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Abstract: This paper presents an integrated power management unit (PMU) for a battery-operated wireless endoscopic

system. This PMU is integrated with a baseband chip in standard 0. 18um CMOS technology, promising low cost, ease in

PCB design,and a minimum in system size. The optimized power supply architecture is derived from comparison. Circuits

of sub blocks are presented in detail. As a result,only five small off-chip capacitances are required by PMU with an overall

quiet current consumption of less than 100pA. Moreover,a digital calibration method is adopted to alleviate the effect of

process variation. The achieved performance is also demonstrated with corresponding measurement results.
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1 Introduction

Recently, the advance of CMOS technology has
made battery-operated wireless endoscopic capsule
systems'! available to diagnose the whole small intes-
tine. More research has been performed in this field.
As a classical battery-operated wireless sensor node, it
is composed of image sensors,a signal processing unit,
an RF transceiver, and a power management unit
(PMU). This PMU is often fabricated as a separate
chip,which has adverse impact on PCB area and the
miniature size of the system.In order to save cost and
minimize the size,this paper presents a PMU integrat-
ed into the baseband chip. The approach of an inte-
grated PMU allows one to achieve optimum overall
chip and system cost and size. The PMU has been fab-
ricated with the same technology as the baseband
chip.

2 Architecture overview

The integrated PMU has to not only supply on-
chip functional blocks but also deliver the power for
additional components connected to the chip,e. g..
CMOS image sensor, RF transceiver,and LEDs for il-
lumination. The miniature size requirement of the
wireless endoscopic system makes very severe de-
mands on the area of PCB board and the number of
off-chip components inside the capsule. An overall
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system architecture that can reduce the on-board com-
ponents is explored by considering not only chip ar-
chitecture but also the capsule architecture. The block
diagram of the baseband chip with integrated PMU is
shown in Fig. 1. The presented chip is based on the ar-
chitecture as described in Ref.[2]. Several design is-
sues have to be considered for integrating the PMU
functionality: (1) The realization of PMU in a digital
CMOS technology; (2) The requirement of off-chip
components should be as few as possible; (3) Noisy
blocks have to be separated from sensitive blocks in
the layout and sensitive lines have to be shielded™ ;
(4) The quiet current of PMU should be as low as
possible to save energy.

3 Integrated PMU

The presented chip,which is mainly composed of
a digital baseband processing unit and a power man-
agement unit,is implemented in 0. 18pm CMOS tech-
nology with 1. 8 and 3. 3V transistor devices. The chip
is designed to provide several power supply domains,
including RF transceiver chip, CMOS image sensor,
digital core, I/O pads, and LEDs. These power do-
mains are needed to meet different demands and for
cross-talk reduction by decoupling different circuits.
Due to the fact that the PMU is integrated. a deep
alignment between the performance requirements of
the functional blocks and design parameters can be
done such as maximum current, voltage range, and
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Fig. 1

power supply rejection (PSR).

Unlike a separate PMU chip, the integration fa-
cilitates the digital control from the digital baseband
processing unit and reduces the PCB routing and its
associated noise coupling. This dedicated design of the
PMU results in a cost-optimized and size-miniaturized
system.

3.1 Power supply architectures

To make a better compromise among power con-
version efficiency,on-chip area,off-chip components,
and PCB routing requirement, two possible power sup-
ply architectures that meet the integrated require-
ments have been considered and compared, as shown
in Fig. 2. The difference between the two architec-
tures is the selection of power supply conversion, u-
sing ecither linear or switched regulator types. The
first architecture is built-up without a DC-DC con-
verter and is a purely based LDO,as shown in Fig. 2.
The second one uses a DC-DC convertor to generate
the supply voltage for the digital core. The selection
of the types of regulator is,in general,a tradeoff be-
tween power conversion efficiency and system cost. A
linear regulator results in lower voltage ripple, less
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Block diagram of the baseband chip with integrated PMU for wireless endoscopic system

off-chip components.and less chip area. However.it is
less efficient if the voltage difference between the in-
put and output is large. On the other hand, switched
regulators exhibit higher efficiency, but require more
on-chip area for the more complex switching stage.
one additional off-chip power inductor, higher voltage
ripple, and have an clectromagnetic interference
(EMI) problem. Moreover,additional noise-reduction
filtering has to be utilized to suppress the switching
spurious in the receive- and transmit-band for the RF
part™.

In order to assess the two architectures, the
achievable current consumption and implementation
cost are evaluated. The average current consumption
of all blocks is summarized in Fig. 3. The voltage of
the analog and RF part is too high to justify a switc-
hing regulator. Therefore, they are supplied directly
by LDOs. Only the current consumed by the digital
core is relevant with the use of switching DC-DC con-
verters. [t is notable that,for the purpose of ultra low
power,the supply voltage of the digital core can be
scaled down from 1. 8 to 1. 1V without degrading the
performance. This results in more than a 60% power
reduction of the digital core. With the consideration

@ [ [ |4
LDO26V LDO1.8V LDOL1V
_ 5 I
V=3V
at Image sensor| |RF transceiver||{Image sensor Baseband
analog supply front- end low voltage | | low voltage digital supply
(b) | | |
LDO2.6V LDO1.8V DC/DC
V=3V Image sensor| |RF transceiver||Image sensor| RF Baseband
analog supply| | front-end low voltage | | low voltage | | digital supply

Fig.2 Two different power supply architectures
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Fig.3 Current consumption for different blocks

of voltage scaling,the application of the DC-DC con-
vertor only saves about 10. 5% of the battery current
compared with the pure LDOs architecture. There-
fore, considering off-chip components, chip-area, and
other aspects,the pure LDOs architecture is employed
in this design.

3.2 Low-dropout regulator (LDO)

The 3.3V maximum operating voltage of the
0.18ym CMOS technology facilitates the design of
LDO,which regulates the battery voltage 3V down to
a desired output voltage. The LDO can be directly
powered by battery without an over-voltage problem.
Although it is possible to design an LDO with small
on-chip load capacitance to reduce the off-chip com-
ponents, this requires a large die area,large quiet cur-
7 which is not tolera-
ble for the low-cost and low-power target. Thus, the
load capacitance is designed as the only off-chip com-

rent”’ ,or a gate over driven

ponent.

Figure 4 illustrates the LDO circuitry design. It is
composed of an error amplifier,a unit-gain buffer, a
pMOS pass device, a feedback network, and a loading

capacitance. The pMOS pass device ( MP) exhibits
minimum channel length and very large width since it
is designed to source 30 mA current. This in turn
makes the parasitic capacitances associated with this
device very large,which affects the circuit’s frequen-
cy performance by reducing the value of the parasitic
pole present at the gate of the pass device'®' . There-
fore, phase-margin degrades and stability may be
compromised unless the output impedance of the error
amplifier is reduced accordingly. As a result, a unit-
gain buffer stage derived from Ref.[9] is designed.
The unity gain buffer isolates the large capacitance
from the sensitive error amplifier and pushes the pole at
the gate of the pass transistor to the high frequency.

An Ahuja compensation method” rather than
Miller compensation is used. The cascade transistor
M4 in the error amplifier is used as the transistor in
the feedback path. The transconductance of the cas-
cade transistor M4 is designed large enough to make
the source of M4 virtual ground. Therefore,any cur-
rent flowing through C. goes through the source of
M4 and comes out of the drain. Due to the low imped-
ance present at node A,the pole at node A is pushed
to higher frequency,which improves the phase margin
of the feedback loop. Compared to Miller compensa-
tion, which connects C. to high impedance node B,
the Ahuja compensation exhibits excellent phase mar-
gin across all loads. The Ahuja compensation also pro-
vides higher PSR than classical Miller compensation.
The Miller topology has worse PSR because the Miller
capacitance feeds any ripple from the supply to node
B thus directly to the output of LDO. The Ahuja to-
pology has excellent PSR because of the absence of
such a path.

3.3 Charge pump

The wireless endoscopic system is equipped with
white LEDs as illumination devices, which need a
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Fig.4 Schematic of LDO
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Fig.5 Schematic of oscillator and charge pump

constant voltage higher than the battery voltage to
provide constant light density. This is achieved by the
integrated charge pump. One major design challenge
of the integrated charge pump is the high output volt-
age compared with the 3.3V maximum operating
voltage of 0.18um CMOS technology. The transistor
that withstands a voltage difference across their ter-
minals of up to 4V or even more would face lifetime
reduction. However, long lifetime is not required in
our application since the endoscopic capsule only
needs to work for tens of hours. In addition, LEDs are
not conducted continuously. Therefore, short-time
over voltage is allowed in this specific application.

The charge pump is mainly composed of a volt-
age doubler and voltage regulation, as shown in
Fig. 5. The circuit works as follows. During clock
phase ¢.M1,M4 are on and M2, M3 are off, then the
Cpy is charged to Vigar. During clock phase ¢, M1,M3
are off and M2, M3 are on, the voltage at node A is
driven to Vgars the voltage over Cpgy, cannot be
changed,which makes the voltage at node B twice the
supply voltage. The charge on Cy, will be transferred
to Cioa to accommodate a load current. A comparator
UZ is used for regulating the output voltage to a de-
sired value. The output of the comparator changes to
GND if the output voltage on C,,q is higher than the
specific level. Then the clock is gated and voltage
doubler is turned off. When the output voltage is low-
er than the specific level as Cioq is discharged by
Ii..q4+ the clock will be opened and Cy,q will be
charged again. As a result,a constant voltage is gener-
ated. Resistors R, R; are used as voltage dividers to
generate feedback voltage. A small resistor R, and M6
are used to prevent unnecessary switches of the output
of the comparator if the voltage at node C is very
close to V,;.Mb5,controlled by strobe signal, acts as a
switch to charge the LED.

For our application,the charge pump is only dis-
charged at the moment of capturing images. To save

energy,two different operating modes are implemen-
ted. If the strobe signal is active, the charge pump
works in high speed mode with 1MHz clock frequency
and high bias current of the comparator, resulting in
large output current sourcing ability and low voltage
ripple. Otherwise,20kHz clock frequency and low bias
current are employed to sustain the output voltage in
order to ensure a prompt reaction of the strobe sig-
nal. With this approach,the power consumed by the
charge pump is greatly saved when the LED is off.

3.4 Oscillator

The on-chip oscillator is designed not only to
provide a clock for the charge pump,but also to pro-
vide a system clock for the digital core and CMOS im-
age sensor. Thus, an off-chip crystal oscillator can be
saved to reduce the PCB area.

The circuit of the oscillator is shown in Fig. 5.
Capacitors C, and C, are charged and discharged by
turns. Once one of the capacitors is charged above
V .t » the output of comparator U0 changes, which cau-
ses the output of D flip-flop to invert. Then the capac-
itor discharges and the other capacitor starts to repeat
the same process. The frequency can be adjusted by
controlling I,. A saw tooth wave, which is composed
of the voltage of C, and C, ,will be generated at node
VCAP. The output of comparator UQ is a square wave
with a certain duty cycle. The D flip-flop acts as a fre-
quency divider that generates square waves with a
50% duty cycle. In addition to comparator U0, a sec-
ond comparator Ul is used to prevent the oscillator
from stopping oscillating if the frequency is too high,
which is a decision by comparator UO. The reference
voltage of comparator Ul is higher than that of UO.
Once the voltage of node VCAP is higher than refer-
ence,the MO will discharge the capacitors and reset
the oscillator. In order to make the frequency inde-
pendent of the variation of battery voltage,the oscil-
lator is powered by the output of LDO.
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3.5 Bandgap reference

A fully-integrated bandgap reference voltage
generator provides a reference voltage and bias cur-
rents for the other circuit. It adopts a classical self-
biased cascade structure to eliminate the dependence
of supply voltage and temperature. The current con-
sumed by the bandgap reference is 12pA.

3.6 Soft start-up

Due to the limited ability of sourcing current for
the battery,a large start-up peak current may cause an
apparent voltage drop of batteries, which will result in
a failure of start-up. In order to minimize the peak
current, soft-start ability should be included in the
PMU. This is achieved by generating different start
signals at different time slots for each block. The time
intervals between the two start signals are specified
by the RC delay. Therefore, blocks in PMU will be
enabled in a predefined sequence and a large start-up
current can be avoided,which results in a more stable
start-up process. Furthermore, the reset signal of the
digital core is also generated at the end of the start-up
process when the supply voltage is stable.

3.7 Integration aspects

For the purpose of saving PCB area, only large
capacitances are used as off-chip components while all
the other capacitance and resistors are fully integrat-
ed. The process variation makes it very difficult to
promise precise values for on-chip capacitances and
resistors, which will cause a variation of the circuit
performance,like the voltage level of bandgap refer-
ence or the frequency of the oscillator. Therefore, re-
sistor and capacitance with trim ability are widely
used. The trim options are controlled by the configu-
ration register files, which can be controlled by the
digital core. The configuration process can be started
by wireless communication. This facilitates the con-
figuration even if the endoscopic system were hermet-
ically encapsulated within the package.

Furthermore,the regulators for analog and digit-
al power supply lines are separated locally with ade-
quate space between each other. It helps to reduce the
inductive coupling of the digital power supply, where
mainly the high frequency switching current generates
spuriousness in the analog domains while the average
DC current causes no trouble'. The PMU is placed
at the corner of the die for a maximum isolation dis-
tance. Each block is surrounded by p-plus and n-well
guard rings for further isolation. Neither triple-well
nor deep n-well was utilized to reduce technology
cost.

Fig.6 Layout of the baseband chip and PMU

4 Implementation and experimental re-
sults

The layout of the PMU is shown in Fig. 6. [t was
fabricated in 0. 18m 1 poly 6 metals CMOS technolo-
gy. The PMU is located in the left bottom corner of
the layout with an area of 1301pm X 515um. Only 5
off-chip capacitances less than 1pF with micro-SMD
packages are required, which effectively saves PCB
board area. The overall quiet current of PMU is less
than 100pA. The experimental results of each block
are as follows.

The LDO is tested under Vgar =3V and ceramic
output capacitor C, = 1uF. The ESR of C, is less than
100mQ. The LDO is stable as the load current condi-
tion changed from 0 to 30mA. The DC gain of the
LDO is over 80dB. The phase margin of the loop is no
less than 40" under different load currents and PVT
corners. The PSR is higher than 70dB at a frequency
of 50kHz,which is expected due to the application of
the Ahuja compensation method. The detailed per-
formance parameters achieved with the LDO are sum-
marized in Table 1.

The charge pump is designed with two off-chip
capacitances,namely a fly capacitance of 0. 1pxF and a
load capacitance of 1uF. The output voltage of the
charge pump ranges from 3.6 to 5. 5V. The perform-
ance of charge pump in different mode is summarized
in Table 2. 5mA load current sourcing ability and

Table 1 Performance summary of LDOs
1.8V&1.1V N
2.6V LDO Condition
LDO
Vin 3.0V 3.0V
Load capacitance 1pF 1F
Output current 0~30mA 0~30mA
Quiescent current 18pA 20pA No load current
Line regulation 0.25mV 0.14mV Vin= 2.8~3.2V
Load regulation 1.9mV 2.0mV Tioaa =0.1~30mA
Line transient
2.9mV 1.7mV Vin=2.8~3.2V
response
Load transient
oac transien 6.4mV 6.0mV | Iiow= 0.1~30mA
response
Power supply ,\
. 73dB 72dB Frequency @50kHz
rejection
Chip area 0.046mm? 0.046mm?
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Table 2 Performance of charge pump in different modes

Mode Clock Leontrol Vou Voltage ripple
High speed 1MHz 14pA 4V 50mV@5mA
Low speed 20kHz 4pA 4V 210mV@0mA

Standby No clk < InA ov —

50mV voltage ripple can be achieved in high speed
mode with 14yA quiet current and 1MHz clock fre-
quency. This promises a constant light density of illu-
mination LEDs. In low speed mode,the quiet current
is reduced to 4pA to save power while maintaining the
output voltage.

The fully integrated on-chip oscillator generates
clock signals with 5% frequency variation due to de-
vice variation. With the calibration, the frequency of
the oscillator will be fixed at 20MHz. The 20MHz
clock signal is fed to the digital core, CMOS image
sensor,and the charge pump.

Figure 7 shows the soft start-up process of PMU,
in which 2. 6V LDO,1. 8V LDO,and the charge pump
are started at different time slots. The peak current at
start-up process is no more than 60mA, which can be
sustained by the battery. The overall start-up time is
less than 400us. The calibration of the PMU can be
performed by the digital core afterward. The bandgap
reference,output voltages of LDOs and charge pump.
the frequency of oscillator all can be adjusted to the
desired values. In order to keep the calibration results
when PMU is disabled in standby mode,the calibrated
values are stored in an always-on register file that is
directly powered by the battery instead of the output
of the LDO. Thus, the calibration of the PMU has to
be performed only once before the wireless endoscope

~ ;
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Fig.7
shown)

Start-up measurement result (the other blocks are not

capsule is hermetically encapsulated within the pack-
age. This facilitates the production and assembly
process.

5 Conclusion

This paper presented an integrated power man-
agement unit in 0. 18um CMOS technology for a bat-
tery-operated wireless endoscopic capsule system. The
integration of this power management unit enables
the build-up of a miniature wireless endoscopic cap-
sule with only five off-chip capacitances. Optimized
power supply architectures are derived from compari-
son. Details of the circuit including LDO, charge
pump, bandgap, oscillator, and start-up are given.
Measurement results show that PMU is suitable for a
battery powered system.
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