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Bluetooth® LE

Channel
Sounding




Channel sounding applying phase based ranging (PBR)
for high accurate distance measurements (HADM)

Initiator Total phase change over distance D
c AG; | Limited by wavelength
= c
41 fl = 27 e.g.6cm

Distance (D)

— Distance wrap
= C(Ael AQZ) C eg.150m

An (fi — f) | Pmer = 2aF af= 1wz
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Channel sounding applies a channel map with 1 MHz spacing

37 general purpose channels (LE 1M, LE 2M, or LE coded) in adaptive frequency hopping (AFH) Bluetooth® LE
|25 S0 4 20 20 2n 2 on 2n an cum 2n an an an an S an An an an An 4n n An An an n o an an an an an an / :
physical channel map

* 2 MHz spacing
* 3 primary advertising
channels
2.404| 2.408| 2.412| 2.416( 2.420| 2.424| 2.428| 2432) 2436| 2440 2444) 2448 2452| 2456| 2460| 2464 2.468| 2472 2476| 2480 Y MNNE FNIOLT

2402 2406 2410 2414 2418 2422 2426 2430 2434 2438 2442 2446 2450 2454 2458 2462 2466 2470 2474 2478 GHz channels
4 A 3 primary advertising channels 4

72 usable channel soundina scsg channels SLE M. or LE 2M or LE 2M 2BT) CS channel map

! * 1 MHz spacing
» 72 CS channels
* No use of primary

2 4 6 810121416 1820 2228 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 6668 70 72 74 76

advertising and guard

‘2.404 2.408| 2.412| 2.416| 2.420 2.424‘ 2.428| 2.432| 2.436| 2.440| 2.444| 2.448) 2.452| 2.456| 2.460| 2.464| 2.468| 2.472 2.476| 2.480 channels
2402 2406 2410 2414 2418 2422 2426 2430 2434 2438 2442 2446 2450 2454 2458 2462 2466 2470 2474 2478 GHz BN Optional CS companion
Y S T V —_——' primary advertiSing &4 guard channels e —ftd Slgnals In nearby channels
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Principle of channel sounding (CS) for
high accurate distance measurements (HADM)

There are four different CS step modes:
Mode-0: measuring frequency offset (calibration)
Mode-1: measuring RTT,
Mode-2: measuring phase rotations
Mode-3: measuring both RTT and phase rotations

5 Rohde & Schwarz Taiwan Connectivity Day 2024

Reflector

o

Initiator
Frequency ®
measurements

(it CS Tone (f,)
Mode-2 Step
A6, @€ (CS Tone (£, 9)

AN CS Tone (f,)
Mode-2 Step

A6, @& (S Tone (£, )

o

<4—— (S subevent ———»

Event




RFPHY test specification coverage

Phase & frequency Phase measurement Phase Stability (transmit)
Ensure that the phase of the transmitted CS signal is

acceptable stable over the phase measurement period.

Initiator
— Phase Measurement Accuracy (receive)
X Ensure that the phase measurement accuracy is within
* G [)iStANCE (D) ——— acceptable limits during the phase measurement period.

Step Mode, Frequency Verification

This test verifies the average frequency of each of the mode
transmissions within the CS sub-event are aligned with the initial
frequency offset measurement.

Modulation accuracy for CS signals and RX/TX antenna switching integrity are common aspects
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Stable phase test using a special test mode

Verifies that the devices carrier phase remains stable for a certain period by testing a number of absolute phase values

Initiator

CS tone
T PM TRD TIP2
—

T FCS T FCS
- CS Mode 0 _ CS Tone

step step

T_IP1
G

<«—— T_PM_MEAS (Nx 1ps)

Stable Phase Evolution Window

DUT MW DUT CMW s/ g, ' 6, 6,'0, 6;' 6, 6;' 'y, By
\ J \ ]

T_PM* —————>

Y
Timing anchor Stable phase test
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Bluetooth® LE physical layer testing

and qualification uses Direct Test Mode (DTM)

- RF TX/RX
—— : >
RF link (connected, or over-the-air)
Tester J HCI via UART/USB or 2-wire UART r— IUT/DUT
M »

Bluetooth® LE devices are becoming Testing requires hardware

more compact and are often not modifications of the DUT and typical
equipped with wired control RF/antenna performance

interfaces. measurements are cumbersome.

Growing demand for a Bluetooth® LE test control over the Bluetooth” LE RF
interface, such as know from Bluetooth® BR/EDR test mode

Direct Test Mode (DTM) provides
a common interface for fast and
repeatable test control,

but requires a wired connection
to the Bluetooth® LE device.
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The Unified Test Protocol (UTP)
as enhanced alternative to the DTM

Today, LE RFPHY test cases are limited to being performed over either the 2-wire UART or Host
Controller Interface (HCI) transports defined as Direct Test mode (DTM).

The new mode defines a unified and extensible control protocol for use across all existing

LE Unified Test Protocol Mode

Unified Test Protocol (UTP)

transports and, in addition, the new OTA transport.

Mode LE Direct Test Mode

Control

HCI
Transport UART/USB

New OTA transport means that the control protocol (UTP) will be transported over the RF interface
between tester and DUT (either conducted via a coaxial cable or radiated in nature).

HCI -Wi OTA
UART/USB transport
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DTM and UTP mode are supported by a comprehensive test
automation software based on

Frequency Deviation 41 Average

ey Devianion 4] 090 9%

1 Rohde & Schwarz

Taiwan Connectivity Day 2024

TP/ TRAM-LECABYV-13-C [Modulation Lower Limit |Upper Limit |Measured Unit |Status
Characteristics, LE Coded (5=8))
Favload lengih: 31, Statistic Count: 10
Chanse] ] .
% BLE_RF_PHY_T5_5_0_2_Advanced Configuration
Frequency Deviaton 4f1 Average 225 75 258 48 |kHz Signal CF —
Frequency Deviation df] 09.9% 185 - 23801 [kHz Low Energy 1 Ms/s
RX Payload Length |37 5

Chanse] 19 Low Energy 2 Ms/s
Frequency Deviation df] Average 225 75 258 72 |ikz = =oo 37 s

Low Energy Long Range
Frequency Deviation 41 00.0% 23741 [z RX Payload Length |37 o

138 Connection Check
| [] Auto Ranging

[] Re-Test Failed tems |3 ~ | (Max. Retries)
Stable Modulation Testcases

Test Setup
PRBS15interferer  CW interferer
Select Remote Connection:
< Default > w

Test purposes

EID Low Energy 1 Ms/s
21[] Receiver Test (TP/RCV-LE/CA/BVY)

03-C [C/1 and Receiver Selectivity Peformance at 1 Ms/s]
[#104-C [Blocking Performance at 1 Ms/s]

[ ]05C [Intermodulation Performance at 1 Ms/s]

15C [C/1 and Receiver Selectivity Peformance, uncoded data at
[~116-C [Blocking Performance, uncoded data at 1 Ms/s, Stable Mac
- []17C [Intermodulation Performance, uncoded data at 1 Ms/s, Stak

E—]D Low Energy 2 Ms/s
=[] Receiver Test (TR/RCV-LE/CA/BVY)

|05-C [C/1 and Receiver Selectivity Peformance at 2 Ms/s]

[#110-C [Blocking performance at 2 Ms/s]

- []11<C [Intermodulation peformance at 2 Ms/s]

21-C [C/1 and Receiver Selectivity Perfformance at 2 Ms/s, Stable
[#122-C [Blocking performance at 2 Ms/s, Stable Modulation Index]

- [[]23€C [Intermodulation peformance at 2 Ms/s, Stable Modulation &

B-- Low Energy Long Range
=[] Receiver Test (TP/RCV-LE/CA/BV-)

28-C [C/1 and Receiver Selectivity Peformance, LE Coded (5=2)]
[~125C [C/1 and Receiver Selectivity Peformance, LE Coded {5=8)]
(34 [C/1 and Recsiver Selectivity Peformance, LE Coded (5=2),

35-C [C/1 and Receiver Selectivity Peformance, LE Coded (5=8),




ALWAYS USING THE BEST SOLUTION
to test Bluetooth” Low Energy chips, modules and devices

Covered Control
channels transport
Standalone Test Mode
vendor spocitc test control NNHMMMMEN B o o
Primary Advertiser Mode :
Quick & easy functional test 3 (LE Radio}
LE Direct Test Mode
Standardized test mode _ A A
LE Unified Test Protocol Mode :
Standardized test mode _ 40 Ll
Connected Mode 37 (LE Radio)

Easy to use channel tests

Verification ) (") Manu- \
conformance /  facturing

\ O T R&SECMW100

R&S® CMW270
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BLUETOOTH® TEST SOLUTIONS FOR THE PRODUCT LIFE CYCLE

Conformance RF performance/qualification Production

R&S®ZNA R&SEFSW R&SENGU R&S®RTP
RF design and compliance Embedded design & power
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A
Wi-Fi7 [

Test —2
Challenges
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What can we expect from Wi-Fi7?

There is a limited number of
320 MHz channels available
& preamble puncturing
becomes more relevant

MIMO use is constrained by the
device dimensions and the RF
capabilities 2x2 and 4x4 will be
common on mobile devices

4096 QAM requires perfect RF
conditions and ultimate RF designs,
most probably applicable only for
short distance communication

Multi-Link operation has the
potential to largely improve latency,
reliability and throughput, but on
costs of power and complexity

.
¢ 0-7

o~ Z ) -
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What can you get today — Wi-Fi7 chipset support
~_@-4096 0AM /

Access Poin

@ 4096 QAM

o

@ 160 MHz

o

2X
o
®

1XRF
2.4 GHz | 2SS
([




Conformance, compliance and acceptance
Diverse test requirements for Wi-Fi STAs and APs

Standard

conformance

Based on requirements

defined in IEEE 802.11

like:

*  Spectrum mask

»  Spectral flatness

»  Transmitter
modulation accuracy
(EVM)

*  Receiver minimum
input sensitivity

Wi-Fi
interoperability

Validate interoperability
with other Wi-Fi
CERTIFIED equipment
operating in the same
frequency band. Examples
are

Wi-Fi certified 6 (incl. 6E)
or Wi-Fi EasyMesh

CERTIFIED

Wi-Fi mobile
converged devices

RF perform. evaluation of
Wi-Fi mobile converged
devices. The scope of
testing includes handheld,
self-contained Wi-Fi/
mobile modules, access
point, notebook

and tablet devices

that support Wi-Fi
as well as cellular .
technologies. CTIA

Certification”

Wi-Fi AP
operator acceptance

Test cases for RF
performance, coverage,
capacity & bandwidth,
and stability / robustness.

Agsioon

BBF.398 Grade Wi-Fi Products

Regulatory
compliance

Based on national laws
covering:
* Interference
»  Efficient use

of RF resource
»  Coexistence
ETSI EN 300 328,
EN 301 893, EN 303 687
FCC 15.407 & FCC
15.247

€ fe o &

17 Rohde & Schwarz
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Receiver and transmitter requirement based on IEEE802.11be

Spectral flatness

Center frequ. leakage
Min. input sensitivity

Channel rejection

320 MHz spectrum mask

Punctured spectrum mask

Maximum input level

PSD ¢ 0dBr PSD ¢ 0dBr

-20dBr -20dBr

~28 dBr -22.4Br . ~28 dBr

. -40 dBr . .40 dBr
' f(MHz) ' #(MHz)

MRU unused tone error

EVM,
100813 45—
T RE s 385
2084
3048 :|
| 3748
408 :
>
+—— 160MHz ———;

Transmitter constellation error

Error Vector Magnitude of

EHTTB PDDU

s 38 dB

-

-38dB -38dB

-38dB -38dB  -38dB

18 Rohde & Schwarz
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Absolut power accuracy

Relative power accuracy

RSSI meas. accuracy

Carrier frequency offset

Timing drift




6 GHz band regulation around the globe

R gy >, r - Adopted
ﬁ’l!.‘ p
‘ Considering

”~

\ Hongkong g

. ”~
YL e 7

Colombia Brazil ‘" ‘% Nambia

-

-

South Africa

New Zealand

2

‘=" Saudi Arabia
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EIRP limits

Standard Power (SP)

AP: 36 dBm
UE: 30 dBm

Low Power Indoor (LPI)

AP: 30 dBm
UE: 24 dBm

Very Low Power (VLP)

14 dBm

AP: 23 dBm
UE: 23 dBm

14 dBm




AFC system architecture and compliance testing
Feb/2024: FCC approves seven AFCs for 6 GHz

'Bnoﬁonlacumggu,r;hl fw IQquco:vaSONY &g«ldndI @:.) ]

— AFC Device (AFC DUT)
Regulatory % = =] AFC yd Available Spectrum Inquiry Response Compliance Test Plan
database [——] — = System List of available frequencies and the Four test _
4 T max. permissible power in each our test cases.
frequency range * Successful registration &
{ spectrum access request
AFC Stand- 77 7 Available Spectrum Inquiry Request * Unsuccessful spectrum
Proxy E alone AP [—°°] H 1 Geographic coordinates (lat/lon), access request
antenna height above ground level, * Successful spectrum
. I . | \\ FCC identification number, and access update
Non-Stand- | \ unique manufacturer's serial number.
alone AP [__o00] I AN | » Unsuccessful spectrum
! I access update
N P Fixed =
Client C"e”tD Client =3

A standard power AP and a fixed client must include either an internal geo-location capability or an integrated capability to securely connect to an external
geolocation devices or service, to automatically determine geographic coordinates and location uncertainty (in meters), with a confidence level of 95%.
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6 GHz band: Impact on AP discovery and client configuration

Discovery
Fast Initial Link Setup (FILS) as defined in 802.11ai adopted to speed up discovery time

Reduced Neighbor Report
Co-located “Neighbor” 6 GHz radio information in beacon and probe response of 2.4/5 GHz radios.

Unsolicited Broadcast Probe Response

Prefered Scanning Channels (PSC) for active scanning Every fourth 20MHz channel designated for active probing by Wi-Fi 6E
Clients; restricts scanning to 15 channels, instead of 59.

Power limitations

Using country information, regulatory info and new Transmit Power Envelope in beacon and probe response to ensure
regulatory power requirements of STAs (dual clients)

Country element: country info (e.g. US), operating class and max transmit power
HE/operation element: includes 6 GHz Operation Information with the regulatory info (standard power AP, Indoor AP)

Transmit power envelope defines max client EIRP and EIRP PSD
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Client (STA) information about power limits

HE Operation Element

6 GHz Operation Info
Primary Channel
Control
Channel Width
Duplicate Beacon
Regulatory Info*
Reserved
Channel Center f0
Channel Center f1
Minimum Rate

*e.g. US: 0: Indoor AP, 1: Standard Power AP

Transmit Power Envelope Element
Element ID
Length
Transmit Power Information
Maximum Transmit Power Count
Max Transmit Power Interpretation®
Max Transmit Power Category
Maximum Transmit Power
Maximum Transmit Power 20 MHz
Maximum Transmit Power 40 MHz
Maximum Transmit Power 80 MHz
Maximum Transmit Power 80+80/160 MHz
Extension Maximum Transmit Power
Maximum Transmit Power 320 MHz

22 Rohde & Schwarz

*0: Local EIRP, 1: Local EIRP PSD, 2: Regulatory client EIRP, ....

FCC KB 987594

(k) Demonstration of proper
power adjustment based
on associated AP (SP/LPI)

of a dual client

() Proper Power Adjustment
of client devices
connected to a SP AP
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Enhanced Multi-link single-radio (EMLSR) opration
Channel access MILD STR EMLSR operation

Non-AP MLD

Non-
AP
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Extreme High Throughput Wi-Fi (802.11be) ask for
extreme efficient, accurate and powerful test solutions

2.7X

# of channels

20 MHz:
40 MHz:
80 MHz:
160 MHz:
320 MHz:
Total:

24 Rohde & Schwarz

3* more

regulatory variants

42 — 102
16— 45

Low Power Indoor ; i :
; --W»m\\\\\\“- :

--Mmﬂ-\\\\ NN

..........................................................

[-517160&30 80 preamble punctured ~ ----- y
I

Yy VV.\ \\\\\---

i_sw
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10°s 100+‘s

of puncturing variants of different MLO combinations
;- Sel6 160 & BO+80 preamble punctured ~ ====n , 7x 80 MHz
y v V2 md-- — —




Wi-Fi test solutions for today and tomorrow

Conformance RF performance Production

7

R&S®CMX500 OB R&S®CMP180 R&S®CMW100

:
R&S®TS7124

Make ideas real

7
R&S®ZNA R&SOFSW R&SENGU R&S®RTP
RF design and compliance Embedded design & power
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UWB

Secure
Ranging
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An over 100-years-old wireless technology found it‘'s way....

CO-EXISTS LOW POWER SECURE REALTIME
: e o ] \ |
%n se of oI Short airtime and low Cryptographxand HighM'ong/
down cm in pulses makes it the crowed bands power transmitter . randem nui up to 1000 times per
line of sight or non- stable to multipath used by Wi-Fi or help to save battery : second enable real-
line of sight. effects Bluetooth lifetime more secure time location service

D @ e mo o%::% /,

@ 27 Rohde & Schwarz Taiwan Connectivity Day 2024 See: www.firaconsortium.org/discover



Three modes for HRP Enhanced Ranging Devices (ERDEV)

BPRF HF
Base pulse repetition frequency Higher pulse rep

BPSK-BPM modulation BPSK modulation at

mean PRF: 62.4 MHz mean PRF: 124.8 MHz
peak PRF: 499.2 MHz peak PRF: 249.6 MHz

128.21 ns 128.21 ns

PHR PHR PSDU Constraint PHR PSDU |

burst length | Bitrate Bitrate length (CL) Bitrate Bitrate
64 chips 0.9 Mbps 6.8 Mbps CL3 3.9 Mbps 6.8 Mbps CL3 15.6 Mbps  27.2 Mbps
8 chips 6.8 Mbps 6.8 Mbps CL7 7.8 Mbps 7.8 Mbps CL7 31.2 Mbps  31.2 Mbps

Rohde & Schwarz Taiwan Connectivity Day 2024




UWB physical layer test requirements

Standard

Regulatory

Interoperability

certification

conformance

compliance

. - Operating frequency bands

- Operating bandwidth - Packet format
- Channel assignments - Mean power spectral density - Power spectral density mask
- Baseband impulse response - Maximum value of peak powe - Frequency tolerance, timing
- Transmit PSD mask - Other emissions - Baseband Impulse response
- Chip rate clock and chip - Receiver spurious emissions - NRMSE
. carrier alignment - Detect and avoid (DAA) - Packet reception sensitivity
- Low duty cycle (LDC) - Dirty packet tests

- First path dynamic range

FCC part 15 FiRa Consortium
|EEE 802.15.4-2020 §15.519, §15.517 UWB PHY Conformance

|IEEE 802.15.4z-2020 ETSI EN 301 489-33, CCC Consortium
EN 302 065, EN 303 883 UWB PHY Test Suite
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Specific UWB measurements (IEEE, FiRa)

4 . 0dBr L | | |
= 2108 010
{ 10dBr, N 2,06 AL
18 dBr £ o1xmm [\
0.65/T, g +0.015 \/ N\ A~
2 £-oo| wmEm | \ [V "
= [ | N,
g R |
-0t | e [
759 7.67 £,=7.987 GHz 831 8.39 2 -1x 0 Tx2x 3 Ax S 6x
The transmitted spectrum shall be less The pulse shape should be The transmit signal quality should be
than —10 dB relative to the maximum constrained by the time domain mask measured using a normalized root
spectral density of the signal for where the peak magnitude of the mean square error (NRMSE) metric
0.65/T, < |[f —fc| < 0.8/T, pulse is scaled to a value of one, and with the mean pulse amplitude P
and —18 dB for |f — fc| > 0.8/Tp. the time unit is pulse duration TP.
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FiRa physical layer conformance test cases (V2.0) fira

using the new UCI version 2.0
Rohde & Schwarz PCTT based on CMP200/UWB Test suite is fully validated for FiRa 2.0

CERTIFIED

Transmitter Tests Receiver Tests

PCT_1_0_TX_BPRF_BV_01: Packet Format PCT_1_0_RX_BPRF_BV_01: SP0 & SP1 Packet Reception Sensitivity
PCT_1_0_TX_HPRF_BV_01: Packet Format PCT_1_0_RX_HPRF_BV_01: SP0 & SP1 Packet Reception Sensitivity
PCT_1_0_TX_BPRF_BV_02: Power Spectral Density Mask PCT_1_0_RX_BPRF_BV_02: SP3 Packet Reception Sensitivity
PCT_1_0_TX_HPRF_BV_02: Power Spectral Density Mask PCT_1_0_RX_HPRF_BV_02: SP3 Packet Reception Sensitivity
PCT_1_0_TX_BPRF_BV_03: CF Tolerance and Pulse Timing PCT_1_0_RX_BPRF_BI_01: SP0 & SP1 Dirty Packet Test
PCT_1_0_TX_HPRF_BV_03: CF Tolerance and Pulse Timing PCT_1_0_RX_HPRF_BI_01: SPO & SP1 Dirty Packet Test
PCT_1_0_TX_BPRF_BV_04: Baseband Impulse Response PCT_1_0_RX_BPRF_BI_02: SP3 Dirty Packet Test
PCT_1_0_TX_HPRF_BV_04: Baseband Impulse Response PCT_1_0_RX_HPRF_BI_02: SP3 Dirty Packet Test
PCT_1_0_TX_BPRF_BV_05: Transmit Signal Quality (NRMSE) PCT_1_0_RX_BPRF_BV_03: SP3 Packet First-Path Dynamic Range
PCT_1_0_TX_HPRF_BV_05: - Transmit Signal Quality (NRMSE) PCT_1_0_RX_HPRF_BV_03: SP3 Packet First-Path Dynamic Range

PCT_1_0_RX_BPRF_BV_04: Packet Format
PCT_1_0_RX_HPRF_BV_04: Packet Format

PCT_2_0_RX_BPRF_BI_01: Secure Ranging — Hamming Distance Test
PCT_2_0_RX_HPRF_BI_01: Secure Ranging — Hamming Distance Test

PCT_2_0_RX_BPRF_BV_01: Secure Ranging — First-Path Detection under Attack
PCT_2_0_RX_HPRF_BV_01: Secure Ranging — First-Path Detection under Attack

FiRa validated test tools: https://www.firaconsortium.org/certifications/fira-validated-test-tools

31 Rohde & Schwarz Taiwan Connectivity Day 2024


https://www.firaconsortium.org/certifications/fira-validated-test-tools

CCC Digital Key Certification Program (UWB PHY/MAC)

The CCC Digital Key Certification program will ensure interoperability and security of the digital key solution, to deliver the best
and most secure user experience between the mobile device and the vehicle.

» CCC Digital Key certification testing covers several levels of interoperability including
MAC/PHY-Layer certification
» Specification of PHY/MAC test cases as well as validation of test tools
is still ongoing in close cooperation with FiRa consortium
» CCCis applying IEEE 802.15.4z HRP BPRF UWB SP0 and SP3
packets on channel 5 (6480 MHz) and 9 (7987 MHz) only
Children Hands-free

0 SYNC PSDU access start

»  Supporting different pulse shape combinations,
symmetrical and precursor-free pulses Sharing Sharlng
* Use only double sides two-way ranging (DS-TWR)

Hands-free
access

w/ friends & rental
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Time of flight measurements — conducted or over-the-air

R&SECM-Z310A
UWB PHY TEST SUITE f
= ~ “R&SECMP200 FRa 10
B FiRa 2.0
R&SECM-Z310A

.
18

“R&S®CMP200

‘e
.
‘e
---------------------------------------------------------------------------------------------------------
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AoA verification and calibration in R&D and manufacturing

In practice specific UWB device designs (reference point), specific antenna radiation
pattern, imperfect RF paths/switches as well as variations in manufacturing require for
several stages of verification and calibration to ensure the AoA accuracy as required

AoA/PDoA AoA/PDoA
Device Reference Device Offset
Calibration Calibration

AoA/PDoA Chipset

Verification
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UWB test and measurement solutions for all phases
of the product lifecycle from the experts

R&S°ATSB00R R&S'CMQ200 HS ~ R&S'CMP200  UWB PHY Test Suite R&S'RTP+VSE R&S"SMM100 R&S'FSW26 R&STS7124
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