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Abstract—This paper describes three main blocks of a cortical
prosthesis system: the RF transformer, the power recovery block
and the block to recover the clock and demodulate the carrier.
To maintain the long term usability for a minimally invasive
implantation, the power recovery efficiency should be maximized.
The DC voltage obtained by rectification and filtering in link
secondary side is a non regulated signal. Thus, a LDO voltage
regulator is used, which offers protection and electrical transients
and noise filtering. The clock recovery is made using a low power
PLL. The system implemented in a CMOS 0.35 µm technology
was manufactured.

Simulation results and the layout of a prototype are presented
and prove its feasibility.

I. INTRODUCTION

Biomedical applications have seen an intense research effort
in the last few years. Due to its huge complexity it is a mul-
tidisciplinary area where microelectronics plays an important
role for the feasibility of most systems. Recently, researchers
in the field of visual rehabilitation developed a system that
consists on an artificial retina that converts the visual world
in front of a blind person in a set of electrical signals that
can be used to stimulate the visual cortex in real time [1]. In
these applications, the need of long time functioning requires
that the implant is powered by the outside, in order to avoid
unnecessary surgery for batteries replacement. The classic
techniques make use of wired links to transmit data and power
between the unit placed outside the body and that inside the
body. However, this technique has a high risk of infection
and is considerably uncomfortable for the patient. In order
to improve these drawbacks, wireless solutions are presently
being under development ( [2], [3], [4] and [5]). Nevertheless,
wireless solutions present many challenges because power and
data have to be satisfactorily transmitted to the inside unit, in
spite of the significant coupling losses. In what concerns the
inside unit power requirements, they depend on many issues,
as for instance the electrode stimulation power requirements,
the internal control unit, the chosen technology, etc. The power
received by the implant must be rectified ( [4], [6] and [7]) and
regulated ( [8], [9], [10] and [11]). Also, a duplex transmission
system is desirable in order to have some information from
inside unit status. The electrodes are activated based in the data
transferred by the primary. This data transmission is achieved
through an envelope modulated in FSK that is demodulated on
the receiver using a low power PLL for this purpose ( [12],
[3], [13], [14] and [15]).

In this report, a cortical prosthesis system is presented. The
general architecture is briefly explained with more influence in
two blocks (Power Supply Generator and Data/Clock Recov-
ery), where this work is focused (Chapter II). In chapter III is
presented two different topologies (series or parallel resonant
capacitor) to be subsequently analyzed and compared. Chapter
IV focuses on the operation of rectification and regulation. To
realize this operation are studied two different topologies of
class E rectifiers (with a series capacitor or a parallel inductor)
and its consequencies in resonant frequency. Then, a LDO
voltage regulator is realized. In chapter V a PLL that is used
in data and clock recovery is explained and each of its main
building blocks is described.

II. SYSTEM ARCHITECTURE

The cortical prosthesis system use an artificial retina that
converts the visual world in front of a blind person in a set
of electrical signals that can be used to stimulate the visual
cortex (generating phosphenes) in real time by the intracranial
circuitry (see Figure 1).

Fig. 1. Illustration of retinal prosthesis system.

The telemetry system consists of an internal unit for retinal
stimulation and an external unit for stimulation control and
battery charging [11]. A paired RF coil (one implanted in
the human body and another one close, but outside the body)
links these two units for the transmission of data and power
(Fig. 1 and 2). In order to improve the data transmission rate
and the power efficiency, a bi-directional data communication
mode was adopted: the forward link transmits a power/data
signal using binary FSK (Frequency Shift Keying) modulation
and the backward link operates in the reverse direction. The
transmitted signal transferred in an envelope is received by
the internal coil and extracted through a half-wave rectifier
and a low pass filter. Then, a voltage regulator generates
the power to be consumed by the implanted microsystem.



Using the same envelope signal, a data decoder recovers the
parameter data and uses it to stimulate the visual cortex.
The Electrode Stimulator block is responsible for stimulating
the electrodes and is essentially a digital-to-analog converter
(DAC). The Control Circuit is a digital controller that provides
the Electrode Stimulator with the current amplitude and the
duration of stimulation in clock cycles [1].

Fig. 2. Schematic of retinal prosthesis system architecture.

III. RF TRANSFORMER DESIGN

The proposed transcutaneous transformer acts as a power
RF link between the power source and the load, with human
body tissues between the coils. When excessive losses on the
implant side occurs, the human tissue can be damaged by over-
heating. Some factors that contribute to a lower transformer
efficiency are: losses that depend of the dielectric environment
(low coupling of the transformer) and losses by Joule effect
[3].

The equivalent model of a coil, which is found in Fig. 3(a),
consists in a second-order resonant circuit with a resistance
that increases when the frequency of operation is increased,
and a capacity that results from the distributed capacity
existing between any portion of a coil and adjacent. Each coil
is made by an insulated wire (Litz wire), wrapped in a flat
single layer circular coil, but can be made in multilayer (Fig.
3(b)) or in a cylindrical single layer coil.

(a) Equivalent model of a coil. (b) Foto of
a multilayer
circular coil.

Fig. 3. RF coil.

The results of coil features (since it used the same coils on
each side) measured by a spectrum analyzer are in table I.
Where: N is the number of turns; L is the coil inductance;
Rac is the AC resistance; C is the self capacitance and fp is
the self-resonance frequency.

The RF transformer is composed of the two coils self-
inductances (λ11 and λ22), the mutual inductance (Lm), the
resistances Rs1 and Rs2 that correspond to the series resistance
of the coils measured at 13.5 MHz (working frequency) and

TABLE I
Experimental results for both RF coils.

N L (µH) Rac (Ω) C (pF) fp(MHz)
L1 15 12.29 3.74 2.70 27
L2 15 12.29 3.74 2.70 27

by the parasite capacitors (Cd1 and Cd2) (its values are negleg-
ible) from the individual coils. To increase the power transfer
efficiency and improve signal-noise ratio in data transferred,
both sides of the RF link are tuned at 13.5 MHz. This is
realized with the addition of a resonant capacitor in each
side of the transformer. The capacitors Cr1 and Cr2 (resonant
capacitors) cancels the reactance of inductances λ11 and λ22
for the working frequency. Although the resonant capacitor
in the primary side is always in series with the primary coil,
the secondary resonant capacitor can be added in series or in
parallel with the secondary coil, as shown in Fig. 4 [1].

Fig. 4. Schematic of the model of tuned transformer for low frequencies
(frequencies lower than resonant frequency).

A. Series and Parallel Resonance

Knowing the quality factor of a coil (Q# = ωL/Rs#, where
# is the side of tranformer), the coil values (L1 and L2)
and the coupling coefficient (k), all the transformer elements
can be calculated. The cranium thickness is equal to 1 cm
that corresponds to a value of k approximately equal to 0.15,
therefore the value of k must be greater than this value
(k ≤ 0.15). Thus: from (1) is obtained the value of mutual
inductance (λ12 = λ21 = λm);

λm = k
√
L1 × L2, (1)

from (2) is obtained the values of the coils inductances λ11
and λ22;

λ11 = L1 − λm
λ22 = L2 − λm,

(2)

from (6) is obtained the values of resistances Rs1 and Rs2;

Rs# =
ωL#

Q
(3)

and from (4) is obtained the values of resonant capacitors Cr1

and Cr2;

Cr# serie =
1

ω2
rL#

, for resonant frequency. (4)

The values of the transformer elements for both topologies
are presented in Table II. The load resistance has the value of
220 Ω for a power consumption on secondary system of 50
mW.



TABLE II
RF tuned transformer parameters (k = 0.1; Q1 =Q2 = 279; Rload = 220 Ω;

fr = 13.5 MHz).

Parameter Value
Cr1 [pF] 11.3
Cr2 [pF] 11.3
Rs1 [Ω] 3.74
Rs1 [Ω] 3.74
L1 [µH] 11.1
L2 [µH] 11.1
Lm [µH] 1.23

The graphics of transfer function from RF transformer with
series and parallel resonance are shown in Fig. 5(a) and Fig.
5(b). As can be seen, the RF tuned transformers are tuned
at the frequency of 13.5 MHz. The link bandwidth can be
increased, decreasing the load resistance (see table III).

(a) With series resonant capacitor. (b) With parallel resonant capacitor

Fig. 5. AC response of the RF transformer.

TABLE III
Measured bandwidth of series and parallel resonant transformer.

Bandwidth [kHz]
Topology Rload = 220Ω Rload = 150Ω

Series 822 1212
Parallel 151 176

To measured the efficiency of the two transformers topolo-
gies, the simulations are done using as drive a power amplifier
in primary side (Fig. 6). This device is a class E resonant
circuit that consists in a transistor (a MOSFET is used) that
acts as a switch in the carrier frequency; and an RF coil
shock, which stores energy when the transistor is conducting,
and releases the same energy to the resonant circuit when the
transistor is cut.

Fig. 6. Schematic of resonant RF transformer with a class E power amplifier
as source.

Whereas the source resistance is zero is, the maximum
theoretical efficiency that can be obtained for the transformer

is given by:

ηt =
Pout

Pin
=

Rload

Rs1 +Rs2 +Rload
= 96.7%. (5)

As can be seen from eq. (5), the efficiency of the transformer
depends critically on the value of resistors Rs1 and Rs2, is
less, higher the value of resistance.

The Power-added efficiency (PAE) efficiency are currently
used to calculate power amplifier efficiencies. So, in this circuit
these concepts also can be applied. These parameters are
calculated using the expression (6):

PAE =
Pout − Pin

PDC
. (6)

The values of PAE efficiency measureds for the two different
topologies are shown in Table IV. As can be seen, the topology
that uses a resonant capacitor in parallel on secondary side is
more efficient than the other topology.

TABLE IV
Amplifier drive + RF tuned transformer efficiency (series and parallel

topology).

k = 0.1; Q1 =Q2 = 279; Rload = 220 Ω; fr = 13.5 MHz
Series resonant Parallel resonant

Pin [mW ] 25.49 5.86
PDC [mW ] 878.3 877.7
Pout [mW ] 743.6 736.2
PAE [%] 81.76 83.21

IV. POWER EXTRACTION FROM CARRIER

Among the circuits of the implant, the efficiency of the
power recovery circuitry (rectifiers and voltage regulators) is
considered one of the most important factors governing the
overall implant performance. The rectifier performs an AC to
DC non regulated conversion. The low pass filter in output
provides coarse voltage regulation and protection. The LDO
regulator provides a stable DC level used for supplying the
others blocks present in the implant, including to stimulate
the electrodes.

A. Rectification with a Schottky Diode

High frequency rectifiers have two main power losses con-
tributions that are associated with the diodes: losses due to its
forward voltage drop and a high frequency loss that can be
attributed to the finite switching time of the diode. However,
there losses are reduced by using Schottky diodes. The voltage
response is very fast on this type of diodes. The simulation of
the two rectifiers topologies was made using the drive shown
in Fig. 6 for the two tranformers topologies.

1) Class E rectifier with a series capacitor: A Class E
Zero-Voltage-Switching (ZVS) rectifier with series capacitor
[6] is shown in Fig. 7. The series capacitor sets the ON duty-
cycle. Second-order lowpass output filter (Lf e Cf ) reduces
the ripple of output voltage, intended to be between 5 % and
10% of the mean value.



Fig. 7. Schematics of class E rectifier with a series capacitor.

When the diode is OFF, the capacitor current is equal to
source current. Consequently, the capacitor voltage rises lin-
early (if Rload <<). The voltage across the diode is vd = vc
(C voltage) −vin (input voltage). When the diode voltage
reaches its threshold voltage, the diode turns ON. Capacitor
C (resonant capacitor of transformer) sets the ON duty-cycle.
The diode turns on at low dvdiode/dt and turns off at zero
dvdiode/dt and low didiode/dt, to minimize switching losses
and noise (see Figure 8(a) and 8(b)). The simulated circuit
includes the series and parallel resonant transformer with the
respective rectifier. The capacitor C is the resonant capacitor
in secondary side of the link. To topology with a parallel
capacitor in secondary side, the simulations were made with
a additional C equal to 10 pF.

(a) With series resonant capacitor. (b) With parallel resonant capacitor.

Fig. 8. Current and voltage waveforms in class E ZVS rectifier.

Fig. 12 shows the output voltage of rectifier. The output
value with low ripple is contained in the desired range of
voltage.

(a) With series resonant capacitor. (b) With parallel resonant capacitor.

Fig. 9. Ripple in output voltage in class E ZVS rectifier.

2) Class E rectifier with a parallel inductor: The basic
circuit of a class E rectifier with a parallel inductor or Zero-
Current-Switching (ZCS) rectifier is present in Figure 10. It
consists of a Schottky diode D, an inductor L, and a filter
capacitor Cf [7]. The parallel inductor sets the ON duty-cycle.

While the diode is ON, voltage across the inductance
is constant and equal to output voltage (V out) plus diode
voltage. Thus, inductance current increases linearly with a
slope V out/L. When the diode current reaches zero, diode

Fig. 10. Schematics of class E rectifier with a parallel inductor.

turns OFF. Consequently, inductance current is equal to the
sinusoidal input current, resulting in a sinusoidal inductor
voltage. The reverse diode voltage is equal to the difference
between output voltage and inductance voltage. The rectifier
diode turns ON at low dvdiode/dt and zero didiode/dt, and
turns OFF at low didiode/dt, reducing switching losses and
the reverse-recovery effect (see Fig. 11(a) and Fig. 11(b)).

(a) With series resonant capacitor. (b) With parallel resonant capacitor.

Fig. 11. Current and voltage waveforms in class E ZCS rectifier.

The output voltage in rectifier has low ripple contained in
the desired voltage range (see 12(a) and Fig. 12(b)).

(a) With series resonant capacitor. (b) With parallel resonant capacitor.

Fig. 12. Ripple in output voltage in class E ZCS rectifier.

3) Rectifiers Summary: The introduction of rectifiers (more
active elements) does not change the resonance frequency.
The values of the low pass filter elements for both rectifiers
topologies are presented in Table V.

TABLE V
Low pass filter elements of the class E ZCS rectifier.

Parameter Value
L [µH] 5
Cf [nF] 20

Tab. VI shows the efficiency of each set of transformer +
Rectifier, where: 1 - Transformer with series resonance + Class
E ZVS Rectifier; 2 - Transformer with parallel resonance +
Class E ZVS Rectifier; 3 - Transformer with series resonance
+ Class E ZCS Rectifier and 4 - Transformer with parallel
resonance + Class E ZCS Rectifier.



TABLE VI
RF transformer + Rectifier Efficiency.

PAE [%]
1 34.7
2 23.6
3 33.6
4 24

As can be seen, by the obtained results, a greater efficiency
is achieved with the combination 1 and 3.

B. Low Dropout (LDO) Regulator
The choice of a voltage regulator for a given application

offers numerous design tradeoff considerations. While switch
mode regulators provide good power efficiencies, they are
costly in terms of silicon area, and the magnetic elements are
bulky and cause electromagnetic interference (EMI). More-
over, the output voltage ripple and output noise of switching
regulators might not be acceptable for several applications
such as critical RF circuits. On the other hand, linear regulators
have very small output voltage ripple, are compact, have low
output noise, and are stable with varying loads [8].

1) Conventional LDO regulator topology: An LDO reg-
ulator is a DC voltage source which delivers a constant
output voltage regardless of load variations and input voltage
variations. The need of on-chip voltage levels makes voltage
regulators a critical part of an electronic system design.

The structure of a classical CMOS LDO, as shown in Figure
13, is composed of an error amplifier, a pass device (PMOS
transistor) in common-source configuration operating in the
saturation region, a feedback resistor network and a voltage
reference ( [9] and [11]).

Fig. 13. LDO regulator topology with output capacitor.

The error amplifier compares the voltage reference (V ref )
with the ouput voltage (V out) sensed through the feedback
resistors R1 and R2, creating an error signal to control the
gate of the pass transistor, which in sum forms the negative
feedback loop. The output node of an LDO regulator is
typically the drain of a power transistor and the dropout
voltage required in this configuration is the overdrive voltage
required to keep the PMOS transistor in saturation region. The
dropout voltage is defined as the voltage difference between
unregulated supply voltage and regulated ouput voltage. The
minimum permissible dropout voltage of a linear regulator
defines the maximum achievable efficiency.

Seeing Fig. 14(a) reveals the fact that there are two low-
frequency poles that need to be taken into consideration in

evaluating the frequency response of the LDOs closed-loop
transfer function [16]. One of the poles lies at the gate of
the pass transistor (p1) and the other one at the output of the
regulator (p2). Owing to the large size of the pass transistor
and therefore, its huge input capacitance, the pole at its gate
is located at low frequencies. Therefore, load variations move
the pole P2 and can lead the LDO to become unstable. In
order to minimize this problem a large external (due to its
large dimension) capacitor in the output node is used (see 13).
This technique is based on dominant-pole compensation with
pole-zero cancellation. The second pole p2 is cancelled by the
zero z1 created by the RESR (series resistance of the output
capacitor), as shown in Fig. 14(b). The pole created by output
capacitor (p3) is located beyond the unity-gain frequency (ω0)
of the loop gain to provide sufficient phase margin. However,
when loop gain is too high, p3 locates before the unity-gain
frequency, and an even larger output capacitance is required
to retain LDO stability.

(a) Without compensa-
tion.

(b) With compensation

Fig. 14. AC response of conventional LDO.

2) Proposed LDO regulator topology: The circuit shown
on Fig. 15 can be divided into blocks with specific functions
on the overall structure; the bias unity, the amplifier stage and
the control unity to make the interface between the previous
ones and regulation of the output voltage. The output stage
contained in control unity, is the pass element of the LDO,
and the input stage is the error amplifier.

Fig. 15. LDO regulator topology proposed

The proposed scheme generates a zero internally instead of
relying on the zero generated by the load capacitor and its
series resistance combination for stability.

a) Error Amplifier: The error amplifier design demands
careful attention to meet the required loop gain, transient
response and stability. Ideal requirements of the error amplifier



are: 1) high dc gain to ensure high loop gain (typically from
60 dB to 80 dB) for all loads; 2) low output impedance to keep
the pole at the input of the pass transistor at high frequencies;
3) positive rail output to turn off pass transistor when the
load turns off; and 4) internal poles at significantly higher
frequencies compared to the cross over loop frequency. High
output impedance of the error amplifier pushes the pole at the
input of the pass transistor to lower frequencies.

The error amplifier implemented for the proposed LDO
have a basic structure shown in Fig. 16(a). It consist in a
NMOS differencial pair with a resistive load, to reduce the
open loop gain of the amplifier and therefore improve the
margin phase. The bias of the amplifier is realized through
the bias cell presented in Fig. 16(b), which also supply the
others blocks of circuit (trhough V CASN and V BIASN ).
This block receives 2 uA of bias current.

(a) Error amplifier. (b) Bias Unity.

Fig. 16. Schematic of LDO input stage.

b) Pass Device: The important design consideration for
the pass transistor is the dropout voltage (200 mV). Increasing
the size of the pass transistor lowers the dropout voltage for a
particular output current, but wider pass transistor introduces
higher input capacitance making it difficult to meet stability
and slew rate requirements. The power transistor implemented
operates in linear region at dropout. The smaller size results in
a smaller gate capacitance. This helps to increase the frequen-
cies of the nondominant poles and hence a better stability can
be achieved. Moreover, the smaller gate capacitance improves
the slew rate at gate drive and a faster transient response can be
obtained. The stability of the proposed LDO is not affected
when the supply voltage increases from dropout. When the
input voltage increases, the operation region of the power
transistor change from linear to saturation region. The pass
transistor is designed to deliver a drain current of 40 mA.

c) Resistor Network: The voltage level in output of LDO
is given by the relationship between the voltage divider in
feedback loop, ie,

Vref =
R2

R1 +R2
Vout (=)

R1

R2
(7)

The potential divider, are typically very large (R1+R2 >>
rdsPassDevice) for low quiescent power consumption.

By using two transistors instead of two resistors, is possible
reach the desirable gain and have less consumption and more
integration capability (Fig. 17). The transistors have the drains
shunted with the gates (connected like diodes) and they are
designed to guarantee that they are always in the saturation
region, in order to achieve a good resistive behavior.

d) Control Block: The LDO control is made by continu-
ous adjustment of the output voltage (V out). The error ampli-
fier generates at its output, a signal (V error) proportional to
the difference found between the output voltage specified and
the voltage level achieved (see Fig. 17). Thus, by imposing
the necessary voltage level to let the proper current pass in
the power device, via the voltage divider, V out reaches the
voltage level desired.

Fig. 17. Schematic of control unity for LDO ciruit.

All the blocks has some transistors of power-down to shut
off the circuit when is needed, reducing the power consump-
tion of the entire cell.

3) Simulation Results:
a) AC Open Loop Analysis: The first pole (P1) is called

the dominant pole. This pole is produced by the Miller effect
associated to the CGtot of the pass transistor. When the
loop gain increases, the classical LDO based on dominant-
pole compensation may be unstable. To guarantee system
stability frequency compensation is necessary. A solution to
this problem is to introduce a zero that compensates the phase
contribution of one pole to guarantee phase margin better than
45 deg. So, the addition of an intern capacitor generates a
second pole (P2) and a zero (Z1) that compensates the circuit.
This capacitor improves the transient response of the LDO.
The MOSCAP introduced has the capacitance value of 41 pF
(see Fig. 17 the transistor in blue). The third pole (P3) in high
frequencies is introduced by the error amplifier. The output
capacitor (Cout) is important to obtained a good PSR at high
frequencies.



b) Transient Response: Load transient response is critical
when there is a sudden change in load current, and a good
load transient response results in minimal overshoot, as well
as undershoot, and fast recovery time. During a high transient
load change, the ripple presented at the output node depends
on the charge stored in the output capacitor. The response time
of an LDO depends on the slew rate at the gate drive of the
power transistor and the loop-gain bandwidth.

c) PSR Analysis: A typical PSR curve of a conventional
LDO voltage regulator is shown in Fig. 18. At low frequencies
(DC), PSR is proportional to the DC open-loop gain of the
error amplifier. The bandwidth of the amplifier, the unity-gain
frequency (UGF) of the system and the pole corresponding
to the output impedance impose different behaviours in the
shape of the curve. The UGF provides low supply-ripple
rejection at a range of frequencies, starting to degrade the LDO
performance at error amplifier bandwidth. At high frequencies,
the output capacitor (Cout) shunts any ripple appearing at
the output to ground. However, since the output capacitor has
a series resistance (RESR), the PSR is limited at very high
frequencies [10].

Fig. 18. PSR curve of a conventional LDO voltage regulator.

d) Line and Load Regulation: Line Regulation simula-
tion tests the ability of the system to maintain the output
voltage with all the possible values of the input voltage, ie:

Line Regulation =
4V out
4V in

. (8)

Load regulation simulation tests the ability of the system to
maintain the output voltage in all output current conditions,
ie:

Load Regulation =
4V out
4Iout

. (9)

The proposed LDO is a 3.5 V 40 mA capacitor CMOS
regulator for system-on-chip applications , implemented in
a standard 0.35 µm CMOS technology. The transistors used
in the LDO design are all high voltage because low voltage
transistors can only stand a maximum of 3.6 V level voltage
in its nodes.

The design variables such as consumption, loop gain and
output capacitor are chosen to improve the performance of the
LDO versus the implicit trade offs. The final characteristics of
the LDO designed are presented in Table VII.

TABLE VII
Summarized LDO characteristics.

Parameter Min. Typ. Max.
Startup Time [µs] 5.7 - 16

Current Consumption [µA] 20.44 - 20.49
Vout - Line Regulation [V] 3.3071 3.3 3.3125
Vout - Load Regulation [V] 3.308 3.3 3.311

Phase Margin with load [deg] 74 - 123
Phase Margin without load [deg] 47 - 53
PSR@13.5 Mhz with load [dB] -33 - -52

PSR@13.5 Mhz without load [dB] -82 - -85
Cout [nF] - 100 -

V. DATA RECEIVER

The data transmitted by the RF resonant transformer is
modulated in frequency (FSK) which provides better immunity
to noise and to the severe amplitude fluctuations due to the
transformer weak coupling. The bit rate of the signal sent to
the receiver is 1.25 Mbps and it is modulated on a carrier
with a frequency of 13.5 MHz. To perform this demodulation
a low power PLL (Phase Locked Loop) was implemented to
simultaneously recover the clock and data. The PLL is one of
the most critical circuits in terms of dissipation of energy in
the secondary system.

A PLL is a feedback control circuit that consists of four
fundamental functional blocks: a phase detector (PD), a charge
pump, a loop filter and a voltage controlled oscillator (VCO)
[3] (Fig. 19). The error signal is then applied to a charge pump
that generate a current which passes through the loop filter and
provide a certain voltage level to control the VCO. The control
voltage on the VCO changes the frequency to reduce the phase
difference between the input signal and the local oscillator. In
the synchronized or locked state, the phase error between the
output signal and the input signal is zero or very small. If a
phase error builds up, a control mechanism changes the output
signal in such a way that minimizes the phase error with the
input signal.

Fig. 19. Basic block diagram of the PLL implemented.

A. Phase Detector

The phase detector (PD) compares the phase of the output
signal with the phase of the reference signal. The mean value
at output of phase detector is a measure of the phase difference
between these two signals. The Phase Frequency Detector
(PFD) used ensures frequency and phase-lock by itself [13]
(Fig. 20(a)). If the frequency of the input clk ref is lower than
the frequency of input clk vco, the PFD generates positive
pulses at the output of the upper D-FF, while the output of



the lower D-FF remains at zero (during the positive time of
clk vco). Same is true for the other case, when fclk ref is
higher than fclk vco positive pulses appear at the lower D-FF,
while the upper D-FF remains at zero. The width of the pulses
is equal to the phase difference between the inputs at clk ref
and clk vco. If fclk ref = fclk vco, then no pulses appear
at both outputs. The main advantage of this phase detector
topology is its compactness. However, to replacement of the
conventional static logic circuitry by dynamic logic gates, the
number of transistors in the PFD is much reduced ( [15] and
[14]). This new circuit for phase-frequency detector is shown
in Fig. 20(b).

(a) Typical PFD. (b) Dynamic PFD.

Fig. 20. Block diagram of a sequential PD.

For in-phase inputs, the charge pump will see both up and
down pulse for the same short period of time. If there is
a phase difference between reference and VCO clocks, the
width of up and down pulse will be proportional to the phase
differences of the inputs (Fig. 21).

Fig. 21. Graphics of UP and DOWN pulse with variation as a function of
input phase difference.

The PFDs explained previously are to be used in PLL to
realize the clock recovery. To perform the data recovery is
necessary a particular PD, the Hodge Detector, which output
give a retimed data according to the respective clock signal [
[12]] (Fig. 22). This block consists in a register active during
the positive state of the clock and a latch D active only on
rising edge of the clock.

(a) Block diagram. (b) Graphic of the simulation result.

Fig. 22. Hodge phase detector (Linear PD).

B. Charge Pump

The up and down signals of the PFD are used to switch the
current sources in the charge-pump (Fig. 23) ([ [3]], [ [13]] and
[ [15]]). When up signal is active, a current with magnitude of
Icp is sourced by the charge-pump. Conversely, when down
signal is active, current is retired from the charge-pump. When
up and down are inactive at same time, no current flows into
or out the output node of the charge pump. The output is in
a high impedance state and no noise is generated in VCO.
The use of a cascode configuration in current sources allow a
higher load impedance, this is, lower current level. The gain
of PFD can be calculated and is given below

Kpd =
Icp
2π

[µA/rad] . (10)

Fig. 23. Schematic of charge-pump implemented.

C. Voltage-Controlled Oscillator

Most commonly VCO used in PLL clock recovery designs
is the ring oscillator ( [3] and [15]), due to it simplicity, easy
IC integration and wide tuning range. The choice of the ring
oscillator is because of differential pair which is immune to
common mode voltage. Moreover, the differential cells used
allow a high rejection to noise generated in the substrate, and
to variations in supply voltage. Thus, it is possible to minimize
the PLL output jitter, since the dominant noise in a PLL is
generated by the VCO.

In a ring oscillator, the periodic signal is generated by a
ring of inverters. The oscillation period will be 2ntd, where n
is the number of inverters in the ring and td the delay of one
inverter. Frequency tuning is possible by varying the current
that the inverters use to charge their load capacitance. The
implemented VCO has 9 inverters (see Fig. 25(a)) to obtain
a central frequency of 13.5 MHz (Fig. 24). Before VCO’s
block, itself, there is a bias circuit (half-buffer replica of the
delay cell) which gives a voltage vbn and generates another
called vbp. The voltage vbp controls the load resistance of
the VCO’s basic cell while voltage vbn controls the current
passing through it, which makes the VCO less sensitive to
the different technology processes, since it reduces the noise
induced by source and substrate. Signal vbn (replica vctrl)



is directly proportional to VCO’s oscillation frequency, since
vbp is constant.

Fig. 24. Block diagram of the ring oscillator with 9 inverters

(a) Source coupled delay with symmet-
rical loads.

(b) Bias cell.

Fig. 25. Ring Oscillator VCO schematic.

Additionally, there is a differential-to-single-ended converter
(Fig. (26)) to obtain a square wave that derivate of differentials
signals in VCO’s output. For the converter feel the voltage
signal in same way that the oscillator, it was made, so that
they have the same current Id and in general the same voltages
in its nodes. Its output however are more amplified than the
cell delay, as active loads formed out of the PMOS transistors
have a higher equivalent impedance (for all the current passes
through a transistor instead of two symmetrical in cell delay).
In the output, was put a drive to serve as a buffer so that
the operation of folowing circuits do not interfere with the
operation of the block.

Fig. 26. Schematic of the differencial-to-single-ended converter used with
the ring oscillator.

The operation range of the ring oscillator is equivalent to
the band of output frequencies; which in the design is 6 MHz
- 33 MHz with a center frequency of 13.5 MHz, as pretending

in this project (see Fig. 27). The VCO gain is calculated by

K0 (ring V CO) =
4ω0

4vctrl
=

2π (33− 6)Mrad/s

(3.3− 0.1)V
. (11)

Fig. 27. Graphic simulation of response of ring oscillator to a vctrl = 1.5.

Another popular method for perform digital-output VCOs
in CMOS technology is a CMOS relaxation oscillator, particu-
larly similar to the 555 VCO ( [13] e [15]).In this topology the
capacitor C is discharged or charged by a voltage controlled
current mirror (the control voltage is generated in charge-pump
circuit and then filtered - vctrl). The voltage remaining in
capacitor (vc) is compared with a reference voltage (vref ) to
decide if the capacitor must be charged or discharged (Fig.
28). The reference voltage is given by a resistor chain.

Fig. 28. Basic block diagram of a similar 555 type VCO.

In Figure 29 is described the main behaviour of this VCO,
ie:

0 -vc ≤ vref− ⇒ vo− =′ 1′ e vo+ =′ 0′ ⇒ vout =′ 0′ ⇒
vref = vref+⇒ charge C;

1 -vref− < vc < vref+ e vi− > vc ⇒ vo− =′ 1′ and
vo+ =′ 0′ ⇒ vout =′ 0′ ⇒ vref = vref+⇒ charge C;

2 -vc ≥ vref+ ⇒ vo− =′ 0′ and vo+ =′ 1′ ⇒ vout =′ 1′ ⇒
vref = vref− ⇒ discharge C;

3 -vref− < vc < vref+ and vi− < vc ⇒ vo− =′ 0′ and
vo+ =′ 1′ ⇒ vout =′ 1′ ⇒ vref = vref− ⇒ discharge C.

D. Loop Filter

The design of the PLL loop filter is the main tool in
selecting the bandwidth of the PLL. The voltages generated by



Fig. 29. Illustration of the 555 VCO’s capacitor charge/discharge operation.

the PFD allow to control two switches, acting on the charge
and discharge of the LPF capacitor, ie the average value of
PFD’s output is obtained from deposition of charges in the
capacitor. Since higher order loop filter offer better noise
cancellation, a loop filter of order 2 (two capacitors) is used.
The designed loop filter configuration is shown in Fig. 30.

Fig. 30. Schematic of a second-order low pass filter.

In Table VIII are shown the values of each element of the
low pass filter, for the two VCO’s implemented. These values
are calculated considering that PLL have a φm = 60o and
consequently b = 13.93. For the dimensioning of the PLL
loop for data recovery, the cutoff frequency of loop filter
is 1.25 MHz (ωc1). The choice of the poles and the zero
was to achieve a rapid acquisition to respond to the high
rate of transmission (1.25 Mbit / s). In clock recovery, a
central frequency of 13.5 MHz was chosen. The loop filter
is dimensioned to have a cutoff frequency of 10 kHz (ωc2).

TABLE VIII
Low pass filter elements values for the two cutoff frequencies and two

VCOs.

ωc1 ωc2
τ1[ns] 475 59.4
τ2[ns] 34.1 4.27

VCO ring VCO 555 VCO ring VCO 555
R1[kΩ] 49.1 28.5 393 228
C1[pF] 9.67 16.7 151 261
C2[pF] 0.748 1.29 11.7 20.2

E. PLL Performance Summary

Fig. 31 shows a simulation result of the PLL loop capture.
The final Layout for the PLL can be seen in Fig. 32.

The main features of the CMOs PLL are shown in Table
IX.

The power consumed of the PLL was calculated using the
current fonts provided by the various blocks. The consumption
of each one is in the Tab. X.

Fig. 31. Loop capture process of PLL.

Fig. 32. Layout of low power PLL implemented.

TABLE IX
Summarized PLL characteristics.

Technology 0.35 µm CMOS
Supply Bias 3.3 V

Operating Frequency Range ring oscillator 6 MHz - 33 MHz
555 VCO 900 kHz - 40 MHz

Area 130 µm × 330 µm (without pads)

TABLE X
Power consumption of each block of PLL.

Block Power Dissipation [mW]
PDF typical 2.758

PDF 2.079
Hodge Detector 1.737
Charge Pump 0.138
Ring oscillator 1.766

555 VCO 0.698

F. IC test

Fig. 33 shows the PCB implemented to test the PLL chip.
This circuit contains logic to select the VCO and the PFD to
use and the extern filter.

VI. CONCLUSION

In this work, the cortical monitoring system implemented
in the project ICONS is described. This system is composed
of two main parts: an external controller and an implant. To
link external and internal blocks a RF resonant transformer is
used. As seen, the RF wireless transformer in parallel with
resonant capacitor has the best efficiency performance (83.21



Fig. 33. Foto of the PLL PCB.

%). However, the series resonant RF transformer has arrived at
81.76 %. The results achieved were obtained with the support
of PSpice tool [17].

Then, a Schottky rectification is used to obtain the DC
voltage needed to activate the microelectronic circuits. It was
used two different topologies for RF transformers previously
optimized. The obtained results [17] allowed realize that the
combination RF transformer with series resonance in sec-
ondary side more the class E ZVS or ZCS rectifier have greater
efficiencies (respectively 33.6 % and 34.7 %).

To regulate this DC voltage a LDO voltage regulator was
proposed. The LDO is a 3.5 V 40 mA capacitor (C = 100
nF)CMOS regulator for system-on-chip applications, imple-
mented in a standard 0.35 µm CMOS technology. The entirely
block has a maximum current consuption of 20.49 µ A. The
results for Line and Load Regulation are: 3.3071 V and 3.308
V in minimum; 3.3125 V and 3.311 in maximum, respectively.
The LDO is stable for all cases with 47 deg in the worst case
(without load and minimum V in). The PSR@13.5 MHz is -
33 dB in the worst case (with load) and -85 dB as maximum
value. This design variables such as consumption, loop gain
and output capacitor are chosen to improve the performance
of the LDO versus the implicit trade offs.

The system uses FSK modulation in data transference which
provides better immunity to noise and to the severe amplitude
fluctuations due to the transformer weak coupling. A PLL
was implemented to simultaneously realize the data and clock
recovery. The PLL implemented occupies 130 x 330 µm, has
a lock range of 27 MHz (from 6 MHz to 33 MHz) in case
of ring oscillator and 39.1 MHz (from 0.9 MHz to 40 MHz)
in case of 555 type VCO, which is within the frequency band
defined by the ICONS project (contains the working frequency
at 13.5 MHz). During thesis time, an IC chip (0.35 µ m CMOS
technology) of this circuit is manufactured and the first tests
were made.
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