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Abstract

Electroceuticals are medical devices that employ electric signals to alter the activity of specific
nerve fibers to achieve therapeutic effects. The rapid growth of RF microelectronics has resulted
in the development of very small, portable, and inexpensive shortwave and microwave radio
frequency (RF) amplifiers, raising the possibility of utilizing these new RF technologies to de-
velop non-contact electroceutical devices. However, the bio-electromagnetics literature suggests
that beyond 10 MHz, RF fields cannot influence biological tissue, beyond simple heating, because
effective demodulation mechanisms at these frequencies do not exist in the body. However, RF
amplifiers operating at or near saturation have non-linear interactions with complex loads, and
if body tissue creates a complex loading condition, the opportunity exists for the coupled system
to produce non-linear effects, that is, the equivalent of demodulation may occur. Correspon-
dingly, exposure of tissue to pulsed RF energy could result in the creation of low frequency de-
modulation components capable of influencing tissue activity. Here, we develop a one-dimen-
sional, numerical simulation to investigate the complex loading conditions under which such
demodulation could arise. Applying these results in a physical prototype device, we show that
up to7.5% demodulation can be obtained for a 40 MHz RF field pulsed at 1 KHz. Implications for
this research include the possibility of developing wearable, electromagnetic electroceutical de-
vices.
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1. Introduction

Electroceuticals are bioelectronic devices which rely on electrical fields induced into tissues to influence neural
activity and thereby achieve therapeutic effects [1]. While the term “electroceuticals” was coined only recently
in light of renewed efforts to expand research in the area, electric fields have been used in medicine for the larg-
er part of the 20" century. Diathermy devices have existed since the 1920°s to treat a broad range of health con-
ditions from inflammation to tumors; defibrillators were developed in the late 1930’s; and, pacemakers, muscle
stimulators, transcutaneous nerve stimulators (TENS), spinal cord stimulators and most recently, deep brain
stimulators, have subsequently been introduced into medicine. A critical development in the field of electro-
ceuticals has been the transition from reliance on relatively high intensity (1 - 100 V/m), supra-threshold, elec-
tric fields which are sufficient to deterministically excite the neuromuscular system (i.e. neurostimulation) [2] to
neuromodulation approaches, wherein the induced electric fields are sub-threshold [3]. Neuromodulation ap-
proaches do not ensure initiation of action potentials, but are sufficient to bias neural activity. Nonetheless, most
of the current neuromodulatory technologies being developed still rely on skin contact or other invasive means
to deliver electrical currents into the tissue. As a result, even when using the lower level, high frequency stimuli,
skin irritation or damage can arise from chronic transcutaneous neurostimulation. Further, surgical risks in-
volved in invasive neurostimulation techniques and the need for carefully monitored use have slowed the de-
velopment and widespread use of electroceuticals in medicine.

The need for much smaller induced electric field intensities in neuromodulation processes, as compared to
neurostimulation, creates an opportunity to pursue alternative field induction mechanisms. Specifically, the abil-
ity of magnetic fields (EMF) to readily penetrate clothing, bandages, and skin, raises the possibility of develop-
ing “contactless” electroceuticals. The magnitude of the electric field induced in tissue is directly proportional to
the magnitude and frequency of an applied magnetic field, and so high frequency, that is, radio-frequency (RF)
fields would seem to have certain advantages in this application as RF based devices would not require large
magnetic field intensities. However, while RF fields readily penetrate into the body, physiologic processes are
responsive only to relatively low frequencies, typically in the KHz range or lower. Therefore, in order to influ-
ence the electro-physiologic behavior of tissue with RF fields, it is necessary to modulate the RF waveform and
then ensure the RF waveform is demodulated within the tissue. Such demodulation requires a non-linear or rec-
tification process within the tissue.

At frequencies below 10 MHz electric fields induced into tissues are largely excluded from the interior of
cells due to the low conductivity of the cell plasma membrane. The charge build-up on the plasma membrane-
perturbs the normal transmembrane potential and can influence the gating of the non-linear ion channels present
in the cell membrane [4]. That is, for fields below 10 MHz, the cell membrane can, in principle, demodulate al-
ternating electric fields in the tissue. Alternatively, electric fields higher than about 10 MHz pass through the
cell as a result of the low capacitive reactance of the membrane at these higher frequencies. Consistent with this
biophysical premise, experimentation has confirmed that for frequencies greater than 10 MHz, the non-linear
rectifying behavior of the cell membrane is insufficient to initiate any significant biological effects at field in-
tensities below those which create significant heating, and to date, no other non-linear processes in tissues has
been identified which could serve to demodulate RF fields over 10 MHz [5].

However, when low-power RF transmitters are operated in close proximity to the body, a very different ex-
posure condition exists. Specifically, to maximize efficiency, RF amplifiers are typically operated near satura-
tion, but operation near saturation increases system non-linearity [6]. This non-linearity is strongly evident
when the load is complex, resulting in the operational “load-line” contorting into an ellipse at high output le-
vels (Figure 1) (Salib, et al., 1987). This behavior is commonly observed in commercially available RF power
amplifiers (Figure 2). The net result is that while the load (i.e. tissue) may be linear, the coupled RF system
may behave similarly to an ideal electric field generator driving a non-linear load. We hypothesize that this
load-amplifier interaction could result in significant RF field demodulation in a living system. We approach
this question in two parts: First, we investigate whether “demodulation” can be demonstrated under complex
load conditions, using a numerical simulation approach. Second, using a low power RF amplifier operating
near saturation, we test the predictions made by the numerical simulations. With this prototype system, we
were able to demonstrate a 7.5% demodulation efficiency, confirming the plausibility of such effects occurring

in vivo.
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Figure 1. Load-lines, representing the trajectory of all possible instantaneous values of
current (Ips) and voltage (Vps), for a typical electronic amplifying device operating
under two loading conditions: (a) small signal, resistive loading; (b) large signal (opera-
tion in or near saturation) with a complex load resulting in an elliptical load line.
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Figure 2. Output power measurements from a 150 mW wideband (10 MHz-3 GHz)
power amplifier (RF-Lambda Model RAMP01MO03GC), driven at 915 MHz (Wavetek
Model 1080) and terminated into a loop antenna. The output response when approaching
and reaching saturation is typical of RF power amplifiers where a decrease in output
power occurs for increased input power.

2. Methods
2.1. Part 1—Numerical Simulations

We initially tested whether demodulation can be demonstrated under coupled loading conditions, by employing
numerical simulation. More specifically, we investigated if demodulation can occur when a weak RF amplifier
operating near saturation is coupled into complex loads. At frequencies above 10 MHz, human tissue appears to
be strictly resistive, that is, it presents a linear load. However, human tissues tend to be physically large relative
to the wavelengths of interest. For example, at 100 MHz, the dielectric permittivity of tissue is essentially the
permittivity of water, or close to 100 F/m. Correspondingly, the wavelength of 100 MHz in body tissue will be
around 30 cm. Therefore, while for such frequencies there are no explicit capacitive or inductive reactance ele-
ments in human tissue, the time delays inherent to wave transmission in the body gives rise to wave behavior as
if physical capacitive or inductive load elements were present.

Analysis of RF amplifier systems, driven to near saturation, with complex loading, generally precludes nu-
merical analysis, and so developers commonly rely on “load-pull” evaluation techniques when developing such
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systems [7]. Load-pull is an empirical technique wherein the load is altered and the output of the amplifier is di-
rectly measured. Here, to permit numerical analysis, we utilized a much simplified one-dimensional model (Fig-
ure 3). The model incorporates an RF oscillator/amplifier driving a loop antenna as the field source. The ex-
posed tissue is represented as a pick-up coil with impedance Rp. To introduce the necessary time delays asso-
ciated with the large physical structure of human tissues, we utilized a transmission line with length on the order
of a fraction of the wavelength of interest. The transmission line, of impedance Zy, terminates with an imped-
ance Z,, which may be matched or unmatched to that of the transmission line. This terminating impedance may
reflect, for example, that of bone, while the bulk of the tissue (transmission line) would have the impedance of
muscle, thereby creating an unmatched load condition.

The electric field existing at the exposed tissue site, i.e. across Rp, is evaluated through a time series simula-
tion as the sum of the incident and reflected waves in the system. The amplitude of the reflected wave is calcu-
lated as [8]:

Vi (@) =V, (0)xT' (@) (1)
where:
V; = Intensity of reflected wave
= Oscillator frequency
V, = Intensity of incident wave
I = Reflection coefficient = (Z_ - Z7)/(Z, + Z7)
We evaluated system behavior under conditions of both small-signal and large-signal amplifier operation into
a complex load, the former using linear 1-V load line characteristics, and the latter using elliptical load line cha-
racteristics. For the latter analyses, we approximated the load line as:
~(1p-b)?
V, =axe ¢ (2)
where |, = Current in pick-up coil; and parameters a, b & c represent the height, position and width of the el-
liptical load-line portion respectively.

Numerical Model Algorithm

The modeling algorithm involved an eight step process which tracked each half-cycle of the oscillator output
as it traversed the model system of Figure 4:

1) Production of an RF current (and corresponding magnetic field) in the loop antenna.

2) Induction of an RF current in the pick-up coil.

3) The development of an electric potential across the resistive load in the pick-up coil that includes R, in pa-
rallel with the transmission line input impedance.

4) Transmission of an incident traveling half-cycle down the transmission line.

5) Reflection of the travelling half-cycle at the terminating load.

6) Transmission of the reflected half-cycle back towards the pick-up coil.

= — R, 7,=50Q z
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Figure 3. Schematic of the transmitter-tissue model. The transmitter and complex load (representing
body tissue) are inductively coupled to each other. The layers of tissue (thickness) are represented by
the length of a lossy transmission line. The RF amplifier induces a field in a pick-up coil (first layer
of tissue) which is coupled to a terminating load andmeasured via a transmission line, where the
transmission line represents layers of tissue. The terminating load is varied, representing, for example,
the impedance of bone or air, resulting in a range of reflective coefficients.
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Figure 4. Results at each time step of the simulation model performed for the
conditions of I = 0.7, transmission line length = 1/4 A. Steps 3 through 6 follow
the sequence of the first 1/2 wave cycle induced into the pick-up coil. Step 8
shows the beginning of the second half wave with its reduced amplitude.

7) Development of a feedback current in the pick-up coil with the corresponding creation of a back-EMF.

8) Determination of the amplifier output current under the combined loading of the pick-up coil load current
and the back EMF

100 points per half-cycle were simulated to ensure a smooth representation of the waveforms, and the simula-
tion was continued until a steady state in the output voltage was observed. For all simulations, the D.C. compo-
nent of the output voltage across the pick-up coil load (Rp) was calculated by averaging over each complete
cycle for the duration of simulation period. Simulations for various transmission line lengths (i.e. time delays)
and reflection coefficients were performed to investigate the influence of the reflected wave components on the
potential recorded across the pick-up coil load (Rp).

2.2. Part 2—Physical Measurements

We also tested whether demodulation under complex loading of a saturated RF amplifier could be demonstrated
in a physical model. A prototype RF oscillator device was built to verify the outcomes predicted by the numeri-
cal model. The physical model consisted of: 1) A battery operated 40 MHz Colpitts-type RF oscillator with a 10
cm circular loop antenna. A timing circuit pulsed the oscillator at 1 KHz utilizing a 10% duty cycle. 2) A 10 cm
circular pick-up coil with a 500 Q resistive load, represented a human tissue load 3) RG 58 co-axialcable (50 Q;
velocity factor 0.67) of a fixed length was used to represent a thick layer of muscle 4) An oscilloscope (Agilent
Technologies, model MSO7104B) was used to measure electric potential as well as to present a terminating re-
sistive load (Z,) of either 50 Q or 1 MQ, in parallel with 15 pF.

The two parameters varied in the testing of the physical model were electrical length of the co-axial cable and
terminating impedance. Four different lengths of RG-58 co-axial cables, representing electrical lengths (at 40
MHz) of 1/4 ), 1/2 /., 3/4 /. and 1 A were used. Recordings were obtained with both terminating load conditions,
resulting in eight possible measurement combinations using the two parameters.



S. N. Koneru et al.

3. Results
3.1. Numerical Results—Small Signal Operation

Simulation results under conditions for which the amplifier output was not load dependent (i.e. small signal,
non-saturated amplifier operation), using a 1/4 A transmission line length with a terminating load condition of "
= 0.7 illustrates the overall behavior of the system (Figure 5(a)). The initial half-cycle induced in the pick-up
coil travels down the transmission line and is reflected back with the same sign as the incident half-cycle, but at
reduced amplitude. The reflected wave arrives back at the pick-up coil as the amplifier output is changing polar-
ity. For a load independent oscillator, the output of the oscillator is no different than that expected in the absence
of a reflected wave, and so the voltage across Rp due to the reflected wave and that due to the generator’s output
simply add. This results in reduced amplitude of the subsequent half-wave, which in turn proceeds down the
transmission line. Correspondingly, the average value of the potential across the Rp will have a net DC compo-
nent when averaged over a full cycle of the oscillator output with this DC component decaying over time.

Simulation results were obtained for reflection coefficients ranging from 0.6 - 0.9 (Figure 5(b)). The magni-
tude of the reflection coefficient is seen to have a significant effect on the duration of transient response, that is,
the period of time for which a D.C. offset occurs. However, at the operating frequencies of interest (>10 MHz)
this corresponds to transient time of less than 25 microseconds.

3.2. Numerical Results—Large Signal Operation

When an RF amplifier is operating near saturation into a complex load, the output of the device becomes load
dependent (i.e. large signal) in a non-trivial manner. We modeled this load dependence per Equation 3 using
values of a = 1.5, b = 0.5, and ¢ = 1 such that increased current demand on the amplifier results in an initial rise
in output voltage. This behavior results in a positive feedback such that when the reflected wave increases the
load on the output amplifier, the output of the oscillator increases. The positive feedback allows the system to
attain a steady state with a net D.C. offset (Figure 6). We simulated operation of the system under a range of
reflection coefficients I' = 0.6 - 0.9 and for transmission line lengths ranging from 0 - 0.5 A (Figure 7). Rectifi-
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Figure 5. (a) Output at the pick-up coil load (Rp) over 20 cycles. The waveform
has the highest magnitude DC component in the first cycle which then decays
rapidly over time, approaching zero after about 5 cycles. (b) D.C Offset cal-
culated for various reflection coefficients. Higher reflection coefficients result in
a slower decay of the DC component,but even at a reflection coefficient of 0.9, the
DC component decays to zero in fewer than 20 cycles.
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Figure 6. (a) Simulation using an elliptical load line. Output across the pick-up
coil load stabilizes after an initial start-up transient with a positive peak that is
much higher than the negative peak. (b) The maximum D.C. offset is about 0.6V
and a steady state is reached with that amplitude after approximately 20 cycles.
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Figure 7. Steady state D.C offset amplitude for various reflection coefficients as
a function of the total delay time (in units of wavelength). A reflection coef-
fecient of 0.9 results in amaximum DC offset (rectification) of 80%. The
optimaltotal delay time with respect to providing the maximum DC offset is 0.5
A, but a rectification effect is observed over delay times of 0.3 21t0 0.7 A.

cation factors of up to 80% were obtained for reflection coefficients of 0.9 and time delays of 1/4 wavelengths,
but a wide range of parameter values (reflection coefficients and time delays) were found to produce significant
rectification factors.

3.3. Laboratory Model Observations

Measurements made with the prototype 40 MHz RF oscillator/amplifier circuit, driving a transmission line of
fixed length showed distortions in the measured potential across the terminating load, resulting in a distinct D.C.
offset. However, this was observed only when there was an impedance mismatch between the transmission line
and terminating load. When the transmission lines were terminated with a 50 Q, 15 pF (Z = 42 Q, T" = —0.09)
load, the resultant waveform lacked any discernable distortion. As such, distorted waveforms were observed for
only half the conditions, i.e. when the transmission lines were terminated into a 1 MQ resistive load in parallel
with 15 pF (Z = 265 Q; T = 0.68). Figure 8 shows a representative waveform when a 1/4 A transmission line
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Figure 8. Waveform observed across the pick-up coil load of the prototype
device when the coil load (Rp) is linked to a unmatched terminating loadthrough
a 1/4 )\ transmission line. The waveform has peak positive and peak negative
voltages of 0.6 and 0.4 respectively, with an RMS value of 0.33 V. The D.C.
component is calculated to be 0.025 V representing about a 7.5% demodulation
efficiency.

was mismatched with the terminating load, the condition under which a maximum D.C. offset was observed.
Even small deviations from the 1/4 A delay significantly suppressed the D.C. offset to non-discernable levels.

4. Discussion

It is well known that demodulation of RF electromagnetic fields in living tissue cannot occur, at frequencies
greater than 10 MHz, leading to the suggestion that high frequency stimulation should not be biologically effec-
tive. Nonetheless, a remarkably large number of experimental papers have reported biological effects associated
with the use of pulsed RF stimulation. In this paper, we hypothesized that a form of demondulation could occur
under certain complex loading conditions, and tested this hypothesist using both numerical and physical models.

Numerical simulation indicated that that a D.C. offset can be sustained in tissue when an RF transmitter oper-
ating at saturation, is driven into a complex load. The offset in the generated waveforms was evident in its dis-
torted shape and was verified through numerical integration. The interference between the incident and reflected
waveforms results in a time varying load being presented to the amplifier. This results in a synchronous time
varying output of the amplifier, resulting in a “D.C. shift” in the output. If this RF field were modulated, for
example, presented a short burst, which a relaxation time period, the field observed at the load would include a
frequency component at the modulation frequency, as if demodulation had occurred. A range of reflection
co-efficients (I' = 0.6 - 0.9) and transmission line lengths (0 - 0.5 1) were investiated, with the best demodulation
efficiency predicted for 1 =1/4 and T' = 0.9.

Irrespective of the line length used, the physical model presented a I" of 0.68 when the transmission line ter-
minated into the 1 MQ, 15 pF load. Consistent with the predictions made by the numerical model, the physical
model showed significant distortion in the recorded waveforms and a net D.C. offset. Moreover, the best demo-
dulation efficiency was observed when a line length of ¥ A was used, as predicted by the numerical modeling.
The results from both the numerical and physical model lend support to our hypothesis that under complex
loading conditions, an RF amplifier, operating near saturation, and closely coupled to the load, can produce a
sustained D.C. offset in biological tissue. Correspondingly, if the RF output is modulated, energy at the modula-
tion frequency will be observed in the tissue, even in the absence of any explicit non-linear (rectifying) compo-
nent in the tissue.

A system is said to be coupled if some physical process allows components of the sytem to influence each
other [9]. Consideration of the amplifier and tissue as closely coupled components as opposed to modeling the
system as if the transmitter were independently acting upon the tissue (i.e. a cause-effect type relationship) is the
key to our observations. In simple systems, the interactions are generally linear such that an effect is directly
proportional to the causal factor. In complex systems, the interactions are, by definition, non-linear. Such sys-
tems typically give rise to emergent behaviors, that is, behaviors which cannot be predicted by evaluation of the
system components in isolation. Here, the reflecting load, combined with time delays in the tissue model and the
load dependent behavior inherent to low power RF amplifiers, introduces sufficient non-linear coupling that a
D.C. component in the output emerges. If a more powerful amplifier were utilized such that it did not need to
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operate near saturation (large signal mode), or the tissue load was more remote from the source such that there
was less feedback coupling, this non-linear pheneomenon would not be observed. Of course, the design goal in
portable devices is to maximize battery lifetime, and to do so in any RF device requires operation near satura-
tion.

While neurostimulation typically requires DC field intensities on the order 10 VV/m to be present for a duration
of about 50 - 500 psec [10], neuromodulation technologies utilize far lower field intensities. In classical systems
theory, random fluctuations in signals are referred to as “noise” and are nearly always considered detrimental,
and so great efforts are made to eliminate this noise. However, in physiological systems, such as neural systems,
while “noise” is ubiquitous, it is, in fact, widely considered to be essential in facilitating information processing
in the body [11]. Stochastic Resonance (SR) is a phenomenon where the presence of “noise” in non-linear sys-
tems can be used to enhance the detection of sub-threshold stimuli. For example, in a situation where there is a
detection threshold, such as exists for nerves, a subthreshold “signal” in the presence of noise may randomly
exceed the necessary threshold to activate the nerve. A characteristic feature of SR in a system is that the system
output, when plotted against system noise power, will produce a peak response at a non-zero value [12].

5. Conclusion

In summary, employing weak RF amplifiers, operating near saturation, in close proximity to the body presents
the possibility of creatingnon-deterministic neuromodulation effects resulting from the development of small
fields (<10 V/m) at the frequency of RF modulation, which combine with inherent system noise in a stochastic
manner (observed as a stochastic resonance). Irrespective of the type of modality, if nerve activity can be altered
using modulated RF field exposure, we envision several important applications. Specifically, a popular non-
pharmacological neurostimulation therapy for treating chronic pain is neural masking using Transcutaneous
Electrical Nerve Stimulation [13]. However, use of this technology is limited given the risk of skin burning, and
the inability to use TENS through bandages or clothing. Sub-threshold neuromodulation therapy, whether used
transcutaneously or invasively, has already shown its potential in modulating a variety of nerves: the occipital
nerve for treating migraines [14], sacral nerve for treating bowel incontinence [3] and vagal sympathetic com-
plex to treat heart failure [15]. Correspondingly, the ability to modulate nerve activity without invasive proce-
dures/skin contact would have significant advantages for those capable of benefiting from traditional neurosti-
mulation therapies. We believe that RF electroceutical technologies, based on the principles discussed here, hold
promise for the development of wearable, non-invasive devices capable of modulating larger nerve fibers and
nerve plexi such as the brachial nerve plexus and sacral nerve plexus, among many others.
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