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Scalable Multiuser Immersive Communications with
Multi-numerology and Mini-slot
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Abstract—This paper studies multiuser immersive communica-
tions networks in which different user equipment may demand
various extended reality (XR) services. In such heterogeneous
networks, time-frequency resource allocation needs to be more
adaptive since XR services are usually multi-modal and latency-
sensitive. To this end, we develop a scalable time-frequency
resource allocation method based on multi-numerology and mini-
slot. To appropriately determining the discrete parameters of
multi-numerology and mini-slot for multiuser immersive com-
munications, the proposed method first presents a novel flexible
time-frequency resource block configuration, then it leverages
the deep reinforcement learning to maximize the total quality-
of-experience (QoE) under different users’ QoE constraints. The
results confirm the efficiency and scalability of the proposed time-
frequency resource allocation method.

Index Terms—Immersive communications, quality of experi-
ence, numerology, mini-slot.

I. INTRODUCTION

The sixth-generation wireless (6G) communications systems
seek to boost scalable and resilient transmissions for address-
ing new challenges, which come from the emerging multi-
modal extended reality (XR) services. As one of 6G key use
cases, immersive communications provide remote XR services
including mixed reality and augmented reality, however, these
immmersive services impose stringent requirements on data
rate and communications latency [1, 2]. Multi-numerology and
mini-slot are compelling access technologies for supporting
diverse scenarios and requirements, which have been applied
in 5G systems [3].

Since sub-6 GHz, millimeter wave (mmWave) and tera-
hertz (THz) frequency bands shall be widely-used in 6G,
the frequency bandwidths at different carrier frequencies are
dramatic, which may substantially increase system complexity
and peak-to-average power ratio (PAPR) if the number of
subcarriers increases with adding more frequency bandwidths.
In light of hardware constraints and various XR service
requirements, multi-numerology is introduced to make flexible
resource allocation, compared to the uniformly distributing
frequency resource allocation in 5G systems [4]. Its gist is that
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subcarrier spacing can be tuned according to the specific fre-
quency bandwidths and service requirements, in this way, the
number of subcarriers can keep the same for different amounts
of frequency bandwidths without largely increasing the PAPR.
To meet the requirements of mission-critical services, [5]
proposes a scalable resource block based on flexible nu-
merology. In [6], mixed-numerology is adopted in windowed
orthogonal frequency division multiplexing (OFDM) systems.
Like traditional single-numerology case, multi-numerology
OFDM systems are still susceptible to the critical PAPR,
hence [7] proposes a numerology scheduling method to reduce
the PAPR. The numerology scheduler of [8] is designed to
be adaptive for satisfying different slices’ requirements. In
vehicle-to-everything networks, recent work [9] shows that the
use of 5G numerology can improve Quality-of-Service. On the
other hand, mini-slot is an alternative for further enhancing the
network’s scalability, which achieves much lower latency since
it allows shorter transmission slot duration to contain only a
few OFDM symbols, therefore, mini-slot plays a promising
role in ultra-reliable low-latency communication (URLLC).
When URLLC and the enhanced mobile broadband (eMBB)
traffics coexist in multiuser communications systems, [10]
provides a media access control layer scheduling for max-
imizing eMBB utility under URLLC latency constraint. To
flexibly manage the eMBB and URLLC network slices, [11]
investigates the numerology and mini-slot for maximizing the
network throughput while satisfying service level agreement.
Meanwhile, [12] develops a hybrid puncturing and super-
position scheme which can maximize the minimum average
throughput of eMBB and URLLC users. The work of [13]
aims to maximize the minimum achievable transmission rate
through optimizing the multi-numerology and mini-slot.

In immersive communications systems, 360° video is an
important component for XR applications [2, 14]. However,
360° video streaming demands large frequency bandwidths
for low-latency transmissions. Existing research contributions
have attempted to improve the efficiency of 360° video stream-
ing under limited resources constraints. In [15], a two-tier
360-degree video streaming scheme is investigated to address
the network dynamics, such a scheme is source representation
independent and outperforms the DASH streaming and Field
of View (FoV) streaming schemes. Since videos in the FoV
region must be delivered, [16] analyzes the future FoV
region in a closed-form under a given confidence level. By
considering the tile-based 360-degree video streaming, [17]
adopts a machine learning method to optimize different Qual-
ity of Experience (QoE) objectives. A viewport-aware adaptive
tiling scheme is studied in [18], where the long-term user
QoE is maximized. In [19], energy efficiency of delivering
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multi-quality tiled 360 virtual reality videos is enhanced by
jointly determining appropriate beamforming, subcarrier and
the choices of quality level. Latest work [2] designs flexible
frame structures for achieving the two-tier 360-degree video
delivery and improving the system robustness.

Motivated by the aforementioned studies, this paper aims to
establish the scalable two-tier 360-degree video streaming in
multiuser immersive communications systems by leveraging
multi-numerology and mini-slot according to the 3GPP [3,
13,20]. To the best of our knowledge, this is the first work
to exploit the merits of joint multi-numerology and mini-
slot design for 360-degree video delivery. We orchestrate a
flexible time-frequency resource block structure and propose
a novel time-frequency allocation method to maximize the
total QoE under diverse levels of UE’s QoE constraint, which
significantly outperforms the QoE-based greedy and equal
resource allocation solutions.

II. SYSTEM DESCRIPTIONS

In a downlink immersive communications system, base sta-
tion (BS) delivers 360-degree video contents to [N user equip-
ment (UEs). To meet different UEs’ QoE, we manage time-
frequency resources via numerology and mini-slot. According
to the 5G new radio (5G NR) [3,13,20], each subframe
duration is fixed value of 1ms, the OFDM’s subcarrier spacing
is 15 x 2#*kHz with the numerology p (a non-negative integer
value for low-latency XR services), and each resource block
has 12 consecutive subcarriers with the same numerology in
the frequency domain. Note that each slot contains 14 OFDM
symbols, and 4G LTE’s numerology is 4 = 0 with the slot
duration of lms [3]. For generality, we consider that the
n-th UE’s mini-slot duration can be selected to contain 7,
OFDM symbols, and each slot is divided into several mini-
slots whose lengths may be different. As such, we design
a new time-frequency resource block configuration (the unit
is msxkHz=sxHz) to achieve scalable multiuser immersive
communications, which is defined as follows:

RB
C = AT’min X ABmin

1
= ———— X (12 x 15 x 2Hmin 1
14 X QHmax ( ) (1)
where ATy, = 14X2ﬁms is the minimum OFDM symbol

duration that can be supported in the system with the max-
imum numerology value piy.x, considering the fact that the
OFDM symbol duration without cyclic prefix (CP) changes
inversely to its subcarrier spacing; ABp;, = 12 x 15 x
2#minkHz is the minimum bandwidth part in the frequency
domain with the minimum numerology value fi,i,, here, the
bandwidth part is a subset of resource blocks for a given
numerology [20]. The advantage of such a resource block
design is that it solely depends on the system’s maximum and
minimum numerology values regardless of UEs’ specific XR
service requirements, in this case, the size of a bandwidth part
(the unit is msxkHz=sxHz) occupied by the n-th UE with
the required numerology p, and mini-slot 7, can be easily
calculated as

CPWE = (g, x 2mex=hn AT, 50) x (207 7#min A By, )

1 ms

1/14 ms

12%15 kHz

12%30 kHz

12%60 kHz

Fig. 1.  An illustration of time-frequency resource structure with multi-
numerology (. € {0, 1,2} in this figure) and the same mini-slot value = 2
for all the UEs, in which each rectangle of the resource grid represents a
resource block given by (1), and each UE’s allocated bandwidth part has the
same number of resource blocks given by CBWP = 8CRB according to (2),
regardless of each UE’s numerology.

=1, X Hmax ~Hmin y (RB (2)

Each bandwidth part is dedicated to one UE and there is
no overlap between them. From (2), the number of resource
blocks in each UE’s allocated bandwidth part only depends on
its mini-slot for a given immersive communications system, as
illustrated in Fig. 1.

In the two-tier 360-degree video streaming system [2],
each video frame has the duration of 7" (ms) and frequency
bandwidth B (kHz), which is partitioned into basic tier (BT)
video chunk phase and and enhancement tier (ET) video chunk
phase [15]. Let uB7, BT, uET, and nET denote the BT’s and
ET’s numerology and mini-slot, respectively. Based on (2), we
have the following time resource constraint

BT o ftmax— Ko 5
E Mn,i 2“ unﬂATmin"’
(i,3")e{L,R},
(i,i )¢ {B, A}

S e AT, <T, Ve, ()

(3.4")€{L, R},
(4.3 ¢{B, A}

and frequency resource constraint

D

(i,i')e{B, A},
(i,i")¢{L, R}

oHni—Hmin AB . < B, Vn,v e {BT,ET}, (4)

where ,us?; and ng’}ﬂ are the numerology and mini-slot of the
i-th bandwidth part at BT for the UE n, respectively, p); ; and
ny, 5 are the numerology and mini-slot of the j-th bandwidth
part at ET for the UE n, respectively, the relative positioning
constraint (¢,4') € {£, R} means that the bandwidth part ¢ is
the left or right of the bandwidth part i, i.e., there is no overlap
between them in the time domain, the relative positioning
constraint (i,7') € {B,.A} means that the bandwidth part
is the below or above of bandwidth part ¢/, i.e., there is no
overlap between them in the frequency domain,

Since the time-frequency resources are orthogonally al-
located to the UEs (no co-channel interference), the BT’s
transmission rate (bits per frame) is given by

t (v |BT|2
RYT = 37 CBYT o, [ 14+ Sl )
K2
where CBY'), ; is the i-th bandwidth part allocated to the n-th
UE at BT with the mini-slot n27, GY and G?, are the effective

n,t
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transmit antenna gain and receizve antenna %ain obtained by
the UE n, respectively, |hET and |hET| are the large-
scale fading channel power gains' p,, is the transmit power
spectral density (PSD) of the downlink channel between the

BS and the n-th UE, and 42 is the noise’s PSD. Likewise,
ET’s transmission rate (bits per frame) is given by

GG 1| pu
RyT =" CpY,,log, (1 + % , (6
J

where CRY) ; is the j-th bandwidth part allocated to the n-th
UE at ET with the mini-slot 7,,;. We further highlight that the
proposed resource block and bandwidth part designs facilitate
the analysis of transmission rate in multiuser communications
since (5) and (6) are available for arbitrary UEs’ numerologies.

One of the key performance indicators (KPIs) in the two-
tier video delivery system is the QoE, which is commonly-
measured in a logarithmic manner [15, 18], i.e., the QoE for
the n-th UE is calculated as

@n = (1 - pn) Qn (RET> + pnQn (En) > @)

where p, (0 < p, < 1) is the probability of precisely
predicting UE’s FoV, Q, () = a, + b,log (x) with spe-
cific XR video-dependent constant parameters a, and b,
RBT _ BT

n — (CBT

with the coverage area of the 360° video CBT,

En= RET—l—RET denotes the effective rate after using layered

coding to generate the ET chunks, here RET = I;?Tr with the
coverage area of the ET chunk CET.

By appropriately selecting numerology and mini-slot, our

aim is to maximize the total QoE while achieving the min-

imum QoE per active UE, thus the time-frequency resource

allocation problem is formulated as

N
max Z T, Qn 8
X, HsM el

s.t. Cl: x, € {0,1}, 2, (Qn (RST) - @fin) >0, Vn,

—min
vn,

C2:Q, (RET) < peakg™,
C3: Eq.(3), Eq.(4),
C4: CPVT(COWF . =0, V¥n,v,v/ € {BT,ET},

v,n,i

C5: uy, €Z,my; € Zym, ; <14, Vn,v,€ {BT,ET},

where x = [z,,] are binary values that indicate whether UE is
served or not, p = [HEE" pET) and n = [nEE, US?] Constraint
C1 makes sure the served UEs meet the minimum QoE value
Qr:m and the solutions of problem (8) are always feasible; C2
shows that the QoE for entire 360° view at BT needs to be
restricted to below a peak value %;:eakafln in practice, since
QoE for viewport videos at ET is more important; C3 is the
limitation of available time-frequency resources; C4 illustrates
that there is no overlap among bandwidth parts; In constraint
C5, mini-slot n/ ; < 14 means that each slot consists of several
mini-slots and there are always 14 OFDM symbols per slot
regardless of the specific numerology [3, 13].

In the highly directional beamforming transmissions such as millimeter
wave (mmWave), the effect of small-scale fading on the channel power gain
could be ignored.

III. DRL-BASED ALGORITHM DESIGN

Problem (8) is combinatorial with non-overlap constraints,
which is challenging to solve. Since deep reinforcement learn-
ing (DRL) is a powerful machine learning tool to deal with
discrete decision-making problems, we provide a DRL-based
solution, in which an agent (link between the UE and BS)
interacts with its environment, and the key components of RL
are detailed as follows:

o State: In a given resource grid with time and frequency
boundaries, the observed state space at BS is denoted
by S = {©, ¥, R, ®}, where O contains the allocated
bandwidth parts and idle ones, W contains the allocated
BT and ET’s bandwidth parts for each UE and the
corresponding QoE @ (RBT and @ given by (7), N
contains the order of serving UE at each time-step, and
® contains the time and frequency boundary lines of the
allocated resources at the beginning of each episode. The
state vector at each time-step is s; € S.

o Actions: The action a; taken by the agent include the
numerology p, mini-slot 77 and their corresponding band-
width part CBWP given by (2) (as illustrated Fig. 1).
Given the state s;, agent chooses feasible numerology and
mini-slot values based on constraints C1 and C5 (Note
that both the objective and constraint C1 of problem
(8) only depend on the selected mini-slot thanks to our
resource block and bandwidth part designs in Section IL.),
and thus determines feasible bandwidth parts based on the
current time and frequency boundary lines, to satisfy the
constraints C3-C4.

o Reward: When the action is executed, agent obtains a
reward. Let M denote the maximum allowable number of
time-steps before terminating an episode, and the reward
function is given by

gA@n (t)+ (1 —p) Z, if C1 — C5 are met,
‘H, if episode terminates and C1 — C5 are met,
©, otherwise,

Tnt =

where AQ,, () = Qy (t) — Qn (t — 1) is the incremental
value of the agent’s QoE at time-step t, Z is a penalty
to enable that the agent is time-aware (namely limited
number of time-steps for the agent’s interaction with the
environment) [8,21], which is much helpful for system
stability and low-latency immmersive communications, o
is the weighting parameter, a high reward value H is
obtained if the episode terminates and constraints C1-C5
are met, otherwise incurring a penalty O.

In light of deep Q-learning [22], we propose a DRL-based
algorithm to solve the problem (8), which is detailed in
Algorithm 1 at next page. The deep Q-network of Algorithm
1 is illustrated in Fig. 2.

IV. SIMULATION RESULTS

This section provides numerical results to confirm the
efficiency of the proposed DRL-based time-frequency resource
allocation in Section IIl. The learning parameters include:
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Fig. 2. Deep convolutional neural network structure in the proposed DQN-
based method.

TABLE I
SIMULATION PARAMETERS

BT view coverage CBT =360° x 180°

ET view coverage CPT = 135° x 135°

mmWave carrier frequency fe = 28GHz
System bandwidth B = 69.12MHz
Each video frame duration T = 0.0625ms

Effective transmit antenna gain per UE video|G¢ = 15dBi

Effective receive antenna gain per UE video |G, = 10dBi

8\ 2
Large-scale channel fading power gain |in)? = (ﬂ) X dy 2

A7 fe

Noise’s PSD 62 = —169dBm/Hz

Total transmit PSD Protal = —47dBm/Hz

Vector of four UEs’ minimum QoE levels  [Qy, 4 = [4.9,4.6,4.8,4, 6]

Peak levels of four UEs” QoE at BT 5Q, 4 with 72K =5

Algorithm 1: DRL based Time-frequency Resource Allocation

1 Initialize the maximum number of episodes E, the maximum allowable
number of time-steps M per episode, and deep Q-network (shown in
Fig. 2); the episode index e = 1

2 while e < E do

3 initialize the state space S, in which R is initialized by sorting the
UEs in descending order of their QoE levels under equal resource
allocation;

4 fort=1,---,M do

5 a) Select a random action a, ¢ according to e-greedy policy.

Note that some actions need to be excluded when the
constraints C1-C5 are not met;

6 b) After executing the selected action, obtain a reward and
observe the next state s¢1;

7 if constraint C2 is violated then

8 the corresponding link is no longer considered as an

agent at BT phase in this episode;

9 end

10 ¢) Store the transitions {s¢, a¢, r¢,s¢41} into memory;

11 d) Train the deep Q-network using minibatch of transitions
data from the memory;

12 e) Update the policy m: S — a;

13 end

14 iii)e=e+1;

15 end

16 The corresponding action a is obtained

learning rate is 0.001, the maximum allowable number of time-
steps per episode is M = 1000, the parameters in the reward
function are set as o = 0.5, Z = —0.01, H = 500, and
© = —2, respectively, the discount factor v = 0.99, and deep
Q-network in Fig. 2 are trained using Adam optimizer. The
system parameters are detailed in Table I. In the simulations,
the communication distance d,, > 1 from the BS to the n-
th UE is uniformly distributed with the cell radius 200m,
the probability of precisely predicting UE’s FoV p,, follows
the truncated normal distribution with the truncation interval
[0.6,1] (its mean and variance of the parent general normal
probability density function are 0.8 and 0.49, respectively),
and a,, = 0, b, = 1, Vn. The results are obtained by averaging
over 2000 trials.

A. Convergence

Fig. 3 confirms that the proposed DRL-based method con-
verges at a fast speed. Moreover, the input dimensionality is

Numerology w={4,5,6} [13]
Mini-slot n=4{2,4,7} [13]
500 ‘ ‘
490 - i
'
480 ]
&
5]
&
0 4701 —
<
460 1
450 : : : :
10 110 210 310 410 510
Episodes
Fig. 3. The convergence of the proposed DRL-based method.

not large based on our resource block design given by (1)
(56 x 24 resource blocks in the simulations), which relieves the
burden of computation and memory. The maximum average
award becomes stable when the number of episodes is greater
than £ = 310.

o o o

o © ©

R o ®
T T T
. . .

Proportion of the served UEs

o

©

N
.

0.9 . . . .
10 110 210 310 410

Episodes

510

Fig. 4. The feasibility of the proposed DRL-based method.

B. Feasibility

Fig. 4 confirms that the proposed method achieves the
feasibility and satisfies the constraints C1-C5 of problem (8),
namely the minimum QOoE of the served UEs are guaranteed,
and the percentage of the served UEs is almost 100% as the
number of episodes is larger than 310.
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C. Efficiency

w —6— Proposed DRL -based method
<o —A— QoE-based greedy method
©
°
[

—+— Equal bandwidth allocation

207 |—g— Equal time-frequency resource allocation 1

18 1

160 . . .
-50 -45 -40 -35 -30
Total transmit power spectral density (dBm/Hz)

Fig. 5. The performance of the proposed DRL-based method.

Fig. 5 confirms the efficiency of the proposed method
compared to the equal resource allocation cases. In the sim-
ulations, the number of episodes is set as ' = 510 based
on the empirical results in Figs. 3 and 4. There is no
commonly-accepted method yet in this uncharted study and
three benchmark solutions are considered as follows: 1) the
QoE-based greedy method follows the approach of 3GPP,
which allows UEs with higher QoE levels to take priority
for resource allocation [23]; 2) the equal bandwidth allocation
case considers free-viewpoint without FoV predication [2] (BS
sends the entire 360-degree videos to the UEs.); and 3) the
equal time-frequency resource allocation case considers that
the frequency bandwidths are equally allocated to the UEs and
time of each UE’s BT is the half of a video frame duration. We
see that the proposed DRL-based method outperforms all the
benchmark cases. The QoE-based greedy method has better
performance than other benchmark cases in the low transmit
PSD regime, however, it achieves lower QoE than the equal
bandwidth allocation case at higher transmit PSDs since the
multiuser diversity gain of the equal bandwidth allocation
case is higher than the QoE-based greedy one. In addition,
the equal time-frequency resource allocation case obtains the
worst QoE performance, due to the fact that in the equal time-
frequency resource allocation case, the minimum QoE of some
UEs cannot be met when time resources are not enough for
BT transmissions, i.e., less UEs are served in this case.

V. CONCLUSIONS

In multiuser immersive communications, diverse service
requirements posed a great challenge to the time-frequency
resource management. To address this issue, the scalable
delivery of 360-degree video was considered. By exploiting
the numerology and mini-slot techniques, a flexible resource
block structure has been designed, which only depends on
the system’s maximum and minimum numerology. A DRL-
based method was developed to optimize the numerology
and mini-slot values for maximizing the network QoE. The
results confirmed the advantages of our proposed method,
moreover, the proposed resource block design was very useful
for facilitating the performance analysis and reducing the
system costs.
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