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This paper presents an efficient radio frequency (RF) front-end for power and data telemetry in

biomedical implantable devices. The fully integrated system includes amplitude shift keying (ASK)

demodulator, low drop out (LDO) power regulator, full wave voltage rectifier and limiter circuit. The

demodulator utilizes a new ultra low power envelope amplifier that removes the need for any voltage

comparator or Schmitt trigger circuit. With a carrier frequency of 12 MHz and 1 Mbps data rate, the

proposed ASK demodulator achieves a modulation index range from 5% up to 100% while consuming

less than 35 mW from induced power. The regulator can provide a maximum stimulation current of

1.2 mA under a ripple suppressed 3.3 V supply. Designed in a 0.18 mm CMOS process, the system totally

draws about 35 mA excluding the stimulation current.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Research indicates that utilizing electrical stimulation in order to

generate action potentials in dysfunctioning organs is very useful [1].

On the other hand, recent advances in microelectronics during the

past years have made it possible to design high performance

implantable micro stimulators. These micro systems include cochlear

implant, retinal implant, cardiac pacemakers, functional neuromus-

cular stimulation (FNS) systems, brain computer interface, artificial

limb and visual prostheses [2–5]. A typical implantable micro system

consists of two distinct units: an external controller and an internal

unit (implant). A major concern in these micro systems is providing a

durable power for implanted chip noting that batteries are not

suitable due to their limited lifetime and large size. Furthermore,

communication between the implantable unit and external controller

should be provided without wires to reduce the risk of infection. In

order to deal with these problems, power and data telemetry system

using magnetically coupled coils are commonly used in the most of

the biomedical microelectronic systems [6,7]. An appropriate system

in terms of safety degree (being harmless), data rate, power delivery

capability, number of devices and power consumption, is required to

extract power and data from received modulated signal at the

implant side.

An important issue in designing wireless links is choosing an

appropriate carrier frequency. There is a tradeoff among some

critical parameters such as adequate data rate, size of the

components and tissue safety levels. By selecting a low carrier

frequency, power loss due to tissue absorption can be reduced but

the size of the antenna and tuned circuits elements may become

large and inefficient from cost and area viewpoints. On the other

hand, for a high data rate transmission, e.g., as needed for visual

prostheses, a high carrier frequency is required which will be

limited by the safety level of human body [8]. For biomedical

implants, carrier frequencies of inductive links are typically

chosen below 15 MHz [9,10]. Among various types of modulation

techniques available, amplitude-shift keying (ASK) is the most

common approach due to its simplicity yielding relatively low

power consumption [11]. When using ASK modulation, modula-

tion index plays an important role in designing the demodulator

and voltage regulator circuit blocks. A high modulation index can

simplify design of the demodulator, however, at the cost of using

large capacitors in power storage section challenging the full

integration of the whole system. Since the area of the implantable

part is a major concern, it is better to keep the modulation index

as low as possible. In this paper, we propose an efficient RF

interface that addresses these requirements.

The paper is organized into following sections: In Section 2,

system architecture is presented. Circuit details of the building

blocks will be discussed in Section 3. Simulation results are given

in Section 4 while in Section 5 the conclusion is presented.

2. System architecture

Fig. 1 shows the overall block diagram of the designed RF inter-

face. For realizing the wireless link, two inductively coupled coils are
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used: the primary coil is placed outside the body and the secondary

coil is located in the human body connected to the implanted micro

system. The external and internal coils are tuned by series and shunt

capacitors, respectively, to enhance the power transmission efficiency

as possible [12]. The magnetic field that carries modulated data in

envelope will be generated by the external coil and then is induced to

internal coil. As mentioned previously, the carrier frequency must be

selected by considering the safety level of human body and the

required data rate. To be able to obtain a moderate data rate a carrier

frequency of 12MHz is chosen in this work and the modulation index

is selected to be about 5% that can allow us to design a fully

integrated system. As depicted, the internal fully integrated section

includes voltage rectifier/multiplier, RF limiter, ASK demodulator,

Ripple suppressor filter, voltage and current reference unit and

voltage regulator. The first block connected to the internal coil is

the multiplier that rectifies the received RF signal and charges up

storage capacitors to an unregulated voltage, Vrec, approximately

twice the induced carrier amplitude.

In order to clamp induced high voltages, protecting the

internal elements, RF limiter is connected to both sides of the

internal coil. The demodulator receives Vrec and extracts com-

mands and data, which is required for the stimulation unit.

However, Vrec, includes a high frequency ripple as high as the

carrier frequency and a low frequency one coming from envelope

data which makes hard the design of the regulator with fully on

chip elements. So, a ripple suppressor filter is used to reduce

these ripples for the reference circuit and the voltage regulator. In

the following section, detailed circuit implementation of the

building blocks will be provided.

3. Circuit details

3.1. Voltage rectifier

Voltage rectifier converts the induced ASK modulated signal into

an unregulated supply voltage. However, it should not disturb the

envelope that represents data. Full wave rectifiers are preferred to

half-wave counterpart due to higher efficiency since both halves of

input waveform are used [13]. As shown in Fig. 2, the full wave

voltage rectifier consists of diode connected transistors and two

storage capacitors, Cs1 and Cs2. In positive half cycles of the RF input,

Cs1 will be charged to the peak of induced voltage through M1a and

M1b while in the subsequent negative half cycles Cs2 will. The

unregulated dc voltage, Vrec, is the sum of the voltage on Cs1 and

Cs2. Thus, the rectifier acts as a voltage doubler too.

In order to achieve a 3.3 V regulated voltage at the regulator

output in full load condition with a high current driving cap-

ability, about 5 V unregulated voltage should be provided by

rectifier. Depicted in Fig. 2, high voltage transistors (drawn with

thicker gate) available in the process that can sustain about 5.5 V

gate-oxide and drain-to-source voltage drop and have 13.5 V

source-to-bulk and drain-to-bulk junctions’ breakdown voltage

have been utilized. However, in no load condition, to prevent the

reverse voltage across the diode connected transistors to exceed

their valid bias range, two diode connected transistors in series

are employed.

3.2. RF limiter

In the case of power telemetry by inductively coupled coils,

keeping the external and internal coils in a fixed position might

not be ensured. If the distance between these coils is decreased, a

relatively high voltage may be induced to the internal coil

damaging the internal circuitry [13]. This problem will be worst

especially when the stimulator should supply a low amount of

stimulating current. Therefore, in order to protect internal parts, a

voltage limiter circuit is required. Fig. 3 shows the schematic of

the RF limiter which consists of two distinct parts. Depicted in

Fig. 3a, the first part removes the voltage-doubling characteristic

of the rectifier by discharging Cs2 through M5 and M6. When

storage voltage on Cs2 exceeds the sum of the threshold voltages

for M7 and M8, a current gradually flows in R1 and R2 turning M5

and M6 on which finally shorts Cs2. The next part is considered for

more protection over the times that the effective voltage reduc-

tion by first limiter is not sufficient. This part senses directly the

induced voltage on both sides of the antenna, RF1 and RF2, by

using a chain of diode connected transistors (Fig. 3b). In positive

half cycles, if the input RF voltage exceeds the sum of the

threshold voltages for the chained transistors Ma to Mb, they

rapidly turned on and reduce effective load over the antenna

causing the induced voltage to be decreased. In a similar fashion,

transistors Mc to Md do the job for the negative half cycles.

3.3. ASK demodulator

The typical ASK demodulators consist of two main building

blocks; envelope detector and comparator [8], [14]. Although

Fig. 1. Overall block diagram of the RF interface.

Fig. 2. Full wave voltage rectifier.
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these architectures are simple and robust, they suffer from large

process, voltage and temperature (PVT) variation especially when

Schmitt trigger circuit is used instead of comparator. Further-

more, they usually occupy a large area due to embedded RC low

pass filters with low frequency corner as a way for envelope

detection and average extraction. Other designs that have tried to

reduce the total number of elements by putting out the compara-

tor or eliminating the RC low pass filters often experience a high

power consumption [11], [15].

The schematic diagram of the proposed ASK demodulator is

shown in Fig. 4. According to this figure, it does not require

comparator or Schmitt trigger circuit, thus mainly saving the

power and area. The design is divided into three main parts:

voltage divider, envelope amplifier and buffer. In the first step, the

voltage divider receives the envelope of the ASK signal at the

rectifier output, Vrec, providing three specific levels. These voltage

levels are served as input to the subsequent envelope amplifier. In

the envelope amplifier unit the amplitude of the envelope signal

is maximized to a level that can be recognized by only a digital

inverter-based buffer. Consequently, Schmitt trigger or compara-

tor is no longer needed. The following paragraph discusses the

operation of envelope amplifier in more details.

Referring to Fig. 4, voltage divider resistors, R1, R2 and R3,

generate three voltage levels from incoming envelope signal

named Venv�h, Venv-m and Venv� l where Venv�m is set to the

middle of the Venv�h and Venv� l by choosing equal values for R1

and R2. The low pass filter receives Venv�m and eliminates its high

frequency ripples so that a smooth voltage, Vave, is generated. The

Venv�h and Venv� l along with the Vave are used as VDD, VSS and the

input of the M2–M3 inverter, respectively. The gate of voltage

Fig. 3. RF limiter.

Fig. 4. Schematic diagram of the proposed ASK demodulator.

Fig. 5. Timing diagram of the envelope amplifier; (a) inputs to the envelope

amplifier, (b) output of the envelope amplifier.

M. Lotfi Navaii et al. / Microelectronics Journal 43 (2012) 848–856850



follower transistor, M1, is also connected to Vave in order to

provide an adaptive bias voltage with respect to Vrec. Moreover,

since the drain of M1is connected to rectifier output directly, M1 is

chosen to be a high voltage transistor to bear high values of Vrec.

For the sake of clear explanation, Fig. 5, shows the timing

diagram of the envelope amplifier. AS depicted in Fig. 5. a, from t1
to t2 where the envelop signal acquires a low level, Venv�h reaches

to Vave causing M2 to turn off while at this moment Venv� l has its

minimum value that is far from Vave which turns M3 on. Thus, the

Venv� l will be transferred to the output. In an opposite manner,

from t2 to t3, where the envelope signal has a high level and

represents a logic ONE, M2 is on, M3 is off, and the Venv�h appears

at the output. As a result, shown in Fig. 5b, the output of the

inverter, Venv�out, alternatively switches between the maximum

of the Venv�h and the minimum of the Venv� l. In other words, the

envelope signal has been amplified properly. Finally, by using a

couple of inverters following the envelope amplifier, the ampli-

fied envelope signal is brought to standard logic levels.

As conceptually shown in Fig. 6a, the low pass filter is similar

to a peak detector. The reason for this configuration is to

minimize the ripple on the extracted average value, Vave, as much

as possible. Nonetheless, to be able to track the level variations in

the Venv�m continuously, a resistor is placed in parallel with the

charge holding capacitor Cf. The value of circuit elements should

be chosen properly to achieve the desirable response according to

following relation:

f cut ¼
1

2pRhighCf

oo

1

2T
ð1Þ

where T denotes the bit intervals. Using a small nominal value for

Cf, a high value for Rhigh is required to satisfy this relation. Given

in Fig. 6b, this high value resistor is realized on chip using an

active circuit biased from reference circuit. The amount of

resistance provided by this circuit assuming gm4ffigm5 can be

calculated as:

1

Rhigh

¼
1

ro5
þ

gm4þgm5

1þgm4ro3
�

1

ro5
þ

2

ro3
ð2Þ

where gm4 and gm5 represent the transconductances of the M4 and

M5 respectively, and ro3 and ro5 denotes the drain source resis-

tance of the M3 and M5, respectively. However, It should be noted

that at least a VGSþVDS,sat voltage over drop is required for Rhigh to

operate perfectly.

3.4. Ripple suppressor filter

High frequency ripples and fluctuations on the rectifier output,

especially when the maximum current is delivering to the load,

makes the design of the regulator and voltage reference circuits

challenging. In order to diminish these ripples, some literatures

have used a large off chip capacitor, in the range of nano-Farad

[13], [16]. However, a large capacitor will occupy a large area on

the chip and thus not suitable for implanted devices. As shown in

Fig. 7, we have used a ripple suppressor filter to drop these high

frequency ripples out [17] before reaching to the regulator and

the voltage and current reference unit. The average of Vrec stored

Fig. 6. Low pass filter realization; (a) peak detector circuit, (b) implementation of

Rhigh.

Fig. 7. Ripple suppressor filter.

Fig. 8. Multiple supply independent voltage and current references.
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on the low-pass filter capacitor has been peaked up by Mcascade as

a source follower. However, VDH will be a source to gate voltage

lower than Vrec. By using a large transistor with a large dimension,

we have decreased this voltage drop out as much as possible.

3.5. Voltage and current reference unit

Since human bodies temperature has a limited and negligible

variation, incorporating regular reference circuits like conven-

tional band gap circuits, is not efficient. Well known multiple

output supply independent voltage reference circuits which have

been widely used in biomedical implant systems can be a good

choice [16], [18]. As shown in Fig. 8, we propose an improved

version of the circuit that also provides multiple supply indepen-

dent current reference. The amount of reference voltages are

obtained by properly adjusting the size of the M5 and M6 and the

value of the resistor R. The transistor M8 that is receiving its gate

bias from Vref�1 specifies the reference current of the current

reference part. Any other required reference current will be a

scaled replica of the current flowing in M8 and M7. However, all

the main reference current and its replicas will be sunk from M2.

So, M2 should be sized properly in order to be able to supply the

current needed for both voltage reference and current reference

circuits as follow:

W
L

� �

2
W
L

� �

1

�

�

�

�

�

old

¼
I2
I1

¼
I4
I1

ð3Þ

W
L

� �

2
W
L

� �

1

�

�

�

�

�

new

¼
I2
I1

¼
I4þ Itot

I1
ð4Þ

W
L

� �

2
W
L

� �

1

�

�

�

�

�

new

¼
W
L

� �

2
W
L

� �

1

�

�

�

�

�

old

þ
Itot
I1

ð5Þ

where the terms ‘‘new’’ and ‘‘old’’ refer to reference circuit with and

without current reference part, respectively. I1, I2 and I4 denote the

drain current of theM1,M2 andM4, respectively, and Itot stands for the

total current sunk by current reference part.

3.6. Low drop out voltage regulator

The main function of the voltage regulator is to provide a reliable

and smooth voltage from rectified voltage by comparing it with a

Fig. 9. Low drop out (LDO) power regulator.

Fig. 10. Rectifier output(Vrec) in no load (with and without limiter) and full load

conditions.

Fig. 11. The outputs of the ripple suppressor filter (VDH) and voltage regulator

(VDD) in comparison with rectifier output (Vrec); (a) no load condition, (b) full load

condition.

Fig. 12. The outputs of the ripple suppressor filter (VDH) and voltage regulator

(VDD) in comparison with rectifier output (Vrec) in full load condition for two

corner cases; (a) NMOS: slow, PMOS: slow, Resistor: low, Temp: low, (b) NMOS:

fast, PMOS: fast, Resistor: high, Temp: high.
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reference voltage. They usually incorporate an error amplifier with a

negative feedback where their stability against various load condi-

tions is of great concern [19]. Fig. 9 shows the regulator circuit which

has been compensated for both full load and no load conditions.

Another important aspect of voltage regulators is their maximum

current delivery that indicates the maximum amount of stimulation

current that can be delivered to tissue under a smooth voltage.

A value of 1.2 mA is achieved by this regulator, which is a nominal

value for fully on-chip regulators [8]. It should be noted that the exact

amount of stimulation current and its duration would be adjusted by

external controller commands and will be applied by current gen-

erator circuit of micro stimulator. This circuit dose not belongs to RF

interface unit and is not presented here.

4. Simulation results

The proposed fully integrated RF interface has been designed

and simulated using TSMC 0.18 mm mixed-signal CMOS process.

With a 12 MHz carrier frequency, the system can operate with a

data rate up to 1 Mbps and tolerates a modulation index from 5%

to 100%. Fig. 10shows the rectifier output, Vrec, in no load and full

load conditions. With no load and without voltage limiter, Vrec

goes high to about 7 V that can damage internal circuitry. None-

theless, in presence of voltage limiter it will be dropped to a value

less than about 5 V. However, in full load condition or when

voltage limiter conducts current, the high frequency ripples on

the envelope data at the rectifier output will be increased. These

issues should be taken into account when designing ASK demo-

dulator. In addition, large swings on the Vrec can cause problem

for other circuit parts directly supplied by it, which are reference

circuit and voltage regulator. Thus, as mentioned in Section 3. D, a

ripple suppressor filter is accommodated preceding to reference

circuit and voltage regulator.

The output of the ripple suppressor filter, VDH, in comparison

with Vrec and the regulator output, VDD, in both no load and full

load conditions are shown in Fig. 11a and b, respectively.

Fig. 13. The measured (a) line and (b) load regulation.

Fig. 14. The dependency of the (a) current and (b) voltage references on the supply

voltage.

Fig. 15. The waveforms of the simulated signals, inputs and output of the

envelope amplifier.

Fig. 16. The waveforms of the simulated signals for two corner cases; (a) output of

the envelope amplifier (Venv�out), (b) DATA.
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According to these figures, the presence of ripple suppressor filter

is vital since about 600 mV low frequency ripple and 300 mV high

frequency ripple exist at the output of the rectifier. The ripple

suppressor filter has rejected these ripples successfully removing

the need for an off-chip capacitor at the output of the regulator at

the expense of about 1 V voltage drop at the output of the filter.

To examine how the performance of the design changes with the

process corners, these outputs for two corner cases are provided

in Fig. 12a and b, for full load condition. As it is evident, the

functionality of the circuits is acceptable in both corners. How-

ever, the little variation in the output level of regulator is mainly

due to Vref�2 since the reference circuit is only supply indepen-

dent. The dependence of the VDD on the load current as well as the

supply (VDH) is depicted on Fig. 13a and b, respectively. According

to these figures, the load and line regulation are 24 mV/mA and

15 mV/V, respectively. The voltage and current references gener-

ated by supply independent reference circuit are shown in

Fig. 14a and b, where their dependency on the supply (VDH) is

calculated to be approximately 0.8% and 9.5%, respectively. The

simulation results of the envelope amplifier is shown in Fig. 15.

The dotted lines exhibit voltage levels provided by the voltage

divider previously called, Venv�h and Venv� l which represent the

envlope of the signal. The output of the lowpass filter, Vave, is

shown by dashed line while the solid line represents the output of

the envelope amplifier named Venv�out. As it is obvious, depicting

a 1 ms bit interval or a 1 Mbps data rate, Venv�out has about 1 V

peak to peak amplitude. Therefore, the amplified envelope is high

enough to be distinguished by the following buffer.

The output of the envelope amplifier along with buffer output

for two different proccess corners are given in Fig. 16. According

to Fig. 16a, for the corner SS 201, the output of the envelope

amplifier has its maximum swing which is nearly 1.27 V.

However, the worst corner is FF 501 where the envelope ampli-

fication is minimume, approximately 650 mV. Nonetheless, the

circuit has preserved its functionality and the buffer can detect

data perfectly as given in Fig. 16b. In order to ensure the

operability of the system, statistical (Monte Carlo) analysis with

1000 iterations is performed. Referring to Fig. 17, the mean value

of the regulator output (VDD) is 3.23 V and its standard deviation

is 110 mV. Fig. 18, shows the demodulator output (DATA) for all

iterations. After about 29 ms where the circiuts have reached to

their stable bias condition, data has been detected successfully. It

should be noted that the diffrence in voltage level resembling

logic ONE obtained from each iteration is due to its coresponding

VDD value.

Table 1 summurizes the demodulator charactristics and com-

pares it with some recentlly published litrature. For a data rate of

1 Mbps, the ASK demodulator consumes only about 35 mw.

Normolizing the data rate with carrier ferequency and defining

a figure of merit as:

FOM¼
ðData rateÞ

ðCarrier frequencyÞðModulation IndexÞðPowerÞ
ð10Þ

indicates that the proposed ASK demodulator has achieved a good

rank among other prior works.

Fig. 17. Monte Carlo analysis of the regulator output (VDD) with 1000 iterations.

Fig. 18. Monte Carlo analysis of the demodulator output (DATA) with 1000

iterations.

Table 1

The demodulator charactristics and its comparsion with some recentlly published works.

Design Number of

components

Area

(mm2)

Carrier

(MHz)

Data rate

(Kbps)

Modulation index

(%)

Power

(mW)

FOM Year

[15] 17 0.01274 2 10 18.75 10.234 0.003 2004

[20] 449 0.18 1 18 100 0.07 0.26 2006

[11] 12 0.003025 2 250 27 1.01 0.46 2008

[21] 32 0.000468 2 1000 5.26 0.336 28.29 2008

[22] 17 0.039 2 570 10 12 0.24 2008

[23] 427 0.0036 2 1000 2.86 0.396 44.14 2009

[24] 15 0.0033 13.56 1200 11.11 0.306 2.6 2010

Ours 16 0.003744 12 1000 5 0.035 47.61
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The overal characteristic of the proposed RF interface in

comparison with perior works is presented in Table 2. The system

totally drawn less than 35 mA from induced power, excluding the

stimulation current, where the contribution of main building

blocks including voltage and current reference circuit, voltage

regulator and ASK demodulator is almost 30%, 55% and 15%

respectively. The circuit layout is shown in Fig. 19. The chip area

including the signal and test pads is 505 mm�505 mm.

5. Conclusion

A fully integrated power and data telemetry system for

biomedical implants was reported. We have mainly focused on

low power designing of the ASK demodulator and proposed a new

one which is optimum in viewpoints of the area and power

consumption. Owing to this and trying to keep the power

consumption of the other parts in a nominal range the overall

power consumption is dropped. In addition, an improved supply-

independent voltage and current reference circuit is presented

which is suitable for biomedical applications where temperature

variation is limited. Furthermore, by using a ripple suppressor

filter the need for an off chip storage capacitor in voltage

regulator circuit is removed.
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