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AN APPARATUS AND METHOD FOR DETERM NI NG PHYSI CAL
PARAMETERS | N AN OBJECT USI NG ACOUSTO ELECTRI C
wo bbER22202 ON Techni cal field The present i nvenPCDRE2005/001694

relates to an apparatus for determ ning physica
paranmeters, such as tenperature or density, inside an
object by determning the dielectric function of the
obj ect according to the preanble of claim 1l and cl aim

AN AFPARAEUS AN INETHCD STOR QIERERMINING rRH ¥ Aly PARAMETERS IN

determ ning. t ' [ j Ihside an obj ect
an Gragrh dits AR e i aePRng O
apparatus for determning the local distribution of
TecHEeIMEl afisBdin a food product according to claim 18.
Background to the invention In order to obtain
i nformati on regardi ng tenperature, densjt nd ot her .
The ipERIDE Paraketdt of2 n%i*i%ﬁ‘% ?ﬁﬁ’%%‘i‘%u%/vif u@eterml“lng
phy£§§ Iqgéfgwegéwgp'gﬁbﬁ"ag'@éﬁ%@féﬁhf@egﬂbd@@éity, inside an
radi ation (s) of various types are available to .
objarovbyedépd oniminonthhatialsow is) feectbeont rdee ehesct
desj red_paranmeters., Choosi speci fi e of
2coF R | Bh CEhar e ot ot BaciitHRay S The
inveMEDEROsBEE tHBIFePropes nephodafbondeoarnhei chotice of
~ nmethod of analysis. These are_classifie?,b f wo bl
dielpesiienfaredson 1psHiparendy)I oFtt Aecoh Je%% tQ the preamble
| atieon S hoNeb P Lbe-phigchgr ey 186a1
ot %ﬁ?kﬂr%%be%?gtﬁﬁtﬂﬁiag%%?gng?ﬂ %f t he cho%en _
distatihation. oCasenpefTherebiect feodranepackeniceprdeag| o

absggbing to the radiation used for neasurenent, and
clatfe'fesolution to be

Background to the invention

In order to obtain information regarding temperature, density
and other interior parameters of arbitrary objects without
destroying, invading or dissecting the object, radiation(s) of
various types are available to provide information that

éllow(s) to reconstruct the desired parameters.

Choosing a specific type of radiation, there are four distinct
cases that incorporate their proper implications on the choice
of method of analysis. These are classified by two question

areas:
- transparency of the object to the radiation chosen

- resolution in the object required with respect to the

wavelength of the chosen radiation.

Case 1A
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achieved is equal or smaller than a radiation

wavel ength) The only source of information is obtained
whyoopiosd2dng the near field using e.g. Atom c FRCT/EE2005/001694

M croscopy (AFM reading out2 the force on a

sub-wavel engt h-si ze stencil being positioned with high

preci sion on the surface of a material reading out the

structure on the surface of the object under test,

(The?@ﬁj@ctTmmaird\ﬂspaa&ﬁﬂmm( REM k wh ezles d ristre k- ofthiche
force one neasures the tunnelin urrent froma
radigip-QRa el ShgtH é‘?ezaegdlrﬁ[@dgc'beairh it oNed o 18
achidiesurd acg of dhespbirGt wndera tesdi genet atdwnglength)
information on the electronic state of the surface of
the object, or optical Near Field M croscop vgw,ere
The airdct romsgrretd IR @3 6P hass eP thRRYPY grobing the near

. croscopically small holes requiring the hole to be
flel:ﬁjc%s"lsn_ I%e%?l than a wavel engt hqof thg radi ati on used
generating surface images of the optical properties at
- sulntwanviet engtde nesotagdary ofREMi n probes. | npedance
t onography Where a set of electrodes is attached to

t he object under, test_ and e 1.,npe I :
therﬁﬁ'cafﬁé% ‘?Lgt ?r%kéesufoer. ﬁ%g]anéeﬁog ai JI{?eoﬁié ca cu(?aét%%%ml
tson?ejg{g{nq&séifﬁorpéd tyiec i Magh osredidhen oby eclte useface of a
es ut resolutjonis general| oor. Thi th h

boatR LR b FHAGIRE €Akt | T 1R EntT S O%p%?%?&‘h]gga‘?g%f the

w?ﬁé@@ the- 4 npedance of the cardiac region prior
an '

ter medication to eval uate

- Raster Tunnel Microscopy (RTM)

where instead of the force one measures the tunneling
current from a sub-wavelength sized probe being
positioned close to the surface of the object under test
generating information on the electronic state of the

surface of the object, or
- optical Near Field Microscopy

where electromagnetic radiation passes through
microscopically small holes requiring the hole to Dbe much
smaller than a wavelength of the radiation used
generating surface images of the optical properties at

sub wavelength resolution on thin probes.
- Impedance tomography

Where a set of electrodes is attached to the object under
test and the impedance between all the probes is
measured. This method allows calculating some properties

of the interior of the object under test but resolution
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the influence of, e.g. anti-clogging drugs. A s a

general feature, the high resolution of the nethods
woredbiosazezl above are not due to the intrinsic PCT/SE2005/001694

wavel engt h of the chosen radBati on but due to anot her

constraint (nostly nmechani cal as di aphragns, stencils)

t hat provi des subwavel ength resol ution. A genera

shortcom ng is given by the thickness requirenent of

theiebgeueraﬁagrpbest Thtthkemabbwd hBBhbésngeaedaWéth success

ei t her on fa e |nfornBt|on or interi

|nf6rng%|g§r8P AvefyPrParted deB?ﬁS%FﬁﬂgthFo§Wﬁ§dance of

reS@hétb@BdlgaS@ebBoﬁTBQ1@BJQﬁﬂ hStbrapspaLeRt ol to evaluate
weak| y absorbing to the radiation used for

neasOfefBht UCBAE PRe PeSol a0féncisdsiicl Harger than a
radi ati on wavel ength.) This case is covered by al

as di peEErhTBGLRY,RRM eaglﬁabht&eeaﬂh%ibﬁnO%EEﬁgdaetHahgg

electronagnetlc radiation-in this regi e, ere are -
ment | pARdXabayeAageanntadgeotoahbbyshsrinayct waveignghtd of the

one-t0-0n ppi.ng ods_are ap rop i ate, since
b B e e S i g T
mechehhoal kesaiephragakyt kesnthak)eashtppxelikiakosapti on

taken at a given position is onIy affected by the
wavgheBEthsro8PUHEIPBecafedePATREt RBBALERBIREdIEL BoFen by the

thiSRHEES eequabsm5ﬁ965¥65hé se& gﬁ&g opaERt _i PrEhLS oo

area i s the passive radar re t ermal’ em'ssi on
methﬂﬁereﬁner@talElbbdresn&m Bhefenelmoﬁnematabnund anterior

ins(BEEEYSE ?éq%F?§¥%ﬁ$1w9§ﬁ§ﬁ$?SSa erhRahealasiEs 2sotution.
t herefore not
Case 1B

(The object is transparent or weakly absorbing to the
radiation used for measurement, and the resolution is much

larger than a radiation wavelength.)

This case is covered by all direct imaging and optical
transmission methods. Using electromagnetic radiation in this

regime, there are
- LIDAR
- X-ray

As a means of analysis, ray tracing and one-to-one mapping
methods are appropriate since scattering does not play a role
- it can be assumed without loss of resolution that each pixel
information taken at a given position is only affected by the
object’s volume located in between the radiation source and

the receiver.
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traceabl e. Anong non-el ectronmagneti c nethods there are
comercially avail able U trasound tonography and
wol@bes20vagnet i ¢ Resonance (NVR) Case 2A ( ThePGOBEID5/001694

is noderately absorbing to the radi ation used for
measurenent, and the resolution is equal or smaller
than a radi ati on wavel ength) The fact that the object
is noderately absorbing to the radiation used for

A rewmasudeveiopmens dnt Hihdenesed ii| ttheo pass iproesahathere

be i ti.gated. For .thi f '
the KSR A0S T Gy VUGV P (Ha SURLE D T AL ot L orent

arodeRb e 2B dchhe rohjseele dssirmiiemat elnagdesoriing taglahenethod
radi ation used for nmeasurenment,, and the resqlution is ‘

doesmrch: aQydicet RaY & Haadimith it il en ) %anftk}ﬁrsefgod%ee,“o

traég%tlgadio frequency and m crowave frequency
applications are found (especially when the object
under test is lossy and it is enbedded in a non-| ossy

Amorenvidreratentt)r caredy e terowste adiogregsh 2 1S GRS Ebtael 1Y
Aﬁg&gathese nmet hods the nost popul ar one is(active)

avay detection and rangi ng (RADAR) where the signal
runti me between a source and a target and back to a

- recgimvefsdumdreasiwcheist herd by putting the receiver at
the sane place as the transmtter (nonostatic radar)

or b utting the receiver at ifferent | ocation
- N&gféar Mé%netic Resonance ENME)

Case 2A

(The object is moderately absorbing to the radiation used for
measurement, and the resolution is equal or smaller than a

radiation wavelength)

The fact that the object is moderately absorbing to the
radiation used for measurement puts a thickness limit to the

probes that can be investigated.

For this case no feasible method is available today regarding

the state of the art.
Case 2B

(The object is moderately absorbing to the radiation used for
measurement, and the resolution is much larger than a

radiation wavelength)

In this case, most radio frequency and microwave frequency
applications are found (especially when the object under test
is lossy and it is embedded in a non-lossy environment) and
microwave tomography is available. Among these methods the

most popular one is
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than the transmtter (bistatic radar) and the
frequency change due to the relative velocity of the
waeweos22end target are eval uated (Doppl er radaPQT/SE2005/001694

There is thus a need to develbop an apparatus for
determ ni ng physi cal paraneters, such as tenperature,
density, conposition, for an object that is nodestly
absorbing to the radiati on used for neasurenent, and

- wherfecthectestddéd detekutponahd maobihgr gBADARAN a
radiation mavelength Sunmary of the invention The

bur pRs e éh§a§§S§eghnk9%§”E'gle ec%rlc FX'den%” parget

appar a us ermnin anction o
an andi baakity EOEEElebKeﬁb méheuputpesehes Bghbavedng the
aratus, as defined in the characterizing

an a |
porF?SﬁEg?rc?Blﬁhf gAEe1 Qiaﬁﬁdaﬁ FBEhbA2RELSFEPAG (Penostatic

thergharacterbygi parPehti @Ac0bceb 8y 12¢ YSHRGferent location
ul trasound waves to créate a controllable variation in

prodien deastrgnsmhetappdbaststinenadses aihdr thavérequency
rad r t_the, den3|t va |at|o and t
re|%$£ﬁ$$ %geagspa g 2 % bu?lgﬁlo¥ Pﬁe aleFSBFF and

funﬁar@@t aheSeﬁayuaaeHunnobpluseﬁaaat det ermi ni ng the
object's tenperature, water content and density, as
defined in the c aracterlilng ortion of claim18.

An
ThezRvant BgBSuitt ReERe tr 858RLOPNFBNEPBALRE USH 4P L HECormining

phyégéghug)aeam@fcewe spahi ak @bﬁbékg%ken Rehshgylimted
t he wavel engthof the first type of radi ati on, e.g.

comnbétbvave fadi ari ehjebtt thatheés m@desﬁﬂMeabﬁyrbheg to the

rad%??%ggngégdoEoghﬁeé%ﬁ%ﬁﬂgh¥pe gkgtkgghdgﬁgred

rasound or “X-r van age w
resplestoh iavmuthomargethahaa goptdthtion wavelength.

Summary of the invention

The purpose of the present invention is to provide an
apparatus for determining the dielectric function of an

arbitrarily formed object.

The purpose is achieved by an apparatus, as defined in the
characterizing portion of claim 1 and 19, and a method
according to the characterizing portion of claim 12, using
ultrasound waves to create a controllable variation in product
density. The apparatus then uses microwave radiation to read
out the density variation and to relate it to a spatial
distribution of the dielectric function. This may in turn be
used for determining the object’s temperature, water content
and density, as defined in the characterizing portion of claim

18.

An advantage with the present invention is that the resolution

of the spatial distribution not is limited to the wavelength



10

15

20

free measurenent of physical properties, such as
tenperature, water content, etc, may be established
wap@opsn2g2 t he i nvention as virtual probes. O hP€T/SE2005/001694

obj ects and advantages w || 6be apparent for a skilled
person fromthe detailed description of the invention.
Brief description of the drawings Fig. 1 shows a
system according to the invention. Fig. 2 illustrates

of thke fomisttt ¢y peaditatriachi aition  a poddCTongee Fresiatiiog, but

rath%rg'&%:ﬁ‘%;a fg{? ngs AN w%%e‘i%ﬁq?t’ﬂ NG RRYSICAl ype of

errperatur I nsi de a product “under
radik@sion,Fied.g .4 ushews cairdd @ charly.il |l ustrating the

process for obtaining an ultrasound netri c Fi gs. ba

and 5b show fl ow charts |Ilustrat|n t.Wo %%a@ents

AnotéR T REFRGESSs HoP oot Tl Contact
free 'n%&arélﬁ_’l&ﬂe% Qfr %%/s@cedle?ﬂdpférfﬂi@‘stl HudH tdd neperature,

uct under test shows a_ princi pal funct| on
wateaf critiarst, me:,oﬁnanm@qore@gahlmhﬁéﬂnﬁgﬁ%ymggst e7gnpention

pri nC| al function of a second use of the
as Vr]'rrg:é]éaﬂt i on. Detail ed description of preferred
enbodi nment s Pri or to this invention there exist as

Othd0Xts) s raapbnstvaittdge thicl I terdmraqeipeial es gfilled
material s (vvher o&f I‘%II on ta.nd scatteri.n ane .
persareddifithdity GatLe et Bhot atﬁh ut't rasound
t onography. In both cases, resolution is determ ned by
ridfudauelongh of dhe disadidgdi ati on.

Fig. 1 shows a system according to the invention.

Fig. 2 illustrates the emitted radiation into a product under

test.

Fig. 3 shows a flow chart for determining a physical property,

such as temperature, inside a product under test.

Fig. 4 shows a flow chart illustrating the process for

obtaining an ultrasound metric.

Figs. 5a and 5b show flow charts illustrating two embodiments
of the process for determining the spatial distribution of the

dielectric function within a product under test.

Fig. 6 shows a principal function of a first use of the

present invention.

Figs. 7a-7d show a principal function of a second use of the

present invention.
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In this invention, ultrasound and m crowave nethods
are conbi ned. (Object reconstruction can be done by
W@06/05202 owave i nverse scattering nmethods andP@I/SER00F001694
ul trasound tonography nethod3 with their respective
limtations. Here ultrasound is not used as an object
reconstruction tool but as a tool to generate a
density variation in the object to be investigated.
Detgyhledsdedcaintiryp ofir paefenredecanbeodamentinge of phase
and frequency in the transmtted m crowave radiation
.t hat i use | e reconstruction. .Therefore the
Prléga%PaEngrggggthgﬁ g%efﬁigxﬁ% hdd ?goﬁgt Phi ned by
recbhetresoliuyi eheofintbeivkt paspsrtcivaver(saakkealthannare
, Eillineter for tggical medi cal ul trasound frequenci es)
diffrapkigRnefeysSFahtshtN?saber PEPABEINTRY APéYowave
radi ation (at a frequency where attenuation stil
- aII@M@réﬁg§@nggh§g§§$§§ration depths e.g. S, 1SMWb.8
or X band) . This nethod avoids the fundanent al
difficulty of mcrowave tonography approaches that a
- mil PR eruresbPuegBRORéquires nillimeter wavel engths.
Unfortunately mllineter radiation is absorbed by nost
In OOLRCESSOL, | PLELESL: ¥h I NaSO0EnYRYE! BOLRS HISLELALE, o
not allow ng any iInterior paraneters t e extracted.
the |msetherapbybichassification, this invention covers
areas 1B, 2A and 2B. Such a nethod is not known prior
.this_invention,The system described by this
bR TaREY 0N efar Ar i R R P Treme bads axe
comb Neki$t r g eatt hecdostrhdelush ryanibei SoRbtiep hupOrhabtowave
., to accurately control the tenperature_ of food
INVEE FHUBEIL L EBE e xERPPeds vieh PYHoRUP? odlie¥asaredt somegraphy

nerfasEigthn) s PRGSO NBlnlhE. SO URLOUEL L ouns 12
not prerilices engobiechi kernstruction tool but as a tool to
generate a density variation in the object to be investigated.
This said density variation creates a change of phase and
frequency in the transmitted microwave radiation that is used
for object reconstruction. Therefore the available resolution
of this method is determined by the resolution of the
ultrasonic wave (smaller than a millimeter for typical medical
ultrasound frequencies). The density readout is performed
using microwave radiation (at a frequency where attenuation
still allows reasonable penetration depths e.g. S, ISM5.8 or X
band). This method avoids the fundamental difficulty of
microwave tomography approaches that a millimeter resolution
requires millimeter wavelengths. Unfortunately millimeter
radiation is absorbed by most objects of interest within some
wavelengths therefore not allowing any interior parameters to
be extracted. In the above classification, this invention

covers areas 1B, 2A and 2B. Such a method is not known prior

to this invention.
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fillet, has been freezed, one nay have to discard
products or deliver products with short shelf life.
wab@eesnoe, there is a need for a non-destructBCI/aPH05/001694

non-contact control of the f8eezing of products. This

probl em may be sol ved by neans of neasuring the

dielectric function and converting it to a

di stribution of tenperature, as will be described in
ThetﬁESt©ml@ﬂﬁﬂglbeﬁmbyethlshengystennlssbpra@eneams to be

d
saohi Tl SeblL SobHDEc! SROUEL Y. POLEALEL, oL DET Lo orcen

ions arer con arden
impontlast ryy gtoerhaetdencogttalrphaneegpasttueti 68) food
medj cal ina in &functlonal brai n tonography, spina
pro@%ﬁ%@raﬁﬂ?) %E 8’ stRreRY L OPH aRKPHECHF pe&cahl be freezed,

it ygdfmﬁéﬁyagttgggg %ﬁaeeﬁaﬁrée§£8§u89UiQnE9&e%g§teﬁhéﬂglt

per sons under bbl e) m ne sweeping (especia
Canmwbsb¢cem$@é%d|hh@Vetgeo&ntar@a§30ductheefgLIamthgckhe

f 0 nt .is sumarized. The nodificatigns
e R S P SO e B hnat 1o MUY dbs 78 o adproP R oDRRTGES oF
delivefrpm@@@aesowDEh gp@ktcgm@pﬂ areas aheérspske, tRetbeis a
foll ow ng a conti nuous wave (CWN m crowave and pul se

ceqhalvRr 17 AN THe P BEBEhAC bR Y ST RNt R ST de’REFrpedof ofhe
freéﬁf@%Q£fS¢P@au§téy THP@ @P&Hqﬁ§frbgego §e&°ﬂ¥ means of
[im or

ed to this case. i on sc enes
neahoting etleetdombgnetic ﬁaN@Sl@mdwmdrasmmadtmage$tsucha

| d dul A d
a2 ATpLL1 e ToduLalion (A o (1 sqveney modiloton, .

follwibisey code nodul ation (PCM , phase nndulatlon (MW
and wavel et based nodul ati on techni ques (W) are
appl i cable and are optimal for certain other

HowdPPl | Cald OBPstem is by no means limited to this type of

industry. Potential other applications are:

- concrete hardening (construction industry)

- glue hardening (airplane construction)

~- medical imaging (functional brain tomography, spinal
tomography)

- ground survey, tracking pipes and underground tubes

- save and rescue equipment (detecting persons under rubble)

~ mine sweeping (especially plastic mines in overgrown areas)

In the following the preferred embodiment is summarized. The
modifications required to the geometry in order to adapt this

method in the above other application areas are small.

In the following a continuous wave (CW) microwave and pulse
wave train ultrasound based system is described for sake of
simplicity. The method described is not limited to this case.

Other modulation schemes for both, electromagnetic waves and
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Figure 1 describes a apparatus 40 according to the
i nvention. The systemis placed close to a conveyor
wore@ass2e2 which transports the products underPCESE20052001694
t hrough the sensor neasureneft gap 13. The system 40
consists of a mcrowave part 50, an ultrasound part 70
and an evaluation unit 60. The system conprises in
thi s enbodi nent two fixed-frequency m crowave
ultyepensd oraved aneh 52s aaEbdltisednieédebaehey (MM asbuaduency
0 , LSt m e e r 51 ha
e e L s R e R et el
pulﬁmdcéﬁeOmmﬁmbmki@natP¢Mastp@m9etmﬁﬂﬁhiﬁi6ﬂteﬂma éﬁd wavelet
and the second m crpowave generator 52 has a secon
basgq %@%d%%*ﬁo%v’%e?%ﬂq%%%y%w b &S PPBL1GRI5)aBARTS
opt Bh&f ef @bl ye £O4Dh EGk R Or Bax oM LONYEE L er 54, such as a
m xer. The down converter shifts the transnmtted
. mcrowave signal, which is collected by at |east one
Figyeeel \ieamtdrma Aramiethe ¢@caeveddMaronaviee signantion.

f : ' i
mh [ LPRALS SOLONLP CLOMEE UL DL L8, B i
trarssmoat s trlansmidded: $ hnodigh tdet prddtictowmidetrhé esénd@r

It furthernore

to be evaluated in anplitude and phase.
mea GHETTSeI 1111 IR ArT TSt 4 ST DAL E OOt G g Eovare part
50, CONVErt B s AXS 39ar@ BElad Sh 003 1 P4OCES SER St 560 anflh &n

eval uati on processor 60 that contains necessary

SYSTATy oIS Wonlthbt emeodimenin bl fxedal vadecndie
micﬁﬂseﬁg%l eréxjagé‘éalfs |, sibim 44 e 4 o, af%%escgl Ao JLL 05

SO conprises a set rans ucer% 72
ultfadynd rershoviro f 071 sdkies of i cd@rmigowavd Geithtaosr t DL has
t he tgans it, antenna 42 and recei ve antenna 43, al

& Hiru S VY reER iRy Gapgerd- thé I Shducds is
coutBd @ M trasounsh sigrahshayi g h Al 43 asothe second

frequency fDs(e.g. 4.5 MHz) through the product under
micreygvel MerpHat gauseshas a second fixed microwave frequency
f2 (e.g.5.8 GHz) and is preferably coupled to a down converter
54, such as a mixer. The down converter shifts the transmitted
microwave signal, which is collected by at least one receive
antenna 43, and the received microwave signal from the second
microwave generator 52 to a low intermediate frequency IF.
This allows the microwave signal transmitted through the
product under test 12 to be evaluated in amplitude and phase.
It furthermore comprises a filter unit 59, an analog to
digital converter ADC 55, a set of signal processors 56 and an
evaluation processor 60 that contains necessary algorithms to
control the system and to evaluate the data. The result is
submitted to a display unit 65. The system 40 also comprises a
set of transducers 72 (only one shown for sake of clarity), in
addition to the transmit antenna 42 and receive antenna 43,
all grouped around the measurement gap 13. The transducers

emit an ultrasound signal having an ultrasound frequency fus
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a density displacenent traveling at ultrasound speed.
At the sane tine a mcrowave signal fromthe first
WOR@e09R2vEe generator 51 is emtted fromthe trRCERAEI005/001694

antenna 42. This signal alsdOravels through the

product under test 12. The m crowave signal exhibits

danpi ng and phase delay by traveling through the

product |eaving the m crowave frequency unchanged. In
(e.qghosed vidtinheshodughetpe cploeduahdendeested? hher€hihecauses

d ' i spl t t
= o R e L e R FLIER N Ll BB PEETERb g 2GR e
samélppane andnl onewasé debamds firenctleat edrsTheitransvkt t ed

m crowave signal is collected using the m crowave .
9eneEREPYe” Ant 2Pl 4B d THECT cbtlat VeP RFHREI 2Fsedani2 - This

s1g®ANVETL L &0 Hsh 8Os tHgr oy @QQV§f&&acy%ﬁdéé-t%§€ 1®W the
frequency signal is then filtered using a filter unit

micugvaye ahehal-ekiyibats corveirtedndipgashedADS 56y Thaeveling
digit signal is, evaluated using a recgeive signa

enrfidh Bhe ShdRhan 51 SXANE A IRl Pl S e S dn el N pachanged.

In tihese neohhmmgs dbhitid Si@nadt tonder o & e qUBNENe HS File
standard state-of-the-art digital filters . The

UltIRReone BRVE NFLe3T 9% & | FRP ToFY edboptrCeeihe &opart of the

micREh et 8f gnihi b dis: hoty shi fedahdn &y e%ﬂ%ﬁo?mmefwer
the transmt 42 and recei ve 43 antenha as known
sidelprdpersoncieai¢d arTiv tthrahenbrted Imi¢chevaboveigeal is
efer.to the receive antenna 43, as m crowav

) port 2 ,

ool L R ARSI ANTEn 42 ST T CPOWAVS® porte 1received
sigrdll the &yt etbrdesciddeadk g tihs dowentdone +HeF eunsSt a54. The

second set of bandpass filter 58, another ADC 55 and a .
Lov SleeRieRRF i 90 & ghitl thRcesserr &Y iniparal felten wmbt 59
and fddSToSL @M t PR AR rted using the ADC 55. The digital
signal is evaluated using a receive signal processor 56. The
receive signal processor converts the incoming digital signal
to zero frequency using standard state-of-the-art digital

filters.

The outcome of this filtering corresponds to the S,; parameter,
which is not shifted in frequency, between the transmit 42 and
receive 43 antenna as well known to a person familiar with the
art. In the above we refer to the receive antenna 43 as

microwave port 2 and the transmit antenna 42 as the microwave

port 1.

In the system described by this invention there is a second
set of bandpass filter 58, another ADC 55 and a second digital
signal processor 57 in parallel to the first signal path 59,
55, 5e.

The bandpass filter 59 is tuned to the difference frequency

between the both microwave generators 51 and 52, which in the
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55, 56. The bandpass filter 59 is tuned to the
di fference frequency between the both m crowave
w@emeis20z s 51 and 52, which in thepresent enbpdi/AE2905/001694
is 5.818 GHz-5.8 GHz = 18 MElA. The second bandpass
filter 57 is tuned to the difference frequency between
the m crowave generators (e.g. 18 MHz) added the
center frequency (e.g. 4.5 MHz) of the ultrasound
presgnfhatnigedionenoris1d. BF}%r%Pﬂ@T% § NPz secbhdidr gi Tla¢ second
I SSor 0 LN 5.a
ban S ol o s Do r e ohes fesmey
betWEEthhﬁlﬁh@féﬁﬁhérgémﬁmm@ﬂﬁy by. ¢ hel®l Mmapoadid@ed the
frequenc The nmeasurement result is therefore |jmted
centiqy thee RYRSY sbet9 o' etliideh Thet i t 1 hserRfRNBMA IS 1971
genéﬁé)&’é)ﬁ’mﬁ STigOad Fodderh 5 b@é%@t@l?){téfesiéﬁéi pPocessor
5, 56 and second 58, 55, 57 digital recelvers are
patfc,hdgfemtammgh%@;f i%eartdtfr"b,so@mdeiequ@m@ymwlng signal
ener th tras und ne r.71. This
to A A lah e P A PR L S e p T gT y he
ultﬁdﬁbuﬂdrfm@mm&héyzumﬁEMMﬁa$ﬁMéméntEié$mmktigaEhéﬁ%fore
ge of obtaining an ultrasound netric_of the product
llmllt? arP TS SRR TR PP T IR tRF el prasemd v hthe
mickAtdRet$idhe ul trasound radiation emtted fromthe
transducers 72 and eval uate the danpi ng, T56, and
runtime as described in nore detail below In the

The dfovean@vidlerof o-hchefitat asduh r ebeiamd g&ce@wd 58, 55, 57
aigfl6f PRUEPALL B 20 She, transdugers A2 am Lhe. oo

m crowave por I nNg an run evaLf uat ed

frequemtynmgagenedaeaalb@ttne umttagéundbgbnbhasonayl This is

naturally be integrated in the eval uation unit 60
reqU IRt &2 IRt 70 (e BHRTTeSHdt Y offTHRe ahe

ult RIS transducer phases.

During the first stage of obtaining an ultrasound metric of
the product 12, an ultrasound receiver 73 has to be present
which collects the ultrasound radiation emitted from the

transducers 72 and evaluate the damping, Tss, and runtime as

described in more detail below. In the above we refer to the

ultrasound receiver 73 as microwave port 6 and the transducers

72 as the microwave port 5.The damping and runtime is
evaluated in a ultrasound evaluation unit 74,. but this may

naturally be integrated in the evaluation unit 60.

Figure 2 illustrates the emitted radiation into a product
under test. The transducers 72 emit, in this example, an
ultrasound pulse 91 through the product under test 12. This
causes a density displacement traveling at ultrasound speed.
At the same time a microwave signal 90 is emitted from the
transmit antennas 42, travels through the product 12 and

exhibit damping and phase delay with unchanged microwave
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under test. The transducers 72 emt, in this exanple,
an ul trasound pul se 91 through the product under test
W@ 2006050282 causes a density di spl acenent travel PEIYSEX005/001694
ul trasound speed. At the sanie tinme a m crowave signa
90 is emtted fromthe transmt antennas 42, travels
t hrough the product 12 and exhi bit danpi ng and phase
del ay wi th unchanged m crowavefrequency except in the
freguenc9sexghek elfhehal 8Fasobhd Wageechbseudéngppynd wave
LS n ' re t the nmi.cr
caudy SRLREEEY M pp TabPhSpl Lo e hes afha AL BEOVES
micaodawppeigaal iewshistdeébandsragecnceat ad. ddberibed above,
transm tted m crowave, signal 90 is coIIec&ed usin%.the
and | WRRe L 6230t LARGT 4319FHa 4P t FER oThE2hade §7¢j §ransmitted
mickOhAest 8dghh1aspecsi ¥81143c 84 i89nghenpr eeessvef antenna 43.
obtaining the ultrasound netric which is used during
The t wbt nex@uRd agevef det er ap hidgteheispat Faredivsrr V Buditphng
thegérégg%glgkeﬁﬁEéfn£H$C£ﬁ8nul€}9g58P§ ﬁgg%& .&h?mhcggr&sed
SCribing the neasurenfent prirnciple according to e
durilmyetité onexsi afage Syst @orasmibesagi bed Epatoahedisonibution
with figure 1 . Basically, the nmethod of this
of ?%%e%%?g%CFEl% hRroWaVeul trasound combi nati on
measur enent nethod of the dielectric and the
Fig@EOUSt en el est £i6wPeRRet t i€scP{n MMyt Bhe WABESuLBRent
_resolution is inherited fromthe ultrasound
pripgielegtrordhed neastfenbhvepk beedufengoaspgesenf as
phas ri hase 1 Obtaining the
des%%%ﬁ%%o%ﬁdg§%$§?g§$ﬁ %ﬁ?@ %ﬁé@%éafhap of the I ocal
ul trasound runtine and danpi ng properties are
Basksdhbyi shied méatlchdi of helncef orvdéntion is a microwave-

ultrasound combination measurement method of the dielectric
and the acousto-electric properties of matter where the

resolution is inherited from the ultrasound wavelength.

The measurement procedure consists of three phases as

described below.
Phase 1
Obtaining the ultrasound metric

In this phase a map of the local ultrasound runtime and
damping properties are established which is henceforth

referred to as the ultrasound metric.

By varying the phases between the ultrasound transducers 72
using a phase programming logic, any desired phase form of the
ultrasound field can be generated. It is possible to control
the phases of all ultrasound transducers in a way to focus the

ultrasound power to a point with a geometrical size of the
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referred to as the ultrasound netric. By varying the
phases between the ultrasound transducers 72 using a
W@ b@s®320Dgr anm ng | ogi ¢, any desired phase f orPoT/6E200$1601694

ultrasound field can be generaated. It is possible to
control the phases of all ultrasound transducers in a
way to focus the ultrasound power to a point with a
geonetrical size of theorder of a half wavel ength of

OrdﬁﬁeoﬁlPrh@bﬁnvaWGQQHQFbcg§lh@ethétuhﬁpasduwavaavEocns1ng
t o e Ie si bl vqu ses

thef?gagggég |Q%%§c%ﬁgﬁ% ﬁggﬁgﬁtrgngﬁftF@ ﬁ]é oRﬁéﬁlgle

volsingnahusesrenehfacgaxhaymiipesebroent bhetpbagseapbmt beed
ul trasound transducers is varied to optimze the

miChPRPBRaTeIRT gnbP. FEVEN uat PAGITRE- dEhayefPRe. behReBRase of

the! it Bh56@5QURL: RULiSEe 800 Ehea pebleygd,
efrequency shlf? alloas deterﬁ1n|ng gt gﬁ H%?LF%ﬁc@lcrowave

Slgnabn1@ﬁ@l@@ten@athhedéb@Mstpmenbetsebncahedulhsadeunhepulse
p u der, test 2 This neasure repe
and £8g géh%@v%d Azl mum fg?q% n%%esghgf %#8Hacgeﬁﬁa%}nlng at

a se ol n cov

whateﬁisw&m@eafp@ﬁdeh§rahﬂéﬂnéeﬁﬁéUfb@ﬁs PEiAtr esuUlbecated
tabl e conprising the phases to be chosen for each
insiggebfdettdt ok udnger nteahd? t hEN T BcEERBRTARERAL r 8pBePpeated

fort® tbe @ﬁt§ﬁﬂﬁtéchpéﬁiﬁﬁdthé“wﬂgfebgg?%%ggﬁunagf t%st with

strength of the maximumsignal 1s o frome
a pp¢deheseimedsuesobutipoints fromall over the
measur enent obj ect mhich allows to map the | oca

I nd d@gg g n t he
As & %%%@%ﬁn S|gn%€ COJE ﬁ%t éb@ %E%guﬁ?nﬁerﬁ%?F%%str
eacmnﬂbdbﬁémdgnwaf@@Ssbﬁ&%ﬁena@£|twétI@@@UﬂdntW@ﬂﬁdﬂ§§ﬁéct to
(O course, any choice of phase is optimzed b

then%&?%?%?nb?t%%t%+%?%m@%E E@%n%¥m$dFl%%cht%%lﬁ¥r$%g¥%|%f the
maxiﬁuﬁrglgnfﬁsﬂ§15%&55@@@ H#8bRYed dire, Angdy dagmih 095 YALHES:

for the | ayer of
points from all over the measurement object which allows to

map the local ultrasound damping.

The local strength of the ultrasound signal is calculated by
measuring runtimes and damping values between all ultrasound
transducers. (Of course, any choice of phase is optimized by
maximising the microwave signal for each point in this layer).
Assuming these delay time and damping values for the layer of
the product close to the transducers, the phase for the

closest focus points are obtained.

Tuning the phases for transmission to focus the ultrasound
power in one focus point and tuning the phases for reception
to focus on another focus point, the runtime between the two

focus points of the first layer is obtained.

Assuming these values to be valid around the focus points and

also close to the next layer of points, phase and amplitude
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t he product close to the transducers, the phase for
the cl osest focus points are obtained. Tuning the
w@bases220Dr transm ssion to focus the ultrasoundI/PE20eF/001694
in one focus point and tuni ngsthe phases for reception
to focus on another focus point, the runtinme between
the two focus points of the first layer is obtained.
Assum ng these values to be valid around the focus
valpekntsrandecabfbcel the bahkhepnext bdyeheohepai Dbhyer are
hase and_anplitudeval ues for one after ,the other
Obtngﬁ?-o?OFhEOHéi?'l39¥rCQPéC8bP§iHQS?G(EF eBGrEa zegnpY
maxgﬁehgﬁgoéhehﬁ%@rbﬁa@@tsmgﬁs@_@xrnéébﬂ1§bmattaﬁ any. layer).
m crowave signal for each point in any |ayer) . Tﬁls
_process is repeated until the whole product under test
ThipsprsegafedisThereesaft unsia thbl whefet psoPveal uddapi hgst is
Scag <hhe ultrasound signal and the |ocal phase delay of
e ul trasound signal between all scanned foca
poi nts, the ultrasound netric" together with the
Thenresohhvéssaghablst oénghh florcaal Hambénfoodl thei nflsrasound

. _The ul trasound tric ma e obtaj ped a reference
sioh8fedbt RRPCHOPSLr BhReRoliPatyvaE: GhEnE DERsCRES: Ragnal
betREent 81besanshygedocdhepsahtel, tABASUI EFBBbENABY R c”

made on such objects without the need of obtaining an

toggthpasBlibl FRErmécTevaBachienathetsppethsforhalhethpcfocal
Q¥ itself can also be considered as a substantia
poinys. ; . .
result of the invention and can be used as autononous
applications. Furthernore, netrics obtained on
Therelerancendbjpett scnayybeeuskdaasedeansat nespeedcapobject,
on: FRAZYT SOEDLS.ALEPYLNG, 1 0BNBSS Ly that are to be
analysed. Thereafter, measurements may be made on such objects
without the need of obtaining an ultrasound metric for each of

the objects.

The metric by itself can also be considered as a substantial
result of the invention and can be used as autonomous
applications. Furthermore, metrics obtained on reference
objects may be used as means to speed up measurements

according to phase 1.
Phase 2:
Evaluating the microwave interaction

Based on the above generated ultrasound metric and the
microwave response the acousto-electric interaction is
obtained in a layer-by-layer wise starting from the layer
closest to the microwave antennas. It is not required to
proceed this analysis in a layer by layer way but it proves

convenient for a subsequent 3D image processing to do so.
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Phase 2 : Evaluating the m crowave interacti on Based
on the above generated ultrasound netric and the
WOR@609RVE response the acousto-el ectric i nterBCI/SE2005/601694

obtained in a | ayer-by-|layensw se starting fromthe

| ayer closest to the mcrowave antennas. It is not

required to proceed this analysis in a |ayer by |ayer

way but it proves convenient for a subsequent 3D inage
The processingf ochdo nsiccidwe st reeingidill afedhiered cirowseweh focal

poi oy A 1o 1 () IR ren g of the

ultrasound signal and (b) the conpressibility and (c)

a) thecddi edeedidion famaiomiofrddmuinmterd@d 1 idhd he focus
point . Since the local strength of the ultrasound
signal in all, focal points is known fromthe netric,

tHE | SREERTT G etive &S he i nci dent and t he
frequency-shifted transmtted m crowave signal on the

(c) laergd nsasti d orddia M LTOMaMe: aeWian i S Phtal ned- by
applying a Geen's function theoremresulting in the

poingiel ectric function at this focal point. No other
point interaction than the interaction of this

Sincceoﬁé‘ ilgaéﬁcaétr%‘%l n I5E gﬁ?eSiLﬁi_Ergaseoqﬁ’t? ealmi\?d:]oavielvefocal
si deband response hust originate 1 e Teglon ere
poinﬂuaﬂﬂtknnwnnﬁtdmxnheIm&tnmﬂxﬂuhﬁixhﬂeﬂqpﬂﬂun between the

ur erefore t esol uti on of e nethod is
L A e e R D i e
sigr19ns owWh - ?&Qﬁ@sﬁf A HE! S Jmidhate t!a\httehﬁ’la is

m crowave wavel ength (of the order of several

obtaderd rast el Vimah an Gt UrBIngF ey .t e b saslss e in
the'd%%fgﬁgrfg(¥ﬂﬁ%¥§%n at this focal point. No other point

interaction than the interaction of this specific focal point
is possible because the microwave sideband response must
originate in the region where the ultrasound focus has
extended during the measurement. Therefore the resolution of
the method is given by the wave packet resolution of the
ultrasound signal (down to 250 micrometers) and not by the
microwave wavelength (of the order of several centimeters) in
a non-disturbing way. Nevertheless the incident microwave
signal is influenced by the neighboring elements on the way
from the transmit antenna to the focal point and also on the
way to the receive antenna. The microwave signal at the focal
point depends on all the dielectric points in the product
under test and is represented by a linear form in the
contrasts and the incident field amplitudes. The field
collected in the receive antenna is also described by a linear
form containing all unknown contrasts. For each measurement, a
bilinear form containing all unknown contrasts is obtained.

For each measurement, a new equation is generated. Since there
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signal is influenced by the neighboring el enents on
the way fromthe transmt antenna to the focal point
war@eabx02 on the way to the receive antenna. TPET/SE2005/001694
m crowave signal at the focale point depends on all the
dielectric points in the product under test and is
represented by a linear formin the contrasts and the
incident field anplitudes. The field collected in the
is amceqvztbonefina ¢schl Socakspoibed byeactinacaonf gystem can
b cogtaining al | ugknomn contrasts. For each
© HRRLTT ehent, OB BFPTRRErF%r it Conthi AFRE2 B PR unknown
contrasts is obtained. For each neasurenent, a new

The €6IS 1 ON1 & Sa GRAET Af ethe ShdCEst HesBe st alcegHat £ B8 dDElectric
each focal point, the equation systemcan b e solved .
Properial @heRt ot BRPTRYVGF t MR T i tePht YHRD The semelenderhying

spedBL Ol Lie: @rousl Ol Sl Lo andathe di gl ect i C

properties o e product under test wth the sane

underlying special structure a s the ultrasound
Phaget3ic. Phase 3 : Calculating the acousto-dielectric

properties The ultrasound danping is not significantly

cesbEFEL gn RISUEEOLes ISR phohlE =010

runtine” an ric funct ogether with the
conpressibility o f the product exhibit a strong
The tehpessaduned depehdence. ndhesiati Hibetweentemperature

conpressjibility and dielectric function,yield
TR e R s 1 AL AL P L
diePEOUSIO-Bhgst 166 FEPSthdhe ienPerat b RoPEssBility of the
nmeasur enent object 1 s obtained. Further details of

proqued t4wh b bhas es bF en ¢ eseiip dedt i ve corpeRiSBPE wi t h
figures 6 and 7a-7d. Having described the three phases

Theifbéggfﬁétwégﬁ 5@ﬁﬁ%g§%g%glity and dielectric function
yvields a function of temperature. Using the dielectric and
acousto-electric maps, the temperature of the measurement

object is obtained.

Further details of the third phase are described in connection

with figures 6 and 7a-7d.

Having described the three phases in detail, the measurement

will now be further described with reference to Fig. 3.

The flow starts at step 100, which means that a microwave
signal at the first frequency oiransmit=2nf; is sent out from the
transmit antenna 42 and a microwave signal at a mix of
frequencies otransmit and wreceive 1S received at the receive
antenna 43. A damping Sp;; and a frequency offset 8 and a signal
generation at the offset frequency S’,; between the two signals
is measured in step 101, and in the following step 102 the
measured damping S;; is compared to a previously recorded

reference damping S;i1,¢, which corresponds to the measured



10

15

20

25

30

will now b e further described with reference to Fig.
3 . The flow starts at step 100, which neans that a
WOoR@eosRVE signal at the first frequency i s sePCT/SEZ005/001694
fromthe transmt antenna 421and a m crowave signal at
a mx of frequencies wiransmt d weceive is received
at the receive antenna 43. A danping S2i and a
frequency offset d and a signal generation at the
dampfhgetitheguenvyt® m2hsbeemesh phe L@p si.gnahs bbject under
ured_in p.101. and in ow.ng st.e
tesgﬁg§n%§s%r%aeagnﬁpnéhgzgaps g%nﬁ%ﬁeﬁe?suﬁ rg§g8ﬁ§9yls
equbBcobdeder ghppengewdanphbgoblbce whteh eesteppeBdstt On the
t he nmeasur eddanping with an enpty neasurenent gap 13,
gapj  Bhenplew) tet fafderckese poin gpéséﬁﬁ thet Hempapy i

Lhe-Heasysgd; danpLRghs . equal to the danping with no
mea EjgctQ%nderltest gresent in the gap, the flowis fed

back to point 103 and the danping is neasured again in
Whenteap dolecWhén antovbflecedi sni hheodesedremenhegap 13 the

e ap_l13 t M/contln to _ste
flo&ﬁggg{hﬁgﬁ% Qas%%n E@?rl coT s %Bt%#ﬁﬁaso%ﬂﬁsﬁéﬁébcués
obt&desedi beWi soseep! Dseliystniboangsteonlvkehyf i gUEendection
The spatial dielectric properties of the object is
witBnbi@are et - measured and cal cul at ed using the metric

obtained in step 104. This procedure is described in

The "@ﬁ&tﬁﬂ %iel@c@?ﬂ@%kb?@r%é@ 5FOLRE SnidBeny Eh‘@hereafter
dielectric properties of the object is detern1ne

meagihed Phystebfuprbpervsésgnblebeetiei er abhatnedt &p 406p 104.
Th1§g§903$%&ﬁgp % % §| &ei Cﬁgtgné%Ede Slty%?p?%ctlon with

Fibution- of i af'e
figproperties (based on predetern1ned e (T) nodels). Such
nodel s are known in the prior

When the dielectric properties of the object is determined
other physical properties may be determined, step 106, such as
temperature, water content, density, etc., using the spatial
distribution of the dielectric properties (based on
predetermined £(T) models). Such models are known in the prior
art, such as described in the published PCT-application
WO02/18920, assigned to the present applicant.

Figure 4 shows a flow chart disclosing the process of
obtaining the ultrasound metric. The flow starts at step 120,
where the ultrasound radiation is focused to a point in the
object. The ultrasound will generate a signal in the sideband
path, which corresponds to the frequency displacement measured
by the microwave signal, denoted 3 and an acoust-electric
efficiency signal, which is measured in step 121 and in step
122 a check is made to determine if the acousto-electric
efficiency signal is at maximum, if not the flow is fed back

through step 123, where the value of the phase of the
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art, such as described in the published
PCT- appl i cati on WX02/ 18920, assigned to the present
wappbiosant . Figure 4 shows a flow chart di scl oBCT/§EZ0N&E001694
process of obtaining the ul tBasound netric. The flow
starts at step 120, where the ultrasound radiation is
focused to a point in the object. The ultrasound wl|
generate a signal in the sideband path, which
ult prowsponicnal J'tshelpc&aetﬁréndyo o 5 ache rithergaseuress bijs
[0; naI de oted d an acoust-el ectric
repeafh‘?e%qlgnc;P& ghal™, V%I ch requﬁ%%rcg:us;? acs?m%ntlzjl %talned
When rnecisd e@ldﬁ_?ccaqtghﬁ;és ItSo natkep t I detEidngieadd dheche
acousto-electric efficiency signal is at maxi mum if
ultraiognd $1H S SIIRF MR TR otigP Wiapl A e Get g Hehe

posMai e of e ﬁ@asle &M%%@é@ﬂ%&'% el Sidpdal ey in 5

to step 120. The process Is repeated 't he maxi num
memdrequencitatt sifl aceneid dstobtimerd. £ Wierrd herd |agwther

0 ue 124, th ha of the ultrasound
poirfy diiY EetheS PR TR it | ST et i JRSo e metric
of tmtslﬁﬂddmﬁf Urtee f acadt pod NtI A dlesandes ahaye, £ds
stored in a menpry. In step 125 it is determined if

obtaiEyg dhe dfitHesT Gﬁkﬁfntlft heteR houl d Pe Fhsastr@y i fed back
via Olbltr?é mzt@ecaﬂstﬂ@sqw metric of the product under test

If not, the process for obtaining thé nmetric ends
|n step 127 or the flowis fed back via line 126 to
Mea%:elaanefm ofiitha dimdirc tyfia Huntttilaw thased Wrctd dendses ed

sQu (c.f . Figure 4 ) Figure
ultrgans q’hovvs arTLéT {jc gf&r%net %)or deternmining the

di el ectric function in an object, such as a food
Figuyredisctshdwes detfelrs henbqhiynsdreal £ g aperdynimitdieche
obj ect uch as internal tenperature w thout

die lﬁftqﬂaqﬂﬂgﬁﬁ %Hﬁhlﬂf a food product, to

determlne a phy81cal property in the object, such as internal
temperature without physically probing the object, during

preparation of the object.

The flow starts in step 110, where a point in the object is
selected. It 1s advantageous to select a point that has been
used during the process of obtaining the ultrasound metric.

The selected point corresponds to point 3 in equations 1-17.

The ultrasound radiation is thereafter focused on this point
in step 111 and in step 112, the S-parameters S3; and S,3 are
measured, as described in more detail in connection with

figure 6.

In step 113, a decision is made whether another point should
be selected or not. If another point should be selected the

flow is fed back to step 110, where a new point is selected

before steps 111 and 112 are repeated. If not, the flow

continues to step 114 where the matrix with the measured S-
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preparation of the object. The flow starts in step
110, where a point in the object is selected. It is
wa@odwansr2geous to sel ect a point that has been BGESE2005/001694
during the process of obtaindng the ultrasound netric.
The sel ected point corresponds to point 3 in equations
1-17. The ultrasound radiation is thereafter focused
on this point in step 111 and in step 112, the
par@ugeasel erng3rtehdc S22 bive ercbiser esh: dsrdesckizbéd in
recg?&grdetaié i@ cogggﬁtiﬁn %ﬁth ﬁé?gre 6 . In step 113,
2 et sThn s TAdE T WhEt her “&RGTH pBi'nt shoul d be
selected or not. If another point should be sel ected

The tdiefdovris fedcbbok & xs5tEpr Iddch Wherecitedeyo Dot Nk 1S
sel ected before stgﬁi 111 and 112 are repeated. |f
therpRtehec3 i O 2o i HuettsR shapaig vilet@r t3et it §9xd thm.

The W ddbd e NEASUKE 6ch SPAL BIBL &1 Sod Snt VET 18- d Pr1SOL V&L 1 culated

either S31 for virtual receivers or S32 for virtua
as indicaied vy, s Welesctfigufanttion e (x) for each
sel ected point x is thereafter calculated in step 115

, ' P t i , enper in the
riollis O% il N s SHRL ARy RSB Rl s
dielycistiep HO6ct od i Quren objddtgureudd shonwst@odesondlict, to
enbodi nent. for determning the dielectric function in

deT IO} et tENEUCH AP PRYIW ProdiReT t° dktG oS a0 the
obj Y Si S@kh PL ORIty et weesbd Moi docat f onscid Esx_l"@s@fgéegccsf a

such as material properties, e.g. the presence o
braigr dumeunor i theuth ity pihgest eal v xoprrobi thye tdie] bl ect .
The flow starts in step 210, where a pair of points in

The [OOSR L 5 selabl oo | Ll S AdyAMA0BRHS 4 0, 881 Bftine
poi nts at  have en use uri ng € process o

objeaiit aldniglddieedl tTASiddvantageous to select points that

have been used during the process of obtaining the ultrasound

metric. The selected points correspond to point 3 and 4 in

equations 1-17.

The ultrasound radiation is thereafter focused on both points
in step 211 and in step 212, the S-parameters Ssi, S23, Sa1, Saa,
Sar1, S24r, S31 and Si3r are measured, as described in more

detail in connection with figure 7.

The S-parameter S;3, i.e. the damping between the selected
points, is calculated in step 213. Point 3 acts as a virtual
transmitter and point 4 functions as a virtual receiver in

this embodiment.

The mean value of the dielectric function ;(&y) between the

selected points x and v (i.e. points 3 and 4 in equations 1-7,

is thereafter calculated in step 214.
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metric. The selected points correspond to point 3 and
4 in equations 1-17. The ultrasound radiation is

wo b@oos20er f ocused on both points in step 211PERNEEI0NS/001694
step 212, the S-paraneters 331 , S 23, S41, S24, S '!

S24', S3 'i and S 23 ' are neasured, as described in
nore detail in connection with figure 7 . The
S-paranmeter S43, i.e. the danping between the selected

In podmtaldi sacdeéciusared s madepvi2aBhePoanotBeacrsiasofl points
tual nsm.tter_and nt 4 functions_as a viriua
snofld e AR S h nbh et bk Cab hobsi ot ngh STl e
selalded@ctid c:ficomcusoae@ kxck)tbesveen2ihe spbest &dnew pair is

points x_and y (i fOIntS 3 and 4 in equations 1-7,

Sel?%ﬁ?@mﬁ%ﬁﬁ?%rsE%P%u?% é@ol%1§t%%e2§%P$%t§@ep1§1%0ta the
£loflCh St oMLl § {r@dgt%em@rl@nﬂ@@fe pai r Hér&o’cﬂésdé?i?y%&’

be selected or not”. If another pair ? poi nt shou
rhysitaktmopeet i¢owvars ¢abichbhekedo step 210, where a new

pair is selected before steps 211 to 214 are repeated.

I ues to step 106 in figure 3 ,

Flr%é] t?ﬁrﬁ?é ?%%5% %é#cal properties are cal cul at ed.

Flrst use of the invention Figure 6 shows a
Figuchefredhoad | $hﬁemmﬂ£¢abhyoﬁh@.fmmetluﬁeoﬁfatﬂfrst use of

present _inventjpn, rasound nmetri¢c u(x, s
the cﬂﬁ%ﬁ%ﬁ JfrbYe%\JHO‘bmH %Hm%otéﬂ Bttt Ci '§ %) 18

obt PSS b & t 1 Tabsuhes ex ther gh ¢l @%fé&u@@nﬁ apk wsgy@w to
point by applying the following steps : 1) Focus the

calqpiats oifirl &k bpretbic tPrenpormt si3 everyigoknbwhy t dpplying
thet§5ﬁfg { gﬁgg?gnly affects the focal point concerning

f'reguency of the mcrowave signal sent fromthe
transmt
1) Focus the ultrasound on one of the points 3. It is known

that the ultrasound only affects the focal point concerning
frequency shift of the microwave signal sent from the transmit
antenna 1 to the receive antenna 2, thus generating a signal
in the sidebands, i.e. microwave base frequency (£f;) #*

ultrasound frequency (£fys).

2) Measure the signal strength in at least one of the side
bands. If the signal strength in both side bands is measured,
a more reliable result from the measurement is obtained. The
signal strength measured in the receive antenna 2 may be

expressed as:
Vo) =S85 Vi) =Sy -y -y (x,8) - S5, - V1 (1) 4

Where S»1 is the damping caused by the product 12 present in
the measurement gap, V,(t) 1is the measured signal strength in
the side band and V;(t) ‘is the signal strength of the signal
sent from the fransmit antenna 1. S;3 is the damping between

point 3 to the receive antenna 2, o3 is a factor that
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antenna 1 to the receive antenna 2 , thus generating a
signal in the sidebands, i.e. mcrowave base frequency
wO 200al0s22050und frequency (fGs ) 2 ) Measure t hRCHBERV0$/001694

strength in at |east one of 2tthe side bands. If the

signal strength in both side bands is neasured, a nore
reliable result fromthe neasurenent is obtained. The
signal strength neasured in the receive antenna 2 may

detdyguig)gs egsec bt cF(Qy S IpeFI( V) 82 whalch -an (WY r&dund

-FE1(O , Where, S21 is_the danping caysed, by. the product
wavg S AT e el S b R ) T hel et red
to deasthed signedtsid egih) j nudde t5i de kard vanrd-a¥ dund netric
. is the signal strength of the signal sent fromthe
in RQ%ﬂEnﬁtaQﬁn%%mﬁslt.eséémpéngh@egﬁﬁﬁPnEhBeFﬁééﬁmﬁBiﬁﬂtenna

t.0, it eceive antenna 2 , 0 13 is a factor
! a%ﬁ]td%?gf%ines the efficiency in point 3 at which an

ul trasound wave is converted into a mcrowave sideband
In sifgnat (arafrystioth tiomst e s iocideayt rd ccayailvd ,exg8ressed as:

(x,t) is the ultrasound netric in point 3 and S31 is

Age danpi ng between the transmt antenna 1 and point 3
a=—In a first approximation the efficiency a can be

@xpressed as: De a = - y where De is the change of

dielectric constant due to the pressure wave cause by
wned Do dIid ASound, Ladh AL oo Veorald MLl IS SAMPLES SIS ne

pressure wave cause by the ultrasound radiation, y. With the

compression module x, the relation

is established. The value of K is known to a skilled person in

the arts and will not be discussed in more detail.

3) Repeat the process for all desired points, denoted 3 in

Fig. 6, in the product 12.

4) Use all measurement data in an inverse scattering
algorithm and calculate the spatial distribution of the

dielectric function in the product.

If an object moves at a relative slow speed, and fulfilling
the relationship below, in relation to the measurement
apparatus, no compensation of the emitted ultrasound and

microwave radiation needs to be taken into consideration.

Vus
meas <
Jus

! - dFocal ’

vabj '
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is established. The value of Kis known to a skilled
person in the arts and will not be discussed in nore
waleaaios2208 ) Repeat the process for all desireRCPSENT001694
denoted 3 in Fig. 6 , in the2product 12. 4 ) Use al
measurenent data in an inverse scattering algorithm
and cal cul ate the spatial distribution of the
dielectric function in the product. If an object noves
Vony at s athel spéoed of ovhspeleflecasdnduehéenti g the measurement
rel atj onshi elow, in relation to. the neasur nt
525 phbar s Lo e ARG o e S S S AurRF oce s
vys 2BdtRCkpwaveoradiat-bepuneeds tacbevtaken ifpl ois the
consideration. V obj | neas " "Focal ' JusVobj is the
ultspeedndf freauensectRd ndenedt iChSt Héameasyr erefhiegdpcal
poi&gz tmeas is the nmeasurenent tine for the conplete
process, V03 is the speed of ultrasound in the object,
fos is the ultrasound frequency and d Focai is the
If dhane¢bativetdpeddchs pognt théeéffobesieyadf vehgpebtrasound
hi gh, . the focusing of the_ultrasound nust include an
mus PR R 01 ST HSTER o BEnti s Aur aFF SHE o AR AL SPRY €0
maihbgihoerd potal pHitbheigbiest ogyetpgdthengeasyr@8BBlrement
steps, to conpensate for the novenent. In _addition -"
stensyusot eCERDL R DopbPertihi Fevemebndliseddit i ae
i nvention Figure 7a-7d show a principal function of a
second use of the present invention when cal cul ating
% the dielectric constant '
Vus

v

to avoid Doppler shift.
Second use of the invention

Figure 7a-7d show a principal function of a second use of the
present invention when calculating the dielectric constant
between two points 3 and 4 in a product. A first point 3 may
be considered to be a source and the second point 4 may be

considered to be a receilver.

The principal function is very much the same as described in
connection with figure 6, but with the exception that two
upper and two lower sidebands are generated since two focal
points 3 and 4 simultaneously generated by the ultrasound
radiation. The first upper and lower side bands are the same
as described in connection with figure 6, and the second upper
and lower side band have the double ultrasound frequency, i.e.
microwave base frequency (f;) * 2*ultrasound frequency (2£fys).
If the same ultrasound frequency is used for this purpose, it
is possible to choose two different ultrasound frequencies to

generate second order sideband. The apparatus described in
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between two points 3 and 4 in a product. A first point
3 may be considered to be a source and the second
wW@oeioa52202may be consi dered to be a receiver. TPET/SE2005/001694
principal function is very gich the sanme as descri bed
in connection with figure 6 , but wth the exception
that two upper and two | ower sidebands are generated
since two focal points 3 and 4 simultaneously
connpfieren edi by fheuxe t¥ aserdel Imdilat$ orxamhke fto ste uppeed
..and | oner sjde bands are the sa s _described in
Lt BT o TS T AR Tocind Upperd agper and
lowdOWweidsbgled band have the doubl e ul trasound frequency,
i.e. mcrowave base frequency (f ) + 2*ultrasound
frequency (2fS).,If the sane ultrasound frequency |s
The (KR 614 Hi ST B FRARES (18 Bt b 9 ehore Rawnt 3 and
4, didderend sldsasopnd fJeauancies to generate second
order sideband. The apparatus described inconnection
with figure 1 needs in this exanple to be added with
1: Bexbpacsiméband,pail) adjosie@dlioe) t he second upper
and | ower sideband. The follow ng rel ati onshi ps can be
established for point 3 and 4 , each as a single
2: KOt -gourde:t) By Vi) O dadzed G Bnel3 (X )-S -VI(O
(solidline) 2 : V2 ) =824 -(X 4 U (X)-$4 -VI(

dashed. I in displ aci,ng.t he cal,point from3 t .
By é;épslaa}1cdlq(¥1e§%%é.%?cap%ipncflrf? orﬁ%nt%q%o +3%ac Ib‘iﬁ dif}hegr%%caf point
from IQWE &M ey relid ittnshi psr<ab beewxps esseshsBips Wan be

(t) =S ,-a3, -W(X) -S-VI1(O (solid line) 4 : F2(O
expressedir 4, -u A (xJ)- S4 -V1(O (dashed |ine) From

figure 7a a relationship including the sought danping

3: PRHS] B NL (N8 A (TP PR s RgRsed
4: V,(6)=8,p -0ty -uy(x,)-S, - Vi(t) (dashed line)

From figure 7a a relationship including the sought damping

between point 3 and 4 may be expressed:
5: Vy(@)=S8y oy u,(x,1)- Sy -0ty 13 (x,8)- S5, - V(1) (double arrow 3=>4)
6: V,(1)=8,5 o5 - u;(x,8)- S5, -0ty cu, (x,6)-S,, -V, (t) (double arrow 4=>3)

Equation 6 is not used in solving the 7x7 problem and is

replaced by a suitable approximation, see equations 16 and 17.

Figure 7c illustrates the relationship of the double source

corresponding to 3 and 4.
T: Vo) =8y -0y uy (3,8) Sy - 0p 15 (%,8) - Sy -V () (solid line)

The relationship between point 3’ and 4’ may be expressed:
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5: F2(0= 8524 -CA -W4(X 50343 -Cc3 -W3(X50-S3 1
-F1(O (double arrow 3=>4) 6 : F2(0 = S23 - 3 - 3(X
w@R®84522021 - 4(X 50 S4 -F1(O (doubl e arrow 4=>BJT/SE2005/001694
Equation 6 is not used in sphving the 7x7 probl em and
is replaced by a suitable approxi mati on, see equations
16 and 17. Figure 7c illustrates the relationship of
t he doubl e source corresponding to 3 and 4 . 7: F2(0 =
9: V§2f3 Sg4.3a4 BL(Q«,Q S@ GcS,u3 U&St)( SJ“) V;@) F146ulbsel hdrbivng’ =>47)
: F2(0 = S2 4 (X -CC3 -M 3(X
5C>831 -F1(O (dashed l'ine) The relatlonshlp bet ween
10: PNt 8, aod -@,(x,n}ayy,lbecmeupfae@sédl:-9’1(1) V2dothle S2d4owad’ =>3")
4,-U 4, (x,t)- ,-a 3,-Uy(x, t) 83 Vk(t) (doubl e
arrow3—>4') 10 V2( = 823, -CC 7{x,t)- S 4,-a
Bquagiam 10 1g yiods useg () sddtime taher ol 2 338 myipRliegh and
[ ty XL
il S kel sl ARGl S st
the B8 grddien8xBdpraxhlsamaarsd lequatd dns kg arfte 17K T grrdiileem.
7x7 problem The follow ng rel ationships are evi dent

f fi.ures lc: 11: 4 = 3..12:
the Fp1 e Sl Gigbe priedite SR, Sl9ER TR p
are used to ellmnate S-paraneters, which results in
11 tgj'le_% aganeters as illustrated in figure 7d. There is
one S pararreter that is sought S43 and one S-paraneter
that is conpletely uninteresting S3 , together with
12: syersy, -8pknown S-parameters that require 10 equations
to solve the problem i.e. equations 1-10. It is
possi bl e to reduce the nunber of equations needed to
13: Sy =85 -8y

14: 84y =8485

Equations 11-14 are used to eliminate S-parameters, which
results in the S-parameters as illustrated in figure 7d. There
is one S-parameter that is sought S;3 and one S-parameter that
is completely uninteresting Ssr4, together with several unknown
S-parameters that require 10 equations to solve the problem,

i.e. equations 1-10.

It is possible to reduce the number of equations needed to
find the damping between point 3 and point 4 by applying a

trick introduced by Zienkiewicz for Finite Elements.
Equation 10 is not used and an approximation is used instead:

1
15: Sy E[S 385 +S44S4 ]
It 1s even possible to reduce the number of equations needed

to only 8 equations by applying Zienkiewicz tric twice, which
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find the danpi ng between point 3 and point 4 by
applying a trick introduced by Zienkiewicz for Finite
weEb@aps282 Equation 10 is not used and an apprP&I/REX00H001694

is used instead: 15: S4 3, 2b 4 3S33,+S4 4543,J It is
even possible to reduce the nunber of equations needed
to only 8 equations by applying Zienkiewicz trie
twi ce, whichelimnates the need of equations 6 and 10.

el inThe tgpprihd meddmr Uiseghd histread ofind Hed editat | amsrexration

6; " 33  +S 44 S 43 ] 17: 43 "-[.S 43 33 +S 4
usec%é”és%,éfdrho? hﬁpi%ﬁ%w%ﬁ ‘en point 3 and 4 and
between point 3 ' and 4 ' can be cal cul ated by turning
t he neeqid equat i ons] to logarithns, Equations 1

16: thr%;u-g‘hg DisBecbifeSas | nhomogenous

17: Sip = [S43’5’33' ‘*‘S44'S34']

N | =

The damping Si3 between point 3 and 4 and between point 3’ and
4" can be calculated by turning the needed equations to
logarithms, Equations 1 through 10 become a inhomogenous
linear system of equations with as many unknowns as equations
where a solution is always available as long as the analysis
points are chosen properly. One has to solve the system for Si;
in order to obtain the microwave runtime between point 4 and
point 3 illustrating the role of these points as "virtual

probes”.

The above described system uses a "virtual transmitter" (i.e.
point 3) and a "virtual receiver" (i.e. point 4). One can
easily place one of these point to coincide with a real
transmit or receive antenna respectively arriving at the first
usage of the invention. Placing both virtual probes at the
place of the physical probe antennas will result in the
traditional microwave measurement technique known prior to

this invention.

Depending on the physical problem to be solved, one utilizes a
single (virtual receiver or virtual transmitter) or both
virtual probe concepts. It is also possible to use sets of
probes (e.g. virtual probe arrays) to create a specific beam

pattern generated/received by the virtual probes.
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| i near system of equations wth as many unknowns as
equations where a solution is always avail able as |ong
wa@sgooblos22enal ysi s poi nts are chosen properly. OPeT/RER0$/@01694

solve the systemfor S43 in2@der to obtain the

m crowave runtinme between point 4 and point 3

iIIustrating the role of these points as virtua

probes” . The above descri bed systemuses a "virtua
Diffenemiiprepe @@nélgwnah;OQS)m@ﬁdba uyedt fiak appéiverions as

ming b ire P e Qo AT e S (WAL FOAT” (TARERTL GFEFBERrogn, medical

appahtenpans espectively arriving at the first usage of
the i nvention. Placing both virtual probes at the
| ace_of the Si [ obe antepnas will result in
Sho FEF??&H?F?%Wé&zé?ir YRR PEnERE PeERAfGue known
prior to this invention. Depending on the physica

Ele®f Pohegh L 01 ber §0l yeton ONe $bidizes @%SMQQ\l@liVéré&@étlons

receiver or virtual transmtter) or both virtual probe
whe%@n@%@t%ect@r1%la@%%C@@%%|%}%l@oEuS% ee3 51 vf cpsbberto a

ne1doflc VESLHAL,REObE ArTEYS) Lo CLEEL R RERbLE BEATL »

n generat ed/ recerl ve
and ptiobest Diépetdntt proded confeéguaat i ons may be used for
applications as m ne sweeping, material analysis,

m neral exploration, medical applications etc.
zylgsgog?p themati cal derivation of the nethod:
rof@gnetic radiation is governed by Maxwell'
equations where the vectorial electric field E |s
easily cast into a Helmholtz-f ormthat is witten

in
Whexg el i Heph IR pRE K ARd Foi MBSt OdEpeRIEALT constant of
vac&ﬁRrQ£n%Bgsl%éal relatlggrggn&ec%rlc function of the

material at a given location (being a 3x3 tensor), Uy stands

for the permeability of vacuum and p. for the local relative

permeability of the material under test. In this shorthand

derivation, pr is set to be the unit tensor 1 (3x3). To a

skilled person it is obvious that a similar method can be

derived by solving for & and pr simultaneously.

At the same time, ultrasonic waves with a tensorial 3x3 stress
amplitude y and a local sound speed of the medium v can also

be cast in a similar form

The solutions of both differential equations are performed
taking the location of the radiation sources into account.
Focusing on the key point of the process, any ultrasonic wave
with a non-vanishing amplitude creates a stress in the

material (being of compression or shear type). This stress is
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o Wiere Dis the Laplace operator, e0 the dielectric
constant of vacuum er the local relative dielectric
wo eoveosnm2 of the material at a given |ocati on POUBSEIHOH001694
3x3 tensor) , nD stands for2the perneability of vacuum
and nmr for the local relative perneability of the
materi al under test. In this shorthand derivation, nr
is set to be the unit tensor 1 (3x3) . To a _skilled,
reflpersanbiyt ai $ochli cusptrhasiansimi fthe metkadadanByethis
derived by solving for _er and.nr .si nultanequsl _
conpEREsige. e SCHPLEASOh EOMAYEaoR Chs Soncorarches — s
a knSHeES ANPhntudenyrasdian ogak sidendcspded obfj etche changes
mediumv can also be cast in a simlar formA v -0 The
the Selldtiienrs difelkathidi ffleceivnalcageat €onxsare perfor med
taking the location of the radiation sources into
account. Focusing on the key point of the process, any
g, = ghthtasibni c wave with a non-vani shing anplitude creates
a stress in the material (being of conpression or

Thi sz g%a.lraé‘_tsi%/cfrg%cr&ﬁaqﬂss aStC,J‘Ozl?Jﬁ.aJ:.:n.%_jr g/ét%fete%j 1ﬁycraa§d?ﬁ%| wave

e mat this conpression, the
proﬁ%ﬁjf ¥itoh efnd @l laydtzest la@nmf e d!‘“@l‘@ﬁ e IEB'ldDbi-t%is i Kiovn
act, any conpression of a dielectri.c object .c

inveghe arel s e dHBE [Afc T O ST 1En<St JJesr O{aest:etlgr{r"b&:er oy

+a-y This rel atian.cr . Neen . F
the lﬂqcybh%to%o(?%%ael pl?lgﬁggazc%tﬁgbﬁ?%g}%de%%r %gnet iecns\/\%rves. °r @
comEPd O Bekire td¥ SHOENtdians iFheostadnytd fufs tie mention

interaction is dexernined%gycgge acoust o-0 ticqg a1l
thalj it 6N 2R LTBEP1EhsT: FOPH Lonl Bt
st Ristue Y i hemysicsy i nualved ot dies dthdenidoinear

effects can be neglected.

The complete system to be solved for electromagnetically is

then given by:

o
N E(x,)= 85,0 + -yt )t =5 Elx,) =0

To a person skilled in the art it is obvious that this type of

differential equation becomes a convolution in freguency space

® when Fourier transform in time t is applied:
N E(x,0)+ 0%, [e, +a - y(x,0) 1, ® Ex,0)=0

And where the circled times operator Ecmaﬁ denotes a frequency
convolution integral (e.g. found in “Anleitung zum praktischen
gebrauch der Laplace transformation” by G. Doetsch, 1988) that
becomes in full form (omitting eventual normalization constants

in front of the convolution integral):
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that the above relation only holds for conparably

smal | ul trasound waves where e.g. cavitation and ot her
waombios2er ef fects can be negl ected. The conpl PCESE2005/001694

systemto be solved for elexgromagnetically is then

given by: A 2E{x, - e0 [er0 + a y(x,t)]nmonr - j

E{x,i) = 0ot To a person skilled in the art it is

obvious that this type of differential equation

beconmes a,convolution in fre ?ncy sgg)l(:e w_when
[A2+Eéaorgi,,()qropztr}Ee(msiﬁ)afmdfmoum;ehm i |9 Gagpt €8x DIEEO W) + we

00—

o[e,.o+ a-y(x, w)]nmomr E(X,w=2 0 And where the circled
ti mes operator E(X, CO denotes a frequency convol ution

i nt | (e.g. found i.n "Anl et ] o
el 2 LIS, L s, B4 Y SR
and 1988hdhhats hepeiRs, it drdhavieorshoen titriciglesiteitaudine

normal’i zation constants in front of the convol ut iton th
ob7 ot edhal yredefredymd cEowavier SHENALE GPE I PFL 0 the
.~ herefar m | ghef raquencydiAd@s e he
lncj‘é%&ttall%r?%%n éé%qﬁlgﬁ%e&?r equency m crowave signal
di f fdreindentadd sure cfbjuddtra stdvend edel welds TR Evaie BigralssS
contain a part t he incitdent lm' crowave frequency but

creadjesh by c?é’z?arﬁﬁwisﬁq%tﬁeorbilﬁ &r%nce and sum of ul t rasound

and m crowave frequencies created by the convol ution

The IAHEH delathieh abone d e alrdire afdensorldnod essteveator | d
to extract information froma m crowave fi

! d - b
infqmederdry s e oht G ARy el T i durP tﬁ}“%%?_ng
con fgf¥¥%§%%ﬁ%tJfﬁfﬁ%o&%&“ﬂﬁa\Bﬁtdgﬂnjﬁéﬁﬁ%ed wave trains.

Single virtual probe

One applies the method to solve along a path involving a
single virtual probe. This corresponds to either a virtual
transmitter or a virtual receiver depending on what
transmission parameter one solves the upcoming linear equation
system that has been described above where all relations to
either point 3 or 4 vanish. The wave propagation mechanisms
are identical for this case. For the ideal (homogenous,
boundary condition free) case, one arrives at the following

propagation relations:

[A2 +a)2808,,u0/,tr]E(x,co)+oc 02 o, E(X, 0 —&)=0
[A2 +(CO _5)2808r”0:ur]E(x9w ‘§)= +qE(X,CO _g)

Double virtual probe

Tn addition one can apply the method to solve along a path
through two virtual probes. This corresponds to either a
virtual transmitter or a virtual receiver depending on what

transmission parameter one solves the upcoming 9x9 linear
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One applies the nethod to solve along a path involving
a single virtual probe. This corresponds to either a
wWQ 20060050202 ransm tter or a virtual receiver depPOISPIYOTON16EI4
what transm ssion paraneter2ene solves the upcom ng
| i near equation systemthat has been described above
where all relations to either point 3 or 4 vanish. The
wave propagati on nechani sns are identical for this
equadiism dytdrhectaealay rtmmgemﬁrs;lktﬁoirrﬁim‘;ﬁ cOrRE S i B
free) case, one arr t.h n
A GHS HREE wASor ] R v RO DL
conﬁD%t dh [Aeyt dde X)@rﬁ@&{ﬂﬁméﬁ{éﬂs V%hé()r%lmﬁ(%gv-pm)pagatlon
e vrrtual probe I'n addition one can apply the

relateitdrod to solve along a path through two virtual
probes. This corresponds to either a virtua

transmtt or a vi4tual ei v ependi ng on what

[ *‘t“?%m@rﬁoé‘sﬁ‘gﬁ“air"érf%t eHoM@éS’r v@; ﬁhe upconi ng 9x9

[ &k rgﬁu %quxSMSL§F1#@@@YBﬂS§Peen descri bed above
ere all a

ons ‘are present. For the idea
[Az-r(tworﬂj)ge cads,,uolplo LERAS 1o ﬂ{aé‘é*; cdbe, one arrives
at the follow ng propagation relations [A 2 +

W2 E( X
The Xlsgjg@e)’é%?%{%%n% _g_%ﬁ%n%he (%‘?P{\%ﬁg‘é %[ a ié&\éband at
the BAM2 193 £ Xp M niX- Xhﬁaﬂlﬂg{ﬂh@%rdlehofThevirtsaltmnansmltter

equat’l ons denote the generation of a srdfband at 5 deband
The anlal y&i eapot hen xdeakiag the FINRTIF LGN VPF t gapecond sideban

ransm it er on: dgROtesrt BRaU@BEEAPLOAL ¥
on % Pl gg%%%dfégggb% dfgcggggﬁ%fg%he |rs¥ yafgcuss%ng

whiéh aﬁﬁéﬁethanaby6|sfparnirNU&hrchceakes t Beer 6redeengy
offgg{gugLerSgSoggé nTQE ngg%egcgnd n at point Y determined
by the frequency of the ultrasound used to accomplish
focusing. Please note that these may not be the same

frequencies for both peints X, Y in certain applications.

The first equation states the generation of a sideband at a
predetermined location § with the sideband offset x. The
second equation states the propagation of the sideband through
the whole object under test when a source with strength g is
placed a position X. The method allows therefore to “probe”
the object by synthesizing a microwave source at arbitrary
positions inside the object. One measures then the radiation

generated from this source when moving this source around.

The invention has been described in connection with a
microwave generator and an ultrasound generator, but it is
obvious that other types of radiation may be used to create a
density displacement within an obJject. However, the radiations
must be emitted simultaneously and there must also be a

difference in frequency between the emitted radiations to



offsets are denoted h at point X and h at point Y
determ ned by the frequency of the ultrasound used to
waewonpd20sh focusi ng. Pl ease note that these negI/REZ003@1694

the same frequencies for bogth points X, Y in certain

applications. The first equation states the generation

of a sideband at a predeterm ned |location x with the

si deband offset x . The second equation states the
cred¥Opagatdienlefcdmatsi detand: sdindugn tike defemnigigdedty the

under test when a source with %:re th q.is placed a

radigdsian MRVERT The AT 'S 1HESE ore Y6 i idte

t he object by synthesizing a mcrowave source at
It ia%wbdﬁdsa@bé%q%ﬂé_ ans d sl dertdwnob) eciradwaeaswigect with
then the radiation generated fromthis source when
two mohdmmyae ssismarlee herour . A § e it SRS Sert - 9
. -described i ecti 0 ' | {OYBMe,; 9eNes Bl mad and
ALEH Y roé'g]ﬂ’unrbd%gg{r%r a%oo:h,flgb%%b TS SV ous T A ot her
thetapesdfe fadiation diyldet usedfyncicieatef atfersitgrial
di spl acenent wi thin an, object. However, the radiations
uSiIFﬁJs’fth%eUé‘fﬁrﬁjéﬂqsiW?%@%ﬁ?@%%%%% eogru%I?f%%% be
radfaigiér{ er enagyd N feencyobet weeted heo enaty ecombination of
radi ati ons tocreate the displacenent. The resol ution
micitewalet erwi etk dynd hend agtr Y on havi ng the shortest
wavel ength in the object. It is thus possible to
simul taneously irradiate an object with two m crowave
signals having different frequencies, e.g. differing
only 0.5 Hz, to create the density displacenent and
thereby determ ne the dielectric function of the
mat eri al using the invention. Possible conbinations of
emtted radiation include, but are not limted to, any
conbi nation of m crowave, ultrasound and x-ray.d ai ns
1 . An apparatus for determning a dielectric function
in an
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obj ect, said apparatus conprising: at l|east a first
transmtter (42) configured to transmt a first type
weoocasd2ez i on through said object, and at | easPCEHSEI0N5001694

receiver (43) configured to3receive the transmtted
first type of radiation, characterised in that the
apparatus further conprises: at |east a second
transmtter configured to emt a second type of

Claifnadi ati on through said object, said first and second

type of radiation having different frequency contents,
to_generate a d vari.at.iagn _i

nsi t .t j»ec .
1. toPEngPpz&athe %Pstjgﬁ?ﬁénlgfmgaéi alieg%c;%?%%s%upﬁg%% +rnoan
obeld¥, 0ugh o e densilsy ceaiprdlsieny:t 0 determine an
acousto-electric interaction (d) in the object, and .
- nmeans leestakcdiass tRENGMEtESt (42 )f GROLIGHTER (e transmit a
. Qbj.ect b , ] 2L QSR i c

flrS%ntté/rpgctoﬁz%%og%.tﬁﬁeﬁ%%g&g{]%lglgcor tdelce:r% t%gltd(vzl aimi1 ,

- whereilradshe sagparsat uedednvteher(48onporddgugefd tst receive the

generator_(51) connected f.0.said at |east one
trangmdidfc tfelrrs(4§)yp§n6’f[cc}rﬁcf d''to generate and

chalfaNsPidra 4 easaid shgnakhbavppgrathisr surtheedcomprises:
frequency (fi) . 3 . The apparatus according to claim
- 1 ert Zedsiher siaroRsh HIRANFEIHA SOTdGHNGSSe s % STdn & Fecond

determ ne .t. t. 1 ian yi.Si NQs -8y N4

chpec_o irg‘—’lui]lec—;‘clt Jt_r% %rho uce asg‘{%ﬁtcgegnée%% 'a% ealf%r g@qlﬁtcyan(ci Fs)eccmd

typefsucgmaiadm%jeﬂmoe} noatihey raicEi evezh if | Tistquerpey ofonrttita i o

romsaid at, | east one receiver (43) wwth a | ocal

genegsxei§ !%t@ﬁnﬁt@hé{?%:‘r@“ al_%etgb%(]od&#%(%%d frequency (f

~ ) 38l 1esaln086id latorssignalyheidn genersted tamsnitted
second generator (52), and an eval uation unit

thraegterriaidep ey acouistiedecie jdeternine an acousto-electric

interaction (8) in the object, and

- means to calculate the dielectric function in the object

based on the determined acousto-electric interaction.

2. The apparatus according to claim 1, wherein the apparatus
further comprises a first generator (51) connected to said at
least one transmitter (42) and configured to generate and

transmit a transmit signal having a first fixed frequency (fi).

3. The apparatus according to claim 1 or 2, wherein
apparatus further comprises a mean to determine the
attenuation comprising: a mixer configured to produce an
intermediate frequency (IF) signal by mixing the received
first type of radiation from said at least one receiver (43)
with a local oscillator signal having a second fixed frequency
(f2), said local oscillator signal being generated by a second
generator (52),and an evaluation unit determining the acousto-
electric interaction by evaluating phase and amplitude of the

IF signal.
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interaction by evaluating phase and anplitude of the

IF signal.4 . The apparatus according to any of clains
wQa2@s/092ezein said emtted first and second tyPer/SE2005/001694

radi ation are arranged to bg2noved in relation to said

object. 5 . The apparatus according to claim4 ,

further conprising a conveyor (11) configured to

convey the object pass the apparatus, wherein said

4. appakappairstsisakiconacyingd to Eney agpardatims dcdor dihegein
to claim4

caic Srikbom e e e DARE 45 B S reaged <o
be %R%Q{qkﬂ%éﬂéﬁyah<ﬁo<§éﬂdﬂb5%éhtymerein sai d second
It}ype of radiation is a signal having a third fixed

frequency (fus) t generated b y a third generator (71),
5. . She HppamiaratarsoFecaydithy ql@%%roff‘%%r%cﬂ ,rls)lng a

wher ei n .t.he . r (Hﬁgig%ﬁ%éﬂ Lastriogne
COnVEISHi v@rl)( ﬁ%%p%l%%%ﬁr%% %Jgﬁ{ee%ei ve the sec%nd type of
appdradial,i amems it eshitchrapmprathes obf extatooniter nine a
runtime and danpi ng mappi ng, corresponding to a netric
for_the object,

whi ch j.s used to term +
6. acdi$t FRAFATIT Eiciﬁoerrcgﬁq gcno icnl&%%g Zg’bjrutlekgeter.é]g{s.thl%eappara e
is af IS SCLOT 6hh N 10 St At iBary Whief@tn. t he appar at us
urther conprises neans to determ ne the phase of the

recei ved second type of, radi ation for each f | point.
7. théthd ARPPARTUDIATIHTIET i AW The® ?fp“%ﬁafﬁ?’ B fdin

 fegor i aty Piqcl@i s 9 whergi midendiasthand fixed
Salcze%%#]%l@s%%g%f rad%‘l ation conpr i.ses®gny conbi nati on of:
frediet onaveys) adiganeoated byasothdrdogereraforil/ Ithe
apparatus according to any of clains 1-10, wherein the :

g Obiget is a food product, and Lhe appaiaiss fu7fhekerein the
apparatus further comprises at least one receiver (73)
configured to receive the second type of radiation emitted
through the object to determine a runtime and damping mapping,
corresponding to a metric for the object, which is used to

determine the acousto-electric interaction in the object.

9. ‘The apparatus according to claim 8, wherein the apparatus
further comprises means to determine the phase of the received
second type of radiation for each focal point that is a part

of the metric.

10. The apparatus according to any of claims 1-9, wherein the
first and second type of radiation comprises any combination

of: microwave radiation, ultrasound, or x-ray.

11. The apparatus according to any of claims 1-10, wherein
the object is a food product, and the apparatus further

comprises means to calculate a local distribution of
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conprises neans to calculate a [ ocal distribution
of tenperature in the food product based on the
w@adosob202d di el ectric function. 12. A nmet hod POT/SE2005/001694
determining a dielectric fuggtion in an object
conprising the steps of: - transmtting a first type
of radiation through said object fromat |east a first
transmtter (42) , and receiving the transmtted first
temde¥Re ofe raditatd @odd patodueasased et trecelaleru @43
characterised in that the nmethod conprises the further
dielsicdyd OffUNGHIA ng a second type of radiation, from at
| east a second transnmitter, through said object, said
12. finstand secandidomeniofi vad aticar g uliddierenn an
frequency contents, to generate a density variation in
ob’jddie abjrecitsing difw ywheRs tHe first type of radiation
transm tt.ed .t hr ough e [ 4 At r4H e
T an 5@&?&1%%e31ne%tar ?%%%t e?’gct i%fyn %éﬁ{%ﬁldggj%%%;ﬁd
obj & Gt iy tdesdiel £ctgt cfamwtidres n(4e objdct from

the acousto-electric interagction. 13. The t hod . .
- acd®W G- 1D té}eai?ﬁaffm%%iﬁ%ﬁsnte]t@fpeep Tt rrll:iilna é;/iczllonng in at
1eadde fEf St tyhe-pferagdiatjon to determnne the
acousto-electric interaction in the object, conprise
ch 4 ha cteprdfsepd aihpngha thdhe @edhochEBBESSS 4 ther
nmet hod according to claim 13, wherein the step of
steQﬂngél

ning the nmetric conprises: a ) focusing emtted
- secondtype ofssashatipre taf arpobiatiom, tfreombjlecteast a

second.transmitter, through said object, said first and second
type of radiation having different frequency contents, to
generate a density variation in the object, |
- analyzing the first type of radiation transmitted through
the density variation to determine an acousto-electric
interaction in the object, and

- calculating the dielectric function in the object from

the acousto-electric interaction.

13. The method according to claim 12, wherein the step of
analyzing the first type of radiation to determine the
acousto-electric interaction in the object comprises the step

of obtaining a metric of the object.

14. The method according to claim 13, wherein the step of
obtaining the metric comprises:

a) focusing emitted second type of radiation to a point in
the object,

b) adjusting a phase of the second type of radiation while
measuring an acousto-electric efficiency signal to obtailn a

maximum of the acousto-electric efficiency signal,
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b ) adjusting a phase of the second type of radiation
whi |l e neasuring an acousto-electric efficiency signal
wo o00elos20 a maxi num of the acousto-el ectric ePET/BEMDHH01694

signal,c ) storing a value ®» the phase together with
position of the focal point in a nmenory, and d )
repeating steps a)-c) until the netric for the object

is conpleted. 15. The nmethod according to any of

c) cl aitBBihd- dvadker eifn theepbtep tbgesheul atithgpogdtion of

di el ectric function in the object conprises the steps
the gpcadepititnga MEXSTYoné™Soi nt i nsi de the obj ect,

d) fo%g'eﬁgik'ae s$862nd ) type vk inadhat ier rar tthe ahd eagtect is
one point, "determ ning a danping of the received first
comptlypredof radi ation, and determining the dielectric
function using the netric. 16. The nethod according to

any,. of cl ai -14,. rei f 1eul 3tHdI®kin the
15. théhgigﬁggfgfg'%ﬁhgyf%ﬂ%fha?ﬁéggbﬁg%?H§5#%?€ses t he
stestapsaafculsaliens ithg atidlesstriondyraitiaf poiths dnkde

t he object, focusing the second type of radiation on
compees Hheasttite Yair of points, - deternining a

- danpiingQhd he necrjvedd igssint Vipes iefe rad aib jact,or
the at | east one pair of points, and determnin thF
- dafimiaug iavgd thee sticsinsbtiviRe fAfn DR Hetwedh ftf}?ega&‘t cast one
. |.east one pair of points using the netric. 17. The
POIut hod according to any of claims 12-16, wherein the
- firsdccand rsecpnd dangeirof afaditet imerd isveskl Biotsd Typheot
radfg%&on, and

- determining the dielectric function using the metric.

16. The method according to any of claims 13-14, wherein the
step of calculating the dielectric function in the object
comprises the steps of:

- selecting at least one pair of points inside the object,
- focusing the second type of radiation on the at least one
pair of points,

- determining a damping of the received first type of
radiation for the at least one pair of points, and

- determining the damping and the dielectric function

petween the at least one pair of points using the metric.

17. The method according to any of claims 12-16, wherein the
first and second type of radiation is selected to be any

combination of: microwave radiation, ultrasound, or x—ray.

18. An apparatus for determining local distribution of
temperature in a food product, said apparatus comprising:
- at least a first transmitter (42) configured to transmit

a first type of radiation through said food product, and
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conbi nation of: mcrowave radi ati on, ultrasound, or
x-ray. 18. An apparatus for determ ning | oca
wale@bis2or i on of tenperature in a food product PCESEI05/001694
apparatus conprising: at least a first transmtter
(42) configured to transmt a first type of radiation
t hrough said food product, andat |east a first
recei ver (43) configured to receive the transmtted
-~ first tepe of fiaditatiarsivhar@@)erdegdd Juradadto tigceive the

apparatus_further co ri%ie.s: - at least a second
transwfsAd (e SolfIRfurYd 13 Ehit°MU t r asound radi ati on

ch 4?50&% sai dofPod progust , tisai £bpd rstuantu secondedypei ses:
of radiation having different frequency contents, to
~  gerer dtea st derssiagndy dry At 19% (IR FlgBH $t defucimit

means to_apal.yse the first_ 1. radl atdon <-14 first and
ult]farsa?m thE 7 lr%rhgﬂuf%de&gesn%%ﬁfsfé\%%i% on to determne
secdit acauster ettt Lo tievacy i dnf fekgnt nttdguémoy contents,
product, and nmeans to cal cul afe theoﬁi electric

to genridleh 3 kel FHoR hradtit Hasdf onPdheP T oduct,

- a.‘?%é%rgs' eé&%r{alfy[éé‘t@ﬁ@%iﬁt anghd o ratLdl at pod tofednitted
di stribution of tenperature in the food product based ,
thromh hehe alens Gt pdvali bhieken | o fdmeFmine 19n agousto-electric

N ratus, for. det.ernnj ac istic of an

lnt%ﬁ?@%%?ncﬁiké%?e ?%2%O+%g?ﬁ%§g?%é %%%aratus conpri ses:

- a tfansdidd i gl el dtsotiié gif etedtoric afsmetianfinsthe food
type of radiation and a second t%ge, of radJ'&ati on

prodigughsemh obj Bee, 2SANACPTFSECHhC sERbRBAE PR oY O

calé@f‘%@é i om hay{ ng; i F{stentnf sequeRsSYrsOALENLS, tRE food
evaluation unit configured to analyze the first type

prodfict doka¢d oon t thasoaltetatad odghlactehsi £ynghiPati on
in the object caused by the transmtted second type of

19.r glgéﬁgpa%gs for determining a characteristic of an

object, characterised in that the apparatus comprises:
- a transmitting unit configured to transmit a first type
of radiation and a second type of radiation through an object,
said first and second type of radiation having different
frequency contents,

- an evaluation unit configured to analyze the first type
of radiation transmitted through a density variation in the
object caused by the transmitted second type of radiation to

determine the characteristic of the object.

20. The apparatus according to claim 19, wherein the
evaluation unit determines an acousto-electric interaction in
the object, and calculates a dielectric function in the object

based on the determined acousto-electric interaction.

21. The apparatus according to claim 20, wherein the
characteristic of the object comprises a temperature

distribution of the object, and wherein the evaluation unit
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determ ne the characteristic of the object. 20. The
apparatus according to claim 19, wherein the
werabas20on unit determ nes an acoust o- el ect ri BCT/SE2005/001694

interaction in the object, amd calculates a dielectric

function in the object based on the determ ned

acousto-electric interaction. 21. The apparatus

according to claim 20, wherein the characteristic of
calchileteej ecle cempdrsgsira tdrrarizturiendict rilsutdtgreadf based on

obj ect, and wherein the evaluation unitcal culates the

he tcamhsaratede ddedEGHBIG MG e obj ect based on t he

cal cul ated dielectric function. 22. The apparatus

_ aceRrding -tQ +aRy Rt 92l ofhesleiing MH-21, wherein
" transmi ing unit includes at |east a first transn1t
the anteersme todmid guridd ineitycass At 1t6@e'3tf i shitsfpdiGmsmit

radi at i t hrough toahd atsd east %ﬁ%%&%ton
antenng, &4 %n erf'tjnglC con ean%g%l:tg%o {ransm L ¢ he second

thrdugde t@i‘e roaqjleaiﬁ ehhd rmowgamgtha oy ceptd ’Q&nS'Iﬂirﬂet antenna
apparatus according to claim furt

confrigugtey ditertatdSEon et e“oe‘icﬁlcf ﬁfe\’%ﬁ q C%fa@l &1k Shan

thetgéygggt antenna and configured to generate and

transmt a transnmit signal having a first fixed

frequency. 24. The apparatus according to claim?22 or,
23. 23, THeura(chiere orpra S TFIiT riet fhaeim i iy gomprising a

receive the fir iati t teg &
LI ANE OO BT and & TIXEr ConT] durd {0 produce
antéﬁhérﬁﬁﬂfﬁﬂhfﬁgﬂf&@qbsnpynéﬁ&ﬁesmgﬁatr@qsm1&|@gtr¢@§mlt

received first 'pe of géatlon with a | oca
signwkihaaing %I%ﬁ%% ?@ SELORAE i xed frequency,
said | ocal oscillator signal being generated by a
24. The apparatus according to claim 22 or 23, further

comprising:

- a receiver configured to receive the first type of
radiation transmitted through the object, and

- a mixer configured to produce an intermediate frequency
(IF) signal by mixing the received first type of radiation
with a local oscillator signal having a second fixed
frequency, said local oscillator signal being generated by a
second generator,

wherein the evaluation unit determines the acousto-electric
interaction by evaluating phase and amplitude of the IF

signal.

25, The apparatus according to any of claims 19-24, further
comprising a conveyor configured to convey the object pass the

apparatus, wherein said apparatus 1is stationary.

26. The apparatus according to any of claims 19-24, wherein

the apparatus is moved in relation to a stationary object such



10

15

second generator, wherein the evaluation unit
determ nes the acousto-electric interaction by
werabas2dng phase and anplitude of the |F si gneCT/SERB5/001694

The apparatus according to amy of clains 19-24,
further conprising a conveyor configured to convey the
obj ect pass the apparatus, wherein said apparatus is
stationary. 26. The apparatus according to any of

thatC |l dTe: rE9rsid,t teherfel st heyrppet atassidtsiamowasd e second

relation to a stationary object sucghthat th
typeg SR FQVe yide ]élarblja]uqrhtﬁooﬁcqqaehooq%eecets'econd
type of radiation nove in relation to the object. 27.

27. The  APRYAT IS B Ui RGP Wwargf «f ailminkd-126:26, wherein
wherei n said second type of radiation is a signal_ . Fixed
saihmegmd Te OF isadl Freueity? Y at® o £ (i Fixe
enerat or . %? T AGEOFding, to any of
freqidiny 14 ,aV%Qﬁ%?ﬁggéﬁg appar at us further
conprises: at |east a receive antenna configured to

28. I ecRie/ eagpher seconab¢ypding tradimt ioh eyaism t3ed/, wherein

~through the object to deternmine a runtinme and danpi ng
Sal¢n&ﬁﬁ§ﬁf§%ﬁréﬁ%ﬁ%ﬁﬁrﬁf?%F%?%%tric -for the object,

_  saigh metgd€ beide et byerime ot iaiteon tnitet@ive the
determ ne the acousto-electric interaction jin the

secabf eeype 20f Tl aphak at (R FBELT R ngt FOUER af iy 2gbJect to
wher ei n, t val ual i o, bl § o el 6k M Heso Br 853s8d ohgt be

deteni i ?y%gng%ﬁ%a%$%t$%ﬁﬁ%%? eac f%ca? Eo?ﬁ? that is

netpattfof the oefect, 38idThetnpparaing asedrdyngh€o any
of clains 1

9- 20, in the first_and t N
eve et oL 2 18-28 it el (he. o5t end. secondcUypecplsson
in fRdigbiopy . ultrasound, or x-ray.

29. The apparatus according to claim 28, wherein the
evaluation unit determines a phase of the second type of

radiation for each focal point that is part of the metric.

30. The apparatus according to any of claims 19-29, wherein
the first and second type of radiation comprises any

combination of: microwave radiation, ultrasound, or xX-ray.



