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Multi-user XR

Users immersed into the interactive virtual world via 3D interface

Highly reliable high-throughput wireless connections with low latency are
required.
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Location-Dependent Multimedia Content

Large part of static (infrastructure) and dynamic (avatars, shapes)
content can be stored in advance at user devices.

[1] M. Salehi, K. Hooli, J. Hulkkonen and A. Télli, " Enhancing Next-Generation Extended Reality Applications with Coded
Caching,” in IEEE Open Journal of the Communications Society, doi: 10.1109/0JCOMS.2023.3286473.
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Coded Caching (CC)

Traditional Caching Coded Caching
Request 1 Request 2 Load 1 2 Codeword Load
A B 0 A B A, ®B; 05
B A 2 B A B,®A, 05
A A 1 A A A, @A, 05
B B 1 B B B,®B;, 05
Average load 1 Average load 0.5

CC gain is proportional to the total cache size in the network.
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Multi-Antenna Coded Caching

CC gain is additive with the spatial multiplexing gain.

[2] ' S. P. Shariatpanahi, G. Caire, and B. Hossein Khalaj, " Physical-layer schemes for wireless coded caching,” IEEE
Transactions on Information Theory, vol. 65, no. 5, pp. 2792-2807, May 2019.

[3] A. Télli, S. P. Shariatpanahi, J. Kaleva and B. H. Khalaj, " Multi-Antenna Interference Management for Coded
Caching," in IEEE Transactions on Wireless Communications, vol. 19, no. 3, pp. 2091-2106, March 2020

[4] M. Salehi, E. Parrinello, S. P. Shariatpanahi, P. Elia and A. Tlli, " Low-Complexity High-Performance Cyclic Caching
for Large MISO Systems,” in IEEE Transactions on Wireless Communications, vol. 21, no. 5, pp. 3263-3278, May
2022,
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Location-dependent (Coded) Caching [5, 6]
Location dependency of the content to alleviate wireless bottlenecks:
m Use a priori knowledge of the expected throughput per location;

m Allocate higher cache share for content relevant to locations with
poor connectivity;
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Can we enable a CC gain for such a non-uniform memory allocation?

[5] H. B. Mahmoodi, M. Salehi and A. Télli, " Multi-antenna Coded Caching for Location-Dependent Content Delivery,”
in IEEE Transactions on Wireless Communications, doi: 10.1109/TWC.2023.3277983 (2023).

[6] H. B. Mahmoodi, M. Salehi and A. Télli, " Low-Complexity Multi-Antenna Coded Caching Using Location-Aware
Placement Delivery Arrays,” submitted to IEEE TWC, arXiv preprint arXiv:2305.06858 (2023). .,
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System Model

- ((n)ehy) oS

G
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Xy == X, X1z ™= Xs

m Dynamic environment with K users.
m Coverage area divided into |S| single transmission units (STU).
= Memory allocation per STU based on predicted /expected rate, e.g.:

Pr |y, |

Q
r(s) = prE[log(l + N

)] [files/second] (1)

'EF UNIVERSITY OF OULU



6GWFF, July 2023 Enhancing Extended Reality Experience with Location-Dependent Multiantenna Coded Caching

Memory Allocation
m Placement phase: 1) memory allocation and 2) cache placement.
m Worst case total delivery time is first approximated based on
r(s),Vs € S:
. K 1 —m(s)
T pu—
T Km+Lses r(s)

[seconds], (2)

where m = minges m(s).

m Memory allocation m(s) V s is performed based on minimizing (2):

min — i T
m(s)7 'YZO? T_’ZZO m + F
1—
s.t. ﬂ <, Vs€S, (3)

r(s)
m <m(s), Vs € S, Zm(s) < M.
s€S

s
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Memory Allocation — Example
m The term % in (3) can be substituted with a general parameter ¢.

m A 30 x 30[m?] room with K = 6 users, L = 2 transmit antennas,
and % = 0.33 relative memory size.
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Cache placement

m Cache placement can be based, e.g., on multi-server scheme [5] or
PDA-based scheme [6].

m Non-uniform placement of STU-specific file-fragments.

= A toy example with 5 STUs [5]:

s=1 5=2 s=3 s=4 5=
[ r(s) [[ 3x10% [ 2x10% | 1x10% | 2x10% [ 3x10°
[ m(s) |[__025 05 0.75 05 0.25
Wi(s) Wals) Wi(s) Wi(s) Wis(s) ‘ Wigls) | Wials) ‘ Was(s) | Wouls) | Wa(s) Wizs(s) Wiag(s) Wigi(s) Wa(s)
user user 1
= user 2 || g ‘ ‘ wser2 <=
L users|| user 3| »
user 1 ‘ ‘ user 1

[5] H. B. Mahmoodi, M. Salehi and A. Télli, " Multi-antenna Coded Caching for Location-Dependent Content Delivery,”
in IEEE Transactions on Wireless Communications, doi: 10.1109/TWC.2023.3277983 (2023).

[6] H. B. Mahmoodi, M. Salehi and A. Télli, " Low-Complexity Multi-Antenna Coded Caching Using Location-Aware
Placement Delivery Arrays,”submitted to IEEE TWC, arXiv preprint arXiv:2305.06858 (2023).
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Content Delivery

Delivery phase: users request location-dependent content.

Available content
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The BS transmits precoded messages x;; to users U C K over several
TF UNIVERSITY OF OULU
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Different Delivery Methods
m NCM-based scheme [5] enables parallel multicast transmissions to
user groups with size |T|: Xy = > 7y VTIT -
m The PDA-based scheme [6] enables unicast transmission by sending
Xu = ey VkTk-
m Achievable degrees of freedom (DoF) dor both schemes is
mingeyy Km(sg) + L.
(Ag * Bl)Vlz —  Asv;, + By,

A,
By

4z

S
&

Az

B,
s
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Different Transmission/Reception Signals (PDA - based)

m Consider the following transmitted signal using PDA,

xppa(l) = Agvi + Bive + C1vs

Corresponding received signal at the users,
y1 = Aghiv) + Bihivy + C1hivs 4wy,
Yo = &hgvl + Blh5[V2 + ghgv;z, + w2,
Y3 = ghéfvl +ﬁh§[w + C1hivs + ws

m Underlined terms are regenerated and removed using cache and the
double-underlined terms suppressed by precoder vy.

No need for SIC at the receiver.

s
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Weighed Maxmin (WMM) Beamforming

m Different fractions of files missing given the UE locations s, k € U.

®» The WMM multicast beamformer design [5] (I.h.s) and the unicast
beamformer design [6] (r.h.s):

. 1 o
max min min —— sum
{(vrak RE, Yhell QCDy cx|Q)|

o1
max min — log(1 + k)
Ck
s. t. ngum < log (1 + Z %ﬁ) , ivtkak} keu
TeQ o oo
B L 71
Ak < [y vr | e S > [bflvil2+No’
T = H s T
> ver, Iy vv|? + 02 i€k

ke IVell* < Pr,
> vrlP< ey,
TCU,|T|=t+1
F (K ming (mg)+L)
(K +L)
compensated by improved transmission rates I}%—: > 1.

Comparison with uniform placement: lower Do <1lis
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Numerical Examples [6]

o

Large number of users (K = 12 — 60). Parameter o models the impact

M/S =0.33,0 = 7[dB], K = 36, SNR = 5[dB]
e
-

/ M, Ty

@ Ir
/\/ ! /
/‘/ : 08t <« > Y .
B Coded | allocatgon
hing ! ain /
sl caching; g g%
gaimn S/

of random placement of obstacles.

SOOI
_Obstacle 5 = !
> 7 ) |
Boal i 7/
©) /5 © H
3‘,"’ H Uniform Unicast
o) @ﬁa 0.2F i / -=Non-uniform Unicast
',-' / Baseline CC
/ Non-uniform CC
0 1 Liel T T
5 .10, 5
Total transmission time (Tr) [ms]

Significant performance improvement due to optimal memory allocation

— further gain by leveraging coded caching transmission.
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[ms]

95 percentile (Tr)
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e Baseline CC

..... Uniform Unicast
= = = Non-uniform Unicast

e N O11-uniform CC

M/S =0.33,0 = 7(dB],L = 6, K = 32

Simulation Results [6]

n = Uniform Unicast

== == Non-uniform Unicast
= Baseline CC
= Non-uniform CC

95 percentile (Tr) [ms]

0

Room edge SNR [dB]

M/S =0.33,L = 6, K = 36, SNR = 5{dB]

10 1 2 3 4

5 6 7 8 9 10

Standard deviation (o) [dB|

m Higher gains at lower available transmit powers.

m At very high SNR, non-uniform placement provides less gains.

m Largest gains available when pathloss variation (o) is high.

[6] H. B. Mahmoodi, M. Salehi and A. Télli, " Low-Complexity Multi-Antenna Coded Caching Using Location-Aware
Placement Delivery Arrays,”submitted to IEEE TWC, arXiv preprint arXiv:2305.06858 (2023).
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Simulation Results [6]

M/S =0.33,0 = 7[dB], L = 6, SNR = 5{dB]

M/S =0.33,0 = 7[dB], K = 32, SNR = 5{dB]
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= Higher achievable coded caching gain K minm(sy) in larger
networks — higher performance gain.

m When the number of spatial multiplexing gain L is relatively larger
than CC gain, unicast transmission achieves almost the same
performance as CC-based schemes.
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Conclusion

m Location-aware CC scheme is proposed for location-dependent data
delivery to avoid excessive transmission time.

m A trade-off between local and global caching gain is achieved
through novel memory allocation.

m Using the CC scheme a global caching gain additive to the
multiplexing gain is achieved.

m Most effective in scenarios with large expected throughput variation.
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Nested Code Modulation

00xx 0lxx Tlxx 10xx
(—0.948) (-0.316) (0.316) (0.948)
a0 Si0110 | Suntio Srton (3w m Multi-rate transmission, based on side

information at the RX

A [ ] A xxll
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m An example of nesting QPSK constellations
within 16 QAM .
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Different Transmission/Reception Signals (NCM - based)
m Consider the following transmitted signal using NCM,
xnem (1) = [Azg * Bi]vig + [A3 « C1]viz + [Bs x Covas
m Corresponding received signal at the users,
y1 = [Ag * Bilhi'vis + [A3 % Ci]hi'vis + [Bs * Colhivas + wy,
y2 = [Ag % BiJhivis + [A3 + C1]hivis + [Bs * Cahd vas + wy,
ys = [Ag * Bi]hi'viy + [As x C1]hd vz + [Bs * Colh} vas + ws

m Underlined terms are removed using cache and the
double-underlined terms are suppressed using precoder v;;.

m Superposition of multiple messages at each user — successive
interference cancellation (SIC) at UEs.
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