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Place for

Miniature and ubiquitous loT devices . Speaker's

video

* Enable new class of applications
* Require miniature size, long lifetime, wireless standard-compliant
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Place for

Conventional wireless transmission | Spoakers |
| (5om x 3.5¢m)
Wall power/ loT devices Conventional TRXs YV|reIess
Large battery interface
N |
_’
E Station

« [XI Conventional WiFi TRXs require 10s~100s mW active power
« [X]I Size of loT devices is limited by power consumption
. Higher order modulation is achievable but trades-off with power
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Place for

WiFi compatible backscatter communlcatloni Speaker's

video
 (5cm x 3.5cm) |
Small battery / loT devices YVIreless
Energy harvester interface
“ EN = 2 J ( ! o | I 1|
D i <o *_< 9 * AP
= PLL Y <«
> = HZ1 0. 0 _ Uy |
@ M Data T i s Y_ RX | Le=tte
<PV - HZ2 —oi o— AP2

. Elimination of active RF circuit enables low power consumption

. Recent work showed compatibility with existing standards

. Higher order modulation is achievable by implementing IF switches
o [X Range Is limited due to passive nature
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Place for

Backscatter - range calculation . Speaker's |

video

Downlink: Peens wu < Prx ap— PL

- Backscatter tag
WiFiAP1Y —
WiFi AP2 7 ¢————— Y || Backscatter w/ Device
D2,PL insertion loss (IL)

Uplink: Pgens ap < Prx7ap— PL1— PL; — lLypc

« PL1 and PL2 are determined by D1 and D2
« D1 x D2 is limited by system parameters
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Place for

Link budget - Meshed network - Speaters

video

,V TAG3 ~

D1=~10m _ S D2=~10m
Pl Worst Case ~

~
”
P ~

”
AP1 (TX) ~ Pincident='26dBm Preflected='41dBm h S APZ(RX)

-llly\—51:6r;> ———————————— -}YIII“

EIRP=30dBm \ PL,=56dB IL=15dB PLQ=-6-4d‘B—’ P=-105dBm

D1=3m 4 e

_ - D2=32m
TAG2 R
D1 x D2 = 96mm?
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Tag in meshed network Speaker’s

video

30

N
($))

» Tags can work if
placed anywhere In
the shaded area

I Absorbing [4]

D2 (Tag-to-Rx Distance) [m]

5 10 15 20 25 30
D1 (Tx-to-Tag Distance) [m] Wang et al., ISSCC20
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Place for

Link budget — single AP or co-located APs Speaker’s

video

D.=10m Pi i ='30dBm
WiFi AP/ [ _”i’i“

Co-located APs - PL,=60dB
o o | | | “-__D2=_10_m___—\ IL=15dB

IFE):XRzF_’:gg(;iBBnT PL,=60dB P refiectea=-45dBm

* Always in the worst-case scenario

 Range improvement is needed for pragmatic adoption in homes and
offices with single AP or co-located APs
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Place for

Range improvement - Speaker's

video

« TX power: can not be increased, standard in commodity WiFi APs and
FDA limits to maximum of 30dBm

« RX Sensitivity: ~-100dBm is the standard for commodity WiFi APs

 D1xD2: cannot be improved due to the passive nature of backscatter

communication U

Improve the insertion loss or apply MIMO gain

to improve the covered range
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OUtIine E Speaker’s E

video

* Prior-art and proposed SSB QPSK backscatter with retro-
reflective MIMO array and non-absorbing termination
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Place for

Conventional OOK backscatter - Speaters

video

Incident wave Tag data

rOOO 1T 110

Reflected wave

« Tag data modulates the input impedance via a single switch
directly
« XI OOK modulation only

+ [XI Reflected wave spectrum overlaps with incident wave
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Place for

QPSK frequency translation backscatter | seeakers -
L TTlo.0 DI L(Bemx3.50m)
70 0 o[T 7 710.DQ

E
=

e~ Incident wave NLNAAATIAN 1Fg,
JULUNRTUTUT 1F g0
i Y NI
Freq € ———— P A !
LU
T g
Reflected wave XTAL— PLL

* 4 phase of IF clock is selected by IQ tag data and mixed with incident
signal via a single switch

* VI QPSK modulation
* [XI Double-side- band modulatlon occuples 2 adjacent channels
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SSB QPSK backscatter

© 2021 IEEE

International Solid-State Circuits Conference

12.2: Improving the Range of WiFi Backscatter Via a

Pass

IFour,
1 50Q
Ml AW
LSB USB | IFour)
) -
lFOUTQ
Ch1 Ch6 Ch11 \
l_l |H
— IFE}EIQ 500
Ml AW
o QPSK modulation

IFour,
D S—

IFoura
D

and Non-Absorbing Termination
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Place for

video

i Speaker’s

/ IF Mixer n-l-u-l-l-"“-l-ﬂ-n- mﬂﬂ,

LIERERE

O !

ive Retro-Reflective Single-Side-Band-Modulating MIMO Array

0 io 171 110

|
_o _,_ ‘ ‘ I
| | | |

ﬂJWWJlﬂﬂﬂﬂﬂI

XTAL— PLL

Single-side-band modulation occupies only one adjacent channel
X] Range is limited to 10m with co-located APs
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Place for

Proposed fully-reflective SSB QPSK Speaker’s

video

backscatter  (5cm x 3.5cm) |
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Proposed fully-reflective SSB QPSK

backscatter

1+

(D)
\L/

« |Q tag data is first

+1

C
2]

upconverted to IF via a SSB

-

digital mixer

I+

(1)
\L/

+ 1|«

§3

Ve

IF Mixer
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Place for

Proposed fully-reflective SSB QPSK - Spoaters

video

backscatter | (5cm x 3.5cm)

Two 90° separated loads provide 90° rotated
reflection coefficients

II:OUT,I

« Z p=open; T o= 1=

* ZImprove insertion loss by
6dB without power cost!

ZL,180__5' TOTL T 180 = T=c
* 7, o= j*50 = 3.3nH@2.4GHz; I'_gy= -j= %

— _j= ejx-9()°

MR

THHHHITH
LSB USB .
N * Quadrature IF signal modulates quadrature
ﬂ RF loading => SSB backscattering

GhT The h 1T Freg IFouta Power splitter => Insertion loss
Reflective « [X Single antenna => No gain
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Place for

Passive MIMO — Van Atta antenna array Speaker’s

video

« Passively steers an incident

beam back to its source with
MIMO gain

. Reflected signal power is
Increased

» [XI No data can be modulated
onto reflected signal
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Place for

Speaker’s
video

i (5cm x 3.5¢cm)

° Modulated data is reflected
with increased signal power

« [XI Absorbing termination
decreases signal power

» [XI Double-side-band modulation
occupies 2 adjacent channels

-
A fem

Ch 1 Ch 6 Ch 11
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Passive MIMO: one possible implementation




Place for

video

Proposed retro-reflective SSB MIMO QPSK Speaker's

backscatter
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Place for

Proposed retro-reflective SSB MIMO QPSK Speaker's

video

backscatter . { (5m x 3.50m)
Theoretically

II:OUT,I
improve reflected —= -
power by 18dB! _ITfh—’iﬁ

\

< 4 ) ——
TS
e) ad \
. J LSB ' I
O 2
= F
Ch1 Ch6 Ch11 Freq Reflective
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Place for

OUtIine E Speaker’s E

video

* Proposed fully-WiFi-compliant backscatter
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Place for

Block diagram of proposed loT tag - Spotors

video

Sy mmn e A : Variab|e

i—_qm\_—l—@ d: ( )2 BB BW Packet Length

Counter

! Passive Gain } ! Env. Detector] =
e T L,

I p . Wake-up Reciever WU 5 5

r____________-_-_-_-_-_-_-_-_-_-_:------r:_:_:_:_:_:_:_=_=_=_==;5;;;5I=======================v=====I: Programmable :

Backscatter En| ! Frequency :

MIMO . : 1 Divider :

- e R AR

i i PLL [—oo :

: : :: :( |F : : CI'KProgram :

Reflective ! ! ; % A ¥ :

' Splitter/ : l( BBData - CIOCk.

| Combiner. | _ o | « Generation |

"=~ [Backscatter Switches ;i JEMier___(SSB QPSK MIMO Modulator
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Block diagram of downlink

lllllllllllllllllllll

llllllllllllllllllllll

EtTO, « ty R
IOtGAP 1

: Passive Gain ij!

Variable

(.)2 BB BW!

Env. Detector f

i Place for
i Speaker’s
i video

Programmable
Frequency

" Wake-up Reciever WU

____________________________________________________________

Divider

' Clock Generation

________________________

* Direct envelope detection architecture for low standby power

« 8dB passive voltage gain from input matching network

* WIiFi packets counter supports robust WiFi compatible wake-up and
multi-tag wake-up regardless of the length of inter-packet gaps

© 2021 IEEE
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Place for

Block diagram of uplink - Speakers

video

I e T T L e e B B B B I — i — T

V 4 _ Backscatter En
’ ¢ MIMO R o | ¢

o R O—I
o 1 PLL oo ]
( N\ q( :( :Ir 9
| Reflective | IFog X 1 CLK,,
| I E LK ¥ <—| =8
' Spliter | ~ < BBData O | :
LOmbie \Backscatter Switches | § | FM%e:  ‘SSB QPSK MIMO Modulator ! Clock Generation :

 APLL based backscatter modulator enabled by wake-up signal
* PLL provides 25/50MHz frequency translation for backscatter
 |F mixer controls impedance loading for tag data modulation
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Wake up and backscatter timing

AP TX TO

T1

i Place for
i Speaker’s
i video

Counter_out

Preamble[MAC Header

Payload @ |

&

T1 Det. window

Backscatter EN

&

IF

0/90 .

JHRRRTATEAEN

I

BB | data

MMM

IR

* Robust WiFi-compatible wake-up regardless of the length of gaps between TO

and T1

A PLL based backscatter modulator enabled by wake-up signal
* PLL provides 25/50MHz frequency translation for backscatter

International Solid-State Circuits Conference

12.2: Improving the Range of WiFi Backscatter Via a Passive Retro-Reflective Single-Side-Band-Modulati

sorbing Termination

 |F mixer controls impedance loading for tag data modulation
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OUtIine E Speaker’s E

video

 Circuit implementation
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Place for

Passive pseudo-balun envelop detector | speaters -
| (5om x 3.50m).
Vi 1 T over——  N"stage » Single-ended input RF to
— -~ | 7 V differential output BB signal
W o Ehe

|_|_‘ : $ ‘ I} R $ * 2x conversion gain w/o
Vou — ] 4bitVur output BW penalty
V. =GND|  TTT ‘L T | A~ v\ /[ ¢ 1.5dB sensitivity
o—o—rj{ —o...o—o—r o Improvement

v Vo g $ Vo g $ - Tunable Vy, via DNW

device bulk control for PVT

Wang et al.,, SSCL’18
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Place for

PLL and digital SSB IF mixer - Speaters

video

s O—MI
2MHz Fao O_O1MU ? > |F g,
i ~|F, I|§1800—10 /XI
’ > |E o—11 IF
PFD| CP @ s | [So—TF..
. 180 O—>c—¢
Ring —|F,,, |tag data
Osc F,., o—{00~
=25 F, o—01 IFouiq
Freq ctrl Fgo ol:oMU
F 180 011 o 3

* Ring oscillator based integer-N PLL: 4-phase of output
 Digital SSB IF mixer
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Place for

OUtIine E Speaker’s E

video

* Measurement results
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i Place for |

[ | u i S k , i
Die micrograph A
S T ~ ' | (5cm x 3.5¢m)

e 65nm CMOS

e 0.44mm?active area

1.2 mm

1.7 mm
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_ o i Place for i
Downlink sensitivity | Speakers |
10’ i (5cm x 3.5¢cm) i

(]
—_

-—
o

| « -43.4dBm downlink
sensitivity for 1e-3 wake-
up event missed
detection rate

Missed detection rate

]
w
1]

-—
o

| « > 30m wake-up range

-4

= -47 -46.5 -46 -43.5 -45 -44.5 -A4 -43.5 -43
P, [dBm]
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Place for

SSB frequency translation - Speaters

video

5 | Reflected signal M1dBvs. Reflecive | 5o Reflected signal -

__________ ’ ‘“‘W““‘ MIMO
0 r M5 dB vs. Absorbing 60 A 18 dB /_ﬁSB y
o5 }15¢ 65 image rej. | / _

e —

Incident signal (due *Reﬂect've -

Incident signal (due !ww/wv‘ MIMO
to finite circulator

Power [dBm]
Power [dBm]

k| : 75 b oY to finite circulator
| LSB||  isolation and return v @Refiective e isolation and return
S0F | loss of 4-way ;; 1 80F loss of 4-way
sl | | splitter) w ”‘ 1 st | splitter) |
-90 M CH1 m CHE 1 a2 CHIN 2% 1 90 el CHT L CHé "\,vm/v/ CH11 {0
_95 | B ] 1 '] ] ] _95 B '] ] ] I 1 ]
24 241 242 243 244 245 246 247 248 24 241 242 243 244 245 246 247 248
Frequency [GHZ] Frequency [GHz]

 Incident signal at CHG reflected to either CH1 or CH11 based on logic setting with up
to 18dB image rejection

* 11dB improvement of passive MIMO compared to reflective method and 15dB
Improvement over absorbing method
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Place for

Wake-up and backscatter transient - Spotors

video

measurement | (5cm x 3.5cm)

Packet envelope CTS Header

Payload

Pisieaming]

||Fi

Wake-up signal o 1s§t'stageQWake4qp |

Backscatter En

Tag data

~ Tag data

A UL Lt AL L A At Rk
Y P Pl o P e e

Bosimssme P - . . o vk
ok e s o - e e e e e o e A

127.7 ms 128.1 ms 128.4 ms 128.8 ms 1292 ms 1296 ms 130.0 ms 1304 ms 130.8 ms 1312 ms 131
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Place for

Wireless experiment - range - Speaker's

video

w
o

o |

» & f
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N
(8]

23m

Co-located APs

S

-
($)]

13m ¥ MMOTag |
1 Reflective

- 1 Absorbing [4]

Tw

and Receiver 5 -

Tag-to-Rx Distance [m]

5 10 15 20 25 30
Tx-to-Tag Distance [m]
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Place for

Comparison to prior art Speaker’s

video

This work
Fully-Reflective
Technology (nm) 65 NA NA 65
- SSB Partially . SSB Passive Retro-
Scheme Backscatter Backscatter BSSE W|t|t:| Absorbing WiFi S?NB.FI-?leg I:eﬂe;tlve Reflective MIMO
sl Backscatter FISSEKs et WiFi Backscatter
Frequency (GHz) 5.8 24 24 2.4
; : Tone , = =
Incident signal source : Tone Transmitter WiFi WiFi
Transmitter
Wake-up power (W) 8.2 18 (COTS) NA 28
Backscatter communication
113 59.2** 33 28
power (uW)
Range:
equidistance TX and RX (m) 0.1 46 6 105
*Simulated
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 Conclusion
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video
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Place for

Conclusion | Speaker’s

video

* The first IC demonstrating WiFi-compatible passive MIMO
backscatter communication to cover >1600 m? area towards
pragmatic adoption in home and office environment

A fully-reflective backscatter communication with ~13 m
communication range for device-area-restricted applications

* Low power: A 4.5uW standby power, 32uW for fully reflective
and 38uW for passive MIMO

* Acknowledgement: This work was supported in part by the
National Science Foundation (NSF) under Grant No. 1923902.
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