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A Bimodal Low-Power Transceiver featuring a Ring
Oscillator-based Transmitter and Magnetic
Field-based Receiver for Insertable Smart Pills
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Abstract—This paper presents a novel bimodal, low-power,
mm-scale transceiver for insertable smart pills. The proposed PAless, 915 MHz uplink transmitter (TX) incorporates an 1.2×1.2
mm2 on-chip, non-resonated antenna as part of a current-starved
ring oscillator (RO) and directly transmits data by turning
the RO on/off. This RO-based uplink TX is implemented in
180 nm CMOS along with a power management unit, which
generates all internal reference voltages and supplies from a
single battery. The uplink TX achieves a data rate of 33 Mb/s
and consumes 210 µW, resulting in an energy efficiency of 6.4
pJ/bit. The orientation-insensitive magnetic field-based downlink
receiver (RX) is implemented with an external 3-D magnetic
sensor, achieves 0.02 kb/s of data rate limited by our measurement
setup, and consumes 270 µW. Wireless measurements in saline
over 150 cm and prototype of the 3.2×13.6×2.3 mm3 insertable
pill are presented.
Index Terms—Gastrointestinal (GI) tract, ingestible devices,
insertable pills, low-power transceiver, magnetic field-based receiver, on-off keying, on-chip antenna, RF transmitter.

I. I NTRODUCTION
ASTROINTESTINAL (GI) endoscopy is a widely used
diagnosis tool for detecting GI diseases, but it has certain
downsides such as the need for a patient to remain still for a
long period of time while the gastroscope scans the GI tract.
Existing ingestible pills can perform a similar task in a more
convenient and pleasant way, but they cannot perform long
recordings in specific places of interest since their movement
cannot be controlled as they pass through the GI tract [1]. A
newly emerging research proposes to “insert” and temporarily
attach a pill on the target surface of the GI tract by utilizing
the biopsy channel of an insertion tube (Fig.1). The inserted
pill would then take measurements before detaching itself [2].
The design of such a device is very challenging due to the
limited volume available in the non-bendable section of the
gastroscope biopsy channel, with a diameter of ∼3.5 mm, and
length of less than 15 mm [1].
In mm-scale wireless systems, such as the one described
above, the RF uplink transmitter (TX) and downlink receiver
(RX) are typically the most area- and power-hungry circuits.
Although traditional uplink TXs with a power amplifier (PA)
generate high output power, they usually consume a large portion of the power budget and require bulky passive matching
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Fig. 1. An illustration of diagnosing the GI tract with insertable pill, the
timing diagram and system architecture of the proposed TRX.

network components [1]. A PA-less LC oscillator-based uplink
TX, which utilizes the same inductor in the oscillator as the
antenna to transmit the data, has been presented in [3]-[4]. This
design has a small active area and achieves low power consumption using a resonated inductor/antenna with high quality
factor (Q). This high-Q inductor is usually implemented with
off-chip coils, which consequently increases the volume of
the whole system. Regarding the downlink RX design, a lownoise amplifier (LNA)-based RF downlink RX has been widely
adopted due to its high sensitivity, but it requires significant
power and area [1]. Moreover, RF links for in-body biomedical
applications (e.g., smart pill) suffer from orientation-sensitivity
and high tissue absorption, which asymmetrically affect the
design of low-power uplink TXs and downlink RXs for mmscale biomedical devices. Even though these challenges can be
overcome for the uplink TX by utilizing a complex external
reader with high sensitivity, that is not necessarily the case for
the downlink RX. The safety considerations regarding tissue
absorption and the size constraints of mm-scale devices limit
the downlink RX sensitivity, the output power of the external
reader, and, therefore, the communication range inside the
body.
This paper considers this asymmetry and, leveraging the
transparency of the human body to low-frequency magnetic fields, presents a novel bimodal, low-power, mm-scale
transceiver (TRX) for insertable smart pills. The TRX features
an ultra-low power 915 MHz on-off keying (OOK) uplink TX
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with an on-chip loop antenna and an orientation-insensitive
magnetic field-based downlink RX. We validate the concept of
the bimodal TRX by integrating the critical components of the
system in a prototype chip: the RO-based uplink TX, on-chip
antenna, and power management unit (PMU) (see Fig. 1). The
control logic, active-elements of the DC-DC converter, and
I2C resistors used to communicate with the off-chip magnetic
sensor have more relaxed requirements due to the low-power
consumption of the system and low processing speed (up to
few kHz), and can be integrated into the chip in future versions
with minimal impact on chip size and power requirements.
II. S YSTEM A RCHITECTURE
A. Uplink Transmitter (TX)
The proposed PA-less uplink TX includes the on-chip, nonresonated transmit coil as part of a current-starved RO, as
shown in Fig. 2. The non-resonated coil has low impedance
at frequencies below its self-resonance frequency and does
not affect the regular operation of the RO. In traditional TXs
with resonated coils, there is a trade-off between bandwidth
and Q factor of the coil since these parameters are inversely
proportional to each other. In our implementation, the nonresonated antenna can transmit at higher bandwidths as long
as the modulated signal’s frequency, which is encoded in the
sidebands of the center frequency in OOK modulation, is
below the antenna’s self-resonance frequency. For the target
frequency of 915 MHz, a 3-stage RO has been used to
reduce area and power consumption. All transistors in the RO,
except from tail transistors in the current-starved stage, have
minimum length in order to minimize the load capacitance
driven by each stage and, thus, the power consumption. The
width of transistors in the last inverter of the RO (M1 , M2 in
Fig.2) are sized to minimize the rising time of the current
passing through the coil (dITX /dt) at the desired operating
frequency, and drive the capacitance associated with the coil
(Cp ) and all parasitics (C1 , C2 ). Having the uplink TX and
downlink RX operating in different communication modes
(RF and magnetic fields, respectively) allows us to further
minimize the power consumption of the uplink TX. This
power reduction is achieved by removing the switches needed
to connect/disconnect the transmit coil to/from the uplink
TX/downlink RX which, otherwise, would add capacitance to
C1 and C2 and increase the power consumption.
In order to transmit data via OOK, a NAND gate is used in
the first stage to electronically open (turn off) and close (turn
on) the RO and, thus, modulate its oscillations. The frequency
of the carrier signal is controlled and tuned by a current-mode
DAC (IDAC), whose current is mirrored via tail transistors in
the single current-starved stage. In case of long-term frequency
drift, the uplink TX can be calibrated as needed with minimal
impact in power consumption. All transistors in the IDAC and
current mirrors were sized to minimize the effect of mismatch
down to 3σ < IBGP , which corresponds to 1 LSB of the IDAC
output current.
An on-chip loop coil has been utilized to minimize the total
size of the system and to further reduce the power consumption
by removing the capacitance associated with the pads. Fig.3a
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Fig. 2. Schematic of the proposed TRX and its interaction with external
reader.

shows the simplified equivalent circuit model for the coil,
which includes an inductor L1 with a series resistor Rs and a
parallel capacitor Cp . We optimized the design in HFSS with
the goal of finding optimal values for the outer diameter of the
coil Dout and its width W that would result in relatively high
Q and L1 , and low Cp . To minimize the fringe capacitance of
the coil, and therefore Cp , a single loop coil was considered.
Fig. 3b summarizes some simulation results from HFSS. Cells
that are colored with gray have the value of greater (Q and L1 )
or lower (Cp ) than the average value calculated in the given
column. As it can be seen, the coil with Dout = 1.2 mm and W
= 20 µm gives an optimal solution with Q = 19 at 915 MHz,
L1 = 4.3 nH and Cp = 118 fF. Fig. 3c shows the Q-factor
curve of this coil.
The proposed PA-less RO-based uplink TX eliminates the
need for a bulky matching network, and achieves an ultralow-power consumption using an on-chip, non-resonated coil.
A disadvantage is its worse phase noise when compared
against LC oscillator-based uplink TXs, but this is tolerable
for traditional biomedical applications communicating at data
rates below 1 Mb/s and targeting BER of 10-4 -10-5 [5].
B. Magnetic Downlink Receiver (RX)
The proposed downlink RX receives the data by demodulating the magnetic fields generated by an external permanent
magnet or electromagnet. Fig.2 shows the operating principle
of the downlink RX. A 3-D magnetic sensor measures the
magnetic field produced by e.g., an electromagnet, and outputs

Fig. 3. (a) HFSS simulation setup and simplified loop coil equivalent circuit
model, (b) HFSS simulation results of square single loop coils, and (c) Qfactor of the selected coil L1
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Fig. 4. Schematic of the on-chip PMU.

Fig. 5. Die micrograph (left) and uplink TX BER measurement setup (right).

a signal proportional to it. This signal is then amplified and
fed into a comparator. The data is encoded in the magnetic
field using OOK. The total magnetic field measured by the
sensor is equal to Btotal = (Bx 2 +By 2 +Bz 2 )1/2 where Bx,y,z
are the 3-axis measurements. Since there could be potential
misalignments between the electromagnet and downlink RX,
the magnitude of the total magnetic field can be utilized
to achieve an orientation-insensitive communication. Due to
the transparency of the human body to magnetic fields, the
communication range is not limited by the location of the
device inside the body but rather by the sensitivity of the
magnetic sensor and the magnitude of the applied magnetic
field. In this work, an external 3-D magnetic sensor has
been chosen due to its higher sensitivity and lower power
consumption compared to on-chip Si sensors.

Fig. 6. (a) uplink TX wireless test setup, and (b) measured transmitted
received waveforms at 33 Mb/s, (c) uplink TX phase noise, and (d) max.
data rate at BER < 10-5 (> 5 Mb/s) & < 10-4 (< 5 Mb/s).

C. Power Management Unit (PMU)
The chip includes a PMU (Fig.4) to generate all internal
reference and supply voltages. It consists of two LDOs (LDOA and LDO-D) and a bandgap voltage reference (BGP) circuit.
The LDO-A was designed based on the topology proposed in
[6] as it does not require any off-chip capacitors and achieves
high phase margin and PSRR. It generates a supply voltage
of 1.2 V and can deliver up to 200 µA for the IDAC and
additional analog circuitry to be included in future versions.
An LDO-D generates a programmable supply voltage ranging
from 1.05 V to 1.4 V, and current of up to 2 mA for the uplink
TX and the scan chain. This flexibility in LDO-D, alongside
with the IDAC, allows us to precisely tune the uplink TX to
the desired frequency in case of any PVT variations. The BGP
and both LDOs have worst-case phase margins of >60◦ . This
is achieved by an on-chip capacitance of 100 pF in LDO-A and
an off-chip capacitance of 22 µF in LDO-D. The overall power
consumption of the PMU is less than 4.5 µW and enables the
use of a single 1.55 V (VBAT ) battery to power the chip.
III. M EASUREMENT R ESULTS
A prototype chip including the PA-less RO-based uplink
TX, PMU, and a serial interface has been fabricated in 180 nm
CMOS (Fig. 5). The active area of the uplink TX (RO+IDAC)
is 0.003 mm2 , where the RO occupies only 30 × 15 µm2 . The
chip was first tested separately in air and in saline (PBS) to

Fig. 7. (a) Measurement setup to test the TRX, (b) the prototype of an
insertable pill.

emulate an inserted pill operation. Fig. 5 shows the test setup,
where an FPGA was used to generate a PRBS-7 bitstream as
a digital input to the uplink TX. Fig. 5 shows the test setup,
where an FPGA was used to generate a PRBS-7 bitstream as
a digital input to the uplink TX at the data rates of 0.125,
0.25, 0.5, 1, 2, 5, 10, 25 and 33 Mb/s. Fig. 6d summarizes the
uplink TX bit error rate (BER) measurement results showing
the maximum data rate achieved at a given distance (d). The
uplink TX achieves data rates of up to 33 Mb/s (sample
waveform in Fig. 6b) with an average power consumption of
210 µW, which results in energy efficiency of 6.4 pJ/bit. The
maximum communication range in air and in 5.5 cm of PBS
is 3 m and 1.5 m, respectively. Fig. 6c shows the measured
phase noise results when supply voltages (AVDD and DVDD)
were provided externally or generated by the on-chip PMU
from a single battery. At 1 MHz offset, the phase noise values
are -82.5 dBc/Hz and -68.5 dBc/Hz, respectively. This 14 dB
degradation is associated with the lower performance (PSRR
and noise) of the LDOs at that frequency range compared to
the external supply.
The chip was then integrated with an MCU, 3-D magnetic
sensor, DC-to-DC converter, few capacitors and resistors, and
multilayer ceramic battery on a single flexible PCB with a total
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TABLE I
MEASURED PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART TRANSCEIVERS
This work
180
915

TBioCAS’20 [1]
40
400

ISSCC’17 [4]
180
915

ESSCIRC’21 [9]
180
915/2400

TCAS-II’21 [3]
180
2400

TX Type/Topology

RO

DCO+PA

Power Oscillator

Power Oscillator

Power Oscillator

TX Modulation
TX DC Power [µW]
TX Data Rate [kb/s]
TX IC Area [mm2 ]

OOK
210
250a
0.003

GFSK
3100
200b
0.8g

On-chip Loop Ant.
1.2 x 1.2 mm2

Off-chip Monopole
Ant. 3.5 x 10 mm2

Off-chip Loop Ant.
Ø = 2.4mm

Off-chip Loop Ant.
3.5 x 3.5 mm2

Magnetic
0.915mG
270h
0.02a
Yes
55i

RF
-90dBm
1500
200b
No
N/A

OOK
1250/1400
20000/40000d
0.044/0.044g
On-chip Loop Ant.
1.45 x 1.45 mm2 /
0.95 x 0.95 mm2
RF
N/A
4/4
2000/1000d
No
N/A

OOK/FSK
70
10000e
0.023g

Antenna

PPM
60.6
30.3c
0.3g
Off-chip 3-D
Magnetic Ant. 3 x
3 x 2 mm3
RF
-93dBm
1850
62.5c
Yes
N/A

ISSCC’19 [8]
65
2400
PLL+Power
Oscillator
GFSK
610
1000f
0.36g

N/A
N/A
N/A
N/A
No
N/A

N/A
N/A
N/A
N/A
Yes
N/A

3.2 x 13.6 x 2.3

3.6 x 15 x 0.74

3x3x3

N/A

N/A

5.8 x 18.6

Process [nm]
TX Frequency [MHz]

RX Type
RX Sensitivity
RX DC Power [µW]
RX Data Rate [kb/s]
Complete Wireless System
TRX DC Power [µW]
System Area/Volume
[mm2 /mm3 ]

Distance between uplink TX/downlink RX and external reader: a 5.5cm of PBS + 65cm of air, b 5cm of phantom liquid + 3m of air, c 20m of air, d 1cm of meat + 11cm of air, e 5mm of rat’s skin + 20 cm of air, f 3m of air;
g Estimated from the die micrograph. h DC Power consumption of the external magnetic sensor at 20 measurements per second. i DC Power consumption of TRX over one cycle shown in Fig.8 at 0.1 Hz frequency.

non-resonated on-chip loop coil as part of the ring oscillator,
our novel approach significantly reduces the uplink TX area,
eliminates the need for a bulky matching network and achieves
an ultra-low power operation. The proposed orientationinsensitive magnetic field-based downlink RX leverages the
transparency of the human body to magnetic fields and
achieves a communication range which is independent from
the device’s location inside the body and tissue absorption.
Finally, a fully wireless prototype of the 3.2 × 13.6 × 2.3
mm3 insertable pill was presented.
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