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(57) Abstract: Apparatuses, systems, ambient RF backscatter transceivers, and methods for communicating using MIMO and spread
spectrum coding of backscattered ambient RF signals are described. An example system may include an ambient RF backscatter
transceiver that include an antenna configured to receive a backscattered ambient radio frequency (RF) signal, and a receiver coupled
to the antenna. The receiver may be configured to demodulate the backscattered ambient RF signal using one of multiple input, mul -
tiple output multiplexing demodulation or spread spectrum code demodulation to retrieve the first data. The backscattered ambient
RF signal may be generated by backscattering an ambient RF signal at a first frequency. The ambient RF signal may be configured to
provide other data at a second frequency.
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APPARATUSES, SYSTEMS, AND METHODS FOR COMMUNICATING USING MIMO AND SPREAD SPECTRUM CODING IN
BACKSCATTER OF AMBIENT SIGNALS

CROSS REFERENCE TO RELATED APPLICATION(S)

HHi Y This appheation claims the bepefit ander 35 USC 19 of prowisional
application LES.SN. 617938369, filed February 11, 2014 which appiicaiion 15 hereby

incorporated by reference in #s entirety, for any purpose.

TECHNICAL FIELD

{092} Examples desoribed heretn are divected geverally to wivelesy data franznussion.
fn particudar, examples are descorrbed that fransmit data wirelessly by modalating a

backscatter of an ambient R¥ stanal.

BACKGROUND

LAY Compating devices we increasingly smbedded in obwets and environments
such as apphances, fhormosats, books, fene, and even snplantable wedical
devices. A key issee 1 bow fo power these devices as they become smaller and
nuerons; wires are often not feasible, and bateries add weight, bulk, vost, and require
recharging or replacement that adds costs and s difficult at large scales. Generating a
conventional radio wave typically requives much more power than can be harvested
from ambient RF signals. Traditional backscatter commumication {e.g., RFID) provides
a form of conununicating by modulating rellections of an mweident RF signal {2.g.,
rather than genperating RF waves). Therefore, traditional backscatter transmission 1s
orders of magniude more energy-efficient than conventional radio compumication.
However, traditional backscatter conuwnunication requires deplovment of a special
purpose power infrastructure {e.g.. an RFID readery to transmit a high-power {1 W}
sigﬂal {0 nearh_y devices, which the mam"i}y devices use {0 backscatier. Additionally,
unable to even semse the Wansmissions of other RFID tags. Further, traditional
backscatter communication has a very limited range and bandwidth as compared with

traditional computing device communication.
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SUMMARY

o84 The summary is provided here by way of example and is not intended to Limit
the scope of any of the descnibed examples or claims.

{605} Examples of the present disclosure mclude systems, ambient RF backscatter
transcervers, and methods. An example system may include an ambient RF backscatter
granscetver that include an mvtenna configured to recetve a backseattered ambient radio
frequency (RF) signal. and a receiver coupled 1o (he antenna. The receiver may be
configured to demodulate the backscatiered ambient RF signal using one of nwiltiple
mput, nultiple osiput multplexing demeodelation or spread  spectram  code
demodulation to retnieve the first data. The backscattered awbient RF signal may be
penerated by backscattering an ambient RF signal at a first frequency. The ambient RF

gnal may be configured to provide other data at a second frequency.

sig

[066] Examples of ambient RF backscatter transceivers may include a first antenna
configured to receive a backscattered ambient radio frequency (RF) signal and two
provide a first backscattered signal, the backscaitered ambient RF signal encoded with
first data via backscatter moduelation of an ambient RF signal at o st frequancy. The
ambient RF signal may be modulaied to provide second data at a second frequency.
The example ambient RF backscatter transcetvers may further include a second antenna
configured to receive the backscatterad ambient radio frequency (RF} signal and (o
provide a second backscattered signal having a phase offset relative to the first
backscattered signal. The example ambient RE backscatter transceivers miay further
mnclude a receiver coupled o the first antenna and the second antenna. The receiver
may be configared to demodulate the backscaitered ambient RF signal using nwlitpls
imput, multiple output multiplexing demodulation based on a ratio of & magmude of the
first backscattered signal to a magnitude of the second backscatiered sienal to provide
outpat bits. The example ambient RF backscatter transceivers may farther include a
microconiroller coupled 1o the recerver and configured to decode the output bits o
retrieve data that is wransmitted via the backscattered ambient RF signal.

807} Examples of ambient R¥F backscatier transceivers may include an antenna
configured {0 receive a bavkscatiered aminent radio freguency (RF) signal. The
backscattered ambient RF signal may be encoded with using spread spectrum coding of
data bits via chips via bsckscatter modulation of an ambient RF signal at a first

frequency. The ambient RF signal modulated to provide second data al a second

2
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frequency. The example ambient RF backscatter tranzceivers may further nchude a
receiver coupled to the smenna. The receiver may be confipured to demodulate the
hackscattered ambient RF signal using spread spectruin code demodulation based on an
in-phase and quadrature-phase correlation to provide output bits, The example ambient
RF backscatter transceivers may further wclude a mucrocontroller coupled to the
recetver and configured to decode the output bits 1o retrieve data that s transmitted via
the backscatiered ambient RF signal.

F008] An example method may whude receiving a backscabtered ambient radio
frequency (RF) signal at an antenna. The backscatterad ambient RF signal may be
encoded with first data via backscatter modulation of an ambient RF signal at a first
frequency. The ambient RF signal may be modulated to provide second data at a
second [frequency. The example method may further inchude demodulating the
backscattered ambient RF signal uwsing one of wmeltiple nput, muduple outpat
multiplexing demodulation or spread spectrum code demodulation o retrieve the first

data.

BRIEF DESCRIPTION OF THE DRAWINGS

~

069} Figare 1 i3 a block diagram of an ambient RF backscatter communication
systemy including ambient RF backscatier transcetvers according to an embodiment of

the disclosure;

{010} Figure 2 is g block diagram of an ambient RF backscatter transceiver according

toan embodiment of the disclosure;

[611} Figure 3 18 a block diagrany of an ambient RF hackscalter recetver according o

an embodiment of the disclosure;

jo12] Figure 4 is a block diagram of an ambient RF backscatter recetver according to

an embodiment of the disclosure: and

.

[o13] Figure 3 is a block diagram of an ambient RF backscatter receiver according to

an embodiment of the disclosure.

(%]
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RETAILED DESCRIPTION

j014§ Cerlain specific details arg set forth in the following description and in Figures
1-3 to provide a thorongh understanding of various embodiments of the technology.
QOther detatls including well-dmown structures and systems offen associated with
sensors, lransmitters, and receivers, have not been st forth in the following disclosure
to avold unnecessarily obscuning the description of the vanoos embodiments of the
technology. A person ol ordinary skall in the art, therelore, will accordingly understand
that the technology may have other embodiments with additional elements, or the
technology may have other embodiments without several of the features shown and

described below with reference to Figures 1-5.

{11 5] Examples described heveln include ambient RF backscatter transceivers that
utithize radio frequency (RF) signals to commuscale with each other and assoviated
systems and methods. In several embodiments, for example, a system may inelude an
ambrent RF backscatter transceiver that is configured to transmit encoded data to a
second ambient RF backscatter transceiver by modulating backscatier of an ambient RF
signal. The ambient RF backscatier transceivers may mclude low power cirowiry for
decoding the backscattered smbient RF signal, such as analog cirenitry. In some
embodiments, the backscatter transceivers may include a low power multiple mnput,
multiple cutput (MIMO) roultiplexing receivers that may decode the backscattared

signal. For example, the MIMO multiplexing receivers may be powered by energy

may mclade a low power spread spectrum code receiver that decodes the backscatiered
signal via a coding algorithun that provides benefits of spread spectruny. For example,
the spread spegtram code recetver may also be poweared by energy harvesied fom

ambient RF signals.

{015] fit somge embodintents, the ambient RF backscatter transceivers naay include
power harvest circuitry thiat barvests power from the ambient R¥ signal and provides
the harvested power to powsr other cirowiiry of the ambient RF backscatier transceiver
and/or other devices in conupunication with the barvested power. Ambient RF signals
generally include any RF signals which mayv be recetved and backscattered by
transceivers described herein. The RF signals may be present i the environment from

other signal sources, e.g. the ambient RF sipnals may be penerated by telephones,

4
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computers, appliances, fransceivers, andfor other devices and may be received and

backscattered by ammbient RF backscatter transceivers deseribed herein

{17} Antbient RF gignals may gonerslly inclade any ambient RF sipnal, such as a
television transmission signal, a radic fransmission signal, a cellular conumanication
signal {e.g., form a base station or a mobile device), a Wi-Fi signal, or any other RF

signal. In some embodiments, the ambient RF signal may be a continnously provided

RF signal. such as the television signal.

[018] FIG. 1 15 an illustrative example of an ombient backscatter comnmunication
svstem 100 according to an embodiment of the disclosure. The ambient backscatter
systemt 190 may include a RF source 110 configured fo provide a RF signal. The RF
signal may inclode encoded  data, sach as television broadeast data, cellular
comnnuucation data, Wi-Fi network commumication dats, or any other data. The
ambient backscatter svstemt 100 may further include ambsent R¥F backscaiter
granscetvers  120(1-2) that are configured fo communicate with each other by

backscattering the RF signal (e.g.. the ambient RF signal} from the RF source 10,

P

019} In an example opevation where the grabient RE backscatter transceiver 128{1)
ransmits data to the ambient RF backscatier transceiver 12002}, the ambignt R¥F
backscatter wansceiver 120{1} may modalate & backseatter of the andsient BF sign

fromy the RY sonrce U to provide a backscattered ambient RF signal encoded with the
data o the ambient R¥F hackscatter transceiver 120021 The data transminted by the
smbient RF backscatter transcsiver 120(1) may be reisted to daia recsived from a
RENSOT OF @ nput or may be refated o data recenved from the ambient RE backscatter
framseeiver 12002, The data ransmitted by the ambient RF backscatier transceiver

12001} may typcally be different than the dat which may be envoded 1 the ambnent

R¥ signad by the BF soures 114,

1824 Backseatter conpnenication generally melundes ‘;.nmiuiz;i:ﬁn‘t&g reflection of an RY
signal at an anienna, mther than geversting an RE sigasl The ent RE signal used

by the ambient RF backscatier sransceivar 12001 may include an ambiert RE signal
that 1 provided by the RF sowce 118 for another purpose, such as a television
broadeast or cellular convmunication bebween 3 base station snd o mobie devive, In

some examples, the backscatiered ambient REF signal may be encoded with data using s
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maodhsfation scheane. To gensrale the backscatisred wnbisot RF signal, the anglaent RY
backscatter tranmeatver 20011 may modelate the impedance of any antenna to sliernge
between two discrete states, e, reflecting and notreflecting. The reflecting state of
the anlenna may provide 8 reflection of the ambuent R signal, and the nop-reflecting
siate pmaay not reflect the ambiont RY signel Thus, the ambient RF backscatter
framscetver 12001 may indicate either & (V7 or a “1 bu by swiiching the siate of the
antenna between the reflecting and non-reflecting siates. The anthuent RY signal that i3
reflected by the ambient RF backscatier transcerver 13041 may oreste an additional
path {e.2.. a backscattered ambuent RF signal} from ambiont RF backscatter transceiver

1201} 1o the ambient BF backscatier transceiver 120(2) The ambient BF bhackscatier
transcetver 1232} may decode dats encoded i the backscatiered arabisni RF sigaal by
sensing the reflected povwer level changes i the backscatiered amibnent RE signal by the
ambient RE backscatter travsceiver 126013 Receivers associated wath the BF source

110 fe.g., recetvers for TV and cellular applications) may be designed o compensate

o
b2

for muti-path wireless channels to avoid intecference of receiving the same signal via
sutdiiple paths, and thus may be able to scoount for {e.g., flter out) the backscattered

gmbient BF signal from the ambient RF backscatter ransceiver 12001

{021} {1 order to decode the backseattered wmbient RF signal to retrieve the daty, the
modulation frequency of the ambient RF signal may b greater than the modulated

backscatter freguency of the backacattered ambient R¥ signal

{022} Switching the of the antenna of the ambient RF backscatter fransceiver
12001} may include adjusting an unpedance of the antenna, Generally, when a wave
encounmers & boundary bepween two media that have different mpedancen’densities, the
wave gets reflected back. The amount of veflection is tvpically determined by e
difference i the 1mpedance values of the antenna. By modulating the electricad
impedance at the antenny, the amount of wmvident RF enerpy that is scatteved i
modulnied, thus enabling information to be ransmitted. For example, in the reflecting
state, the andenna way bave low inpedance {eg., a shord cirouitl 1o 8 reference node
and may reflect the ambierd RF signal to provide @ backscatiered snbient RF signal
that has a first signal amphitade. in the non-reflecting siate, the antenns may have high
pmpedance {e.., an open crrouit} (o the reference node, and may reflect the ambrent RY

signal o provide a backscatiered mvdnent RE signal that has a second sigoal smplitade.

Lo

B
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The first mnphinde may e greater than the second mmplitude. In some envbodiments,
the second appliinde has a nonanad or near wero amplhinede. The antenna may be
designed for a frequency of a targeted ambient RY signal. The mmbient RF backscatter
granseetver 120(1) may modulate a backscatter of the ambuent RY signal to provide the

backacatiored anbaent R sipoal at a lower Heguency than the modulation frequency of

the arnbient RY signal. Becanse the smbient RE signal may aleady be wncluded
encoded data, by modelating a backscatter of the mmbient RE signal at 2 lowsr

frequeney may improve rehalnlity in decoding the backseatiered ambient RE signal at
the amident R¥ backscaier transcetver 126{2). The modudation of the backseattered

arobient RF gdanal may be based on a connmunication mode.

{9231 The ambient RF backscatier transceiver 120023 may receive the backscattorad
ambient RE sigual from the ambuent RF backsoatier transcetver 120(1)1 Beoause the
backscattored ambiont RV signal v owdulated by the ambient RY backsestter
fravseetver 120{2) gt a lower rate than the ambient RE sigmal, the gmbient RF
backsratter {rausceiver 12002} may seporate the ambiesd RY signal frome the

backseatiersd ambient RE signal by leveraging the differsncs i commusnomtion rates,

024§ in some embodimenis, the ambient RF backscatier gransceiver 122 may
mehpde MIMO  muliplesing ciranty  configured 1o receive and  decode  the
hackscgitered prbient RE signall The MIMO muliplexing oircuiiry nay recetve and

decode data based on the backscattered ambient RE sigoal received at last two

antermsae of the ambiewt RY backscatter wranscetver 12802} Lising MIMO madnplext

3.

cirouitry may mmprove sensHivity m detecting and decoding data from the backscatiered
ambrent RE signal, and fciliate an inorease i the fransmission data rale as conparad
with a signal antenna demodelation destgn. In some embodiments, the ambvemt RF
backscatter transcetver 12002) may include spread spectram code cirawtry configured
to receive angd devode the backseattered ambiont RF signal based on pseudorandom
codes modulatad in the backseatiered anvbient REF signal Using the spread spectnuy

code cireniny way wuprove reliability i detecting and decoding data from the
backscattered ambdent RY signal, and facibitate an imcrease in o transnussion distance

angd mitigate effects of phvsical eljects batwesn the transnuiter and receiver.

925} While Figure 1 depicts two ambient RF backscatter iransceivers 120(1-2), the
ambient backscatter communication system 100 may inchude more than two ambient

i
i
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RF backscatter transceivers, and ambieni backscalter communication may oocw
between teo or move of the ambient RF backseatter tansceivers. In some
grnbodiments, the ambient RF backscatter transceivers may, priov 1o {ransmitling, use
carrier sense to detect a transmission fronm another ambient RF backscalter transceiver
w order to avold iterfering transmussions between the mmbient RF backscatter

{TANSCRIVETS,

j026] Figure 2 is a block diagram of an smbient RF backscatter transcetver 200 in
accordance with embodiments of the present disclosure. The ambient RF backscatter
ransceiver 28 may inchude, for example, an andenna 204 coupled 10 8 power harvester
210, a receiver 320, and a transmitter 270. The power harvester 210 may be configured
to generate power [romt an ambient RF signal received via the antenna 204 andfor the
antenna 206, and provide the power to 3 microconiroller 234, sensors 240, and output
devices 230, and m some embodiments, to the veceiver 220, The amount of power that
the power harvester 216 is able to harvest from the ambient RF signal may be based on
the range and broadeast power of the ambient RF signal. In some examples, the power
harvester 210 may harvest at {east 60 gW of power from the ambient RE signal. In
other embodiments, the power harvester 210 may harvest up © 3 mW from the ambient
RF signal. The receiver 220 mayv demodulate a backscattered ambient RF signal
received via the amtenna 204 and/or the antenna 200, and provide the demodulated
signal to the nucrocontrolier 230, The microcontroller 230 may process the
demodulated signal from the receiver 220 to retneve the data. In some embodiments,
the pucrocontroller may store the data, contrel the oufput devices 250 based on the
retrieved data, andfor may respond fo a transnuiting ambient RF  backscatiex
ranscerver. The microcontroller 230 may also recetve input data from the sensors 240
anddor input devices 260, Based on the input data, the microcontroller 230 may control
the transmitter 270 to modulate a backscatier of the ambient RF sigaal via the antenna
2614 to ransmit the data. The ambient RE backscatter transceiver 208 may be used 1o

mmplement the ambient RF backscatter transceivers 12001-2) of Figwe 1.

{027} The power harvester 210, recetver 220, sud fansmitler 270 may all be
connseted to the anlenna 284, {n scone embodiments, the power harvester 210 and
reedver 220 may also be conpected to g second antenna 206, The recetver 220 and

ransmitter 270 ey wse modulsted backscatiering of an smbient RE signal w©
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ks

comnnnicaie with one or more other ambient RE backscatier franscetvers 200 The
power harvestor 2HY may havvest energy from the antdnens RE sipnal, and may provide
the harvested energy © the powsr the microvontroller 230 {eg., mucro-confrofler)

s

sensors 240, and ouwlpnt devices 238, and in some gmbodiments, (o the recaiver 338
The powsr harvester 2 1, recerver 228, and transoaiisr 276 may oparate ndepandent of
each other, While the ranswmitter 270 18 acuvely modolating a backscattered ambient

RF signal, the power havvester 218 and recetver 220 niay capture lnnited power'sign

JO2R] in opsration, the ambient RY hackscatter transcefver 2K mav transmt data by
modulating 8 backscatier transmission of an ambient RF signal The ambient RY
backscatter transceiver 200 mwav also recenve duta by decoding modulation of a
hackscaitered ambient BF signal. As previously described, backscatiering transmission
is aclueved by changiny the impedance of the anlenna 284 via the transnuiter 270 i the
prosence of an wnbiond RF signal. The microcontrolier 230 may control the travsmiiter

270 1o modulgie the tmpedauce of the antenng 204 and cause a change 1 the amount of
energy of the ambient RE sipnal reflected by the gntenma 204, For sxanple, the
pyicrocondroiier 230 may rocetve data Bom the semsors 240 o the mpwd devigey 260
fe.n, respond 1o o commuonication recebved from another ambient RF backscatier
fransceivery, and may modulate the tensmitter 270 to encode the received data by
modalating 3 backscatter of the ambient RFE signal o produce the backscattered
ambient R signal that may be veceived by another ambient RF backscatter tranaceiver,
The datg vate of miormation modulation by the antenma 204 may be based on a
conununication mode between the transnutting ambient RE backscatter transceiver 204
angd a receiving ambient RE backscalter wramsceiver. For exanwle, when the
covnnmnueation mode 13 a MIMO muinplexing mode, the modulation rate and duta

encoding (e.p

Sy

faster date vate) nay be different than when the conumunication wode is

a spread speotrum coding mode {eg., slivwer data rate). Funther, the receiver 220 may
demoduiate a recerved backscativred amiyent RE signal from ancther ambient RF
backscatter tanscebver o provide ouput bits, and provide the f}tﬁpm bits to the
microcirolier 230, The modulation by the fransmitier 270 and the demodulation by
the receiver 220 may be based on the compmuncation meode. For example, of the
compurncation mode is the MIMO nudupleving weode, the demodulation may be hased
on g phase relationship between the backscatiered ambient RF signal recerved via the

3

sivienna 204 and the antenna 206, Further, i the conununmivation mode is the spraad

9



WO 2015/123306 PCT/US2015/015430

by

spectrum coding mode, the modelation aod dendudation may be bazed on a spreud
spectram coding and decoding of the backscatterad mnbient RF algnal received via the

arsienna 284 or the antenna 206,

{0291 The nucrocontrodler 230 may decode the output bits from the receiver 220 to
robrieve data. In soms smbodiments, the microcontroller 230 may contrel the outpul
devices 250 based on the decoded data. In some embodiments, the power harvester 213
may be the sole power source for the ambient RF backscatter transceiver 200, The
power harvester 210 miay harvest power from the ambient RF signal and provide the
harvested power to powsr the microcoutredier 330, sensors 240, and ouiput devices

250

0361 In sevne embodiments, the antenna 204 andfor the antenna 206 include a dipole
aitenna. The transmaiier 370 may inchde o swiching device {g.p., 8 ansistor}
connecied across the two branches of the amtern 204, The input signai o the
granspuiter 270 from te nuorncontrolter 230 may be wodalated between a fogical high
vahie and @ imgicxﬁ fow value 1o encode i sequence of data bits. For example, when the

mput {0 the transmitter 270 15 a logival fow value, the ransnutter 270 may be off and

has no offect on the antenna 204 {e.g., presenting some nomwnal swall amount of

e

backscattering or non-reflecied signal). When the mput sigoal to the transautier 2 is a

s

logical fugh value, the ransmitier 270 may be 1o 2 conducting siate that shoris the two
branches of the ardenng 204, wihich resulls n 3 larpsr backscattered {e.g., reflectedy
signal ampliuude. Thus, modulating of the Wranamitter 270 togples the antenna 204
between the backscatter (reflective) and non-backscatter (non-reflective) statss o
convay bifs 1o a reeetver. In order o fucilitate demodulaiing and decoding of the data
encoded wsing the backscstiered ambisnt RE signal at a receiving device {ayg., 8

Pachi:

receiver of another aobient R¥ backscatter ransceivery, the modulation frequency of

2

the transimitter 270 may be less than a modulation frequency of the arnbient RF signal,

3 2
{

This iz because the ambient RF signal may already be envoded with dats for annther
maposs {eg, video dats for a wlevision channel), and encoding data at the zame
frequency may make # difficnlt or impossible to decipher the backscattered ambient RF

signal data from the ambient RF signal data.

-~

031§ In ap exemplary smbodiment, woplementation of the antenna 204 aaddior the
sitenna inclade & 258 millimeter dipole antenna that s tmed for a subset of the wlua-

10
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high frequency (UHF} television {TV) band. The anlenna 204 andior the antenna 206
sy gach be o single antenna andior ovnidireciional with respect 1o a divechon iy
which signals may be sent and received. Moreover, the receiver 220 may opersie op
onty the input signad from g single antenna 204 without the need for a sseond antenna
o even an exiimeated second antenma signal, or may operate on the it signads from
both of the argerma 204 and the antenna 206, In other embodiments, buplewentaton of
the antenna 204 andfor the antenna 206 may include an antenns tuned for cellndar, Wi-

1, or other frequencies. Other antsong opologiss such as meandersd antsnnay and
folded dipoles may also be wsed, Further, RE swiches may have o large difference
between conducting and non~comducting fmpedance values fw a speeific frequency
range, and litle differsnce n other fregquency ranges. Thaes, # switching device of the
Y

frapsmiter 270 may be selected that has & large condocting and non-condocting

mpedance difference iy the desired frequency range.

[032] Note that the tanswitier 270 gad the anteoma 204 way be capable of
backsvattering ambwent RE signals across 3 fvned frequency band. b the example
where the antenna 204 inchedes a 238 maflimeter dipole antenna that 15 huned for g
subset of the wua-bigh frequeney (UHF) television (TV) band, the sabset of the UHF
frequeney hand may include o subset of frequencies that includes nmultiple channels,
For example, in advanced (elevision systoms committes {ATSC) standards, gach TV
channgd has a & ME> bandwidth aith different TV channels allocated o adjacent non-
overlapping frequencies. The transmitier 270 and the antenna 304 way be capable of
backseatlering o signal of any one of multiple channels ax lopg as the channel
freuency Talls wihin the bmed freguency band of the fransmitter 270 and the mdema

204

{033} The recetver 224 may receive and demodulate the backseattered ambient R¥E
stpnal o provide output bits. As explained aﬁwmfau bevause the ambilent RF signal is
already encaded with mformation {e.g., video dats fiw a television channel), relisbly

decoding additional data from the hackscatiered mumbient RY signai may be difficelt

Additionally. in some ambodiments it s desired o devode the backscatiered ambient
RF signal using cioowiry that requires hitle or no extarnal powsr {e.g., withont using

power-hungry hardwars componenis suach as ADUs and oscillators). As explamed

above, ambrent RF signals {e.g., TV and cellulyr tromsoussions) may be encoded with

i1
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mfrmation (e TV andfor cetludar dats) that is not controliable. Bermue the andstent
RE signad 1 modalated based on encoded dats, the instontaneous power fevel s
constantly fuctugting based on the encoded date. Thus, the recetver 220 may be
capabtde of decoding the backscattered ambient RF signal i the presence of the ambisnt
BF signal with fast changing power levels, Further, the relative signal strength of the
backscattored signal s snall, making the signal-to-notse (SNR) ratio relatvely small
Having a weak signal and low SNRE nmay subsiantially lngt data rate and
communication distance. Thus, the receiver 226 may be capable of operating a MIMO
mudiiplexing communication mode o waprove data rate ot velatively short distances
(2.2, less than 8 feet), and 2 spread spectrum coding compumcation mode o wygrove
comnprnication reliabdity {2, at a cost of data e} at longer distances {e.x., more
than 3 feet). Note that the 3 feet threshold distance i3 an example, and other threshold

drstances may be used that ave greater o less than 8 feet,

034 The gavsmitter 270 wav modulaie & backseatier of the ambient RF signal at g
fower frequency than the modulstion frequency of the ambuent RY stgnals, Wihals tn the
MIMGO mudtiplexing conununication mode, the recerver 220 may denwdulate the
backscattered ambient RF sigonl based on g phase difference between the smbient
hackscattered RF signal received at the antenma 204 aod at the antenna 206, The
aienia 204 and the antenna 200 are separated by a distancs, which may result in a
difference in distance from the ansmitting transceiver. The difference in distance may
resull inon phase difference between the ambient RF sigwnal received by each of the
antenna 204 and 206, For example, the signals receaved at each antenna can be

reprasentad as follows:

[035] ¥t} = heps(L) + hyBs(t)
[036] va(t) = R, 5(t) + by Bs (i)
837} wherg v (£) is the signal recetved at the antenna 204 and y, (£) is the signal

received al the antenna 206, h,, and h.‘,.f are the ambient RF signals received & each
respective antenna 204 and 206, hy, and h, are the backscattered ambient RF signals
received at each respective antenna 204 and 206, and B is the data {e.g, B equals |
when the ambient RF signal is reflected (e.g., backscattered) and 0 when the ambient
RF signal is not reflected). Based on v, (1} and v (£), the receiver 220 may demodulate

12
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the data by comparing a ratio of v, (¢} and v.{t) (eg., %-L{?;} which may be egual to

. fprtiip h . - . . y - . .
gither —— L — ot -—-—»—hff . depending on the value of B, Nommally, MIMO wmeliplexing
Ao ptily »F ) )
o A ¥

\

demodidation requores chapnel estimation {eg, phase and ampliude), bt s
simplified approach of using the ratio may allow the daty to be demodulated without
perfonming a channel estimation. In some examples, the distance between the antenna

204 and the aderme 206 i at least 002 fest

{038} While in the spread spectram coding conupunioation mode, the receiver 220
oy demodadate the backscattered smbient B signal, which 13 encoded using

preuderandom codes, received gt the anlenma 204, Normally, m spread spectrum
coding, 3 receiver synchronives with the transmit signal and decodes indormation by
correlating  with  the  pseadorandom  codes. Typically, the  correlation  and
virchronization can be cowmpuiationally expensive. Thus, the transmitter 270 may
backscatter the ambiant RY signal to mimic a aine wave, becanse a sine wave can be
detected withont svachronivation. Thuos, nstead of using pseadoraudom bit sequences,
the transnutter 270 backscatters the wmmbient RE signal s periodie sequences of
shternatng ones and zevoss as the code fow a fst value {e.g., 8 717 and all zevoes as the

code fir a second value {og., 2 707 By coding uwsing the alternading reroes and ones,
advardages of spread spectrum coding may be achieved {e.g., resistance 1o interference,

which may silow transmission gt greater distances} without requiting syachrontetion

=y
Py

by the recebver 228

1039 The recerver 220 may be implemented using analog circusiry o demodalate the
backscattered ayobient RE signal i elther the MIMO waeltiplexing convnuanicanon

o

mede or the spread spectrim coding mode. Specifically, embodiments of ¢

%
f

1 receiver
226 may be mplemented iy analog cirawtvy ondy. In some smbodiments, the receiver

20 may consume less than 400uW of power,

{040 Figare 3 depicts an ambilent RF backscatter receiver 306 capable of
demodulating a buckscattered gimbient BY sigoal. The ambient BF backseatter recavey

300 of may melude a pawr of sutennae 304 and 306 coupled o a recetver 320, The
anternas M and 306 way be taplemented using the antenna 204 andior 206 of Fioure

The receiver 320 may be implemenied o the ambient RF backscatter transceivers
P2000-2) of Fugare |, the vecerver 220 of Figwre 2, or combinations thereof, As shown

13
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i Figure 3, the recerver 320 may ischude ay envedope defector 31608 conpled tw
aterma 304 and an envelope detector 3T conpled © antenna 305, The envelope
detector circutts 310€0-1) may smooth/average out the natural variations in the ambient
RE signal The receiver 320 nay {urther molude 3 spread spectrum code wvemt code
330 coupled to the envelope detector UK, and a MIMO multiplexing sivcutt MIMO
344 coupled 1o both of the envelope detectors 310{0-1) The receiver 320 way further

metude a threshold cireult 350 selectively coupled to one of the code circuit 334w the

)

MIMG ciroont 340 vig the switch 332 The threshold cirouit 330 may provide

demodalated ontput bits al an output.

{841} The code circuit 330 may mchude cirouttry configured to demodalate the signal
received from the envelope detector circuit 310(0}. The code cirenit 330 may include an
in-phase/guadeature-phase {(1Q) correlation circuil configured o denmodulate the data
encoded in the backscatierad ambient RF signal, The code cucuii 330 mway {further
include g summation circuit configured to sum the in-phase (1) and guadrature-phase

€2} signals, and provide the sum to the switch 3582,

{042} The MIMO circuit 340 may mclude circmtfry configured to demodulate the
signals received from the envelope detector circutis 310(0-13. The MIMO circuit 340
may inchade a divider circunit that divides the signal from the envelope detector circait
310(0) by the signal from the envelope detector cireuit 31001). The divided signal may
be provided to the switch 332, The threshold circuit 350 may provide output bits based
on the input from either the code circnit 330 or the MIMO circuit 340 via the switch

352

043} In operation, the envelope detector circuits 310(0-1) receive the backscatiered
RF signal from the antennag 304 and 306, respectively. The amtenna 304 may be
located a different distance from g transmitiing device than the aniemma 306, The
envelope detector crepits 3HKO-1) provide a smoothing and Rlterimg operation to
remove the carrier signal and generate a signal envelope. The way n which the data 15
encoded i the backscattered ambaent RF signal may be based on the communication
mode that is currently enabled. In some embodanents, the receiver 320 may operale n
a MIMO muliiplexing communtication mode or a spread spectram code comnnarication
mode. Ia other embodiments, the receiver 320 may only operaie in one of the MIMO
multiplexing communication mode or the spread spectram code comnumication mode.

14
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44} While in the MIMO multiplexing communization mode, the MIMO circut 340
miay recerve the sipnal envelopes from the envelope detector cirenits 310{0-1). Because
the antenna 304 and the antenna 306 are different distances from the tmnsmitting
backscatter transcerver, the backscattered amisent RF signal received at the anienna
3 may be shifted in phase relative (o the backscatiered mmbient RF signal received at
the antenna 306, The MIMO circuit 30 may exploit this phase difference 1w

demodulate the mformation envoded in the backscattered ambient RF signall For

Poc)

example, the MIMO cirouit 340 way caloulate the signal amplibude received from each

respective envelope detector civeuit 310(0-1), which may be represented as loHows:

[045] (v (O] = R ps(t) + hpBOS(0)]
{946} 2 (O] = (R ps(6) + hyp B(£)s(t)]
{047} where ¥, (2) is the signal recetvad at the antenna 304 and v, {2) is the sipnal

received at the antenna 306, A, and 1:;15 are the ambient BF signals received st each
respective antenna 304 and 306, R, and hy ave the backscaitered ambient RF signals
received al each respective anterma 304 and 306, and B(1) is the encoded data {(e.g., B{1)
equals 1 when the ambient RF signal is reflected and O when the ambient RF signal is

not reflected. Based on v, {1} and v, {t), the MIMO cirenit 340 may demodulate the

data by comparing a ratio of jvy (&)} and {v. {t}] (e H} which may be equal 1o

. Bep B # . .
gither %—L’-—ﬁ’i or i-—-i- depending on the value of B{t). Thus, by computing 2 ratio of
bty ty

vy (03 and [y (0], the output is one of two distinct values. Note that the respective
ratio vahe may vary for the same data based on relative position of the antennae 304
and 306 o the trapsmitting backscatter transcetver. Thus, the output of the divider
circuit does not necessarily provide an output in which a larger ratio always represents
a 17 and a smaller value always represents a ¥0.” Coding schemes can be used to help
in deciphermg which ratio value indicates a ™17 and which ratio valae indicates a “0.7
Mormally, MIMO nuduplexing demodulation veqoives channel estimation {s.g., phase
and ampliteds), but this simphified approach may allow the data 1o be demodulated

withouot Pk {mmms: & channsd esttation. In sonw “\un‘iﬁ;x\ the distance between the

antenna 304 and the anlenna 306 is at least §.2 feet
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843} While in the spread spectrinn code commmuncation meode, the code clrcuit 330
miay recetve the signal envelope From the envelope detector oirenit 310(0). In spread
spectrum coding, the transmitting ambient R¥ backscatter transceiver transmits a data
bit as pseudorandom string of uts called chips. For example, a 17 may be iransmitted
by a “1010...N.. 107 chip and a (" may be transnutted by a “0000. N0 chip,

where N represents an integer number of bits following the same pattern. Generally, the

o

hed

harger N, the larger the signal-to-noise ratio, and thus the greater the distance two
devices can coannuancaie. By wsing & perodic sequance of "1 7, vuther than &
random  sequence, the backsenttered signal mumdes 8 sine wave. A ane wave
rransimitted as @ known frequency can be detected without having to syachronize with
he transnutting amblent RE backscatier iranscetver by computing a dot product
oparation with sine and cosine basis functions at the same frequency to compute the -
phase and geadvanpe-phase componenta, Thas, the code cirant 330 may use 1Q

corralation circuiiry 1o demodulate the signal envelope. For example:

{0:49] Pe YT osin{ft + @) sin{fe) 4t = ésin((ﬁ}
{030} @ = T osin(ft + ) cos{ft) 4t = %CDS(@}
{051 whare [ s the in-phase component and J is the guadrsiure-phase vomponen,

s the frequency, @ is the phase offset, snd 7 is the duration of the over which the dot

product 15 compuied. Note thal, frony the above egquations for I and €,

{os2] Ui+ [QF =

to f

1953 Thus, since the sbove equation s independent of the phase offset, the code
circuit 330 can demodulate the backscatiered ambient RF signal withowt phase
synchronization. Further, the code circuit 330 may increase detection sensitivity by
mereasing the dwration T, In g example where the ransmitting ambient RF backscatter
transceiver does not {ransmit a true sine wave, bat rather an alterpating chip sequence
fe.g, HOLO. 7 for aoone bitond a xero chip sequence {e.g, OO0, 7Y for a wero by

the 1Q relationship over a duration of N chips results i)

84 M+ Qi=N

16



WO 2015/123306 PCT/US2015/015430

{055] In an example implementation, the code circuit 330 may compule a threshold
value based on taking an average of a received sipnal over bits of a premmble at a
beginning of a transmitted packet, Further, for a chip length of n, the code circnit 330
may then compute three ] + Q] valoes, each over a duration 01“%} chip bits. Each of
the {1} + |3} values is compared against a threshold, and i a majority of the {1} + |3}
values exceed the compuied threshokd, the code circuit 330 oulpnis a one bit
{therwise, the code civcuit 330 outpmts a 7evo bit. The reliable detection range of the
code cireait 330 mav be manipulaied by adjusting the chip bt rate (2., a fasier rate
may results in shorter chip bit duration) and chip length (e.g., number of bits per chip).
Give a chip rate, a longer clup length may result in a longer detection range due 10
decreased SMNR.  Fusther, the ohip rate and chip length may be adjusted such that

orthogonat codes can be created, which may allow for concurrent transmission.

L]

{056} The threshold cireust 350 may recetve an output of one of the code circat 330
or the MIMO circuit 340 via the switch 352, The switch 352 may be controlled by g
migrocontrolier, such as the microconirolier 230 of Figure 2, based on 3 communication
mode. The threshold curouit 350 may determuine a thresheld value that is a rolling
average of the output of the code circuit 336 or the MIMO circuit 340, and compare the

outpul aganst the threshold value 1o determine whether the owpat 15 3 one or a zere,

{0574 The maximum practical distance between two transvetvers able to receive each
other’s backscattered compuancations may be deternuned in soune examples based ona
voltage difference detection capability of & comparator of the threshold cirenit 350, As
two ambient RF backscatter transceivers {e.g., the ambient RF backscatter transcetvers
120(1-2) of Figure 1), move {arther apari, the backscatiered ambient RF signal becomes
move attenuated at the receiver 320, The comparator of the threshold cirenst 350 may
only be capable of detecting voltage differences between the fust mput and the second
tipud that excesd a mintmm gap threshold The nupimum pap threshold of the
comparator may be used to determine the maximum distance at which two ambient RF
backscatter transcetvers can reliably communicate with each other. In some

embodiments, the minimum gap threshold 1s 2.4 mV,

{058} At the beghming of each packel transmission, ambient RF  backscaiter
ranscetvers, such as the mnbient RF backscatier franscetvers 12G(1-2), may transomt &

known preamble. The recedver 320 wmay detect the preamble using bit-level correlation
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fe.g., al 8 microcontrollery Beoause an mmbient RF backscatier franscetver may no
know when another searby ambiomt RY backscatter tansceiver i3 fravspditing, 2
nucrocontratier of the ambient RY backscatter transceiver may only begin detecting a
packel when the recetver 320 detects bt ansitions, The recetver 320 may operate
waing very bittle power, and has the buli-in mindmam gap threshold before 8 13 capable
of detecting bit transitions. s only when the power difference crosses the munpmum
gap threshold i some examples that an mismmupt may be sent o the mirrecontroller 1o
wake the nworocontreller up frowm an idle sinte in ovder fo perfvm the bil-level

convelation of the preamble.

Bt

{0591 it would be appreciated that, while the recerver 320 18 shoven wath both the code
eircuit 330 and the MIMO cirewit 340, the receiver 320 may be implemented using only
ong of the code cirowdt 330 or the MIMO circuit 348, o nwy be miplemented with
addittonal or different demoduistion cuwcwmiry, Figure 3 s depivied with a logiesl
arrgngement betwesn the componenis of the recerver 320, It would be apprecinted thay
anty actual mplemeniation nwy nclude an arvangement that s egquivaient to the fogical

arvangement depicted f Figore 3. For example, the MIMO eircait 340 may be couplad

in series with the code civenit 330, but the code chrouit 330 may have 8 pass-through
mede that is activated while in the MIMO nultiplexing communication mode. Further,

while the code circuit 33¢ 1 only shown as bheing coupled to the antenny 34,

alernatively the code circuwit 330 may be coupled to the antenna 306, or may be

p

glectively coupled 1o one of the amenna 304 or the antenna 306 via a swiching

elemant.

ja6t] Foawe 4 depicts a MIMO multiplexing ambiesl RF backscatter recetver $i
capable of demodalaing 2 backscatterad ambient RE signall The ambient RF
backscatter receiver 400 may inclade 8 pair of antennae 404 and 406 each coupled to a
respective envelope detector 41001} The ambient R¥ backscatter receiver 400 may
further mchude a MIMO cirouit 440 couplad 1o sach of the envelope detectors 4111,
The MIMD circolt 440 may provide a ratio of the signal envelopes received from the
envelope detectors $1O{0-1) ot an outpul. The ambient RF backscatier recerver 400 may
further include the threshold circuit 458 confipured to demodulate the backsvattersd
ambient BF signal to provide outpud bits based on the ratio provided by the MIMO

cromst 440, The amtennae 404 and 406 may be noplemented 1w the ambient R¥
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backsvatter transcetvers{i-2) of Figure 1, the antenna 204 andior 206 of Figare 2, the
aremma 304 anddor 306 of Fipure 3, or combinations thereaf The MIMO cireait 440
niy be implemented in the aminent RF backscatter ransceivers{{-2} of Figure 1, the
recetver 226 of Figure 2, the MIMO circust 344 of Figure 3, or counbinativass theread,

The threshold circuit 450 wwy be implemenied m the ambiant RF bhackscaiter

granscetvers{ 123 of Figure 1, the recetver 220 of Figure 2, the threshold civenit 330 of
Figure 3, or comtunations thergef
j061] The envelope detector cireuits 410(G-1) mav smooth/average ount the natural

varnations m the ambient RF signal. The averaging circnits 4 1O 1) may vach inchude a
respective diode 412¢(0-1) connected to a respective capaciior 414(0-1). The respective
diodes 412{0~1) may allow current to flow in one direction o the MIMO circuit 440,
When the input voltage of the respective diode 412{0-1} i1y greater than the vollage at an
mput of the MIMO circait 440, the respective diode 412(0-1) may provide the input
voliage 1o the MIMO circuit 440, as well as charge the respective capacitor 414{(0-1),
When the input voltage of the respective diode 412(0-1} is lower than the voltage st an
mput of the MIMO cicuit 440, the respective diode 412(0-1) does not provide the input
voltage to the MIMO circuit 440, and the MIMO cirenit 440 may slowly dissipate the
charge stored on the respective capacitor 414(0-1). Values of components of the
envelope deteclor circuits 410(0-1) may be based on the camier frequency of the
ambient RF signal and the effective carrier frequency of the backscattered ambient RF
signal m order (o prevent obscurmg the data encoded w the backscattered ambient RF

signal.

62} The MIMO circuit 440 nway include circutiry configured to demodulate the
signals received from the envelope detector cuwcuits 410{0-1) usmg MIMO
demodulation techniques. In order o implement the MIMO multiplexing demodalation
using low power circuitry, the MIMQO circuit 440 may take advantage of the following

logarithmic relationship:

a _ legl?) _ {logiai-togih))
{063] T=e () = pltogtor-togin))
{064] Specifically, to compute the quotient of two numbers {e.g., the amplitudes of

two signals), the amplitudes may be transformed into the logarithmic domain,
subtracted, and then convert back {o the Hnear domain to get the result. The MIMO
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circait K may include a Jopavithmic amplifier confizured to ransform each of the
received signal envelopes (e.g., by (03] and by {2)]) from the envelope detector cireuits
410(0-1} into the logarithaue domain, Fov example, the resistor 442, the amplhifier 444,
and the diode 446 may transform the signal envelope from the envelope detector ciraut
410(0) 1o the logarithmic domain. Further, the resistor 443, the amplifier 445, and the
diode 446 may transform the signal envelope from the envelope detector circnit 41X 1)
o the logarithoue domain., The loganthmic amplifiers convert a linear signal to the
logarithmic domain by making use of the non-linear current-voltage (V) relationship
of a diode {e.g.. the diodes 446 and 447, respectively), The MIMO circunt 440 may
further include an analog subtractor cireuit {e.g., resistors 462 and 463, amplifier 464,
and resistor 463} to compute the difference between the loge-scale signal amphitudes
veceived from the owputs of the amplifiers 444 and 445, The MIMO circuit 440 may
further include an exponential amplifier {e.g., the diode 472, mmplifier 474, and resistor
476} confizwred to convert the ouiput of the amplifier 464 {0 the linear domain, Iy soms
embodiments, because the log operation 15 monotonic and because the next operation is
a threshold operation, the exponential amplifier may be omutted and the output of the
464 may be provided directly to the threshold cirewit 430, Omitting the exponential
amplifler may save power by redacing an active component count, and may not impact
the performance of the ambient RF backscatter recetver 400 gs the threshold operation

15 not impacted by the use of loganthmic donain signals.

j065] The threshold circuit 430 may mnclude a resistor 452 and a capactior 456
coupled to a comparator 454, A {irst wpot of the comparator may be coupled 0 the
output of the MIMO circuit 440, The resistor 452 may be coupled between the output
of the MIMO circuit 440 and a second mput of the comparator 454, and the capacitor
456 may be coupled between the second input of the comparator 434 and a reference
node {e.g.. a ground node). The comparator 454 may provide output bits based on the

first nput and the second input.

[066] in operation, the envelope detector circuits 4 1({0-1) receive the backscatiered
RF signal from the antennag 404 and 406, respeciively. The antenna 404 may be
located a different distance from a transmitting device than the antemna 406, The

eivelope detector circuits 410(0~1) provide a smootling and filtering operation to
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remove the carrier signal and generate a respective signal envelope to the MIMO circalt

440,

{067} The MIMO circutt 240 may receive the signel envelopes from the envelope
detector circmts 41040-1). Because the 404 and the 406 gre different dhisiances from the
transmitting backscatter transceiver, the backscatiered ambilent RF signal received at
the antenna 404 may be shifted m phase relative to the backscattered ambient RF signal
received at the antenna 406, The MIMO ciroult 440 may exploit this phase difference

denmodulate the miwmation enceded m the backscatiered smbient RY signal by

computing a vatio between the signal envelopes.

968} The fivst logarithoie amphilier feg., the resisior 442, the amphifier 444, mnd the
resistor 4463 of the MIMO cironit 440 may transtorm the fust sigaal envelope from the

givelope detector cireuil 1(0) o the logarithnic domain. The second logarithoue
smphifter {e.g., the resastor 443, the amphifier 445, and the rexistor 447) of the MINMO
cireit 440 may ransform the second signal envelope From the envelope detector clroun

41 1Y it the Jogarithmic doman,

j069] The analog subiractor cwrcuyt {e.g., reswstors 462 and 463, amplifier 464, and
resistor 463) may subirsct the output of the amplifier 444 from the output of the
amplifier 443 o generate a difference signal In some embodiments, the difference
signal may be provided directly to the threshold circnit 430, In other embodiments, the
difference signal may be provided to the exponential amplifier (eg., the diode 472,
amplifier 474, and resistor 476} configured to fransform the difference signal from the

logarithmic domain to the linear domain

{870} The threshold circuit 4530 may recetve the output of the MIMO cirout 440 {e.g..
gither the difference signal or the ouiput of the exponential amphiier depending on
implementation). The role of the threshold circutt 430 may be o determine whether the
cutpig of the MIMO ervcuit 438 3 one of two difterent voltage levels. Thus, the 452
and 436 of the threshold civenit 430 may determine threshold signal that is a mean of
the two voltage levels by computing a rolling average of the ountput of the MIMO
circait 440, The threshold signal recetved at the second mput of the 454 may be
compared at the comparator 4534 with the output of the MIMO cirewit 4440 received at

the first input of the comparpior 454, When the output of the MIMO circust 440 i
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greatgr than the threshold signal, the comparator 434 may output & 1. Otherwize, the
comparator 454 may output a zero. The munimuom gap threshold of the comparator 454
may be used to determine the maximnus distance at which two ambient RF backscatter
transcervers can relably commumicate with each other. In some embodiments, the

mintmem gap threshold 5 2.4 mV.

{071} Figare § depicts a spread spectrany ambiend RF backscatter receiver 300 capable
of dt“nfsi}dﬁi‘i;}i{mg #t backscattered ambient RE signall The ambient RF backscater
receiver 300 may nclude an antenna 404 coupled 1o an envelope detectar 410{0). The

aynbient RE backscatter receiver 388 may forther nchude a code ciroust 334 coupled 1o
the euvelope detector 4 DY, The code cirowit 830 may geoerate and swm fn-phase and
guadrature-phase components based on the signal envelope received from the snvelope
dedector 41(0Y. The ambient RF backscatier recgtver 300 may further include the
threshold chreait 430 configared to provide demudidated output its based on the ratio
received from the MIMO cirouy 440 at an ouiput. The vode cmouit 330 nwy be
mplemenied in the ambient R¥F backscstter transcetvers{ -2} of Fizwe 1, the receiver
226 of Figurs 2, the 320 of Figure 3, or combingtions thereof The asmbient RF
backseatter recetver SO0 of Figwre 5 may include elements that have been previously
described with respect 1o the ambient RF backscatter receiver 400 of Figure 4. Those
glements have been identified in Figure 5 using the same reference numbers used m
Figire 4 and operation of the common elemenis is as previously described.
Consequently, a detatled description of the operation of these particular elements will

not be repeated in the interest of brevity.

{072} The code circuit 330 may inchude circutiry configured to demodulate the signal
envelope recetved from the envelope datector oirouilt 410(0} using spread spectrum
demodulation techniques. Tn order to implement the spread spectnum demodulation
using low power circuitry, the spread spectrum coding may nunuc g sine wave such
that a "17 bit value chip is represented using alternating onpes and zerpss {e.g. a
“1010...N...107 chap). Further, & 07 bit value chip may be represented using all zeroes
{e.g., a "O000..N__007 chip). Note that N represents an infeger mumber of bits

following the same pattern. Gensrally, the larger N, the larger the signal-to-noisse ratio,

=

T

angd thus the greaisr the distance {wo devices can conunumpioate. Taking advandags of
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transmission of sliernating ooes and verogs for 8 717 it value mimicking g sine wave I8

that ] correlation may be used 1o demodolate the sipnal envelope

X

731 Thus, the code cuouit 830 pay imchde an K computation clreuit 832
configurad to generate the |1} and {Q} componenis. Generation of each of the {f] and
[@] components may require three stages: muduply, accwnelate, and absohlute value.
For example, the code circuit 534 may recarve the siunal envelope and an mverted
signal envelope via the wvener S1H. The 10 computation ciowt 332 may nchide a

"7

witch ST associated with the [ component and a switch 371 associated with the Q]

]

1.

component. The switches 570 and 371 are esach configured o topele between the sigual
wy fnggle evary

bl

STobasedona @

degree veference and the i{}ggie of the switch 371 offset frow the toggle of the switeh

370 by 9 degress. The wggling of the swiches 370 and 571 may be controlled by a

nucracontroler or an oscillator. The toggle of the swtiches 370 and 571 may perform

the multiply operatton for each of the [/} and [@] componenis, respectively.

{074} The switch 370 may be coupled to a fivsl integrator {e.g., resistor 372, amplhifier
74, and capacitor 376} The first integrator may perfonm the accumulation operation

for the M| c(_mipmwa'{. E.im'f,iy:, the {irst imtegrator may be coupled to a first absoluie
value cirouil {e.g., vesistor 580, rexisior 382, moplifier 384, resistor 386, diode SHE, and
smplifter 390 that & configured o provide the magnitude of the ouiput of the fiest

wniegrator af an outpu s the [ compoment.

{#75] The switch 5371 may be coupled fo a second huegrator {e.g., resistor 873,

araplifier 375, and copacitor 377), The second intsgrator may perforns the sccumulation
operation for the [@] component. Lastly, the second misgraior may be coupled o a
sepond absolute value cwomt {e.g., resistor 381, resisiow 383, amphifter 385, resistor

SHT, diode 389, and amphiisr 392} that s confipred o provide the magpitede of the

output of the second infegrator al an oulput as the {Q component.

1076] The code circuit 830 may further include a sammation airewt 534 configurad to
sum the i and Q] components provided fom the 1) computation civenit 532, The
sununation circeit 334 may inchude o resisioes 392, 593, and 396 and ampliftey 394,
The sum of the [/ and {@] components may be provided 1o the threshold civenit 450,
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which may provide outprg bits based on whether the s of the 1 and [Q components

excesds g threshold value.

T in operation, the ambient RF backscatier recetvey SO0 may ase K corrglation 1o
demodulate the backscattered ambient RF signal. Thus, the code circutt 330 may
recetve, from the envelope detector 4 HXD). the signal envelope and the mverted signal
envelope (via the mverter 516). The code circuit 530 may compute the ] and |Q]
cornponerts using the signal envelope and the verted signal envelope my performmng

g dot product operstion {eg., a muliiply and scowmulate operation). The signal

envelope may imclude chips that represent data bits. Each chip may have one of two
different patierns (e, 1010 N 10 for a “17 or 9800...N,..00} for a "07) As
previoushy described, of an alternating chip sequence over a duration of N chips mayv

result i the following:
{078] i+ 1@l =N

1079} Fasther, parforming the same operation o a chip sequence of all zeroes may
resuli i a sum of the {f| and {Q} coanponenis bamg less than N. The H] component

may be computed by nudftplying the signal envelope and acoumulating the nm,’iii‘piied

signal envelopes vig the switeh 570 and the first integrator {e.g., resigtor 372, aroplifier

P

374, wnd capaetior 3763, respectively, The accumulated value of the ] component may

be stored at the capacitor 376 The sconnalated magnitade may be extracted vig the

o &

first ahsolte value clrouit {e.g., resistor SRU, resistor 382, amplifier 884, resistor 586,
drode 588, and amphifier 300} The ] component may be provided at an output of the

3 -~ ]

amplifier 520, The switch 570 may be modolated at & mte equal o the chup length.

Retween calculation of esch /] component value, the switch 378 may be toggled (e.u.,

via a control signal from 2 microcontrolier) o reset the voltage scross the capacitor
T4,
{088] Simufarly, the @] component may be comypuied by mudbiplving the signal

e &
3

envelope and sccumulating the multiphied signal envelopes via the switch 371 and the

second miegrator {e.g., resistor 373, amplifier 375, and capacutor 877), respectively

The accumulated value of the {Q] component may be stored at the capacitor 377, The

{“}

ted vig the finst sbealate value clrouit (g,

f'/

secumnulsted magniinde may be sninm

reststor SR, resistor 383, amplifier S33, reaistor 337, diode 389, and amphiier 91}
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ol

The [Q] component may be provided af an oagnt of the anplifier 331 The switch 571
may be modalated at & rate equal to the chip leagth. Betwesn caleulation of each @]
component value, the switch 579 nay be toggled {eg, vig 8 control sigual from a

microcontrolier fo veset the voltuge across the pacimrﬁ?‘?

[081} The wgeling of the wwiches 370 and 571 may be offset by 90 degrees tw
generate the ] and {Q components, The ] and {@ components provided at an owpt
and Q]

components 18 a fivst value when the chip s alternating ones and zevoes {e.g., a chip

may be sumwmed at the sununation circuit 334, Because the sum of {f

length if the timing s perfectly aligned with the chips) and as second value that is less
than the first value when the chip 15 all zeroes, the threshold civcuit 450 nwy distinguish

between the two values and outpat a one or a zevo based on the detected value.

1082} fii

)/

e evpbodiments, multiple receiving systeras 300 or a single awbisut RY
haoksositer receiver 300 with multiple code cironits 536 sy be capable of decading
orirogonat spread specoinen coded ambisst BE backscatior transmissions in paraliel

For example, fwr o ohip e €, wansmussin

ovided that are orthogoral af
INC, wherenny N is a posttive intoger that are onthogonal to the chip rate €, and thus
would ot erfore with conupusication using the Clup rete € 0 The
ransnussions with wates O, 2C, 40, &, =ig,. may all be sent shmuliansousty withows
mterfering with sach other. By sstting # partcalar valwe for € {say 100Hz) and

ssstgndng different codes o difforent pansmilivv-receiver palrs, @ respective code

crrcut 336 having the swiiches 378 amd 371 modulatad sccording fo the respentive siup

vate can bo used W enable concorrent nterferance-ires ansminsions,

{083} Other modulation and carrier senae schemes may be wsed o encode the data for
antbient backscatfer ransmission via the ambient R¥ backscatter transceivers. The data
of a transmitted data packet may be penerated from or based sensor data, nput data, or

data recetved from another ambieni RF backscatier transceiver,

{084 From the foregoing # will be appreciated that alibough specific envbodiments of
the technology have been described herein for purposes of Hlustration, vavious
modifications may be made without deviating from the spirit and scope of the
technology. Alse, in some embodiments the nucrocontroller can be omitied, or the

battery can be Jarger. Further, certain aspects of the new technology descnibed i the
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context of particolar embodiments may be combined or climingied in other
embodiments. Morepver, winle advantages associated with certun embodiments of the
technology have been described in the context of those embodiments, other
embodiments may also exhibit such advantages, and not all embodiments need
necessartly exhibil such advantages to fall wihin the scope of the iechnology.
Accordingly, the disclosure and associated technology can encompass  other
embodiments not expressly shown or described herem. Thus, the disclosurs is not

Iimited except as by the apperded claims.
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CLAIMS

What is claimad 15

i A system comprising,

an ambient RF backscatier ranscetver comprising:

an alenna configured io receive a backscatiered ambient radio frequancy (RF)
signal; and

g receiver coupled to the antenna, whersin the receiver s configured o
demadulate the backscatiered ambient RY signal usiag one of nwltiple
tnput, multiple output multiplexing demodulation or spread spectrum
code demodulation to retrieve the frst data;

wherein the backscattered ambient RF sigoal is generaied by backscatiering an
ambient RE signal at a first frequency, the ambient RF signal configured

i provide other data at a second frequency.

]

The system of claim 1, forther comprising a second antenna configured
to recerve the backsecattered ambient RF signal, wherein the backscattered ambient RF
signal received at the second antenna has a dillerent phase offset than the backscatierad
ambrient RF signal received at the first antenna,

3. The system of claim 2, wherein, while demodulating the backscattersd
ambient BRF signal using multiple input, multiple output multiplexing demodulation, the
receiver nay demodulate the ambient backscattered RF signal based on a ratio of the
magnitude of the ambient backscattered RF signal received via the fivst antenna to the

magnitude of the ambient backscattered RF signal received via the secound antenna,

4. The system of claim 2, wheremn the receiver comprises:

a first envelope detecior cuowl configured o Olter owt transitions of the
backscattered ambient RF signad recetved at the fivst antenna to provide
a first signal envelope;

a second envelope detector circuil configured to filter ont transitions of the
backscattered ambient RF signal recetved at the second mitenna to

provide a second signal envelope;

)
2]
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a multiple mput, moltiple outpal (MIMO) maltiplexing demodulation cirenit
configured to determine a ratio of the fivst signal envelope to the second
signal envelope;

3 threshold circuit configured to provide an output based on a comparison of a
threshold value to the ratio of the fust signal envelops o the second

signal envelope.

5. The system of claim 4, wherem the MIMO puiltiplesang demodulation
Circuil comprises:
a first logarithmic amplifier configured to transform the first signal envelope
from a Imear domain to a logarithmic domain; and
a second loganthmue amplifier configured o mansform the second signal

envedope from the linear domain o the logarithmic domain.

£, The svstem of claim 3, wherein the MIMO multiplexing demodulation
circuit further comprises an analog subtractor curcuit configiwed to subiract the first
signal envelope n the logarithmue domain Fom the second signal envelope in the

fogarnthmie domain to provide a difference signal.

7. The svstem of claim 3, wherein the threshold circuit i configured 1o

provide an output based on a comparison of the threshold value to the difference signai,

8, The system of clasm 6, wherein the MIMO nultiplexing demodulation
cireuit further comprises an exponential amplifier configured 1o transtorm the
difference signal from the logavithmic domain to the hnear doman, wherein the
threshold circuyt 15 configured to provide an output based on a comparnison of the

threshokd value to the difference signal in the hinear domamn.

4, The svstem of claim 1, wheram, while demodulating the backscaitared
ambient RYE signal using spread spectrum code demodulation, the receiver may
demodulate the ambient backscatiered RF signal based on an w-~phase and quadrature-

phase correlation.

28



WO 2015/123306 PCT/US2015/015430

1 The svstem of clam 2, wherein, while the receiver conflgred to
demodalate the ambient backseattered RF signal based on an ime-phase and quadrature-

phase correlation comprises addition of in-phase and quadrature phase components.

bl The system of clanm 1, wherein the recetver comprises:

an envelope detecior circuit configured to filier owt transitions of the
backscatiered ambient RF signal received at the antenna to provide a
signal envelope;

a spread spectrum code demodulation circuit configured to determine an in-
phase and guadrature-phase correfation of the signal envelope;

a threshold cireust configored to provide an output based on a comparison of a
threshold value to the in-phase and quadrature-phase correlation of the

signai envelope.

12, The system of claim 11, wherein the backscatiered ambient RF signal is
modualated at a chip rate and a chip length, wherein a chip of the backscattered ambiant
RF signal having a first valoe is alternative oves and zeroes, and a chip of the
backscattered ambient RF signal having a second value 15 all zeroes, wherein the spread
spectrum code demodulation circuit comprises;

a first switch configured to be modulated between the signal eovelope and an

mverted signal envelope at 4 period equal to a chip length multiplied by
a chip rate;

a first accumulator circwit configured o accumulaste the signal from a first
switch 1o generate an in-phase component;

a first absolute value circoit conflgured to extract the magnitude of the in-phase
COMpOnEnt;

a second switch configred to be modulated with a ninety degree offset from the
first swiich between the signal envelope and the wverted signal
envelope gt a period equal to a chip length multiphed by a chip rate;

g second accumulaior oircuit configured o accunmudate a signal from the second
swiich to generate an guadrature-phase component; and

a second absolute value cireult configured to extract the mmgnitude of the

quadrature-phase component.
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{3, Thesystem of claim 12, wherein the spectrum code demwdulation civeadt
further comprises a sununation craut confipured to add the magnitude of the n-phase
component and the magnitude of the quadrature-phase component 1o produce a sum

signal.

I4.  The svstem of claim 13, wherein the thrashold cwoait 15 configured ©

provide an output based on a comparison of the threshold value to the sum signal.

E5. Ap ambient RF backseatier transceiver comprising:

a first antenma configured to receive a backscattered ambient radio frequency
(RF} signal and to provide a first backscattered signal, the backscattered smbient RF
signal encoded with fivst data via backscatter modulation of an ambient RF signal at a
first frequency, the ambient RF signal modulated to provide second data at a second
frequency;

a second antenna configwed to receive the backscatiered ambient radio
frequency (RF} signal and 1o provide a second backscatiered signal having a phase
offset relative to the first backscattered signal,

a receiver coupled to the first anienna and the second antenna, wherein the
receiver ts configured to demodulate the backscatiered ambient RF signal using
multiple mput, nwdtiple oatput multiplexing demodudation based on 8 ratio of a
magnitude of the first backscatiered signal to & magmitude of the second backscattered
signal to provide output bits; and

a microcontrolier coupled to the recerver and configwred to decode the output

bits to retrieve data that 1s ransmitted via the backscattered ambient RF signal.

16 The ambient RF backscatier travsceiver ofclamm 1Y, whereinn the
receiver  comprizes 8 multiple  input, switpde  ocatput (MIMO)  multiplexing
demeodulation circult configured to determine a ratio of the magnitude of the first

backscattered signal {0 the magnitude of the second backscatiered signal.

17, The ambient RF backscatter transcarver of claim 16, wherein the MIMO
multiplexing demodulation civewit comprises:

a first logarithnuic amplifier conligured fo transform the first backscattered

signai froun a linear domam to a logarithnue domamn; and
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a second logarithmic amplifier confizured to transform the backscattered signal

from the hnear doman to the logarithmic domain.

18 The ambient RF backscatter transceiver of claim 16, wherein the first
logarithmic amplifier comprises:

an amplifier configured to provide the first backscattered signal in the
logarithnuic domain at an output based on the first backscattered signal i the linear
domarn recerved at a first input, wherein a second npwt of the amphtier is coupled o a
reference node:

a resistor condigured to provide the first backscatiered signal to the first input of
the amphfier; and

a dwde coupled between the first nput of the amphilier and the output of the

amplifier.

19, Thi ambisnt BY backscatier transceiver of claim 17, wherein the MIMG
multiplexing demodidation circut further comprizes an analog subtractor ciraut
configured 1o subtract the first backscattered signal in the logartthmic domain from the

second backscattered signal in the logarithmic domain to provide g dilference signal.

20, The unbient RF backscater transeeiver of claim 17, wherein the gnalog
subiiractor circult comprises:

an amplifier configwre (o provide the difference signal in the lovarthmic
domain at an outpot based on the first backscattered signal w the foganthmic doman
received at a first input and the second backscattered stgnal i the loparithmic doman
received at a second inpat;

a first resistor configered to provide the fivst backscattered signal i the
togarithnue domain to the fivst inpagt of the amplifier;

a second resistor confipured o provide the second backscatiered signal in the
logarithmic domain to the second input of the amplifier:

a third resistor coupled between the second mpat and a reference node; and

a fourth resistor coupled hetween the first input of the amplifier and the output

of the amplifier.
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N The anhient RF backscatier transceiver of claim 19, wherein the MIMO
awltiplexing  demodalation  cramt fiwther  comprises  an exponental  amplhifier
contfigured to transform the difference signal from the logarithmic domain to the linear

domain.

22, The ambient RF backscatter transceiver of claum 21, wherein the
exponential ampliffer comprises:

an amplifier configure to provide the difference signalin the linear domain al an
outpui based on the difference signal from the logarithmic domain received at a fivst
input, wherein a second input of the amplifier is coupled to a reference node;

a diode configured to provide the difference signal to the first mput of the
groplifier; and

3 resistor coupled between the first mput of the amplifier and the output of the

amplifier.

23, Apambient RF backscatier transceiver comprisiig:

an antenna configured to receive a backscattered ambient radio frequency {(RF)
signal, the backscattered ambient RF signal encoded with using spread spectrum coding
of dats bits via chips via backscatter modulation of an ambient RF signal at 3 first
frequency, the ambient RF signal wodulated to provide second data at a second
frequency;

a recenver coupled fo the antenna, wherein the receiver is configwred to
demodulate the backscattered ambient RF signal using spread spectums code
demodulation based on an m-phase and quadrature~-phase correlation to provide cutput
bits; and

a nucrocontrolier coupled o the recetver and configured to decode the output

bits to retrieve data that is transmitied vig the backscattered antbient RF signal,

24 The ambient RF backscatter transcetver ofclaim 23, wherein the
receiver comprises a spread spectrum code demodulabon circuit configured to
demodalate the backscattered ambient RF signal based on a sum of @ magnitudes of an
in-phase component of the backscatiered ambient RF signal and a quadrature-phase

component of the backscattered ambient RF sigaal

sk
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25 The ambient RF backscatter transceiver of clatm 23, wherein a chip of
the hackseattered mmbient RF signal having a first value is alternative ones and zeroes,
and a chip of the backscatiered ambient RF signal having a second value is all reroes,
wherein the spread spectrum code demodulation circuit comprises:

a first switch configured to be modulated between the backscatiered ambient RF

signal and an mverted backscattered ambient RF signal at a period equal
1o the chip length multiplied by the chip rate;

a first accuwmulator circud configured 1o accunmudate a signal from the first
switch to generate an in-phase component;

a first absolute value cirount configured to extract the magnitude of the in-phase
component;

a second switch configured {o be modulated with a ninety degre offxet from the
first switch between the backscattered ambiemt RF signal and the
inverted backscatiered ambient RF signal at a period equal 10 a chip
fength maltaplied by a chip rate;

a second accumulator circut configured to accumulate a signal from the second
switch to generate an quadrature-phase compounent; and

a second absolute value circut configured o exiract the magnitude of the

guadrature-phase componet,

26, The ambient RF backscatier transceiver of claim 235, wherein the first
accumulator comprises:

an amplifier configured o provide the in-phase component at an output based
on the signal received from the first swiich af a first input w the Unear domain recaived
at & [ivst input, whergin a second nput of the amphifier 1s coupled {0 a reference node;

avesistor configurad to provide the signal o the fivst input of the amplifier; and

a capacitor coupled between the fivst input of the amphiier and the output of the

amphifier, capactor configured to accomulate a charge based on the signal.

27. The amiuent RV backseatter transceiver of olann 33, wherein the first
absolute value cirowit comprises:

a first amphifier conligured to provide gn output signgl based on the in-phase
conponent received at a first input, wherein a second input of the first amplifier is

coupled to a refevence node;

[~
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8. The ambient RF backscatter transceiver of claim 24, wherein the spread
spectrum code demodulation cirenit farther comprises & smmmation cirouit configured
to add the magnitude of the in-phase component and the magmiude of the quadrature~

phase component (o produce a sum signal.

29, The ambieni RF backscatter transceiver of clam 28, wherein the
SERIMANeN CIreuH cComprises:

an amplifier configure to provide the sam signal at an output based on the
magnitude of the m-phase component and the magnitude of the guadrature-phase
component received at a first input, wherein a second input of the amphifier is coupled
to a reference node;

a fivst resistor configured to provide the magattude of the t-phase signal 1o the
first inpui of the amplifier; and

a second resisior configured to provide the magniiude of the guadrature-phase

stenal 1o the Srst fuput of the amplifier.

3. A method, comprising:

recetving a backscattered ambient radio frequency (RF) signal at an andenng, the
backscattered ambient RF signs! encoded with first data via backscatier modulation of
an ambient RF signal at a first frequency, the ambient RF sivnal modulated to provide
second data a1 a second frequency; and

demodulating the backscattered ambient RF signal using one of multiple mput,
multiple cwiput multiplexing demodulation or spread spectrum code. dempdulation o

retriove the Hirst data.

31, The method of claum 34, further comprising receiving the backscatiered
ambient RF signal a1 a second antenma, wherein the backscattered aybient RF sigmal
received at the second antenna has a different phase offset than the backscatiered

ambient RF signal recetved at the first antenna.

32 The method of claim 31, wherem, while demodulating the backscatterad
amblent RF signal wsing multple nput, multiple ootput multiplexing demodulation,

demodulating the ambient backscattered RF signal based on a ratio of the magnitude of
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the antvient backscatiered RF signal received via the first antenna (o the magnitude of

the ambient backscattered RF signal received via the second antenna.

33, The method of claim 32, wherein doemedalating the ambient
backscattered RF signal based on a ratio of the magnitude of the ambient backscattered
RF signal recetved via the first antenna to the magnitude of the ambient backscattered
RF signal received via the second antenpa comprises:

transforming the ambient backscattered RF signal recetved via the first antenna

from a hinear domam 1o a logarithnue doman;

transforming the ambient backscatiered RF signal received vig the second

antenna from the linear domain to the logarithmic domain; and
subtracting the ambient backscatiered RF stgnal vecetved via the first antenna

the logarithmic domain from the ambient backscattered RF signal

received via the second antenna i the logasithinie domam to provide a

difference signal.

3% The method of claim 33, wherein further comprising transfornung the

difference signal from the logarithmic domain to the lnear domain.

33, The method of clatm 30, wherein, while demodulating the backscattered
aminent RE signal using spread spectrum code demodulation, demodulating the
ambient backscattered RF signal based on an m-phase and quadratwre-phass

correlation.

6. The method of claym 35, wherein the backscattered ambient RF signal is
modulated at a chip rate and g chip length, wherein g chip of the backscattered ambient
RF signal having a first value is alternative ones and rerces, and a chip of the
hackscatiered ambient RF signal having a second value is all #eroes, the method further
COMPTISInG:

nwltiplying the backscattered ambient RF signal at a zero degree reference:

accumulating the mulliphied signal af the zero degree reference 1o generate an

m~phase component;

extracting the magnitude of the mn-phase component;

multiplying the backscatiered amivent RF signal at 3 ninety degree reference;

33
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accumalating the multiphied signal at the ninety degree reference to penerate a
gquadratare-phase component; and

extracting the magnitude of the quadrature ~phase component.

37, The method of clamm 36, further comprising adding the nagnitude of the
in-phase component and the magnitude of the quadrature-phase component to produce

a sum signal.
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