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CMOS implementation of a low-power BPSK demodulator for wireless implantable
neural command transmission�
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Abstract: A new BPSK demodulator was presented. By using a clock multiplier with very simple circuit structure
to replace the analogmultiplier in the traditional BPSKdemodulator, the circuit structure of the demodulator became
simpler and hence its power consumption became lower. Simpler structure and lower power will make the designed
demodulator more suitable for use in an internal single chip design for a wireless implantable neural recording
system. The proposed BPSK demodulator was implemented by Global Foundries 0.35 �mCMOS technology with
a 3.3 V power supply. The designed chip area is only 0.07 mm2 and the power consumption is 0.5 mW. The test
results show that it can work correctly.

Key words: CMOS integrated circuits; low-power BPSK demodulator; implantable biomedical devices; wireless
command transmission

DOI: 10.1088/1674-4926/33/5/055005 EEACC: 2570D; 1250; 7550

1. Introduction

Recently, wireless implantablemicro-systemswere widely
studied for acquiring in-vivo real time neural activity informa-
tion recordingŒ1�4�. The attraction of this micro-system is that
there is no need to place a battery inside the organism to supply
power to the implanted devices. The power is transmitted to the
implanted devices through magnetic coupling between exter-
nal and internal coils. Usually some configuration commands
are also delivered through this magnetic coupling to control the
operations of acquiring and transmitting the bio-electronic sig-
nal. The command data is typically modulated on the carrier
wave by a constant envelope BPSK (binary phase shift key-
ing) modulation method in order to maintain a steady power
supply to the implanted circuit and to get better power transfer
efficiencyŒ5�7�. The modulated signal is then sent out after the
RF (radio frequency) power amplifier.

When the wave is delivered to the internal coil, a demod-
ulation process is needed to recover the configuration com-
mand data. Since PSK (phase shift keying) is a modulation
process whereby the input signal shifts the phase of the out-
put waveform to one of the fixed number of states, the PSK
waveform is a suppressed carrier by nature. Therefore coher-
ent detection is required and the carrier has to be recovered
first. These days there are several techniques applied to car-
rier recovery, such as squaring loop, COSTAS loop and re-
modulator loopŒ8�. Among them, the COSTAS loop is often
used as the PSK demodulator. However, all digital COSTAS
loop demodulators have a complex circuit structure and suffer
from high power consumptionŒ9�, which is intolerable for im-
planted applications, while the analog COSTAS loop demod-

ulators also have a complex circuit structure because they use
the complex analog multiplierŒ10�. Reference [11] proposed a
novel BPSK demodulator by using BPSK signal regeneration
and the PFD based phase-locked loop (PLL) techniques. How-
ever, it needs off-chip RC components, making a single chip
design difficult. Some QPSK demodulators were proposed to
get a high data rateŒ12; 13�. But the larger die area and higher
power make them limited in applications of implanted mod-
ules. In our previous workŒ14�, a simpler structure clock mul-
tiplier was designed to replace the complex analog multiplier,
and used in a traditional coherent demodulation based BPSK
demodulator, a simple structure and low power were achieved,
as shown in Fig. 1. This newBPSK demodulator had been veri-
fied by a wireless power and command transmission board cir-
cuit systemŒ14�. In this paper, we will supplement and improve
the working principle of this new BPSK demodulator first and
then we will focus on how to implement it by CMOS ASIC
design.

Fig. 1. Block diagram of the addressed BPSK demodulator.
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Fig. 2. Waveform for describing the carrier wave recovering.

Fig. 3. Circuit diagram of the clock multiplier.

Fig. 4. Parameter description for RC charging and discharging.

2. Circuit structure

Before coming into the demodulator, the signal received
by the internal coil has been simply shaped so that the signal
has a compatible voltage level to the digital circuit. The shaped
input BPSK waveform has two phase states: 0 phase and �

phase. After the clock multiplier, the frequency of the signal
doubled and the phase is changed into 0 phase and 2� phase.
The signal after PLL has a perfect phase state and accurate fre-
quency twice that of the carrier wave. After the clock divider,
the carrier wave is recovered. The waveform description of the
recovering carrier wave is shown in Fig. 2. The recovered car-
rier wave is then compared in phase with the received BPSK
signal by anXOR gate. After a LPF (low pass filter) and a shap-
ing circuit, the configuration command data is then recovered.
Because other parts use a typical circuit structure, only a clock
multiplier and PLL modules are focused on in this paper.

The circuit structure of the clock multiplier is shown in
Fig. 3. An RC phase-shift-network and a Schmitt-Trigger are
used to generate an output waveformwhich has a constant time
delay to the input digital signal. If the original signal and the
phase-shifted signal are sent to the XOR gate at the same time,
an output signal that has double the frequency of the original
input signal can be obtained.

Fig. 5. Charging and discharging voltage waveform of the capacitor.

As shown in Fig. 4, assuming that the supply voltage of the
digital circuit is UDD, the top charging voltage is UT and the
bottom discharging voltage is UB, based on the charging and
discharging theory of the RC circuitŒ15�, the charging voltage
Ucharge and the discharging voltage Udischarge can be obtained as
follows:

Ucharge D .UDD � UB/
�
1 � e�tcharge=RC

�
C UB; (1)

Udischarge D UTe�tdischarge=RC : (2)

Figure 5 gives three periods of the charging and discharg-
ing voltage waveform of the capacitor. Assuming that the input
digital signal has a constant period of T and a constant duty cy-
cle of 50%, from Eqs. (1) and (2), the relationship of the six
parameters shown in Fig. 5 can be obtained as follows:

U
.0/
T D

�
UDD � U

.0/
B

� �
1 � e�T=2RC

�
C U

.0/
B ; (3)
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.1/
B D U
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U
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�
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.1/
B ; (5)
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.2/
B D U

.1/
T e�T=2RC : (6)

From Eqs. (3)–(6), the top and bottom voltage of the ca-
pacitor during a certain period can be obtained by recursion as,

U
.n�1/
T D .UDD � U

.n�1/
B /

�
1 � e�T=2RC

�
C U

.n�1/
B ; (7)

U
.n/
B D U

.n�1/
T e�T=2RC : (8)

From Eqs. (7) and (8), the relationship of the bottom dis-
charging voltage of the capacitor between two adjacent periods
can be obtained as,

U
.n/
B D

h�
UDD � U

.n�1/
B

� �
1 � e�T=2RC

�
C U

.n�1/
B

i
� e�T=2RC : (9)

That is

U
.n/
B D UDDe�T=2RC

� UDDe�T=RC
C U

.n�1/
B e�T=RC : (10)

Thus, a series of equations can be obtained as follows ac-
cording to Eq. (10):

U
.n/
B D UDDe�T=2RC

� UDDe�2T=2RC
C UDDe�3T=2RC

� UDDe�4T=2RC
C U

.n�2/
B e�4T=2RC ;

(11)

U
.n/
B D UDDe�T=2RC

� UDDe�2T=2RC
C UDDe�3T=2RC

� � � � � UDDe�2nT=2RC
C U

.0/
B e�2nT=2RC ;

(12)
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Fig. 6. CMOS circuit of the clock multiplier.

U
.n/
B D UDD

1 C e�.2n�1/T=2RC

1 C e�T=2RC
e�T=2RC

� UDDe�2nT=2RC

C U
.0/
B e�2nT=2RC :

(13)

Because the value of e�2nT=2RC vanishes very fast as the
value of n increases, the bottom voltage of the capacitor can
reach a relatively steady value after a few charging and dis-
charging periods, and the bottom and top voltages can be writ-
ten as follows:

UB D
UDD

1 C eT=2RC
; (14)

UT D
UDD

1 C e�T=2RC
: (15)

In order to get an output with a duty cycle of approximately
50%, a T /4 time shift should be done after the RC network and
the Schmitt-Trigger. Setting ˛UDD and .1�˛/UDD as the upper
and lower switching point voltages of the Schmitt-Trigger re-
spectively and assuming that Ucharge can reach the trigger volt-
age ˛UDD when tcharge D T /4 if the circuit parameters can be
adjusted to suitable values, the RC time constant can be calcu-
lated from Eq. (1),

RC D �
T

4 ln
UDD � ˛UDD

UDD � UB

: (16)

Since Udischarge D .1�˛/UDD when the Schmitt-Trigger is
triggered at the falling edge, if substituting Eq. (16) into Eq. (2),
the discharging time can be obtained as,

tdischarge D

ln
UDD � ˛UDD

UT

ln
UDD � ˛UDD

UDD � UB

T

4
: (17)

Fig. 7. Working principle demonstration of the CMOS implemented
clock multiplier. (a) Input signal. (b) Output of the RC-Network. (c)
Output of the Schnitt-Trigger. (d) Output of the clock multiplier.

It is seen from Eqs. (14) and (15) that UT equals (UDD –
UB/. And then it is obtained from Eq. (17) that tdischarge also
equals T /4. Therefore an output waveform of the clock multi-
plier with a duty cycle of 50% can be obtained in theory.

3. Working principle

3.1. Clock multiplier

Figure 6 shows the schematic of the CMOS implemented
clock multiplier. There are three main function blocks in the
circuit: RC network, Schmitt trigger and AOI XOR gate. The
working principle of the clock multiplier is displayed by the
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Fig. 8. Current-starved VCO for the CPPLLŒ16�.

simulated waveform in Fig. 7. The input signal (named as sig-
nal s1, shown in Fig. 7(a)) is a square wave with a frequency of
13.56MHz and a duty cycle of 50%. Through the RC-Network
and Schmitt-Trigger, the phase of the wave was shifted about
18.4 ns (named as signal s2, shown in Fig. 7(c)). If these two
signals, s1 and s2, were given as the inputs of the AOI XOR
gate, an output signal with a frequency of 27.12 MHz and a
duty cycle of about 50% can be obtained (shown in Fig. 7(d)),
which has a frequency of twice that of the input signal.

3.2. Charge-pump phase-locked loop

A charge-pump phase-locked loop (CPPLL) is used to re-
cover the carrier in this design, including a voltage control os-
cillator (VCO), a phase-frequency-detector (PFD) and a charge
pump (CP). A current-starved VCO shown in Fig. 8 is designed
for the CPPLL. A 4-stage current-starved delay cell is used and
the corresponding components in every stage have the same
parameters. In order to satisfy the phase condition of the os-
cillator, an inverter is added in the loop, which also acts as an
amplitude booster. The center frequency of the VCO is set to a
value of about 27.12 MHz. Since the delay time of the inverter
in the loop is quite small and can be neglected, the frequency
of the VCO is mainly determined by the delay time of the 4-
stage current-starved delay cell. In Fig. 8, the drain current of
PM4 and NM4 is set to the same value, that is ID D ID.PM4/ D

ID.NM4/. Assuming that the capacitor in every stage has a value
of C, the delay time of a single current-starved delay cell can
be calculated as followsŒ16�:

td �
CtotVDD

ID
; (18)

where Ctot is the total capacitance on the drains of PM4 and
NM4 and can be calculated asŒ16�,

Ctot D
5

2
Cox.WpLp C WnLn/ C C: (19)

Thus, the oscillating frequency of the VCO can be written

as,

fosc �
1

4td
D

ID

4CtotVDD
: (20)

A typical structure is applied to the PFD, which is com-
posed of two D flip-flops for comparison between the input
signal and VCO output signal and one AND gate for reset func-
tion, as shown in Fig. 9. Theworkingwaveform of the designed
PFD is also pictured in Fig. 9.

As demonstrated in Fig. 10, the main structure of the CP
designed for the CPPLL is the same as that of Ref. [17]. Be-
cause the signal from the clock multiplier is not strictly con-
stant in frequency (Fig. 2), even if the PLL is in a locked state,
the output voltage of the charge pump cannot achieve a con-
stant value and a voltage ripple will occur when the phase of
the input BPSK signal changes. Therefore, an additional low
pass filter, which is made up ofR2 andC3, is set before the out-
put of the charge pump to reduce ripple. Meanwhile the buffer
together with the MOS transistors PM4 and NM7 are used to
reduce the charge sharing effect in the CP.

4. Results and discussions

The proposed new BPSK demodulator was implemented
by a Chartered 0.35 �m CMOS technology with 3.3 V power
supply. The simulated waveform of the design is shown in
Fig. 11. Figure 11(a) is the command data before modulating,
which is a serial squarewavewith a period of 700�s and a duty
cycle of about 43%. After about 18 �s, the control voltage to
the VCO, presented in Fig. 11(b), reaches a relatively steady
value, which means that the PLL comes into the locked state.
And then the correct data can be obtained from the demodula-
tor when the PLL is locked, which is shown in Fig. 11(c).

Table 1 presents the consumed currents for the five sub-
blocks: clock multiplier, CPPLL, clock divider, XOR and low
pass filter. Since the low pass filter is composed of all passive
resistors and capacitors, it does not consume power. The BPSK
carrier frequency used in the simulation is 13.56 MHz with a
maximum transmitting data rate of 330 kbps, which satisfies
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Fig. 9. Circuit structure and working waveform of the PFD for the PLLŒ17�.

Fig. 10. CMOS circuit of the charge pumpŒ17�.

Fig. 11. Simulated waveform of the CMOS circuit of the BPSK de-
modulator. (a) Themodulation signal. (b) Control voltage of the VCO.
(c) Output of the demodulator.

Table 1. Simulated sub-block current consumption for the proposed
demodulator.

Building block Current consumption (�A)
Clock multiplier 27.4
CPLL 65.7
Clock divider 5.2
XOR 7.5

the command transmitting rate in a wireless implantable neural
recording system. It can be calculated that the simulated power
consumption of the BPSK demodulator is about 350 �W.

Including an extra sub-block output buffer added for test-
ing, the total area of the designed chip is 320 � 220 �m2, as
shown in Fig. 12. The five sub-blocks designed are labeled in
the photograph, XOR is not labeled since it is too small. Among
them the CPPLL (Part b) and the output buffer (Part a) take up
most of the chip area.

Figure 13 shows the test results of the designed BPSK de-
modulator, where part (a) shows the input command signal and
the BPSKmodulated carrier signal, part (b) gives a clearer view
of the rising edge in part (a), part (c) shows the input command
signal and the output of the demodulator. In this test, square
waves with frequencies of 165 kHz and 13.56MHz are used for
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Table 2. Comparison results.
Reference Modulation Carrier frequency

(MHz)
Data rate
(Mbps)

Technology Core die area
size (mm2/

Power consumption
(�W)

Ref. [9]� BPSK 13.56 1.12 0.18 �m CMOS 0.19 610 at 1.8 V
Ref. [11]� BPSK 13.56 0.02 0.5 �m CMOS 1.0 3000 at 3.3 V
Ref. [12]�� QPSK 13.56 4 0.18 �m CMOS — 750 at 1.8 V
Ref. [13]�� QPSK 13.56 8 0.18 �m CMOS 0.238 680 at 1.8 V
This work� BPSK 13.56 0.16 0.35 �m CMOS 0.0704 500 at 3.3 V

�Measured; ��Simulated.

Fig. 12. Photograph of the designed BPSK demodulator chip, the area
is 320� 220�m2. (a) Output buffer. (b) CPPLL. (c) Clock multiplier.
(d) Clock divider. (e) Low pass filter.

the input command signal and the carrier signal respectively.
It is seen from Fig. 13(b) that when the input command signal
changes from “0” to “1”, the phase of the carrier signal changes
from 0 phase to � phase, which shows that the BPSK modula-
tion process is successful. Comparison between the tested com-
mand output signal and the input command signal as shown in
Fig. 13(c) demonstrates that the designed BPSK demodulator
works correctly.

The performance of the designed chip was compared with
that of other studies, as shown in Table 2. It shows that although
0.35 �m/3.3 V technology is used, both the power and the area
of the proposed PSK demodulator are much smaller than those
of the COSTAS loop BPSK demodulatorŒ9� or QPSK demodu-
latorsŒ12; 13�, even if they all use 0.18 �m/1.8 V technology.

5. Conclusion

A new BPSK demodulator with a simple circuit structure
and low power was designed and implemented successfully
with a 3.3 V chartered 0.35 �m CMOS technology. In this
system, a clock multiplier made up of only an RC phase-shift-
network, a Schmitt-Trigger and an XOR was designed to dou-
ble the frequency of the demodulator input signal from 13.56
to 27.12 MHz. A charge-pump phase-locked loop (CPPLL)
with a current-starved VCOwas designed to recover the carrier
wave together with a clock divider. The test results show that
when a BPSK modulated signal with a 13.56 MHz carrier and
a 165 kHz input command signal was input into the newly de-
signed BPSK demodulator, an output signal with frequency of
about 165 kHz can be obtained, demonstrating that it can work

Fig. 13. Test results of the designed BPSK demodulator. (a) Input
command signal and BPSK modulated carrier signal. (b) Enlarged
view of the rising edge in (a). (c) Input command signal versus de-
modulator output signal.

efficiently. The design takes up an area of 320� 220 �m2 with
a power consumption of 500 �W. The power might be reduced
further if the new circuit structure is used in a single chip design
for a wireless implantable neural recording system.
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