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Supplementary Figure 1: Frequency response of IC in different media. 
 

Differentially acquired frequency-sweep signal in PBS (green), DI (black), and IPA (red). IC 
 

electrode geometry: L = 25 mm, W = 25 mm, D = 25 mm. Scale bar 0.5 V/V. 
  



 

  

Supplementary Figure 2: IC frequency-response measurement and extraction protocol.   

A) For each frequency, 256 cycles are generated at TX and acquired at RX electrode arrays. The  
peak-to-peak VRX is then measured per cycle, averaged and divided by peak-to-peak VTX.   

B) Extraction of frequency-dependent response from measurements in (A). Numerals 1, 2, and 3  
mark the frequencies shown in the sample frequency responses in (A).   



                                                 
 

  

Supplementary Figure 3: Electrochemical impedance characterization of different media.   

Corresponding phase spectrum of the electrochemical impedance spectrum shown in Figure 1c.  
Responses in various media (10-3, 10-2, 10-1 and 1× PBS (darker shades of green represent higher  
concentrations), deionized water (DI; gray) and isopropanol (IPA; red)) to a 1 Hz – 10MHz VTX  
sweep signal. Interelectrode spacing between TX and RX electrodes, as well as distance between  
TX and RX arrays was fixed at 25 mm.   



 

  
Supplementary Figure 4: Electrochemical impedance characterization for varying electrode  
size and material.  

Corresponding phase spectrum of the electrochemical impedance spectrum shown in Figure 3a for  
conducting polymer-based (shades of blue) and Au-based (shades of red) IC electrodes with 5, 10,  
20, 40 mm length (darker shades represent smaller lengths).   



 

  
Supplementary Figure 5: Relationship of IC frequency (fIC) and the electrochemical  
impedance corner frequency (fC).  

A) Frequency response of the IC electrodes shown in Figure 3b with labeled (fIC).  

B) The impedance magnitude of the IC electrode shown in (A) with labeled (fC).    



 

 
Supplementary Figure 6: Effect of electrode geometry (W, D and L) on IC response at 
frequencies above FIC.  
A) Response as a function of distance between RX and TX arrays (D). The superimposed lines 
show devices with 40, 20, 10, 5, and 2 mm distance between electrodes in a pair (W; darker shades 
represent larger distances). 
B) Response as a function of distance between electrodes in a pair (W). The superimposed lines 
show devices with 40, 20, 10, 5, and 2 mm distance between RX and TX arrays (D; darker shades 
represent larger distances). 
C) Response as a function of electrode area denoted as square electrode length (L). The 
superimposed lines show devices with 40, 20, 10, 5, and 2 mm distance between RX and TX arrays 
(D; darker shades represent larger distances).  



 

  
Supplementary Figure 7: IC implantation depth as a function of receiver’s sensitivity and  
distance between electrodes in a pair (W).  

Maximal implantation depth of IC as a function of electrode pair width (W). Electrode size: 2.5, 5,  
10, 20 mm2 (light to dark green). Solid lines highlight -20 dB signal attenuation while dashed lines  
indicate -40 dB.   



 

Supplementary Figure 8: Comparison of IC with 2.4 GHz RF-based communication.  
Direct comparison of signal attenuation as a function of communication distance between IC (1 mm 
electrode length) and Bluetooth Low Energy (BLE) technology. The RF-based system had a 
dramatically higher signal attenuation (-50 dB) in physiological environments even at short 
distances and was not able to establish a link at distances further than 50 mm.  



 

 
Supplementary Figure 9: Electrical characteristics for IC receiver amplifier.  
A) RX bandpass filter profile tuned to 1–10 MHz frequencies.  
B) Sample time traces showing the noise floor of receiver’s amplifying circuit.  



 

  
Supplementary Figure 10: IC receiver circuit, board level implementation, and its  
operation.  

A) Schematic of IC receiver (RX) circuit. Yellow box: high gain-bandwidth amplifier with band- 
pass filter (BPF), variable gain amplifier (VGA) and low pass filter (LPF). Green box: data slicer  
with high-speed comparator, UART receiver, decoder and Universal Serial Bus (USB).  

B) Micrograph of an IC RX circuit developed using off the shelf electronic components.   

C) Illustration of VGA operation. The input signal (left) is a variable amplitude square pulse train  
resembling amplitude drifts caused by mechanical movements. The output (right) of the VGA is  
the corresponding fixed amplitude and amplified signal that is ready for slicing and digitization;  
scale bar 10 µs. The bottom traces show a zoomed version of the top streams; scale bar 1 µs.   



 

 
Supplementary Figure 11: Characterization of received signal at RX prior to digitization at 
different frequencies.  

Red digital trace is the digital stream transmitted by TX. Blue trace is the output of VGA at RX 
prior to digitization; the RX was able to recover data up to 10MHz. Black traces show the VGA 
output at different frequencies.  



                                                 
 

  
Supplementary Figure 12: Fabrication process of conformable IC transmitters.   

1) Patterning of Au electrodes and interconnects via photolithography and a lift-off process; 2)  
deposition of parylene-C layer; 3) coating of an anti-adhesive layer and deposition of sacrificial  
parylene-C layer; 4) opening of the electrode sensing areas via successive photolithography; 5)  
plasma etching steps; 6) coating of PEDOT:PSS channel and peeling-off the sacrificial parylene-C  
layer; 7) final probe; 8) bonding the printed circuit board (PCB) through organic mixed-conducting  
particulate composite material (MCP).   



 

 
Supplementary Figure 13: IC does not exceed safe values for tissue specific energy absorption 
rate (SAR) as mandated by the International Commission on Non-Ionizing Radiation 
Protection (ICNIRP)(4 ). 
A) Maximum operating voltage of IC as a function of TX electrode area. The red lines demarcates 
the occupational exposure limit while orange line indicates the limit based on general public 
exposure guidelines for head/torso. The black line indicates the safety boundary for the induced 
electric field in the tissue. The green shaded area highlights the compliant voltages for a given 
electrode area. The star indicates the parameters used in our in vivo studies (VTX = 30 mV, L = 5 
mm) 
B) Maximum operating voltage of IC as a function of TX interelectrode distance. Colored lines 
represent safety limits as in (A). Stars indicate the parameters used in our in vivo studies (VTX = 30 
mV, W = 5 and 20 mm).  
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Supplementary Figure 14: IC transmitter circuit and board level implementation.  

A) Schematic of implanted portion of IC-based neural interface device. Orange box: system  
power control. Green box: acquisition system with multiplexer (MUX) and analog-to-digital  
controller (ADC). Blue box: data acquisition control with serial-peripheral interface (SPI) and  
universal asynchronous receiver-transmitter (UART). Yellow box: IC transmitter circuit with  
high-pass filter (HPF) and voltage divider.  

B) Micrograph of an IC TX developed using off the shelf electronic components.    



 

 
Supplementary Figure 15: Power consumption of implanted IC-based neural interface 
device. 

Average current consumption measured by a source measure unit (SMU) in different device states. 
In sleep state, the microcontroller (µC) is in power saving mode, awaiting the external trigger in 
the form of the applied magnet. In the DAQ state, the Intan microchip is activated and digital data 
in the form of a low-voltage differential signal (VDS) is generated and regulated by the µC. In the 
DAQ+IC state, the LVDS data is transformed into Manchester code and attenuated 100 times 
(30mVP–P) using the µC and external circuitry.  



 

  
Supplementary Figure 16: Sample raw LFP traces and spectrogram of cortical activity  
transmitted by IC.   

A) Raw LFP traces acquired during NREM sleep in a freely moving rat. The highlighted region  
marks a slow wave followed by a sleep spindle; scale bar 200 ms.  

B) Raw LFP traces acquired during REM sleep in a freely moving rat with visible theta band (5-8  
Hz) activity; scale bar 200 ms.  

C) Continuous time-frequency spectrogram of more than 10 h of LFP transmitted by IC from a  
freely moving rat. Warmer colors represent higher power content in arbitrary units (a.u.); scale  
bar 1 h.   



 

  
Supplementary Figure 17: Direct comparison of characteristic neural oscillations  
transmitted by IC and wired communication in freely moving rats.    

A) Trigger-averaged time-frequency spectrogram at the time of detected thalamocortical sleep  
spindles revealed similar frequency content between IC and wired communication.  

B)  Distributions of duration (left) and mean frequency (right) of detected thalamocortical sleep  
spindles between IC and wired communication did not reveal significant differences (n = 608  
spindles, Kolmogorov-Smirnov test; p = 0.39 (duration), p = 0.32 (mean frequency)).    



                                                 
 

  
Supplementary Figure 18: Spectral comparison of neural signals transmitted by IC and  
wired communication in freely moving rats.    

A) Power spectra centered on detected sleep spindles during NREM transmitted using IC (blue)  
and wired communication (black) revealed similar spectral profiles (n = 2239 spindle events).  

B) Power spectral density from data transmitted using IC (blue) and wired communication (black)  
revealed similar spectral profiles. IC did not introduce substantial noise at any physiologic  
frequency compared to wired communication.    



 

 
Supplementary Figure 19: IC maintained stable neural signal transmission over at least 3 
weeks. 
A) Amplitude distribution of thalamocortical sleep spindles transmitted by IC was stable across 
22 days of recording. 
B) Duration distribution of thalamocortical sleep spindles transmitted by IC was stable across 22 
days of recording. 
C) Frequency distribution of thalamocortical sleep spindles transmitted by IC was stable across 22 
days of recording.  



 

Technology Bitrate (bps) Consumption (W) Power efficiency (bps/W) Reference 
IC 6 × 106 9 × 10-7 6.6 × 1012 This work 
ME 5 × 105 1.2 × 10-4 4.17 × 109 (7) 
ME 7.2 × 106 3.28 × 10-1 2.19 × 107 (50) 
ME 4 × 102 3.95× 10-1 8.08× 102 (10) 
RF 4 × 103 3× 10-5 1.3 × 108 (51) 
RF 4.8 × 107 8.91 × 10-2 5.39 × 108 (15) 
RF 2.56 × 106 5.6 × 10-3 4.57 × 108 (52) 
RF 2.4 × 107 9.06 × 10-2 2.65 × 108 (9) 
RF 2.4 × 107 1.42 × 10-1 1.69 × 108 (53) 
RF 2 × 106 1.44 × 10-2 1.39 × 108 (54) 
RF 2 × 106 1.5 × 10-2 1.33 × 108 (55) 
RF 5.12 × 107 5.61 × 10-1 9.13 × 107 (56) 
RF 1 × 106 1.2 × 10-2 8.33 × 107 (57) 
RF 3.5 × 105 1 × 10-2 3.5 × 107 (58) 
RF 1 × 106 3.5 × 10-2 2.86 × 107 (59) 
RF 1 × 106 5 × 10-2 2 × 107 (60) 
RF 1 × 107 6.45 × 10-1 1.55 × 107 (4) 
RF 1.96 × 106 1.72 × 10-1 1.14 × 107 (14) 
RF 6.4 × 105 1.13 × 10-1 5.66 × 106 (61) 
RF 3.2 × 103 5 × 10-3 6.4 × 105 (62) 
RF 2.05 × 105 9.2 × 10-5 2.23 × 109 (63) 

Supplementary Table 1: Performance specifications of IC, RF and ultrasound-based devices  
in Figure 6b.   



                                                 
 

Supplementary Video 1: Rat with fully implanted IC device and RX array attached navigates  
freely on an open field maze. Note that this rat is also implanted with hardware for connection  
of SPI cable to directly compare signals transmitted by IC and wired communication.  
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