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Abstract—In the fields of wireless bioelectronics implants and
sensor network systems, amplitude shift keying (ASK) is one
of the most commonly used schemes employed to modulate the
baseband signal with reference to the intermediate or even the
carrier frequency. In this study, a demodulator architecture
capable of dealing with most of the previous limitations in an
ASK-utilized medical implant, especially in want of being powered
through wireless delivering, is proposed. It features the abilities
of working on a very small modulation index and being provided
without any R/C component(s) inside by means of a self-sampling
scheme. The design has been implemented in an 18-ym CMOS
process. The demodulator circuit occupies a die size of merely
32.3 x 14.5 p m?. Analytic results from both simulated gradation
and fabricated chips show that the proposed circuit can operate
at a carrier of 2 MHz and achieve a modulation rate of up to
50%. The results also demonstrate that the presented work can
still perform a proper demodulation even with a modulation index
beneath 5.5%. An average power of approximately 336 uW was
confirmed in return for the remarkable advantages. All aspects
regarding the design, including a review of the prior arts, system
consideration, circuit description, and analyses from simulation
phase to actual measurement, are presented in detail.

Index Terms—Amplitude-shift keying (ASK) demodulator, arti-
ficial prostheses, bioimplantable systems, self-sampling.

I. INTRODUCTION

O FAR, the amplitude-shift keying (ASK) modulation/de-

modulation scheme has been widely utilized in many com-
munication systems in virtue of its structural simplicity. Over
the decades, numerous researchers dedicated their vigor to move
such a technique to their special research demands in biomed-
ical science. With regard to the medical applications in this
way, ASK is generally involved in function electrical stimula-
tion (FES) for implantable cardiac pacemakers, bladder control,
neuromuscular stimulus, cochlear implants, and retinal pros-
theses [1]-[13]. In most cases, the FES systems are able to be
simply summarized using a block diagram shown in Fig. 1.
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The extracorporeal part generates the stimulus patterns
containing information of the excitation-induced current mag-
nitudes and corresponding addresses for driving the internal
stimulators performing electrical stimulation in right posi-
tions. These data will be subsequently encoded further and are
modulated, power amplified, and finally transmitted through
a transmitter coil. At the receiver side (i.e., the internal part),
the presence of a portion of the energy transmitted via the tran-
scutaneous link forms a voltage source, which will be rectified
to obtain a coarse dc level and referred ground. The following
regulator provides rest of the circuitry with a fine and stable
dc supply. Meanwhile, the gathered envelope passes through
a stepdown circuit serving as a voltage divider to obtain the
signal needing to be demodulated at the next stage. The on-chip
demodulator recovers the digital waveform a nonreturn-to-zero
(NRZ) format after discriminating the lower amplitude (i.e.,
the modulated signal amplitude) from the higher one (i.e.,
the unmodulated signal amplitude). Finally, the signals for
achieving a proper functional stimulation will be reconstructed
as they predefined prior to transmission by means of a string
of the postprocessing circuit submodules. These submodules
have functions of: 1) clock regeneration and data recovery for
specific coding format; 2) data registration and arrangement
for regained parameters; 3) generation of the stimulus signals
with respect to the indexed parameters; 4) control of analog
front-end for neural stimulus.

One of the essential factors in proper action of the implant is
the integrity of command bits governed by demodulation cor-
rectness. Most ASK demodulators (ASKDs) involved in such
fields, however, carry out a purely envelope-based determina-
tion. The demodulation fashion not only results in limitations in
implant space and data rate but also induces a huge expense for
circuit amendment as a result of their insufficiency regarding
the discriminable modulation index. A high modulation index
makes the overall power efficiency of the systems a bit poor
in case those ASKDs are put to use. Motivated by this, we
present in this paper a versatile new ASKD aimed at overcoming
foregoing problems. The proposed architecture is RC-less and
can sustain correctly an ultralow-end demodulation. In order
to demonstrate workability of the resulting circuit, fabrication
of a proof-of-concept prototype has been enforced through the
foundry. The results originate from both simulation and actual
experiments have sufficiently shown its merit. Through the ex-
periments, a comforting robustness has also been confirmed. All
aspects regarding the efficiency of an implantable system are of
our main concerns. This paper is organized as follows. Section II
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Fig. 1. Block diagram of a familiar FES system.

presents a general review for certain of the typical ASKD ar-
chitectures. Section III describes issues and considerations for
an ASK-modulated wirelessly powered implant. The overall de-
sign methodology for the proposed circuit is elaborated on in
the same section. Results and analyses are discussed in depth in
Section IV, followed by concluding remarks in Section V.

II. OVERVIEW OF ASKD FAMILIES

Figs. 2-9 show some typical ASKDs which are, respectively,
proposed or adopted by Gunnar et al. [1], Baru et al. [2], Yu et
al. [3], Liu et al. [4], Chen et al. [6], Dong et al. [7], Lee et al.
[8], and Djemouai et al. [9], [10]. We start the introduction with
the Gunnar’s architecture shown in Fig. 2.

In Gunnar et al.’s architecture, the ASK-modulated signal
first passes through a preprocessing stage consisting of a simple
voltage follower, a current-limited inverter (CLI), and a load
driver to obtain a sharpened clock signal A corresponding to
a valid logic HIGH. This signal is then utilized as a reference
signal for recovering the system clock. In the meantime, it is also
fed into a low-pass filter (LPF) stage. Owing to the prolonged
charging period stemming from the capacitor of the LPF, the
modulation rate is restricted. In addition, a ripple on the signal B
also contributes a possible risk about which a jittering of the de-
modulated output may appear when the ripple sweeps the tran-
sition threshold of the following CLI persistently. It will lead to
another possible limitation on erroneous judgement in the fol-
lowing stage while the modulation rate of this design becomes
improvable.

Similar jitter phenomenon also occurs in the Baru’s structure
shown in Fig. 3. In this design, the fist stage amplifier serves as
the comparator. Once the modulated signal is higher than the
reference dc level, the P-transistor M turns on to retrieve the
“1”. On the other hand, “0” is decoded in the absence of carrier.
The main feature of such a design is that the comparator was
implemented in a cheaper large-size process. The long-channel
weak inversin makes the comparator be provided with an ul-
tralow-power efficiency. However, in order to obtain an enough

gain and minimize the noise, such a weak inversion also con-
tributes an incredible sizing in the differential pair as well as its
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Fig. 3. Baru et al.’s architecture.

reference stage, resulting in a huge occupied silicon area. Also,
the carrier frequency is limited to a band low enough, leading to
only a few data rate available. In addition, the biased dc level of
the modulated input and the reference level of the whole com-
parator should be kept letting the interference as small as pos-
sible to remain valid for the operation at the weak inversion re-
gion. It makes the design be confronted by a serious problem in
robustness. Moreover, for a given amount of capacitor, there is
still a tradeoff among driving ability on transistor M, discharge
current /, data rate, and power consumption, which needs to be
carefully considered.

Fig. 4 shows the design of Yu et al. where two LPFs with
different timing constants are utilized. The two LPFs assist the
succeeding cross-coupled comparator in sensing the difference
between the modulated amplitudes from an envelope detector
for recovering the digital command bits. Such a structure whose
hysteresis is defined in advance is with the same principle as
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the Liu’s architecture shown in Fig. 5 in which only one LPF
is utilized. Their operation can be simply described as follows.
After the received carrier has passed through the envelope de-
tector, the resulting data-combined envelope flows to two signal
paths and is subsequently fed into the comparator. One of the
voltage levels of the signal paths serves as a reference, both
of which are shifted within the input common-mode rage of
the following comparator. Once the difference between the two
signal levels has been amplified, the demodulation process is
completed. Despite their simplicity, however, both the designs
become sensitive if the modulation index is demanded to be
small. It makes the adjustment of the timing constant of the
LPF-formed signal path extremely difficult, resulting in a failed
demodulation caused by the severe jittering on the demodulator
output.

Referring to the architecture of Lin et al. and Chen et al.
(Fig. 6), an envelope detector composed of a diode and two
LPFs is employed to demodulate the amplified received signal
first. The following data buffer (not shown) recovers a desirable
voltage level. Such a configuration is based upon a common ap-
proach of the envelope detection except the second LPF close to
the demodulated output. Despite the authors claim that the addi-
tional LPF can be utilized to cope with the tradeoff between the
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clipping time and carrier on the envelope and, hence, decreasing
the capacitor dependency of the data rate, the modulation rate
reported in [5], [6] is still unsatisfactory for a sufficient data ca-
pacity especially when only a lower carrier band is available.
In addition to the architecture of Fig. 6, Dong et al. propose a
similar structure shown in Fig. 7 in which the diode and RC cir-
cuit have been replaced with MOS transistors to expedite the
on-chip integration. A Schmitt trigger is put in the output of the
envelope detector to serve as the comparator so as to extract the
binary data from the captured carrier signal at the reception side.
However, despite the fully active benefit, this design has no ad-
ditional LPF resembling the structure of Fig. 6. Therefore, the
tradeoffs among the clipping time, the ripple on the envelope,
and the choice of capacitor amount will impose a serious bottle-
neck on its circuit efficiency. In other words, the data rate and
capacitor-related effects must be considered with carefulness.
Fig. 8 shows the work of Lee et al. It consists of a unit-gain
amplifier, an OR gate (composed of a NOR and an inverter), an
LPF, and a comparator. This structure is quite similar to most
of the designs mentioned previously, adopting an envelope de-
tection to recover the digital command bits. The first half of the
structure is notable because it can be utilized to lighten the RC
demand of the LPF. It is able to be explained by a simplified
equivalent block brushed in gray. The full-wave rectification is
the major cause for reducing the component size in the LPF.
The inverter marked in C' serves as a pre-comparator. The actual
comparator in the circuit can also be considered as an inverter
since its threshold has been defined as half of the supply [8]. The
main limitation in the design is its high modulation index asso-
ciated with the threshold of the NOR gate. When the index comes
low, the increase of lower modulation level will cause the output
of the NOR to be discharged, leading to a failed determination on
comparator. In order to overcome such a problem, the transition
threshold of the NOR must be sized to an extreme value, making
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the design susceptible to noise. In addition, a dual-supply mech-
anism with dual-polar may be demanded for the OP to avoid op-
eration in triode region, resulting in a higher processing cost.

A demodulator architecture, shown in Fig. 9 and proposed
by Djemouai et al., adopts a current-mode design methodology
to process an input current whose levels are with very small
modulation index. It is constructed of three stages named cur-
rent edge-detector, current comparators, and SR latch. The cur-
rent edge-detector detects the immediate input current transi-
tion. Once the current transition is detected, one of the current
pulses, sink and source, associated with the aspect of transition
is generated and then converted to voltage pulses through the
comparators. These voltage pulses are utilized to control the
latch stage for recovering carried information correctly. Such
a design is with an improved version presented in [10] where
a gain- and level-shifting stage is added into the edge-detector
stage. Such a newly added stage amplifies the input current
signal including the current difference at each transition and
shifts it to the operation range of the comparators so that the
noise tolerance of the demodulator can be strengthen. In addi-
tion, the amplification can also alleviate the demodulation dif-
ficulty as a result of the intensified source and sink pulses. Fur-
thermore, two mirroring branches of the current paths of the
comparators are forced into the /-V stages in front of the latch to
eliminate the limiting factor of the comparator speed in demod-
ulator performance. However, despite the authors’ claim that it
is able to be provided with less sensitive to the process variation
in their latest version, the successful demodulation is relevant
to the supply dependency on the gain and level shifting input
stage of the edge detector. Once the supply is not stable enough
(i.e., supply ripple is high enough), the demodulation fails. It
implies that an extremely high-performance voltage regulator
is demanded to make the circuit work properly. Also, the clear
(ripple-free) input current as given in [9] and [10] is hard to ex-
tract from the receiver front-end in effect when the modulation
index becomes small. Moreover, the modulation rate may also
be restricted by the tradeoff between the asserted index and the
stable input current.

The last reviewed structure, shown in Fig. 10, is proposed by
Wang et al. [11]. It employs a supply-independent bias gener-
ator (SIBG) and the gate capacitor coming from the following
Schmitt trigger to achieve the envelope detection. The Schmitt
trigger serves as the threshold detector (i.e., comparator) to re-
cover the digital waveform. Following cascaded inverters act as
a buffer for driving the subsequent stages. This design has no
passive capacitor inside and is highly praised for its simplicity.
It seems to be a breakthrough in current ASKDs involved in the
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medical electronic implants. Despite its remarkable advantage,
however, the passive resistor Rg here is quite pertinent to re-
covering correct binary sequence. This can be explained by re-
ferring to the equation

;o 2 1 <1 1 >2 M
‘ .U’nCox(%)n]\AOS -RS2 \/E

where p,,, Cox, and K are electron mobility, gate-oxide capac-
itance/per unit area, and ratio I../I,.f, respectively. The output
of SIBG (V.,,) is dependent upon the current I.. When the im-
plemented resistor varies from the predefined value, the V.,
changes and the designed threshold for the threshold detector
loses efficacy, resulting in a demodulator malfunction. In ad-
dition, since the correct demodulation is in the same way de-
pendent upon the threshold adjusted by the detector, this design
suffers from a notable concern on demodulation performance
yet in spite of Rg is accurate. When the supply variation oc-
curs, the threshold varies, leading to a failed determination on
Ven. A quantitative comparison in terms of the parameters for
the aforementioned structures is tabulated in Table I. Summing
up all of these architectures, there seems to be still no satisfac-
tory demodulator type that is completely efficient in current and
future FES as well as other medical-implant applications.

III. SYSTEM CONSIDERATIONS AND CIRCUIT DESIGN

A. ASKDs in Subminiature Wireless-Powering Devices

Prior to discussion of the proposed circuit, it will be instruc-
tive to briefly summarize the limitations of those reviewed struc-
tures and to introduce some specific considerations pertinent to
the limitations. With regard to most previous ASKD designs, at
least one capacitor or resistor (or both) is required to achieve
a proper envelope detection. The choice of amount for such an
RC circuit relies mainly on the available carrier band. This is
particularly important because familiar implantable devices for
FES are of special request in the temperature increase of body
tissue caused by the absorption in higher carrier frequency. The
selection of lower carrier band is usually considered reasonable.
However, it leads to that the cost reduction in the RC circuit for a
whole implant becomes less possible, especially when the com-
ponent(s) is(are) constructed in passive element(s). Moreover,
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TABLE I
COMPARISON OF PRIOR ARTS
(@] ted i Consumption
s Modulation gera- o Data Rate | Modulation Capacm?r (e ASK
ource S arrier (Kb S), Rate or Resister Cor 56 Power Current Draw /
(MHz) P (R) Supply Voltage
Gunnar et al.[1] 100% 5 100 2% 1pF 0.06 mm? —_ 30uA@3.3V
Baru et al.[2] 100% 0.027 0.68 2.52% 10 pF 0.29 mm? — 5uA@2V
Yu et al.[3] — —_ E— —_ 2C 0.035 mm? 0.13 mW —_—
Liu et al.[4] 7.14% 1~10 50~500 5% 10 pF S - —

Lin et al.[5] 1009 433 2000 0.46% 2R, 2C 0.0836"m? 1.36mW @0.45V
Chen et al.[6] o 150 2000 133% | (11KQ + 11pF) | -Peeemm 3.1mwW @0.5V
Dong et al.[7] 100% 10 1000 10% 1C J— J— J—

Lee et al.[8] 63.64% 2 20 1% 2R,1C e —_— —_—
Djemouai et al.[9][10] 5.88% e 500 e 1R,1C _ —_— —_
of ~
Wang et al.[11] 110%3;4/0"/ 2 20 1% 1R 0.01274 mm? 10.234mW** —
. (]

. Not available at demodulator side
*  Including other pre-processing and output driving circuits

: Including output load
. Defined as —usa — Vmsa_ x100%

usa msa

[14] , where Vg5 and Vj,s5 can be referred to the definition of Fig. 11

¢ : Data rate has been calculated for only the demodulator side, without consideration to the added coding schemes involved

Vusa

Unmodulated V.
msa

]

WEEHITE

State !
(Idle Period)

Fig. 11. Common inward ASK-modulated data-binding power link used in medical electronic implants. The term “inward” represents the information is carried

from the external part to the internal side.

for those demodulators whose inputs are from an envelope de-
tector, e.g., Yu et al.’s architecture, the modulation rate is greatly
restricted by the load capacitance of the detector. When in the
cases like the work of Gunnar et al. and Baru et al., the internal
LPFs also cause a capacitance dependency on modulation rate.
This is how ASK can only be utilized in a low data-rate com-
munication in general regardless of its feature of simplicity. Ob-
viously, the bulk of the prior designs reveal a tradeoff between
modulation rate and implant space.

However, in addition to the existent problems given above, the
modulation index in an implantable system plays a notable role
as well. It can be illustrated in detail with the common inward
data-binding power envelope, which is presented at the receiver
frond end across the FES implant, as shown in Fig. 11. The de-
modulation-used ASK input in this case is extracted from such a
power envelope after the envelope is passed through a step-down
(voltage-dividing) stage as depicted in Fig. 1. The comparatively
longer period lying in the unmodulated signal amplitude V4, is
often adopted to achieve maximum power transfer periodically.
For such a case, however, the minimum carrier level required by
the system to generate stable dc supply is no more than V5, , but
may be higher than the modulated signal amplitude V,,,5,. ASK
modulation during this idle state is usually undesirable to avoid
the risk of losing system power. It makes the transmission speed
in such protocols potentially insufficient and limits further the

practicability of the ASK in an implantable system aspiring to
high data-rate information exchange, e.g., the visual prostheses.
When the modulation index increases, the load capacitance of an
on-implant power recovery module will become a huge amount
leading to a small possibility of on-chip full integration.

For a case that the minimally demanded carrier level is no
more than V,,,s,, the system will be unable to malfunction no
matter when the modulation occurs. Assuming that V,,, s, is ex-
actly the minimum carrier level demanded of an implant, the
amplitude of V5, exceeds V,, s, seems to become an unwanted
dissipation source of the system power. As we knew the demod-
ulation-used ASK input comes from the power carrier (enve-
lope), the corresponding voltage differences for the same mod-
ulation index, seen by the receiver front-end and the demodu-
lator side respectively, are quite different. The exceeding am-
plitude at the receiver front end is usually very large compared
with the demodulator side in an implantable system adopting
wireless (inductive) powering [15]. According to the report in
[16], the minimally required carrier level for an implant func-
tionality is able to be approximated as a linear scale factor (with
a unit in ohms) multiplied by a product of coupling factor and
current supplied by the power amplifier driving the primary coil
if the equivalent resistance of a whole implant is modeled as
a time-invariant value. It means that when data switch the ex-
ceeding amplitude at the receiver front end could result in an



GONG et al.: HIGH-EFFICIENCY ASK DEMODULATOR BASED ON SELF-SAMPLING SCHEME

extremely large unwanted switching current at the outside trans-
mitter due to the nonideal switching, leading to further a huge
power loss in spite of the fact that the linear scale factor has been
optimized.

Notably, the power loss will become extraordinarily dramatic
while the modulation rate is increased. Also, the above-men-
tioned assumption is considered somewhat impractical because
the overwhelming majority of the external transmitters usually
provide power levels much higher than the minimal require-
ments of the implants to ensure that they are able to work prop-
erly at all conditions even on a dreadful situation. The effect on
the modulation index from such a practical standpoint will be of
more critical importance since the higher the modulation index
demanded for proper demodulation, the more the considerably
exceeding voltage level across the receiver front end, implying
a more significant reduction in the system power efficiency. In
view of this, the index associated with the exceeding amplitudes
governing the power efficiency of the whole system should be
demanded as small as possible for such an inward ASK-mod-
ulated power link. Part of a recent paper [17] noted a similar
notion of the efficiency, but the ASKD structure involved in that
of the work is with the same envelope detection method as the
majority mentioned before, which results in similar constraints.

Decreasing the index also brings about a benefit in increasing
the modulation rate, while at the same time being with less re-
quirement in lowering the system quality factor (Q), thereby
making the high-data-rate transmission with good power effi-
ciency become possible. When desiring to achieve data com-
munication with a small modulation index and a satisfactory
modulation rate, most of the existing ASKDs will malfunction,
thereby causing considerable costs done on the circuit improve-
ments.

B. Circuit Topology

The proposed demodulator is revealed in Fig. 12. This de-
modulator is mainly composed of four parts called pulse shaper
(including ¢ and ¢ generators), voltage scaler, level contraster,
and self-sampler, respectively. The pulse shaper, constructed of
a Schmitt trigger and a common inverter, shapes the ASK input
into a pair of clear and regular sampling pulses ¢ and ¢ repre-
senting the normal and the inverted clock signals, respectively.
These clock signals will carry out a synchrony with the final
self-sampler for data recovery. In order to keep the clock signals
stable and to make the demodulator work correctly, the range
of the demodulation-used input should be taken into account.
Since the input will always go back to the referred ground of
an implant where the level is given as 0 V, the peak of the ASK
signal becomes our main concern, in particular for the peak level
Vaskm during modulation. V45, should remain higher than
a transition threshold Vg at which the output of the ¢ gener-
ator switches from high to low so that the sampling pulses do
not be interrupted. In order to deduce the transition threshold
Vi B., we make an assumption that the threshold has been set
first. When the input risesto the threshold, transistor N2 enters
the conduction mode, meaning that

Vasy. = Vin )
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where V;,, is the nMOS threshold voltage. The source terminal
voltage of N2 (Vs,,) will be

Vsyo = Vi.B. — Vin. 3)

Here, we neglect the body effect of N2. Because Vs, is decided
by transistors N1 and N3, these transistors are being operated at
saturation region since

Vbosy: = Vasw:, — Vin = Vi.B. — Vin; @)
VbDsns = VoD = Visya > Vasys — Vine

Therefore, we have

Bn1(Ve . — Vin)? = Bns(Vop — Vi.5.)? (5)

where Gn1 and 3 represent the parameters of process and
geometry ratio for the transistors N1 and N3, respectively. Thus,
the transition threshold V7, g. can be obtained as

_ Vob + VinvV/Bn
14+ +v/Bn

where 8, denotes [((W/L)x1/(W/L)x3)]ugoctive-

In the meantime the clock signals are being extracted,
the second stage, called voltage scaler, made up of a
common-source stage serves the post of an envelope detector.
This stage can raise the ASK input to a specific minimum level,
and reflect the peak difference between Vigky and Vaskm
by means of the disparities of their gains so that the ampli-
tude change caused by the modulation can be judged by the
next stage. The adoption of all p-transistor design enables the
voltage scaler to be provided with less noise contribution than
the counterpart, which is meaningful since the demodulation
validity will be considerably affected by the noise for a very
small modulation index and a given decision point from the
next level contraster.

Before considering the operation of the voltage scaler, the
policy of defining modulation index for the proposed circuit
should be clarified. In our design, the index is concluded by
a variable Vjskm, and a constant Vask,.(Vpp) as a reference
datum. By referring to the conceptual drawing of the signal flow
as shown in Fig. 12, we can discover that Vagk ., in this case is
still of our particular concern. As we knew, Visk, should be
at least higher than Vg, and it is also demanded as close to
Vasku as possible to fulfill a low-end discrimination. The re-
gions, we are interested in, at which the transistor P4 operate,
will be starting at saturation and ending at the subthreshold re-
gion. On consideration of the subthreshold, conduction is due
to the fact that P4 will not be immediately off while its effec-
tive source—gate voltage is smaller than the absolute value of its
threshold voltage. This will be somewhat contributive to the de-
crease of the modulation index. However, it also affects the de-
sign of the next stage, and therefore should be considered with
carefulness. By ignoring the channel-length modulation, the re-
lationships of the output Vy;s); of the voltage scaler, associated

Vi.B. (6)
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Fig. 12. Proposed demodulator and its conceptual drawing of signal flow.

with Vaskm, can be given as

( (%)M(VDD — Vaskm — [Vip|)? B

(%) ps (Vwsm — Vi )2 o
for Vi . < Vaskm < Vbp — |Vl

(%)m - Ipg - e(VoD—Vaskm/nVr) @

KP(%)}%(VVSM - |th|)2
L for Vbp — |Vip| < Vaskm

where V;p, Ipo, n, Vr, and K, are pMOS threshold voltage,
current coefficient, process-dependent term affected by the de-
pletion region characteristics, thermal voltage, and process pa-
rameter of the pMOS, respectively, while the subthreshold rela-
tion is cited according to [18]-[20]. Therefore, we obtain

Wsm = —pVaskm + [PVop + |[Vip|(1 — p)],
for Vi, B. < Vaskm < Vop — [Vl

Vysu = g - eVPo=Vaskm/2nVr) |y, | ©

for Vop — |Vip| < Vaskm
where p and ¢ are +/((W/L)ps/(W/L)ps) and
V/Upo-(W/L)ps/K, - (W/L)ps), respectively. In

order to connect the voltage scaler with the level contraster
sufficiently, the Vjsky-associated output level Vygu of
the voltage scaler should be calculated as well. This level,
however, is able to be simply deduced by replacing the Vaskm

Time

Recovery based on
Self-Sampling Scheme /
(Self-Sampler)

\ 7

of the subthreshold relation in (8) with Vpp, introducing an
appropriate relation given as

C))

Vysu =

It should be noted that, to make the circuit stable enough as
expected, P4 and P5 were designed with a medium Vt , com-
monly available in many modern CMOS processes including
TSMC 0.18-pm, in actual implementation. The low-Vt pMOS
only has around 160 mV in the adopted process, which is even
smaller than its low-Vt counterpart (250 mV), such that the de-
signed ASKD can be endowed with a modulation index down
to 4.35%. Notably, the area increase caused by the implant for
the low-Vt pMOS can be omitted.

Following the above, we are now able to link up the voltage
scaler with the level contraster more clearly by means of the
signal flow illustrated in Fig. 12. Since Vysuy and Vygy have
been computed, Vinhreshold 1S What should be taken into account.
As can be seen, the output of the voltage scaler is able to be
further processed as the sampling target of the pulse shaper if
Vihreshold 18 properly decided to differentiate the modulation
(Vaskm) from the unmodulated state (Vasky ). The level con-
traster serves as a comparator to obtain the required waveform
in sampling by making use of a low-power structure proposed
by Al-Sarawi [21]. Operation of this level contraster can be
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explained as follows. Assuming that the output of the voltage
scaler Vg is initially LOW, transistors P7, N6, and P6 are turned
on while N5 and P8 are off. N4 is situated at a subthreshold con-
duction and the drain voltage V¢ of P8 and N6 is eventually
lower than that for V;,,. As Vy/s approaches 2V, N5 is turned
on and V4 decreases. However, the pull-down ability is signif-
icantly restricted by N4 since V¢ is still below one V;,,. After
Vs rises to a level that is sufficiently high (i.e., the transition
threshold at which V4 switches from HIGH to LOW), V4 de-
creases to a level at which P8 is completely on. Vi will be
soon charged up while V4 drops off rapidly. The conduction
relation between the transistors N5, P8, and N4 can reduce the
short-circuit effect considerably so as to obtain a notable power
efficiency. By symmetry, a similar reduction in the short-cir-
cuit current can also be observed when V4 switches from LOW
to HIGH. Vipreshola 1S thus capable of corresponding to the
low-to-high transition threshold of V4, yielding [21]

Voo(R+1)R, — Vin (2R - 1)R, — 1]
(R+1)R, +1

where R and R, denote the ratios of \/(gmn5/gmp7) and
v/ (gmpe/gmp7), respectively (g, represents the transcon-

ductance), while an assumption of Vi, = Vi, = |V;,] has
been made to simplify the calculation, which is valid in our
employed process since V4, and |th| are around 538 and 512
mV, respectively. Hence, by connecting (10) with (8) and (9),
one of the concrete design criteria can be determined as

V:chrcshold = (10)

(1)

For the other criteria, we can referred to the positions marked
with asterisk in the conceptual drawing. These positions shown
in the ASK signal indicate the occurrence of high-to-low
transitions on the data stream. A bit “0” should be recovered
after the self-sampler responses to such bit changes. However,
for the corresponding timing positions, the level contraster is
very likely to lose due to packet waveform as indicated on the
depicted Vi ¢ signal flow if Vg cannot exceed a transition
threshold at which V4 switches from HIGH to LOW. This
will result in the proposed circuit failing in demodulation.
In the presented design, the worst case timings related to the
positions are approximated to when the ASK signal goes back
to the system reference level. Therefore, the input level at the
positions will enforce an operation of the triode region and an
operation of the saturation region on P4 and P5 respectively,
resulting in P

2(*F) ps [(VoD = |Vip|) (VoD — Vars) — 5 (Vop — Wars)?]
(T ) ps (Vs = [Vip])?

Virsu < Vihreshold < Vysum-

=1 (12
Therefore, by solving (12) and combining the solution with the
high-to-low threshold (V%) calculation of V4 according to [21],
the remaining criterion can be obtained as

VVS = |Wp|

+\/|V E 2(ﬂP5|th|2+2ﬂP4|th|VDD—5P4VDD2)
tpl —
3

13)
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S Vop(Rp + 1) + Vin [2R— 1)R, — 1]

(R+1R,+1
=Vu (14)
where fps = (W/L)p,, Bps = (W/L)ps, B =
(2(WpaLps + WpsLpa)/LpaLps), B = +\/(guN5/gup7),
and R, = \/(gm~4/9gmns) (gm 18 the transconductance). Also,
the assumption of Vi, = Vi, = |V4,] is still required for the
validity of (14).

A final stage of the so-called the self-sampler, which is
essentially built from an improved clocked CMOS D-flip-flop
(C2MOSDFF), is in charge of the data recovery. It samples the
change on the Vi,c simultaneously whereby the data can be
regained immediately by means of the positive-edge trigger of
Vps. This self-sampler can also be designed with other DFF
types. One of the merits of adopting such an architecture is
that both its internal and output nodes are firmly clamped by
the transistors P9, P11, N7, and N9 without being affected
by the internal race caused by the skew between the Vpg and
its complement. In addition, when the primary stage (brushed
in gray) of the sampler is turned on, the internal node N; of
the secondary stage does not become floating and vice versa.
It makes the design suitable for low-speed operation since
the nodes originally susceptible to noise have been able to
remain static by means of the feedback transistors P10, P12,
N8, and N10. Both conventional transmission-gate-based DFF
(TGDFF) and the proposed DFF are intrinsically lower power
consumption than those of the true single-phase-clock (TSPC)
-8T and -9T clocked storage elements by virtue of the absence
of precharge [20], [22]-[24]. In our case, C2MOSDFF can
have a power consumption even lower than the TG-based
structure for the same test patterns if the transistors with respect
to the feedback keepers can be sized appropriately. Such an
improvement in power efficiency can be referred to the less
internal switching nodes in C2MOSDFF. The evaluation was
carefully conducted by constraining their size to be minimum
for both DFFs. It is worthily mentioned that sampling the
Vic rather than the original output V, of the contraster is
better suited for our case utilizing C2MOSDFF in spite of the
presence of the restricted swing on the Vi c. When the fan-out
ability of the proposed ASKD should be enhanced to satisfy
subsequent implanted circuitry, sampling the Vpc can both
maintain a recovery in-phase with the modulated information
represented on the carrier envelope and fulfill the enhancement
by just increasing the width of P14 and N12, neither buffering
the output node with new cascaded inverters nor increasing
the width of P12 and N10. As we knew the two transistors are
inherently essential for our design, the space increase is able to
be minimized.

Here, we consider the last issue with respect to the design. In
the aforementioned discussion regarding the pulse shaper, we
only place emphasis on how the essential clock signals can be
properly extracted without interruption. However, the timing of
occurrence of the positive edge on Vpg may also bring about a
possible concern for correctly recovering a bit “1” as presented
on the symbolic trigger points “2” of Fig. 12. The optimal sam-
pling point can be decided by taking the relation between (10),
(14), and the transition threshold Vip,. at which Vpg switches



1472

from LOW to HIGH into account. More concretely, we assume
that the timing points associated with Vihreshold, Vai, and Vip,q
are Tinreshold> Lhi, and Tiy, respectively. The design of sam-
pling point determined by the Vjp,,,, should be strictly obeyed to
the restriction formulated as

Tthreshold < ﬂhps < Thl (15)
ﬂhps - Tthreshold > Tﬁetup (16)
T’hl - 71lhps > T’hold (17)

where Tetyp and Ti,o1q correspond to the setup time and hold
time demanded for C2MOSDFF.

C. Simulation Analysis

As discussed in the previous section, owing to the requisites
of longer penetration depth, less energy absorption in the
human body, and giving immunity from interference of other
medical instruments for the implants whose information and
energy are wirelessly transmitted, a carrier frequency of 2 MHz
is chosen for the current design. In order to demonstrate that the
performance of the whole circuit is not drastically affected by
temperature and process variations, an entire evaluation under
different process corners for a selected temperature range and
the set modulation indexes will be helpful for understanding the
physical limitation of the demodulator. The temperature range
between 35 °C and 41 °C is of general concern for a profound
implant due to the constant temperature of the human body in
nature. In addition, two worst case conditions are also included
in the test to further consider its robustness. The evaluation
results are depicted by means of a Shmoo plot shown in Fig. 13.
The supposed environment used for this test includes 50-2
matching resistance and 10-k§2 gate-protective bias resistance
to emulate actual measurement interface. Some 5-nH inductors
are also added between input signals (including supply) and
corresponding nodes of the circuit to consider possible bounce
effects. Such effects are associated with the mutual inductance,
caused by the wire bonds from the I/O ports as well as from
other signal wirings, in an actual chip. As can be seen, the
proposed ASKD can accomplish a modulation index up to
4.35% as desired. Also, the modulation rate utilized to perform
the test is set to be 50% (1 Mb/s) for each index. Although
this modulation rate is considered a bit difficult to achieved in
current implantable systems due to the high @ factor, it still
provides a meaningful performance index for the demodula-
tors. In addition, since a certain benefit in modulation speed
may be derived from a low-end discrimination as discussed
previously, it is possible to achieve a high modulation rate and
to improve the system efficiency in practice by incorporating
some techniques as reported in [25] in the presented ASKD,
thereby giving the possibility to overcome the fact that ASK is
traditionally less adequate for high data-rate communication.

Figs. 14 and 15 show steady-state performance and the wave-
forms with respect to circuit operation. The recovered data dis-
played in Fig. 15 are from the input with 5.89% modulation
index for obtaining four corner waveforms. The upper panel
shows cases of TT (35 °C) and TT (41 °C) while the lower one
expresses the FF (0 °C) and the SS (100 °C). The data transi-
tions Vg, and Vg, caused by the sampling of Vpg to Vi, can
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Temp. | | | |
o) T | FF | SS§ | FF | SS
) (35 - 41),(35 - 41),(35 - 41), (0) | (100)
Amplitude | | | |
1.7~1.8
(index = 2.86%)
1.65~ 1.8

(index = 4.35%)
1.6~1.8
(index = 5.89%)
1.55~ 1.8
(index = 7.46%)

1.5~1.8
(index = 9.09%)

14~18
(index = 12.5%)

1.3~18
(index = 16.13%)

Pass

(index = 20%)

Fig. 13. Shmoo plot for the modulation input versus temperature variation
under different process corners. (The terms TT, FF, and SS denote typical-typ-
ical, fast-fast, and slow-slow, respectively. The former of each term corresponds
to nMOS while the latter corresponds to PMOS.).

be connected with the same transitions shown in the left plot of
Fig. 14. The two subfigures in the right plot of Fig. 14 indicate
the voltage variations corresponding to the same timing axis for
Fig. 15. Maximum offset percentages for both the steady-state
voltage level as well the data transition can be calculated ac-
cording to

Offset(max) - —TT(35)

TT(35) +100%

(18)

thus obtaining the performance parameters of 0.045% (Vur.),
0.02% (Vru), and 23.125% (level LOW), while the offset in
level HIGH can be almost ignored. Moreover, owing to the self-
sampling characteristic, it can be observed from Fig. 15 that
output latency of the proposed circuit is kept within one carrier
cycle while the presence of data changes on the received carrier.

In addition to the analyses on corner and offset, what one
may want to see is how efficient the circuit can perform a cor-
rect demodulation when it operates at an input coming from
a received carrier carrying a certain noise level. As we have
manifested that the discrimination limitation of the proposed
ASKD is 4.35% from simulation, we have made the tests with
and without adding a noise source to an ideal received carrier
seen by the receiver front-end. In these tests, it is supposed that
the 4.35% ASK is extracted from an ideal preprocessing stage.
The resultant for the latter (with noise source) is a received car-
rier with 0.77 dB in signal-to-noise ratio (SNR). The simulation
waveforms can be seen from Fig. 16 where the modulation-uti-
lized pattern is a random bit stream. The top panel shows ASK
obtained from a received carrier in an ideal case, i.e., noise-
free. In this case, the corresponding demodulation waveform is
error-free. However, the demodulation result, coming from the
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Fig. 14. (a) Data transitions corresponding to Fig. 15. (b) Simulated steady-state voltage variations. The upper subfigure shows the voltage levels with respect to

demodulated bit “1”” while the lower one shows the levels of bit “0.”
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Fig. 15. Simulated demodulation waveforms obtained from HSPICE. The
ASK is with a modulation index of 5.89%. The upper panel shows the wave-
forms of TT (35 °C) and TT (41 °C) while the lower panel are the FF (0 °C)
and the SS (100 °C).

received carrier buried in noise, shown in the middle panel re-
veals that significant errors have occurred. The positions indi-
cating occurrence of the errors can be obtained by comparing
the two demodulation results immediately and are shown in the
bottom panel, thereby deducing a rough bit error rate (BER) of
2.6 x10~! from the present cases (50 bit samples). This BER
can be compared with a theoretical value of 1.9 x10~" calcu-
lated according to the error probability (Pp_g.) formula [27]

1 1
Ppp -1+ ¢~ (Eb/2No) (19)
2 271'E[,
No

where (Ejp/2Ng) corresponds to the SNR here, resulting in an
error percentage that is 36.8% higher than the theoretical cal-
culation. A more realistic performance evaluation related to our
design in accordance with the plots of SNR versus BER will be
discussed in the following the section. It should be mentioned
that (19) is derived from the noncoherent detection, namely,
conventional demodulation with capacitors; therefore, it can be
used as a comparison for our current design as the proposed
ASKD makes the decision of binary digit single clock period
long.

IV. RESULTS AND DISCUSSION

The proposed self-sampling ASKD (SSASKD), shown in
Fig. 17, was fabricated in a TSMC 0.18-pm CMOS technology.
It has been integrated into a subminiature prosthetic device for
our ongoing implant project. Eight prototypical chips were uti-
lized to obtain the experimental data. An on-chip active N-type
cross-coupled rectifier with oxide-enhanced (out of figure)
allows a lossless rectification in a demodulation-used signal to
support both system-level and stand-alone tests. This rectifier
is also protected by an off-chip circuit while the whole chip is
activated. Separate I/O pads and an analog multiplexer have
also been introduced to not only connect the demodulator and
the external supply but also switch off the system components
except the implemented ASKD as well as the rectifier when
the stand-alone test is enabled. The experiment setting is in
agreement with the Shmoo test with the exception of the induc-
tors to avoid input loss and to obtain a rail-to-rail output. The
demodulator occupies only a silicon area of 32.3 x 14.5 (um?)
without making use of any capacitor or resistor inside. Fig. 18
presents the measurement waveforms. In order to demonstrate
its wide-range operation in modulation index and modulation
rate, a signal generator instead of a real wireless link was
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Fig. 16. Simulated comparison of demodulated patterns between ideal and
noisy inputs. From the top the waveforms are the ideal ASK and the corre-
sponding data, ASK with 0.77 dB at received carrier and the corresponding
data, and the obtained bit error information respectively.

Fig. 17. Photomicrographs of SSASKD and the partial prosthetic chip.

adopted. Significant circuit nodes including the demodulated
output have been buffered to drive the probes that may have
loads up to 25 pF so that they could accompany the input.
According to the measurements, a minimum of 5.26% mod-
ulation index is certified. A 4.35% index, which is originally
manifested as the discrimination limitation according to the
simulation, was however failed in all samples. The malfunction
mainly comes from the level contraster. The reason may be due
to the undesired parasitic effects caused by the process variation
or the mobility difference between two types of the transistors.

The average power consumption and the SNR-BER curves
for the SSASK demodulator at three selected modulation in-
dexes are shown in Figs. 19 and 20, respectively. Each mark
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Fig. 18. Traces of demodulator at a 5.26%-index operating condition. The car-
rier frequency is 2 MHz while the modulation rate is 50%. The vertical scale
is set to be 360 mV/div except for the ASK waveform (Vasxa = 1.8 V) for
obtaining clear discrimination.
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Fig. 19. Measured power consumption under selected indexes.
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Fig. 20. BER characteristics of the SSASKD.

shown in Fig. 19 is an average obtained from all eight samples.
In addition, each test pattern involved in the power estimation is
with equal switch probability of “0” and “1.” The plots of SNR
versus BER presented in Fig. 20 were obtained through com-
paring the original bit stream with the demodulated pattern. No-
tably, owing to the random error characteristics, every symbol
marked in the plots was calculated from eight-time tests to make
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Fig. 21. Error probability distribution curves of the SSASKD.

the statistics comparatively authentic. Interestingly, we can ob-
serve from the curves that the demodulation performance is in-
versely proportional to the modulation index, neither as antici-
pated beforehand nor as seen in general. This can be explained
by using the curves as shown in Fig. 21. These curves show error
probability distributions for the ASK signal with Gaussian noise
in terms of two cases of modulation index. As the general situa-
tion which can be seen in textbooks, the overlapped area, caused
by Vask,,, and Vask, , symmetrical to one of the optimal deci-
sion thresholds (Vopr1) shows the initial decision error proba-
bility for binary data transmission. Particularly, the area below
V1. g. (formed with solid lines) denotes the error probability re-
sulted from the malfunction of the pulse shaper in generating
¢ and ¢ when Vask,, is less than Vi p.. As Vagk,, moves
to Vask,,, (i.e., the modulation index increases) while Vopr
migrates to Vopro, it is obvious that the decrease of the over-
lapped area around the optimal decision thresholds is less than
the increase caused by the malfunction of the pulse shaper. This
is the reason that the BER performance of lower modulation
index is superior to that of the higher one. When V7, g is put to
a position having long distance to Vask_,, the effect caused by
such a transition threshold of the pulse shaper for BER perfor-
mance is minimized. The SSASKD will be consistent with the
general case that the modulation index is inversely proportional
to the BER. Furthermore, the SNR-BER plots in Fig. 20 have
more than 1-dB loss compared with the simulated prediction,
utilizing the inputs constructed from high-resolution (i.e., large
points) piesewise-linear data, as a result of the noise contribu-
tion on the on-chip rectifier and the signal paths.

In order to overcome the dependency on Vi, g, two feasible
approaches are presented. One is to feed the pulse shaper with
the input directly obtained from the middle stage of the step
down instead of the predefined ASK. In this case a gate-oxide
overstress should be seriously taken into account as the pulse
shaper will have frequently an input voltage higher than its
supply, implying the oxide-enhanced masking must be applied
to this stage, and the readjustments on the transition thresholds
of the pulse shaper should be done with carefulness to meet
the criteria. The other is to put a simple preamplifier in front
of the pulse shaper to meet the Vi, p. and other conditions
demanded of the design. It is envisaged that what one may want
to know is that whether the demodulation efficiency is sufficient
for a realistic application. As observed from Table I, ASK in
medical electronic implants usually has a low modulation rate.
Assuming that the rate is just 10% for the intended carrier
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TABLE II
PERFORMANCE SUMMARY OF THE DEMODULATOR

Process / Supply 0.18-um 1P6M CMOS /1.8 V

Core Size 32.3 um x 14.5 um
R/C Component(s) Inside

Operation Carrier /
Modulation Rate Available

None

2 MHz / up to 50% (i.e. 1Mb/s)

Duty Cycle Offset (Max.) 0.8 ns (sim.)
Static Level Variation (Max.) | 4.45 uV (sim.)
Power Consumption (Avg.) 336 uW (meas.)

Discrimination Limitation /
Index

Tolerance in Supply Variation

1.8V ~1.65V (sim.)/4.35%
1.8V ~1.62V (meas.)/5.26%

+11.67% ~ -11.39% (meas.)
(0.21V) (0.205V)

frequency and the case of 5.26% index, which is adequate for
most FES implants in terms of the data rate (200 kb/s). In order
to obtain a BER lower than 1076, a predicted SNR of 15 dB
should be addressed in accordance with the measured curve,
signifying that overall in-band root-mean-square (rms) noise
must not exceed 16 mV. This requirement would be achievable
for an implant powered and communicating through inductive
coupling according to [28] and [29].

The performance of the SSASKD is summarized in Table II.
The bottom item indicates that the proposed circuit has a suffi-
cient immunity on supply fluctuation. The supply ripples at the
FES implants are usually suppressed within a significantly low
amount (< 200 mV) by an on-chip regulator [3], [8], [11], [16],
thereby providing the SSASKD with adequate robustness. To
sum up, our design not only satisfies the practical requirements
of most current electronic implantable devices but also states
that it is quite suitable for the applications demanding low cost,
low modulation index, and high demodulation performance.

V. CONCLUSION

In this paper, numerous aspects pertinent to designing a
novel ASKD have been discussed. The motivation related to the
design is to create the possibility of increasing the efficiency
of an implantable system powered wirelessly by way of the
demodulation technique. The proposed architecture is RC-less
whereby it can reduce the implant space and consequently
advance the fully integrated possibility. Experimental results
from both simulation phase and fabricated chips are with good
agreement on the modulation index; thereupon the design offers
the implantable systems an ultralow-end demodulation so as
to improve their efficiency as a whole. In addition, because
the ASKD conquers the capacitance dependency of those prior
arts by means of the self-sampling, it cannot only be utilized
to realize a high-data-rate communication without incurring
notable loss caused by the @) reduction in power efficiency,
but can also be easily applied to other microsystems such
as radio-frequency identification (RFID) transponders and
wireless sensor network systems having similar requirements
in efficiency. The first edition proof-of-concept prototype is
currently serving in our new-generation FES chips to regain
requisite command information. Future work will be on the
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investigation of practicability of operating the demodulator in
an actual wirelessly powered receiver for the implants.
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