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Introduction
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» Most of the edge devices (sensors) are battery powered
and are always active, which puts the stress on battery-
based power supply.

» Availablility of natural resources for energy harvesting as
solar, thermal, microbial, vibration and RF (radio
frequency).

» An Efficient Power Management Mechanism improves
the performance in loTs.

» Solar Energy Harvesting System (EHS) is a well-suited
alternative to power IoT end node devices.
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Fig. 1: Sustainable 10T in Smart Cities
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Fig. 2: Proposed PMU Concept for Sustainable IoT.
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Novel Contribution of this Paper

[ROURKELA]

» A solar cell-based energy harvesting and power
management system is designed for sustainable loT.

» Four different regulated power supplies of 0.5V, 1V,
1.8 V, and 3.3 V are generated targeting different
sensors used in smart cities.
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Dickson Charge Pump (DCP)

In Dickson charge pump the MOS devices function as diodes, so the current

IS unidirectional.
As shown in Fig. 4, two pumping clock pulses (Clk and Clkbar) are used
which are in anti-phase with an amplitude of V.

The amplitude of the clock signal is the

\]ZID

J_ J_ J_ J_ J_ same as the supply voltage (Vpp).

v

l:lllt

(I EN A N | A EN VO 8 J_—*Iﬂ The voltages are pumped into the circuit

_|_(1 _|_ -|-c% T(; —T-C through the pumping capacitor C,-C,.

ch Clk Cli The voltage variation at each pumping
Fig. 4: Dickson Charge Pump. node is expressed as described in the
following expression:
. . C Iy
AV =1

@ C‘r _|_ {;‘13 o If_'((_f _|_ C‘rS) )

In the above expression, C is the capacitance of C;-C,, f is the clock frequency,
C, is the parasitic capacitance, |, is the output current.
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Fig. 5: Topology of a Standard Cell. Fig. 6: Interleaving Switched Capacitor.

Integrated capacitors/switches can be easily partitioned. The “Standard
cell” configuration, as shown in Fig. 5 sets conversion ratio.

It also requires two non-overlapping clock pulses Clk and Clkbar. When
Clk is High and Clkbar is Low:

capacitor is charged to (Vin-Vout). When Clk is Low and Clkbar is High:
capacitor discharges to Vout. Vout is equal to (Vin-Vout), that gives Vout=
0.5 Vin as depicted in Fig. 6.
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» A bandgap voltage reference is a temperature-independent voltage reference
circuit widely used in integrated circuits. Circuit topology has been presented

InFig 7w > It produces a fixed (constant) voltage
M, : I'f_ | M, regardless of power supply variations,
.:II I ||: temperature changes, and circuit loading
from a device.
I +1, » It commonly has an output voltage
N Jll +1, around 1.25 V (close to the theoretical
—p 1.22 eV (0.195 aJ) bandgap of silicon at 0 K).
;Rl " % The voltage difference across resistor R, is
q\ Ry positive temperature coefficient, so the current
Ql( Q, (1) passing through R, is considered as
ﬂi/ Proportional to Absolute Temperature (PTAT).
Ry Ry » The voltage at node A and node B is V.,
which is a negative temperature coefficient, so
1 the current (l,) passing through R,, and R,z is

considered as a Complementary to Absolute
Fig. 7: Band gap Reference Generator  Temperature (CTAT).

» Adding both the currents, i.e., .+ I, a zero temperature coefficient current Izcis
obtained, which is mirrored using a current mirror circuit. By connecting a resistor
R:, the current obtained across it is Iz« and will provide a temperature-

sindependent and power supply ingariagt refepence voltage Ver. 10

L +1,




Low Dropout Regulator (LDO)

» A low-dropout regulator (LDO) is a DC linear voltage regulator that can regulate
the output voltage even when the supply voltage is very close to the output
voltage. The main components are a power FET and a differential amplifier (error
amplifier).

Voo » One input of the differential amplifier monitors

p— Gap_R';erence v the fraction of the output determined by the

Circuit v I—_— M. resistor ratio of R1 and R2.

|<
-
o

= §R1 %% The second input to the differential amplifier

§RL is from a stable voltage reference (bandgap

reference). If the output voltage rises too high

§R2 relative to the reference voltage, the drive to

the power FET changes to maintain a
constant output voltage.

Fig. 8: Low Dropout Regulator (LDOS) > V.. depends on V.., R, and R,. Changing R,

Digital Controller and R, sets the output voltage.

» The controller has a power-on reset (POR) mechanism, and a finite state machine
(FSM) is used to select the loads as per the requirement to save power [21]. The
four switching signals A, B, C, and D are meant for making ON/OFF the

corresponding PMOS switches, as shown in Fig. 3.
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o Simulation Results

[ROURKELA]

The architecture discussed in this work were designed in CMOS 180nm technology
library. A solar cell is used as an input source (with temperature 27-C). The design
specification

TABLE I: Design Characterization.

BGR Generator | Error Amplifier Converters
Iy as=50uA L0 i1=50uA Frequency = 10
MHz

Vsgp= 0.7V Unity Gain BW =10 MHz | W/L Minimum
N=4 0.8 < ICMR < 1.2 Voap=14V
Vier=0.9 V Slew Rate=10 V/uS C r=1pF
Vpop=18YV Phase Margin=60° and | -

Gain=64dB
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Simulation results of Regulated Outputs.
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Fig. 9: Output of Two Way Interleaved Charge Pump.
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(@ Simulation results of Regulated Outputs from LDOs.
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Fig. 10: Output of LDO V=1V Fig. 11: Output of LDO V,=1.8 V.

The value of R, is taken as 10 kQ, and the feedback resistor (R;) is 2.83
kQ and 1.4 kQ. The bandgap reference generator is providing a
reference voltage of 220 mV.
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%} Simulation results of Regulated Outputs from LDOs.
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Fig. 12: Output of LDO V= 3.3 V.
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%) Simulation results of Regulated Outputs from LDOs.
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Fig. 13: Output of LDO Vref=3.3V,1.8V,1Vand 0.5 V.
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%j Comparison of Different Low Energy Harvesters

[(ROURKELA]
TABLE II: Comparison of different low energy harvesters.
Works Feature/ Characteristics
Process Source Storage Topology | No. of | Output Voltages | Load Power Range
Outputs
Roy, et al. [9] 130nm PV-TEG | Super-capacitor Inductor | 3 05V, 1Vand | 0-ImWe@ 1 V, 0-500uW
+ Super- 18V @0.5 Vand 0-104W @1.8V
capacitor
Klinefelter, et al. | 130nm PV-TEG | Super-capacitor Inductor | 2 05Vand 12V | 0-5mW
[11]
Jung, et al. [10] 180nm Battery | Super-capacitor - 3 06 v, 12 V and | 20nW-500uW
33V
Shih, et al. [8] 130nm PV Super-capacitor - 1 14 0-12uW
Current Paper 180nm PV Super-capacitor Super- 4 05V,1V,18V | 0-ImWe@ 1 V, 0-500puW
capacitor and 3.3V @05V, 0-10uW @18 V and
0-5uW @33V
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Conclusion

The failure of sensor nodes in the IoT scenario can be a
catastrophic situation Iin smart cities. A continuous power
requirement is a must for IoT.

Keeping these facts into consideration, the proposed SEHS-PMU is
a self-sustainable solar EHS. It is a state of art technology towards
clean energy and handling lIoT end node devices in smart cities.

The resulting regulated output voltages are 0.5V, 1V, 1.8V, and 3.3
V, which is the requirement of many IoT edge node devices. The
proposed SEHS-PMU is consuming power within the ultra-low-
power range.

The future directions of this research are to use the inherent
features of the switched capacitors to design physically unclonable
functionality (PUFs) and secure the devices used in IoT.
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