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Batteryless and wireless brain implants matched to high-impedance clinical electrodes. 

• Radio-Frequency backscattering is employed to enable batteryless and wireless brain implants that are: a) 
matched to high-impedance clinical electrodes, and b) tolerant to DC voltage. 

• As compared to previous wireless and batteryless brain implants, the proposed approach offers a remarkable 
improvement in sensitivity by 25 times. 

• Unobtrusive monitoring of deep brain signals may significantly improve the individual’s physical and mental 
well-being (e.g., for patients with epilepsy, Alzheimer’s, Parkinson’s, and more). 

• Batteryless brain implants matched to high-impedance electrodes can readily be employed to clinical 
applications. 

• Improvements on the interrogator side help suppress the phase noise and improve the demodulated signal 
integrity.  
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Wei-Chuan Chen, Student Member, IEEE, Katrina Guido, and Asimina Kiourti, Member, IEEE

Abstract—We propose a new technique for matching the high impedance of sub-cranial electrodes to wireless brain implants that
is: a) passive, b) highly tolerant to the DC offset voltage caused by the electrochemical reaction in the recording electrode, and c)
complemented by an improved external interrogator design that exhibits reduced phase noise. As compared to previous wireless and
batteryless brain implants, the proposed approach offers a remarkable improvement in sensitivity by 25 times. The proposed system
consists of an external interrogator and a neuro-recorder implanted under the scalp. For operation, the interrogator sends a 2.4
GHz carrier signal to “turn on” the implant. This carrier self-biases a PNP Bipolar Junction Transistor (BJT) that enables matching
to the recording electrode at frequency fneuro in a batteryless manner. Concurrently, the recorded neuropotentials (at frequency
fneuro) pass through a Schottky diode that allows them to mix with the carrier and generate a 4.8 GHz± fneuro modulated signal.
The latter is then transmitted back to the interrogator for demodulation. To verify the implant’s operation, in-vitro measurements
are presented. Measurement results demonstrate that emulated neuropotentials as low as 200 µVpp can be detected at a 33 kΩ
electrode impedance. As such, the proposed system presents a game-changing capability for a wide range of applications.

Keywords—Biomedical telemetry, brain implant, DC offset, electrode, impedance matching, neurosensing, passive, wireless.

I. INTRODUCTION

RADIO-FREQUENCY (RF) backscattering is widely used

today for applications as diverse as passive radio fre-

quency identification (RFID), the Internet of Things (IoT), and

so on. One emerging application of RF backscattering relates

to wireless and fully-passive monitoring of deep brain activity

[1]–[6]. Possible clinical applications include: 1) detection and

interruption of early epileptic seizures, 2) behavioral studies

of consciousness, 3) understanding and improving the brain’s

functionality for patients with Alzheimer’s and Parkinson’s

disease [7], [8]. In brief, an external (wearable) interrogator

sends a carrier signal toward an underlying batteryless implant.

As soon as the implant turns on, it mixes the carrier with the

sensed neuropotentials, and further backscatters the resulting

mixing products back to the interrogator. Contrary to state-

of-the-art integrated circuit (IC) brain implants, the aforemen-

tioned approach does not require implantable pre-amplifiers,

digital controllers, Analog-to-Digital Converters (ADC), or

other power-hungry components [9]–[11], thus eliminating

batteries and temperature increase in the surrounding tissue

[12].

Our latest research has demonstrated a miniature (8.7 mm

x 10 mm) wireless and fully-passive brain implant with a

remarkable 20 µVpp sensitivity under in-vitro conditions [3].

Such high sensitivity theoretically covers all signals generated

by the human brain, including neural spikes and local field

potentials (LFPs) [10]. Nevertheless, the aforementioned brain

implant was optimized with in-vitro considerations in mind.

That is, the implant was designed to match the impedance of a
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TABLE I
VOLTAGE AND FREQUENCY RANGE OF SIGNALS GENERATED BY THE

HUMAN BRAIN [10]

Neural Signals Voltage Range Frequency Range

Local Field Potential 20∼ 2000 µVpp 1∼500 Hz

Action Potential 20∼ 2000 µVpp 250 Hz∼10 kHz

Electroencephalogram 2∼ 100 µVpp 0.5 Hz∼50 Hz

50 Ω function generator that emulated neuropotential activity.

But unfortunately, the impedance of clinical electrodes is in

the order of tens of kΩ, implying a significant deterioration

in sensitivity under in-vivo conditions. As an example, the

sensitivity of the brain implant reported in [3] degrades from

20 µVpp to 5 mVpp when attached to a 33 kΩ resistor. Addi-

tionally, the DC offset voltage caused by the electrochemical

reaction in the recording electrode is unaccounted for in [3].

Assuming an in-vivo scenario, this DC offset greatly changes

the bias of the implanted diode used for mixing, further

decreasing the system sensitivity.

Conventional integrated chips (ICs) used for neural record-

ing utilize a first-stage neural amplifier that serves to increase

the input impedance and cancel the DC offset voltage [13].

However, these neural amplifiers are typically associated with

high power consumption and require very stable DC voltage

supplies. Expectedly, integration of amplifiers is not a viable

solution for our class of passive brain implants.

As an alternative, we herewith report a novel method for

passively matching the high impedance of clinical electrodes

to batteryless brain implants. To do so, a Bipolar Junction

Transistor (BJT) is integrated into the implant and the overall

circuit is redesigned accordingly. In brief, the BJT is self-

biased by the external carrier and serves as an impedance

buffer between the electrode and the circuitry. Concurrently,

the DC offset voltage issue is eliminated. Modifications on

the interrogator side of the circuit are also proposed to reduce
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the phase noise and further improve the integrity of the

retrieved neuropotentials. To validate the above, an in-vitro

measurement setup is considered with a series resistor used to

account for the clinical electrode impedance.

II. METHODS AND PROCEDURES

The block diagram of the proposed neurosensing system

with impedance-matching capabilities is shown in Fig. 1. The

system consists of two parts: 1) a brain implant placed under

the scalp and attached to a recording electrode that penetrates

through the bone to the cortical cortex surface, and 2) an

external interrogator placed outside the scalp to communicate

with the implanted sensor. Operation of the proposed system

is summarized as follows. First, the external interrogator

transmits a 2.4 GHz carrier signal via the interrogator antenna

to activate the brain implant. This signal is rectified at the

implanted diode and serves to self-bias the BJT. In turn,

the high impedance of the BJT assists in matching to the

high impedance of the recording electrode. Concurrently, the

implanted diode acts as a mixer that uses the 2.4 GHz carrier

to upconvert the brain signal (at frequency fneuro) to 4.8
GHz ± fneuro. This upconverted third-order product is then

backscattered by the implant’s antenna and eventually received

by the interrogator. This signal can then be directly observed

in the frequency domain using a spectrum analyzer and/or can

be demodulated and observed in the time domain using an

oscilloscope.

To boost system sensitivity, a power budget analysis is

hereafter presented. The ultimate aim is to lower the minimum

detectable neuropotential level, expressed as:

MDSneuro[dBm]

= Receiver Sensitivity[dBm] + Lsys[dBm].
(1)

where Lsys is the overall system loss, and

Receiver Sensitivity is the minimum detectable signal

level of the receiver (viz. the interrogator). Referring to Fig.

1, the overall system loss is expressed as:

Lsys[dB] = Lprop[dB] + Lconv[dB]

+Lcircuit[dB] + Lelectrode[dB]
(2)

where Lprop is the propagation loss between the implanted

and interrogator antenna at 4.8 GHz ± fneuro, Lconv is

the conversion loss at the implanted mixer, Lcircuit is the

impedance mismatch loss between the antenna and the mixer,

and Lelectrode is the impedance mismatch loss between the

recording electrode and the implant.

As is expected, to improve system sensitivity, Lsys must be

minimized. Accordingly, Lprop, Lconv , Lcircuit and Lelectrode

must be minimized to the greatest extent. Techniques for

reducing Lprop, Lconv and Lcircuit were explored in our

previous research [3]. Basically, low Lprop could be achieved

by optimizing the implanted and interrogator antenna pair.

Lconv and Lcircuit, on the other hand, could be reduced by

employing a matching network between the implanted antenna

and the Schottky diode. In this work, we instead focus on

reducing Lelectrode by employing a new circuit design.

A. Electrode Interface: Circuit Model and Impedance

When a clinical sub-cranial electrode is immersed inside

a liquid-ionic conductor (electrolyte or buffer), the cations

and anions react with the electrode and create an electrolyte-

electrode double layer (namely, the Helmholtz double layer)

[14]. The first layer of the Helmholtz double layer is composed

of the ions absorbed on the surface by the charged electrodes.

The second layer consists of the oppositely charged ions

attracted by the Coulomb force. With these two oppositely

charged layers, the metal electrode acts like a capacitor and

allows the neuropotentials to pass through to the associated

neural recorder [15].

The equivalent model of a sub-cranial electrode is well

analyzed in the literature [16] and is illustrated in Fig. 2. As

seen, the circuit model is composed of the electrolyte solution

resistance (Rs), the double layer interface resistance and

capacitance (Re and Ce), and the metal electrode resistance

(Rm). Generally, the solution resistance (Rs) and the metal

electrode resistance (Rm) are negligible as compared to the

double layer interface resistance and capacitance (Re and Ce).

Because of the double layer capacitance, the impedance of the

electrode is a complex number and changes with frequency.

Referring to Fig. 2, this electrode impedance degrades the

signal amplitude at the input of the neuropotential monitoring

system (Vin) by means of a voltage divider:

Vin(ω) = Vsig(ω)×
Za

Za + Ze

(3)

where Vsig is the neuropotential amplitude generated within

the brain, Ze is the complex electrode impedance, and Za

is the complex neuro-sensor impedance. The voltage divider

equation shows that the magnitude of Za would decrease Vin

and cause phase distortion when Ze >> Za [16].

To better understand the effect of electrodes on the neu-

rosensing system performance, we proceed to characterize via

electrode impedance spectroscopy the impedance of clinical

macro-electrodes currently used for Deep Brain Stimulation

(DBS) surgery at Ohio State’s Wexner Medical Center (FHC

microTargeting mTD differential electrode) [17]. A potentio-

stat with a three-electrode setup is employed per Fig. 3. Here,

the macroelectrode contact of the DBS electrode acts as the

working electrode, while an Ag/AgCl and a Pt wire electrode

are used as the reference and counter electrodes, respectively.

All three electrodes are immersed inside a phosphate buffered

saline (PBS) solution of pH 7.4 which mimics the pH, osmotic

concentration, and ion concentration of the human body.

Measurement results of electrode impedance magnitude and

phase as a function of frequency are shown in Fig. 4. As

seen, the impedance magnitude reduces with frequency. At the

smallest frequency where neuropotentials may be identified,

viz. at 0.5 Hz, the electrode impedance is as high as 33 kΩ.

Added to the above, the electrochemical reaction that takes

place at the electrode interface will give rise to different

DC voltage levels across different recording electrodes [18]–

[20]. This voltage difference, which may be as high as 50

mV , known as the DC offset voltage, can have detrimental

consequences. In conventional battery-enabled ICs, this offset

is known to saturate the first-stage neural amplifier, while in
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Fig. 1. Block diagram of the proposed impedance-matching neurosensing system.

our previous fully-passive neurosensing system [3], the offset

is anticipated to change the bias point of the employed antipar-

allel diode pair (APDP) mixer and deteriorate the sensitivity.

These real-world concerns for clinical electrodes are here-

after taken into account. Given that neural signals may be as

low as 0.5 Hz in frequency, a capability to match to at least 33

kΩ of electrode impedance is necessary for the neurosensing

system of Fig. 1. Concurrently, the ability to overcome the DC

offset voltage is a key requirement for the design.

B. Passive Brain Implant with High Input Impedance

The operating principle of the proposed technique used to

passively match the electrode-implant interface and eliminate

the DC offset is summarized in Fig. 5. As seen, the implant

consists of: a) an implantable antenna used for wireless

backscattering, b) a Schottky diode that acts as a rectifier

in DC mode and as a mixer in RF mode, c) a matching

network used to mitigate Lcircuit between the antenna and

the Schottky diode (composed of two microstrip lines with

open- and short-ended microstrip lines), d) the high-impedance

clinical electrodes, and e) a PNP BJT added between the

Schottky diode and the electrodes to serve as an impedance

buffer.

Circuit operation is composed of two modes, viz. the DC

mode (Fig. 5(a)) and the RF mode (Fig. 5(b)), as analyzed

below.

1) DC Mode. To activate the neural sensor, the interrogator

transmits a 2.4 GHz carrier signal. Once received by the

Fig. 2. Equivalent circuit model of the electrode.

Fig. 3. Three electrode setup used to measure the electrode impedance using
a potentiostat.

Fig. 4. Clinical brain electrode impedance measurement.

implant, the Schottky diode acts as a rectifier that serves

to create DC current and self-bias the BJT per Fig. 5(a).

Following biasing of the BJT, brain signals coming from

its base should pass through the BJT and, eventually, get

upconverted by the Schottky diode. To do so, the BJT emitter

is connected right after the Schottky diode, while its collector

is connected to ground. Comparing the voltages at the base

(VB), collector (VC), and emitter (VE) terminals, the BJT may

either operate in the forward-active region (VE > VB > VC)

or the saturation region (VE > VB < VC), Table I. In both

cases, signal may flow from the base to the emitter, while

the DC voltage at the base may be neglected. This unique
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Fig. 5. Proposed neural implant design: (a) DC mode, and (b) RF mode.

TABLE II
NODE VOLTAGE AND BJT OPERATION REGIONS

Voltage B-E Junction B-E Junction Mode

VE < VB < VC Reverse Forward Reverse-active

VE < VB > VC Reverse Reverse Cut-off

VE > VB < VC Forward Forward Saturation

VE > VB > VC Forward Reverse Forward-active

feature implies tolerance to DC offset. Simulations indicate

that the input impedance of the self-biasing BJT circuit is

219 kΩ and remains almost constant across the entire neural

frequency range (0.5 Hz to 1 kHz). Due to the high input

impedance of the BJT, the circuit of Fig. 5 can readily match

to the high-impedance electrodes.

2) RF Mode. The Schottky diode now serves as a mixer,

as shown in Fig. 5(b). That is, the diode utilizes the 2.4

GHz carrier signal to upconvert the brain signals (at frequency

fneuro) and give rise to the third-order harmonic component

(4.8 GHz± fneuro). This upconverted signal is backscattered

toward the interrogator and is, eventually, demodulated to

recover the neuropotentials in the time domain.

C. Interrogator with Improved Phase Noise Performance

Instability of the signal generator that is used to generate

the 2.4 GHz carrier creates phase noise. In the time domain

and frequency domain, this noise appears as fluctuations and

as a skirt centered at the carrier signal, respectively. While out-

putting the 2.4 GHz carrier, the signal generator also produces

a 4.8 GHz harmonic which is, in turn, associated with its own

phase noise. Unfortunately, this latter phase noise interferes

with the demodulation process and has not been accounted for

to date. To improve the interrogator’s phase noise performance,

the design in Fig. 1 is proposed. Compared to the previously

employed interrogator system [3], two extra bandpass filters

are added between the circulator and the splitter. Both filters

are centered at 2.4 GHz and are used to suppress the 4.8

Fig. 6. Demodulated version of -115 dBm neural signal at 100 Hz. The plot
compares the currently reported system vs. the one previously reported in [3].

Fig. 7. Measurement set-up used to assess the neurosensing system perfor-
mance.

GHz phase noise before it enters into the circulator. The

superior performance of this interrogator is highlighted in Fig.

6. Here, a 100 Hz neural signal of -115 dBm is considered

at the implant side, and the demodulated signal is contrasted

at the output of the newly proposed interrogator vs. the one

proposed in [3]. Clearly, the addition of the two bandpass

filters significantly improves the retrieved signal integrity.

D. Measurement Setup

The in-vitro measurement setup used to validate the neu-

rosensing system of Fig. 1 is shown in Fig. 7. As depicted, a

signal generator (Agilent SG386) feeds a 2.4 GHz carrier with

10 dBm signal level to the interrogator. An arbitrary func-

tion generator (Keysight 33500B) emulates neuropotentials

as sinusoidal waveforms (at frequency fneuro). To consider

a worst-case scenario for electrode impedance in this study,

a 33 kΩ resistor is used to represent this impedance per

Fig. 4. The improved interrogator of Fig. 1 demodulates

the neuropotentials in the time domain. The demodulated

neuropotentials are then visualized via an oscilloscope.

III. RESULTS

A. Stand-Alone Circuit Performance

As a first step, performance of the implanted circuit is tested

in a stand-alone wired configuration. That is, the implanted

antenna is not considered in the design, but rather the im-

planted circuit is directly connected to a circulator, as shown
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Fig. 8. Fabricated BJT Circuit (a) directly connected to circulator, (b)
connected to antenna in air, and (c) connected to antenna in pig skin

in Fig. 8(a). Here, a proof-of-concept circuit, 56.28 mm ×

28.49 mm in size, is considered. The circuit is fabricated on

Rogers RO4003C substrate (ǫr = 3.38, tanδ = 0.0021) of

thickness 32 mils (0.813 mm). Miniaturization is outside the

scope of this particular work, yet can be readily performed via

techniques explored in the past [3]. Referring to Fig. 8(a), the

2.4 GHz carrier is set as the input to port 1 of the circulator and

is routed directly to the implant through port 2. The implant

mixes the carrier with the emulated neural signals and outputs

the 4.8 GHz± fneuro product to port 2 of the circulator. The

latter signal is routed to port 3 of the circulator where it is,

eventually, demodulated and plotted in the time domain.

Results show that neural signals as low as 100 µVpp

can be retrieved for an electrode impedance of 33 kΩ. An

example demodulated waveform at 100 Hz is shown in Fig. 9

(dashed/red), at the minimum detectable level of 100 µVpp.

Expectedly, higher signal levels result in less noisy wave-

forms, while smaller electrode impedances result in improved

sensitivity. For comparison, and assuming the same electrode

Fig. 9. The demodulated time domain 100 Hz signal of (a) circuit alone Vin

= 100 µVpp, (b) with the antenna in air Vin = 100 µVpp, and (c) with the
antenna in pig skin Vin = 200 µVpp in series with a 33 kΩ resistor

impedance of 33 kΩ, the sensitivity of the neurosensing system

in [3] is 50 times lower.

B. Integrated System Performance

Performance of the complete wireless system is then vali-

dated in free space (Fig. 8(b)) and via a tissue-emulating model

(Fig. 8(c)). In both cases, the implant circuit of Fig. 8(a) is

attached to an antenna that serves as the wireless interface

between the neuro-sensor and the interrogator. Here, the patch

antenna design reported in [3] is considered, which exhibits

dual-band resonances at 2.4/4.8 GHz and a footprint of 40

mm x 40 mm. Again, sensor miniaturization falls outside the

scope of this work, yet can be readily performed using already

available techniques [3]. The interrogator antenna follows the

design in [4], while the overall system layout follows the

design of Fig. 1.

Referring to Fig. 8(b), the implanted and interrogator an-

tennas are placed in free-space with a distance of ∼ 0.1 mm

between the two. Results show that neural signals as low as

100 µVpp can be retrieved for an electrode impedance of 33

kΩ. An example demodulated waveform at 100 Hz is shown in

Fig. 9 (dotted/black), at the minimum detectable level of 100

µVpp. Referring to Fig. 8(c), the implanted antenna is placed

under a 2 mm-thick layer of pig skin. The permittivity and loss

tangent of the pig skin are measured using the Agilent 85070E

Dielectric Probe Kit and further compared vs. the theoretical

skin properties [21] shown in Fig. 10. Results in this case show

that neural signals as low as 200 µVpp can be retrieved for

an electrode impedance of 33 kΩ. An example demodulated

waveform at 100 Hz is shown in Fig. 9 (solid/blue) at the

minimum detectable level of 200 µVpp. This slight degradation

in performance is expected given the losses associated with

biological tissues. Indeed, Fig. 11 compares the transmission

coefficient between the two antennas in free space and with pig

skin used as a separation medium. As seen, the transmission

coefficient degrades by ∼ 3dB at 2.4 GHz and by ∼ 8dB at 4.8

GHz. As mentioned in Section III.A, higher signal levels result

in less noisy waveforms, while smaller electrode impedances

result in improved sensitivity. For comparison, and assuming

the same electrode impedance of 33 kΩ, the sensitivity of

the neurosensing system in [3] is 25 times lower. Specific

Absorption Rate (SAR) simulations are also performed for the
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Fig. 10. a) Measured permittivity, and (b) measured conductivity of pig skin
versus the reference skin properties reported in [21].

Fig. 11. Measured transmission coefficient (S21) of the implanted and
interrogator antenna system (a) through air, and (b) through pig skin.

10-cm-radius spherical head model of [3]. Results indicate that

SAR averaged over 1g of tissue equals 0.862 W/kg (at 10 dBm

power). This value conforms to the strictest FCC requirements

of SAR1g < 1.6 W/kg for uncontrolled environment exposure

[22].

C. DC Offset Tolerance

To verify the DC offset tolerance of the implant, the

measurement setup of Fig. 8(a) is adopted. In this case, the

Fig. 12. Demodulated waveform of a 100 µVpp and 100 Hz signal subject
to: (a) 0 V offset, (b) +50 mV offset, and (c) -50 mV offset in series with a
33 kΩ resistor

function generator this time provides the emulated neuropo-

tentials as well as an unwanted DC offset voltage. Referring

to Fig. 12, demodulated waveforms are presented for a 100

µVpp and 100 Hz neural signal subject to : 0 V (solid/red),

+50 mV (dashed/black) and -50 mV (dotted/blue) DC offset.

As seen, the proposed implant can tolerate even the most

extreme ± 50 mV DC offset at the minimum detectable level

of 100 µVpp.

IV. CONCLUSION

In this work, we proposed a wireless and batteryless brain

implant that is matched to the high impedance of recording

electrodes as well as resistant to DC offset. Experimental

results show that neuropotential detection sensitivity is im-

proved by 25 times vs. the state-of-the-art at an example

electrode impedance of 33 kΩ. Notably, impedance measure-

ments of macroelectrodes using 3-lead electrode impedance

spectroscopy indicate that this resistance covers the range

anticipated in clinical settings. To date, signals as small as

100 µVpp (in free space) and 200 µVpp (in-vitro, using pig

skin) can be captured at a worst-case scenario of 33 kΩ
electrode impedance. This implies that the system can monitor

all neural spikes and most of the local field potentials (LFPs)

in real-world settings, viz. at high impedances. By contrast,

previous wireless and batteryless implants neglected this high

impedance and rather matched the implants to a 50 Ω function

generator that emulated brain activity. As such, the proposed

approach is transformational for fully-passive and wireless

neuropotential acquisition in clinical settings. Future work will

focus on: a) implant miniaturization using high-permittivity

substrates and stacking approaches (antenna stacked upon the

circuit), and b) in-vivo testing in animals.
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