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1.   Introduction

The number of wireless applications using small 
terminals, such as the wide area ubiquitous network 
(WAUN [�]–[2]), wireless sensor networks [3]–[6], 
and active RFID (radio-frequency identification) 
[7]–[�2], has been increasing. Small wireless termi-
nals must have very low power consumption and 
small power supplies such as coin batteries or small 
power generators [3]–[6]. In such wireless systems, 
intermittent operation is one of the key techniques for 
reducing the power consumption of the terminals 
[�3], [�4]. The average power consumption of the 
terminals can be reduced by decreasing the activity 
ratio of the intermittent operation. However, the 
method of controlling intermittent operation varies 
depending on the power consumption of the transmit-
ters, preciseness of the transmission timing, power 
supply capabilities, and so on. 

In this article, we describe power-management-cir-
cuit techniques for low-power intermittent LSI 
(large-scale integrated circuit) operation in power-
management-circuit designs for three different appli-
cations: RFID devices, sensor nodes, and WAUN 
transceivers. For RFID, the most important issue is 
reducing the power of the clock timer; for this pur-
pose, we use an analog RC (resistor-capacitor) timer 
circuit with megaohm resistors, all-digital RF trans-
mission, and automatically tuned RF pulse genera-
tion [�5]–[�7]. For an ultrasmall sensor node, a 
nanowatt-order power supply is essential; we have 
made one by using a two-stage power management 
circuit with a subnanowatt voltage detection circuit 
[�8]–[24]. For WAUN transceivers, the power-man-
agement circuit must be able to supply �00 mA of 
current in the active mode and reduce the leakage cur-
rent to the nanoampere level; we have developed 
regulator circuits with a reversely biased nMOS/
pMOS (positive/negative-type metal oxide semicon-
ductor) cascode switch to reduce the leakage current 
to the nanoampere level and with a DC-DC converter 
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to supply sufficient current without any increase in 
power consumption [25], [26]. Our techniques for 
these applications are described in sections 2–4, 
respectively.

2.   Micro-power active-RFID LSI

For an RFID application, the power-supply circuit 
usually has a timer clock (or processor) and provides 
power to the transmitter intermittently. However, a 
timer circuit that uses a crystal oscillator consumes a 
considerable amount of power. Our power reduction 
solution uses an analog RC timer circuit with 
megaohm resistors. Battery voltage fluctuations are 
stabilized through the use of all-digital RF transmis-
sion and automatically tuned RF pulse generation; as 
a result, the integrated circuit (IC) is suitable for prac-
tical use. A block diagram of the active RFID IC is 
shown in Fig. 1. The IC is divided into two major 
blocks: a power-supply circuit block and a transmitter 
circuit block. The battery and antenna are external 
components. The power-supply circuit controls the 
transmitter’s power and its on and off states. When 
power is provided by the power supply circuit, the 
transmitter starts to operate and it sends the device’s 
ID (identification) to a receiver.

The architecture of the power-supply circuit, which 
consists of three switches, a comparator, and an off-
chip capacitor, is shown in Fig. 2. Initially, switches 
SW� and SW3 are on, and SW2 is off. The energy 
from the battery is stored in a storage capacitor to 
obtain a sufficient voltage level for transmitter opera-

tion. The comparator senses the change in the level 
and compares it with a reference voltage. When the 
voltage reaches the high threshold voltage (VH) level, 
the comparator turns on SW2 and turns off SW� and 
SW3. Then DC power is provided to the transmitter 
from the capacitor, and the circuit starts to operate 
and it sends the ID. During this operation, the energy 
stored in the capacitor is consumed and the capaci-
tor’s voltage level decreases. When the voltage 
reaches the low-threshold-voltage (VL) level, the 
comparator turns off SW2 and turns on SW� and 
SW3. The battery starts to recharge the capacitor. At 
this point in the timing, the transmitter immediately 
stops operating because SW3 shorts the VDD (volt-
age drain drain) line to ground. This prevents unstable 
IC operation by avoiding operation at an insufficient 
voltage. This cycle is repeated until the battery runs 
down. This intermittent operation is effective for 
achieving a long lifetime in an active RFID tag. The 
typical operating voltage of an external battery is 
3.4 V. VH and VL are 2.� and �.9 V, respectively. The 
total average current drawn from the battery is �.6 
μA. The comparator and voltage-reference circuit are 
the only components operating continually in the IC, 
and they consume about half the total average cur-
rent.

3.   Nanowatt wireless sensor nodes

Wireless sensor nodes can be powered by small bat-
teries (e.g., coin batteries) or small power generators. 
One popular approach is energy harvesting, in which 
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Fig. 1.   Block diagram of the active RFID IC.
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energy is captured from external sources such as solar 
power, thermal energy, or kinetic energy (e.g., move-
ment of a human body carrying the sensor). For a 
sensor node with a power generator, one of the most 
important issues is size reduction: sensor nodes as 
small as dust grains are expected [5]. However, the 
amount of power that a power generator can generate 
is almost proportional to its size [6]. Dust-sized sen-
sor nodes must operate with nanoampere-level power 
generators [�8]–[24]. Since the generated power is 
much less than that needed for radio transmission, the 
generated energy must be accumulated by the sensor 

node until it has enough for a transmission burst 
(intermittent operation) [3]. However, since the 
power management circuit runs continuously not 
intermittently, the power management circuit’s power 
consumption cannot exceed the generated power. 
Thus, the power management circuit, which monitors 
the accumulated energy and controls the current 
flowing into the radio block, is a key circuit affecting 
the minimum current that must be accumulated. 

The target sensor-node architecture is depicted in 
Fig. 3. The architecture has four key elements: a 
power generator, power management circuit, vibra-
tion sensor, and radio block. The sensor nodes should 
be smaller than � mm3 [6]. Thus, the power generator 
outputs nanowatt-level power and the power manage-
ment circuit accumulates that energy in capacitors. 
When enough energy to operate the radio has been 
accumulated, the power management circuit supplies 
power to the sensing circuit, analog-to-digital con-
verter, and radio block.

For a design in which energy from a generator is 
accumulated and supplied to the radio block, there 
are two issues to resolve. One, as mentioned above, is 
that the total power consumption of the power man-
agement circuit must be less than the generated 
power. The total power consumption consists mainly 
of the power consumed for monitoring the voltage 
and controlling the switches and the leakage current 
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Fig. 3.   Target architecture of the nanowatt sensor node.
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flowing through the power switch transistor. The 
other issue is that the transition time of the power 
switch should be sufficiently shorter than the opera-
tion time of the radio block. This is because the out-
put voltage of the management circuit is too low for 
radio operation during the transition period, so during 
this period the output power is wasted. Such waste 
should be minimized so that most of the accumulated 
energy is used for radio operation. 

A simulation showed that the sum of the switch 
leakage current and comparator current is �9 nA for a 

pMOS switch or �� nA for an nMOS switch [24]. 
Since these values are both greater than � nA, a sin-
gle-stage power management circuit cannot accumu-
late energy from a nanoampere power generator. 
Therefore, we designed a two-stage power manage-
ment architecture, as shown in Fig. 4. This architec-
ture can resolve both of the issues described above. 
The first stage accumulates the energy from a nano-
ampere power generator and supplies about �00 μA 
of current to the second stage. The second stage accu-
mulates the �00-μA current from the first stage and 
supplies about � mA of current to the radio block.

The voltage-monitoring circuit in the first stage is 
shown in Fig. 5. The current consumption of the first 
stage must be much lower than that of the second 
stage because the first stage must operate continu-
ously whereas the second stage operates intermit-
tently. With a previously proposed technique, the 
low-power band-gap reference circuit consumes 
about 0.2 μW [27]; therefore, the remaining available 
power is too low to enable the power management 
block to operate with nanowatt-level power. This is 
because calculations based on Ohm’s law show that 
the resistors in the band-gap reference circuit operat-
ing at a voltage of 2 V would need to be more than  
�0 GW for subnanoampere operation. �0-GW resis-
tors would require several square centimeters of chip 
area, which would be almost impossible in the avail-
able area on the chip.

A subnanoampere-current-detecting (SNCD) cir-
cuit is used for the voltage-monitoring circuit in the 
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first stage, as shown in Fig. 5. The voltage-monitor-
ing circuit features subnanoampere operation, with 
voltage regulation through a series-connection of 
diode-connected MOS field-effect transistors (MOS-
FETs) and with positive-feedback amplification due 
to a cross-coupled transistor pair. The diode-con-
nected MOSFETs in the voltage-regulating circuit 
are six pMOSFETs and three nMOSFETs; those in 
the SNCD circuit are three nMOSFETs. The thresh-
old voltages of the pMOSFETs and nMOSFETs are 
-0.33 V and 0.30 V, respectively. The simulated tran-
sition characteristics of the input voltage VIN and the 
outputs of the voltage-monitoring circuit in the first 
stage (Out � and Out 2) are shown in Fig. 6. The input 
voltage VIN is the voltage of the accumulated energy. 
Initially, the diode-connected MOSFETs are in the 
off state. When VIN applies the threshold voltage to 
each diode, a subnanoampere current is generated in 
the voltage-regulating circuit. This current is mir-
rored to the current source Isncd in the SNCD circuit. 
This causes a current difference in MOSFETs Q� and 
Q2 in the designed channel width: WQ2 > WQ� (Fig. 5). 
This current difference is amplified and converted 
into a voltage signal by the cross-coupled transistor 
pair and the relationship between voltages Out � and 
Out 2 is inverted. This differential signal from the 

voltage-monitoring circuit is converted into a pulse 
by the hysteresis comparator, which means that the 
voltage of the accumulated energy reaches the volt-
age determined by the number of diode-connected 
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MOSFETs. Thus, our circuit can monitor the voltage 
of the accumulated energy and regulate it using low 
power consumption at a subnanoampere current.

The simulated transition characteristics of the sub-
nanoampere two-stage power management circuit are 
shown in Fig. 7. The input voltage VIN, the first sup-
ply voltage VDD�, and the second supply voltage VDD2 
were evaluated at the points depicted in Fig. 4. In the 
simulation, the input current was � nA and the values 
for the first and second off-chip capacitors were 2.2 μF 
and 0.7 μF, respectively. The interval between inter-
mittent bursts of the final accumulated output (VDD2) 
was about three hours. Our on/off keying (OOK) 
transmitter [�5]–[�7] can transmit �000 bits of data 
using the VDD2 output.

To confirm the effectiveness of our circuit tech-
niques, we fabricated a test chip using the 0.35-μm 
complementary MOS (CMOS) process. To evaluate 
the characteristics of the voltage-monitoring circuit, 
we measured the time taken to charge the 2.2-μF 
accumulation capacitor by using a DC current source. 
Charging time was obtained from the waveform in 
Fig. 8. In this measurement, DC current of � nA was 
input to the rectifier, and the voltage at the measure-
ment point of the switch controlled by the voltage 
monitoring circuit (VDD� in Fig. 4) was measured 
with a digital oscilloscope having impedance of 
� MW. The accumulation capacitance was chosen to 
be 2.2 μF, which is the amount necessary to operate 
our OOK transmitter for one data transmission. The 
period of the measured pulse corresponds to the 
charging time, as shown in the upper waveform.

In Fig. 9, the solid line shows the measured charg-
ing time for our power management circuit, which 
includes a voltage detection circuit, and the dashed 
line is the calculated charging time for a previously 
reported voltage detection circuit [27]. If this previ-
ous circuit is used, the accumulation capacitor cannot 
be charged when the generated current is less than 0.� μA. 

On the other hand, for our circuit, the accumulation 
capacitor can be charged with a �-nA current, which 
corresponds to a solar cell less than 0.� mm3 in size 
when the solar energy density is �0 μW/cm3. This 
means that the size of the power source needed for 
our circuit is �/�00 of that for the circuit in [27].

4.   WAUN transceivers

Terminals used in a WAUN must have small power 
supplies. To reduce power consumption, the wireless 
terminals operate intermittently with a very low 
activity ratio. Power reduction with a very low activ-
ity ratio strongly depends on power consumption in 
the standby mode. Thus, we use two key techniques 
for reducing the standby current: a special power 
switch for low leakage current and a minimized num-
ber of active blocks in standby mode. The standby 
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current of the terminals is less than 5 μA, which is 
about �/�00 of that for other applications, such as 
ZigBee and PHS (personal handy-phone system). 
One of the most important circuits for low-standby-
current performance is a power switch that can sup-
ply �00 mA in the active mode and reduce the leakage 
current to the nanoampere level in the standby 
mode.

The off-state leakage current of MOSFETs is deter-
mined mainly by the subthreshold leakage, gate-
induced drain leakage, and junction leakage currents 
[28]. MOSFETs based on semiconductor-on-insula-
tor (SOI) technologies have a smaller subthreshold 
swing and smaller junction area than those based on 
bulk technologies. Thus, the subthreshold leakage 
and junction leakage currents of power switches can 
be aggressively reduced by using SOI technologies 
[29]–[30]. The voltage between the gate and source 
(gate-source) voltage dependences of the off-state 
leakage current with a constant drain-source voltage 
for pMOS power switches using SOI and bulk tech-
nologies are illustrated in Fig. 10. The leakage cur-
rent of SOI MOSFETs at the gate-source voltage of  
0 V is about �/�00 that of bulk MOSFETs. This 
means that just using SOI technologies can reduce the 
leakage current satisfactorily.

The architecture of the power switch and regulator 
circuits with CMOS/SOI technology is shown in 
Fig. 11. The power switch has a conventional archi-
tecture and consists of two pMOSFETs. A depletion-
mode n-MOSFET (D-MOS) is used in the regulator 
circuit. This transistor has a negative threshold volt-
age and can control a large current by means of a low 
gate-source voltage, so it is useful for supplying 
stable current when the available battery voltage is 
low. A stable current supply requires an applied volt-
age that is sufficiently higher than the threshold volt-
age between the transistor’s gate and source. This is 
difficult to achieve if the source voltage is low and the 
threshold voltage is positive, but easy if the threshold 
voltage is negative.

The standby-mode biases of four types of power 
switches are illustrated in Fig. 12. In each power 
switch, two transistors are connected in a cascode 
configuration. The gate biases of the nMOSFET and 
pMOSFET are the ground level and power-supply 
level, respectively. The intermediate potential (VX) 
values of the power switches are chosen to ensure that 
the leakage currents of the cascode transistors are 
equal. In a type-A power switch, the gate-source volt-
age of the upper pMOSFET is 0 V and that of the 
lower pMOSFET is more than 0 V. Thus, the VX value 
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exceeds half of VDD. Similarly, the gate-source volt-
ages (VGS) and VX values of type-B, -C, and -D 
switches can be estimated; the values are given in 
Table 1. From the conditions and values in Table �, 
the type-C power switch is expected to have the low-
est leakage current among the four power-switch 
architectures. This is because the gates of both tran-
sistors are reversely biased (i.e., the gate-source volt-
age of the upper nMOSFET is less than 0 V and that 
of the lower pMOSFET is more than 0 V) and the VX 
value is about half of VDD. Furthermore, the leakage 
current is expected to be aggressively reduced com-
pared with the other power switches, as shown in 
Fig. 13.

A typical architecture of a bulk regulator circuit 
with the new power-switch configuration is depicted 
in Fig. 14. An enhancement-mode nMOSFET is used 
for a power switch between the LSI and VDD. Thus, 
the voltage drop* across the nMOSFET is larger than 
the transistor’s threshold voltage because the voltage 
drop is equal to its gate-source voltage. This voltage 
drop is a big problem for low-voltage operation. 
Therefore, we use a DC-DC converter to raise the 
gate bias of the nMOSFET. The maximum gate bias 
of the nMOSFET is designed to be about twice the 
value of VDD in the active mode. On the other hand, 
the gate bias of the pMOSFET is fixed to the ground 
level. As a result, the regulator can supply sufficient 
current with a low battery voltage in the active 
mode.

Since the DC-DC converter is used only for the 
regulator circuit, a small converter is sufficient for 
this application. The small DC-DC converter oper-
ates only in the active mode. Thus, it does not increase 
the average power consumption of a regulator that 
has a low activity ratio. The leakage current in the 
standby mode is reduced by the new power switch in 
the main current path and by small switches in the 
regulator control paths. The gate width of the small 
switches is a thousand times smaller than that of the 
power switch in the main path. Thus, the total leakage 

current is not increased by the small switches in the 
regulator control paths.

The maximum supply current and leakage current 
of the new power switch were measured using a TEG 
(test element group) circuit. The TEG architecture is 
shown in Fig. 15. The DC-DC converter makes the 
gate bias of the nMOSFET twice VDD in the active 
mode and zero in the standby mode. The gate bias of 
the pMOSFET is zero in the active mode and VDD in 
the standby mode. Currents in main path I� and con-
trol path I2 can be measured individually.

The measured current characteristics of I� are 
shown in Fig. 16. The horizontal axis is the voltage 
drop across the power switches and the vertical axis 
is supply current I�. For comparison, the supply cur-
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Fig. 13.    Comparison of bias condition and leakage current 
between conventional and the new power 
switches.
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* When a DC-DC converter is not used, the maximum gate poten-
tial of the nMOSFET is VDD: the gate-source voltage and drain-
source voltage (which is the same as the voltage drop produced 
by the nMOSFET) become equal. Moreover, during current 
flows, the gate-source voltage is always larger than the threshold 
voltage. That is why the voltage drop is larger than the threshold 
voltage.
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rent characteristics of conventional SOI pMOS 
switches are also shown. The gate widths of the 
pMOSFETs and nMOSFETs of the switches were 
900 μm and 600 μm, respectively. The gate length for 
both was �.0 μm. From the data, we see that the sup-
ply current of the new bulk switches is almost the 
same as that of the SOI switches and that the supply-
current characteristics of the former are more stable 
than those of the latter with respect to process varia-
tion.

The leakage current versus VDD characteristics of 
the TEG measured at �00°C, 40°C, and -�0ºC are 
shown in Fig. 17. The leakage current is the sum of the 
main path current I� and control current I2. The max-

imum voltage for VDD is 4 V. The leakage current of 
the new bulk switch is always lower than �00 nA in the 
graph’s temperature and voltage ranges. 

The measured leakage current versus temperature 
characteristics of the TEG at VDD = 3 V are shown in 
Fig. 18. The open plots are measured data for the 
conventional SOI MOS switch and the closed ones 
are for the new bulk switches. The temperature 
dependence of the leakage current is almost the same 
for the new bulk switch and conventional SOI switch 
in this temperature range.
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5.   Conclusion

Power-management-circuit techniques for low-
power intermittent LSI operation were described. 
Since they depend strongly on the wireless applica-
tions, three typical wireless applications were pre-
sented as circuit examples. These circuit tech-
niques—an analog RC timer circuit with megaohm 
resistors, a two-stage power management circuit, and 
a new regulator circuit, individually or in combina-
tion, enable the supply of current ranging from � mA 
to �00 mA and can cut the leakage current to the sub-
nanoampere level. Therefore, they are applicable to 
almost all low-power wireless terminals.
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