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Abstract—Free floating sub-mm and mm sized brain implants
can communicate through a backscatter-based link in a presence
of the EM field generated by the external coil. This link reduces
the bandwidth requirement in the uplink communication of
these implants to the external coil and enables a close-loop
operation of the distributed implant system through reduced
latency. The critical challenge in the link design stems from the
low modulation index in the incident signal at the receiving coil.
This calls for the design of the ASK demodulator that can resolve
signals with low modulation index. We propose a demodulator
design comprising a self-biased common-source based envelope
detector that provides sufficient conversion gain and at the same
time operates with a low power consumption. With 90 MHz
carrier frequency and 50-kbps data rate, the ASK demodulator,
implemented in 65 nm CMOS technology, resolves input RF
signal with 1% modulation index consuming less than 100 nW
when amplitude of the input RF signal is 200 mV.

Index Terms—Implantable medical devices (IMDs), amplitude
shift keying (ASK) demodulator, ultra-low power consumption,
low modulation index, self-biased.

I. INTRODUCTION

The research efforts in the design of brain implantable
devices and their use in a wide range of neurological diseases
have been steadily growing [1], [2]. We envision a departure
from the conventional approach of recording neural signals
that employs wireless microelectrode arrays (MEA) in favor
of a distributed array with a large number of distinct mi-
croimplants that cover a relatively large area of the brain [3]–
[6]. This sub-mm or mm sized, free floating wireless im-
plants minimize the impact of the implant on the surrounding
tissue [7], [8]. In the design of these implants, providing
wireless power to the device and data communication link are
critical parts of the distributed system design. In a conventional
approach, the implantable device that senses the neural data
uploads the recorded data to an external device. When the
power consumption is the critical parameter and the data rate
is lower than 100-kbps, the uplink communication channel
is conventionally implemented by backscattering [1], while
for uplink with higher data rate a range of communication
techniques have been used [9]–[12]. When the number of the
implanted devices grows, as in the case of free floating sub-
mm sized implants, the communication link between implants
and a single external device is time-multiplexed. This greatly
reduces the communication bandwidth of a single implant to
the external device.

(a)

(b)

Fig. 1. (a))Illustration of the implant coil to implant coil inductive commu-
nication link in the presence of the external coil. (b) Block diagram of the
implantable device.

A backscattering technique that in the presence of a RF
signal in the environment enables communication between
RF tags at ultra-low power consumption has been demon-
strated in applications like smart spaces [13]. To reduce the
bandwidth of the communication channel with the external
device and enable a closed-loop system, the implants can be
designed to communicate with the neighboring implants via
backscatter [14] in a scenario illustrated in Figure 1(a). The
block diagram of such implant is shown in Figure 1(b). An
impedance matching network precedes the demodulator and
power management unit in order to have the same resonant
frequency as the external coil . The demodulator converts input
modulated waveform to the baseband signal and is followed
by the control unit that recovers the digital data from the input
waveform.

In the backscatter-based implant to implant link, the input
signal at the receiving implant is a combination of the signal
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directly received from the external coil and a modulated
signal reflected from the transmitting coil. The reflected signal
is significantly lower than the directly received signal and
this results in a combined signal with the low modulation
index [14]. Common source(CS) based ASK demodulators
have been commonly proposed due to conversion gain they
provide [15], [16], however the power consumption in these
structures has been higher than the required limit. We propose
a self-biased structure that preserves the gain at the lower
power cost.

The rest of the paper is organized as follows. Section II
describes the architecture of the ASK demodulator. The overall
design methodology for the proposed the circuit is elaborated
in the same section. Section III presents the simulation result,
followed by the conclusions in Section IV.

II. DEMODULATOR IMPLEMENTATION

The feasibility of the backscatter-based implanted coil to
implanted coil inductive link in the presence of the external
coil has been analyzed and demonstrated [14]. For the mm-
sized coils with the link data rate of 10s kbps, the highest
power transfer efficiency and link distance are achieved at
operating frequency of 90 MHz. The modulation index in the
received signal in the backscatter-based links depends on the
received power at both transmitting and receiving coils and
the mutual inductance between the coils. In order to achieve a
link at the maximum distance between coils and for different
orientation of the coils, a demodulator that can resolve low
modulation index in the received signal is required. The pro-
posed design of the ASK demodulator comprises a common-
source(CS) envelope detector, shown in the Figure 2(a), and
a two-stage dynamic comparator, shown in Figure 2(b). The
envelope of the differential input RF signal, Va, is extracted
at the output of the CS stage, Venv , and the low-pass filter
that follows generates Vavg . Vavg provides a reference voltage
for the comparison with the envelope signal required for the
demodulation of the input signal, as well as the biasing voltage
for the CS stage.

A. CS-based Envelope Detector

The input differential RF signal, Va is ac-coupled to the
pseudo-differential common-source stage with the input tran-
sistors M1 and M2 and source degeneration introduced by
the diode-connected transistors M3 and M4. The transistors
M3 and M4 provide a feedback to minimize variation in
the biasing current and enable self-biasing of the envelope
detector. The transistors operate in the subthreshold region of
the operation across the full range of the amplitude of the input
RF signal, providing the maximum nonlinearity. The current
of the transistor operating in subthreshold region, assuming
that the drain to source voltage is higher than 100 mV, is

Id = Iso
W

L
exp(

Vgs − Vth
mUT

) (1)

where Iso is
Iso = µCox(m− 1)UT

2 (2)

(a)

(b)

Fig. 2. (a)Proposed self-biased ASK demodulator. (b)Energy efficient two-
stage comparator.

µ is mobility, Cox is oxide capacitance, m is subthreshold
slope factor, UT is the thermal voltage (= KT/q, 26mV
at room temperature), W is transistor width, L is transistor
length, Vgs is gate to source voltage and Vth is transistor
threshold voltage.

The conventional CS-based envelope detector with an ex-
ternally supplied biasing voltage for the input transistors [16]
requires generation of multiple biasing voltages. The bias
voltage is selected based on the amplitude of the RF signal.
An adaptive biasing circuit that resolves a wide range input
signal with a small modulation index can be used [15]. How-
ever, keeping constant biasing current introduces a significant
cost in terms of the extra power consumption at low input
amplitude, illustrated in Figure 3. The proposed solution is
self-biased with a slightly lower conversion gain. The output
voltage Vavg , obtained after the low-pass filter, formed by
MOS-bipolar-pseudo resistor M6 and C2, is used as the bias-
ing voltage. When the sinusoidal RF input signal Va cos(ωt)
is superimposed on the input bias Vavg , with the increase
in the input amplitude Va, Vavg will decrease and provide
higher supply current in M5, avoiding the output voltage be
forced by the high gain to the negative saturation. And Vavg
increases to save power consumption at small input amplitude
as show in Figure 3, and biases the entire circuit at suitable
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TABLE I
DESIGN PARAMETERS OF THE PROPOSED ASK DEMODULATOR

M1,2 M3,4 M5 M6 Cin Cb C1 C2 Rb

[µm/µm] [pF] [kΩ]
0.7/1.8 0.5/1.8 3.8/1 10/1.5 0.5 9.5 0.13 15 190

Fig. 3. Example illustrating of operation principal between previous [15] and
our structure.

operation point. The pseudo-differential implementation of
common source architecture cancels odd terms in the output
current and results in a rectified output current that can be
approximated as [16]

Iout ≈
Va

2

8(mUT )2
. (3)

By properly sizing the transistors, a high enough constant
conversion gain can be obtained in a wide input amplitude
range. The sizing of the transistors and the values of the
passive components is listed in Table I.

B. Comparator Design

The implementation of 2-stage comparator comprising a
dynamic pre-amplifier followed by a dynamic latch, with
Venv and Vavg as inputs, is shown in Figure 2(b) [17].
The advantage of differential operation is that the voltage
difference between Venv and Vavg only needs to be accurate
during the sample phase. The edge alignment issue between
clock and signal is solved by controllable delay cells [18].
Additional reset PMOS is added, resulting in less net kickback
charge into envelope detector [19]. The 100 kHz clock can be
generate by on chip 100 nW uncompensated oscillator [20],
and is shared by the entire chip.

III. SIMULATION RESULTS

The proposed ASK demodulator was designed and simu-
lated in 65 nm CMOS technology. Simulations are performed
with 50-kb/s ASK modulated RF input signal with amplitudes
ranging from 0.1 V to 1.2 V with modulation indexes (MIs)
of 1% and 5%. The 90 MHz carrier frequency is adopted [14].

Fig. 4. Time waveform of the difference between the envelope and average
signal at the output of the envelope detector and output of the comparator
when amplitude of the input RF signal is 200 mV and MI is 1%.

Fig. 5. Conversion gain as the function of the input voltage amplitude when
modulation index is 1% and 5%.

Firstly, the proposed ASK demodulator is simulated with the
input RF signal with amplitude of 200 mV and 1% modulation
index. The time waveform of the envelope signals, Venv , along
with the output signal of the comparator, is illustrated Figure 4.
The conversion gain for a different low modulation index,
1% and 5%, as a function of the amplitude of the input
signal is shown in Figure 5. The conversion gain is almost
constant in the entire input amplitude range, due to the self-
biasing structure. To demonstrate the feasibility of resolving
the low modulation index, we show the difference between the
amplitude of the baseband signal after the envelope detector
and the ripple voltage in Figure 6, as this is the signal that
should be resolved by the comparator.

The simulated current consumption of the proposed de-
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TABLE II
SUMMARY AND COMPARISON WITH LITERATURE

Name Year Process Carrier freq Data rate Power MI
(nm) (MHz) Mbps (µW ) %

[21] 2008 180 2 1 336 5.5
[15] 2016 130 915 2 <4.13 5
[22] 2017 180 5 0.5 17 5
[23] 2019 180 13.56 1 30 2.33

This Work 2019 65 90 0.05 0.075(@0.2V) 1

Fig. 6. The difference between the amplitude of the baseband signal after
the envelope detector and the ripple voltage as a function of the input voltage
amplitude.

Fig. 7. The current consumption of the ASK demodulator as a function of
the input voltage amplitude.

modulator is shown in Figure 7. The current increases with
the input signal amplitude and the maximum value is around
550 nA at 1.2 V input amplitude. In the proposed implant-
to-implant link, we are mostly concerned with a lower input
amplitudes. For example, at the input amplitude of 200 mV,
the current is lower than 70 nA, which represents significant
power saving comparated with the adaptive bias based CS
ASK demodulator [15].

In Table II, we compare the simulated results of the

Fig. 8. Shmoo plot for the modulation indexes versus temperature variation
under different process corners.

proposed ASK demodulator with the experimental results of
the ASK demodulators that can resolve input signals with
low modulation index. The proposed design resolves the low
modulation index at the lowest cost of the power consumption.

Due to the low variation in the temperature of the human
brain, a temperature 37oC is chosen for the operating tem-
perature of the mm-sized IMDs. To evaluate robustness of
the proposed ASK demodulator the Shmoo plot in Figure 8
depicts three corners of operation, typical-typical(TT), fast-
fast(FF) and slow-slow(SS). The proposed circuit only fails at
SS corner with 100 mV input amplitude and 1% modulation
index, due to the reduced leakage current of transistor M6 at
SS corner.

IV. CONCLUSION

Self-biased common-source based envelope detector en-
ables the implant device to resolve a low modulation index
input RF signal at low power consumption. The proposed
demodulator, along with a impedance switching modulator,
will be integrated with on-chip coil in order to experimentally
demonstrate the feasibility of the implant to implant link in the
future work. Characterization of this link will enable further
advances in the design of the distributed closed-loop system
of mm-sized implants.
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