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Abstract— Potentialdemodulating ability in biological tissuexposed to Radio Frequency
(RF) signals intrinsicallyequires an unsymmetricadiodelike nonlinear responsm tissue
samples This may be investigatedoy observingpossible generation ¢ie second harmonic

in acavity resonator designed to hduadamental and second harmorgsonant frequencies
with collocated antinodes. Such a responselevbbe of interest as being a mechanism that
could enable demodulation of informatioarrying waveforms having modulating
frequencies in ranges that could interfere with cellular procesdewvious work has
developed an experimental system to test fah sesponses: the presembrk reportsan
electric circuit modedevisedto facilitate calibration of any putative nonlinear RF energy
conversionoccurring withina nonlineatestpieceinsidethe cavity. The method is validated
computationally and expergntally using a weltharacterised nonlinear devic&he
variatiors of the reflection coefficiestof the fundamental and second harmonic responses of
the cavity due to adding nonlinear and lossy material are also disclibegatoposed model
demonstrates that the sensitivity of the measurement equipmenapitaisrole in deciding

the required input power to detect any second harmonic sighah is expected to be very
weak The modeldeveloped here enables th&tablshment ofa lookup tablegiving the level

of the second harmonic signal in the detector as a function of the specific input power applied
in ameasuremenExperimental results are in good agreement with the simulated results.

Keywords: RadioFrequencygavity resonatqgrComputational Electromagnetics, nonlinear
material.

1. Introduction

With the rapidgrowth of mobilecommunicationusage over recentdecads, public
concerns have been raised about the possible biological effects of sagisadiation with
specific regard to radiofrequency (RF)radiation from mobile phones [12]. The possibé

effects of this radiation can be categeed into two groupsthermal effects resulting from



high-level RF power and putativeonthermal effectslue to low power radiation. Thermal
effects of RF radiation hae been extensively studied by many reseaclaed are well
understood and uncontroversjal2]; in contrasthonthermaleffects ofsuchradiation are
still debaed by many scientistswith conflicting arguments still being presentéd.a result,
intensive effort worldwde continues talevelop researcim aspects obioelectromgnetics at
macroscopic and microscopic levels. This has led to diffeteimed levels of analysis, i.e.
human level, tissue level, cell level and ionic |§@e22].

From the published literature-[], it may be observedthat many of the works have
treaed RF and tissue interaction mechanism effectsa dmear problemRelatively few
papers[8-13] have moved towards searchirigr proof of the existence of nonlinear
biological tissue responsascluding molecular processes andcroscopic studieat cellular
level. These studiesare typically either theoretical orexperimental, the latter covering
molecular, cellular, or tissdevel experiments, or els#atistical studies of wholerganism
effects n human or animal cohortRecently,Balzanqg with co-workers [8-11] has proposed
novel experiments to detect the presence of asymmetrical (rectifying) nonlinear interaction
at cellular or tissusample level, undexxposuredy low-amplitude RF carrresignals. These
build on the observation thatemodulation of a modulated carrier inherently requires such
asymmetrical behaviour and this womlelcessarily caugte production of second harmonics.
Suchdemodulation has begostulatedas aplausiblemode br putativenonthermal effects
of RF radiation on any contiguous living system.

Balzands proposalsadoped the concept ofan ingeniousdoubly-harmonic resonant
cylindrical cavity modelhaving celocated antinodes at fundamental and second harmonic
frequencieg8-11]: thework presentd here developan electric circuit mathematical model
to link the cavity model witlsecond harmoanigeneration from a givamonlinear device. The
resultscan be used to indicatbe amount of input powereead to stimulate theiological
samplein order to maximizehe likelihood ofdetecing anysecond harmonieradiation

2. Methodology

The proposed mathematical model is an extensiospofe of theauthors earlier work
[23,24. It consists of two parts: cavity model and electric circuit modeladdition,
experimental verification was undertakémthe cavity model, the electric field distributions

werestudied at Tk; and ThRi3 modes. Following this, theavity modelwas used to extract



its S-parameters by using CST Microwave Stuf?®] and ANSYS HFSS[26] software
Once these dataere obtained, thegould be adopted into the derived equations from the
proposed circuit model tcompute the second harmonic power level vathiven input

power.

2.1 Cavity Modeand Electric Fields analysis

The previouslyreported practical worKL3] was undertaken withneRF carrier frequency
in the 880890 MHz band.To examine whether biological tissuexhibit unsymmetrical
nonlineariy when exposed to RF sigsain this bandan efficient andhigh qualityfactor
dualresonant cylindrical cavity with heigl72 mmanddiameter 248 mm was useohased
on Balzano’s proposals [8,10,11fig. 1 shows the cavitystructure, includingtwo loop
antennas(for fundamental input and secehdrmonic output)and abiosamplesuppat
structureconsising of a butterflyshaped Lexan laima (polycarbonate)11] anda Petri dish
[27]. This suppoting structure is designed to minimise dielectric loss in the castiher than
the energy dissipation in the biosamplexan is practically lossless at the frequencies of
operation of the cavity and has a relative dielectric permeabilingtvieer2.5and3.0. The
holes inthe laminawere addedto decrease the overall dielectric loading of the cavity. The
central circlein the lamina has 1mm depression to kba 3.5 cm diameter Petri dish

centrally
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Fig. 1. The dimensions of the cavity model, with two rectangular loop antenndsaad sample

support structure.

Loop antennawere selectedfor coupling because hey couple with both H (the
azimuthal magnetic field) and; Ethe radial electric fieldand thus hae a muchwider
reactive matching range than a monopole [8]. The cavity is excited by a loop antdnna
dimensions of 14 x 105 mrwocated in the middle ofhe bottom platethe dimensions
corresponding to a total length of 0@at 882 MHz.This acts as a transmitter to excite the
TEa11 cavity mode in the frequency range of 8880 MHz. The dher antenna on the side
wall of the cavity has dimensisf 12.5 x 56.5 mmwhich is equivalent to length of 0.48
at 1764 MHz(the second harmonicJhis acts as a receiver to detect the energy of thesTE
FDYLW\ PRGH LQ WKH 0+] EDQG L H H[DFWO\ GR?
maintain the highestensitivity for detection of second harmonic responses, it is important to
place both antennas at maxima of their corresponding operating modes;h@rTH; 3. It
is also essential to firwine the lengths of both antennas to achieve the resonaibe of
TEi113 mode at exactly double the resonance frequency of thg; TBode. To better
understand these modes, Rigdepicts the total electric fieltistributionsfor bothmodes. As
can be seerthe TE;11 mode has a maximum-teld in the centre of theawity while the
TEj13 also hasa field maxinum at this point, plus otherat d/6 and 5d/6 where d is the

height of the cavity.
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Fig. 2. Electric fields distributions through the centre of the ca
a) Total Efield of Tk, modeonxzplane,
b) Total Efield of TE;1; modeonyzplane
c) Total Efield of Th;i3modeonxzplane,
d) Total Efield of TE;: modeonyzplane

To verify the accuracy ofhe predicted electric field intensityn the cavity model,
computer simulation studies weuvmdertakento establishthe maximum permissible input
signal whichwill prevent to sample from reaching damaging levels of power dissipBtjon
using two different EM software packages (CST Microwave StudioAilYS HFSS, the
field strength in the sample regionafinction of input powewas computedFig. 3). Two
media samples were considered: &i=(1, V= 0) and generic biologicaledium (H= 50, V

= 1 S/m), witha volume of 60 R.. This 60R. lossy mediumwas modelled as a cylindrical



structure with diameter of 3mm and height of 62.36M. The results presented ini§. 3,
show that the biosampldoes not substantially alter the fields in the cavity, thus not
degrading substantialits highQ thatis necessary to datt weak second harmonic fields.

The International Commission on Ndonising Radiation Protection (ICNIRP) limit for
SAR in functioning human tissus 2 W/kg[28], which has been argued to include a large
safety factor. Th&JK National Radiological Protection Board (NRPRY] formerly argued
that itspreferredlimit of 10W/kg was more realistic, although that would afsdude some
safety factor the NRPB has now become the Health Protection Agency (HPA) and has
adopted the internationalpgreed 2 W/kg limit Because of this safety factor, plus the
convection cooling that would occur in the cavity and the fact thatndgoous living
organism is not involved in the testswas concludedthat the option of going up to 100
WI/kg should be available to the experiment. From the SAR equatibare SAR =

\E%peall2 U Epeax can be foundor a specified value of SAF§3,€"X—"C’E Taking SAR = 100

W/kg as the uppelimit and usingthe properties opurewaterat this frequency U= 1000
kg/m?® and V=1 S/m, aseasonable approximatiofar biological tissugit is foundthat Epeak

= 447 VIm. This field strengtlpplieswithin the sample, and the value outside could be
higher, depending on its orientation. This indésghat a maximum powerof the order of
250mW (from Fig.3) must be the limifor the experiment.
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Fig.3 Electric field intensity in the cavity with and withqaresence of biological tisspas computed
by two different simulation packages

2.2 Electric Circuit Model for @librations

A mathematical techniqueas developedo compute the second harmonic power aith
known input powein the presence of a known unsymmetrical-tinear device in the Petri
dish This methocenablesnore precise quanitfationof the amount of input power required
in the excitation porin orderto generate a detectable sectvadmonic signalAn outline of
the method &s been published elsewh§2d], althoughwithout verification test result@nd

hence it is given in summary form here.

For derivation ofthe required formulaghe cavity model used ithe previous study11-
13] wasadopted. Then, a discrete floating port vdipole structure, havingetal leads 1mm
long, isconsidered to bglaced inthe centre othe Petri dish in the cavity and oriented
parallel to the transmit antenna, as illustrated in Eig-his port receive the maximum RF
signal from the transmit antenna. In order to extract the 3p&rZmeters ahe tworesonant
frequencies othe TEj1;and Thisz modes, two simulatianwere carried out one for each
mode and frequeny. Based on this, an equivalentp8rt network can be established, as
shown in Fig.4. From this network, two separatesset 3x3 Zparametersvere found, one
for eachfrequeng: thesewere then applieth the 3-port modes shownin Figs 4(a) and 4b).

As can be seen in Fig(a), a diode is used aswellcharacterisedinsymmetricahonlinear



elementin the Petri dish in the cavitits leads constituting the dipole armgjile the input
and output ports can be represented as transmit and receive antennas respegtidédy.
depicts the equivalent electric circuit of the diode moldedhould be noted thdtig 4 was
drawn by the electrical circuit symbols frd€eysigh ADS [30].
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Fig. 4. 3-port modek for TE;;; and Th13 modesof the cavity, including equivalent circuit of the
nonlinear element (diode).

By applyingOhm'’s lawto the circuitsin Fig 4(a), a matrixequation can be derived.

[Vl =[2][1] (1)



Where V] = [V1 V2 V3] is a vector of port voltagesZ][is a 3x3 symmetrical matrix of

impedances and][=[l1 12 13]" is a vector of port currents.

The currents for the Ti; mode can be easily derived from the applied input voltage and the
load/source impedances (these are equal to the characteristic impegara@jZas shown

in Figure 4a). The [Z] matrix in this case is evaludtedhe TE;11 mode. It should be noted
thatthe voltage Vs) and the current {) across the diode can be simply expressed agdVs.

For the diode parasitic components, valueRief 106.5; andC;= 1.5 fF were adopte@1];
then Equation (1)subject to input voltag¥®; at port 1 can be established to compéteOnce

Vy is found, it can be applied as the excitation source to the nonlinear elddyent.
substituting the Zarameters of the Tl mode into Equation (1) and choosing a value for
the input voltage, the paramesV;, V> andVy can be calculated. Then, the input power of
the model can be calculated By = 0.5 Rey/1xI,).

The circuit in Fig. 4(a) was modified @pply to TE;13 mode as in Fig. 4(b).By smple
manipulation of the new voltage matrix elementg] £ [V'1 V'2 V'3]" and applying the
standard Shockley diode equation, tuerentsin the ports of thdE;13 mode of Fig. 4lran

be found and henc¢he output power on port 2 can be calculdig®, O0.5ReV,aul.C.

3. Simulation Results

Fig. 5 illustratesthe reflection coefficiers of the two antennas in the caviigund from
simulationsover the deginedbands of operatiorthe dashed lireand solid lins represent
the return losssof the antennaanderunloaded and loaded tesks.the simulatedinloaded
test, an empty 3 ciPetri dish in the cavity wasonsideregdwhile the loaded test added a L5u
volume of deionisedwater KDYLQJ SURSHUWLHV 0 6 P > @ 7KLV IRU
laminaof cylindrical shapen the bottom othe Petri dishinsidethe cavity.The purpose of
the loaded teswvas to examinewhether additional dielectric materiaitroduced into the
cavity, e.g. cells, tissue and/or mediwwvould resultin any changes in resonant frequencies
In both testresult graphsthe freqencyfed tothe transmithg antenna has been multiplied
by a factor of two to enable direct comparison with second harmonic responses in the desired
operating band. It is clear that both loaded and unloaded tests demahstridite antennas

demonstrateeasonable reflection coefficients within spectrum bands covering both modes.



Since agood margin of operational frequenalaround 15kHz at-10 dB reflectiorexists
for both modegi.e. both ports maintaiggoodmatchng to 50 ohm loads)t is observed that
when thecavity isloaded theresonant frequenady slightly decreasedor both modes, which
continue to track each other in a 2:1 ratio

4. Experimental Validation

An experimental corroboration dhe simulated resultavas derivedfrom the equipment
assembled to undertake tharliertests on biological sampl¢$2]: this comprised the dual
mode (Thki1119 cavity based on Balzano’'s proposals [80-11], with a sensitive
measurement system based oH&8510C vector network analysérmay be obseedthat

the simulated and measured resfdtsreturn loss (Fig. S5are invery goodagreement. Slight
discrepancies betweedhe four sets otimulated and measured results can be attributed to
uncertainties in the electrical properties of the materials used in the simulation model, the

simplifications in the simulated structure and fabricatianations
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Fig. 5. The fundamental and secondrim@nic responses of the loaded and unloaded castitywing
simulated and measured resuitisndamental frequency doubled for convenience of display purposes).

An important objective of the work was a calibration curve giving second harmonic

power as a function of the input power as the input voltage was incr@dsedvas initially



computed using the model of the cavity based on CST software, but in order tvatidee
the result, ANSYS HFSSsoftware was als@adoptedfor comparison[26]. The resulting
curves are shown ifrig. 6 as can beseen both simulation results were in excellent

agreement.

To further validate thisesult, a experimentwvith a Schottky diode placed in the centre of the
Petri dish in thecavity was setup as shown in Fgg 7 and8. An Anritsu Synthesized Signal
Generator MG3632Avas used to generate the input signal to the bo#raitation antenna

at 0.882GHz. Two stages of low pass filtewse used to suppress frequencies above 1, GHz
minimizing any second harmonic produci®ateddy the input generator. On the output port,
an Anritsu Spectrum Analyser MS2802&vas set to display the expected second harmonic
frequency component, at a minimum bandwidth of 1.764GHz +100kHz.-pdigh and
narrow bad-pass filtes were applied to the outpub ensure at leas60 dB rejection of the
fundamental frequency componer@omparing both predictegets of results with the
experimentabnes as shown in Fig.,Gt is observed that they aadmostindistinguistable.
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Fig. 7. Experimental setup foralidationtest
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Fig. 8. Block diagram for the experimental setup.

In addition the variation of the second harmonic signal intensity against different lengths of
the diode leads was also investigatedexperimentally It should be noted that two
experimental setigwere used i.e. with and without the two stage low noise amplifiers



shown in Fig. 8(ZRL-2400 LN and Zel01724LN, from MirCircuits Inc.) The diode lead
lengthswere variedoetween Omnand 28mm and placed into the middle of the dish inside
the cavity the diode body was 4mm in lengffhe orientation direction was keparallel to

the tansmit antenna at port The resultswith and without amplifierare shown irFigs.9

and 10 Thesaeillustratethat as the length of the diode leads is reduced, the second harmonic
signal strength is decreased expected.

As can besea in the case without ampldation a minimum noise floor of115dBm was
observed, and as the length of the diode leads gradually ceftooe 28mm to Omm, the
second harmonic signal strength dropped down linearly fr68dBm to -108dBm
correspondingo adifference between the noise floor ahd second harmonic signal wang

from 57dBm to 7dBm. It isnoticeablethat the generation of the second harmonic by the
diode without leads, is indistinguishabi®m the noise signalHowever when —a@
deionisedwater was added to the diode without leads, the second harmonic signal was
improved from-108dBm to-95dBm i.e., 13dBnmenhancemenin second harmonic power

level.

When the amplifies were used in the measuren@rnhe noise floor of the spectruanalyser

rose up to100dBm asseenin Fig.10. As can beeen the second harmonic signalr&sed

to -62dBm, and when the water was addddrther increasef 20dBmwas observed.e. the

second harmonic rose $62dBm). Thisstrongly suggests thate presence of water acts as a
return path for current, creating a distributed complete circuit which will act as a form of loop
antenna and hence be much more effective than the short dipole antenna constituted by the
diode leads alone. Since biologicektie is generally more conductive than pure wabés

effect might be expected to be manifested more strongly, although a discrete single rectifying
junction is not to be expected in any speculative theotyiadlectromagnetic interactions

and henceany ‘loop antenna’ effect may be expected to be distridbtedighoutany sample
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5. Conclusion

A circuit-basedmodelfor calibration of unsymmetrical nonline@ectifying) responses of
electricallysmall samples im doublyresonant cylindricatavity has been presentedhe
cavity was loaded with a suppostructurefor testing ofpotentiallynonlinearsamples anche
S-parameter analysis of the cavity modébws that the tuned Tks mode has double the
resonant frequency of the Tlemode with co-located central antinodeAny unsymmetrical
nonlinear behaviouin a centrallylocated test sapte will necessarilygeneratea second
harmonicfrequencyand n order to calibrate the desired sensitivity of the detection of the
produced harmonic signalnalectric circuit model was introduceshd testedBy using a
simulated diode connected to vestyort dipole armshe nonlinear response thfe proposed
model wasestablished For ths rectifying element modela nonlinear relationship was
demonstrated between fundamental input power sswdndharmonic output powerThe
mathematical model based on the cadgsignenhances the relidity of the system as a
measurement testbed thainke applied foinvestigation of the behaviour bfological cells
or tissueqor other norinear materialsfor future applicationsThe diode is used asveell-
characterisedestpiece to prove the operational concepithough its behaviour is more
extreme than might be expectedbinlogical media but this does not affect the validity of
the calibrated electrical circuitHowever,the cavity testbed can confirm the limits ariy
second harmoniadiation that mightesultfrom replacing the diode with biological media.

An experimentaprogramme with a Schottkgiode having variable lead lengths was also
undertaken and this validated the cavity and circuital model methods, showing very good
agreement with predictions. Further experimental tests underlined the effect of diode lead
lengths, but, more significantlghowed the effect of immersing the diode in a small quantity

of deionised watelthis provided a return current path even when the diode lead lengths were
minimal, thus constituting a form of distributed loop antenna. Suchtigep distributed
circulating current behaviour will also be present in aqueous test samples, such as biological

tissue, and can be expected to be the main coupling mechanism for such samples.
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