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We subjected conductive matter and tissue to intermittent continuous-wave radiofrequency fields

and investigated whether acoustic responses could be recorded. By placing samples in the near-

field of the excitation, we observed frequency-domain acoustic responses from tissues responding

to CW radiofrequency excitation. Frequency analysis revealed the generation of 2nd harmonic

mechanical waves. This discovery of non-linear responses can lead to alternative measurement

concepts of CW radiofrequency deposition in matter and tissues. We offer the theoretical

mainframe and discuss sensing applications involving the direct measurement of second harmonic

responses representative of CW RF energy deposition in matter. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824709]

Tissue exposure to sub-microsecond electromagnetic

(EM) pulsed energy gives rise to acoustic responses and has

in the past allowed the formation of images of biological

matter.1–5 Radiation pulses in the sub-microsecond range

have resulted in resolutions of a few millimeters to several

hundred microns.1 Improved resolution has been granted by

our introduction of near-field radiofrequency thermoacoustic

(NRT) tomography, which optimizes energy coupling

efficiency, allowing the use of pulses that are shorter than

100 ns and therefore enable thermoacoustic imaging at spa-

tial resolution in the order of 100 lm.2–4 This work was

recently replicated by Lou et al.6

While thermoacoustic responses have so far been gener-

ated using electromagnetic pulses in the 100 MHz–3 GHz

carrier frequency ranges, it is unknown whether constant

wave radiofrequency can generate measurable mechanical

responses following radiofrequency absorption.

In this Letter, we interrogated the mechanical responses

of biological tissue exposed to constant wave radiofre-

quency. So far, only pulsed excitation has been used in ther-

moacoustic observations.1–7 Conductive matter, including

copper and tissues, was selected to absorb radiofrequency

energy. A particular challenge was that constant wave radio-

frequency is always on and interferes with conventional

ultrasonic detectors. In pulsed-domain thermoacoustics, RF

interference with acoustic detectors is avoided, thanks to the

time separation of the excitation and detection operations.

Similarly, the laser light employed in CW optoacoustic

measurements does not generally interfere with the detectors

used.8,9

In order to reliably interrogate the presence of mechani-

cal waves from matter, in response to CW radiofrequency,

we instead devised herein the use of quasi-CW RF fields, i.e.,

long narrowband CW stimulation of at least 10 ls duration.

This particular CW field pattern allowed for temporal separa-

tion of RF interference distortion from received acoustic sig-

nals, enabling the experimental detection of mechanical

responses induced in solid and soft conductive matter. Using

this excitation we recorded ultrasonic waves from matter

responding to the absorption of radiofrequency fields. Our

recordings showed that the ultrasonic waves follow a non-

linear performance, resonating at double the frequency of the

excitation radiofrequency field. In this paper, we first describe

technological aspects of our quasi-CW method, which

allowed for non-linear acoustic waveform generation in solid

matter. The subsequent theoretical part delineates the non-

linear relationship between RF stimulation and acoustic

waveform generation, while finally 2nd harmonic acoustic

wave induction is demonstrated in biological samples.

The experimental setup employed is schematically illus-

trated in Fig. 1(a). Excitation signals were generated using a

modified high voltage (HV) �30 kV impulse generator. A

similar system was previously employed in our NRT studies

to perform high resolution thermoacoustic imaging with

nanosecond ultrahigh energy pulses.2–4 The RF generator

could be operated in two different modes.

(i) In pulsed mode, the capacitive output of the generator

(Cout¼ 1700 pF) was terminated with custom-built sol-

enoids (coil #1: #turns: 8, diameter: 66 mm, length:

80 mm, inductance: L1¼ 3.44 lH; coil #2: #turns: 7,

diameter: 50 mm, length: 80 mm, inductance: L2

¼ 1.51 lH) in combination with a damping element R,

creating an almost critically damped RLC system.

Thus, a bipolar excitation profile is generated with a

duration of �80 ns as shown in Fig. 1(b).

(ii) In quasi-CW mode, the output of the generator con-

sisted of the capacitor Cout and the inductances L1/L2

solely, creating two distinct resonance frequencies

(f1¼ 2.1 MHz, f2¼ 3.1 MHz), which advantageously

matched the detection bandwidth of the ultrasonic PZT
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transducer (lead zirconate titanate; central frequency:

fc¼ 3.5 MHz, bandwidth 76%). The corresponding

quasi-CW field profiles are showcased in Fig. 1(c),

revealing the time-intermittent characteristics with a

time duration of �10 ls and furthermore the sharp res-

onance frequency depending on the LC circuit.

Our previous publications on near-field radiofrequency

thermoacoustic imaging demonstrated that most of the power

(>50%) is dissipated within the close vicinity of the energy

transmitting elements,2 while electric field distortions caused

by conducting objects can be neglected.3 Relying on the

increased absorption performance of the near-field and to

achieve high RF energy coupling in pulsed and quasi-CW

mode, we placed objects in the near-field of the energy cou-

pling solenoids, a geometrical arrangement which is also

loosely modeled to mimic conditions of cellular phone

energy coupling to human head.

Similar to time domain pulsed thermoacoustic imaging,

we first examined whether broadband thermoacoustic

responses could be induced in highly dissipative material

consisting of a thin copper wire. Copper exhibits significant

RF energy absorption due to its high conductivity, resulting

in strong acoustic responses that are proportional to the rate

of dissipation losses QRFð~r; tÞ ¼ rð~rÞjEð~r ; tÞj2, where r
relates to the conductivity and E is the electric field ampli-

tude (at frequencies f< 1 GHz). Figure 1(b) depicts the

broadband excitation profile produced by the RLC impulse

generator, measured at the output by means of a high voltage

probe. The sub-microsecond pulses exhibited a total energy

of 340 mJ, exciting a frequency band below 10 MHz (see

Fig. 1(b)). Figure 2 correspondingly depicts the thermoa-

coustic signal of copper wire, captured by the ultrasound de-

tector when excited by coil #1 (see Fig. 1(b)). Although we

applied electromagnetic shielding to the sensor, the strong

high-voltage impulse saturates the detection for a time period

of �5 ls, compromising acoustic signal detection within this

time frame. The broadband thermoacoustic response exhib-

ited a signal to noise ratio (SNR) of 29.3 dB and was meas-

ured at time point t¼ 22 ls, corresponding to the position of

the copper wire (d¼ 33 mm) from the sensor.

Changing the generator to quasi-CW mode (ii) and

exposing the highly dissipative copper wire to quasi-CW RF

fields, we observed a significant RF distortion of our acoustic

sensor as shown in Fig. 3. During the time period of the

quasi-CW profile, the transducer signal was significantly dis-

torted, disabling thermoacoustic wave detection for 18 ls.

However, by placing objects at distances farther than the

point of transducer relaxation (d¼ 27 mm), we could sepa-

rate thermoacoustic waves from RF interferences.

To confirm the detection of frequency domain thermoa-

coustic signals, we placed a copper wire (Ø¼ 230 lm, length

�10 cm, conductivity r¼ 5.96� 107 S m�1) in close vicinity

FIG. 1. (a) Schematic representation of

the experimental setup. RF excitation

is provided by a dedicated pulsed/

quasi-CW generator (HV-Probe: High

Voltage Probe, Trig: Trigger signal,

SG: Spark gap, C: energy storage ca-

pacitor, S: solenoid, R: Resistor), (b)

Pulsed RF excitation profiles generated

by damped coil #1 and coil #2. Inset

shows Fourier transformations of the

signals, revealing broadband character-

istics of the time domain signals, (c)

Quasi-CW stimulation produced by

coil #1 and coil #2. The narrowband

profile of both signals is showcased in

the FFT inset.

FIG. 2. Broadband thermoacoustic signal acquired by the ultrasound sensor,

depicting transducer saturation due to high voltage stimulation. Inset

describes the Fourier transform of the filtered thermoacoustic response.
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of solenoid #1 at a distance of d¼ 43.5 mm from the PZT

transducer. Figure 4(a) depicts the quasi-CW stimulation

profile along with the RF-interference filtered non-linear

thermoacoustic response, induced at time point t¼ 29 ls,

accurately corresponding to the distance of the object from

the detector. As observed in the Fourier transform of both

RF and acoustic signals, shown in the inset of Fig. 4(a), the

acoustic waveform exhibits a clear resonance at double

the frequency of the quasi-CW resonance, i.e., fTAS,1¼ 2f1
¼ 4.2 MHz. The signal to noise ratio was computed to SNR

of 60 dB after 200 averages and 65 dB amplification by a low

noise amplifier.

Repeating the measurement at a different carrier fre-

quency f2¼ 3.1 MHz using solenoid #2, we could verify a

non-linear thermoacoustic response at fTAS,2¼ 2f2¼ 6.2 MHz

generated at time point t¼ 25.5 ls, corresponding to the

position of the wire relatively to the transducer. The corre-

sponding waveforms in time and frequency domain are rep-

resented in Fig. 4(b), revealing a SNR of 53.7 dB after 65 dB

amplification and averaging 200 waveforms. In this case,

SNR is lower due to the reduced gain of the transducer above

its cut off frequency fcut-off¼ 5 MHz.

The generation of second harmonic acoustic responses

from radiofrequency fields is in stark difference to frequency

domain optoacoustics using CW modulated light. To under-

stand the underlying phenomena of non-linear acoustic wave

induction following the absorption of RF energy, we consider

the general photoacoustic wave equation in frequency domain

r2 þ x2

vs
2

� �
p̂xð~r ;xÞ ¼ �jx

b
Cp

�
qr2T̂ð~r;xÞ þ Q̂xð~r ;xÞ

�
;

(1)

which relates the detected pressure p̂x to the heating function

Q̂x, whereby b is the thermal coefficient of volumetric

expansion, Cp is the specific heat capacity, q is the thermal

conductivity, vs is the speed of sound in water, and T the tis-

sue temperature at position r and time t.
In the case of optical excitation, the heating function can

be written as

Q̂optð~r;xÞ ¼ laIð~rÞM̂ðxÞgef f expð�lajz� z0jÞ; (2)

whereby la is the optical absorption coefficient, neff is the

conversion efficiency, I the intensity at position r, and M̂ðxÞ
relates to the Fourier transform of the modulation term.9

Assuming a cosine modulation of laser intensity at fre-

quency f, the time domain–frequency domain relationship

mðtÞ ¼ cosð2pftÞ ¼ cosðx0tÞ��!FD

M̂ðxÞ ¼ p½dðxþ x0Þ þ dðx� x0Þ�
(3)

substituted in Eq. (2) yields a linear correlation between opti-

cally induced pressure p̂opt and optical power term Q̂opt as a

function of x0.

Conversely, RF excitation of tissue can be aptly

described by the deposited power function according to

Poynting’s theorem, i.e.,

Q̂RFð~r ;xÞ ¼ rð~rÞjÊð~r;xÞj2 þ pf e00ð~rÞjÊð~r;xÞj2

þpfl00ð~rÞjĤð~r;xÞj2; (4)

where e00 and l00 denote the imaginary part of the complex

permittivity and permeability, respectively, Ê is the spectral

electric field amplitude, and Ĥ is the spectral magnetic field

amplitude. The wavelengths of the quasi-CW RF fields sig-

nificantly exceed the sample size; therefore, we approximate

a homogeneous field distribution within the sample volume.4

Assuming further an electric field Eð~r; tÞ ¼ E0~er cosðx0tÞ
oscillating at frequency x0, we can rewrite the power of the

electric field in the Fourier domain as

FIG. 3. Signal recorded by transducer when exposing objects to quasi-CW

profiles, showing saturation effects corresponding to the duration of the

quasi-CW waveform.

FIG. 4. Quasi-CW thermoacoustic measurements of copper wires at different

excitation frequencies. (a) Normalized quasi-CW field f1¼ 2.1 MHz and corre-

sponding 2nd harmonic thermoacoustic response (RF interferences are filtered).

Inset shows Fourier transformations of RF stimulation and acoustic signals. (b)

Quasi-CW stimulation f2¼ 3.1 MHz and filtered 2nd harmonic acoustic signal

with corresponding Fourier transformations displayed in the inset.
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jÊð~r;xÞj2 ¼ p
2

E0
2~er½dðx� 2x0Þ þ dðxþ 2x0Þ þ 2dðxÞ�:

(5)

Equation (5) substituted in Eq. (4) correspondingly

yields the non-linear proportionality of RF-induced acoustic

pressure p̂RF to the power dissipation Q̂RF as a function of

2x0.

To examine whether second harmonic responses could

also be detected from biological tissues we placed excised

pork muscle tissue (size: 4.5 mm� 4.5 mm� 10 mm) at a

distance d¼ 43.5 mm from the detector. Similar to time do-

main thermoacoustic imaging conditions using broadband

stimulation, we chose muscle tissue in our quasi-CW experi-

ment due to its relatively high conductivity (r¼ 0.5 S m�1

at 5 MHz) compared to other soft tissues such as liver

(r¼ 0.3 S m�1 at 5 MHz) or adipose tissue (r¼ 0.015 S m�1

at 5 MHz).10 Figure 5 shows the quasi-CW excitation signal

at f1¼ 2.1 MHz, measured with a high voltage probe and

the corresponding thermoacoustic response at fTAS,bio

¼ 4.2 MHz. The ultrasonic response was confirmed over a

time interval of �10 ls, corresponding to the excitation dura-

tion. Compared to the copper measurement, the signal inten-

sity decreased significantly due to the lower conductivity of

biological tissue, resulting in an SNR of 32.2 dB after aver-

aging 200 waveforms and amplification with 65 dB.

The findings herein verify the previously undocumented

presence of measurable second harmonic acoustic responses

from tissues when placed within quasi-CW radiofrequency

fields. In this study, we employed low frequent high energy

RF excitation at 2.1 MHz and 3.1 MHz, which enable deep

penetration in tissue; however, the physical phenomenon of

non-linear acoustic wave induction is not limited to low fre-

quencies but can also be applied at high frequencies in the

hundreds of MHz and GHz band limited only by the detec-

tion bandwidth of ultrasound sensors. We further offered the

theoretical background for the generation of these signals.

Measurements of second harmonic acoustic responses corre-

spond to a direct measurement of continuous wave electro-

magnetic energy absorption by matter such as tissue. Their

measurement can be therefore used to quantify RF energy

absorption by tissue. Although time-separation was

employed herein to offer reliable signal detection, the recent

emergence of highly sensitive optical interferometry detec-

tors could enable measurements also of non-intermittent

fields.11 Due to the dependence of ultrasonic frequency and

depth, we note that this utilization is sensitive to the fre-

quency of the radiofrequency wave employed and the

measurement depth achieved.

Second, non-linear acoustic responses could be

employed for image generation, in analogy to frequency-

domain optoacoustic methods. Since quasi-CW stimulation

uses dominating electric fields at low frequencies in the MHz

region, imaging contrast will be provided by tissues with

different conductivities. Our experiments with quasi-CW ex-

citation profiles were performed within the near-field of

energy couplers (i.e., solenoids), an arrangement which

resembles conditions of cell-phone energy absorption by

human tissues such as the brain as the herein employed power

of Pave¼ 3.4 W only exceeded the power of cell phones by a

factor of 1.4 in average. 2nd harmonic detection of thermo-

elastic responses could be therefore employed to experimen-

tally measure energy deposition in tissues, in contrast to

today’s standard, which is based on complex simulations

employing numerical algorithms or the specific absorption

rate (SAR), which defines the absorption of EM power per

volume.12 While this research investigates the proof of non-

linear acoustic responses from tissues, future work will focus

on characterizing the 2nd harmonic acoustic responses of

various tissue constituents as a function of intensity and fre-

quency. We conclude that 2nd harmonic thermoacoustic

measurements can play a measurement role in RF dosimetry

and interaction with solid and soft tissues.
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FIG. 5. Quasi-CW stimulation at f1¼ 2.1 MHz and RF-filtered 2nd harmonic

thermoacoustic response of soft tissue. The FFT of both the excitation and

the non-linear acoustic response are represented in the inset.
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