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1. Executive Summary 

Controversy over the possibility of adverse health 

effects from exposure to low-level radiofrequency (RF) 

fields, such as those associated with the use of mobile 

phones, is fuelled by the lack of an established non-

thermal interaction mechanism. Several mechanisms 

have been proposed, although few have withstood 

scrutiny. Perhaps the most plausible is the 

demodulation of amplitude modulated RF fields by 

biological systems. This project uses a highly sensitive 

technique employing a doubly-resonant cavity 

proposed and designed by Balzano and colleagues 

(Balzano, 2002; Balzano et al, 2008) to test a range of 

biological material for the nonlinear RF energy 

conversion necessary for demodulation. Such 

behaviour would be indicated by the generation of a 

second-harmonic signal upon exposure of the sample 

to a pure fundamental signal.  

Cell and tissue samples were placed within the cavity, 

exposed to continuous wave RF fields at the resonant 

frequency (f1) of the loaded cavity (around 883MHz) 

using input powers of 0.1 or 1 mW, and monitored for 

second harmonic generation by inspection of the 

output at 2f1. Unwanted signals were minimized using 

low pass filters (≤1 GHz) at the input to, and high pass 

filters (≥1 GHz) at the output from, the cavity. A 

tuned low noise amplifier allowed detection of second 

harmonic signals above a noise floor as low as -

169 dBm. 

The biological materials tested encompassed different 

species and levels of organization, with different 

potentials for cellular interactions mediated by cell 

membrane systems of varying complexity. Both cancer 

and non-cancer cell lines were included, along with 

cells and tissues previously reported in the literature 

to have shown biological effects at non-thermal levels 

of exposure. The samples comprised: high density cell 

suspensions (human lymphocytes and mouse bone 

marrow cells); semi-confluent mono-layers of 

adherent cells, (IMR-32 human neuroblastoma, G361 

human melanoma, HF-19 human fibroblasts, N2a 

murine neuroblastoma (differentiated and non-

differentiated), and CHO cells); and thin sections or 

slices of mouse tissues (brain, kidney, muscle, liver, 

spleen, testis, heart, and diaphragm). Viable and non-

viable (heat killed or metabolically impaired) samples 

were tested.  

The design of the exposure system imposed constraints 

on sample geometry. Adherent and suspension cells 

were contained beneath a 30mm diameter glass cover 

slip to minimize sample depth. The cavity was housed 

in a temperature and humidity controlled incubator, 

and samples were typically held within the cavity for 

less than 10 minutes, with exposures lasting 2-4 

minutes. Trypan blue exclusion, resazurin, or oxygen 

consumption measurements showed no overall effect 

on viability of exposed cell or tissue samples 

compared to sham exposed or control samples.  
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Over 500 tests were carried out on the 17 different 

cell and tissue types. Mean specific energy absorption 

rates (SAR) for live preparations exposed to 1mW RF 

fields were typically around 10 W/kg for cells or 3 

W/kg for tissue slices. No consistent responses 

attributable to nonlinear energy conversion by the 

exposed samples were detected. Neither viability 

status nor orientation relative to the field affected 

this result. Occasional second harmonic signals were 

observed, but these were attributed to direct coupling 

between the generator and the 2f1 detector, as these 

signals were present even without biological samples 

in the cavity.  

Within the limits of the sensitivity of the system, no 

responses attributable to nonlinearities in the exposed 

biological samples were detected. Therefore, these 

results do not support the suggestion that living cells 

can demodulate RF energy.  

2. Aims and Objectives 

The primary aim of the project was to test for the 

ability of biological tissue to demodulate the 

radiofrequency fields typical of mobile phones. This 

has been repeatedly proposed as a mechanism for the 

highly amplitude-modulated waves from second-

generation phones to interact with low frequency 

bioelectrical processes.   

The objective was to set up an experimental system 

employing the doubly resonant cavity proposed and 

designed by Balzano and colleagues (Balzano, 2002; 

Balzano et al 2008) to test a range of biological 

material for the nonlinear RF energy conversion 

necessary for demodulation. The study aimed to 

achieve a system noise floor of -120 dBm or better. 

Cell and tissue samples placed within the cavity, and 

exposed to continuous wave RF fields at the resonant 

frequency (f1) of the loaded cavity (around 883 MHz), 

could then be monitored for second harmonic 

generation by inspection of the output at 2f1. Storage 

of the high-frequency energy in the highly-resonant 

cavity with very low noise amplification and the 

avoidance of any electrode contact with the samples 

allow the experiments to approach the ultimate limits 

of physical sensitivity. Estimates for the theoretical 

signal sensitivity indicate the possibility of detecting a 

second harmonic signal as weak as one photon per cell 

per second (Balzano, 2002). 

Biological materials were selected from cell and tissue 

types which have been previously reported to exhibit 

responses to low-level RF fields (AGNIR, 2003; NRPB, 

2004; Belyaev, 2009). The samples used incorporate 

different potential for cellular interactions mediated 

by cell membrane systems of varying complexity; can 

be scaled to the relatively small volumes required for 

exposure in the cavity; and retain cell viability and 

tissue integrity during sample preparation and 

exposure. 

3. Participants  

Biological experiments 

Christine Kowalczuk, Gemma Yarwood, Marisa 

Priestner. 

(Supervision of studies at HPA: Simon Bouffler. 

Consultant to HPA: Roger Blackwell.)   

System set-up and operation; dosimetry 

Iftekhar Ahmed, Chan See. 

(Supervision of studies at Bradford: Peter Excell, Raed 

Abd-Alhameed.  

Cavity design and construction; dosimetry 

Quirino Balzano, Vildana Hodzic, Robert Gammon. 

(Supervision of studies at Maryland: Christopher 

Davis.) 

4. Achievements  

4.1.  Biological materials 

The biological materials used are listed in Tables 1 – 4.
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Table 1.   Adherent cell types tested, showing treatment, cell numbers, weights, tests and viability after exposure (* significantly different from control, 
p<0.05: † significantly different from sham, p<0.05) 

 

Cell type Treatment No. cells recovered 

(x 106) 

(mean ± SE) 

Weight of cells 
and medium (mg) 
(mean ± SE) 

Number of second harmonic tests 
( number of samples if different) 

Viability (%) 

(Trypan blue exclusion) (mean ± SE) 

Total Phase Phase Sham Control 

1 2 3 1&2 3   

IMR-32  human 
neuroblastoma  
(5 x 105 cells seeded 2 days 
prior to test) 

Live  1.160 ± 0.070 (n=58) 32.18 ± 0.52 (n=34) 75 (65) 34 (24) 30 11 94.2 ± 0.9 
(n=21) 

90.7 ± 0.5 
(n=2) 

95.0 ± 0.8 
(n=20) 

94.7 ± 0.7 
(n=15) 

Heat killed - 30.54 ± 1.87 (n=15) 24 (16) 15 (7) 6 3 - - - - 
3mM NaF - 24.56 ± 0.56 (n=18) 19 (15) 9 (5) 10 0 - - - - 
4mM NaF - 25.19 ± 0.60 (n=16) 21 (17) 10 (6) 10 1 - - - - 
5mM NaF - 27.07± 0.42 (n=14) 36 (28) 18 (10) 9 9 - - - - 

(106 cells seeded 2 days prior 
to test) 

Live 
 

1.839 ± 0.277 (n=11) 32.63 ± 0.37 (n=23) 27(25) 8 (6) 13 6 97.2  ± 0.6 
(n=3) 

93.3 ± 1.2 
(n=2) 

94.7 ± 3.5 
(n=3) 

94.4 ± 2.4 
(n=3) 

HF-19  human fibroblasts  
(5 x 105 cells seeded 2 days 
prior to test) 

Live 0.282 ± 0.025 (n=22) 24.65 ± 1.44 (n=14) 47 9 26 12 87.3 ± 2.2 
(n=11) 

- 88.4 ± 3.7 
(n=6) 

85.8 ± 5.1 
(n=5) 

Heat killed - 27.62 ± 0.74  (n=5) 10 2 5 3 - - - - 
(106 cells seeded 2  days prior 
to test) 

Live 0.458 ± 0.030 (n=7) 26.74 ± 0.91 (n=5) 14 4 7 3 87.4 ± 4.1 
(n=4) 

- 97.5 (n=1) 91.7 ± 4.4 
(n=2) 

N2a murine neuroblastoma 
(5 x 105 cells seeded 2 days 
prior to test) 

Live 0.361 ± 0.026 (n=11) 32.25 ± 0.82 (n=10) 13 0 3 10 - 62.0 ± 2.4 * 
n=4) 

70.2 ± 4.0 
(n=4) 

72.9 ± 2.4 
(n=3) 

Differentiat
ed (1% FBS) 

- 28.95 ± 0.80 (n=14) 7 (5) 0 0 7 (5) - - - - 

(1.5 x 105 cells seeded 2 days 
prior to test) 

Live - 29.36 ± 0.63 (n=5) 5 0 0 5 - - - - 

Differentiat
ed (1% FBS) 

- 28.19 ± 0.49 (n=11) 8 (5) 0 0 8 (5) - - - - 

G361 human melanoma  
(5 x 105 cells seeded 2 days 
prior to test) 

Live 0.758 ± 0.020 (n=8) 33.47 ± 0.81 (n=17) 15 0 0 15 - 93.1 ± 1.1 
(n=2) 

90.1 ± 2.0 
(n=3) 

94.2 ± 1.4 
(n=3) 

Heat killed - 35.61 ± 0.40 (n=17) 6 0 0 6 - - -  
(106 cells seeded 2 days prior 
to test) 

Live 1.124 ± 0.076 (n=8) 36.62 ± 0.38 (n=21) 18 0 0 18 - 88.4 ± 0.1 
(n=2)† 

90.3 ± 0.4 
(n=3) 

92.7 ± 1.5 
(n=3) 

CHO - chinese hamster 
ovary cells (5 x 105 cells 
seeded 2 days prior to test) 

Live 1.309 ± 0.206 (n=8) 28.60 ± 0.49 (n=18) 10 0 0 10 - 93.4 ± 0.1 
(n=2) 

92.1 ± 1.7 
(n=3)  

92.1 ± 1.5 
(n=3) 

Heat killed - 32.08 ± 0.82 (n=15) 7 0 0 7 - - -  
(106 cells seeded 2 days prior 
to test) 

Live 1.262 ± 0.071 (n=6) 31.15 ± 0.36 (n=35) 9 0 0 9 - - 94.2 ± 0.9 
(n=3) 

94.5 ± 0.2 
(n=3) 
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Table 2. Suspension cell types tested, showing treatment, cell numbers and weights, number of tests and viability after exposure. 

Cell type Treat
ment 

No. cells 
recovered 

(x 106) 

(mean ± SE) 

Number of second harmonic 
tests 

Viability (%) 

(Trypan blue exclusion) 

(mean ± SE) 

Total phase phase Sham Control 

1 2 3 1&2 3 

Murine bone marrow 

cells (estimated 6 x 

106  cells in 30µl) 

Live  4.023 ± 0.219 

(n=27) 

40 2 25 13 90.40 ± 1.46 (n=7) 91.6 ± 0.9 (n=5) 91.5 ± 0.9 (n=8) 93.7 ± 0.9 (n=7) 

Heat 

killed  

- 15 0 7 8 - - - - 

Cultured human 

lymphocytes (PH4B) 

(estimated 2.58 x 105 

cells in 25µl) 

Live 

 

0.026 (n=1) 1 1 0 0 84.6 (n=1) - - - 
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Table 3. Miscellaneous cell types tested showing treatment, cell numbers and tests carried out. 

Cell type Treatment No. cells 
recovered (x 106) 

 

Number of second harmonic tests 

( number of samples if different) 

Total phase 

1 2 3 

IMR-32 human neuroblastoma 
(5 x 105 cells seeded 2 days prior to test) 
 

3mM NaF and 
heat killed 

- 4(2) 4(2) 0 0 

0% FBS 
 

- 2 2 0 0 

(5 x 105 cells seeded 1 day prior to test) 0% FBS  
 

- 2 2 0 0 

(106 cells seeded 3 days prior to test) 
 

Live 
 

- 1 1 0 0 

(5 x 105 cells seeded3 days prior to test)  
 

1% FBS and heat 
killed 

- 2 2 0 0 

N2a  murine  neuroblastoma 
(2.5 x 105 cells seeded 1 day prior to 
test) 

1% FBS  
 

- 3 0 3 0 

Murine bone marrow cells 
(estimated 1.2 x 106 cells in 30µl) 

Live 
 

0.496  (n=1) 1 1 0 0 

Heat killed 
 

- 1 1 0 0 

(estimated 2.4 x 106cells in 30µl)  Live 
 

- 1 1 0 0 

(estimated 4.8 x 106 cells in 30µl)  Live 
 
 

1.616  (n=1) 1 1 0 0 
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Table 4. Tissue types tested, showing treatment, weights, tests and oxygen consumption after exposure (* significantly different from sham, p<0.05). 

Tissue  Treat
ment 

Weight of tissue 
(mg) 

 ( mean ± SE) 

Weight of tissue 
and medium (mg) 

 (mean ± SE) 

No. of second harmonic tests 

( number of samples if different) 

Oxygen consumption (µmoles O2 g
-1 h-1) 

 (mean ± SE) 

Total phase phase Sham Control 

2 3 2 3 

Brain Live 19.24 ± 1.51 
(n=19) 

51.96 ± 1.88 (n=19) 21 (19) 4 17 (15) 36.97 ± 4.26 
(n=3) 

35.22 ± 2.54 
(n=15) 

42.20 ± 2.02 
(n=5) 

41.19 ± 2.28 
(n=6) 

Dead 20.06 ± 1.91 
(n=14) 

54.06 ± 1.82 (n=14) 11 3 8 0 0 - - 

Kidney Live 21.57 ± 2.02 (n=6) 59.36 ± 3.19 (n=5) 4 1 3 33.11 ± 3.40 
(n=2)* 

60.14 ± 5.96 
(n=4) 

50.51 ± 1.56 
(n=3) 

48.05 ± 0.93 
(n=2) 

Dead 21.57 ± 2.02 (n=6) 57.82 ± 6.24 (n=6) 7(6) 2 5(4) 0 0 - - 
Muscle Live 55.49 ± 10.93 

(n=7) 
92.13 ± 15.83 (n=7) 8 0 8 

- 
8.23 ± 1.39 
(n=7) - - 

Dead 55.49 ± 10.93 
(n=7) 

91.57 ± 11.99 (n=7) 7 0 7 - 0 
- - 

Cerebellum Live 48.50 (n=1) 84.40 (n=1) 1 0 1 - 14.35 (n=1) - - 
Dead 48.50 (n=1) 92.70 (n=1) 1 0 1 - 0 - - 

Optic 
Nerve 

Live 10.9 (n=1) 59.2 (n=1) 1 0 1 - 9.44 (n=1) 
- - 

Diaphragm Live 15.44 ± 1.14 (n=5) 48.10 ± 3.73 (n=5) 4 0 4 - 38.44 ± 7.02 
(n=4) 

37.15 (n=1) - 

Dead 14.90 ± 1.30 (n=4) 54.48 ± 5.61 (n=4) 4 0 4 - 0 - - 
Spleen Live 9.85 ± 1.42 (n=4) 49.73 ± 3.12 (n=4) 4 0 4 - 32.47 ± 4.03 

(n=4) - - 

Dead 9.85 ± 1.42 (n=4) 48.58 ± 1.49 (n=4) 4 0 4 - 0 - - 
Liver Live 24.13 ± 4.90 (n=4) 56.95 ± 2.02 (n=4) 4 0 4 - 21.86 ± 6.04 

(n=4) 
- - 

Dead 24.13 ± 4.90 (n=4) 53.28 ± 3.91 (n=4) 4 0 4 - 0 - - 
Heart Live 12.70 ± 1.14 (n=4) 53.78 ± 2.32 (n=4) 4 0 4 - 52.17 ± 3.74 

(n=4) 
- - 

Dead 12.03 ± 1.18 (n=4) 47.33 ± 3.59 (n=4) 4 0 4 - 0 - - 
Testis Live 24.27 ± 6.99 (n=3) 60.10 ± 7.81 (n=3) 2 0 2 - 28.33 ± 7.02 

(n=3) 
- - 

Dead 34.55 ± 5.95 (n=2) 78.85 ± 15.55 (n=2) 2 0 2 - 0 - - 
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4.1.1. Adherent cells 

Adherent cells were cultured in base media 

supplemented with Foetal Bovine Serum (FBS)), 2mM 

L-Glutamine (Invitrogen), and 100 U ml-1 Penicillin/100 

µg ml-1 Streptomycin (Invitrogen). Cultures were 

maintained at 37°C in an atmosphere of 5% CO2 and 

were split weekly. 

IMR-32 human neuroblastoma and N2a mouse 

neuroblastoma cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) (Invitrogen) with 10% 

FBS; HF19 human fibroblast cells, in Minimum 

Essential Medium (MEM) (Invitrogen) with 10% FBS; 

G361 human melanoma cells (European Collection of 

Animal Cell Cultures, Salisbury, UK) in McCoy’s 5A 

(Invitrogen) with 10% FBS; and CHO Chinese Hamster 

Ovary cells in Ham’s F10 (PAA Laboratories) with 15% 

FBS. 

Two days prior to testing, cells were seeded in 1 ml 

volumes of growth medium onto pre-sterilised, 30mm 

diameter, circular, glass cover slips (thickness No. 1, 

VWR International) at 5 x 105 or 1 x 106 cells per cover 

slip. Photomicrographs of these cell cultures are 

shown in Figures 1 – 3. 

 

 

 

Figure 1.  IMR-32 human neuroblastoma cell cultures 
(x100). Cells were seeded onto glass coverslips in 1 ml 
of medium and grown for two days. A: 5x105 cells 
seeded. B: 106 cells seeded. C: 5x105 cells seeded in 
medium supplemented with 3mM NaF; D: 5x105 cells 
seeded in medium supplemented with 5mM NaF. 

 

 

Figure 2.  N2a mouse neuroblastoma cell cultures 
(x100). Cells were seeded onto glass coverslips in 1ml 
of medium and grown for two days. A: 5x105 cells 
seeded. B: 106 cells seeded. C: 1.5x105 cells seeded. 
D: 1.5x105 differentiated cells seeded in medium 
supplemented with reduced FBS (1%). 

 

 

Figure 3. Other cell types and cultures (x100). A-C: 
Cells were seeded onto glass coverslips in 1 ml of 
medium and grown for two days. D: Suspension cells 
freshly prepared on day of experiment. A: 5x105 G361 
human melanoma cells seeded. B: 106 G361 human 
melanoma cells seeded. C: 5x105 HF19 human 
fibroblast cells seeded. D: 6x106 mouse bone marrow 
cells suspended in 30µl medium. 

 

Metabolically poisoned IMR-32 human neuroblastomas 

(Figure 1) were prepared by seeding cells onto cover 

slips in medium containing sodium fluoride at 

concentrations of 3mM, 4mM, or 5mM. Sodium 

Fluoride inhibits glycolytic enzymes and induces 

apoptotic cell death. Differentiated N2a 

B 

D 

A 

C 

B 

D 

A 

C 

B 

D 

A 

C 
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neuroblastoma cells were prepared by seeding 1.5 x 

105 or 5 x 105 cells onto cover slips using medium with 

reduced serum content (1% FBS) as described by 

Moquet et al (2008).  Growth was slowed, and after 2 

days some of the cells appeared differentiated with 

increased neurite outgrowth (Figure 2). Heat killed 

cells were prepared after 2 days of cell growth by 

transferring the cover slips to an 80°C heating block 

for 15 minutes. 

Immediately before testing in the cavity, excess 

medium was drained from the cells, and each cover 

slip was inverted onto a 12.5 µl drop of fresh growth 

medium within a 35mm Petri dish (equilibrated 

overnight to 37°C, 5% CO2). All inversions were carried 

out on a surface pre-warmed to 37°C. Petri dishes 

were covered and cells were transported to the cavity 

in an insulated (expanded polystyrene) box containing 

a pre-warmed block at 37°C.  

4.1.2. Suspension cells  

Human T-lymphocytes 

A PH4B extended lifespan culture of human T-

lymphocytes, prepared and cultured according to the 

method of O’Donovan et al (1995) which employs 

phytohaemagglutanin and X-irradiated feeder cells to 

support growth, were donated by Paul Finnon, HPA. 

The medium in which they were cultured and exposed 

consisted of RPMI 1640 (Dutch modification), 10% FBS 

(Invitrogen), 2mM L-Glutamine (Invitrogen), 100 U ml-1 

Penicillin/100 µg ml-1 Streptomycin (Invitrogen), 250 U 

ml-1 recombinant interleukin-2 (Chiron Pathogenesis, 

Hounslow), 0.4 µg ml-1 PHA (Bio-Stat Ltd., Cheshire), 

and 50 µM 2-mercaptoethanol.  

Mouse bone marrow cells 

Whole bone marrow suspensions, freshly prepared for 

each day of testing were supplied by Rysard 

Kozlowski, HPA, from a total of 13 (3 male and 5 

female C57BL/6; 4 male and 1 female CBA) mice aged 

2 to 8 months. Mice were sacrificed by cervical 

dislocation and bone marrow was obtained by first 

dissecting out the femora, removing the attached 

muscle tissue and cutting off both epiphyses leaving 

just the bone shaft. A 21 gauge needle was then 

inserted into the end of the bone shaft and a 1ml 

syringe used to thoroughly flush out the shaft with 

repeated washes of cold RPMI-1640 medium 

supplemented with 10% FBS, 2mM L-Glutamine, and 

100 U ml-1 Penicillin / 100 µg ml-1 Streptomycin. Bone 

marrow cell suspensions were then adjusted to a 

concentration of 2x108 cells per ml, an aliquot was 

heated to 80°C for 15 minutes to provide heat-killed 

controls, and all cells were kept on ice until use. (Cell 

suspensions comprised approximately 60% red and 40% 

white blood cells.) 

Immediately prior to testing in the cavity, all cell 

suspensions (Tables 2 and 3) were gently mixed by 

pipetting, and an aliquot (25µl for human T-

lymphocytes, or  30µl for mouse bone marrow cells) 

transferred by micropipette to the base of a 35mm 

petri dish. A circular, 30mm diameter, glass cover slip 

was then lowered gently onto the suspension, 

excluding air bubbles and spreading the cells beneath 

the entire area of the cover slip. Dishes were covered 

with a lid before testing. A photomicrograph of mouse 

bone marrow cells prepared in this way is shown in 

Figure 3d. 

4.1.3. Mouse tissues (organized tissues) 

Brain tissues 
Brain slices were prepared from 4 adult male C57BL/6 

mice (30-35g) using the methods of Tattersall et al 

(2001). Scientists from HPA visited Dr Tattersall and 

his colleagues at DSTL, Porton Down, to learn first-

hand their protocol for producing 

electrophysiologically viable brain slices. This protocol 

was followed closely in these studies. Briefly, mice 

were anaesthetised with halothane and killed by 

decapitation. The brain was then rapidly removed and 

placed in oxygenated (95% O2/ 5% CO2) ice-cold, high 

sucrose/low sodium saline solution containing 189mM 

sucrose 26mM NaHCO3, 1.2mM NaH2PO4.2H2O, 3mM 

KCl, 10mM glucose, 0.1mM CaCl2, and 5mM MgCl2. The 

olfactory bulbs and cerebellum were removed, the left 

and right hemispheres of the brain were separated, 

and one hemisphere was mounted on a tissue block. 

Parasagittal slices of brain tissue (350 µm in thickness) 

were prepared using a vibrating microtome 
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(Vibrotome, Campden Instruments, Cambridge, UK). 

Slices containing hippocampal tissue were transferred 

to oxygenated (95% O2, 5% CO2) artificial cerebrospinal 

fluid (ASCF) containing 120mM NaCl, 26mM NaHCO3, 

1.2mM NaH2PO4. 2H2O, 3mM KCl, 10mM glucose, 

2.4mM CaCl2, and 1.3mM MgCl2 at room temperature 

and left to recover for at least 1 hour before testing in 

the cavity. Saline solutions were freshly prepared for 

each day of use.  

In addition to the parasagittal brain slices, a thin 

(approx 500µm), freehand, slice of cerebellum, and 

two short sections (approx 5mm long) of optic nerve 

were prepared using a razor blade.  

Other tissues  

The remaining tissues tested were obtained from a 

total of 6 (3 female C57BL/6, 2 female CBA and 1 

male C57BL/6 x Balb/c hybrid) mice aged 2 to 4 

months. All mice were killed by cervical dislocation or 

CO2 asphyxiation; tissues were removed and 

immediately placed in ice-cold phosphate buffered 

saline (PBS).  

As with brain slices, a vibrotome was used to prepare 

slices (350 µm in thickness) of kidney, spleen, liver 

and heart. Thin (approx 500 µm), freehand slices of 

muscle, testis, kidney, and spleen were cut using a 

sharp, sterile razor blade. One thicker (approx 5mm) 

freehand section of muscle was also included. Kidney, 

spleen, testis, and heart slices were cut longitudinally. 

Heart slices included sections through both auricle and 

ventricle. Transverse sections of testis were also 

prepared. Cross sectional slice areas were between 

approximately 5mm x 5mm and 12mm x 5mm. 

Diaphragm tissue did not require slicing, and was 

prepared by cutting approximately circular segments 

of 6 – 8 mm diameter.  

Tissue slices were transferred to a pre-weighed cover 

slip, dried briefly to remove excess fluid, and 

weighed.  A 30 µl drop of medium (oxygenated ACSF 

for brain tissues, or air-saturated PBS for other 

tissues) was then added to the cover slip. The slice 

and medium were carefully positioned so that the 

slice was in the centre of the cover slip and was 

surrounded by a halo of medium with an external 

diameter of 15mm. The cover slip was then positioned 

in the centre of a 35mm petri dish, and placed within 

the cavity for testing. The two short (5mm) sections of 

optic nerve were positioned together in the centre of 

a cover slip, and placed within the cavity so that they 

were aligned parallel with the electric field. 

Heat-killed samples were prepared by placing slices 

into just-boiled water for 15 minutes; these heat-

killed tissues were then tested in the same way as the 

live preparations. This heating caused tissues to 

contract (a segment of diaphragm, for example, 

contracted from 7 mm to 4 mm in diameter). 

All procedures involving animals were carried out with 

the approval of the local ethical review committee 

and in accordance with the Animals (Scientific 

Procedures) Act 1986.  

4.2.  RF equipment  

4.2.1. Cavity 

A cylindrical, gold-plated, aluminium cavity, as 

described by Balzano et al (2008), was built at the 

University of Maryland and delivered to the HPA for 

experimental studies. The cavity was designed to have 

resonant frequencies in both TE111 and TE113 modes. 

This was achieved by constructing the cavity with a 

length of 27.54 cm and inner diameter of 25.00 cm 

(both with a tolerance of ±0.01 cm). Two antennas 

were provided, to couple the drive signal into the 

cavity and to couple out any second harmonic signal 

for analysis. A butterfly shaped Lexan (polycarbonate) 

shelf, with holes to minimize dielectric loading of the 

cavity, was used to support the petri dishes of 

biological material at the geometric centre of the 

cavity. Simulations, carried out at Bradford University, 

confirmed that this was the position of maximum E-

field within the cavity (See Appendix). 

The cavity was housed within a cell culture incubator 

at 37°C in an atmosphere 5% CO2. Humid conditions 

were maintained by a large open tray of water in the 

bottom of the incubator. All interconnections were 
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made with high quality microwave cables (Tensolite 

Workhorse WHU18-1818-120 3m and WHU18-1818-018  

0.45m long) and connections within the incubator 

were waterproofed using self-amalgamating tape. The 

cavity lid was removed, and the incubator door closed 

at all times when samples were not present to allow 

the interior of the cavity to equilibrate with the 

atmosphere within the incubator. The temperature of 

the cavity was monitored by means of a thermocouple 

attached to the outside of the cavity. This was not 

allowed to drop below 36.2°C.  Figure 4 shows the 

cavity (with lid removed) and its internal supporting 

laminar structure within the incubator.  

 

Figure 4. Gold plated, aluminium cavity with laminar 
support structure, placed within the incubator.  The 
TE113 mode receive antenna is visible on the right 
hand side. The TE111 transmit antenna is on the 
bottom. 

 

4.2.2. Test equipment  

Figure 5 shows the equipment used to tune and 

characterise the cavity, detect the generation of a 

second harmonic, and perform loss measurements on  

A. 

B. 

 

Figure 5.  A: diagram; and B: photograph; of test 
equipment. The cavity is housed within a cell culture 
incubator. The incubator is maintained at 37°C, 5% 
CO2, and contains an open tray of water in its base to 
humidify the atmosphere. The Vector Network 
Analyser and Spectrum Analyser are to the left of the 
incubator.  The photograph (B) shows the cavity with 
its lid in place, within the incubator.  

samples. The Vector Network Analyser (VNA, Agilent 

Technologies, E8357A) was used to generate an RF 

signal with a frequency in the 880–890 MHz range. Two 

low pass filters (Mini circuits NLP 1000) attenuated 

any second harmonic of the generated 880-890 MHz 

signal before it entered the cavity. The combined 

attenuation of the filters was approximately 114 dB. 

The second harmonic frequency at the output of the 

cavity passed through two high pass filters (Mini 

Circuits, VHF 1320+) to reject any fundamental 

component, followed by a low noise pre-amplifier 

(Kuhne KU LNA 172 A) with a measured gain of 33.8 dB 

before being passed to the Spectrum Analyser (SA, 

Agilent Technologies, E4407B). The preamplifier used 

Incubator (37°C, 
5% CO2) humidified 

atmosphere  

 

 

 

CAVITY 

3m pick-up cable 

3m drive cable 

Network Analyser Spectrum Analyser  

LNA 2 HPF 

2 LPF 
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had a built-in bandpass filter and a relatively narrow 

frequency response, thus further reducing the risk of 

spurious signals. The study design specified a noise 

floor of at least -120 dBm. This was exceeded and 

improved upon throughout the experiments. The noise 

floor of the SA varied as the resolution bandwidth was 

changed, and the study was carried out over 3 phases 

with different spectrum analyzer settings. The SA 

settings and resultant noise floors achieved are 

detailed in Table 5. The optimum value of noise floor 

(-169 dBm) was obtained in phase 3 of the study, using 

a resolution bandwidth of 3 Hz, and span of 500 Hz.  

Table 5.  Spectrum Analyser settings showing changes 
in system noise floor in relation to span and 
resolution bandwidths.  System noise figures include 
the preamplifier gain and HP filter insertion losses) 
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-169.0 ± 0.0 

 (n=262) 

4.3. Pre- measurement tests 

A number of tests were performed before the cells 

and tissues were placed in the cavity and tested for 

second harmonics. These tests involved both the 

cavity and additional equipment used in the 

experiments.  

4.3.1. Tuning the cavity 

The fundamental resonant frequency (TE111 mode) and 

the second harmonic frequency (TE113 mode) were 

found by carrying out S parameter analysis of port 1 

and port 2 using the network analyser.  Figure 6 shows 

the measured resonant frequencies of the cavity 

antennas before tuning was carried out. The antennas 

were unmatched at this stage. 
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Figure 6. Resonant frequency of cavity with 
unmatched antennas. (red curve: S22; blue curve: S11 
at fundamental frequency (doubled to enable direct 
comparison) – Produced at the University of 
Maryland).  

It is essential to tune the resonance of the TE113 mode 

to coincide with twice the resonance frequency of the 

TE111 to maintain the maximum sensitivity for second 

harmonic detection.  The antennas were tuned by 

altering the position of the receive antenna, and fine 

tuning was performed by tilting the plane of the 

antenna toward the lateral surface of the cavity. 

The resonant frequencies of the cavity, containing 

lamina structure and empty petri dish, after tuning 

are given below: 

S11    f1 = 883.056 MHz     Return loss = -13.58 dB 

(transmit antenna)  

S2     f2  = 1766.063 MHz    Return loss = -26.9 dB 

(receive antenna) 

2f1  = 1766.1125 MHz 

f = 2f1 – f2 = 1766.1125 – 1766.063 

 = 0.0495 MHz = 49.5 kHz 
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This shows that the separation between the second 

harmonic resonant frequency and twice the 

fundamental resonant frequency was only 49.5 kHz, 

which was considered to be very acceptable for the 

experiment.  

These measurements were repeated before each 

experimental run, and again at the end of the study. 

The separation between the second harmonic resonant 

frequency and twice the fundamental resonant 

frequency value did not exceed 75 kHz. 

4.3.2. System set-up 

Individual component losses 

Measurements were made of the losses of each of the 

individual system components (Table 6).  

Table 6. Individual component losses. 
 

System component 

S21 dB 

883MHz 1766MHz 

High Pass Filter #1 -48 -0.7 
High Pass Filter #2 -47.3 -0.66 
Low Pass Filter #1 -0.61 -57 
Low Pass Filter #2 -0.63 -57.6 
Preamplifier -23.7 33.8 
0.45m  N-N cable -0.2 -0.25 
3.0m N-N cable 1 -1.1 -1.6 
3.0m N-N cable 2 -1.1 -1.6 
Cavity + 2 x 3m 
cables -42.4 -2.2 

 

Elimination of system-generated second harmonics 

The system components themselves can generate 

spurious signals at the second harmonic frequency. 

The risk of these signals was reduced by the use of in-

line filters and a narrow-band pre-amplifier (Figure 5). 

However, before any tests with biological material 

could be carried out, it was essential to ensure that no 

second harmonic signal was present with an unloaded 

cavity, i.e. in the absence of biological material. 

Measurements were carried out with the system set up 

as in Figure 5. The cavity contained a dry petri dish 

(no cells, tissue or medium). The SA settings were as 

used in phase 2 of the study (Resolution Bandwidth = 

30 Hz, Span = 20 kHz) and the system noise floor was -

156 dBm. These measurements showed that no second 

harmonic signals above the noise floor were present in 

the system using an input power of either 0 or +10 

dBm.  

This indicates that any second harmonic observed in 

phase 1 and 2 experiments (with an input power of 0 

dBm) would be due to the biological material 

introduced into the cavity. The increased resolution 

and lower noise floor used in phase 3 experiments 

(Table 5), however, allowed the detection of a 

spurious, system generated, second harmonic when 

the input power was set at 0 dBm. Phase 3 

experiments were therefore conducted with an input 

power of -10 dBm, which entailed a sensitivity loss of 

about 10dB with respect to the phase 2 experiments. 

Tests were carried out before each experimental run 

to confirm the absence of system generated second 

harmonics with an unloaded (dry petri dish only) 

cavity.  

System Minimum Detectable Signal (MDS) for 
various bandwidths at 1766 MHz 

The minimum detectable signal was calculated using 

the noise floor of the spectrum analyzer, allowing for 

the losses of the cables and filters and the gain and 

noise figure for the preamplifier. Table 7 shows the 

resolution bandwidth and span required to achieve the 

minimum detectable signal. 

Load tests 

The cavity was tuned when unloaded. Load tests were 

carried out to test the shift in resonant frequency 

when the cavity was loaded with additional dielectric 

material (e.g. cells, tissues and/or medium). 

Phosphate Buffered Saline (PBS) was added to the 

petri dish in volumes of 30 and 60 µl.   

The results of these tests are shown in Figure 7. As the 

cavity was loaded, the resonant frequency decreased. 

However, the shift was consistent for the TE111 and 

TE113 mode, and the antennas stayed matched for both 

of the tested loads.  
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Table 7. Minimum detectable signal (calculated at the 
cavity output connector) in relation to RBW and span.  
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Figure 7.  Resonant frequency shift and tracking of 
the double tuned cavity as PBS sample loading is 
increased. (Dashed lines show the resonance for twice 
the transmit frequency of the TE111 mode, solid lines 
show the resonance of the TE113 mode). Pairs of 
curves are labelled with the PBS volumes. (Reproduced 
from Balzano et al, 2008) 

 

. 

Table 8: Second harmonic signal for the 
Schottky diode with varying input power 

 

Input power 

 (dBm) 

Second harmonic signal  

(dBm) 

0 -51.41 
-10 -66.54 
-20 -85.52 
-30 -105.2 
  
rotated 90 degrees -122.8 

Schottky diode test 

A Schottky diode is a good example of a nonlinear 

device, and was therefore used to test the second 

harmonic generation detection capability of the 

cavity. The diode was placed in the Petri dish (Figure 

8) in the centre of the cavity with its leads parallel to 

the E-field. A typical second harmonic response is 

shown in Figure 9. 

 

Figure 8.  Schottky Diode. MZB600-CS25 zero bias 
Schottky Detector Diode with 2.75mm long leads, 
positioned within a Petri dish as used throughout 
experiments. 
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Figure 9.  Spectrum analyser screen shot showing 
second harmonic produced from a Schottky diode 
placed within the cavity (input power = -10 dBm).  

 

Variation in input power showed a typical second 

order behaviour, where the increase in second 

harmonic produced increases as the square of the 

increase in input power (Table 8). When the Schottky 

diode was turned through 90° so that its leads were 

perpendicular to the E-field and the transmit antenna, 

the second harmonic signal was barely visible above 

the noise floor of the SA.  

(The indicated noise floor was approximately -124 

dBm (corresponding to a value of    -156 dBm after 

correction for preamplifier gain and filter insertion 

losses)).  

As found by Balzano et al (2008), stripping the leads 

from the diode and then orienting the diode bonding 

pads (stripped of metallization) with the incident E-

field gave a weak second harmonic response. This 

response was enhanced by the addition of a 1cm 

diameter drop of PBS centred on the diode. The PBS 

acted as a very effective antenna. (We have mimicked 

this use of a PBS halo in our tests with tissue slices 

(See sections 4.1.3 and 4.4)). 

4.4.  Tests for second harmonic generation 
by cells and tissues 

Biological samples were prepared as described in 

section 4.1. and exposed within a covered 35 mm Petri 

dish: cells were contained in approximately 30µl of 

liquid, between a 30 mm diameter cover slip and the 

base of the dish; tissue slices were placed within the 

dish on the upper surface of a cover slip, and 

surrounded by a 1.5cm diameter “halo” of PBS or 

ACSF. 

Samples were placed precisely onto the laminar 

support structure in the middle of the cavity with the 

petri dish aligned in the same way for each test, 

ensuring that the laminar support was not moved from 

its marked position. The lid was placed onto the cavity 

and the incubator door closed. The operator was 

blinded to the cell/tissue type and viability status of 

each sample. 

4.4.1. Determination of resonant frequency 
and Quality factor of the loaded cavity   

For each sample, using the VNA as a signal generator, 

the resonant frequency of the fundamental was found 

in the 880 – 890 MHz range. This measurement was 

performed at -10 dBm input power. The S11 variation 

with frequency was recorded and used to determine 

the Quality factor (Q) of the cavity, where Q is 

defined as the ratio of the RF energy stored to the 

energy dissipated during one radian of a cycle of the 

fields (Harrington, 1961) (see section 4.5.1. for 

determination of SAR values from Q). 

4.4.2. Second-harmonic test 

The system was set-up as shown in Figure 5. The drive 

frequency for the VNA was that obtained from the 

resonant frequency test, and the SA frequency was set 

to twice the resonant frequency of the drive. The SA 

screen was viewed to detect the presence of a second 

harmonic (Figure 10) and the resulting trace saved as 

a screen file and a trace file. Following each test, the 

power was turned off before removing the sample 

from the cavity.  
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Figure 10.   Typical SA screenshot in tests with cell 
and tissue samples.  In this example, the cavity 
contained ~106 IMR-32 human neuroblastoma cells in 
~30µl of growth medium. No signal was detectable 
above the noise floor at the second harmonic 
frequency.  The overall system sensitivity was 
approximately 32 dBm greater than that indicated 
due to the gain provided by the low noise amplifier.  

 

Table 9.  Duration of exposure and holding time 
within the cavity for each phase of the study (values 
are given as mean ± SE. Phase 1 and 2 tests were 
performed at 0 dBm; resonant frequency 
determinations and phase 3 tests were performed at -
10 dBm. 

 Time at 
0dBm 
(mm:ss) 

Time at -10 
dBm (mm:ss)  

Time in 
cavity 
(mm:ss)  

Phase 1 04:53 ± 00:18 
(n=91) 

02:00 ± 00:07 
(n=90) 

09:59 ± 00:31 
(n=87) 

Phase 2 01:46 ± 00:01 
(n=169) 

01:03 ± 00:01 
(n=169) 

04:33 ± 00:04 
(n=169) 

Phase 3 / 
04:29 ± 00:06 
(n=254) 

07:20 ± 00:16 
(n=254) 

 

A total of 563 samples were exposed to low-amplitude 

continuous wave RF carriers (132 during phase 1, 169 

in phase 2, and 262 in phase 3), using 519 different 

samples (some samples were tested repeatedly at 

varying orientations within the cavity). The average 

temperature of the incubator during exposures was 

36.81°C ± 0.01 (n=502), and the average temperature 

of the cavity itself was 36.48°C ± 0.01 (n=499).  

The duration of exposure and holding times within the 

cavity for each phase of the study are given in Table 

9. Typically, a second harmonic test took around 2 - 3 

minutes, and samples were held within the cavity for 

less than 10 minutes 

4.5. Dosimetry 

4.5.1. SAR evaluation from Cavity Quality 
Factor Measurements 

The average SAR in samples placed within the cavity 

was evaluated for a subset of samples representing 

each type of cells or tissue tested. SAR was evaluated 

from measurements of the Q of the cavity before and 

after insertion of the sample (Balzano et al, 2009a).  

The loss factor (LF), i.e. the ratio of power in the 

biological sample to the initial and input power, is 

given by:    

LF = (1/QL – 1/Q0)/(1/Q0)=(Q0/QL-1), 

where Q0 is the cavity quality factor with no sample 

(the petri dish and coverslip are present, but no 

sample), and QL is the cavity Q with the sample 

present. The loss factor gives the fractional value of 

the input RF power that is dissipated in the biological 

sample. If the mass m of the biological sample (and 

surrounding medium), and the power input P into the 

cavity, are known, then the average SAR is given by:  

 SAR = (LF)P/m   (W/kg). 

It is necessary to measure Q0 and QL with precision. 

This is done by recording the reflection coefficient Γ 

(0≤Γ≤1) values in the pass band of the cavity. These 

data are fitted to a Lorentzian function to find the 

half power bandwidth of the cavity. The Q is obtained 

by dividing the frequency of resonance by the half 

power bandwidth. 

The application of this method requires that the 

geometrical shape of the biological sample be a thin 
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circular cylinder centred on the axis of the cavity. 

Should the Q change substantially after insertion of 

the biological preparation, the cavity is overloaded 

and this SAR measurement method is invalid. 

Figure 11 shows a resonant curve for IMR-32 human 

neuroblastoma cells. The power input into the cavity 

at resonance is 0.87 mW. The more the cavity is 

loaded, the lower the Q and the higher the reflection. 

Table 10 shows the resonant frequencies, Q values and 

SARs for different types of biological material within 

the cavity. Mean SAR values for live preparations 

exposed to 1mW RF radiation were typically around 10 

W/kg for cells or 3 W/kg for tissue slices. 

 

 

Figure 11. Typical (phase 2) resonant curve (measured 
– red curve) and Lorentzian fit (black curve). In this 
example the cavity is loaded with ~2 x 106 IMR-32 
human neuroblastoma cells in ~30 µl of growth 
medium. The power input into the cavity at resonance 
is 0.87 mW. 

4.5.2.  Computation of Temperature 
Increase within Biological Samples 

The adiabatic temperature increase in biological 

samples was calculated by equating the total energy 

absorbed with the temperature increase, assuming 

that the thermal capacitance of the preparation is 1 

calorie/deg/g: 

ΔT = SAR x Time / 4.185 (Joule’s constant) 

For cell preparations exposed at the mean SAR value 

for adherent cells of 10.3 W/kg and for the mean 

exposure times given in Table 9, the adiabatic 

temperature increases would be around 0.5°C in phase 

1, 0.4°C in phase 2, and 0.1°C in phase 3. 

However, these exposures were not adiabatic, with 

the Petri acting as a heat sink for the preparation. So 

the temperature increases would be somewhat 

smaller, estimated to be around 0.3°C in phase 1, and 

less in the subsequent phases. 

4.6. Viability of biological material 
following exposure to RF fields 

4.6.1.  Cell viability assays 

A subset of cell samples was assessed for viability 

following RF exposure. Concurrent sham-exposed 

samples (placed within the incubator, but not in the 

cavity) and control cells were also tested.  For 

adherent cells, control samples were grown on cover 

slips, but were not inverted. For suspension cells, 

control cells were aliquots of the same cell suspension 

as that used for the RF and sham-exposures.  

Cells were harvested for viability tests within 15 

minutes of exposure, so that the exposed and sham-

exposed samples tested had been inverted, or placed 

beneath cover slips for 33 ± 1 minutes (mean ± SE).  

Adherent cells were removed from cover slips by 

incubation in Trypsin-EDTA (Sigma), and subsequent 

washing with the relevant medium. Suspension cells 

were simply washed off with medium. The technician 

assessing viability was blinded to the exposure 

condition of the cells.   
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Condition 
Resonant 
frequency (f1) 
(MHz) 

Quality factor (Q) 

Power input at resonance (mW) SAR (W/kg) 

Phase Phase 

1 & 2 3 1 & 2 3 

Unloaded cavity       

dry petri dish  (n = 18) 883.043 ± 0.007 1252. 8 ± 5.3 - - - - 

Cells       

IMR-32 -  Live  (n = 12) 882.850 ± 0.006 917.9 ± 7.2 0.88 ± 0.00 0.088 ± 0.000 9.72 ± 0.31 0.972 ± 0.031 

IMR 32 -  Heat killed  (n = 3) 882.954 ± 0.035 842.0 ± 11.9 0.85 ± 0.00 0.085 ± 0.000 13.81 ± 0.98 1.381 ± 0.098 

IMR 32  -  Live, 2 x density  (n = 2)  882.800 ± 0.010 888.0 ± 14.0 0.87 ± 0.00 0.087 ± 0.000 10.79 ± 0.68 1.079 ± 0.068 

HF-19 -  Live  (n = 3) 882.908 ± 0.021 949. 7 ± 13.2 0.90 ±0.02 0.090 ± 0.002 12.30 ± 1.36 1.230 ± 0.136 

HF-19 -  Heat killed  (n = 3)  882.868 ± 0.016 865. 7 ± 4.2 0.86 ± 0.00 0.086 ± 0.000 14.13 ± 0.41 1.413 ± 0.041 

HF-19  -  Live, 2 x density  (n = 3) 882.882 ± 0.034 950.0 ± 30.8 0.88 ± 0.01 0.088 ± 0.001 10.59 ± 1.24 1.059 ± 0.124 

Differentiated N2a  (n = 3) 882.906 ± 0.006 937.3 ± 9.9 0.88 ± 0.00 0.088 ± 0.000 10.29 ± 0.38 1.029 ± 0.038 

Bone marrow cells –Live  (n = 3) 882.896 ± 0.008 983.3 ± 14.4 0.90 ± 0.01 0.090 ± 0.001 8.24 ± 0.43 0.824 ± 0.043 

Bone marrow cells -Heat killed (n = 3) 882.867 ± 0.023 968.3 ± 8.4 0.89 ± 0.00 0.089 ± 0.000 8.73 ± 0.30 0.873 ± 0.030 

Tissue slices       

Brain - Live (n = 4) 882.837 ± 0.019 1077.0 ±  26.2 0.92 ± 0.01 0.092 ± 0.001 2.55 ± 0.39 0.255 ± 0.039 

Brain - Heat killed (n = 3) 882.874 ± 0.010 1141.7 ± 17.4 0.94 ± 0.00 0.094 ± 0.000 1.68± 0.29 0.168 ± 0.029 

Heart - Live  (n = 3) 882.805 ± 0.042 1039.0 ± 20. 0.91 ± 0.01 0.091 ± 0.001 3.05 ± 0.25 0.305 ± 0.025 

Heart - Heat killed (n = 3) 882.880 ± 0.049 1075.0 ± 9.0 0.91 ± 0.01 0.091 ± 0.001 2.75 ± 0.55 0.275 ± 0.055 

 

Table 10. Resonant frequency, Quality factor, Power input at resonance and SAR for at least 3 samples from 14 representative types of biological 
preparation (values are mean ± SE). 
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Trypan Blue dye exclusion 

Viable cells with intact membranes can exclude the 

dye Trypan blue, whilst non-viable cells with damaged 

membranes incorporate the dye and appear blue when 

examined under a microscope. Cell suspensions were 

adjusted to a volume of 1ml, and a 1 in 2 dilution with 

0.4% Trypan Blue solution (Sigma) prepared and used 

to fill the chamber of a haemocytometer.  Viable and 

non-viable cells were counted. The mean percent 

viability for each cell type tested is shown in Tables 1 

and 2. Viability of exposed cells was compared to 

concurrent sham and control cells (Student’s t-test). 

Viability of exposed N2a murine neuroblastoma cells 

was found to be significantly different from control 

cells (p<0.05), but not from sham exposed cells; and 

viability of G361 human melanoma cells was found to 

be significantly different from sham exposed cells 

(p<0.05), but not from control cells. However, the 

numbers in these tests were small, and in no case was 

the viability of sham exposed samples different from 

control values.  Therefore, overall, the viability of 

cells was not considered to be affected. 

Resazurin reduction  

Viable, metabolically active cells reduce Resazurin 

(dark blue in colour and non-fluorescent) to Resorufin 

(pink in colour and highly fluorescent) at a rate 

directly proportional to the number of viable cells 

present (O’Brien et al, 2000). Resazurin reduction was 

assayed in three cell types: IMR-32 human 

neuroblastomas, N2a murine neuroblastomas and HF-

19 human fibroblasts. 

Cells were reseeded into 96 well plates at a density of 

5 x 103 cells per well in 100µl of culture medium 

appropriate to cell type. Following 2 days of culture at 

37°C, 10µl of 100µg/ml Resazurin (Sigma Aldrich, UK) 

was added to each well. The relative fluorescence 

(530/590nm) was recorded at hourly intervals over a 

period of 4 hours using Labtech Synergy “BioTek” 

plate-reader and KC4 software. Relative fluorescence 

values of medium blanks supplemented with resazurin 

were subtracted for each time point from relative 

fluorescence values detected in cell-containing wells. 

The results are shown in Figure 12. No significant 

difference (Student’s t-test p>0.05) in viability (as 

assessed by relative fluorescence at 4h) was found 

between exposed and sham-exposed cells for any of 

the cell types tested. In 2 of the 3 cell types, viability 

was significantly different (p<0.05) in control cells 

(cover slip not inverted) compared to both exposed 

and sham-exposed cells. However, this difference was 

not consistent, with exposure and sham exposure 

increasing viability compared to control values for N2a 

cells and decreasing viability in HF-19 cells.  

 

Figure 12.  Resazurin Reduction by adherent cells 
following exposure to RF fields.  A: IMR-32 human 
neuroblastomas, B: HF-19 human fibroblasts, C: N2a 
murine neuroblastomas.  Relative fluorescence 
(530/590 nm) was followed for 4 hours. 

4.6.2.  Tissue viability 

Viability of tissue slices following exposure was tested 

using a Clark-type oxygen electrode (Rank Brothers, 

Cambridge, UK) containing 4 cm3 air-saturated 

medium (ACSF for brain slices, or PBS for all other 
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tissues) at 37°C.  Immediately after removal from the 

cavity, tissue slices were transferred carefully to the 

electrode and their oxygen consumption recorded over 

5 to 10 minutes. Values of oxygen consumption are 

shown in Table 4. Viability of exposed tissues was 

compared to sham and control tissues (Student’s t-

test). Live kidney slices in phase 2 were found to be 

significantly less viable than sham-exposed (but not 

control) slices (p< 0.05, n=2). There were no other 

significant differences in oxygen consumption rates 

between exposed, sham-exposed, or control tissues.   

4.7.   Results of Second Harmonic Tests  

Traces from 558 second harmonic tests were inspected 

for the presence of a second harmonic at 2f1. Figure 

13 shows examples of typical SA screenshots obtained 

across all three study phases; in live and dead 

preparations; adherent cells, suspension cells, and 

tissue slices. These traces are typical of the vast 

majority of tests carried out. There is no second 

harmonic visible above the noise floor.  

A second harmonic would be expected to occur at 2f1. 

Therefore, each trace was examined, comparing the 

signal at 2f1 with the noise floor of the spectrum 

analyzer. In only 5 traces (out of 558 examined) was 

the signal at 2f1 the highest point on the trace, and 

significantly different from the mean of the noise floor 

(p<0.05, where p is derived from the cumulative 

normal distribution). These traces are shown in Figure 

14. In all of these traces, the signal at 2f1 is very 

small in magnitude and not easily discernible from the 

noise floor. There is no consistent pattern regarding 

the cell or tissue type, or viability status that 

produced these small 2f1 peaks. One of the traces was 

recorded with no biological material, only cell growth 

medium, present within the cavity.  The remaining 

traces are for live suspension cells (Figure 14b), live 

adherent cells (Figure 14c), heat-killed suspension 

cells (Figure 14c), and heat-killed tissue slice 

(Figure 14d). In addition, the traces for cells and 

tissues (Figure 14 b,c,d,e) were recorded within a 2 

week period, just prior to the replacement of a 

malfunctioning filter at the end of phase 2 of the 

study. Therefore these responses were not considered 

to be attributable to nonlinearities in the biological 

preparations – but rather to spurious, system-

generated second harmonics. 

 

Figure 13. Typical SA screenshots showing the results 
of tests for second harmonic generation by live and 
heat-killed samples from across all 3 study phases. A: 
Phase 1; live IMR-32 human neuroblastoma cells. B: 
Phase 1; heat-killed IMR-32 human neuroblastoma 
cells. C: Phase 2; live mouse bone marrow cells. D: 
Phase 2; heat-killed mouse bone marrow cells. E: 
Phase 3; live mouse brain slice. F: Phase 3; heat-killed 
mouse brain slice.   No signal was detectable above 
the noise floor at the second harmonic frequency.  The 
overall system sensitivity was approximately 30 dBm 
greater than that indicated due to the gain provided 
by the low noise amplifier. 
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Figure 14.  SA screenshots showing the 5 (of 558) tests 
where the highest signal on the trace was recorded at 
the second harmonic frequency (2f1), and was 
significantly different from the SA noise floor. A: 
Phase 1; 30µl medium only. B: Phase 2; live mouse 
bone marrow cells. C: Phase 2; live IMR-32 human 
neuroblastoma cells. D: Phase 2; heat-killed mouse 
bone marrow cells. E: Phase 2; heat-killed mouse 
brain slice. The overall system sensitivity was 
approximately 30 dBm greater than that indicated 
due to the gain provided by the low noise amplifier. 

5. Analysis of Objectives Met  

The project met its objectives successfully. A doubly 

resonant cavity was constructed at the University of 

Maryland and installed at HPA. The cavity was fine-

tuned to resonate at both 883 and 1766 MHz; suitable 

RF equipment with the necessary operating 

characteristics was sourced and obtained; and the 

system was set up and extensively tested to reduce 

the risk of the generation of spurious second 

harmonics. A tuned low noise amplifier allowed 

detection of second harmonic signals above a noise 

floor as low as -169 dBm, improving upon the target 

value of at least -120 dBm specified at the beginning 

of the study. Simulations of the electric field density 

within the cavity were carried out at the University of 

Bradford. 

Extensive development of biological protocols was 

undertaken at HPA. Protocols were developed to 

prepare a wide range of biological samples, including 

differentiated neuroblastoma cells and physiologically 

viable brain slices, and to assay their viability before 

and after exposure to RF fields. Methods were devised 

to expose cells and tissues, whilst retaining their 

viability and integrity, within the confines of the 

experimental system and the limitations that this 

placed on the size and geometry of samples. 

Over 500 samples were tested, encompassing different 

species and levels of organization. Both cancer and 

non-cancer cell lines were included, along with cells 

and tissues previously reported in the literature to 

have shown biological effects at non-thermal levels of 

exposure. Viable and non-viable samples were tested.    

Measurements were made of the cavity Q for each 

sample; and a method was devised at the University of 

Maryland to use these measurements to calculate the 

SAR and thus estimate the temperature increases 

within the samples. 

6.  Interpretation  

The modulation of a potential barrier like the cell 

membrane is a phenomenon that can be reasonably 

expected and it was the basic assumption of this 

experimental program. The potential barrier of a cell 

membrane bears some similarities with the PN 

junction of a diode or a voltage controlled capacitor, 

both well known nonlinear generators of second and 

higher harmonics of RF signals. 

This study investigated the nonlinear properties of 

biological materials by looking for the generation of 

the second harmonic 2f1 of an RF signal by a biological 

sample exposed to the frequency f1. The magnitude of 

the second harmonic is a measure of the nonlinear 

conversion of RF energy by living cells. Nonlinearity in 

cells may be weak, with a minimal amount of energy 

conversion. Therefore, a cavity was used to store 

converted energy (instead of radiating it in open 

space) and thereby increase the chance of detection.  
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Exposure within the cavity placed constraints on 

sample size and geometry, and biological material had 

to remain viable within the cavity during exposure to 

RF fields.  Cells and tissues were prepared according 

to standard protocols and tested for changes in 

membrane integrity and metabolic activity after 

exposure: no consistent effects of exposure on the 

viability of preparations were revealed.   

Estimates for the theoretical signal sensitivity for this 

system have indicated the possibility of detecting a 

second harmonic signal as weak as one photon per cell 

per second (Balzano, 2002).  The sensitivity of the 

study was, however, limited by the potential of the 

experimental apparatus to generate spurious second 

harmonics, which in turn placed limits on the power of 

the signal that could be used for exposures. Extensive 

development work and system tests reduced the risk 

of spurious signals. However, using conditions of 

maximum detection sensitivity and relatively high 

input power, the second-harmonic filtering capacity of 

the system could be exceeded, and second harmonic 

signals were occasionally observed, even without 

biological samples in the cavity.  

Various parameters considered likely to influence 

nonlinear cell responses, for example: viability; cell or 

tissue complexity; organization; and membrane 

interaction, were varied in the tests. In addition, since 

a maximum response was obtained with a Schottky 

diode aligned with the cavity electric field, tests were 

also carried out with samples at different orientations 

within the cavity. 

Samples were exposed to a frequency f1, and the 

cavity output examined for the generation of a second 

harmonic at 2f1. In order to reliably demonstrate the 

presence of nonlinear energy conversion by biological 

material, the study would need to show a robust 

response, repeatable within the same cell or tissue 

type, and ideally across all cell and tissue types. Each 

trace was examined, comparing the signal at 2f1 with 

the noise floor of the spectrum analyzer.  However, 

there were only 5 traces (out of 558 examined) where 

the signal at 2f1 was the highest on the trace and 

significantly different from the mean of the noise floor 

(p<0.05, where p is derived from the cumulative 

normal distribution). Importantly, in all of these 

traces, the signal at 2f1 was very small in magnitude 

and was not readily discriminated from the noise 

floor. These traces included one recorded with no 

biological material present within the cavity, and 

samples from different cell and tissue types, both 

viable and non-viable. The response was not 

repeatable within the same cell or tissue preparation: 

for example; only one live human neuroblastoma cell 

preparation produced a possible 2f1 peak, out of 90 

that were tested. In addition, 4 of the 5 traces were 

recorded shortly before the replacement of a 

malfunctioning filter. Given the potential of the 

system to generate spurious second harmonics, these 

responses were not considered to be attributable to 

nonlinearities in the biological preparations – but 

rather to spurious, system-generated second 

harmonics. 

The study was designed with sufficient sensitivity (-

185 dBw), to detect a 2f photon emission per cell per 

second with 106 cells exposed in the Petri dish. 

However, in order to be detected, a second harmonic 

(2f) emitted by the potential barrier of the cell 

membrane would need to be coherent, that is 

oscillating coherently (set in motion by the incident 

field at frequency f) over a portion of its surface.  

Clearly, the hypothesis of long range oscillatory 

coherence over the cell membrane surface did not 

hold up to the experimental evidence. The lack of 

detection points to random collisional motion in the 

molecular structure of the potential barrier of the 

membrane, for cells exposed to the signal of this 

experiment. 

Within the limits of the sensitivity of the system, no 

consistent responses attributable to nonlinearities in 

the exposed biological samples were detected. 

Therefore, these results do not support the suggestion 

that living cells can rectify or demodulate RF energy.  

In this study, the mean SARs for live preparations 

exposed to 1mW RF fields were typically around 10 

W/kg for cells or 3 W/kg for tissue slices.  Typical 

temperature rises were estimated to be of the order 

of 0.2°C in cell preparations exposed at 1mW.  

These results are in agreement with those of Lehmann 

and Eicher (2009) who have used a different approach 

to look for nonlinear properties of biological cells 

exposed to RF fields. In preliminary tests with insects, 
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molluscs, and yeast, these authors reported a lack of 

third order intermodulation products in biological 

tissues exposed to 1800 MHz RF fields. 

7. Future Priorities  

This study has not demonstrated nonlinear conversion 

of RF energy by biological materials. Negative results 

were found across all cell and tissue types tested. It 

would be usual to recommend independent replication 

of this study, but given the entirely negative findings 

using a wide range of biological models, we are 

hesitant to recommend replication using the same 

experimental set-up and exposure conditions, unless 

significant improvements in system sensitivity could 

be made.  

Balzano et al (2009b) suggested that exposure to more 

intense continuous wave or pulsed RF signals may 

elicit a response. Although extensive development 

work and testing was carried out to eliminate noise 

from the exposure system in this study, the 

experimental system could not be used at higher 

powers, as system generated signals would mask any 

response. It is likely that input powers would need to 

be increased substantially (by a factor of 1000) in 

order to detect the generation of second harmonics. 

With 1 mW incident power, the SAR in the biological 

preparations is of the order of 1-10 W/kg. Increasing 

the incident power by a factor of 30 dB, would yield 

SARs of the order of 103-104W/kg, which would cause 

rapid heating of the biological preparations. Using 

pulsed RF signals and exposing the cells for 1 ms /s 

should make it possible to detect potential 

nonlinearities. However, decoupling the RF input from 

the sensitive receiver would present substantial 

electromagnetic insulation problems; and the 

investigation would have purely scientific value with 

no import to the signals used in mobile telephony. 

Another mechanism to consider is the well accepted 

phenomenon of second harmonic generation (or 

frequency doubling) which occurs at optical 

frequencies in nonlinear materials lacking inversion 

symmetry. The second harmonic properties of collagen 

fibrils in the rat tail have been investigated by Stoller 

et al (2003).  Even in this well structured tissue, 

second harmonics were difficult to detect, being very 

sensitive to the orientation of the fibrils, and it was 

necessary to use extremely high laser pulses and 1 μm 

spatial resolution. Stoller et al (2003) obtained a 

nonlinearity coefficient (χ(2)) value of 0.4 pV/m for 

collagen. For the cells used in this experiment, the 

lowest value of χ(2) is estimated to be 10 pV/m. This 

result suggests that the second harmonic generation 

properties of living cells could not be detected with 

practical laboratory methodologies in the RF band, 

because the required field intensities would be at 

least 100-200 fold higher than those used by Stoller et 

al (2003). 
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A paper for publication in the peer reviewed literature 

is in preparation. 

9. Financial summary  

Total anticipated project cost:  Up to £96,500 

(HPA contracts)   

Total spend:     £74,771.38 
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Appendix 

Numerical Studies of the Cavity Design.  

Peter Excell, Chan See, Iftekhar Ahmed and Raed 
Abd-Alhameed. 

A.1  Introduction 

Several numerical studies on aspects of the behaviour 

of the measurement system were undertaken at 

Bradford University, using additional resources outwith 

the formal project. These are reported here in a 

context of offering them as useful tools for taking 

aspects of the work forward in the future. 

The studies presented here are as follows: 

 Calculations of modes and quality factors 

using analytical formulae 

 Computations of field distributions within the 

cavity 

 Computations of SAR in the sample 

 Theoretical consideration of a possible mode 

for second harmonic generation by a biased 

symmetrical nonlinearity 

A.2  Analytical Calculations of Modes 
and Quality factors  

Resonant frequencies for the TEnml (Transverse 

Electric) and TMnml (Transverse Magnetic) modes of the 

cylindrical cavity and the quality factor (Q) of the 

TEnml mode were computed using an analytical 

method. Using equations (1) to (3) below (Pozar, 

2005), the first 25 modes of the proposed cylindrical 

cavity are tabulated in Table A1: the conductor was 

assumed to be gold, as the gold plating on the cavity 

was thicker than several skin depths at the frequency 

concerned. 

It will readily be observed that modes 2 and 16 in the 

list obey the required 1:2 frequency ratio while 

providing co-incident maxima in the centre of the 

cavity due to both having odd-numbered Values of the 

parameter "l". The predicted quality factor at the 

fundamental frequency, 34,100, differs substantially 

from the measured value reported in table 10 of the 

main report (1252.8). This is explained by the latter 

being a loaded Q factor: even though the cavity was 

not loaded by any lossy sample at its centre, it was 

still effectively loaded by equipment connected to the 

feed points. Furthermore, the feed antennas were not 

accounted for in the analytical model and they will 

introduce non-negligible losses.
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Table A1: Analytically calculated characteristics of the cylindrical cavity  

Mode TE or TM n m l 
nmp or 

,
nmp  

Freq 
Q-factor 

(Gold) 

1 TE 1 1 0 1.84E+00 7.09E+08 2.96E+04 

2 TE 1 1 1 1.84E+00 8.98E+08 3.41E+04 

3 TM 0 1 0 2.40E+00 9.26E+08 4.80E+04 

4 TM 0 1 1 2.40E+00 1.08E+09 5.30E+04 

5 TE 2 1 0 3.05E+00 1.18E+09 3.09E+04 

6 TE 2 1 1 3.05E+00 1.30E+09 3.28E+04 

7 TE 1 1 2 1.84E+00 1.31E+09 4.21E+04 

8 TM 0 1 2 2.40E+00 1.44E+09 6.31E+04 

9 TM 1 1 0 3.83E+00 1.48E+09 5.64E+04 

10 TE 0 1 0 3.83E+00 1.48E+09 6.06E+04 

11 TM 1 1 1 3.83E+00 1.58E+09 5.89E+04 

12 TE 0 1 1 3.83E+00 1.58E+09 6.33E+04 

13 TE 2 1 2 3.05E+00 1.61E+09 3.70E+04 

14 TE 3 1 0 4.20E+00 1.62E+09 3.11E+04 

15 TE 3 1 1 4.20E+00 1.71E+09 3.21E+04 

16 TE 1 1 3 1.84E+00 1.80E+09 4.98E+04 

17 TM 1 1 2 3.83E+00 1.84E+09 6.50E+04 

18 TE 0 1 2 3.83E+00 1.84E+09 6.99E+04 

19 TM 0 1 3 2.40E+00 1.90E+09 7.36E+04 

20 TE 3 1 2 4.20E+00 1.96E+09 3.47E+04 

21 TM 2 1 0 5.14E+00 1.98E+09 5.95E+04 

22 TE 2 1 3 3.05E+00 2.03E+09 4.20E+04 

23 TE 4 1 0 5.32E+00 2.05E+09 3.10E+04 

24 TE 1 2 0 5.33E+00 2.05E+09 6.89E+04 

25 TM 2 1 1 5.14E+00 2.05E+09 6.09E+04 
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A.3  Field Distributions within the cavity 

A commercial 3D computational electromagnetics 

software package, CST Microwave Studio (Computer 

Simulation Techniques, Germany), was used to 

investigate and illustrate the distribution of electric 

and magnetic fields within the cavity, and to find the 

location of the maxima of the electric and magnetic 

fields. The modes simulated were the TE111 mode at 

898 MHz and TE113 mode at 1796 MHz. 

Figures A1 and A2 show principal-plane 2D slices of the 

electric and magnetic field distributions for the TE111 

mode of the cavity. Figures A3 and A4 show the same 

slices for the TE113 mode.  

The results show that, at the fundamental TE111 mode, 

the cavity has an electric field maximum in its centre, 

whereas the second harmonic TE113 mode has 

maximum field points at the centre and at h/6 and 

5h/6, where h is the height of the cavity. This co-

location of maxima at the centre is the fundamental 

ingenious observation that Balzano contributed at the 

initiation of his work on this experimental design. 

 

The small loop antennas used to couple into and out of 

the cavity house to couple with a strong magnetic 

field component. For the input at the fundamental 

frequency, a convenient location is the centre of one 

of the end plates of the cavity or where there is a 

magnetic field maximum at this frequency (Figure A1 

(e)). For detection of the second harmonic, it is 

superficially attractive also to use the maximum that 

occurs at the centre of an end plate (e.g. Figure A3 

(f)), but this would be co-located with the maximum 

of the fundamental and the resulting strong 

fundamental signal could cause generation of spurious 

second harmonics in the connected detection 

circuitry. It is thus more attractive to locate de 

second harmonic detection antenna at a point where 

the magnetic field of the TE113 mode is relatively 

strong and that of the TE111 mode is relatively weak. 

Such a point occurs on the cylindrical side wall at a 

height of h/3 and 2h/3, as illustrated in figure A4 (f). 

These computations thus illustrate the rationale for 

the optimal locations of the sample holder and 

transmit and receive antennas within the cavity.  
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Figure A1: Electric and magnetic fields for TE111 mode on yz plane through the centre of the cavity. 
(height=272mm, diameter=248mm) 
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Figure A2: Electric and magnetic fields for TE111 mode on xz plane through the centre of the cavity. 
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Figure A3: Electric and magnetic fields for TE113 mode on yz plane through the centre of the cavity. 
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Figure A4: Electric and magnetic fields for TE113 mode on xz plane through the centre of the cavity. 
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A.4  Computations of SAR in the 
sample 

Further computer simulation studies were undertaken 

to investigate the specific absorption rate (SAR) in the 

sample and hence to correlate this with the induced 

fields in the interior of the sample and also to 

establish maximum permissible input signal levels 

which would keep the sample within accepted levels 

of heat generation. By using two different 

computational electromagnetics software packages 

(CST Microwave Studio and Agilent HFSS), the field 

strength in the sample region as a function of input 

power was computed. Two media samples were 

considered: air (εr = 1, σ = 0) and generic biological 

medium (εr = 50, σ = 1 S/m), with a volume of 60μl. 

This 60μl lossy medium was modelled as a cylindrical 

structure with diameter of 17.5mm and height of 

62.36 μm.  

Surprisingly, the results showed only a modest 

difference between air and biological medium, but 

showed agreement between the two packages, as 

reported in Table A2. 

SAR may be found from: 

SAR = σE2
peak/2ρ      (4) 

Hence: Epeak  = (2ρ.SAR/σ)0.5   (5) 

Taking SAR = 1 W/kg as a scalable normalised figure, 

and using reasonable approximations for ρ = 1000 

kg/m3 and σ = 1 S/m, it was found that  

Epeak = 44.7 V/m. This field strength occurs within the 

sample, and the value outside could be higher, 

depending on its orientation. 

Interpolating these results, it is found that a power of 

2.03 mW results in an SAR of 1 W/kg. This is a 

significantly higher input power than is predicted from 

the method of Balzano et al (2009), as given in the 

main report. although it is reasonably close in order-

of-magnitude terms, since Balzano et al's calculation 

shows 1mW resulting in an SAR of 10 W/kg in cells or 3 

W/kg in tissue, whereas scaling the computational 

results shows 10 W/kg requiring 20.3 mW and 3 W/kg 

requiring 6.09 mW. 

The computational model presented here used a liquid 

volume of 60 µL, whereas the actual figure was around 

30 µL and this will explain some of the reduced loss, 

but further investigation would be needed to identify 

any other places where the computer model 

incorporated excess loss (it is possible that the 

assumed conductivity of 1 S/m is too high). 

Nonetheless, since there is agreement within an order 

of magnitude (at least for tissue), it can be said that 

the method is verified in outline and could be useful 

as a tool for deeper analysis, subject to further 

refinement. 

There is no doubt that the method of Balzano et al 

gives more reliable results, although it is not capable 

of giving the fine-structure detail that 

electromagnetic field computation can give. The 

problem with field computation methods is that 

Table A2: Electric Field intensity in the cavity with and without the presence of the biological tissue 

   Microwave 
Studio 

HFSS Microwave 
Studio 

HFSS 

   air air Bio.medium Bio.medium 

Voltage(V)
  

Power (W) 
  

Power (dBm) E-Field (V/m) E-Field (V/m) E-Field (V/m) E-Field (V/m) 

0.2410  0.0005  -3.0103  22.2000  22.7000  19.0000  20.2200  
0.2951  0.0008  -1.2494  27.1000  28.7200  23.2000  25.6000  
0.3408  0.0010  0.0000  31.3000  32.1000  26.8000  28.6100  
0.5388  0.0025  3.9794  49.6000  50.7700  42.4700  45.2400  
0.7620  0.0050  6.9897  70.1000  71.8000  60.0200  64.0000  
1.0000  0.0086  9.3500  92.0000  94.1600  78.7400  82.0000  
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every subtle aspect of the physics of the losses has to 

be included and it is easy to overlook some detail. 

Given that the disagreement is not great, it is 

considered that the computational model could be 

made acceptably accurate with some further work. 

A.5  Theoretical consideration of a 
possible mode for second harmonic 
generation by a biased symmetrical 
nonlinearity 

It is easily shown that, in a neutral medium, it is 

necessary to have square-law behaviour at some 

presumed junction carrying the induced radio 

frequency currents, in order to demodulate the 

waveform: this characteristic will also cause the 

generation of second harmonics. While such square-

law behaviour is well known in electronic devices, a 

plausible physical explanation of ways that it might be 

created in biological tissue has been very hard to 

identify. 

On the other hand, it is easier to envisage the 

existence of symmetrical voltage-limiting (saturating) 

regions in human tissue. However, it is easily shown 

that such symmetrical junctions are not able to effect 

demodulation, although they will generate high-order 

harmonics. A simple mathematically-tractable 

treatment of such a phenomenon can be created by 

presuming the device behaviour to approximate to a 

cube-law relationship between applied voltage and 

induced current. More realistic curves can be obtained 

by using higher-order odd powers of the voltage, but 

the principle is the same, and hence it is convenient 

to discuss the issue by using a cube law relationship as 

a simple exemplar: 

i = Kav
3(t)   (6) 

Physical consideration of the behaviour of a cube-law 

device suggested that, if it were biased to offset its 

central point from the origin of co-ordinates (zero 

applied voltage) then its shape, at least under low 

excitation, would appear to approximate to the shape 

of a square-law device, and hence it might be capable 

of effecting demodulation (Fig. A5).  

 

Fig. A5: Cube-law characteristic with origin offset. 

 

It can be shown that the result of applying a 

modulated RF waveform to such a device is, discarding 

high frequency components: 

)]()(21[
2

3 222 tmxtxmgVKi ca    (7) 

Where g is the offset (bias, as in Fig. A5), Vc is the 

carrier amplitude, x is the depth of modulation and 

m(t) is the information signal. 

This shows that the biased cube-law device can indeed 

cause demodulation, to an extent that increases 

monotonically with the amount of bias (and is zero at 

zero bias, as expected). This then raises the question 

of whether such a biased symmetrical limiting device 

could occur in biological tissue. Since it is accepted 

that bias voltages occur at certain points in the 

cellular structure (e.g. as implemented in the 

Hodgkin-Huxley approximate model (1952)) this 

appears to give a mechanism that could permit a 

degree of demodulation to occur. Whether such 

demodulation would be significant is left for further 

work, as is the discussion of the probability of 

occurrence of the symmetrical limiting junction.  
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