary phase shift keying (BPSK)
modulation and that the transmitted URLLC symbol is 0.
Then the punctured eMBB symbol can be either 0 or 1.
If the punctured eMBB symbol is 0, then the transmitted
URLLC symbol and the punctured eMBB symbol are similar,
and therefore, and therefore, the error probability of the
eMBB symbol is not affected by the puncturing scheme.
However, if the punctured eMBB symbol is 1, then the
eMBB symbol will be received erroneously with probability
(P(0) = 1—P(1) = 1— P>(7)). Therefore, it is reccommended
to puncture the eMBB traffic that has the maximum similarity
to the URLLC traffic. Intuitively, increasing the similarity
between the transmitted URLLC symbols and the punctured
eMBB symbols will reduce the symbol error rate at the eMBB
receiver, which reduces retransmissions and PI overhead.

In practice, the modulation schemes used by the eMBB
and the URLLC traffics can be different. In addition, the
eMBB receiver, which is unaware of the punctured part of
the transmission, decodes the received signal using a max-
imum likelihood receiver. Based on this, the probability of
receiving the punctured eMBB symbols in error depends on
the Euclidean distance between both the transmitted URLLC
symbols and the punctured eMBB symbols. As an illustration,
let us consider the case when the URLCC traffic employs
BPSK modulation and the eMBB traffic employs 4-QAM
modulation and let us suppose that the transmitted URLLC
symbol is {0}. As shown in Fig. 2] it is preferred to puncture
the eMBB symbols 00 and 01, since they have the lowest
Euclidean distance to 0 as compared to the symbols 10 and 11,
and therefore, a lower resulting error probability. Specifically,
as shown in Fig. 2| we can say that the symbols {0, 00, 10}
belong to the same region which so-called the similarity region
according to the following definition:

Definition 1. Let us consider two QAM schemes with modu-
lation orders m and n, respectively, and let us consider the
diagram that has the superposition of their respective con-
stellations. The similarity region of the two above modulation
schemes is a region of the resulting constellation diagram that
contains only one constellation point from the modulation that
has the lowest order, i.e. min(m,n), and % constella-
tion points from the modulation that has the highest order; i.e.,
max(m,n), which have the minimum Euclidean distance
with the constellation point of the modulation that has the
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Fig. 2: Example for different modulation schemes and similar-
ity regions. d>°! is the minimum distance between the eMBB
symbol 01 and the decision line of the URLLC symbol 0.

lowest order. Based on this, there exist exactly min(m,n)
similarity regions.

As an illustration for Definition 1, let us consider the case
when the eMBB traffic has a modulation order of m = 4
and the URLLC traffic has a modulation order of n = 2.
The superposition of the constellations diagrams of the eMBB
and URLLC modulations is shown in Fig. 2] The resulting
diagram can be divided into min(m,n) = 2 similarity regions,
namely, similarity region O and similarity region 1, where each
similarity region contains only one constellation point from the
URLLC’s modulation and % = 2 constellation points
from the eMBB modulation that have the lowest Euclidean
distance with the included constellation point of the URLLC
modulation. Moreover, according to Definition 1, the eMBB
and URLLC symbols are divided into several sets and each set
consists of several eMBB and URLLC symbols. The number
of eMBB and URLLC symbols depends on the relation
between the modulation orders of the eMBB and URLLC. In
practice, the modulation schemes of the URLLC and eMBB
services may have the same order (i.e, m = n) or different
ones (m # mn). Accordingly, we classify the relationship
between the eMBB and URLLC modulation orders into the
following classes:

o Similar-Modulation-Order: In this case, the URLLC and
eMBB have the same modulation order, i.e., m = n.
Hence, each similarity region consists of one eMBB
symbol and one URLLC symbol. This symbol is named
as the Region-index-symbol.

¢ Lower-URLLC-Modulation-Order: In this case, the
URLLC modulation order is lower than that of the eMBB,
i.e., m > n. Accordingly, each similarity region consists
of one URLLC symbol and “** eMBB symbols. Similarly,
we can rename the URLLC symbol as the Region-index-
symbol and the eMBB symbols as mapping-symbols.

o Higher-URLLC-Modulation-Order: In this case, the
URLLC modulation order is higher than that of the
eMBB, i.e., m < n. Accordingly, each similarity region
consists of one eMBB symbol and - URLLC sym-
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Fig. 3: Similarity region between eMBB traffic and URLLC
load with 16-QAM (for eMBB) and BPSK (for URLLC).
d%9%01 s the minimum distance between the eMBB symbol
0001 and the decision line of the URLLC symbol O.

bols. We can rename the eMBB symbol as the Region-
index-symbol (that denotes the similarity-region) and the
URLLC symbols as mapping-symbols.

Practically, the Euclidean distance between the mapping-
symbols and the Region-index-symbol varies according to their
locations on the constellation. For clarity, as shown in Fig.
[l assume the URLLC and eMBB traffic are modulated by
the BPSK and 16-QAM, respectively. According to Definition
1, the constellation is divided into two similarity regions.
The first region has URLLC symbol 0 as the Region-index-
symbol and the second region has the URLLC symbols 1
as the Region-index-symbol. Without loss of generality, let
the transmitted URLLC symbol be 0. Then, the mapping-
symbols belonging to the same similarity region, i.e. {0000,
«.., 0111}, can be treated as 0 based on the BPSK maximum-
likelihood receiver. On the other hand, the eMBB receiver
receives the transmitted symbol correctly; hence the eMBB
SER is not degraded. On the other hand, the SER of the
URLLC becomes worse, as the symbol energy varies based on
the eMBB constellation, which is 16-QAM in this example.
We note that symbols {0000, 0010, 0011, 0001} have the
lowest Euclidean distance with URLLC symbol 0, hence they
have lower SER at the URLLC receiver (See Fig. [3] for more
elaboration.) In light of the above discussion, we define the
symbol similarity as follows.

Definition 2. The similarity relation between the Region-
index-symbol s, and the mapping-symbol s, in the same
similarity region can be:

o Absolute-similar: if P(§ # Sg|s, was sent) — P(§ #
Sz|sy was sent) > 0.
o Strongly-similar: if —e < P(§ # S|s, was sent) —
P(8 # sg|s, was sent) < 0.
o Weakly-similar: if P(§ # $g|sy was sent) — P(§ #
Sz|sy was sent) < —¢,
where € = 0 depends on the target URLLC SER. Accordingly,
we can call the set of symbols, which are absolute-similar and
strongly-similar, as the enhanced similarity region.

Definition 3. The enhanced similarity region is a subset of the
similarity region which includes the Region-index-symbol and
mapping-symbols that satisfy P(8 # s|s, was sent) — P(§ #
Sz|sz was sent) < e.

B. URLLC Encoding at the BS

According to the proposed puncturing strategy, it is preferred
to puncture eMBB symbols such that the amount of symbol
mismatch between the transmitted (—symbols of the URLLC
traffic and the punctured eMBB is minimized, i.e., smaller
Hamming distance. Based on the URLLC-eMBB relationship,
the encoding at the BS is illustrated as follows.

o Similar-Modulation-Order: The BS encodes the URLLC
traffic according to the desired modulation order n while
puncturing the eMBB symbol sequences that has max-
imum similarity (Absolute-similar), i.e., maximize the
similar eMBB-URLLC OFDM symbols.

¢ Lower-URLLC-Modulation-Order: Similar to the Higher-
URLLC-Modulation-Order case, the BS selects for punc-
turing the eMBB block that has a maximum number
of absolute-similar, strongly-similar, and weakly-similar
symbols. To accommodate the URLLC traffic, the BS
can transmit either the encoded URLLC symbol or the
ongoing eMBB symbol, as described below.

« Higher-URLLC-Modulation-Order: the BS encodes the
URLLC traffic according to the desired modulation order
n while puncturing the eMBB sequences that have a
maximum similarity. In other words, the BS selects the
eMBB symbol sequence that maximizes the number of
absolute-similar, strong-similar, and weak-similar sym-
bols. Compared to the Similar-Modulation-Order case,
the impact of puncturing on the eMBB SER can not be
eliminated.

When the URLLC modulation order is lower than that of the
eMBB, the BS can transmit the URLLC symbol or keep the
ongoing eMBB symbol, as follows.

o URLLC mapper: The BS transmits the encoded URLLC
symbols. Hence, the impact of puncturing on the eMBB
resources can not be eliminated. To elaborate, let us
consider the following example. If we have the following
URLLC sequence {0, 1, 1, 0}, and the punctured eMBB
sequence is {00, 11, 10, 01} (See Fig. 2). According to
the similarity region definition, these URLLC symbols
are in the same similarity region of the punctured eMBB
sequence. Assuming maximum-likelihood detection, we
can roughly say 50% of the punctured eMBB symbols
will be correctly received, which translates to a high SER
at the eMBB receiver (Fig. 2])

o Similarity region mapper (SRM): To overcome the high
SER of eMBB using the URLLC mapper, the BS trans-
mits the eMBB symbol instead of the URLLC symbol,
if they belong to the same similarity region, otherwise
the URLLC symbol is transmitted. For example, assume
that the modulation schemes of URLLC and eMBB are
BPSK and 16-QAM, respectively, as shown in Fig. [3]
Also assume that the transmitted URLLC symbol is 0.
Then, any eMBB symbol belonging to the same similarity



Algorithm 1: Proposed SRM/ESRM mapper

evaluate P; ;
if P; > ¢, then
‘ encode the URLLC packet using URLLC mapper;
else
keep transmitting the eMBB symbols that satisfy

the similarity conditions in Definition 2;
end

region, i.e. {0000, ..., 0111}, will be received as 0 at the
URLLC receiver with error probability less than 1. On
the other hand, the eMBB user receives the transmitted
symbol correctly as the symbol is not affected by the
puncturing process; hence the eMBB SER will improve.
On the other hand, the SER of the URLLC becomes
worse, since the eMBB symbols have different minimum
distances from the URLLC decision boundary, which is
16-QAM in this example.

« Enhanced Similarity region mapper (ESRM). To solve the
high SER of the URLLC of the SRM, only the eMBB
symbol belonging to the same enhanced similarity region,
(that have better minimum distances from the URLLC
decision boundary), i.e {0000, 0010, 0011, 0001}, are
transmitted instead the URLLC symbol, otherwise the
URLLC symbol is transmitted.(See Fig. for more
elaboration.)

Algorithm 1 illustrates an example for the mechanism of
the SRM/ESRM. Let ¢, and P; be the targeted SER of the
URLLC traffic and the expected SER if the SR/ESRM is used,
respectively. The algorithm starts by checking the activation
condition P; < ¢,, if the activation condition is satisfied,
the eMBB symbol is transmitted if they are satisfying the
similarity condition, otherwise the URLLC symbol will be
sent.

C. URLLC and eMBB Decoding

As mentioned above, the eMBB receiver does not have
the knowledge of the punctured symbols and it decodes the
received sequence as if no puncturing took place. On the other
hand, the URLLC receiver will perform the decoding process
normally based on their modulation scheme. For illustration,
as shown in Fig. [2] we assume that BPSK and QPSK are used
to encode both the URLLC and eMBB traffic, respectively. Let
the transmitted URLLC symbol be {0}. The eMBB decoder
will translate the received symbol with probability(=~ 50%)
as {00, 01}. Similarly, the URLLC receiver will decode the
received symbol {00} as {0} with probability (1 — P5(0.57.)).
For the case when the ESRM is used, i.e., keep transmitting
the similar eMBB symbols, the URLLC receiver will decode
the received signal assuming the desired decoder, BPSK in
this example. In summary, the decoding process at either the
eMBB or the URLLC receivers is not changed.

lZ,Z
1

\
olofilasJofofalafaTalol1 afofafofo], .,
122 2o 110100

- o )
f

L

1/0/0f1 |1 |1]0

Fig. 4: Effectively punctured eMBB symbols.

IV. PERFORMANCE EVALUATION

A. eMBB SER Analysis

Although both SER and bit error rate (BER) can be used
to represent the impact of puncturing on the eMBB, the SER
can represent the puncturing in the RE (symbol) level instead
of the RB level which gives more sense about the proposed
strategy. Hence, we use the SER, denoted by P, to measure
the impact of the proposed puncturing strategy on the eMBB
traffic. As Without loss of generality, let L,, = p,,L be the
average number of eMBB symbols with modulation scheme
m. Also, let the average number of eMBB symbols punctured
due to the URLLC traffic with modulation order n be I, ,,.
According to the total probability theorem, the SER of the
eMBB traffic under the effect of both the wireless channel
and the presence of URLLC load can be expressed as

M ZN l
P (ve,1) = mz::me X | P(7e) x <1 - n—Lfn”m>
. l
+ Z an’m (767 ln,’m) X Z’m/ s (1)
n=2 m

where P, (7.) is the SER of the eMBB traffic with modulation
order m due to the channel error only, and P, (Ve ln,m)
is the SER due to the channel and URLLC traffic with
modulation order n. To quantify the actual effect on the eMBB
traffic, we start with the following definition.

Definition 4: Consider an eMBB and URLLC traffic with
modulation orders m and n, respectively. The average effec-
tively punctured symbols, L,, ,,, of eMBB traffic is a portion of
the punctured eMBB symbols, I, ,,, in which the transmitted
URLLC symbol, s,, has a different similarity region from
that of the punctured eMBB symbol, s., and its range is
0 < L, m < lym. Fig. | illustrates the relation between
Ly,m and I, ,, for the case of similar modulation schemes,
BPSK in this example. It shows that, due to the similarity
region between the punctured eMBB and URLLC symbols,
some of the punctured eMBB symbols are not affected by
the puncturing process. In general, for eMBB and URLLC
traffic with modulation orders m and n, respectively, the
expected number of the effectively eMBB punctured symbols



is Ly m <=l m. Accordingly, can be written as follows.

N
] ln.m
Z Dm X | P ’Ye) X (1 - Zn_Q) +

Ly,
— ﬁ m
<Pn,m('}/ea Ln,m) X .[77) ] ,
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where PW,L(%,Z,,,,M) and P, . (Ye, Ln,m) are the error
probabilities (which will be derived in the sequel) of the
eMBB traffic in £,, ,,, and L,, ,,, respectively. Where £, ,,, =
ln,m - ‘Cn,m'

Equation (2) shows the SER of the eMBB traffic under the
impact of the wireless channel and the presence of URLLC
load. The first term represents the average error probability for
the fraction of eMBB sequence impacted by the channel errors
only. The second term represents the average error probability
of the punctured eMBB symbols that have the same similarity
region to the URLLC symbols. The third term is the average
error probability of the effectively punctured eMBB symbols.
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n=2

U + Pn,m (’Ye; Ln,m) X
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B. Puncturing Parameters Evaluation

In this section, we analyze the puncturing parameters L, ,,,
Pn,'m (’Ye;zn,m) and Pn,m (’7& ‘Cn,’rn) for the pI'OpOSGd punc-
turing strategy. The puncturing parameters depend on the mod-
ulation schemes of eMBB and URLLC, and how the URLLC
traffic is distributed, i.e., {5, ,,,. Without loss of generality, the
average punctured eMBB symbols (the average URLLC load)
is assumed to be known as it depends on the arrival rate, A, of
the URLLC traffic. Also, the channel error, P, (7.), depends
on the channel and the modulation scheme. For example, the
SER of eMBB under additive white Gaussian noise (AWGN)
and/or Rayleigh fading with SNR per symbol ~, are [[29], [30]:

4aQ(y/22), AWGN,
P (7e) 4b 4 —1(1 :
2a (1 —b) —a?(1 — L tan"'(3)), Rayleigh,
3)
where a = (1 — ﬁ) and b = 2(771—31%

1) Average Effectively Punctured Symbols: Without loss of
generality, assume the distribution of the symbol similarity
between a URLLC block and a punctured eMBB sequence
with modulation orders n and m follows the Binomial distri-
bution B (¢, 7, m). Therefore, the average similarity between
the two traffic blocks can be defined as U,y ¢ £ ¢ X Nn,mes
where 7, ., (probability that any two symbols are similar) is

n—1m-—1

Tn,m = Z Z pjpi7Vi7j € Qa

=0 i=0

“4)

where p; and p; are the probabilities of sending symbol j,%
of the eMBB and URLLC traffic, respectively. Accordingly,
we can represent the average effectively punctured eMBB
symbols, in terms of the average URLLC load in the following
definition.

Definition 5: Consider a URLLC and eMBB traffic with
modulation orders n and m, respectively. Also, let the eMBB

block length and the average length of punctured eMBB sym-
bols by the URLLC traffic be L,,, and [, ,,,, respectively. The
average effectively punctured eMBB symbols (i.e., modified)
is given by:

me _ (1 N Un,m(ga lcn,ma Lm)

where Uy, 1 (C, ln,m, Lm) is the expected number of eMBB
symbols which have the same similarity region with the trans-
mitted ¢ —symbols of URLLC block. The term Yz (Clnm.Lm)
represents the ratio (percentage) of similarity between both
— —u"'"‘(c’lg"“"“L"’)) ln,m 1s the actual punc-

> ly.m (symbols),  (5)

services. Then, (1
tured eMBB symbols.

The definition in (5) gives an expression for the aver-
age length of the effectively punctured (modified) eMBB
symbols. However, it does not quantify the average simi-
larity, Uy m(C,ln,m,Lm), between the URLLC and eMBB
sequences. In fact, U, 1, (¢, i, m, L) depends on the URLLC
block size and the eMBB search space of size N < L. Lemma
gives an approximated value for U, 1, (C, ln m, Lm)-

Lemma 1. Let L,, denote the average eMBB traffic, and
let 1, y, be the average number of punctured eMBB symbols.
Assume that the URLLC traffic is divided into blocks with
(-symbols each. An upper bound on the expected similarity
between the URLLC and eMBB traffic is given by

_ _ Lm—¢
Un,o(Gs bnyms L) = —— Z Zk L= {FR) =],
(6)

_xk (€ ¢

where, F(k) =37, j (Mnm); (1= 1n,m ).
Proof. See Appendix A for the proof. O

For large ¢, Uy, m (€, ln,m, L) reduces to (1, .. Hence, we
can further reduce the block size, i.e., ¢, and consequently
the average similarity will increase. Practically, decreasing
the size of ¢ will increase the signalling overhead. Therefore,
a proper selection of ( is important. Indeed, we examine
the effect of different values of ( on the performance of the
proposed scheme in Section V.

2) SER of the Effectively Punctured Symbols: The SER of
the Effectively Punctured Symbols, P, », (Ye, £n,m). strictly
depends on the relation between the modulation schemes of
both URLLC and punctured eMBB traffic. £,, ,, is the average
number of eMBB symbols that are wrongly transmitted. In
other words, the transmitted symbols belong to another region.
Prm (Ye, £n,m) is then expressed as

Z Z (sj]si sent)Peyr(s;]s; sent),
ESYEIAY]
(7N

where s; and s; are the effectively punctured eMBB symbol
and the transmitted URLLC symbol, respectively. We can
upper bound P, ,, (Ye, L£1,m) With the closed form expression

! )m, ®)

an "Yea

an eyan Sl_Pn e
G L) (0% (7



where P, () is the probability of error under the URLLC
modulation condition. For example, let BPSK be the
modulation order used by both URLLC and eMBB traffic
and Ps(v.) = 1072, then P 2(Ye, Lnym) =1 — 1072 ~ 1.

3) SER of the non-Effectively Punctured Symbols: The SER
of the non-Effectively punctured symbols, P, (e, Lnm) is
summarized as follows.

¢ Similar-Modulation-Order: The modulation schemes of
URLLC and eMBB are similar. Accordingly, non-
effectively punctured symbols are similar to the punctured
symbol, hence P, ,, (%,Znym) is expressed as:

Pn,m (’7672’”,’”1) =Py (Ve) )

o Lower-URLLC-Modulation-Order: similar to Similar-
Modulation-Order, in this case, the non-effectively punc-
tured eMBB symbols are only affected by the channel
conditions. Hence, Py, 1, (Ye, Ln,m) is expressed as fol-
lows:

Pn,m (’Yevzn,m) =Py ('Ye) (10)

o Higher-URLLC-Modulation-Order: As the energy of the
transmitted URLLC symbols varies, an exact expression
for the URLLC SER is not easy to obtain. Hence,
we obtain an upper bound for Py, (Ye, Lnm) based
on the minimum distance, d*’, the transmitted URLLC
symbol and the decision boundary of the eMBB symbol.
Accordingly, P, p, (%,Zn m) is expressed as:

Z Z (sj]si sent)Peyr(s;|s; sent),

s;EQ 5,€Q
(11)

P ’Yea

where Pe,-(s;|s; sent) is expressed as

Pery(s5]s; sent) = Py (yed™”) (12)

C. URLLC SER Analysis

The SER of the URLLC traffic is only affected when the
URLLC traffic is modulated using the SR/ESRM. This is
because the the energy of the transmitted symbols are different
than the actual URLLC symbols. In other words, the energy
of the non-effectively punctured eMBB symbols is varies.
Accordingly, an exact expression for the URLLC SER is not
easy to obtain. Hence, we drive an upper bound expression
for the URLLC SER based on the minimum distance of the
transmitted symbol and decision boundary, as

1- ZZp (si|s; sent)
+ZZp(si\sj sent)
sj 8

Equation (13) shows the SER of the URLLC traffic when
the SR/ESRM is used. The first term represents the average
error probability for the fraction of URLLC sequence impacted
by the channel errors only. The second term represents the
average error probability of the URLLC symbols that have
the same similarity region to the eMBB symbols (encoded by

Pn ,m 'Yu - Pn (711)

P (%divﬂ) . (13)

the SRM). In fact, the SER loss is equivalent to a power loss,
Wap which has the following expression:

Wap = IOZ Zp (sils; sent)logq (di’jQ/diQ) .

S5 Sq

(14)

The expression in evaluates the average URLLC loss
in dB. The term log,, (di#®/di*) is the power loss for each
URLLC symbol in terms of the ratio between the distance
of the URLLC and the transmitted eMBB symbols form the
decision boundary.

D. SER Scaling

In light of the above discussion, we can observe that the
eMBB SER is a function the SNR and the average similarity
of the punctured eMBB symbols. When the SNR increases, the
SER improves and it is asymptotically equal to the puncturing
errors. Then, the eMBB SER based on (2) is approximated as

N

M
Z —92 Ly m
dop = (15)

On the other hand, as the similarity increases (L increases or
¢ decreases), the eMBB SER reduces to only channel errors,
which can be approximated as
Ye) X <1 —
N

z o
+ Z Py ('}/ea Zn,,m)

n

’Yea Lm

s an,m>

Lnm

m

(16)

We observe that the eMBB performance strictly depends on
the SNR and the average similarity. As the SNR increases,
the eMBB SER becomes dominated by the puncturing errors,
while increasing the similarity will reduce the SER to errors
due to the channel condition.

E. eMBB Loss Function

The function that represents the eMBB loss associated to the
puncturing schemes can be either a linear, convex or a thresh-
old function [16]. The linear loss function, i.e. h(z) = a =z,
has been widely used to study the impact of the superpo-
sition/puncturing scheme [16]], [[17]. The expected loss of an
eMBB traffic, based on the linear function, is the ratio between
the punctured eMBB symbols to total eMBB symbols:

> bnm
Blh (1)) = &5
where l,,, = >, Iy m. The loss function in (17) is widely cou-
pled with the eMBB rate [[12]—[18]. Taking into consideration
the effectively punctured symbols and similar symbols, and
using results in (2) and (5), the expected loss in (I7) can be
generalized as follows:

1 =

m

) a7

+Pn,m ('Ye, Emm) ‘Cn,m) . (18)



Algorithm 2: Proposed search Algorithm

Algorithm 3: Search segmentation Algorithm.

ek < 0Vk € [1, K];
Step 1: Similarity weight calculation;
for k=1— K do
fort=1— ( do
count symbols in the same similarity region;
if st & s!, € Q) then
| et 1
end
end

end
Step 2: eMBB block selection;

k* < arg max c;
ke[l,K]

For clarity, assume a retransmission-based puncturing is
adopted. Then, all punctured eMBB symbols are lost, i.e.,

Elh ()] = 4=

FE. Proposed Search Algorithm

The latency constraint is a critical factor to maintain QoS
of the URLLC service. Therefore, we present a fast search
algorithm, of time complexity O(K), that exploits the simi-
larity between the URLLC block over multiple eMBB traffic
sequences with different modulation schemes. Initially, the
algorithm associates a counter c; to each eMBB in K.
The subset, K, of the possible eMBB blocks for puncturing
depends on the latency requirement of the URLLC traffic.
Specifically, K should be small for the URLLC traffic with
strict latency constraint, and a relatively larger K otherwise.
Moreover, the URLLC traffic with weak latency constraint
implies that several mini-slots (URLLC-slot) is allowed for
allocating the URLLC block.

As shown in Algorithm [2} the proposed algorithm has two
steps: the first step counts the similar symbols between the
eMBB blocks and the URLLC block; the second step selects
the suitable eMBB block for puncturing. The first step contains
two loops, inner and outer loop, which describe the number
of eMBB blocks for possibly punctured and the number of
URLLC symbols per block. As illustrated in Algorithm 1, the
similarity region of the eMBB symbol, s¢, is compared with
the similarity region of the URLLC symbol, s!,. Accordingly,
the counter c¢j is incremented by one when both symbols
are in the same similarity region, otherwise it remains not
incremented. In the second part, the BS selects the eMBB
block that has maximum similarity with the URLLC block.
In other words, the punctured eMBB block k* should have a
maximum count of similar symbols with the URLLC block.

To mitigate adverse impact on eMBB traffic, the URLLC
load is segmented into smaller blocks, i.e., 1| RB [18]]. Hence,
Algorithm 3 guarantees that all URLLC segments are delivered
in the correct order, i.e., the URLLC symbols sequence is
correct. The algorithm initially divides the search space, K,
into ordered and equal subsets, K1 < Ky < K3... < Kz,
where Z is the number of URLLC segments. Then, Algorithm
2 is applied to each segment on the corresponding subset. To

kf <+ 0Vz e [1,Z];
for z=1— Z do

k¥ « Algorithm 1(K,);

Nig1 < merge(k; +1 — K, Ko11);
end

enhance the algorithm, the remaining eMBB blocks of subset,
K}, which satisty the inequality k} < k, < K}, are merged
with the next subset, K1, using the merge() function.

Search algorithm time complexity : It can be easily shown
that the proposed algorithm has a time complexity of O(K)
which make it an efficient and practical solution. For clarity,
the search algorithm (Algorithm 2) consists of two steps, i.e.,
Step 1 and Step 2. Step 1 consists of one outer loop and one
inner loop of K and ( iterations, respectively. Hence, for a
URLLC block with fixed number of symbols ¢, Step 1 has a
time complexity of O(K). Step 2 aims to select the maximum
counter over K elements. In general, Step 2 performs K
comparison which means Step 2 also has a time complexity
of O(K). As a result, the proposed algorithm (Algorithm 1)
has a low time complexity of O(K).

V. SIMULATION RESULTS
A. Simulation Setup

In this section, we carry out various simulations to evaluate
the performance of the proposed puncturing strategy. We
consider a wireless network which consists of one BS and
eMBB and URLLC traffic. We assume that the eMBB traffic
belongs to 10 eMBB users and the URLLC packet arrival
follows the Poisson distribution with arrival rate, A and each
packet size is ¢ = 96 bits. We also assume that the BS has
L = 1200 downlink frequency resources (RE). We assume the
channel between the BS and the eMBB and URLLC receivers
is Rayleigh fading, wherein the eMBB channel gain remains
constant for two time slots (14-sTTI) and one eMBB block
is transmitted within this period. Moreover, we assume the
served users are located in different distance from the BS,
hence the path loss is considered with a path loss exponent
equals 3. The noise at the receiver is assumed to be complex
AWGN CN (N, 0), where Ny = 10~ is the noise power. The
BS can use BPSK, 4-QAM, 16-QAM or 64-QAM to modulate
the eMBB traffic. Particularly, the BS adopts the modulation
order m € {4, 16,64} such that the channel SER is less than or
equal 0.01, otherwise BPSK is adopted. Moreover, we assume
that the CSI of the URLLC traffic is not available at the BS.
Hence, the URLLC traffic is modulated using only BPSK to
achieve the maximum reliability.

The performance of the similarity puncturing strategy is
evaluated for different transmitting power and arrival rate, i.e.,
A = 7 and A = 3.5 packets per millisecond (p/msec). we
assume that the eMBB users are unaware of the punctured
resources, so we consider the code-based puncturing proposed
in [4], [10] as a baseline algorithm. Generally, when the
eMBB receiver is unaware of the punctured resources of the
transmission, the received signal is decoded as useful signal.
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Fig. 5: Average eMBB loss relative to the punctured symbols.
Adopted ¢ =24 (1 RB) and ~, = 40 dB

Resource proportional (RP) placement is used to allocate the
URLLC traffic as it gives the optimal solution for the linear
loss model [16].

In the following, we start by showing the advantage of the
proposed strategy on the performance of the eMBB traffic in
terms of the spectral efficiency, SER and reliability. Second,
we investigate the performance of the proposed strategy on the
URLLC traffic by considering the URLLC SER and reliability.
Finally, we evaluate the computational time of the proposed
puncturing strategy.

B. eMBB Traffic Performance

1) Spectral Efficiency: In (I8), we expressed the loss func-
tion of the eMBB traffic in terms of the SER of the punctured
symbols. To measure the efficiency of the proposed strategy
and select the optimal K, we evaluate the average eMBB loss
(contaminated eMBB symbols) for both the URLLC mapper
and the ESRM while varying the size of the search space
K (see Fig. 3). The results show that the percentages of
the contaminated (lost) eMBB symbols for the ESRM are
18% and 44% compared to 59% and 93% for the URLLC
mapper for BPSK-4QAM and BPSK-16QAM, respectively.
This enhancement of the ESRM results from transmitting the
punctured eMBB symbols that fall in the same similarity
region of transmitted URLLC symbols ( i.e., punctures the
eMBB symbols which has different similarity region). More-
over, the results show that the ESRM for (BPSK-4QAM)
achieves the same loss of (BPSK-BPSK). This because the
probability of similarity in the similarity region is the same,
i.e., 0.5. However, the eMBB SER is enhanced for BPSK-
4QAM using ESRM, this comes at the expense of the URLLC
SER which decreases by 2.5 dB according to equation in (T4).
The results show that the proposed scheme performs better
than the code-based puncturing, i.e., K = 1 for URLLC
mapper. When K is small, it indicates that a small number
of eMBB blocks can be punctured, due to the eMBB QoS
requirement. For example, the point when K = 300, the search
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Fig. 6: eMBB SER of the proposed puncturing strategy vs
transmission power in dBm.

algorithm scans only 300 eMBB blocks (possibilities) out of
K = 1200 to allocate the URLLC traffic. In other words,
the QoS requirements limits K (number of eMBB blocks the
URLLC is compared with): which means that the smaller K,
the more the eMBB traffic with strict QoS requirements.

2) eMBB SER: Fig. [f illustrates the performance of the
proposed puncturing scheme in terms of the SER of eMBB.
We make the following observations from the results.

o The proposed algorithm achieves better SER for the
eMBB traffic compared to the code-based baseline. In
other words, the proposed scheme can achieve the target
eMBB SER with lower transmission power. Particularly,
the achieved gain increases with the SNR (transmission
power) (it reaches 10 dB at high SNR), as shown in
Fig. [bal Also, the figure shows that the gain of our
proposed method is negligible at low transmission power



(low SNR) since the channel errors are the dominant here,
however the gain improves as the SNR increases since the
error at high SNR is dominated by puncturing. Note also
that the gain saturates at high SNR according to (I3),
with no further improvement as the BS allocates more
transmit power for the eMBB symbols (puncturing errors
dominates).

« Itis intuitive that the SER of the eMBB traffic deteriorates
as the URLLC load increases, as illustrated in Fig. [6a]
For instance, the eMBB SER saturates at 0.02 and 0.04
at both A = 3.5 and X\ = 7, respectively. This increase
in SER is due to that as the URLLC load increases, the
more eMBB resources are punctured, which leads to more
SER.

« Fig. [6D)] illustrates the eMBB SER for different URLLC
block segment, (. For instance, eMBB SER is enhanced
when the URLLC block size ¢ becomes smaller, as
illustrated in Fig [6b] Reducing ¢ increases the probability
of similarity, which decreases the effectively punctured
symbols. In this case, the trade-off between reducing (
and the overhead should be optimized to achieve better
spectral efficiency. In other words, as ( decreases, the
overhead increases.

3) eMBB Reliability: In this section, we evaluate the reliabil-
ity of the eMBB traffic as a function of the achieved SER. In
general, we define the reliability of both URLLC and eMBB
traffic

Number of blocks satisfying the targeted SER

Total transmitted blocks

reliability = .
19)
Fig. [Ta] presents the eMBB reliability while varying the
targeted BER, for different URLLC arrival rates. The figure
shows that the proposed puncturing strategy achieves better
reliability compared the puncturing baseline. For instance, at
P = 0.01, the proposed puncturing strategy achieves relia-
bility of 31% compared to 20% for the puncturing baseline.
This means more eMBB blocks, about 50% enhancement,
are received correctly, hence less re-transmissions and bet-
ter spectral efficiency. The gain of the proposed algorithm
decreases while increasing the targeted eMBB SER, this is
because the SER becomes dominated by the channel errors
at high SER. Moreover, Fig. [7b] presents the reliability for
each eMBB user. Compared to the baseline, the figure also
shows that the proposed algorithm considerably enhances the
reliability of the eMBB users, which means less retransmission
for the eMBB traffic.

C. URLLC performance

In this section, the performance of the URLLC traffic is
investigated in terms of the SER and reliability.

1) URLLC SER: Fig. [§] illustrates the URLLC SER while
varying the transmitted power. As shown in Fig. [§] the
proposed puncturing scheme preserves the SER of the URLLC
traffic while enhancing the SER of the eMBB traffic. The SER
loss of the proposed strategy is negligible while taking into
account the coding gain. We emphasize here that according to
the target SER or BER for both the URLLC and eMBB, the
scheduler can select either the URLLC mapper or the ESRM.
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2) URLLC Reliability: Fig. [9] illustrates the URLLC reli-
ability (success rate) while varying the transmitted power.
The figure shows the URLLC reliability for different ¢€,. The
figure shows that the proposed puncturing strategy preserves
the URLLC reliability, which makes the proposed strategy a
practical method for efficient multiplexing between eMBB and
URLLC traffics.

D. Time Complexity

Fig.[I0]shows the time complexity of the proposed algorithm.
The algorithm was implemented in Matlab using a machine
with the following characteristics: System Type: x64-based
PC Processor: Intel(R) i7-8700H CPU @3.20GHz. The results
show that the processing time of the proposed algorithm is less
than 1 ms. As the cloud radio access network has a powerful
computational resources, the running time of the proposed
algorithm will be further reduced; Hence, the latency of the
URLLC will be surely met.

In summary, the proposed puncturing scheme represents a
low complexity solution that optimizes between the SER and
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the spectral efficiency of the eMBB traffic while preserving
the reliability of the URLLC services. The proposed algorithm

gain, for the eMBB traffic, starts at 0 dB at low SNR and reach
up to 10 dB at high SNR, and it enhances the eMBB reliability
up to 50%.

VI. CONCLUDING REMARKS

In this paper, we proposed a downlink puncturing strategy in
an effort to reduce the impact of transmitting URLLC traffic
simultaneously with eMBB traffic. The proposed strategy mit-
igates the impact on the eMBB traffic by exploiting the region
similarity between the eMBB and URLLC symbols to reduce
the effectively punctured eMBB symbols. The introduced
strategy covers all relations between the eMBB and URLLC
modulation schemes. Throughout the analysis, it was shown
that the eMBB SER depends on the channel gain, the URLLC
load, and the average similarity between the URLLC and
eMBB traffic. At high SNR, the eMBB SER asymptotically
saturates to the errors due to puncturing, and it is proportional
to the ratio between the effectively punctured eMBB symbols
to the total eMBB load. Also, when the URLLC block is small
or the search space increases, the eMBB SER reduces to the
errors due to the channel. Numerical and simulation results
demonstrated that the proposed puncturing strategy enhances
the system information rate by doubling the URLLC load for
the same SER compared to the baseline. While preserving
the URLLC quality of service requirements, the proposed
puncturing scheme can achieve gains of up to 10 dB as
compared to the baseline scheme.

We believe there is still room for improving the performance
of the proposed puncturing scheme.We list here a number of
possible extensions that that we plan to undertake in future
works. First, we plan to apply the proposed scheme to a
coded system in which the eMBB and URLLC streams are
coded. The code rate and the targeted block error rate should
be incorporated while allocating the URLLC load. Moreover,
we plan to propose a proper receiver to extract the effectively
punctured eMBB symbols and decodes unaffected symbols.
Second, the length of the URLLC block, ¢, can be optimized
to achieve better spectral efficiency by addressing the trade-
off between the overhead and eMBB SER. Finally, exploiting
the eMBB block with high similarity has polynomial time
complexity, so it may be more efficient to build a learning
model to reduce the complexity of the search algorithm.

APPENDIX A
PROOF OF LEMMA 1

Consider the Binomial distribution with B ({,n,,m) to ex-
ploit the similar (—symbols blocks between the URLLC load
and the eMBB sequence. Then, the CDF F'(k) is expressed as

F(k):i(f;f

J=0

) (nn,m)] (1 - nn,m)q_j- (20)

The expected number of similar symbols between both the
URLLC and eMBB blocks is (= 7y, m . Under the assump-
tion that the eMBB blocks and the URLLC packet are i.i.d,
and by searching over the search space (K,, = L,, — ( + 1),
the order statistic after arranging the random samples in an



increasing order is Y7 < Y; < ... < Yk . Based on the
results of [31]], the pmf of Y, becomes for all £k =0,1,...,¢

R =0 (A1) ey - Faye
—{F(k—1)}"{1—-F(k—1)}""]. @D

Considering the case when the largest ordered sample has at
least £ similar symbols. Also, considering that L, >> l,, ,
the expected number of similar symbols can be approximated
as [31]

Unme =30 [L= {F(R)}Em ]

Averaging over the number of ¢-blocks in I, ,,, we arrive at

(22)

"ln,m

a2 1 (WY,
1

s
(23)
This completes the proof.

Un,m,C(ln,m) =
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