[ -]
o
30

Oc
[e)

niversity
ience

In-device coexistence simulations
for smartphones

ECMS 2013

Sami Kiminki, Vesa Hirvisalo
Aalto University

2013-05-28 V. Hirvisalo
ESG/CSE/Aalto



« Cellular radio systems and radio devices
— Mobile devices and their subsystems
— Radio bands, transmission and radio coexistence

« Simulation coexistence
— Supporting simulations of complex protocols and hardware
— Embedding a simulator into a host language

e Some results
— Focusing on LTE and WiFi coexistence
— Managing radio coexistence opens up new opportunities
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- Base stations
— Forming cells
— Hexagonal in principle

* The practice is somewhat
different

 Mobile devices
— Connect to base stations

 The network
— Keeps track who is where

* Protocols
— Large number of protocols

— Several generations of systems:
from GSM to LTE

« Coexistence
— Add other radio systems
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Mobile devices

« Small devices

— Battery operated
* Energy consumption is important

— Include numerous subsystems
» Balanced operation needed

« Connectivity is essential
— Mostly based on radios
— Several radios
« GSM/LTE, WiFi, Bluetooth, GPS, NFC, ..
« (Coexistence

— Radios interfere with each other
* Inthe air
* Inside the devices

— Basic ways to avoid
« Time domain, frequency domain
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Radio device

» Receivers and transmitters
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Spectrum usage

« Transmitter power exceeds significantly the reception
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Several different aspects to be covered
— On-chip software manages the chip

— Discussion between the hardware and protocols
» Especially the MAC level of protocols

Physical side not so complex
— However, RF chips not trivial
« We used a RF-CGRA design
— Resource management to be simulated

Protocols managing the coexistence are complex
— Must be simulated in detail, but real implementations are huge
— Scheduling in time domain — real traffic but with < 1us details

Real-time
— Both synchronous and asynchronous events
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 Embedding the simulator inside a programming
language to ensure programmability
— Supporting different types of tasks
— Basic facilities for radio simulation

* Modeling is the challenge
— Like a learning project: how to delimit and abstract

* The resulting model
— Textual representation
« Using a programming language (Java based)
— Roughly 20000 lines of model description
« Validation and verification
— Especially for protocol and hardware development

A? Aalto University
O



Simulator structure

 Built on top of a simulation kernel

Tasks Protocol models
workload gens., analyzers, testers LTE, WiFi, Bluetooth

tracers, analyzers, subtasks

{ Simple tasks J

PHY, coex support

[ Sync proto base )

Async-Sync bridge

event distribution :
N synchronous task services

( Event hub } [

AN

([ Simulation kernel

asynchronous task support, event services, logging
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Simulator user interface

 (ives detailed information of events

— Graphical representation
— Using pointer to get more information

A" RCO

Ite. UE rx 0
Ite.UE rx 1
Ite.UE t< 0
Ite.EN rx 0
Ite.EM t< 0
Ite.EM t¢< 1
wlan-sta rx 0
wlan-sta r< 1 "
wlan-statx 0 |- e
wlan-ap rx 0 CEPROW VRN N W BE W DM——
wlan-ap tx 0 :

wlan-ap t< 1

: 80 ms 82 ms 84 ms 86 ms 88 ms |

<| DEK M | »
85.785 ms wlan-sta rx[0] 84.5876 ms:86.5036 ms (1.916 ms)
TRANSHISSION[84.5876 ms, 86.5036 ms)*1 RX "wlan-sta" INTERFERED From wlan-ap UNDERSTOOD RECEIVER ON: WLAN 'DataFrame' { P
LCP={ HCS=0 BW=20 HMHz preanble=16 ps guard=0.8 ps } HEADER={ DA(addrl)=11:11:11:11:11:11 SA(addr2)=EE:EE: EE: EE: EE: EE
BSSID(addr3)=EE: EE: EE: EE: EE: EE type=Data(2)/Data(0) more-data } Body={ LLC type=0800 payload=1500 bytes segment-id=107
1 } HETA={ tx-nb=3 transmission-class=DIFS contention-slots=69 delivery-dl=9223372036854.775807 ms } } payload=0
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Simulator user interface

« Studying the operation

— Finding out the causes for bad behavior
— Modifying the protocol(s) results in significant improvements

RCOEX Trace Visualizer
Ite. UE rx 0 :

Ite.UE < 1

lte.UE t< 0 I T ——— |

Ite.EN rx O

Ite.EN t< O

Ite.EN t< 1

wlan-sta rx 0

wlan-sta rx 1 o L WL WL

wlan-sta t< 0 | e

wlan-ap rx 0 Juidi o e b Pl e ol e okt b U
wlan-ap t< 0 B
wlan-ap tx< 1 . wF P SF PP EFFF FPPPFP P PEFPPPP

4| [»] ) 4] l

125.31 ms wlan-sta tx[0] 125.287285 ms:125.311285 ms (0.024 ms)
TRANSHISSION[125. 287285 ms, 125.311285 ms)*1 TX "wlan-sta" CLEAR WLAN 'CxaPollFrame' { PLCP={ MCS=7 BW=20 HHz preanble=
16 ps guard=0.8 ps } HEADER={ DA(addrl)=EE:EE:EE:EE:EE:EE SA(addr2)=11:11:11:11:11:11 type=Control(1)/CXA-Poll(7) } Bod
y={ delivery-deadline=712 ps } META={ tx-nb=0 transmission-class=DIFS contention-slots=5 delivery-dl=9223372036854.77

5807 ms } } payload=0
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Coexistence benefits

« Managed coexistence significantly increases throughput
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« Radio coexistence simulation
— Coping with complex protocols and hardware is essential

* In-device coexistence
— Radios interfere with each other
— Basic solution is to have only one radio on
* The problem is in predictability
 Managing radio coexistence opens up new opportunities
— We focused on LTE and WiFi coexistence

— U-APSD based mechanism for coexistence
 Predicting radio traffic
» Reserving time for the competing radio

 Research on simulation technigues needed
— Large systems mixing different kinds of operation
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Thank you!
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Extra slides
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Simulating WiFi (1)

e Beacon

RCOEX Trace Visualizer X
-~

lte. UE rx 0 Z
Ite.UE t< 0

Ite.EN rx O

Ite.EN t< 0

wlan-sta r< 0
wlan-sta < 1
wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1

[«]

< DEK i l [»
0.63 ms wlan-sta rx[0] 0.377 ms:0.929 ms (0.552 ms)

TRANSHISSION[O.377 ms, 0.929 ms)*1 RX "wlan-sta" CLEAR From wlan-ap UNDERSTOOD RECEIVER ON: WLAN 'BeaconFrame' { PLCP={ M
CS=0 BW=20 MHz preamble=16 ps guard=0.8 ps } HEADER={ DA(addrl)=FF:FF:FF:FF:FF:FF SA(addr2)=EE: EE: EE: EE: EE: EE BSSID(a
ddr3)=EE: EE: EE: EE: EE: EE type=Management(0) /Beacon(8) } Body={ beacon-interval=100%1.024 ps timestamp=127 ps TIM=[1] }
META={ tx-nb=0 transmission-class=DIFS contention-slots=11 delivery-dl=9223372036854.775807 ms } } payload=0
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Simulating WiFi (2)
« UAPSD - trigger

RCOEX Trace Visualizer %
-~

lte. UE rx 0 :
Ite. UE t< O
Ite.EN rx 0
Ite.EMN t< O
wlan-sta rx 0
wlan-sta rx 1
wlan-sta tx 0

wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1 : S
0 us 500 pus 1000 ps 1500 ps 2000 ps 2500 ps 3000 ps 3
Z Z
| DEK I | >

1.02 ms wlan-sta tx[06] 1.011 ms:1.035 ms (0.024 ms)

TRANSHISSION[1.011 ms,1.035 ms)*1 TX "wlan-sta" CLEAR WLAN 'QosNullFrame' { PLCP={ MCS=7 BW=20 MHz preanble=16 ps gua
rd=0.8 ps } HEADER={ BSSID(addrl)=EE:EE:EE:EE: EE:EE SA(addr2)=11:11:11:11:11:11 type=Data(2)/00S Null(12) to-ds power-ma
nagement } BODY={ } META={ tx-nb=0 transmission-class=DIFS contention-slots=6 delivery-dl=9223372036854.775807 ms } }

payload=0
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Simulating WiFi (3)
» Trigger ackn

RCOEX Trace Visualizer X
-~

lte. UE rx 0 :
Ite. UE t< O

Ite.EN rx 0

Ite.EMN t< O

wlan-sta rx 0
wlan-sta rx 1
wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1

[4]

<] DEKQ M I [»
1.055 ms wlan-sta rx[0] 1.045 ms:1.081 ms (0.036 ms)

TRANSHISSION[1.045 ms,1.081 ms)*1 RX "wlan-sta" CLEAR From wlan-ap UNDERSTOOD RECEIVER ON: WLAN 'AckFrame' { PLCP={ MCS=
1 BW=20 MHz preanble=16 ps guard=0.8 ps } HEADER={ DA(addrl)=11:11:11:11:11:11 SA(addr2)=EE:EE: EE: EE: EE: EE type=Contr
ol(1)/ACK(13) } BODY={ } META={ tx-nb=0 transmission-class=SIFS contention-slots=0 delivery-dl=9223372036854.775807 m

s } } payload=0
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Simulating WiFi (4)

« Data

RCOEX Trace Visualizer

lte. UE rx 0 : -
Ite. UE t< O

Ite.EN rx 0

Ite.EMN t< O

wlan-sta rx 0
wlan-sta rx 1
wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1

[4]

< DEQ T [ I
1.185 ms wlan-sta rx[0] 1.154 ms:1.2948 ms (0.1408 ns)

TRANSHISSION[1.154 ms, 1.2948 ms)*2 RX "wlan-sta" CLEAR From wlan-ap UNDERSTOOD RECEIVER ON: WLAN 'QosDataFrame' { PLCP={
HCS=15 BW=20 MHz preamble=16 ps guard=0.8 ps } HEADER={ DA(addrl)=11:11:11:11:11:11 SA(addr2)=EE:EE: EE: EE: EE: EE BSSI
D(addr3)=EE: EE: EE: EE: EE: EE type=Data(2)/00S Data(8) more-data } Body={ LLC type=0800 payload=1500 bytes segment-id=100
1 } META={ tx-nb=0 transmission-class=DIFS contention-slots=5 delivery-dl=9223372036854.775807 ms } } payload=0
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Simulating WiFi (5)

 First ackn

RCOEX Trace Visualizer X

Ite. UE rx 0
Ite.UE t< O
Ite.EN rx 0
Ite.EN t< 0
wlan-sta r< 0
wlan-sta r< 1

wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1 :
0 ps 500 ps 1000 ps 1500 ps 2000 ps 2500 ps 3000 ps 3
: ~|
< DEK I I [»

1.31 ms wlan-sta tx[0] 1.3048 ms:1.3408 ms (0.036 ms)

TRANSHISSION[1. 3048 ms,1.3408 ms)*1 TX "wlan-sta" CLEAR WLAN 'AckFrame' { PLCP={ MCS=1 BW=20 HHz preamble=16 ps guard
=0.8 ps } HEADER={ DA(addrl)=EE:EE:EE:EE:EE:EE SA(addr2)=11:11:11:11:11:11 type=Control(1)/ACK(13) } BODY={ } META={ tx-
nb=0 transmission-class=SIFS contention-slots=0 delivery-dl=9223372036854.775807 ms } } payload=0
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Simulating WiFi (6)

« Second data

EA"RCOEX Trace Visualizer X

Ite. UE rx 0 =
Ite.UE t< O

Ite.EN rx 0

Ite.EN t< 0

wlan-sta r< 0
wlan-sta r< 1
wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1

[4]

< DEK i I I
1.53 ms wlan-sta rx[0] 1.4678 ms:1.6086 ms (0.1408 ms)

TRANSHISSION[1. 4678 ms, 1.6086 ms)*2 RX "wlan-sta" CLEAR From wlan-ap UNDERSTOOD RECEIVER ON: WLAN 'QosDataFrame' { PLCP=
{ MCS=15 BW=20 MHz preanble=16 ps guard=0.8 ps } HEADER={ DA(addrl)=11:11:11:11:11:11 SA(addr2)=EE:EE: EE: EE: EE: EE BSS
ID(addr3)=EE: EE: EE: EE: EE: EE type=Data(2)/00S Data(8) 00S-EoSP } Body={ LLC type=0800 payload=1500 bytes segment-id=100
2 } HETA={ tx-nb=0 transmission-class=DIFS contention-slots=11 delivery-dl=9223372036854.775807 ms } } payload=0
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Simulating WiFi (7)

« Second ackn

RCOEX Trace Visualizer %
-~

lte. UE rx 0 *
Ite. UE t< 0
Ite.EN rx 0
Ite.EN t< 0
wlan-sta r< 0
wlan-sta r< 1

wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1 :
0 ps 500 ps 1000 ps 1500 ps 2000 ps 2500 ps 3000 ps 3
: >
< DEK Il I [»

1.625 ms wlan-sta tx[0] 1.6186 ms:1.6546 ms (0.036 ms)

TRANSHISSION[1.6186 ms,1.6546 ms)*1 TX "wlan-sta" CLEAR WLAN 'AckFrame' { PLCP={ MCS=1 BW=20 HHz preamble=16 ps guard
=0.8 ps } HEADER={ DA(addrl)=EE:EE:EE:EE:EE:EE SA(addr2)=11:11:11:11:11:11 type=Control(1)/ACK(13) } BODY={ } META={ tx-
nb=0 transmission-class=SIFS contention-slots=0 delivery-dl=9223372036854.775807 ms } } payload=0
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Simulating LTE (1)

* Scheduling request

Ite.UE r< 0

RCOEX Trace

Visualizer

llte. UE rx 1

lte. UE tx 0

lte.EN = 0

llte.EN tx 0

llte. EN tx 1

wlan-sta r< 0

wlan-sta r< 1

wlan-sta t< 0

wlan-ap rx 0

wlan-ap t< 0

wlan-ap t< 1

<]

[*]

| » 4|| |

[4]

6.79 ms

1te.UE tx[0] 5.98 mns:6.98 ms (1 ms)

TRANSHISSION[5.98 ms,6.98 ms)*1 TX "lte.UE" CLEAR [0:6] UL-SIGNALS SCHEDULING-REQUEST payload=0
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Simulating LTE (2)
« Uplink grant

RCOEX Trace Visualizer
lte.UE rx 0 ; Y Y — Y E— ———

Ite.UE rx 1

Ite.EN t< 0
Ite.EM t< 1
wlan-sta r< 0

lte. UE tx 0 EEEE SEEEEEEEEEEEER
Ite.EM rx O - @ 0--» @ @ -

wlan-sta r< 1

wlan-sta t< 0 L | 1 |l | | | |
wlan-ap rx 0 E————————————————————————_—_——~.,
wlan-ap t< 0 9000000000000
wlan-ap t< 1 S—————————————————_——a_——_————————————_——,,
‘B 10 ms 15 ms 20 ms 25 ms 30
: =
< I KN ]

10.01 ms Llte.UE rx[0] 10 ms:10.214285 ms (0.214285 ms)
TRANSHISSION[10 ms, 10.214285 ms)*1 RX "lte.UE" CLEAR [1:0] DL-SIGNALS GRANTS=[6/128] payload=0
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Simulating LTE (3)

 First data

RCOEX Trace Visualizer

lte. UE < 0 PV y—y ve—
lte.UE rx 1 p ——
Ite. UE tx O Z AEENENEE I I A A .
lte.EN rx O - - A 20-»
lte.EN tx 0 :

Ite. EN tx 1
wlan-sta rx 0
wlan-sta r< 1 B
wlan-sta t< 0 L L L L L L L L L L L]
wlan-ap rx 0 E————————————————————————_—_——~.,
wlan-ap tx 0 - [
wlan-ap t< 1 q_ . _____________________

s

< DE I Dl
14.28 ms lte.UE tx[0] 13.98 ms:14.98 ms (1 ms)
TRANSHISSION[13.98 ms,14.98 ms)*1 TX "lte.UE" CLEAR [1:4] UL-SIGNALS BSR=1372 HARQ=6 TXNB=0 GOOD=true PDU-BYTES=128 PDU-

SEGHENTS=[1/0=128] payload=128

Aalto Univer§ity 2013-05-28 V. Hirvisalo
School of Science ESG/CSE/Aalto
|



Simulating LTE (4)

* Ackn and next grant

RCOEX Trace Visualizer
lte. UE rx 0 ’

Ite.UE r< 1

Ite.UE t< 0
Ite.EMN rx O
Ite.EM t< O
Ite.EM t< 1
wlan-sta r< 0

wlan-sta rx 1

wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1

< DEKINN

[»]

[4]

18.165 ms lte.UE rx[0] 18 ms:18.214285 ms (0.214285 ms)
TRANSHISSION[18 ms, 18.214285 ms)*1 RX "lte.UE" CLEAR [1:8] DL-SIGNALS GRANTS=[6/1372] ACKS=[6] payload=0
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Simulating LTE (5)

 Rest of data

RCOEX Trace Visualizer

Ite. UE rx O
Ite.UE rx 1
Ite.UE t< 0
Ite.EMN rx O
Ite.EM t< O
Ite.EM t< 1
wlan-sta r< 0
wlan-sta r< 1
wlan-sta tx 0
wlan-ap rx 0
wlan-ap t< 0
wlan-ap t< 1

b 4

< DEEm DN
22.26 ms lte.UE tx[0] 21.98 ms:22.98 ms (1 ms)
TRANSHISSION[21.98 ms, 22.98 ms)*1 TX "lte.UE" CLEAR [2:2] UL-SIGNALS BSR=0 HARQ=6 TXNB=0 GOOD=true PDU-BYTES=1372 PDU-SE

GHENTS=[1/1=1372] payload=1372
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Simulating LTE (6)

 Final ackn

RCOEX Trace Visualizer

|lte. UE < 1 I
|lte.UE tx 0 L 111
|lte.EN rx O .., -’ = =’
|lte.EN tx 0 —
|lte.EN tx 1
wlan-sta r< 0
wlan-sta r< 1
wlan-sta t< 0
wlan-ap rx 0 —————————m—m———,—.—,—,
wlan-ap tx 0 SEEEEEEES——————————————————————————————————————————.————.——_——_“_,_;_;_=;=;_;_;.;;;u;;;_u_———————_——=——~——_=—~—~—~.
wlan-ap t< 1 .

[¢]

I

q D kI
26.005 ms L1lte.UE rx[0] 26 ms:26.214285 ms (0.214285 ms)
TRANSHISSION| 26 ms, 26. 214285 ms)*1 RX "lte.UE" CLEAR [2:6] DL-SIGNALS ACKS=[6] pay'load=0
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WiIFI development

____vear Speed _PHY __lfrequency Bandw.

802.11-1997
802.11b
802.11a
802.11g
802.11n
802.11-2012
802.11ac
802.11ad

1997
1999 11MbpsDSSS
1999 54MbpsOFDM
2003 54MbpsOFDM
2009150-600 OFDM
2012150-600 OFDM
2014300-6700 OFDM
2014 ~7000

OFDM?

2MbpsFH-DSSS 900/2.4MHz 20MHz

2.4MHz 20MHz
S5MHz 20MHz
2.4HHz 20MHz
2.4/5MHz  20-40
2.4/5MHz  20-40
2.4/5MHz 80-160

2.4/5/60MHz
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« Release 8
— Initial LTE

« Release 9

— Networks and services (emergency/location/multicasting/femtocells)
but minimal changes to PHY/MAC

e Release 10

— (LTE-A, complete): Improved PHY/MAC: carrier aggregation, SU-
MIMO

« Release 11

— (LTE-A, any time now...): Services, new carrier aggregation
combinations, Cooperative multipoint, initial in-device coexistence

e Release 12

— (LTE-A evolved, in development): new carrier type (NCT), 3D
MIMO, LTE/WiFi integration. . .
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