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Christian Bachmann, and Yao-Hong Liu , Senior Member, IEEE

Abstract—This paper presents a millimeter-scale crystal-less
wireless transceiver for volume-constrained insertable pills. Oper-
ating in the 402–405 MHz medical implant communication service
(MICS) band, the phase-tracking receiver-based over-the-air car-
rier recovery has a±160 ppm coverage. A fully integrated adaptive
antenna impedance matching solution is proposed to calibrate the
antenna impedance variation inside the body. A tunable match-
ing network (TMN) with single inductor performs impedance
matching for both transmitter (TX) and receiver (RX) and TX/RX
mode switching. To dynamically calibrate the antenna impedance
variation over different locations and diet conditions, a loop-back
power detector using self-mixing is adopted, which expands the
power contour up to 4.8 VSWR. The transceiver is implemented
in a 40-nm CMOS technology, occupying 2 mm2 die area. The
transceiver chip and a miniature antenna are integrated in a 3.5 ×
15 mm2 area prototype wireless module. It has a receiver sensitivity
of −90 dBm at 200 kbps data rate and delivers up to −25 dBm
EIRP in the wireless measurement with a liquid phantom.

Index Terms—Antenna impedance matching, crystal-less radios,
carrier frequency offset (CFO) compensation, gastrointestinal
(GI) tract, gastroscopy, implantable radios, ingestible devices,
implantable devices, medical implant communication service
(MICS), medradio, millimeter-scale radios, phase-tracking
receivers.

I. INTRODUCTION

GASTROSCOPY is a common diagnostic method for gas-
trointestinal (GI) diseases, but it can only be performed
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in hospitals to provide a “one-time” diagnosis. Existing in-
gestible pills, e.g., capsule endoscopy [1], can collect patient’s
GI information over a longer period outside the hospital, and
various sensors can be incorporated to collect more information.
However, ingestible pills pass through the GI tract along with the
food bolus and hence cannot record in specific places of interest
over a longer period.

To overcome this issue, one approach is to insert a miniature
sensor via the biopsy channel of a gastroscope to a specific area
of interest. The device can be attached to the surface wall of the
GI tract and record during, for example, a complete digestive
cycle after which it detaches itself, and is expelled through
natural means [2]. One of the most challenging parts of such
“insertable” pill design is the strict volume constraint. Typical
biopsy channels in commercial gastroscopes have a diameter of
3.5–4.2 mm (at least 3× less than existing capsule endoscopy),
and the length of the non-bendable part should be shorter than
15 mm. Fig. 1 shows a conceptual scheme of the proposed
digestive system and insertable pill. The implant depth (i.e., the
distance between the implant and the skin) of the pills typically
ranges from 5–15 cm. The implant would interface with an
external (wearable) communication hub, with the range between
implant and external hub typically <2 m.

Wireless communication is a key challenge in such appli-
cations. Since the GI is quite deep in the human body, the
wireless transceiver should deal with the tissue loss with limited
transmission power, to minimize the specific absorption rate
(SAR) in human bodies, while fulfilling the strict volume limi-
tation. Moreover, since the power consumption of the wireless
transceiver is typically dominant in medical sensor nodes [3],
power-efficient transceivers enable a long-term diagnosis with
a miniature battery.

In this work, we present a millimeter-scale transceiver for
insertable pill applications [4]. The novelties presented in this
paper are as follows. First, external crystals are completely
avoided by a network-assisted carrier recovery exploiting a
phase-tracking receiver. Second, a fully integrated antenna
impedance matching solution for covering wide impedance
variation of the miniature antenna in the GI tract is realized.

This paper is organized as follows. System-level design
considerations for the wireless transceiver will be introduced
in Section II. Section III provides design challenges in the
miniature insertable transceiver. Section IV describes the circuit
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Fig. 1. (a) Conceptual diagram of diagnosing the digestive system with
insertable pill and (b) architecture of millimeter-scale wireless node.

Fig. 2. Frequency dependency on tissue loss (tissue thickness: 7.8 cm) [7],
and antenna loss (antenna form factor: 3 x 4 mm2) [6].

implementations in detail. Section V presents the experimental
results. Finally, our conclusions are drawn in Section VI.

II. SYSTEM DESIGN CONSIDERATIONS

A. Frequency Band Selection

One of the most challenging parts of the radio system in
Fig. 1 miniaturization is the antenna size. The antenna efficiency
decreases as the antenna size becomes much smaller than the
wavelength [5], i.e., the antennas become electrically small. As
shown in Fig. 2, higher carrier frequency increases the antenna
efficiency with a given dimension [6]. However, the electro-
magnetic (EM) energy is absorbed more by tissues at higher
frequencies [7], and it is even more crucial in deep-implant
scenarios, such as ingestible pills.

As illustrated in Fig. 2, assuming that the antenna is a
3 × 4 mm2 loop antenna and the tissue thickness is 7.8 cm,

TABLE I
KEY REGULATIONS OF THE MICS (CORE BAND, LBT: LISTEN

BEFORE TALK, LP-LDC: LOW-POWER, LOW-DUTY-CYCLE)

it is estimated that the 400 MHz band provides the best link
performance. Therefore, the Medical Implant Communication
Service (MICS) frequency band (the core band is 402 to 405
MHz) is chosen in this work. Compared to Industrial, Scientific
and Medical (ISM) bands e.g., 2.4 GHz or 900 MHz, the MICS
band suffers from much less interference and improves power
efficiency thanks to a lower carrier frequency. Lower frequency
bands such as Near Field Communication (NFC) further reduce
the body absorption but are unattractive to ingestible applica-
tions due to its short range, limited signal bandwidth and a high
sensitivity to misalignments.

The MICS band is a licensed band for diagnostic and thera-
peutic medical implants and wearables [8] and targets a commu-
nication range of up to 2 meters [9]. One of the key regulations
of the MICS band is the frequency accuracy. The frequency sta-
bility must maintain ±100 ppm of accuracy over the applicable
temperature range, from 25 °C to 45 °C, for the medical implants.
This band also has rules in managing in-band interference for
medical use. It limits the maximum equivalent isotropic radiated
power (EIRP) to −16 dBm and requires a listen-before-talk
(LBT) protocol. Although the LBT protocol mitigates in-band
interferences, it requires frequency-agile transceivers that con-
sume significant power because of the frequency monitoring and
synchronization of the implant with the external hub. Hence,
a low-power, low-duty-cycle (LP-LDC) mode is also defined.
With lower maximum EIRP of −40 dBm, limited duty cycle
(maximum 0.01% during 1 - hour interval and a maximum
10 transmissions), and a dedicated channel (403.65 MHz), the
LP-LDC mode also mitigates the interference without requir-
ing a frequency-agile transceiver [10]. Table I summarizes key
regulations of the MICS band.

In this work, we propose an implant-initiation protocol that
operates in the LP-LDC mode for initialization, and then later
it can support the LBT protocol after initialization, to have a
higher flexibility in the wireless link configurations (see Fig. 4).

B. Link Budget Analysis

A link budget analysis is important to understand the impact of
the implanted electrically small antenna to the wireless link. To

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on October 11,2021 at 12:34:16 UTC from IEEE Xplore.  Restrictions apply. 



1220 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 14, NO. 6, DECEMBER 2020

Fig. 3. Measurement result of I-R drop of a millimeter-scale battery (CR-311)
with 5 mA pulsed current (pulse width: 3 s and pulse period: 75 s).

meet the millimeter-scale volume constraint, the antenna must be
electrically small (<λ/10), and therefore, the antenna gain of the
implant is much smaller than that of the hub. Moreover, EIRP of
the implant is even further reduced in the LP-LDC mode. Hence,
the uplink and downlink budgets are highly asymmetric.

In the downlink, the received radiated power, PR can be
calculated as

PR = PEIRP − PPL +GR (1)

where PEIRP, PPL, and GR are the EIRP of the external trans-
mitter through the tissue, the path loss, and the implant receiver
antenna gain, respectively. Including fading margin (coverage of
99%), the worst-case PPL measured in a hospital room is ∼47
dB [9]. Since the maximum allowable EIRP in the MICS band
is −16 dBm, the receiver (RX) sensitivity should be lower than
−88 dBm of the maximum PR, assuming GR is −25 dBi [4].
The RX sensitivity is defined as

S = −174 dBm/Hz + 10 · log (B) + SNR+NF + L (2)

where B, SNR, NF, and L are the bandwidth, the minimum signal
to noise ratio, the noise figure, and the implementation loss,
respectively. The phase-tracking RX-based FSK demodulation
requires SNR of 11 dB for bit error rate (BER) of 0.1%, similar
to the non-coherent FSK demodulation scheme [11]. Assuming
L of 10 dB and 300 kHz of B, the NF is to be less than 10 dB.

In the uplink, PR at the hub can be calculated similarly with
equation (1). Unlike the downlink, the maximum transmitter
EIRP at the implant side is limited to −40 dBm in LP-LDC, so
maximum PR should be lower than −87 dBm, assuming GR at
the hub is 0 dBi.

C. Power Budget Analysis and Duty Cycling

The implantable radio system is typically battery-powered to
stay in the body for up to few days. However, small batteries in
miniature radios are typically problematic. As the battery size
decreases, the battery internal resistance (RBAT), which signif-
icantly impacts to the I-R drop, increases. RBAT of millimeter-
scale battery increases up to kilo ohms [12]. Therefore, to avoid
the battery voltage drop below the core voltage supply and to
minimize supply ripples, the active current of the radio should be
limited to milli-ampere level. As an example, a millimeter-scale
battery (CR-311; 3 × 12 mm2) has 0.7V I-R drop with 5 mA
pulsed current, i. e., RBAT is 140 Ω, as shown in Fig. 3. In this

work, the active current during transmission is targeted to be 3–5
mA.

The battery size also limits its capacity. The capacity of
millimeter-scale batteries is typically lower than 1 mAh [12].
To sustain the radio operation with an active current of 3 mA
and millimeter-scale batteries for up to two days, a duty-cycled
operation is mandatory.

Assuming that the system starts up fast and has short post-
processing, we can approximate the duty cycle (D) and the
average current (IAVG) as

D ≈ TA

TA + TG + TS
(3)

IAVG ≈ Is +
IA · (TA + TG)

TA + TG + TS
(4)

where TA, TG, TS, IA and IS are active time, guard time, sleep
time, active current and sleep current, respectively. The guard
time is defined as TG = TS · εT where εT is the long-term
accuracy of timer. When the battery capacity is 1 mAh, the IAVG

should be less than 20.8 µA. In this work, IS and IA are 1 µA and
3.1 mA, respectively. Therefore, the duty cycle ratio for up to
two days of operation with a 1-mAh battery should be less than
0.64% (assuming εT is low). To maximize the power efficiency,
a stable on-chip 400 kHz real-time clock is adopted as the timer,
whose εT is less than ±20 ppm within the target temperature
range (25–45°C) [13]. Such low εT timer is critical to operate
in the ultra-low duty-cycled (i.e., 0.01%) LP-LDC mode.

Assuming that a commercial-of-the-shelf (COTS) millimeter-
scale pressure/temperature sensor (TE MS5637-02BA03) is as a
GI sensor, the current consumption of the sensor can be excluded
from the power budget analysis since it is low (0.6 μA). The
sensor data can be collected in a buffer memory and fetched to
the radio. When the sensor outputs 24 bits, the total sensor data
per hour is 86.4 kb when it senses at every second. When the
radio’s data rate is 200 kb/s, the required transmission time for
the sensor data is 432 ms per hour. The number of transmissions
depends on the payload length. With the shortest payload (1
Byte; See Fig. 5(b)), the radio transmits packets 1421 times per
hour, i. e., it transmits at every 2.5 seconds.

III. MINIATURE TRANSCEIVER DESIGN

A. Antenna-IC Interface

As described in Section II. B, the electrically small antenna is
exploited to meet the millimeter-scale volume constraint. Loop
antennas would achieve higher efficiency in conductive body
tissues. However, their impedance is too inductive and also too
high. Hence, an external matching network, not allowed in the
volume constraint, would be additionally required to cover the
wide impedance variation in the GI tract. Therefore, in this work,
a 3.5 × 10 mm2 monopole antenna is employed.

Due to its high quality factor, the antenna is sensitive to
the environment, e. g., locations, diet conditions, etc. [14]. To
evaluate the antenna impedance variation with different diet
conditions, a complex body model that comprises different tissue
layers was developed in a 3D electromagnetic (EM) simulator
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Fig. 4. (a) Diet condition modeling with air pocket. (b) Smith plot of antenna
impedance variation with diet condition.

[15]. An air pocket [16] was inserted inside the stomach to
emulate the different diet condition in the model as shown in
Fig. 4(a). Fig. 4(b) shows the simulation results of the antenna
impedance variation with two diet conditions. When the diet
condition changes, the antenna impedance can vary up to a factor
4 for the voltage standing wave ratio (VSWR).

Therefore, a tunable matching network (TMN) with matching
detection is important to adaptively control the TMN to match
to the radio frontend, i.e., power amplifier (PA) and low-noise
amplifier (LNA). However, an off-chip TMN requires bulky pas-
sive components in the 400 MHz frequency band. Hence, fully
integrated antenna impedance matching solutions that minimize
the passives [17], [18] are preferable for the TMN design.

The adaptive antenna impedance matching has two detec-
tion schemes: direct complex impedance detection and indirect
power detection. Direct complex impedance detections [19],
[20] are precise, yet their power-hungry hardware with bulky
couplers are hardly affordable in the target ingestible applica-
tions. Indirect impedance power detections at the antenna are
attractive to on-chip integration because of its low power con-
sumption [16], [21]. When a PA has good reverse isolation, the
impedance mismatch can be indirectly measured by detecting
the amplitude at the antenna.

The impedance detection in the existing solutions needs extra
circuits and suffers from a substantial detection time. In this
work, we propose an adaptive antenna impedance matching
solution with an area-efficient TMN and a loop-back indirect
matching detection. Detailed implementation of the antenna
impedance matching solution will be described in Section IV.

B. Crystal-Less Transceiver

Another external component limiting the miniaturization is
the crystal. Although the crystal is one of the indispensable
external components in most of the wireless systems, it is
unaffordable in the millimeter-scale insertable device. A film
bulk acoustic resonator (FBAR) is an alternative to the quartz
crystal in terms of small size [22]. However, it requires a special
manufacturing and integration process.

To completely remove the need for crystals or FBARs,
network-based synchronizations have been presented [23]–[25].
Two calibration methods are utilized for the network-based
synchronization: time calibration [23], [24] and frequency cali-
bration [25].

Fig. 5. (a) Proposed implant initiation protocol with carrier synchronization
and (b) packet frame.

Protocol-based timing calibrations are typically adopted in
noncoherent detection with amplitude or pulse modulations,
e.g., on-off-keying (OOK), pulse-position modulation, etc.
However, it is unsuitable for the MICS band since the car-
rier accuracy and stability cannot be guaranteed by the time
calibration. Transceivers operating in MICS must achieve a
carrier stability better than ±100 ppm (Table I), which man-
dates a carrier synchronization for crystal-free operation, and
it especially critical for frequency shift keying/ phase shift
keying (FSK/PSK) transceivers which are preferred in MICS for
their better channel selectivity and adjacent-channel interference
resilience. Alternatively, [25] with FSK modulation adopts a
frequency calibration to improve the range and accuracy of the
carrier synchronization. With an initial temperature calibration
by a look-up table (LUT), the transceiver can achieve a stable
frequency in a wide temperature range. However, due to the
one-time temperature calibration, carrier frequency drift is a
potential issue.

Since any transmission from MICS implants must meet the
carrier accuracy requirement, this work uses the receiver (RX)
assisted by the network to recover the transmitter (TX) car-
rier before transmission. Unlike a conventional sensor initiat-
ing network protocol where the external hub is continuously
listening, the proposed MICS-compliant protocol requires the
external hub to periodically transmit a header packet, as shown in
Fig. 5(a). The temperature dependency of the digitally controlled
oscillator (DCO) is first calibrated by a LUT and an on-chip
temperature sensor to bring the DCO frequency to within ±100
ppm. The LUT is configured differently for each transceiver
chip so that it reflects the process variation. Then the implant
RX is enabled until the header packet is received, and the
residue carrier frequency error due to other sources, e.g., supply
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variation, LUT error, temperature sensor resolution, etc. are
further corrected by the RX (that shares the DCO with the TX)
to the same accuracy as the external hub with a crystal (e.g.,
10 ppm). During the RX reception, the carrier frequency offset
(fCFO) is estimated and compensated during preamble with a
repeated 0101 pattern.

To do so, the RX needs to on-the-fly self-calibrate its carrier
frequency with the received data. Detailed RX implementation
will be introduced in Section IV. Once the DCO frequency is
corrected in the RX mode, the implant TX can transmit the sensor
data with an accurate carrier, as shown in Fig. 5(a).

A packet frame for the proposed protocol is defined as shown
in Fig. 5(b). A 2-byte preamble pattern is used to support the
carrier frequency synchronization. a start frame delimiter (SFD)
follows for symbol timing synchronization and identification of
transmitting node. Payload length can vary from 1 to 97 bytes,
followed by a 3-byte cyclic redundancy check (CRC). Error
correction coding, e. g. convolution, Reed-Solomon coding with
CRC can improve BER/PER and thus the link margin.

The packet length determines the active time (TA) of the radio.
Before the RX activation, the DCO is calibrated in 5 cycles (0.78
µs). Note that the temperature is sensed from the RTC during
the sleep time. Before the TX activation, the adaptive matching
network (See Section IV. C) is calibrated for 4100 cycles (641
µs). Assuming that the uplink and downlink payload length are
both 1 Byte (the shortest), the required duty cycle for the sensor
data in Section is approximately (2 × 9 Bytes × 8 × 200 kb/s +
0.78 µs + 641 µs) / 2.5 s = 0.05%, which is less than the limit
by the battery capacity, 0.64%, but higher than the limit in the
LP-LDC mode, 0.01%. Therefore, in the LP-LDC mode, the
sensor data throughput, i. e., the frequency of sensing is limited.

IV. CIRCUIT IMPLEMENTATION

A. The Proposed Transceiver Architecture

Fig. 6 shows the block diagram of the proposed MICS
transceiver. The Gaussian-FSK (GFSK) TX adopts a direct
modulation architecture based on a DCO and a reconfigurable
class-D PA. Although the LUT and the RX-assisted carrier
recovery correct the carrier frequency before the transmission,
such open-loop DCO-based transmitter can have a static fre-
quency shift when the PA is activated, i.e., PA pulling. To
minimize this PA pulling, the DCO operates at 1.6 GHz, four
times higher than the carrier frequency. By cascading a divider,
the reverse isolation can be further enhanced.

The PA output power is programmable, so it not only provides
maximum EIRP up to −25 dBm but also supports the LP-LDC
transmission with an EIRP below - 40 dBm.

An on-chip 400 kHz real-time clock [13] is utilized to perform
duty-cycling with high time accuracy, and it has a built-in
temperature sensor with a resolution less than 1 °C. This tem-
perature sensor together with a LUT is used to calibrate the
DCO frequency. The RX chain, from LNA to low-pass filter
(LPF), is part of two loops: RX-assisted frequency tracking
and loop-back antenna matching detection. A single-channel
phase-tracking RX uses the same DCO to track the phase of the
input signal, while its comparator provides demodulated data

Fig. 6. Block diagram of the proposed MICS transceiver.

[11]. The digital baseband (DBB) clock (fDBB, ∼ 6.3 MHz) is
derived directly from the DCO by dividing by 64 in frequency.
The maximum symbol rate is 200 kb/s, so the DBB clock has an
oversampling ratio of 32 ×. The maximum frequency variation
of the DBB clock over the whole band is ∼ ± 0.4% (3MHz/
400 MHz), which is negligible to the digital operation, e. g., DCO
calibration, phase tracking, TMN. However, it would induce
the channel-dependent sampling error on the baseband demod-
ulation when the external hub modulates with the fixed DBB
clock (e. g., crystal oscillator). Therefore, The DBB requires a
fractional down-sampler, such that channel-dependent sampling
frequency has negligible impact in the demodulation.

The RX chain also performs a loop-back TX impedance
matching detector. The on-chip TX/RX-shared TMN is cali-
brated adaptively, depending on the detected mismatch.

B. Phase-Tracking Receiver

The proposed crystal-less transceiver as introduced in Section
III. B requires a RX that can adjust its center frequency to the
received signal during the reception. Frequency-discrimination
RXs [25], [26] extract the frequency from the received signal
for the carrier synchronization. The frequency-discrimination
technique takes a longer time to extract the frequency to a
required precision. Therefore, it is not suitable in insertable pill
applications that require agile RX/TX switching and small area.

A phase-tracking RX [11] is employed in this work, as de-
picted in Fig. 6. Unlike the frequency-discrimination ones, the
phase-tracking RX directly locks the phase between its carrier
and the received signal. Thanks to its phase-locking behavior,
it can realize a single-channel zero-IF RX while avoiding self-
corruption [11]. It requires no additional phase detector since the
mixer performs as the phase detector as well as the frequency
down-converter.
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Fig. 7. (a) fCFO dependency on duty cycle of RXDATA and (b) block diagram
of proposed PFE and its fCFO coverage.

The mixer-based phase detector gain is input amplitude de-
pendent, defined as ARF ·ALO

2 ·KMX , where ARF, ALO and
KMX are the amplitude of the mixer inputs and the conversion
gain of mixer, respectively. The LPF also serves as a loop
filter, whose gain is KLPF. After slicing the LPF output, the
comparator modulates the DCO to lock the phase difference to
π
2 . The closed-loop transfer function of the phase-tracking RX
can be defined as

H (s) =
ΦLO (s)

ΦRF (s)
=

ARF ·ALO

2 ·KMX ·KLPF ·KDCO

s+ ARF ·ALO

2 ·KMX ·KLPF ·KDCO

(5)
where ΦLO, ΦRF, and KDCO are the phase of the mixer inputs
and the DCO gain, respectively. With the phase-tracking loop,
the DCO frequency is synchronized with the input signal with the
phase difference of π

2 and the comparator outputs the demodu-
lated data (RXDATA). Note that the phase-tracking RX behaves
like a type-I phase-locked loop (PLL) since there is no extra pole
at origin for the frequency accumulation other than that provided
by the DCO. Therefore, the precise DCO frequency setting is an
essential prerequisite.

The DCO frequency is first established by the LUT according
to the on-chip temperature sensor to within±100 ppm frequency
precision. The initial frequency error is thus within the recovery
range of the phase-tracking RX. The carrier recovery of the
phase-tracking RX contains two parts: a preamble frequency
estimation (PFE) and a data-aided carrier frequency tracking
loop (DACT) [11] that continuously tracks the carrier frequency
offset.

The PFE is proposed to calibrate the residue carrier frequency
error before the DACT, as shown in Fig. 7. By accumulating the
demodulated RX output (RXDATA) and detecting the slope at
different symbol times (TSYM), the PFE estimate the carrier
frequency offset (fCFO). Since fCFO modulates the “duty cycle”
of RXDATA during the preamble, the slope of the accumulated

Fig. 8. Proposed single inductor-based TX/RX shared TMN.

RXDATA is used to estimate fCFO as
(
fCFO

Δf
+ 0.5

)
· 100 = Duty Cycle of RXDATA (%)

(6)

The fCFO coverage of the phase-tracking RX is determined
by the frequency deviation (±Δf). In this work, Δf of 100 kHz
is chosen based on a trade-off between the RX fCFO coverage
and the TX spectrum mask. The DACT then follows to ensure
the carrier stability for the rest of the packet. Like the PFE, the
DACT also accumulates the RXDATA for frequency tracking
but has to refer to a reference phase position, which is given by
a proper frequency initialization, e. g., PFE since the RXDATA
is random [11].

C. Adaptive Matching Network

To minimize the loss and die area, the TX/RX shared TMN
topology using only one inductor is proposed, as shown in Fig. 8.
Compared to conventional shared TX/RX matching networks
[17], [18], the proposed matching network further reduces loss
and area due to multiple inductors. The TMN operates in either
TX or RX mode with its mode switches (EN_RX and EN_TX).
In RX mode, since the quality factor of the inductor branch is
reduced by the on-resistance of the switch EN_RX, EN_RX
is sized to minimize the loss and prevent the reduction of
the impedance coverage. In addition, EN_RX also works as a
fringe capacitor (CSW) in TX mode, which constitutes part of
the π-matching network and saves an additional capacitor. The
tunability of the proposed TMN is provided by capacitor banks
(CSERIES, CSHUNT1, CSHUNT2).

The indirect impedance matching detection typically exploits
a power detector at the antenna [16], [21]. However, it consumes
additional power and area, and unwanted out-of-band signals
along with the TX output power are unavoidable, resulting in
unreliable results. The proposed RX-reused matching detection
minimizes the hardware overhead and the sensitivity to interfer-
ence. As illustrated in Fig. 9, the RX chain and an ADC are used
as the loop-back power detector that leverages the “self-mixing”
principle. Since the input impedance of the inverter based LNA
is high, it does not influence the PA impedance matching. The
class-D PA structure with cascaded input buffer and divider
stages achieves high reverse isolation, so the amplitude at the
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Fig. 9. Proposed loop-back power detection for impedance detection.

Fig. 10. Block diagram of adaptive TMN calibration.

antenna node (APOUT) primarily depends on the degree of
impedance mismatch (i.e., VSWR).

The intrinsic DC offset from transimpedance amplifier (TIA)
and low-pass filter (LPF) is first trimmed out by an offset can-
cellation DAC with TX disabled. Then after the TX is activated,
the ADC will produce a DC value (DETOUT) according to
the self-mixing of TX and LO signals, which is proportional
to APOUT. Since the delay of PA, TMN and LNA introduces
a phase difference (Φ) between the mixer’s LO and RF ports,
APOUT is measured twice with two LO phases, LO (I) and LO
(Q), by using a MUX to switch between them, to detect Φ with
the single-channel RX. DETOUT with different LO phases can
be calculated as{

DETOUT (I) = APOUT · 0.5 ·GRX ·ALO · cos (Φ)
DETOUT (Q) = APOUT · 0.5 ·GRX ·ALO · sin (Φ)

(7)
where GRX and ALO are RX conversion gain and amplitude of
LO output, respectively. Hence, the TX output power (POUT)
can be measured without being affected by Φ as

POUT ∝ DE TOUT =

√(
DETOUT (I)

2 +DETOUT (Q)2
)

= APOUT · 0.5 ·GRX ·ALO (8)

A block diagram of the proposed adaptive matching calibra-
tion is shown in Fig. 10. During the TMN calibration, two capac-
itor banks (CSHUNT1 and CSHUNT2) are swept until DETOUT

exceeds the targeted level. When DETOUT cannot reach the
targeted level, the capacitor banks are set where DETOUT is
maximum, i.e., POUT is maximum. This calibration can improve

Fig. 11. Simplified diagram of DCO and simulation results of supply sensi-
tivity with and without voltage regulator.

the uplink margin by up to 5 dB. Note that the downlink margin
can be compensated by external hub’s output power, so the TMN
is optimized mainly for the implant TX.

D. Digitally Controlled Oscillator (DCO)

In CMOS technology, a higher frequency oscillator with a
frequency divider can reduce power and area of the LC oscillator.
Moreover, it can minimize the injection/pulling issue in the
zero-IF RX. However, the frequency divider burns extra power.
In this frequency band, a quadruple frequency oscillator scheme,
as shown in Fig. 11, optimizes power and area consumption.
The DCO consists of a complementary cross-coupled pair, an
LC tank with three switched capacitor banks, and a voltage
regulator. The coarse capacitor bank is to cover process, voltage
and temperature (PVT) variations, and the medium bank is to
select the frequency channel. The fine bank is used for the direct
frequency modulation. The modulation quality is affected by the
frequency resolution (ΔfRES) in the fine bank and the intrinsic
DCO phase noise.

In this work, we target the total frequency modulation error to
be less than 10% of frequency deviation not to degrade signal-to-
noise ratio (SNR) performance and define ΔfRES and the DCO
phase noise level, accordingly.

Unlike PLL-based transceivers [22], [27], the open-loop
DCO-based transceiver is vulnerable to the long-term frequency
drift due to the temperature and supply variation, especially in
TX mode. Since the temperature variation is initially calibrated
by LUT and the temperature sensor and is negligible during
the packet transmission (0.4–4.2 ms), the supply variation is a
dominant factor of the frequency drift.

To achieve a high supply regulation to the DCO core, a
constant-transconductance (gm) biased voltage regulator is ex-
ploited. Thanks to the voltage regulator, the supply sensitivity is
improved by 14.9 dB (see Fig. 11).

V. MEASUREMENT RESULTS

The proposed transceiver is implemented in a 40-nm CMOS
and occupies 2 mm2 die area, as shown in Fig. 12(a). The
wireless module has an area of 3.5 × 15 mm2, including
a 3.5 × 3.8 mm2 FR-4 printed circuit board (PCB) and a
3.5 × 10 mm2 miniature antenna on a high-k (ε= 10.7) Rogers
6010LM substrate. As shown in Fig. 13 (without epoxy), the
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Fig. 12. (a) Die micrograph and (b) Measured RX sensitivity based on PER.

Fig. 13. Integrated wireless module and its vertical view.

TABLE II
PERFORMANCE SUMMARY AND COMPARISON WITH THE STATE-OF-THE-ART

MICS AND MM-SCALE TRANSCEIVERS

antenna is stacked on the top of the FR-4 PCB. Layer thickness
is carefully considered to minimize the level difference between
the antenna and FR-4 board, such that the wire-bonding length
can be minimized. The achieved level difference is 16 µm.
Table II summarizes the measurement results of the proposed

Fig. 14. Measured results at empty stomach condition: (a) TX power detector
output and TX output power with sweeping capacitor banks and (b) S11. (c)
Measured power contour.

Fig. 15. (a) Measured frequency calibration results by LUT and (b) RX
frequency lock-in range (PIN = −76 dBm) to achieve less than 30% of PER.

system and compares various parameters with current state of
the art.

A. Electrical Performance

Fig. 14 shows the measurement result of the proposed loop-
back power detector in an empty-stomach condition. The loop-
back power detector output matches well with TX output power
for different capacitor bank values. The TMN calibration ex-
pands the -6-dBm power contour to 4.8 VSWR, which can cover
two simulated impedances equivalent to a filled and empty stom-
ach and has an 8-dB improvement of the reflection coefficient
(S11) in the empty stomach case.

Fig. 15(a) shows that the LUT-based calibration has
±125 ppm fCFO when considering ±5% of supply variation,
which can be safely recovered by the proposed PT-RX-based
carrier synchronization with a measured lock-in range of ±160
ppm. Thanks to the voltage regulator, the supply sensitivity of
the DCO is ±75 ppm with a 5% supply variation, within the
MICS regulation of ±100 ppm. As shown in Fig. 15(b), the
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Fig. 16. Measured (a) DCO phase noise. (b) RX gain and noise figure.

Fig. 17. Transient results of DBB clock (fDBB).

Fig. 18. (a) TX spectra and (b) eye diagrams 100 kHz Δf.

frequency lock-in range of the proposed RX is measured with
input power of −76 dBm and the payload size of 37 Bytes.

The measured divided-by-4 DCO phase noise is shown in
Fig. 16 (a). The residue FM, integrated from 238 Hz (maximum
packet length) to 300 kHz (maximum channel bandwidth), is
2.54 kHz, which is sufficiently below 10% of frequency devia-
tion (10 kHz).

To evaluate the proposed PFE performance, the frequency-
domain transient of fDBB ( = fDCO/64) is measured during
packet reception as shown in Fig. 17, fCFO is initially set to
160 ppm, and thus the shown duty cycle of the preamble symbol
is higher than 50%. After the PFE, the duty cycle is corrected to
50%, i.e., fCFO is corrected.

The measured RX sensitivity at 200 kb/s is –90.3 dBm with
30% packet error rate (PER), as shown in Fig. 12(b). The mea-
sured integrated (up to 300 kHz) noise figure at the maximum
gain (74 dB) is 6.1 dB as illustrated in Fig. 16(b).

The transmitter spectra at Δf (100 kHz) satisfy the Federal
Communications Commission (FCC) regulation mask [8] as
demonstrated in Fig. 18. With pseudo random binary sequence
(PRBS) pattern, the TX achieves an FSK error of 9.08 % at Δf
of 100 kHz.

Fig. 19. (a) PA pulling at (a) continuous wave and (b) GFSK modulation
(50 kHz Δf). (c) Frequency drift.

Fig. 20. Power breakdown.

As shown in Fig. 19. the measured PA pulling and long-term
frequency drift are negligible, indicating that the 4× frequency
planning and the good phase noise performance of the DCO
demonstrates an excellent TX carrier stability.

Fig. 20 shows the power breakdown of the transceiver. The
active current is below 3.1 mA in both TX and RX mode.

B. Wireless Link Setup and Results

Fig. 21(a) shows the wireless measurement setup. The wire-
less module is placed inside a homogeneous liquid phantom to
emulate GI tissues. The module with phantom is placed in front
of an SRM field strength analyzer (Narda SRM-3006) at the
position of 3 and 5 m away and is rotated over 360 degrees. The
phantom consists of de-ionized water, sugar, salt (NaCl), and
gelatin [28]. The phantom container is a hemispherical shape
with a diameter of 10 cm. With the adaptive impedance matching
calibration, the uplink margin is improved by 5 dB, as shown
in Fig. 21(b). The EIRP was measured in an outdoor area with-
out objects to minimize the reflections from the environment.
Fig. 21(c) shows the measured EIRP at different distances. The
similarity of EIRP measured at different distances shows that the
reflections from the surrounding environment (mainly ground in
this case) are negligible. The measured EIRP at 3 m distance is
in the range of −20.6 to −28.9 dBm and averages −25 dBm.

Table II summarizes the performance and benchmarks with
state-of-the-art MICS and millimeter-scale transceivers. The
presented MICS compatible RX transceiver achieves the small-
est volume and has the on-chip antenna impedance matching
solution in comparison to other transceivers.
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Fig. 21. (a) Wireless measurement setup. (b) Measured wireless TX power
improvement by matching network calibration. (c) Measured EIRPs at different
distance.

VI. CONCLUSION

This paper presented a millimeter-scale MICS compatible
transceiver to address challenges in insertable/implantable smart
pill applications, especially focusing on the high EM absorption
in the body and the volume constraint. The MICS band was
selected to achieve the optimum link performance with the
electrically small antenna and the tissue loss. The link budget
and power budget with duty cycling were analyzed to define the
design specification. The proposed adaptive antenna impedance
matching solution allows wide antenna impedance coverage
(4.8 VSWR) without external components. The crystal-less
transceiver architecture achieves over-the-air carrier synchro-
nization without crystal by the proposed implant initiation pro-
tocol and the phase-tracking RX with a wide carrier frequency
lock-in range (±160 ppm). Implemented in 40-nm CMOS with
a 1-V supply, this work achieved a system volume of 3.5 × 15
mm2, including the antenna. This is a 30× smaller system vol-
ume than state-of-the-art radios in MICS frequency band, which
makes it uniquely suited for extremely volume-constrained med-
ical implants.
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