1 AN APPARATUS AND METHOD FOR DETERM NI NG PHYSI CAL PARAMETERS IN AN OBJECT
USI NG ACOUSTO ELECTRI C | NTERACTI ON Technical field The present invention
relates to an apparatus for determining 5 physical paraneters, such as
tenperature or density, inside an object by determining the dielectric
function of the object according to thelpreanble of claim1l and claim 19.
The invention also relates to a nethod for determning the dielectric
function inside an object according to the preanble 10 of claim 12, and an
apparatus for determning the local distribution of tenperature in a food
product ad¥NoAFPARATYS AND MEISHODBROR) DRATRRMINING: BHEAICAL rPARAMETERS tIN

obtain inf t| i I and other interior

par anmet er oggglpg:&t b%&?%&@éf%%e%wqﬁ% nvadi ng or dissecting
the object, radiation(s) of various types are available to provide

i nfor mat i @gchihdcalalgi@uas) to reconstruct the desired paraneters. Choosing a
specific type of radiation, there are four distinct 20 cases that

i ncorporate their proper inplications on the choice of nethod of analysis.
These ar e Thleapgielsiead By vens iqrestd i@t esarteasn tarpapdrehcionfdetermbiigts to

t he radi ation.chqgsen olution i.n the object required with resrp?ef%%to t he
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or weakly -ahserbiig de@ drf@ ning the dielectric function of the object

according to the preamble of claim 1 and claim 192. The
invention also relates to a method for determining the
( dielectric function inside an object according to the preamble
10 of claim 12, and an apparatus for determining the local
distribution of temperature in a food product according to

claim 18.
Background to the invention

In order to cbtain information regarding temperature, density
15 and other interior parameters of arbitrary objects without

destroying, invading or dissecting the object, radiation(s) of

varicus types are avallable to provide information that

allow{s) to reconstruct the desired parameters.

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

areas:
- transparency c¢f the object to the radiation chosen

- resolution in the object required with respect to the

25 wavelength of the chosen radiation.

Case 1A



radi ati on used for measurenment, and the resolution to be achieved is equal
or smaller than a radiati on wavel ength) The only source of information is
obtai ned by probing the near 5 field using e.g. Atom c Force M croscopy
(AFM) reading out the force on a sub-wavel ength-size stencil being
positioned with high precision on the surface of a material reading out the
structure on the surface of the 10 object under test, Raster Tunnel

M croscopy (RTM where instead of the force one neasures the tunneling
current froma sub-wavel ength sized probe being positioned close to the
surface of(Thee oblije@ct iunderartgsirdb: genereadk g 408 @i d oo othé he el ectronic
state of the surface of the object, or - optical Near Field M croscopy

where el ed@BRddmet iU SadiHt i PESTERD EhrBth D3 k3 33k opt ¢l 19 R%ml | hol es
requiTi ng J e RRIE 110 Y . o7 | lad han fuvavebenal e plnddie radiat i on

used generating surface 1 nages of the optic properties at sub wavel ength
resolution on thin probes. |npedance tonography Wiere a set of electrodes is
attached tlhet e lgbjsectraender irBorrestiandi s hebtiapeddnee hetneen Ghd ndmr

pr ob IS -”ﬁ%ﬁUVEd- This method all ows cal cul ati ng sone properties of the
interd or dfStfie USH{"&t® hder test but resolution 3 is generally poor. This
nmet hod has been used with success in differential approaches - neasuring

the inpedance ofatomic Force Microscopy (AFM)

reading cut the force on a sub-wavelength-size stencil
being positicned with high precision on the surface of a
material reading out the structure on the surface of the

10 object under test,
- 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
15 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 be much
20 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
25 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 resclution



the cardiac region prior and after nedication to evaluate the influence of,
e.g. anti-clogging drugs. 5 As a general feature, the high resolution of the
nmet hods nentioned above are not due to the intrinsic wavel ength of the
chosen radi ati on but due to another constraint (nostly mechanical as

di aphragns, stencils) that provides sub- 3wavel ength resol ution. A general
shortcomng is given by the 10 thickness requirenent of the object under
test - the above nethods generate either only surface information or
interior information at _a very limted depth w thout | osing resolution.
Case 1B (The obj-&cgengredansparent Tor swegkihpdabasr biesg ¢ ache' s rsaficqSson
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wavel ength.) This casé is covered b di rect i'magi‘n
transm ssi on nethedsarddiarg relggctr pragretand mddieat nealiicatiirs to egiaimatdere
are 20 - LIDAR X-ray _As a neans of analysis, ray tracing and one-to-one
mappi ng et hods thfe 185pMHERCEaCE rsitnde SO ST dGe SIS play a role - it
can be assumed without |oss of resolution that each pixel 25 information
taken at as0LveRROSIT irQ tius ONlh Affief 6 LY 16, PBI£6tL S alnk | ocated in
between the radiation source and the Teceiver. 4 A recent developnent in
this areamesttibecgasdiore ragamaotheive tchehehemtedineiicssiaore iqtherternf tihal |
ng;resn;[‘ﬁgg% SN, OUE & d SSRINRL TS mAsed and, i fraged. This

mechanical as diaphragms, stencils) that provides sub-

wavelength resclution. A general shortcoming is given by the
{ 10 thickness requirement of the object under test - the above

methods generate either only surface infecrmation cr interior

information at a very limited depth without losing resolution.
Case 1B

(The object is transparent or weakly absorbing to the
i5 radiation used for measurement, and the resolution is much

larger than a radiation wavelength.)

This case 1s covered by all direct imaging and optical
transmission methods. Using electromagnetic radiation in this

regime, there are
20 - 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
- 1t can be assumed without locss of resclution that each pixel
25 information taken at a given position is only affected by the
object’s volume located in between the radiation source and

the receiver.



does not require any transmtted signal and is therefore not

5 traceabl e.

Anong non-el ectronagnetic nethods there are commercially avail able

U trasound tonography and Nucl ear Magnetic Resonance (NVR)

10 Case 2A (The

object is noderately absorbing to the radi ati on used for neasurenent, and
the resolution is equal or smaller than & radiation wavel ength) The fact
that the object is noderately absorbing to the 15 radi ation used for
measurenent puts a thickness limt to the probes that can be investigated.

For this case no feasible nethod is avail abl e today regarding

the state of

the art. Case@BR2QgVENemigrectin scniderzelis diisory sl vo thdar adiate on

a . radiatjion

d f t, and the resol ution i h,larger th
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and it is enbedded in a non-lossy environnment) and m crowave tonography is
avai | abl e.dofromptt hesspl imst Fods e sigstte popidrarl ored | 55 Sch¢aetdove)notadi o

deteg§iontgnd r i ng (RADAR) where the signal runtinme betwee

n a source and

a target dﬁﬁxﬁggk to a receiver is nmeasured either by putting the receiver

at the same place as the transmtter (nonostatic

Among non-electromagnetic methods there are commercially

available
- Ultrasound tomography and
(- - Nuclear Magnetic Resonance {NMR)

10 Case 2A

(The object is moderately absorbing to the radiation used for

measurement, and the resolution is equal or smaller

radiation wavelength)

The fact that the object is moderately absorbing to

than a

the

15 radiation used for measurement puts a thickness limit to the

probes that can be investigated.

For this case no feasible method is available today

the state of the art.

Case 2B

regarding

20 {(The object is moderately absorbing to the radiation used for

measurement, and the resolution is much larger than

radiation wavelength)

a

In this case, most radio frequency and microwave frequency

applications are found (especially when the object under test

25 is lossy and it is embedded in a ncon-lossy environment) and

microwave tomography is available. Among these methods the

most popular one 1is



5 radar) or by putting the receiver at a different location than the
transmtter (bistatic radar) and the frequency change due to the relative
velocity of the source and target are evaluated (Doppler radar). There is
thus a need to devel op an apparatus for determ ning 10 physical paraneters,
such as tenperature, density, conpositidén, for an object that is nodestly
absorbing to the radiation used for neasurenent, and where the desired
resolution is much larger than a radi ati on wavel ength. Summary of the

i nvention 15 The purpose of the present invention is to provide an
appar at us -f or détetaveri ngatdhe diegleedtionc afgnatangdngf @ADAd)bitrarily fornmed
obj ect. The purpose is achieved by an apparatus, as defined in the
characteri zi ng grtionhof claim 1 an 19 %nd a method 20 ac orq%n %p t he
characteri zing B PEPof & SHORR i &gpn&e HEF aso Fivd Vv 681 ¢ et
control | abl e vaghat baaki #oPEOGEGCE i vdeNSist Yne aEh caPRAMAHAIS dheitusiesy the

m crowave radiation to read out the density variation and to relate it to a

spatial distriBeceéiest ath&hg daget Bledurses ithe tHHSHL9h ManeYea 25

used for determni t j S .t r at , t cont.ent ity,
as de5fi ned in %gdg%ﬁr Iaz%t %S’i %ﬁlt&écsiﬁ)lgf trq?l %n%gf%regvéa:,{?naﬁéa. d;Lngag vea{?\c{] glgogceavn\cns‘]lqrt{yt he
present inventi @hains thkat: rizhenieselrut ibdistaofi d headdat iald ditsd ridagdeaeynot i s

limted to the wavelength 6 of the first type of radiation, e.g. nicrowave
radi ation, but CRaPHEr d¥ét éOmithed N5 ATHe analFdiHditth fF tthfe SRVSRI AVbe of

radi ation, e-g-tg&b%%sg%%de%%rﬁaﬁﬁﬁ (Doppler radar).

There is thus a need to develop an apparatus for determining
10 physical parameters, such as temperature, density,

compesition, for an object that is modestly absorbing to the

radiation used for measurement, and where the desired

resolution is much larger than a radiation wavelength.
Summary of the invention

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

20 according to the characterizing portion of claim 12, using
ultrasound waves to create a controllabkle 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

25 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 resclution

of the spatial distribution not is limited to the wavelength



Anot her advantage with the present invention is that a contact 5 free
measur enment of physical properties, such as tenperature, water content,
etc, may be established applying the invention as virtual probes. O her

obj ects and advantages will be apparent for a skilled person fromthe
detail ed description of the invention. 1@ Brief description of the draw ngs
Fig. 1 shows a systemaccording to the invention. Fig. 2 illustrates the
emtted radiation into a product under test. Fig. 3 shows a flow chart for
determ ning a physical property, 15 such as tenperature, inside a product
under tesbf Ehg. fdrshowypa Plfowacharttionl,| estgr.atiimg oWae epreckss: ifor, but
obtaining an ultrasound netric. Figs. 5a and 5h show flow charts

Pl st A F RGP EROSBRBORRAB Y 5o HEEIBEERE fo TR SR G IS Ypat | a
distributi-grigtibhe 20 dighkealitad Wictioa thin 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

i nvent i onAnpthpst adves tagsc mipti dheofoyesehdr e saviodi rentthatPra gront@athi s
i nvention _ther xi st _as. t s.faor. _recqonstruycting.t interiqr properties
of 't ert AFSS REPeToIRTYr St By Yisa R R Sy € BPe i R s

m cr owavewhoBRgeaphynt, Wty aseuyntdd emgtaalhed mgpatyi riepsess ires9ltitdron is

determ ned by the wavel ength of
as virtual probes.

Other objects and advantages will be apparent for a skilled

person from the detailed description of the invention.

o

10 Brief description of the drawings
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,

15 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

20 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.



the used radiation. In this invention, ultrasound and m crowave nethods are
10 conbi ned. bj ect reconstruction can be done by pure m crowave inverse
scattering methods and by pure ultrasound tonography nethods with their
respective limtations. Here ultrasound is not used as an object
reconstruction tool but as a tool to gerkrate a density variation in the
object to be investigated. 15 This said density variation creates a change
of phase and frequency in the transmtted m crowave radi ation that is used
for object reconstruction. Therefore the available resolution of this

met hod i s Dedtaddeidhaleagriptioresf Riefexfed mmhodimemds ¢ wave (snaller than
a mllimeter for typical nmedical 20 ultrasound frequencies). The density

readout i erfar . USi n i crowave radi.ation (at frequency where
attenuati ?ﬁplosrti C1macg]31Sov\stn‘’rgeerjl’a]gsloon%lb eerpeenee At ih %%%f%sf%Fg. S, ISMb.8 or X
band) . Thisgmidatiaviaigs ider dsdiasens wdpah f fé € ubt ynf e r 14 T8 Op@NEre

t onogr aphy approaches that a mllinmeter resolution 25 requires mllineter
wavel engt s %rﬂf&r]{q}ha?tréi VR TIS Rt erare oM ant abkdtbed by nost objects
of interest within sone wavel engths therefore not allow ng any interior

paraneters to QE%?QJ%Wénggﬁﬁéﬁgyabove classification, this invention
an . C

covers areas 1B, 2 a nmethod is not known prior 30 to this
invention. 8 The systemdescribed by this invention is preferably to be
used in the foodilitnchustiund tHamddmerglood i ndustry, it is often inportant to

accurately control the tenperature of food products. For exanple, when food
products are A @ P 0087t Sridide 1OPLLant: 40801 e AT BEGANCL ' S

{ the used radiation.

In this invention, ultrasound and microwave methods are
10 combined. Object reconstruction can be done by pure microwave
inverse scattering methods and by pure ultrasound tomography
methods with their respective limitations. 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.
15 This said density variation creates a change of phase and
frequency in the transmitted microwave radiation that is used
for cobject reconstruction. Therefore the available resolution
of this method is determined by the resolution of the
ultrasconic wave (smaller than a millimeter for typical medical
20 ultrascund frequencies). The density readout is performed
using microwave radiation (at a frequency where attenuation
still allows reasonable penetration depths e.g. S, ISM5.8 cr X
band). This method avoids the fundamental difficuity of
microwave tomography approaches that a millimeter resolutiocn
25 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 priocr

30 to this invention.



cannot be ensured that the entire product, e.g. a chicken fillet, has been
freezed, one may have to discard products or deliver products with short
shelf life. Therefore, there is a need for a non-destructed and non-contact
control of the 10 freezing of products. This problem may be sol ved by neans
of neasuring the dielectric function ang converting it to a distribution

of tenperature, as will be described in the follow ng. 15 However, the
systemis by no neans limted to this type of industry. Potential other
applications are: - concrete hardening (construction industry) - glue

har deni ng Thai rspisaren cerstrriletd dn) 20 s imedircalorn niegipue {4 1aict y on@lbdor ai n

t onogr aphy, spi.nal = tanograph - graund survey, tracking pjpes an
undergrouh’(fe_tdulié’st-hesg\%’ r}dld\r/‘%%tcﬁ}g etdhi%rﬁo‘_{%e]t ctd 'pe]rtgolr% ot
rubble) - B8 3WeqR NG (asReaAldondlAStiHe Mg 44t PMETYF oML @r eas) 25

In the follow ng the preferred éenbodinment is sumrarized. The nodifications
requi red tporadvetgeorst \exanmdraderwhan adast priudichetdoa o hdef adbored ot her

applicatian areas are small. In.the fallow ng,a continuous Vi

o o1 Ghave nd ST Ge VI (FUH (PHoRd BAEH ob ehY  Yoa B el f or
sake of 3QrgidWIdeCidnsurbte drithachdesprihedisdnet, ldgted dwidids case.
Ot her nodul ati on schenmes for both, electromagnetic waves and 9 ultrasound

waves suclfiddednplhiasudearoduistdsh (909 nay dipfehcic dioted &d i RrequEM)s or
frequency dul ated. cont.in ve FV\%}@ pul se.code. npdul at i on (PCM,
phase nodu 4 li"'c()% I\‘?}Q%a%nE \)\Le“/gl\L/!%] \é\%o tfatsse rrfodlujlfja iﬁlh?%%%n%%’ue@?%ol%rae
appl i cabl eyeytd fayre a non-destructed and non-contact control of the
10 freezing of products. This problem may be solved by means of
measuring the dielectric function and converting it to a

distribution cof temperature, as will be described in the

following.

15 However, the system is by no means limited to this type of

industry. Potential other applications are:

- concrete hardening (construction industry)
- glue hardening (airplane construction)
20 - 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)

25 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
30 simplicity. The method described is not limited to this case.

Other modulation schemes for both, electromagnetic waves and



5 optimal for certain other applications. Figure 1 describes a apparatus 40
according to the invention. The systemis placed close to a conveyor neans
11, which transports the products under test 12 through the sensor

measur enent gap 13. The system 40 consists of a m crowave part 10 50, an

ul trasound part 70 and an eval uation unit9 60. The systemconprises in this
enbodi nent two fixed-frequency mcrowave generators 51 and 52 and a fi xed
frequency ultrasound generator 71. The first mcrowave generator 51 has a
first fixed mcrowave frequency fl (e.g. 5.818 GHz) and is 15 coupled to at
| east one ulrtarswundamaeresa AR h ael dnipel isesiEndnodu latoway e(Ajener etequdz-thas a

second fixed m crowav requenc f2 (e.g.b. .and is preferahly coupl ed
T’ down Comlarier 3 SRRP ey MOBiEHE GO rErS SHTOL R he
transm ttgﬂlls@i CoRMAVR B 1GElon WE@D | 1e0ld ed/d i &t | Basta e dwcrive 20

antenna 4 and the received mcrowave signal fromthe second microwave
gener at or D82 edo medudw tilmre riredirsit@ud s egiiEnard Rpplfviab kg |ows ate ni crowave

signal transm tted through .the roduct. under test 12 to be evaluated in
anpl it ude Oé%&"\@ha%@.r cletr%fw hoetr}}?ﬁ)rr SRS S Y filter unit 59, an anal og
to 25 digital converter ADC 55, a set of signal processors 56 and an

eval uat i OrFipfiQeess e £Q hal £ Qi fst U CEP SBf o &l 100f | € Bhd OineMiTed . t he
systemand to evaluate the data. The result is submtted to a display unit
65. The sydwemysdes] s6¢ ddMsdeslese sed dFCATEREHUdREIN T 2L Y oritlyl @he shown

(o ke Frlfiion o DL OLp L1, SIS, e, i g ecel ve
emt an ulddaasouwnénti gral 1aviTige ady st dni asD uinsh § ¥ erIent ya frosc Advave part
U 10 50, an ultrasound part 70 and an evaluation unit 60. The
system comprises in this embodiment two fixed-frequency
microwave generators 51 and 52 and a fixed frequency
ultrasound generator 71. The first microwave generator 51 has
a first fixed microwave frequency f; (e.g. 5.818 GHz) and is
15 coupled to at least one transmit antenna 42, and the second
micrcwave generator 52 has a second fixed microwave frequency
f, (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 ccllected by at least one receive
20 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
25 digital converter ADC 55, a set of signal processors 56 and an
evaluation processor 60 that ccntains necessary algerithms to
control the system and to evaluate the data. The result is
submitted to a display unit 65. The system 40 alsc comprises a
set of transducers 72 (only one shown for sake of clarity), in
30 addition to the transmit antenna 42 and receive antenna 43,
all grouped arcund the measurement gap 13. The transducers

emit an ultrasound signal having an ultrasound frequency fyg



(e.g. 4.5 MHz) through the product under test 12. This causes a density

di spl acenent traveling at ultrasound speed. At the sane tine a m crowave
signal fromthe first mcrowave generator 51 is emtted fromthe transmt
antenna 42. This 5 signal also travels through the product under test 12.
The m crowave signal exhibits danping abh@ phase delay by traveling through
the product |eaving the mcrowave frequency unchanged. In those vol unes of
t he product under test 12 where the ultrasound wave creates a density

di spl acenent, a part of the 10 m crowave signal is shifted in frequency and
upper and (kower 4 .Si délzandd rrghc iddt edoditd tma@eshittesdd 4 cribvievecasigpml i s

col |l ected usjing.the m crowave r.eceive .antenna . The recejve i al is
down convér gggdr}iynéj ltslgaé-L & Son ré—ﬂ‘rx’cteelrlm@niatDC ?j‘%nﬁ?eour}%ﬁgeree%ue}?ltc%}ﬁ gnal

is then fighiner edmésiangria ddwatvey dirirta 5% rbm amd anad ug-digidwd veeonvert ed
using the ADC 55. The digital signal is evaluated using a receive signal
processor 9SBErFRET HPdcdisvEeditgrrdl Tt ddiort reariisrt S g coh ngid git al

signal tq.zerq f.rhequ j d t.at e- qf - - ar i gid al ilters.

20 T%e ou%’&éﬁeﬁo ll%% gcr}%('letlizér irkglgl%c rgcgh%o cﬁocﬁ“ocq{ ﬁ}e&%ﬁ 1%oeas'?ea:":,rle 'erT,hg which is
not shift edcirowharvequdnesl kedhigertd artgiansirnd $hard dalepeibe B wditanna as
wel |l known to a person famliar with the art. In the above we refer to the
recei ve ant@RNgM43NEs RO G Haie PoMY & h P IHEORGTEh e IuiR @hridn A nged he

Ui PR a1 g emdss e YL B0 ety e 12
si gnal prodesseound wavparaldaled o tden flitnstdismratenpatth, 59,pa’ss,056:he
10 microwave signal is shifted in frequency and upper and lower
sidebands are created. The transmitted microwave signal is
collected using the microwave receive antenna 43. The received
signal is down converted using the down converter unit 54. The
low frequency signal is then filtered using a filter unit 59
15 and analog-digital converted 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.

20 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

25 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 37 in parallel to the first signal path 59,
55, 56.

30 The bandpass filter 59 is tuned to the difference frequency

between the both microwave generators 51 and 52, which in the



30 The bandpass filter 59 is tuned to the difference frequency between the
both m crowave generators 51 and 52, which in the 11 present enbodi nent is
5.818 GHz-5.8 Gz = 18 MHz. The second bandpass filter 57 is tuned to the
di fference frequency between the m crowave generators (e.g. 18 MHz) added
the center frequency (e.g. 4.5 MHz) of the ultrasound signal 5 generator
71. Therefore this second digital signal processor path, containing 58, 55
and 57, converts the inconmng signal to zero frequency that has been
shifted in frequency by the ultrasound frequency. The neasurenent result is
t her ef or e priciseinte@mbodilvendr dss Sdcltd ¢itldrét.Weditiz ke 18 ttasoultte aswbare 10
m crowave signal . The I F dwidth of .the first. 59, 55 6 and second 58,
55, 57 di°gi é’lasrge}élﬁ\} stg’gfelsc&dgber#ttoo ﬁ:@%éﬁff%ﬁem":ﬁr Sihd ¥ r equency
fus gener glcedielyy the witdrdseund Alds 7k, gThiss iz F e iO optim ze
the frequency shift by varying the 15 ultrasound transducer phases. During
the first csrdge dfreghieaioy ng an l 47 d8ind hethe algfragsdhengroduetl 12, an

ul trasound re%%ky%r7 3 %gx%g¥% resent @Qigp cq%lects thf ul t rasound
radi at i on EHEEES T rdm tHE L TrErs duber £ 50 ah s Hat & e M Hg © 156,
and runti mtas 20rdeseriinkedd n IWrandledgi Icdisleom s [1hd henahemey weidrefer to
the wultrasound receiver 73 as mcrowave port 6 and the transducers 72 as

the m cr oy &9F6r tf B aiea Yarkdiatg e aah istd fited eval irg@Enr ey Pl trasound
eval uati on j ) i i ted . al uation
unit 60. f&%%&%é%%ﬁ%@ﬁ?k}%g&%ﬂ%%n retadthz'taﬁgi;)ﬁfrjlI ll%t%ﬁea}%?%ﬁé/uct under
test. The ltindnsducer $hE @mds dgrvttivurrs exargdre,tten ultrasound and the

10 microwave signal.

The IF bandwidth of the first 59, 55, 56 and second 58, 55, 57
digital receivers are chosen to be half the ultrasound
frequency fys generated by the ultrasound generator 71. This is
required to optimize the frequency shift by varying the

15 ultrascund 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, Tsg, and runtime as

20 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 1is
evaluated in a ultrasound evaluation unit 74, but this may

naturally be integrated in the evaluation unit 60.

25 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

30 transmit antennas 42, travels through the product 12 and

exhibit damping and phase delay with unchanged microwave



ul trasound pul se 91 through the product under test 12. This causes a
density displacenent traveling at ultrasound speed. At the sane tine a

m crowave signal 90 is emtted fromthe 30 transmt antennas 42, travels

t hrough the product 12 and exhibit danmpi ng and phase delay w th unchanged
m crowave 12 frequency except in the arga 95, where the ultrasound wave
cause density displacenent. In this area a part of the mcrowave signal is
shifted in frequency, as described above, and upper and | ower sidebands are
created. The transmitted 5 m crowave signal 90 is collected using the

recei ve aftregnandy. extie® tulitr ddeuritramaid 9 Wher ecdilleectledrd sound eveicver 73

during the process .of obtai.ning the trasound netric ich is used during
the next §taé(1§‘§_ 8?“&&»[% rr%lr%prjr@q eengkp'a'tﬂnalt 'sztarﬁedautai d??ﬁl@;fo{]hteh%i el ectric
function. nk@ oatiee s3 gghawia fdmveharin daschididyg tde deasties®Mbove,
principle according to the invention using a systemas described in
connect i ogn@ tappRirgang 1owsgsisdalabandsha nretdici tofd + Hilse | framnionted a

m cr qwave-_.ul tr u inat.i o surepent. net.hod of the djelectri 15
and the aé“&ggﬁg%é’%e%g g%%rlgrg&r%ér iQ:eos gefcutrrea tuesrln%eéhee t%eecerle‘g%léu 1%eorhml1 s&'

i nheri t ed ThHeomltthe swutvdaseurd davied engltlectekhel mmeastd @mend r PT D CRehtd ey
consists of three phases as described below. Phase 1 20 Qbtaining the

ul trasoundNPeBOEESS i SRIFEIE I el of TS TBthImaf trassikeh rimtt 3/ and
danpi ng prEREnly 69,250  8StalldsShed Wi e 5 Pngs addt i Jef e Ledi o a5, the

ul trasound netri c.
of the dielectric function.

(’ 10 Figure 3 show a flow chart describing the measurement
principle according to the inventicn using a system as

described in connection with figure 1.

Basically, the method of this invention is a microwave-
ultrasound combination measurement method of the dielectric
15 and the acousto-electric properties of matter where the

resolution i1s inherited from the ultrasound wavelength.

The measurement procedure consists of three phases as

described below.
Phase 1
20 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

25 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 ultrascund transducers in a way to focus the

ultrascund power to a point with a geometrical size of the



By varying the phases between the ultrasound transducers 72 25 using a phase
programm ng | ogic, any desired phase formof the wultrasound field can be
generated. It is possible to control the phases of all ultrasound
transducers in a way to focus the wultrasound power to a point with a
geonetrical size of the 13 order of a haBf wavel ength of the ultrasound
wave. Focusing the ultrasound wave in the nmediumon the small est possible
vol une causes the frequency displacenent of the transmtted mcrowave
signal to reach a maxi num Therefore, the phase of 5 the ultrasound
transducepsdes wdr icetiald optviaticzd ttrhe imidreowdve a ssiugrrhlwa Bval Riatusignd he

del ti bet th | t I .and t hi d i mum f
hi 11 al | 648 (RTEPRIIID 07 Wit QEHAE! P et eTn SHE Tce. ol nt

i s | ocatedoiipel da e pHRduGte ARy tESdp 1A celiint MRS EMBMn S feReat ed 10
for a set of points covering the whole product under test wwth a

pr edet er nimedorveysl Wwiidnel A agagdula maxirai e Wenmiciag the Pssest o be
chosen for . each _independent focus paint_and e locati.on w.th respect to
The” gt enider SIdgERCTRE e I e R e e e v
si gnal i s saltaiined-faeaEach afe thgss, ERsEIMeBMen PO oM @ld ©vede t he
nmeasur enment object which allows to nap the | ocal ultrasound danpi ng. The

| ocal str@agt kher aahd anad SBUTRS| [FiRduanc i Al tatdld By IRFRTURIHS Wit i mes
and danpi r\]ag]ﬁ\faldli%scal?ﬁle%n?l nd! 4 {@asgund , LG g ansduger Sis(l%?élf%‘cgse’ any

choi ce of ase’is optim'zed by maxi msing the mcrowave signa each
poi nt in tiiss deayere) .proasimurgidhesses del ayrii sreneed shagn in g v at alesafead t he
| ayer of the product close to the transducers, the phase for the i

710 for a set of points covering the whole prcduct under test with

{

a predetermined resolution.

As a result, a table comprising the phases to be chosen for
each independent focus point and the location with respect to
the antenna is obtained. At the same time, the strength of the
15 maximum signal is cbtained from each of these measurement
peints 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

20 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 cof
the product cleose to the transducers, the phase for the

closest focus points are obtained.

25 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 arcund the focus points and

30 also close to the next layer of points, phase and amplitude



cl osest focus points are obtained. 25 Tuning the phases for transm ssion to
focus the ultrasound power in one focus point and tuning the phases for
reception to focus on another focus point, the runtine between the two
focus points of the first |layer is obtained. Assum ng these values to be
valid around the focus points and 30 alsp close to the next |ayer of

poi nts, phase and anplitude 14 values for one after the other point of the
next |ayer are obtained. (O course, any choice of phase is optim zed by
maxi m zing the m crowave signal for each point in any layer). This process
i s repeat e@1usksi lfotrhenshelfe g aductotirderpdiest ds tHe stamethydhesresult is
a table of the |ocal danping of the ultrasound signal and the |ocal phase
del ay of théadnedasd®id ciUgva, aset g cdl 10fs PAriried ot igoi 3RS Yt he

"ul trasou LG f: it h L ' Ve, si stre all the
f ocal 109%5gﬁ%§}%?h§%%?$Pg§gﬁg %néggﬁggégﬁﬁﬁ§§%&§?%§ﬁ:dH{éﬂ%%pE%%%Qe
object, which is representative to the objects that are to be analysed.
Ther eaf t erhireaswcerssntis mepdae amdetan sheh Wil lec trsr odM dthauidd thec engte di «of
obtaining an ultrasound netric for each of 15 the objects. The netric by
itsel¥ ca@M¥6%be considered as a substantial result of the invention and
can be used as autononous applications. Furthernore, netrics obtained on

ref erence ppQbj QGHS LBy %ﬁé&s%ﬁ% B¥ MBANS JQ 1SRERD YRy BASY MBI Sa £0ind

according to phase 1.
signal and the local phase delay of the ultrasound signal

between all scanned focal points, the “ultrasound metric”
together with the microwave signal strength for all the focal

10 points.

The ultrasound metric may be obtained on a reference object,
which is representative to the objects that are to be
analysed. Thereafter, measurements may be made on such objects
without the need of obtaining an ultrasound metric for each of

15 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
20 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

25 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.



Eval uating the m crowave interaction Based on the above generated ul trasound
nmetric and the m crowave response the acousto-electric interaction is 25
obtained in a | ayer-by-layer wise starting fromthe |layer closest to the

m crowave antennas. It is not required to proceed this analysis in a |ayer
by layer way but it proves convenient fpf a subsequent 3D inage processing
to do so. 15 The strength of the m crowave signal neasured in each foca
point is determ ned by the product of the (a) local strength of the
ultrasound signal and (b) the conpressibility and 5 (c) the dielectric

function @het BerBBhehi 8lf kRet hE OTe RBAGRLL PeRGe rlhe iloealcrstrenrat h of
the ultrasound signal in all focal points is known fromthe netric, the
i nteracti ppibét Weedethemingdi dantthgndrokactr eduéhey-shifted transnitted

m crowave 10 signal on the layer closest to the microwave antenna is

obt ai ned appl.yin n's functi,Qn .t rem.r lting in the dielectric
function gﬁ)tﬁggg?ogg eg%?ﬁtP%N§%%t%é$r6§?§§d g%@@%gcfﬁg% t han the
interaction of this specific focal point is possible because the nicrowave
si deband riespensecomptretsibhildityat @nian t he regi on where the ultrasound focus
has extended during the neasurenent. Therefore the resolution of the
nmet hod i s given by the wave packet resolution of the .ultrasound signal
(dow? to 250 Mher aetersyigndunstiny tofe thfi &RdREE ndve S fytiP6t the order
of severathggpineters) in 20 a non-disturbing way. Neverthel ess the
incident mcrowave signal is influenced by the neighboring elenents on the
way

Since the local strength of the ultrasound signal in all focal

( points is known from the metric, the interaction between the
incident and the frequency-shifted transmitted microwave
10 signal on the layer closest to the microwave antenna is
obtained by applying a Green’s function theorem resulting in
the dielectric function at this focal peint. No other point
interaction than the interaction of this specific focal point
is possible because the microwave sideband response must
15 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 (cf the order of several centimeters) in
20 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
25 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 ccontaining all unknown contrasts. For each measurement, a
bilinear form containing all unknown contrasts 1s obtained.

30 For =ach measurement, a new equation is generated. Since there



fromthe transmt antenna to the focal point and also on the way to the
recei ve antenna. The m crowave signal at the focal point depends on al
dielectric points in the product 25 under test and is represented by a
linear formin the contrasts and the incident field anplitudes. The fiel
collected in the receive antenna is al soiélescribed by a linear form
containing all unknown contrasts. For each neasurenent, a bilinear form
containing all unknown contrasts is obtained. 30 For each neasurenent, a
equation is generated. Since there 16 is an equation for each focal point,
t he equat ienasystjemtcéan floe seloheddasla pedertt,o-thre angya biidrhGuts tdrercatn on.

The result is

t he

d

new

of the acousto-electric and.the dielectric properties

p.
of the prBHuéfﬁHﬁ er Nt 8s PG 1 TRE $ave WideHyittG T3 1eci al structure as

t he ultrasound netric. Phase 3; Ca!culating the_acousto-dielectric
properti egntheeuhttasaurd @I MG HeS NYusticORilfdGantd uderpey alil ctric

dependent.

t oget her wirchetrhéesowsr é8i$i pirldauctofundes tersddwctt hexiehizame stdsg ying
t enper at ur e dﬁggng%nce. The ratio between coppressibility and dielectric

function S§FE

FOREH 6N 36F TS AT e LIS e diel ectric and

acousto-electric maps, the tenperature of the neasurenent 15 object is
obt ai ned. phakskeh@r details of the third phase are described in connection

with figures 6 and 7a-7d. Having described the three phases in detail,

measurenent _ Wi Il now be further described with reference to Fig. 3.

10

15

20

25

Calculating the acousto-dielectric properties

The ultrasound damping is not significantly temperature
dependent. In contrast the ultrasound runtime and the
dielectric function together with the compressibility of the

product exhibit a strong temperature dependence.

The ratio between compressibility and dielectric function
yields a function of temperature. Using the dielectric and
acousto-electric maps, the temperature of the measurement

obiect 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 wiransmic=21f; is sent out from the
transmit antenna 42 and a microwave signal at a mix of
frequencies wtransmit a8nd Wreceive 1S received at the receive
antenna 43. A damping S;; and a frequency ocffset 8 and a signal
generation at the offset frequency 8';; between the two signals
is measured in step 101, and in the following step 102 the
measured damping S;; 1s compared to a previously reccrded

reference damping S;1,0, which corresponds to the measured

In contrast the ultrasound runtinme and the 10 dielectric function

t he



20 The flow starts at step 100, which neans that a m crowave signal at the
first frequency wtransmt=2nfl is sent out fromthe transmt antenna 42 and
a mcrowave signal at a mx of frequencies Wransmt and Weceive is
received at the receive antenna 43. A danping S21 and a frequency offset 8
and a signal 25 generation at the offset 1firequency S 21 between the two
signals is neasured in step 101, and in the follow ng step 102 the

measured danping S21 is conpared to a previously recorded reference danping
S21, 0, which corresponds to the neasured 17 danping with an enpty

measur enerdangamdl 3vi th ean nonptby ectasmgenent esap 123,/ si pe esent obnetheugapr | f
the nmeasured d ing is equal to the danping with no object under test
present int"at%te(’alr%&p%J 3%%5?rﬁ5v&?59?%dg%tﬂf% ogrb%irﬁ?aﬁ%e nd*TRE"Gahping is 5
nmeasur ed agaidl ith strep dddpiven e Ob) 8steds Wil PdUESE bRekBEL NEASHEEMENt
gap 13 the flow continues to step 104 where an ultrasound netric is

obt ai ned. d&ts teptiew desciedder®oriee apobet y10Hh zohnets i dampinghisi gure 4.
10 The spati al Q&FIectric%grgggrt%ff of the object is thereafter neasured
and c Icun%ﬁ%ﬁPﬁwlr%?%%% t77¢ obtai ned in step 104. This procedure is
described in nore detail in connection with figure 5. Wen the dielectric
propertiesgipdn tde sbject is Uetesaaed 1D cideaficphysénaht pgepeLrsi esemy be
determ ned, step 106, such as tenperature, water content, density, etc.,

usi ng the SRl iGANTHRERST | BUtF6PP of U4 Hehairel @t il Erpfoped t 7eEr{Basdd on

predet of Mg 600 Rlel S) o SUeh SDOEL B0l cnbFOVE 06 1O AT LfneBtLonsUch aS

descri bed i n the publi application
with figure 4.

10 The spatial dielectric properties of the object is thereafter
measured and calculated using the metric obtained in step 104.
This procedure is described in more detall in connection with

figure 5.

When the dielectric properties of the object is determined
15 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 pricr
art, such as described in the published PCT-application
{20 W002/18920, 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
25 path, which corresponds tec the frequency displacement measured
by the microwave signal, denoted & 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

30 through step 123, where the value cof the phase of the



20 W02/ 18920, assigned to the present applicant. Figure 4 shows a flow
chart disclosing the process of obtaining the ultrasound netric. The fl ow
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 25 path,
whi ch corresponds to the frequency displagenent neasured by the m crowave
signal, denoted b and an acoust-electric efficiency signal, which is
nmeasured in step 121 and in step 122 a check is made to determine if the
acousto-electric efficiency signal is at maxinmum if not the flowis fed
back 30 t hneughoshep s123alwier eiddet adl e aftachd Jthastheofpidmed8 il trasound
signal is updated, to step 120. The process is repeated until the maxinmm

fr equency T@PSpItECeMERt L $hGhIExHERT IS ey [Hick GsiSTfest ¥ PR D4,
the phaseygfnt hge 'ﬂ&ﬁ%%rtqrﬁe@ggst hery Wid), igyfardmal ¢ amd egarding the

5 position of the focal point as cribed above, is stored in a nenory. In
step 125 iul tirs sebetnelr miimech li ft ddearte ama tandtrferrmagaiont #dget rdiowl theéde

neasured to qQbtain the ultrasaund netric . of the prqduct under test 12. If
not, % he @P&&é&?%&ﬁt&ﬁt ‘%aﬁg RHE T 146 SEidS BFE 127 Drotde 1 dw i s

fed back plhor,a lTinnetk2h 110 step s120 ¢ dveasidenente i rd her di gl @otdid ¢

function based on a known wultrasound netric (c.f. Figure 4) Figure 5a shows
a first erpsdditment tf ghoddicers migfputes tdi elgetim ¢ Hainct i ors Jundmediiect |

such as a f product, to .15 determn si.cal property.in the object,
such as i r‘ﬁfg?cﬂla?l ptré)rgfi;%’éjrt'atutPrC1¢ae]ﬁfvittef?otutlrgp'h?sfi{j1 512{]:1y’y t;E‘g"reotﬁp P S He ot ect, during
prepar ati ¢btefintitg adeeéletric ends in step 127, or the flow is fed back

10 via line 126 to step 120.

Measurement of the dielectric function based on a known

ultrasound metric (c.f. Figure 4)

Figure 5a shows a first embodiment for determining the

dielectric function in an object, such as a food product, to
15 determine a physical 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 is advantageous to select a point that has been
( 20 used during the process c¢f 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

25 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

30 continues to step 114 where the matrix with the measured S-



The flow starts in step 110, where a point in the object is selected. It is
advant ageous to select a point that has been 20 used during the process of
obtaining 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 $9paraneters S31 and S23 are
nmeasured, as described in nore detail in connection with 25 figure 6. In
step 113, a decision is made whet her anot her point should be selected or
not. If another point should be selected the flowis fed back to step 110,
wher e a nearpoieterss iseligtant edbeforaolstepsi thr ol i¢2 @iectpepeated. |f

not, the fl ow.30 conti2¥esfto steg 1%4 mhere.ﬁpe matrix with the measured S
19 par anBt&Fe id S Mlerted ¢o LoF VR Ei thRPS85Y ¥6F - virtual receivers or S32

for virtual transmitters. The dielectric function e(x) for each selected

poi nt X i ghd kEraafdteri calmdwtad 4 k)stepr dbaesddiepid@rpaidt akgpgi thm 5
The tenperature in the selected point is thereafter calculated as indicated
by step 10deaneafitgun e cHiafind Bb strinst B sexiortl Ribodi #ehtaI@er Helt®er mi ni ng
t he ielegtri £ i bj : : m ne
a phy5gi caﬁ%ﬁr &%ﬁﬁ%ﬁé‘% weelnnrl ?C\r/\hoeolﬁlbeg]g ?toﬁé%nﬁﬁg%ggg%f%% ,&Esu% P%%Parerga erial
propertiess ergliddtedresenos af0& ibraiqutaindr, without physically probing
the object. The flow starts in step 210, where a pair of points in the
object is selectggié;t i s advantageous to select points that have been used

during t hé Frd&e h%ﬁ @ mSfPh eelﬂp?q]é%%dfq_% HREFFRIDTME SRfected
points coryespond o A h & £ idbject, such as a food product, to

[ determine a physical property between two locations in the
10 object, such as material properties, e.g. the presence of a

brain tumor, withcut physically probing the object.

The flow starts in step 210, where a pair of points in the

object is selected. It is advantageous to select points that

have been used during the process of obtaining the ultrasound
15 metric. The selected points correspond to point 3 and 4 in

equations 1-17.

The ultrasound radiaticn is thereafter focused on both points
in step 211 and in step 212, the S-parameters Ss31, S23, Ss1, S2e,
S4r1, Sz4r, Sarp and Sy are measured, as described in more

20 detail in connection with figure 7.

The S-parameter S43, i.e. the damping between the selected
points, 1s calculated in step 213. Point 3 acts as a virtual
transmitter and point 4 functions as a virtual receiver in

this embodiment.

25 The mean value of the dielectric function Eﬁgy) between the

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

is thereafter calculated in step 214.



equations 1-17. The ultrasound radiation is thereafter focused on both
points in step 211 and in step 212, the S-paraneters 531, S23, S$S41, 524,
54.1, S24', S3' and S23. are neasured, as described in nore 20 detail in
connection with figure 7. The S-paraneter S43, i.e. the danping between the
selected points, is calculated in step 283. Point 3 acts as a virtual
transmtter and point 4 functions as a virtual receiver in this enbodi nent.
25 The nean value of the dielectric function c(x,y) between the selected
points x and y (i.e. points 3 and 4 in equations 1-7, is thereafter

cal cul at edn mtspe215L4.a 2xciani st ejp 2dbie avldeadient amatshemmdea ihed hepo amtod her
pair of points should beegglected or_not. I|f another pair of point should

be sel ect¥PUlite F9 AR Vadlto Lt SRULT Bkl r%%’b%i hewld % ect ed
before steps £lld qeld@ne e athol frdalped NAL G, fu!vk?é%&oé‘tﬁ{%" aiP SLep

106 in figure 3, where the desired physical properties are cal cul ated.
First use ssfladied memiiortRgural b shanst easchesptatoad | yIf heof unthhée on of a

first use of the present_invention. |f an ultrasound nmetric u(x,t) is 10
bt aihed o IToTIOTI X T b Jueaof1e | 5 ghasr b et ehedi hte the
di el ectri anstaAnNty ddpaverds Potdtcdyc@ied ng the followi ng steps: 1)
Focus the ul'trasound on one of the points 3. It is known that the
ultrasound only affects the focal point concerning 15 frequency shift of

t he ni cr oS Siuffalckdrhe f¥renEeRransnit antenna 1 to the receive antenna
2, thus generating a signal

Figure 6 shows a schematically the function of a first use of
the present invention. If an ultrasound metric u(x,t) is

10 obtained for all points x within a product it is possible to
calculate the dielectric constant in every point by applying

the following steps:

1) Focus the ultrasound on one of the points 3. It is known
that the ultrasound only affects the focal point concerning

15 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
20 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:
V,(0)=8, Vi) =8y -y uy(x,0)- 5, -V (1),

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

point 3 to the receive antenna 2, o3 1is a factor that



in the sidebands, i.e. mcrowave base frequency (fl) ul trasound frequency
(fus). 2) Measure the signal strength in at |east one of the side 20 bands.
If the signal strength in both side bands is nmeasured, a nore reliable
result fromthe neasurenent is obtained. The signal strength neasured in
the receive antenna 2 may be expressed as: V2(t)=S21'WV (t)=S23"a3"' u3(x,t)
S31-VI(t) 25 Where S21 is the danping caused by the product 12 present in

t he neasurenent gap, V2(t) is the nmeasured signal strength in the side band
and V1(t) is the signal strength of the signal sent fromthe transmt

ant enna 1.de$z3niigeshe hdargdi g dsatajedm Qooindt B ato whheclr evei vkt et @hrd 2, a3

is a factor__that 21 deterC{n' .netls tahe .ecf foi caivenc icler})(fooé nt. 3nﬁ }/\@i Q an,
ul t rasound'®%Wavé i€ ISHVES ed'ihtD " H CrFoifave S fehnt gha ?relf efred to
as acoust a-LlRClddu @AM LedtHds tgaiis I hg (W, thaseurdeneiltG sduhdeaiegtlrid and
S31 is the danping between the transmt antenna 5 1 and point 3. In a first
appr oxi natliropaing &f fand éncyla thn Bemeipd cksbdeas: thastgyansyitygeEenAas is
t he angg_%ﬂﬁpi%h_q;pgc constant due to the pressure wave cause by the
ul trasoun éilon, y. Wth the 10 conpression nodule x, the relation As
= KY E-1

In a first approximation the efficiency o can be expressed as:

Ag
a=—
y
( where Ag is the change of dielectric constant due to the

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

10 compression module x, the relation
Ag
__=K,'V
e-~1

is establiished. 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

15 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
20 the relationship below, in relation to the measurement
apparatus, no compensation of the emitted ultrasound and

microwave radiation needs to be taken into consideration.

Yus

vabj " ineas <
Jus

- dFacaI 4



is established. The value of Kis known to a skilled person in the arts and
w Il not be discussed in nore detail. 3) Repeat the process for all desired
points, denoted 3 in 15 Fig. 6, in the product 12. 4) Use all nmeasurenent
data in an inverse scattering algorithmand cal culate the spati al
di stribution of the dielectric functionZ2in the product. If an object noves
at a relative slow speed, and fulfilling 20 the relationship below, in
relation to the neasurenent apparatus, no conpensation of the emtted
ul trasound and m crowave radi ation needs to be taken into consideration.
yUS _ Vobjvcrnmeas the' Beeald afS the (b rta/abivementhel ispde] ofashesodject s
novenent in_t asur enen ap .13, tneas.is the asurenent._ tine for. the
conpl ete 6@%%@%%?%“VﬁslFstkﬁeggggg g gﬁl?ﬁ%@o&ﬁ& Fnetﬁgqﬂnaﬁﬁ,pHQ%?%%ithe
ul t rasoundy,f r egueneys geed dEOGal t kssbheddiameher obfethe Epcdls Teoint. |If the
rel ative speed is high, the focusing of the ultrasound nust include an
adj ust mentuldraseeng thaianey aihtdrom £ thai ALanAateReofolBP PBFAL in the
mneg during.the measurement steps, to conpensate for the movenment. In
addi t1 on 6>v53j <<I v(S to avoid Doppler shift. Second use of the
i nvention

If the relative speed is high, the focusing of the ultrasocund

must include an adjustment of the ultrasound radiation, to
maintain the focal point in the object during the measurement

steps, to ccmpensate for the movement. In addition

v
10 Y <<t
Vus

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

15 between two points 3 and 4 in a preduct. A first peint 3 may
be considered to be a source and the second pecint 4 may be

considered to be a receiver,

The principal function is very much the same as described in
connection with figure 6, but with the excepticn that two

20 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 ultrascund frequency, i.e.

25 microwave base frequency (f;) * 2*ultrasound frequency (2fys).
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



Fi gure 7a-7d show a principal function of a second use of the present

i nvention when calculating the dielectric constant 15 between two points 3
and 4 in a product. Afirst point 3 nay be considered to be a source and

t he second point 4 may be considered to be a receiver. The principal
function is very nuch the sane as describgd in connection with figure 6,

but with the exception that two 20 upper and two | ower sidebands are
generated since two focal points 3 and 4 sinultaneously generated by the
ultrasound radiation. The first upper and | ower side bands are the same as
descri bedcennectinent Wory miftilgufriegur ee@dsanid tihe ssecomp ppery barmdtddesher si de

band have the doubl e ultr.asqund, frequengy, .i.e.. 25 m crowave, base freguency
(f1) 2xul't ttgs &lind x%ﬁ?q lfé‘ﬁ%& % \}ps‘i;-;c(}1 Iafd%tq‘?et esdg e ul ttrHeasSoeLﬁ%lq r&dlien c‘%}ﬂ#} s
used for thsrpyipesend.t 1is possible to choose two different ultrasound

frequencies to generate second order sideband. The apparatus described in
23 connection with figure 1 needs in this exanple to be added wth an

extra si débgndopaciiag daled ¥urshims sedoe wigalldfhed o ke debahdndhe

foll awi ng ,rel atjonships.. - i or point 3 and 5 4, each as a
si ngl%e Ui uSh Lodred %f%%%l%@aﬁt}g%x%'t)%l Vi(t) (solid line) 2:
V2(t)=S24 a4 W(x,t)S41 Vi(t) (dashed line) By displacing the focal point
from3 to3 pezl(yqzt,j'lne.&o%[x,ppiggt.yl(iy oméhi® Binaccording to figure 7b new
rel ati onshi ps ‘can be 710 expreSsed: 3: V2(t)=S23, - a3. u3,(x,t)53,1 V1 (t)
(solid line) 4: V2(t)=524,a4.u4,(x,t)S4,1VI (t) (dashed |ine)

2: V,(0)=8, a, u,(x,t)-S, -V;(f) (dashed line)

¢ By displacing the focal point from 3 to 3" and the focal point
from 4 to 4’ according to figure 7b new relationships can be

10 expressed:
3: V,(t)=8, 0y -uy(x,£): S5 -Vi(f) (solid line)
4: V,()=8, a4 uu(xt)-S,, -V,(t) (dashed line)

From figure 7a a relationship including the sought damping

between point 3 and 4 may be expressed:
15 5: V,({6)=S8,, a, u,(x,t)- S5 -a,-uy(x,1)-S,,-V,(t) (double arrow 3=>4)
6: V,(1)=S, ay u,(x,1)- Sy -a, -u,(x,0)-S,,-V(#) (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

20 corresponding to 3 and 4.
T V(0 =8, a5 -uy(x,8) - Syy - ay uy (x,1) Sy V() (solid line)
B: V,(t)=S8, -y ue(x,0) Sy -y -uy(x,1) -85, -V, (£) (dashed line)

The relationship between point 3’ and 4’ may be expressed:



Fromfigure 7a a relationship including the sought danping between point 3
and 4 may be expressed: 15 5: V2(t)=S24 - a4 u4(x,t) $S43" a3 u3(x,t)S31 Vi
(t) (double arrow 3=>4) 6: V2(t)=S23 - a3 u3(x,t)S34 a4 u4(x,t) S41 V1 (t)
(doubl e arrow 4=>3) Equation 6 is not used in solving the 7x7 problem and
is replaced by a suitabl e approxi mati onZ4see equations 16 and 17. Figure
7c illustrates the relationship of the double source 20 corresponding to 3
and 4. 7: V2 (t)=S23 a3 u3(x,t)S33 .a3" u3(x,t)53 1V (t) (solid line) 8: V2
(t) = S24 a4' ud' (x,t) $S43 a3 u3(x,t) S31 V1 (t) (dashed line) The

rel ationstti:p éHwep - poi-af (3t) - Epd o, - ugby, B8, eXpirtessedouBde Qrr¥R(8)=524)

a4. ud' (x,t) S4'3, aY u3' (x,t)S3'1 Vi(t) (double arrow 3'=>4" ) 10:
V2(t)=523"a3,u3" (x,t) 53'4. a4, ud' (x,t) S4'1'" Vi(t) (double arrow 4'=>3")
Equati on 1M: F,0t= Bsed, i n, o) ving ahe, IxDadd, -8%@) pfdblhbireandroiws 4f epBaced
by a suitabl e approximtion, see equation 15 for 5 the 8x8 problem and
equations 16 and 17 for the 7x7(frpblen1 The follow ng rel ationships are

evi dent f risaFbiguy d 7s ot usied igniselwgqyy thes3iiyglad &9 proahem: agpyg'

13: S23' = S33' 0 oS4 1 = B4' 3 . Fquations 11-14 a ed to
elininate 'S prﬁpalr?e%%gafséylv%?sé‘hltar elseul%psprlo\:gutr%e - p’a?gaérreet e?%a%lso}ill {ﬁs c?%t ed in
figure 7d.tHhene8 prodngn Snphreneiteiotdals i sndoughtoS4hantlkdners patianet er
that is conpletely uninteresting S3'4', together with several unknown 15
S-paraneters that require 10 equations to solve the problem i.e. equations
1-10. 1t HoXNERD TeRICOTHeI et Bildfifati s heddest pa-7c:

11: S, =855,
12: 8, =84S,
13: S, =8, -5,
10 14: S, =8-S,

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 S43 and one S-parameter that

is completely uninteresting Si4, together with several unknown
15 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 peoint 4 by applying a

trick introduced by Zienkiewicz for Finite Elements.

20 Equation 10 is not used and an approximation is used instead:
1
15: Sey ® E[Sa'asza' + S4'4S«43']

It is even possible to reduce the number of equations needed

to only 8 egquations by applying Zienkiewicz tric twice, which



find the danpi ng between point 3 and point 4 by applying a trick introduced
by Zienkiewicz for Finite Elenents. 20 Equation 10 is not used and an
approximation is used instead: 15: S4'3" 2 L84'3833. + 54'4843' 3 It is
even possible to reduce the nunber of equations needed to only 8 equations
by applying Zienkiewicz tric twice, which525 elimnates the need of
equations 6 and 10. The approxi mation wused instead of the equations are:

16: S4'3 2 [S4'3533" + S44'S43° J 17: S43 2 [S43S33' + S44'S34' 5 The
danpi ng S43 between point 3 and 4 and between point 3" and 4' can be

cal cul at e@lbypitnarteisng eherepskb ddd campedtiicons & ar(d | ldbarTheh mpp Hepoiata o 1

t hrough 10 becone . a inh enqus__ l.inear_system of equations with as many
unknowns Eegq&&sit@ﬁgn O%‘e%?lee & B WS Hh ‘_’]rg

s al ways avail able as | ong as the
anal ysis 10 points are chosen properly. One has to solve the systemfor $43
in order to obtain the m crowave yunti ne between point 4 and point 3

il lustratilfg t héssdt ﬁﬁtsﬁhb§as ints as "virtual probes". The above

descri bed systemuse$ a "virtual transmtter” (i.e. 15 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: ushge §ﬁ5&e+ﬁm¢énjion. Pl aci ng both virtual probes at the

pl ace of the physicé1 probe antennas will result in the 20 traditional

m crowave neasurenent techni que known prior to this invention. Depending on

the physi cale RI=aR)ieMg t9 ;06 60b¥LUpoONE Bt bhHZ8SaAd between point 3’ and
4’ can be calculated by turning the needed equations to

( logarithms, Equations 1 through 10 become a inhomogencus
linear system of equations with as many unknowns as equations
where a solution is always available as long as the analysis

10 points are chosen properly. One has to solve the system for S

in order to obtain the microwave runtime between point 4 and
peint 3 illustrating the role of these points as "virtual

probes".

The above described system uses a "virtual transmitter”™ (i.e.
15 point 3} and a "virtual receiver" (i.e. point 4). One can
easily place cne 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
20 traditional microwave measurement technique known prior to

this invention.

Depending on the physical problem tc be solved, one utilizes a
single (virtual receiver or virtual transmitter) or both
virtual probe concepts. It is also possible to use sets of

25 probes {(e.g. virtual probe arrays) to create a specific beam

pattern generated/received by the virtual probes.



single (virtual receiver or virtual transmtter) or both virtual probe
concepts. It is also possible to use sets of 25 probes (e.g. virtual probe
arrays) to create a specific beam pattern generated/received by the virtual
probes. 26 Different probe configurations may be used for applications as
m ne sweeping, material analysis, mneraké6exploration, nedical applications
etc. Shorthand mat hematical derivation of the nethod: 5 El ectromagnetic

radi ation is governed by Maxwel|l's equations where the vectorial electric
field Eis easily cast into a Helnmholtz-formthat is witten in three

di nmensi on@lifﬁpaeetx prafg tdore ity weiandentrago dredivsede sf s | apE- IR, iRoM aaxE=0
10 Where L,is the Lapl ace qper.at.or, 60 t.he di.el ectric constant of acuum

Er the | of4Per ENEERFE i &13 (?trrﬁacl N of I St S i H A Oy i

| ocation (Be1RGad ik tanrsor), o stands for the perneability of vacuum and
r for the ocal relative perneability of the material under test. In this
shorthand 15 derivation, r is set to be the unit tensor 1 (3x3). To a

ski |l ed p&hearrhand padhamalsiaiadariakion afetthw mefhetr derived by

solving for sr and r si rrultaneously At the sane tine, uItrasonic waves with

28}168 % %}6%)]&%0%%r %%ﬁ:ﬁcgrps%}dn% OI’ m%%yg\ﬁl t@%%fgsol utl ons (0] I g(r)ntx

di fferent iwdtle reéq el mtarraaﬂerd]mataﬁc tfakd I # hies |leocait ipncadc thet s adi ati on

sources into account. Focusing on the key paqint of the process, any
ul trasoni dajgheltz- form that is written in three dimensional space X

and time t dependent coordinates as:
2 0
NE— 48,11, g“z"E =0
[

10 Where A is the Laplace operator, g the dielectric constant of
vacuum, €, the local relative dielectric function of the
material at a given location {(being a 3x3 tensor), po stands
for the permeability of wvacuum and p, for the local relative
permeability of the material under test. In this shorthand

15 derivation, p, 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 u, simultaneously.

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

20 be cast in a similar form
13,
Aty — vazyuO

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
25 with a non-vanishing amplitude creates a stress in the

material (being of compression or shear type). This stress is



25 with a non-vani shing anplitude creates a stress in the material (being
of conpression or shear type). This stress is 27 reflected by a | ocal
conpression of the material. By this conpression, the density of polarized
charge is affected - as a known fact, any conpression of a dielectric

obj ect changes the relative dielectric punction tensor 6r as: 5 e, ~g, ot+tay
This relation creates a coupling between ultrasonic wave propagation and

el ectromagneti ¢ waves exploited in this invention. The strength of the
interaction is determned by the acousto-optical interaction a being a
3x3x3 tengeflelareda l0 acdrnpladt eqipatasssl of dfhehEhysitosriavolBedilone has to
mention that the above relation only haolds for conparably spall ultrasound

waves whel@MLES SEQRt &t ediid ot OGS Crsrf®et’ss Aint Bet ¢ gT €23 ed.
Th | : - i.cal i 5 i
e conpl &t %n%@tse%fttq téehys% i & eet rf@gﬂ?é%&yol&fec -‘f}f‘%g&egl ven

by: AZE(x,t)_e , Ota.'y(x,t)JuOp, Paz E(Xx,t 0 a person ski in the
art it ishvieusttiRal dikiisedome ofundifderamdsd £aquati on becones a
convolution in frequency space 0) when Fourier transformintinet is
applied: 20 AZE(x, w)+ awzeo [6" + a - y(x, wJiok, (r) E(x, co) =0 And
wher & t he &Kixgledxrty mes operator E(x,w) denotes a frequency convolution
integral (e.g. found in "Anleitung zum prakti schen gebrauch der Lapl ace
transformati on" by G Doetsch, 1988) that becomes in full form (omtting
eventual Advifalicdatiion ittt @ PBIR N TS dittwsien Hel et L€ i 6dve nt egral )

28 propagation and electromagnetic waves exploited in this

invention. The strength of the interaction is determined by
( the acousto-optical interaction a being a 3x3x3 tenscr. For a
10 complete picture of the physics involved one has to mention
that the above relation only holds for comparably small
ultrasound waves where e.g. cavitation and other nonlinear

effects can be neglected.

The complete system tc be sclved for electromagnetically is

15 then given by:

N E(x,1)- g[8, + - y(x,0)]uo 12, a%E(x,t)z 0

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

differential equation becomes a convelution in frequency space

® when Fourier transform in time t is applied:
20 NE(x,0)+ o’e, |6, +a - y(x,0)lup, ® E(x,0)=0

And where the circled times operator Eﬁnaﬂ denotes a frequency
convolution integral (e.g. found in “Anleitung zum praktischen
gebrauch der Laplace transformation” by G. Doetsch, 19588) that
beccomes in full form (omitting eventual normalization constants

25 in front of the convolution integral):



+Q [ A2+w260- " opoP Wk, w) +a. w2gopop, @ mf y(x>w ~) E(x, ~)d~=0 | 4=-Q Therefore
assum ng a single frequency ultrasound excitation and a single frequency
m crowave signal incident to the object, the received nmcrowave signals
contain a part in the 5 incident mcrowave frequency but al so sidebands at
the difference and sum of ultrasound angigm crowave frequencies created by
the convolution integral. The above relation offers a whole new world to
extract information froma mcrowave field - by properly phase 10
controlling the ultrasound and by using pul sed wave trains. Single virtual
probe One applies the gethod to solve along a path involving a single

vi rt ual pr{b’EﬁanH’Jzirosuow (espbhnasota i ey B(vie+ §ME(x, ¢ st tter or a
virtual receiver depending on what 15 t7adsnm ssion paraneter one sol ves the
upcom ng | inear equation systemthat has been descri bed above where all
relations to either point 3 or 4 vanish. The wave propagati on nechani sns
are i dent TR SO S RSSUTHIY. FHLINHeE iIFeauy UG a3 <Jhdi ti on
free) cas e -arfij\e Jdie | QWM pagat i tyyons: [A2 +W
2ECE o 8700 Sa0e 1K e e on (U

=+gE( X, w obijebayblthevinetasdlvept obe Havaandigiiorm loneadre appd ydihte imettiod to

sol ve along a path ,through t virtual prohes. This corresponds to either a
25 vi*tt ualtGAsSH f“tlézrrod"raq’e? \ﬁrr\éetq}%ﬂncrye SR Stfbp%fié??d“%% ?/ﬁa{h? ransm ssi on
par amet er Qe QRS e MREYE MR tPEX Ul nd microwave frequencies

created by the convolution integral.

The above relation offers a whole new world to extract

.

information from a microwave field - by properly phase-

10 controlling the ultrasound and by using pulsed 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

15 transmission parameter one solves the upcoming linear equation
system that has been described above where all relaticns 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

20 propagation relations:

[Az + 0 €y, Lo 1, ],E(x,a))+a @ eyttt E{X ,00- &)= 0
[/_\3 +(a)—§)2£08,,u0;1r]E(x,aJ—§)= +qE(X,aJ-§)

Double virtual probe

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

transmissicn parameter one solves the upcoming 9x9 linear



29 equation systemthat has been descri bed above where all equations are
present. For the ideal (honobgenous, boundary <condition free) case, one
arrives at the follow ng propagation relations ~ nn [A2
+w2eotr/Jo/ Jr] E(x,wW | +a" ¢280/Jo/JrE(X,Co- O 5 L[4Z+(w ) 260Erf~of ~r
=+gE( X, w [ A2+(w -11)2SotruoPr (x,(0- -qrs+q gE(Y,w -qg) The first two
equations denote the generation of a sideband at the analysis point X
taking the role of a virtual transmtter. The third equation denotes the
generation of a second sideband on top of the first by focussing at another
anal ysi s pojuatt 1%¥nl G wsttieah ttheke hdshe el e:le&fcraihﬁictteu:&bver ecdeenveralllhe

frequency offsets are denoted n quent oint Y determ ned by
the frequ&fy P hé LR S lfg?e‘ij a‘ééﬂip c-’r UL nPCBILHEE not e

that these iy el I ddie SAE Jdeqenciss Jtorut@tfbm;mi@ Xordpdda et ai n
applications. 15 The first equation states the generation of a sideband at a

predet er mmdatlionat i on ~ with the sideband offset x. The second equation
states the propagati on of the sideband through t he whol e obj ect under test

whenasm[ with stre ?gltérgqls plaEg S|t|onX The met hod al | ows

t her ef or e Ao+ ¥PEchas L A@%s +db]féc§to#b‘§/ Z¥ng a nicrowave source at
arbityrary [Ap ti ns asures then the radiation
gener%t ed [{‘Xrgm) @ (ﬁé){hl s’source around. The invention
has been g[géq;(mbegd_ﬂﬁ @nggc ﬁl]o-WIft—h])a: +ryE(wave ggner ator and an

ul trasound gener at or It is 25 obvious that other types of radiation my

be used to create a
The first two equations denote the generation of a sideband at

( the analysis point X taking the role of a virtual transmitter.
The third equation denotes the generation of a second sideband
on top of the first by focussing at another analysis point Y
10 which takes the role of a virtual receiver. The frequency
offsets are denoted n at point X and 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 points X, Y in certain applications.

15 The first equation states the generation o¢f 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”

20 the cobject 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

25 obvious that other types of radiation may be used to create a
density displacement within an object. However, the radiations
must be emitted simultanecusly and there must also bhe a

difference in freguency between the emitted radiations to



density displacement within an object. However, the radiations nust be
emtted sinmultaneously and there nust also be a difference in frequency
between the emtted radiations to 30 create the displacenent. The
resolution is determned by the radiation having the shortest wavelength in
the object. It is thus possible to sinmult@neously irradiate an object with
two m crowave signals having different frequencies, e.g. 5 differing only
0.5 Hz, to create the density displacenent and thereby determ ne the
dielectric function of the material wusing the invention. Possible
conbi nat | cmsadkt ahmet e p lradimaiton Tinec Inecde, 1 uilitcraries matdﬁmﬁn&ﬂiuy)tmmy
conbi nati on of owave, ultrasound and X An appar at us
for deter ﬁiaﬂﬁﬁﬁlé?nd&lé‘lvé@tgr itlcgl LT r‘f’aé’r‘?l 6été’ctln gil Gt us
conprising: at least a first transmtter(42) configured to transmt a 5
first typetofisr adhat bR stiieuah sainth1aiReus13nd ritadieasd o fdyRdct agaiver
(43) configured to receive the transmtted first type of radiation,
characterﬁy@dmﬂ@rPW@Wetﬁég@@dGYéFﬂ@JEUKhﬁéﬁnﬁﬂﬁnﬁﬁﬁﬁ?enQﬁeﬂea%#ga second

transmtt onfl ure a second 1 p rad ati-on throu aid
object, s i5 st PP & seconcﬁit?T’ypesccﬁe %ﬁ?ﬁf?&% %FQ%%E%Qﬁcﬁqgﬁiency

content s %@relw rdi@t%fﬂrtltr%d 165 €3 Qﬁlél%c&rﬁﬂﬁ&&irﬁttsildﬂﬂdﬂnﬂ@%a/téﬂﬁal d obj ect
and to generate a density variation and an acousto-electric interaction

therei n, ¥singmades yedrtalofr-e Rass ifgles tcomparadil arad il ion t¥ethsni tt ed

radiation include, but are not limited to, any combination of

microwave, ultrasound and X-ray.



t hrough the density variation to determ ne said acousto- electric
interaction (8) in the object, and neans to calculate the dielectric
function in the object based on the determ ned acousto-electric
interaction. 20 2. The apparatus according to claim1, wherein the apparatus
further conprises a first generator (51) connected to said at |east one
transmtter (42) and configured to generg#e and transmt a transmt signal
having a first fixed frequency (fl). 3. The apparatus according to claim1
or 2, wherein 25 apparatus further conprises a nean to determne the
attenuation conprising: a mxer configured to produce an internediate
frequency (kE)igégnal by m xing the received first type of radiation from
said at | east one receiver (43) wth a local oscillator signal having a
second fixed frequency 30 (f2), said |local oscillator signal being generated
by a secondl-gene¥atararBrpsaher afe earitnidod dhrledbr e nf Mg athana@dust o

32 electri %t%i&t'@’r acipn r%‘ﬁgguééﬁﬂxgiﬁh‘?gse and anplitude of the IF

signal . 4. apparatus "according to any of clainms 1-3, wherein 5 said
second type~of raxdh didast ias farst gnedndmivitey (d2) hcodfiglirexkdd regumemdy &f us),

generated by.a third generator.(71), 5. The ,apparatus according to any of
cl ai m3t51- 4, ¥%\ﬁ%‘? i ype g’é{]&ag&?fﬂféa %??%’igl‘aﬁd‘lgeggﬁﬂcgyp%%gof radi ation are
arranged to be rmvedadst kekatbonrddeisald @bjeebnrifubed The ARRARRL e

according to claim5, further conprising a conveyor (11) configured to
convey the bbpeenitymss hifst spparaf usrdidtdc@irn said apparatus is stationary.

7. The appapgtds ACey dinbe 40 £haiRat cWRergh 1018 AR omprises:
- at least a second transmitter configured to emit a second

10 type of radiation through said object, said first and second
types of radiation having different frequency contents and
being emitted so as to propagate simultaneously in saidrobject
and to generate'a density variation and an acousto-electric
interaction therein,

15 - means to analyze the first type of radiation transmitted
through the density variation fo determine sald acousto-
electric interaction (8) in the object, and .

- means to calculate the dielectric function in thé object

bhased on the determined acousto-electric interaction.

20 2. The apparatus according to claim 1, wherein the apﬁaratus
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 (f,;).

3. The apparatus according to claim 1 or 2, wherein
25 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 freguency
30 (£z), said local oscillator signal being generated by a second

generator (52),and an evaluation unit determining the acousto-



is noved in relation to a stationary object. 15 8. The apparatus accordi ng
to any of. clainms 1-7, wherein the apparatus further conprises at |east one
receiver (73) <configured to receive the second type of radiation emtted

t hrough the object to determine a runtime and danpi ng mappi ng,
corresponding to a netric for the object, which is used to 20 determ ne the
acousto-electric interaction in the objec32 9. The apparatus according to
claim8, wherein the apparatus ifurthe conprises nmeans to determne the
phase of the received second type of radiation for each focal point that is
a part of the netric. 25 10, The apparatus according to any of clainms 1-9,
wher ei n t he e¥gatsicapnteaeehirr ypeL\orluaddngt PBASe oapd | ezl diidec @fbithat i on
of : nicrowawgaggghgﬁton, ultrasound, or x-ray. 33 11. The apparatus
according to any "of clains 1-10, wherein the object is a food product, and
the apparatus further conprises neans to calculate a | ocal distribution of

tenperature jn the, food product. based on,the cal cul ated ielectric
functi on. 12# A ngPﬁoapP§¥aEﬂﬁeﬁﬁﬁ9ﬁ &gataiéP%c?f' gttt on AR 2obj ect

conpri sgng thedsisepsnaf typé apsmddiaitd on fikr st styRe1 avafy at itdn Aghrough said
object fromat least a first transmtter (42), and 10 - receiving the
transnitted Fi%est frggueneyr hfisht i 9ANeFAkRD hveasthirdi generaker verli(-43),
characterised in that the nmethod conprises the further steps of: emtting a

second type pf raghat bePar{ £ PN Al dr®8%Yy %0 any of claims 1-4, wherein
said emitted first and second types of radiation are arranged

to be moved in relation to said object.

10 6. The apparatus according to claim 5, further comprising a
conveyor (l11) configured to convey the object pass the

apparatus, wherein said apparatus is stationary.

7. The apparatus according to claim 4, wherein the apparatus

is moved in relation to a stationary object.

15 8. The apparatus according to any of claims 1-7, wherein the
apparatus further comprises at least oné receiver (73)
configured to receive the second type of radiation emitted
through the object to determine a runtime and damping mapping,
corresponding to aAmetric for the object, which is used to

20 determine the acousto-electric interaction in the object.

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

of the metric.

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

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



15 second transmtter, through said object, said first and, second types of
radi ati on having different frequency contents and being emtted so as to
propagat e simultaneously in said object and to generate a density variation
and an acousto-electric interaction therein, 20 - analyzing the first
type' of radiation transmtted through the density variation to determ ne
sai d acousto-electric interaction in th% obj ect, and cal cul ating the
dielectric function in the object from He determ ned acousto-electric
interaction. 25 13. The method according to claim 12, wherein the step of
anal yzing the first type of radiation to determ ne the acousto-electric

I nteractiongin thﬁuﬁbé&?ﬁracf%@p%'cégf?dlﬂﬁ & Sy Ut %%%e' 1018, n@ﬁ§f&rpf the

obj ect. 14. he net according to claim13,” wherein the siée
obt ai ni ng tmeerrebnerctc:osrmlﬁ@@sl p3gdugy), fmmeg aplipe refiuist édrsheond type of

radi ation ta oi nt j usti a. se_of the second type
of radiatioff® Wﬁ?f%@srﬁﬁﬁﬂﬁw &08@855 %?ig%élrdggtéﬁgpgﬁgﬂcy signal to
obtain a 5t@ﬁ«ﬁbf@@iﬁ@é M&h@mmp@ba@&tiwa@fcﬁ ol €Rey calgidhted) storing a
val ue of the phase together with the position of the focal point in a

nenory,> and ddpleebelkt i HPStiéPs a)-c) until the metric for the object is
conpleted. 10 15. The nethod according to claim 13 or 14, wherein the step

of calcul atijpg the (li@lRetdC abiBehi And b thR1@BESSE ¢QAREISESin the Steps

of :
object comprising the steps of:

- transmitting a first type of radiation through said
object from at least a first transmitter (42), and

10 - receiving the transmitted first type of radiation in at
least a first recelver (43),
characterised in that the method comprises the further
steps of: |
- emitting a second type of radiation, from at least a

15 second transmitter, through said object, said first and, second
types of radiation having different fregquency contents and
being emitted so as to propagate simultaneously in said object
and to generatela density variation and an acousto-electric
interaction therein,

20 - analyzing the first type of radiation transmitted through
the density variation to determine said acousto-electric
interaction in the object, and
- calculating the dieiectric function in the object from

the determined acousto-electric interaction.

25 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 cbiject comprises the step

of obtaining a metric of the object.

14, The method according to claim 13, wherein the step of

30 obtaining the metric comprises:



selecting at | east one point inside the object, focusing the second type of
radi ation on the at | east one 15 point, determ ning a danping of the
received first type of radiation, and - determning the dielectric function
using the metric. 16. The nethod according to claim 13 or 14, wherein the
step 20 of calculating the.dielectric function in the object conprises t he
steps of: selecting at |east one pair of points inside the object,

focusi ng the second type of radiation on3Xhe at |east one pair of points,
25 - determning a danping of the received first type of radiation for the
at | east one pair of points, and determ ning the danping and the dielectric

function bet he at 0 ir of points metric

net hod accofdi ng %?F%ﬁﬁPQﬁ Pﬁgtgg 3gce é5¥RQ1c§ﬁ %gﬁtﬂPPsFoaﬁdpgéﬁBnd
types of radhathencgiécsgel ected to be any conbination of: microwave

radi ation, ultrasound, or x-ray. 35 18. An apparatus for determning the
spatial di sbpi but@@]ﬁ&ﬁlnq amnpdpgeupré the éﬁm&Pmmaf regiiatapparhile
conpri si ng: [ a
first type gggrgg?}g ion %'{103%1} h %EE\éE dfﬁzc)'dé.‘c({]J ﬁ%{%ﬁ_ 9 togl%gggltga first
recei vey (4B¢x¢mumlgﬁwmﬁbtamdua¢eheéeth31ctefﬁmnmdﬁdyiﬁugmml type of

radi ati on, characterised in that %he a%@$ratus further gngglses -

| east a secGhd t rAHIMAE & Y@L §hr RS tRPREH (COdRTHEEs ik 3|HP?bEl?%rough

sai d food predugt, ré@d X Jdimst @nd memory, and

d) repeating steps a)-c} until the metric for the object is
completed.
10 15, The method éccording to claim 13 or 14, wherein the step

of calculating the dielectric function in the object comprises

the steps of: _ ‘

- selecting at leéast one point inside the object,

- focusing the second type of radiation on the at least one
15 point,

- determining a damping of the received first type of

radiation, and "

- determining the dielectric function using the ﬁetric.

16. The method according to claim 13 or 14, wherein the step
20 of calculating thefdielectric 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,
25 - 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 functien

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

17. The methed according to any of claims 12-16, wherein the
30 first and second types of radiation are selected to be any

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



10 second types of radiation having different frequency contents and being
emtted so as to propagate sinultaneously in said object and to generate a
density variation and an acousto- electric interaction therein, nmeans to
anal yse the first type of radiation transmtted 15 through the density
variation to determ ne said acousto- electric interaction (8) in the food
product, and neans to calculate the dielectric function in the food product
based on the acousto-electric interaction”and to calculate a spati al
distribution of tenperature in the food 20 product based on the cal cul at ed
dielectric function. 19. An apparatus for determ ning a characteristic of

an object, ,ghagac | j h : r S..CQNpri sgs. .a. transnmtting
unit confi g&r%édgsoéﬁ%%agﬁﬁlgt nféjtrf ?Feg%?&llggggo%#as(ﬁa%&n déLr? rébtsle%:%% ype of
radi ation thenpghaturobirect ,focdSpsaddet | rsdidinabreeand cypegisingadi ation

having different frequency contents and, being emtted,so as to propagate
si mul t aneousl y i refsat %bjae(,ftl,rsﬁnar%‘hsr@?vtaqetfat(iq&w FRPEig8RePghPe %’gs“&rf-'al yze

the first type;rof ¢@h alf Gadikensh {;ﬁ?&dérhré%lm 2R pdenatty ¥g§iation in
the 30 object, caused by the transmtted second type of radiation, to
det ermine the chatactaadtst Fighbtt hecobyact (4336 coxdiginedapparetesvadder di ng

to clain11QtF%Qgﬁiéggéjgarg%vghégt5 nréégétfgﬁeﬁwﬁ nes an acousto-electric

i nteraction obj ect’, calcu €S a‘dielectric function in the
obj ect baseh ap 4 de adeties aidnedl nacohst otled eqipd mativyt EhatheoncohpPisesthe
apparatus according to claim 20, wherein the characteristic of the object
conpri ses a"tenpe?%u t a second transmitter configured to emit
ultrasound radiation through said food product, said first and
10 second types of radiation having different frequency contents
and being emitted so as to propagate simultaneously in said
object and to generate a density variation and an acousto-
electric interaction therein,
- means to analyse the first type of radiation transmitted
15 through the density variation to determine said acousto-
electric interaction (&) in the food product, and
- means to calculate the dielectric function in the food
product based @n the acousto-electric interaction and to

calculate a spatial distribution of temperature in the food

20 product based on the calculated dielectric function.

1. An apparatus for determining a characteristic of an
object, characterised in that the apparatus comprises:
- a transmitting unié configured to transmit a first- type
of radiation and a second type of radiation through an object,
25 said first and second types of radiation having different
frequency contents and being emitted so as to propagate
simultanecusly in said cbject, and
- an evaluation unit configured to analyze the first type
of radiation transmitted through said density variation in the
30 object, caused by the transmitted second type of radiation, to

determine the characteristic of the object.



di stribution of the object, and wherein the evaluation unit calculates the
tenperature distribution of the object based on the calculated dielectric
function. 10 22. The apparatus according to any of clainms 19-21, wherein

the transmtting unit includes at least a first transmt antenna configured
to transmt the first type of radiation through the object and at |east a
second transmt antenna configured to transmt the second type of radiation
through 15 the object. 23. The apparatus®according to claim22, further
conprising a first generator connected to the at |east first transnit
antenna and configured to generate and transmt a transnit si gnal having a

first fixed.,freq ncy 2 4. The appar at us_accor to ¢laim 22 or
further co FISHﬁ% %PﬁﬁﬁiiufePCE8ﬁ B%rgﬁ T e 'v heggl Fng% type of
radiation teaasghtied ﬁﬁ@tt&ltetrh@.n@l@] g6t acaik A dlleciriconhicawhedib® o oduce

an internedi ate frequency (LLF) signal by mxi the received first type
of radlatloﬁ emPPhe%tdo%Qﬁ Qﬁ%ﬁqlﬁéﬁérasﬁb?%ﬂcWﬁ%ﬁré§ﬁ§t§@60h§ theeebject

frequency, saidyl ofalnoselddialioleoohanak Bel g aneriaked by g, second

gener at or, mhereln the eval uation unit determ nes an acousio-électric 30
interaction in the object by evaluating phase and anplitude of 37 - the IF
si gnal .5 25. 2the dpparanperadccordicagding ahy @faisl Z0rswhergdn wherein said

second type ?latlon i Si aving a thir 5 fi ed frequency,

gener at ed b)(/:%sr?ﬁ e:c“ilsgtelncera%%rhe %gjecp comprises a %empera re
distribution of the object, and wherein the evaluation unit
calculates the temperature distribution of the object based on

the calculated dielectric function.

10 22. The apparatus according to any of claims 19-21, wherein
the transmitting unit includes at least a first transmit
antenna configured to transmit the first type of radiation
through the object and at least a second transmit antenna
configured to transmit the second type of radiation through

- 15 the object.

23. The- apparatus according to claim 22, further comprising a
first generator connected to the at least first transmit
antenna and configured to gererate and transmit a transmit

signal having a first fixed frequency.

20 24. The apparatus according to claim 22 or 23, further
comprising: )
- a recelver configured to receive the first type of
radiation transmitted through the object, and
- a mixer configured to preoduce an intermediate freguency
25 (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 an acousto-electric

30 interaction in the cbject by evaluating phase and amplitude of



26. The apparatus according to any of clains 19-25, further conprising a
conveyor configured to convey the object pass the apparatus, wherein said
apparatus is stationary. 27. The apparatus according to any of clains 19-25,
wherein 10 the apparatus is noved in relation to a stationary object such
that the transmtted first type of radiation and the second type of

radi ation nove in relation to the object.728. The apparatus according to any
of clainms 19-27, wherein said apparatus:%urther conprises: 15 - at least a
recei ve antenna configured to receive the second type of radiation
transmtted through the object.to determne a runtinme and danpi ng mappi ng
correspondi Rg .t 9ragi gEi1ic for the object, said metric being used by the
evaluation unit to determ ne an acousto-electric interaction 20 in the
object. 29. The apparatus according to claim28, wherein the evaluation

unit determ,pes hase he g ype of = radi.ation_for each focal
poi nt that izg'paf?ﬁ%fasg%aggar% e F@.‘%?Q r.léTﬁ% aarB'pzf atc&glglgc&ﬁd%ﬁg ¥ eﬁ?ﬁ/n of
cl ai s 19- 2%aivheeedid 25ygeherf irasit adhn £ onds #grpas hafvihadiaathagdgonpri se
any conbin%tion of : mcrowave radiatjon, ultrasound, or Xx-ray.
3 ixed frequency, generated by a third generator.
26. The apparatus according to any of claims 19-25, further
comprising a conveyor configured to convey the object pass the

apparatus, wherein said apparatus is stationary.

27. The apparatus according to any of claims 18-25, wherein
10 the apparatus is moved in relation to a stationary object such
that the transmitted first type of radiation and the second

type of radiation move in relation to the object.

28. The apparatus according to any of claims 15-27, whexein
said apparatus further comprises:

15 - at least a receive antenna configured to receive the
second type of radiation transmitted through the object to
determine a ruﬁtime and damping mapping corresponding te a
metric for the object, said metric being used by the

evaluation unit to determine an acousto-electric interaction

20 in the object,

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
25 the first and second types of radiation comprise any

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



