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mmWave Communication
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Multi-GHz Wide Bandwidth High throughput application



mmWave: Drawback

Base Station
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mmWave suffers from the limited coverage



Metasurface: emerging solution of mmWave
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Metasurface can reconfigure beam to cover the blind spot.

Base Station




Metasurface, Are we there yet?
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Non NR-Compliant Need Wall-plug
(Non Real-time)
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We present: NR-Surface
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Real-time NR-compliant

2yr

Multi-year Battery lifetime



Challenges

Challenge 1 Challenge 2

Real-time reconfiguration Symbol-level synchronization to BS

All at uW-regime power consumption



Key Design
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Design 1 Design 2
Low duty-cycled metasurface Multi-symbol synchronization over
within NR beam management procedure low-bandwidth asymmetric communication



https://youtu.be/2mouM2IWdzc?si=kNtmIATFHwk_11Ai

NR-Surface

Real-Time Reconfiguration Demo

Smile LAR



NR-Surface Operation Overview

Beam management procedure (20ms) =—————>!
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Beam Sweep ‘

4— Beam management procedure (20ms) —>
-4— Beam sweep —> :

NR BS ..IBeam1|Beam2|Beam3l Beam4| E..

Reconfiguration :
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Beam Report ‘

¢ Beam management procedure (20ms) =—————>"

€= Beam Report=:
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Data Transmission ‘

¢ Beam management procedure (20ms) ="
: : i4=Data Transmission =

‘ Beam3 \ oo
Reconfiguration : :

NR-Surface | 1 |
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Design 1: Low Duty-Cycle

Reconfiguration

NR-Surface | Hold | | Holdl | Hold U Hold

Opportunity  Hold beam patterns for the majority (>90%) of period



Varactor-based Metasurface Design

Zero power consumption at varactor

to hold beam pattern
MCU enters sleep mode while beam

patterns are held
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Unit-cell

Varactor

Metasurface




Low-power Reconfigurable Metasurface

Metasurface(256-cell) hold beam pattern at < 72nW
(2.1 year lifetime with an AA battery)

Narrow beam-width of 6_3°
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Design 2: Symbol-level Sync with BS

NR BS ..|Beam1|Beam2|Beam3|Beam4| | Beam3 |..
vV v v

NR-Surface | 1] 1 |
\\ o

Reconfiguration

For real-time NR-compliant reconfiguration, NR-Surface needs
symbol-level synchronization (<260ns).



Narrow Band Packet Unit (NBPU)

INBPU | Get sync and reconfig. Info
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Base Station NR-Surface

NBPU is embedded in NB-loT = No BS hardware change required
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NBPU: Asymmetric Communication

NBPU embedded Interpret as it is
in 180KHz NB-loT 15KHz BW signal
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Asymmetric communication for x12 narrower BW than NB-loT



NBPU Overview

NB-loT (OFDM) Envelope Sample in the middle
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Select NB-loT symbol to maximize NBPU SNR
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NBPU Symbol design

NB-loT uses OFDM with 12 subcarrier.

12 subcarriers makes lots of harmonics when go through envelope detector.
Zis1 22 11COS2TRASE +|d; — i)

BS control subcarrier phase

Max SNR signal:
> Zil (12 — k)cos(2mkAft)



NBPU Symbol design

Envelope of NB-loT Sample in the middle

Control OFDM
subcarrier phases

180KHz OFDM

t

Maximized!
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NBPU Rx VS NB-loT

x 300 power saving than commercial NB-loT

>
time

Sampling at 15KHz
(1 sample per symbol)

However, sampling every 66.7us limits the
time synchronization accuracy

For 260ns synchronization, fine-grained samples (x256) are needed.



Equivalent Time Sampling for Sync

Mimic high freq sampling

time time

Control clock drift induce high freq sample over multiple symbols

NBPU Rx shifts 1 tic of clock (223ns) every symbol, which becomes
mimicked sampling speed.

NR-Surface achieve < 234ns synchronization accuracy



End-to-End Operation

Beam Sweep Beam Alignment
mmwave T T A 1 Y T R A S e AT R
NBPU
NB-loT
NR-Surface M M M MJ f‘l \
e
In-time reconfig. Hold beam within 6.4uW Tight sync
within 117uW within 119.3uW

NR-Surface operates NR-compliantly within 242.7uW.

2> 2.1 year lifetime with one AA battery
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Evaluation: NR-Surface under Mobility

Scenario 1: User moves in the blind spots.

Dominated
region by
SSB2:
SSB3:

SSB4:

INR-Surface
Region of best beam
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Evaluation: NR-Surface under Mobility

Scenario 1: User moves in the blind spots.

Dominated

region by
| SSB1:
SSB2:
i \JE | SSB3:
INR-Surface SSB4:

Region of best beam

20
_10
m
Z

(dB)

0 1 2 3
SNR of SSBs with linear movement IJZ!

0 1 2 3 Time (s)
SNR of data with linear movement

20-
10

0

NRCES K

0 5 10 15 20
SNR of SSBs with S-curve movement

20-,———-’\/'\/\,,, ZO'W

10

03 5 10 15 20 Time (s)

SNR of data with S-curve movement

NR-Surface provides 19.3dB average gain to mobile users.
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Evaluation: NR-Surface in dynamic Env.

Scenario 2: Blockage around user is dynamically changed.

Servo
motor

Ant.

Metallic
sheet

Install rotatable metallic sheet with a slit in front of a user’s antenna.
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Evaluation: NR-Surface in dynamic Env.

Scenario 2: Blockage around user is dynamically changed.
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NR-Surfa

Open Ant #1 v Open Ant #2 v Open Ant #3

20ms 20ms

Servo motor rotates metallic sheets to change

blockage environment in every 20ms
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Evaluation: NR-Surface in dynamic Env.

Scenario 2: Blockage around user is dynamically changed.
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Evaluation: Multi NR-Surface & Multi UE

BS

—UE1

_ Blockage %Me_
UE2

UE1

—UE2

Tims (s)
m gy

NR-Surface1l NR-Surface2

Supports multi NR-Surface and multi-user
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Conclusion

 We introduce NR-Surface, a new metasurface:
2.1 year lifetime on a single AA battery

« Real-time operation with NR beam management procedure



Thank you

https://smile.kaist.ac.kr/



