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Abstract—This paper reports the wireless performance of a 
biocompatible fully passive microsystem implanted in phantom 
media simulating the dispersive dielectric properties of the 
human head, for potential application in recording cortical 
neuropotentials. Fully passive wireless operation is achieved by 
means of backscattering electromagnetic (EM) waves carrying 3rd 
order harmonic mixing products (2f0±fm=4.4-4.9 GHz) containing 
targeted neuropotential signals (fm≈1-1000 Hz). The microsystem 
is enclosed in 4 µm thick parylene-C for biocompatibility and has 
a footprint of 4 mm × 12 mm × 500 µm. Preliminary testing of the 
microsystem implanted in the lossy biological simulating media 
results in signal-to-noise ratio's (SNR) near 22 (SNR≈38 in free 
space) for millivolt level neuropotentials, demonstrating the 
potential for fully passive wireless microsystems in implantable 
medical applications.   

I. INTRODUCTION 
In order to advance wireless biomedical implant 

technology, the safety and durability of the internal electronics 
is of utmost importance. For cortical brain recording 
applications, potential hazards introduced by implanted 
circuitry severely limit their clinical manifestation. Fully 
passive circuitry may alleviate many of the risks related to heat 
dissipation and potential failure of internal power sources, 
regulators, and/or harvesters. The fully passive device, 
presented herein, excludes any integrated power sources and 
transmits targeted neuropotential signals wirelessly by means 
of microwave backscattering (Fig. 1).  

Previous testing of the fully passive wireless microsystem 
demonstrated a sensitivity of ~500 µVpp (Vm) as recorded from 
a frog's sciatic nerve and bandwidth (fm) of 5-2000 Hz [1], [2]. 
However, prior testing did not take into account the 
inhomogeneous tissue enclosing the microsystem in its 
intended application that would significantly alter penetrating 
EM signals.  

II. MATERIALS AND METHODS 
Miniaturization of the on-chip implant antenna is achieved 

by use of an electrically small slot antenna operating at higher 
microwave frequencies. Additional onboard circuitry  includes  
3 MIM (Metal-Insulator-Metal) capacitors (1 bypass and 2 
loading capacitors) and 2 off-chip varactors (Fig. 2(a)). 

Capacitive loading by fabricated MIM capacitors permits dual 
band operation at the incident frequency (f0) and backscatter 
frequency (2f0±fm). An external interrogator supplies the 

 
Figure 1. Simplified schematic of fully passive wireless operation. At 
the external interrogator (left), a signal generator supplies the f0 local 
oscillator (LO) carrier that is low pass filtered (LPF) and wirelessly 
transmitted via wideband antenna to the microsystem (right) antenna 
(ZA(ω)), which then backscatters 3rd order harmonic RF signals 
(2f0±fm). The RF signals are received by the external antenna and fed 
into a high pass filter (HPF) and demodulated to baseband (fm). 

 

 
Figure 2. (a) Neurorecording microsystem (close up on right), 
measures 4×12×0.5mm3 and integrates on-chip antenna, MIM 
capacitors, and electrodes connecting Vm input to varactors. (b) Setup 
for wireless testing as embedded in phantom medium.  
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fundamental carrier (P0@f0) signal to activate the 
microsystem's mixing and backscattering functions. Varactors 
retrieve this induced carrier (P0@f0) along with the internal 
neuropotential (Vm@fm) signals to generate 3rd order harmonic 
mixing products (2f0±fm) that are then backscattered by the on-
chip antenna to the external interrogator, where the 
neuropotential signal is recovered (Fig. 2(b)).  

The phantom medium is composed of multiple strata 
mimicking the complex permittivity characteristics of skin, 
bone, dura, gray matter, and white matter layers of the average 
human head (Fig. 3) [3]. Open-ended coaxial probe 
measurements (85070D, Agilent) of the various phantom 
layers are performed to ensure their permittivity values closely 
correspond to the reported values for real human tissues (Fig. 
4) [4].   

During wireless testing, the neurorecording microsystem is 
embedded into the dura stratum of the phantom and the 
complete phantom is enclosed by plastic wrap to maintain an 
insulating barrier from the external interrogator (the external 
antenna is placed in direct contact with the plastic wrap for a 
total wireless separation of near 1 mm). Emulated 
neuropotential signals (Vm=0-50 mVpp, fm=5-1000 Hz), are 
applied to a twisted pair of insulated feed-through wires 
connected to the front of the microsystem. Local oscillator 
(LO) power (P0=0-20 dBm) is supplied from a signal 
generator (8341A, HP) to supply the carrier. The SNR of the 
backscattered 3rd order harmonics (2f0±fm) from the 
microsystem is quantified by the ratio between the amplitude 
of the ±fm sidebands around 2f0 as visualized in the spectrum 
analyzer (E4448A, Agilent) with an average noise floor of -
136 dBm (Fig. 5(a)). The average observed SNR for the three 
different types of microsystems (low resistivity silicon, high 
resistivity silicon, and glass substrates) tested in air and in the 
phantom medium are summarized in Fig. 5(b). The 
microsystem based on high resistivity silicon and glass 
substrates produced a SNR of greater than 20 dB inside the 
phantom, whereas devices based on low resistivity silicon fail 
to generate any wireless response. Future work will involve 
enhancing the sensitivity of the microsystem and minimizing 
noise in the external demodulator, as will be delineated in the 
full paper.  
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Figure 4. Plot of complex permittivity (εr) and conductivity (σ) for 
real (dashed) and measured phantom (solid) human head tissue 
layers.  

 
SNR Free Space Phantom

Low Resistivity Si 0 0
High Resistivity Si 38.9 22.0

Glass 36.6 21.3
Figure 5. (a) Spectral plot of wirelessly backscattered neuropotentials 
(2f0±fm, labeled) from microsystem in phantom (Vm=50mVpp, fm=400 
Hz). (b) SNR measurements for 3 different microsystem substrates.  

2f0-fm 2f0+fm 

2f0 

(b) 

(a) 

 
Figure 3. (a) Diagram of stratified human head phantom medium 
(with individual thicknesses) and (b) cross section of the phantom 
medium assembly.  
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Motivation • 
IINeurorecording" -7 recording neuropotentials 

(ie. electrical activity originating from neural signaling in brain or other nervous systems) 
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Current Recording Systems • 

fMRI Large/expensive mm (deep) 

NIRS Portable rv cm (surface) 
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• Fully Passive Wireless Neurorecorder 
External Interrogator 
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Microsystem: Nonlinear Mixer 
Nonlinear Mixer ~ Passive Recording of Neuropotentials (Vm ) 

frf = n'fa + m'fm ~(--- backscattered RF signal (P'M3) 

IF f 
m 
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Mixer Output (Taylor Series Approximation): 
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• Microsystem: Integrated Antenna 

Basic Slot Antenna 

loading capacitors _---r"' 

bypass capacitor 

Electrically small antenna ~ antenna Gain limited to ~ 1.76 dBi 

Loading capacitors ~ tune frequency (dual-band operation @ fa & 2fo±fm) 



• Wireless Backscattering System 
Wireless Path Loss in Backscattering System 

External Interrogator Neurorecording Microsystem 

Wireless Transmission 
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Fa brication 
Fa brication Process 
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• Testing in Air 

Testing in "Free-Space" with emulated neuropotentials (Vm ) generated via function generator 

Measured wirelessly backscattered 3rd order harmonics or PIM3(2fa:tfm) 
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• Testing with Frog 
Wireless Recording from Sciatic Nerve 

Wired & Wireless Measurements 

Setup Procedure CAPs (Vm = 500 J.1VPP' fm = 400 Hz) 

Stimulate (inject current) higher end of nerve 

stimulation artifact 

_ -.. MEMS neurorecorder 

Wirelessly record CAPs 
Used signal averaging on oscilloscope to improve SNR by around 11.3dB 

CAPs = Compound Action Potentials (integration of many propagating action potentials/spikes in nerve bundle) 



• Summary of Measurements in Air 

Footprint Dimensions 12x4xO.5 mm3 

Detected Input Bandwidth 5 - 3000 Hz 

Signals Amplitude > 500 I-lVpp 

Distance < 1.5 em 

RF Radiated Power < 16.7 dBm (47 mW) 

Transmission Frequency 2.2 - 2.45 GHz 

RF Reception Sideband Level < -97 dBm (for Vm = 50 mVpp) 

Noise Floor :::: -136 d Bm 

Frequency 4.4 - 4.9 GHz 

Thermal Temperature Rise < 0.15 + 0.1°( 

Characteristics SAR (estimated) < 0.112 W/kg 



Wireless Testing in Phantom 
Mimicking Real Head Tissues 

• 
Final Goal-Implantable Wireless System in Lossy & Inhomogeneous/Stratified Tissue Media 

(until now wireless testing in air only) 
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• Conclusion & Future Work 
Conclusion· . 

In Air 

Detected Vm Amplitude ~ 500 ~Vpp 

RF Transmission Radiated Power ~ 16.7 dBm (47 mW) 

Frequency 2.2 - 2.45 GHz 

RF Reception P'M3 (V m=50m VppJ ~ -97 dBm 

Noise Floor ~ -134 dBm 

Thermal Temperature Rise ~ 0.15 ± 0.1°( 

Characteristics SAR --

. Futu re Work . 

-Thermal characterization of neurorecorder in phantom 

-Increasing sensitivity (minimum detectable Vm ) 

~ Increasing nonlinearity (V) of varactors 
~ Increasing SNR of external interrogator (lowering phase noise) 
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• Appendix I: Thermal Impact 
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Appendix II{a): Varactor Mixer 
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• Appendix II(b): Varactor Mixer 

2nd order (1M2) mixing scheme 
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• Appendix III: Backscattering Link 
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Appendix IV: ADS Circuit Simulations 
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Appendix IV(b): Detailed ADS • 
Varactor model (b-b activated) O.C. for DC 
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Appendix V: Demodulator 
Simplified Block Diagram 
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