
  

  

Abstract—This paper summarizes our recent progress 

towards Gastric Seed which is an ultrasonically interrogated 

millimeter-sized implant for gastric electrical activity (also 

known as slow waves, SWs) recording. We present a proof-of-

concept wireless system designed to collect, transmit, and store 

in vivo SW signals by integrating a prototype Gastric Seed chip, 

fabricated in a 0.35-µm 2P4M CMOS process, with a 

commercial-off-the-shelf (COTS) amplifier, 10-bit analog-to-

digital converter (ADC), and pair of microcontrollers (MCU) as 

radio-frequency (RF) transceivers. The chip includes ultrasonic 

self-regulated power management and addressable pulse-based 

data transfer. Utilizing two pairs of millimeter-sized stacked 

power/data ultrasonic transducers spaced by 6 cm in a water 

tank, the chip achieved a regulated voltage of 2.5 V and a data 

rate of 16 kbps. The amplifier was configured to have a gain of 

60 dB with a 3-dB bandwidth of 18 mHz to 500 mHz. The 

MCU’s built-in 10-bit ADC and RF transceiver were used to 

digitize the SW signal and transmit the data to a computer. In 

vivo, SW was recorded wirelessly from the stomach of an 

anesthetized rat. The recorded SWs showed a frequency of 1.5 

cycle-per-minute (cpm) and maximum and minimum 

amplitudes of 1.03 mV and 0.28 mV peak-to-peak, respectively. 

I. INTRODUCTION 

Gastric contractions are initiated and coordinated by an 
underlying bioelectrical activity, termed slow waves (SWs) 
[1]. Aberrant SW patterns (dysrhythmias) have been 
associated with gastric dysmotility in several significant 
gastric motility disorders, such as gastroparesis (GP) [2] and 
functional dyspepsia (FD) [3]. GP is a chronic debilitating 
disease with symptoms including continuous nausea and 
vomiting, affecting more than 1.5 million people in the U.S. 
Of patients with type 1 and 2 diabetes, up to 30-50% and 16-
30% suffer from GP or related symptoms, respectively. FD is 
a chronic disorder characterized by upper abdominal pain, 
bloating, and early satiety. FD affects approximately 15-30% 
of the U.S. population with a vast associated economic 
burden [3]. 

Chronic studies in awake animals and patients in fasted 
and fed states can better elucidate the mechanisms underlying 
gastric dysrhythmias. SW recordings taken directly from the 
stomach provide more reliable and descriptive data than non-
invasive cutaneous recordings (EGG) [4]. Since current high-
resolution mapping approaches are highly invasive, in that 
percutaneous electrode wires can induce discomfort or 
infection, over the last couple of years our team has 
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developed several wireless implantable systems for SW 
recording [5], [6]. The system in [5] has been designed with 
commercial off-the-shelf (COTS) components, thus suffering 
from a limited number of recording channels (only 7), 
bulkiness, and high-power consumption. Although the 
inductively powered and interrogated system in [6], 
comprising an implantable chip with 64 recording channels 
attached to an electrode array, obviates some of the above 
issues, it still suffers from motion artifacts (noisy signal 
acquisition) and damage to the enteric nervous system due to 
its bulkiness (centimeter-sized), and also only acquires SWs 
from a limited portion of the stomach. 

Recently, we have proposed a new paradigm for large-
scale gastric interfacing (SW recording) in [7] to eliminate 
the abovementioned shortcomings by developing a network 
of distributed, minimally invasive (millimeter-sized), 
ultrasonically interrogated implants called “Gastric Seeds”. 
Fig. 1 shows the conceptual diagram of the proposed 
technology. It includes a network of implantable Gastric 
Seeds, a wearable unit (WU), and a stationary unit (SU). 
Gastric Seeds are envisioned to be 1) small (10 mm3), light, 
and wireless in order to minimize motion artifacts, tissue 
damage, and risk of infection and expulsion, and 2) modular 
in order to acquire SWs from the whole stomach through 
independent interrogation of each individual Gastric Seed 
with a specific address (ID). Gastric Seeds will also be 
endoscopically implanted and fixed within the stomach 
submucosal space with a minimally invasive procedure 
similar to [5], [6].  

A proof-of-concept chip prototype of a Gastric Seed has 
been presented in [7] with emphasis on its novel features of 
ultrasonic self-regulated integrated power management, low-
power pulse-based data transfer, and addressability. In this 
paper, we present an in vivo validation implementing the 
Gastric Seed chip prototype with a COTS amplifier and 
microcontroller (MCU) with built-in analog-to-digital 
converter (ADC) and radio-frequency (RF) transceiver to 
record the SWs from an anesthetized rat. 

In Section II, the architecture of the system prototype will 
be discussed in detail. The in vivo results will be presented in 
Section III, followed by concluding remarks in Section IV.  

II. SYSTEM ARCHITECTURE 

Fig. 2 shows a simplified diagram of the proposed 
recording system, including the prototype chip, a COTS two-
stage amplifier, and an MCU with a built-in ADC, clock 
generator, and RF transmitter (Tx) to transmit the SW data 
for storage on a computer. The system also requires a pair of 
stacked power/data ultrasonic transducers with 1.2 mm 
diameter. The Fig. 2 inset shows a proof-of-concept of this  
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transducer stack assembled on a printed circuit board (PCB).   

A.  Gastric Seed Chip Prototype 

As explained in detail in [7], the chip includes self-
regulated power management and an addressable pulse-based 
data transmitter (Tx). As shown in Fig. 2, the power 
management is in the form of a voltage doubler and can 
perform rectification, regulation, and over-voltage protection 
(OVP) in one step with only one off-chip capacitor (CL), 
eliminating the need for three external capacitors, which is 
crucial for a millimeter-sized implant. The chip has a self-
regulated VL of 2.5 V.  

To demonstrate the concept of addressable Gastric Seeds, 
the chip in Fig. 2 was designed to externally be assigned one 
of two IDs, “0” or “1”. To enable IDs “0” or “1”, the power 

carrier is modulated with a 20 s activation notch followed 

by either no notch or a second notch after 5 s, respectively. 
Upon activation, the Gastric Seed transmits 12 bits in the 
form of sharp pulses digitized by the ADC in the Tx MCU 
with a 140-ns width for high bits and nothing for low bits 
(on-off keying modulation). These 12 bits include 1 start bit 
(high), 10 recorded data bits and one end bit (high). More 
details on the chip can be found from our prior work in [7].  

In this proof-of-concept system, the data transmission is 
activated when an ID of “1” is detected, i.e., the Gastric Seed 
with ID = “1” is enabled. Fig. 3 shows the schematic diagram 
and key operational waveforms of the address (ID) check 

block, in which the envelope of the received ultrasonic power 
carrier (VP) is first recovered. Then, the rising edge of the 
activation notch (X), triggering flip-flop FF1, is delayed by 
15 µs (Node_En) to trigger FF2, detecting the address 
(Addr). When Addr is low, Gastric Seed with ID = “1” is 
enabled by setting S1_EN low and consequently Tx_EN1 high 
as shown in the Fig. 3 waveforms. The START and RST 
signals in Fig. 3 are generated internally at the beginning and 
end of each data frame. 

The Tx MCU generates a clock of 256 kHz, which is fed 
into the chip. The chip divides it into a 16 kHz clock for 
ultrasonic data pulse generation and an 800 Hz clock (Clock 
signal in Fig. 3) for the chip and Tx MCU synchronization. 
When the chip is enabled (Node_En: high), the Tx MCU  
sends the 12-bit digitized data (ADC + start/stop bits) to the 
chip at the first rising edge of the Clock for ultrasonic data 
transmission within t2-t3 time period in Fig. 3. Then the Tx 
MCU sends the data through its RF link at the second rising 
edge of Clock (t4-t5 in Fig. 3). As shown from the X signal, 
after the activation notch the ultrasonic power carrier is 
reduced to zero by the external power Tx for ~2 ms to avoid 
interference between ultrasonic power and data transmission. 

 
Fig. 3. Schematic diagram and key operational waveforms of the 

addressable data transmitter with ID = “1” enabled. All signals are 
generated inside the chip based on a 256 kHz clock from the Tx MCU. 

 
Fig. 1. Conceptual diagram of the proposed minimally invasive Gastric Seed technology for large-scale recording of gastric SWs. 

 
Fig. 2. Simplified diagram of the recording prototype interfacing with a pair 
of stacked power/data ultrasonic transducers.  



  

B. Commercial-Off-The-Shelf (COTS) Components 

Since our current chip doesn’t include an amplifier and 
ADC, in this proof-of-concept system the SW signals are fed 
to a two-stage amplifier made with COTS op-amps 
(OPA2333, Texas Instruments, Dallas, TX) as shown in Fig. 
2. The first stage provides a mid-band gain of C1/C3 = 40 dB 
(C1 = 47 µF, C3 = 0.47 µF) and band-pass filtering within the 
10 mHz to 9.4 Hz band (R3 = 33 MΩ, R4 = 3.6 kΩ), and the 
second stage provides a mid-band gain of C4/C5 = 20 dB (C4 
= 4.7 µF, C5 = 0.47 µF) and band-pass filtering within the 10 
mHz to 1.6 Hz band (R5 = 33 MΩ, R6 = 1 MΩ, C6 = 0.1 µF). 
Therefore, a total gain of 60 dB with a 3-dB bandwidth of 18 
mHz to 500 mHz is implemented. 

The amplified SW signal is fed into the ADC input of the 
Tx MCU (nRF24LE1, Nordic Semiconductor, Norway), 
where it is digitized. The 2.4-GHz Tx MCU wirelessly sends 
the digitized data to another nRF receiving (Rx) MCU on the 
stationary unit. The digitized signal can be read on a PC 
through an RS232-USB connection.  

III. BENCHTOP AND IN VIVO EXPERIMENT RESULTS 

The wireless system prototype in Fig. 2 was first 
validated with benchtop measurements. Fig. 4 from top to 
bottom shows the measured modulated VP, Node_En, 
transmitted data pulses (Tx_Data) and recovered data 
(Rx_Data) directly from the Rx transducer. In this 
measurement, VP was modulated for a Gastric Seed ID of 
“1”. Power transmission was cut for 2 ms to prevent 
interference between the power and data links. When the 
Gastric Seed with ID “1” was activated, 12 bits of pulse-
based data were transmitted at the rate of 16 kbps through a 
pair of ultrasonic transducers spaced by 6 cm inside water, 
mimicking tissue. The width of each transmitted pulse was 
~140 ns, which resulted in 440 pJ/bit energy consumption. 
Each pulse generated a ~15 µs voltage ringing at 1 MHz 
across the Rx data transducer. 

It should be noted that the data Rx placed in the same 
tank with the high-voltage power Tx will pick up power 
signals both directly from the power Tx and indirectly from 
reflections by the water tank. In order to show the concept of 
time-multiplexed pulse-based ultrasonic wireless power/data 
transmission, in this measurement another pair of ultrasonic 
transducers in a separate tank was used to power the system. 
In our ongoing effort, we are developing data Rx circuits that 
disable the data Rx when power is on and only enable the 
data Rx when power is cut for data transmission to avoid 
interference on the data link.   

For the in vivo experiment on an anesthetized rat, only 
ultrasonic power transmission with RF data transmission was 
implemented as shown in Fig. 5. Prior to the experiment, 
ethical approval for the in vivo study was granted by the 
NYIT Institutional Animal Care and Use Committee. A male 
rat of Sprague-Dawley breed weighing 350 grams was used. 

The rat was anaesthetized with 4% isoflurane in 100% O2 
for surgical induction and maintained supine on a heating 
blanket. Abdomen was wiped down with alcohol and 
betadine before incision to expose recording sites. Copper 
wire (AWG28) electrodes were secured in place at the corpus 
of the stomach with fine suture. Ground wire (reference 

signal) was placed along the incision site in the connective 
tissue. Anesthesia was reduced to 1.5% isoflurane for 
recording of gastric activity. 

As shown in Fig. 5, the RF communication distance was 
~40 cm. The ultrasonic transducers for power transfer were 
held perfectly aligned with a separation of 6 cm inside a 
water tank, made of Plexiglas. The stacked data-Tx/power-
Rx transducers (Fig. 2) were located at the bottom surface 
with a 3D-printed holder. The power Tx transducer was glued 
to an adjustable 3D-printed plastic stand. All transducers 
were encapsulated by Sylgard-184, which has similar 
acoustic properties to water. The ultrasonic link only 
powered the chip and the amplifier while the power-hungry 
Tx MCU was powered by an external supply. 

In the first experiment, the output of the amplifier was 
recorded for approximately 8 minutes using an oscilloscope. 
Figs. 6a and 6b show the raw and filtered (low pass) signals, 

 
Fig. 5. In vivo experiment setup for wireless recording of gastric SWs. 

Wireless power and data transfer were established with ultrasound and RF 
links, respectively. 

 
Fig. 4. Measured waveforms for the pulse-based data transmitter showing 
transmitted and recovered data bits at 16 kbps when Gastric Seed with ID 

“1” was activated. 

 



  

respectively. In Fig. 6, 11 SW events can be counted, which 
corresponds to a frequency of 1.375 cycle-per-minute (cpm) 
with maximum and minimum amplitudes of 1.79 mV and 
0.46 mV peak-to-peak (amplifier gain = 1000), respectively. 

In the second experiment, the output of the amplifier was 
digitized by the 10-bit ADC and transmitted wirelessly 
through the RF link with the sampling rate of 200 samples/s. 
Figs. 7a and 7b show the raw and filtered signals. The 
recorded SWs showed 12 cycles during 8 minutes, which 
corresponding to a frequency of 1.5 cpm with maximum and 
minimum amplitudes of 1.03 mV and 0.28 mV peak-to-peak 
(amplifier gain = 1000), respectively. The signals recorded in 
the two experiments represent similar wave frequency and 
morphology. The slight differences are due to the non-
simultaneous measurements. The SWs recorded in this rat 
had lower frequency than the normal frequency (3-5 cpm); 
hence, more in vivo experiments will be carried out in future. 

IV. CONCLUSION 

We presented a proof-of-concept ultrasonically powered 
system prototype implementing a power management/data 
Tx CMOS chip with COTS amplifiers, ADC, and RF 
transmission link for an in vivo experiment on an 
anesthetized rat. The CMOS chip includes self-regulated 
power management with only one off-chip capacitor as well 
as an addressable pulse-based data Tx with a measured data 
rate of 16 kbps and energy consumption of 440 pJ/bit using a 
pair of 1 MHz ultrasonic transducers spaced by 6 cm in 
water. SW signals were successfully recorded using 

ultrasonic power transfer through water to power the chip and 
amplifier. The SW recorded by oscilloscope and RF link 
showed similar frequencies of 1.375 cpm and 1.5 cpm, 
respectively, and maximum amplitudes of 1.79 mV and 1.03 
mV peak-to-peak, respectively, and minimum amplitudes of 
0.46 mV and 0.28 mV peak-to-peak, respectively. Our future 
work is to integrate the amplifier and ADC into the CMOS 
chip, extend the number of Gastric Seeds and demonstrate 
fully wireless recording capability with a robust ultrasonic 
interrogation platform through in vivo experiments. 
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(a) 

 
(b) 

Fig. 7. (a) Unfiltered SW signals recorded through RF link with sampling 
rate of 200 samples/s. (b) Filtered RF recovered SW signal with 2000 points 

averaging showing frequency of 1.5 cpm. 
 

 
(a) 

 
(b) 

Fig. 6. (a) Unfiltered direct oscilloscope probe measurement of the 

amplified SW signal at the amplifier output with sampling rate of 50 
samples/s. (b) Filtered oscilloscope probe measured SW signal with 500 

points averaging showing frequency of 1.375 cpm. 
 


