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Introduction: The proliferation of services and applications requiring ultra-low latency and high reliability of data
transmission in communication networks leads to creating new approaches and architectures in order to ensure the
simultaneous transmission of Enhanced Mobile Broadband (eMBB) and Ultra-Reliable and Low Latency Communication
(URLLC) traffic. Providing efficient eMBB and URLLC multiplexing schemes with preset key performance indicators for each
stream is the most challenging problem in wireless network development. Purpose: To provide a simultaneous transmission
of eMBB and URLLC streams without reducing the user experience of eMBB services by developing a multiplexing scheme and
the coherent architecture of physical (PHY) and media access control (MAC) layers in the downlink channel. Results: An eMBB
and URLLC multiplexing scheme has been proposed, along with a coherent architecture for PHY and MAC layers, ensuring the
given wireless network key performance indicators. The proposed solution performance has been estimated by simulation. The
multiplexing scheme outperforms the baseline solution in Bit Error Rate and Frame Error Rate metrics. The coherent PHY and
MAC layers architecture provides transmission with an arrival rate of 400 messages per millisecond and 99% message delivery
probability in one millisecond. Practical relevance: The obtained results allow communication system developers to deploy
centralized wireless networks at industrial objects.
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Introduction

In just a few decades, wireless technology has
undergone rapid growth from its original concept
to ubiquitous penetration, which has changed our
daily lives and thinking. Wireless connection has
become an essential link between people and infor-
mation networks. The growing density of user de-
vices triggered an increasing demand for higher
capacity and network reliability. The constant in-
crease in traffic leads to congestion of base stations
and a decrease in service level quality.

An attractive solution to this problem is the mul-
tiplexing of data streams in the downlink. A sub-
stantial amount of in-depth research has been dedi-
cated to this topic.

In [1], authors consider various models for the
Enhanced Mobile Broadband (eMBB) rate loss as-
sociated with Ultra-Reliable and Low Latency
Communication (URLLC) superposition/punctur-
ing, for which we characterize the associated fea-
sible throughput regions and online joint schedul-
ing algorithms. The first model considered by the
authors is the linear model. When the rate loss to
eMBB is directly proportional to the fraction of su-
perposed/punctured mini-slot. The second model
considered was the convex model, where the rate
loss can be modeled through a convex function. And

the last model considered was the threshold model
where eMBB traffic is unaffected by puncturing
until a threshold. Beyond this threshold, it suffers
complete throughput loss.

There are also several papers describing a spe-
cific scheme for the coexistence of multiple data
streams. So, in [2], the authors introduced an ap-
proach for coexisting URLLC [3] and eMBB [4]
traffic in the same radio resource for enabling 5G
wireless systems. They have expressed the coexist-
ing dilemma as a maximizing problem of the min-
imum expected achieved rate value of eMBB user
equipment (UEs) meanwhile attending the URLLC
traffic.

Also, they presented a heuristic algorithm for
the efficient scheduling of resource blocks among
eMBB UEs. In [5], the authors considered approach-
es to data multiplexing based on machine learning.
In their work, they proposed an optimization-aid-
ed deep reinforcement learning-based algorithm,
which proposed to distribute the incoming URLLC
traffic among eMBB users intelligently. In [6], the
authors consider the optimization problem of maxi-
mizing the transmission rate of eMBB traffic, sub-
ject to URLLC requirements. To study the impact
of puncturing eMBB resources to accommodate
URLLC transmission, the authors in [7] investi-
gated the problem of joint planning of eMBB and
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URLLC data transmission according to linear, con-
vex, and threshold velocity stall models by eMBB
associated with the drilling of the eMBB resource.
In [8], a risk-sensitive approach was introduced to
mitigate the risk of puncturing into eMBB resourc-
es. A resource allocation planner was proposed in
[9], where the formulated problem considered the
overhead associated with URLLC load segmenta-
tion while maximizing speed utility. In [10], a null
space-based spatial perforation scheduler for joint
URLLC / eMBB traffic has been proposed. The au-
thors in [11] formulated a URLLC traffic alloca-
tion problem by adopting an overlay or perforation
scheme. In practice, when the URLLC service is
started in the middle of the eMBB transport block,
part of the eMBB symbols are replaced and/or over-
lapped with the symbols in the URLLC packet. As a
result, the reception quality of eMBB services can
be significantly reduced.

In [12], the authors also study the orthogonal
and non-orthogonal slicing of radio resources for
eMBB and URLLC using a maximum matching di-
versity (MMD) algorithm to locate frequency chan-
nels of eMBB users. In [13], the authors adopted a
time/frequency resource block approach to address
the problem of maximizing the sum rate subject to
latency and cutoff isolation constraints while en-
suring the reliability requirements using adaptive
modulation coding. In [14], the authors studied a
multi-cell scenario with a single-cell base stations
for an Ultra-Narrow Band and Low Power Wide
Area Network. Article [15] analyzes the use of
non-orthogonal multiple accesses (NOMA) for dif-
ferent URLLC devices. To achieve this, the authors
propose a NOMA sharing approach, successive in-
terference cancellation, and frequency diversity as
a solution to increase the number of URLLC de-vic-
es that can be connected to the same base station.
In [16], a new class of NOMA has been proposed,
namely bits similarity NOMA. It has been shown
that without a perfect successive interference can-
cellation, bit similarity NOMA can achieve better
efficiency between users than traditional NOMA
techniques.

Another approach to multiplexing URLLC and
eMBB traffic is Trellis- and Network-coded modula-
tion (TC-NCM) [17]. Based the Ungerboeck’s scheme
[18] and the general type of coset coding advocated
by Goldsmith in [19] and Chapter 8 of [20], the au-
thors propose adaptive TC-NCM structure, where
the transmitter adapts the coding rate and modu-
lation mode according to the channel estimates fed
back via feedback channels. The main disadvantage
of this method is the lack of encoding of the URLLC
stream, which negatively affects the reliability and
transmission rate of URLLC messages. This work’s
main task is to propose a Trellis-Coded Modulation
(TCM) scheme for multiplexing streams and define
the loss function for it. The remainder of this paper
is organized as follows. We commence by describing
the system model along with a system of assump-
tions. We then conceive our generic structure of
the multiplexing scheme, where the motivation, the
transmitter design, and the data flow are detailed.
Finally, we present some modeling results and con-
clusions.

Baseline system model

In this article, we discuss the development of the
model proposed in [21] generalized to the physical
layer of wireless centralized systems. As before, the
baseline scenario will be the case when only 1 data
stream is transmitted. However, in contrast to the
previous work [21], we will consider the Viterbi de-
coder’s quantized output — the general scheme for
basic scenarios presented in Fig. 1.

In the case of a multiplexing scenario, the net-
work contains a base station, as well as users receiv-
ing eMBB and URLLC traffic from the base station,
respectively. As in the previous article, the simulta-
neous transmission is considered data for different
recipients from one sender. Each data stream has its
own scheduler. The scheduler for eMBB traffic uses
time division multiplexing (TDM/TDMA), and the
scheduler for URLLC uses (OFDM/OFDMA) (Fig. 2).

For eMBB stream

eMBB
LDPC
encoder

AWGN
channel

eMBB

For URLLC stream

URLLC
LDPC
encoder

B Fig. 1. Baseline scenario
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B Fig. 3. Scheduling resources after using multiplex-
ing

After the allocation of the radio resource by the
schedulers, a multiplexing scheme is used, after
which the information bits of different streams are
located in the combined resource block for further
transmission over the channel (Fig. 3).

Assumptions

Having outlined the transmission model, next
we list all of our operating assumptions used
throughout this paper.

1. Channel state information is always available
on the sender. Assume that the feedback path does
not introduce any errors, which can be approxi-
mately satisfied, provided that sufficiently power-
ful error correction and detection codes are used on
the feedback path.

2. We are considering a channel with additive
white Gaussian noise.

3. We consider the downlink in TDMA mode for
eMBB data stream and OFDMA for URLLC data
stream.

4. We know on the receiving side of the URLLC
traffic transmission position for the user.

5. EMBB users are not aware of the existence of
URLLC traffic and do not decode it.

Multiplexing algorithm

It is known that the Ungerboeck scheme [18]
combines encoding and modulation by expanding
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the Euclidean distance between codewords and ab-
sorbs parity bits without bandwidth expansion by
doubling the number of points in the constellation
due to increasing the number of bits / symbols by
one. This design jointly optimizes both channel en-
coding and modulation, hence again, resulting in
significant encoding gains without any bandwidth
expansion. Based on these ideas, our adaptive
stream multiplexing scheme was developed.

Generic multiplexing scheme

At some point in time, an eMBB message and
several URLLC messages appear on this station.
Then the algorithm for multiplexing and transmit-
ting messages is as follows (Fig. 4):

1. A checksum is added to all messages.

2. Messages are fed to the LDPC encoding unit.
For eMBB traffic the code rate is 8/9, and for
URLLC traffic it is 1/2. This choice is due to the
fact that URLLC messages are shorter and more de-
manding on the reliability of transmission.

3. After LDPC encoding, the messages are com-
bined into one using an interleaver.

4. The general message is fed to the input of the
TCM, which selects the modulation dimension re-
quired to transmit (1 + r) symbols, where | — mes-
sage length; r — redundancy of the applied convo-
lutional code.

5. Then the message is transmitted over the
communication channel and enters the input of the
decoder, which is a soft output Viterbi algorithm.

6. The message is quantized according to the
following rule: the most significant log,(®) bits of
the Log-Likelihood Ratio are stored, where @ is the
number of quantization levels.

7. The codewords of each stream passes the
deinterleaver and LDPC decoder.

8. The checksum is checked, and a decision is
made on the correctness of the received message.

Key performance indicators of the system

To assess the quality of the proposed multiplex-
ing algorithm, it is necessary to introduce indica-
tors of efficiency. This article discusses the follow-
ing key performance parameters:

1) frame error rate (FER) for URLLC and eMBB
streams;

2) bit error rate (BER) for eMBB stream;

3) channel capacity for URLLC stream;

4) complexity of separating eMBB and URLLC
streams.

To evaluate the first two performance criteria,
we introduce the following notation 4, .and B,,. —
functions for the considered scenarios that return
the SNR (signal-to-noise ratio) value to achieve the
required BER value. 4, and B, — return SNR
value to achieve the required FER respectively.
Thus, we consider that system B is not inferior to
system A if:

B, (10°7) <= A,, (10°7);
B, (107%) <= A, (10~);

frequency bands of A and B are the same.

The channel capacity here means the ability to
transmit all URLLC messages in one time slot. The
following algorithm was used to calculate the chan-
nel capacity for the URLLC stream:

1. A set of messages is generated according to
the Poisson distribution.

Base Station

eMBB - eMBB N eMBB
stream ”| LDPC encoder 4 interleaver
— —_ TCM
and
Mapping rule
URLLC - URLLC - URLLC
stream ”| LDPC encoder interleaver
Y
AWGN
channel
User Equipment
—— EE—
eMBB P eMBB P eMBB P
stream B LDPC decoder [~ deinterleaver [
- @@ Soft
Output
Viterbi
Algorithm
URLLC P URLLC < URLLC P
stream h LDPC decoder deinterleaver |
- -

B Fig. 4. General scheme of the multiplexing algorithm
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2. The generated messages occupy slots in the
current time slot.

3. Messages that did not get free resource blocks
or were incompletely allocated are discarded and
replenished the message buffer that was refused
transmission.

4. Based on the number of discarded messages
and the total number, the probability is calculated
that the message will not be transmitted in 1 time
slot.

Stream splitting algorithm consists of two
parts: Soft-Output Viterbi Algorithm (SOVA) and
deinterleaver. The time complexity of the Viterbi
algorithm can be expressed as O(NS2), where N is
a length of message in bits, and S is a number of
states in a hidden Markov model.

The complexity of deinterleaving is equal to the
size of the message, so the overall complexity of
streaming can be considered equal to the complexi-
ty of decoding using the Viterbi algorithm.

System parameters
The 5G-NR standard implies the use of a differ-

ent number of templates with different network pa-
rameters (Table 1).

Each template allows you to adaptively configure
the physical layers of the system. Such templates
are called numerology, and, in this paper, we use
the numerology parameters under number 3 (see
Table 1). The structure of the frame is presented
in Fig. 5. This article considers the mm-Wave sce-
nario with 50 MHz cell and numerology 3. All-time
divided by subframes 1ms duration each. By numer-
ology 3, each subframe is divided into eight slots,
0.125 ms each. Thus, we can calculate the number
of available OFDM symbols for multiplexing in each
slot and subframe.

LDPC codes in the 5G-NR standard also have
many different parameters. The parameters used
in our system are shown in Table 2.

The main parameter of TCM is the use of convo-
lutional polynomial coding. In our work, we use the
polynomial presented by William G. Chambers [10]
(Fig. 6), since it provides the maximal possible free

B Table 2. LDPC parameters

B Table 1. 5G-NR numerology

Stream Code rate Reduncity level nlayers
eMBB 8/9 0 3
URLLC 1/2 0 3

Numerology values

Parameter
0 1 2 3 4

Subcarrier width,

KHz 15| 30 | 60 120 240

Num of slot in
subframe

Slot duration, ms 1 |0.5]|0.25| 0.125 | 0.0625

B Table 3. TCM parameters

Mapoi
Code Modulation apping

Octets | Memory d}c rate rule

Gray

117 155 6 10 | 1/2 :
mapping

QAM-16

Subframe 1 ms

—
Guard interval
Bandwidth y,
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L [ ] [ ]
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-
<>
0.125 ms

B Fig.5. 5G-NR Numerology 3 frame structure
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Go— 1 0 0 1 1 1 1 117 (octal)
Y
Go
X—> 6 5| 4| 32|10
Gy
A
G, — 1 1 0 1 1 0 1 155(octal)

B Fig. 6. Convolutional code

B Table 4. Coding gain

Stream R=2 | Q=4 | Q=16 | @=256

eMBB, FER = 102 2.5 0.8 0.7 0.3

eMBB, FER = 104 2.6 0.5 0.5 0.3

URLLC, FER =105 - - - -0.5

URLLC, FER = 1076 - - - 0.5

distance d)) and so the maximal asymptotic coding
gain. The parameters of the selected polynomial are
shown in Table 3.

Simulation results

Using the parameters described above, the FER
versus SNR plots were obtained using simulation
for both data streams (Fig. 7, a and b).

It can be seen from the figures above that due
to the complication of the decoding procedure when
multiplexing streams, the FER values for all quan-
tization levels exceed the FER values for the base-
line scenario.

Let us consider the efficiency of the multiplexing
algorithm in terms of BER for the eMBB stream.

Fig. 8 shows a plot of BER versus SNR for different
quantization levels.

Table 4 shows the gain in dB when using
multiplexing for different quantization levels.

URLLC stream capacity

Since the URLLC stream must fulfill the re-
quirements of immediate transmission, we will as-
sume that if the message was not transmitted per
1ms subframe, then it loses its relevance for the end
user. Fig. 9 shows the probability of non-transfer
URLLC messages with a length of 100 bits per 1 ms
subframe for the considered multiplexing scenar-
io (see simulation details in [21]). We can conclude
that the probability of sending a URLLC message in
one mini-slot more than 99% for an incoming rate
of up to 400 messages per slot.

Thus, the proposed downlink multiplexing
scheme using TCM allows to obtain a lower error
probability in the channel for eMBB traffic, as well
as to preserve the key parameters of the efficien-
cy applied to URLLC traffic. The proposed scheme
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B Fig.7. FER versus SNR for eMBB (a) and URLLC (b) stream
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can be classified as a threshold model by [1], and all
known results can be applied to ours.

Conclusion

This article proposed an algorithm for multiplex-
ing data streams in the downlink communication of
centralized wireless networks. This algorithm fits
the threshold model proposed by Veciana G. Then,
a general scheme based on TCM was considered and
applied to 5G-NR Numerology 3 networks. Our sim-
ulation results show that the proposed algorithm
achieves better BER and FER performance for the
eMBB stream compared to the baseline scenario

without multiplexing. We also presented graphs
of the channel throughput for the URLLC stream,
from which it can be seen that this scheme allows
providing the probability of sending a URLLC mes-
sage in one mini-slot more than 99% for an incom-
ing rate of up to 400 messages per slot. For promis-
ing future research, an attractive direction is the
study of achievable improvement in constellation
formation, improving system performance.
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BBenenmne: pacrpocTpaHeHne CEPBUCOB U IPUJIOYKEHUH, TPEOYIOMNX CBEPXHU3KOM 3aIeP/KKU 1 BHICOKOU HAZE@)KHOCTH IIepeJayu JaH-
HBIX B CETSX CBS3U, IPUBOAUT K HEOOXOAUMOCTH CO3LaHUS HOBBIX IIOJXOJ0B U aPXUTEKTYD /A 00eclieueHUsA OJJHOBPEMEHHON nepefayun
PasHOPOAHOTO TpadUKa yIYUIIeHHON IITNPOKOII0JocHOH cBsa3u (eMBB) u cBepxHage:xkHo# cBaA3u ¢ Huskumu 3agep:kkamu (URLLC). Ox-
HOM 13 caMBbIX aKTyaJIbHBIX 3aa4 B 001aCTH pa3paboTKU CTAHAAPTOB 6€CIIPOBOJHOM CBA3Y ABJIAETCA 06ecIieueHre MYJIbTUILIEKCUPOBAHUA
notokoB eMBB 1 URLLC ¢ TpefyeMbIMU OKa3aTeJAMU IPOU3BOAUTEIBHOCTH IEPEJaun Kaskaoro moroka. Ileas: obeceunTs 0HOBpPE-
MeHHYI0 nepenauy moTrokoB eMBB u URLLC 6e3 moTeps mo1530BaTeIbCKOr0 onbiTa cepBrucoB eMBB nmyTem cosmanusa MeToa MyJIbTHILIEK -
CHUPOBaHUA IIOTOKOB JAHHBIX HA OCHOBE PEIIeTUATOr0 KOJUPOBAHUA M MOAYJIAIUYM CUTHAJA, & TAK)KEe COOTBETCTBYIOIIYIO HACTOAIEMY
METOAY apXUTEKTYPy (GU3UUECKOr0 M KaHAJIbHOTO YPOBHEH GECIIPOBOJHBIX IEHTPATN30BaHHBIX CeTeil cBA3U. Pe3yabTaT: mpeiosKeHbl
MeTOJ MyJIbTUILIeKCcUupoBaHuA OoTOKOB AaHHbIX eMBB 1 URLLC B HUCXOAAIEM KaHaJIe CBA3U, a TAK)Ke COTJIACOBAHHASA C HUM apXUTEK-
Typa (pM3UYeCcKOro u KaHAJIbHOTO YPOBHEH ceTell, I03BOIA0IIe 00eCIeYnUTh 3afaHHbIe TPe6oBaHUA (DYHKIIMOHUPOBAHUA 6€CIIPOBOJHOM
cetu. OneHKa 3(PGHEKTUBHOCTH IIPEICTABIEHHOTO PEIIeHUA IIyTeM UMUTAIIMOHHOTO MO/JIEIMPOBAHUS JaeT BOBMOKHOCTD CleJIaTh CIeIyI0-
e yTBep:KAeHusa. Pa3dpaboTaHHBIM METO MyJIbTUILJIEKCUPOBAHUSA 00€CIIeUNBAET JIYUIIINe 3HAUeHU A BEePOATHOCTeI OITMOKY Ha OUT 1 Ha
KOJI0BOE CJIOBO B CDAaBHEHUHU C OIOPHBIM CIleHapmeM Ha GusmuecKoM ypoBHe. IIpensioskeHHas apXUTEKTypa KAHAJIBHOI'O YPOBHSA II03BO-
Jasetr obecneuuTs nepepavyy noroka URLLC ¢ naTeHcuBHOCTHIO 400 COOOIIEHNIT B MUJIIUCEKYH/Y C BEPOATHOCTHIO TOCTABKYU COOOIIEHNS,
paBHOiT 99% , B TeueHMe OJHOM MUJLINCEKYHbI. IIpaKTHUYecKass 3HAUMMOCTH: ITOJIyUYEeHHBIE Pe3yIbTaThl IOMOTYT Pa3paboTUNKAM CHUCTEM
CBA3Y IJIAHNPOBATH PA3BEPTHIBAHUA O€CIIPOBOJHBIX IEHTPATIN30BAHHBIX CETEH B IPOMBINIIEHHOCTH.
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