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Abstract

This thesis proposes a design for ultra low power sensitive single and dual band RF energy
harvesting system for UHF microwave frequencies at 2.4-GHz and 865-MHz to 960- MHz(ISM
band). The system is designed to power a load and generate a constant 1-V output voltage for a
battery-less passive energy harvesting circuit. Input power is fed from 50 RF source to emulate
antenna at UHF microwave band. The design includes single band and dual band off-chip RF
matching circuit, RF limiter, Differential Rectifier, Power On Reset (POR), Band Gap Reference
(BGR) and Low Drop Out Regulator (LDO). The number of rectifier stages is optimized to
obtain a better efficiency to generate 1V output voltage. The full system performance has been
verified by simulations for equivalent received power from -20-dBm to -10-dBm. The overall RF
energy harvesting system efficiency at -14-dBm (10 m Distance from 4W EIRP source) input
power for single band matching at 2.4-GHz is 46.9% with 54Kohm load and for dual band
matching at 953-MHz and 2.4-GHz we achieve an efficiency of 41.5% with 61K ohm load and
46% with load 54.4Kohm respectively. The technology node employed is 0.18 m technology.
The simulations are carried out at schematic level with bond wire parasitic’s and verified by post
layout simulation. At the last we conclude by proposing a novel architecture for constant voltage
battery charging.

viii



Chapter 1
Introduction to RF energy Harvesting

Introduction: The conventional sources of energy like wind, light, water are employed for macro
scale generation that serves day today needs. There exist need for micro scale energy harvesting also
as more information is prone in areas which are out of reach or inhabitable. So it is becoming
increasingly difficult to meet the energy needs for next generation applications which require energy
in micro scale. The important sources of energy harvesting in micro-scale are solar, vibrational
energy, thermo-electric energy which are available to power ULP (ultra low power) consuming
devices. The basic source of harvested power is derived from environmental sources however at times

energy from these sources is intermittent, unconditional and at micro scale.

A decade ago micro-scale energy harvesting could be fiction. The ever changing world has pushed
through limits due to advances in device physics and scaling down of devices caused ultra-low-power
(ULP) energy technology harvesting that has turned into reality. The ultra low power RF energy
harvesting is bit challenging but its recent commercialization has pushed the designers to think
beyond barrier make it a available. The RF energy harvesting technology is rapidly expanding field.
The applications include usage in modern day wireless sensor nodes, RFID tags[1] used for advanced
near field communication (NFC) system, supply chain, logistics, wear-able[2]and implantable
devices[3] for pervasive computing within surveillance area for remote vital health signal monitoring
applications[4] close to a RF source. These RF energy harvesting systems are classified into passive,
semi-passive, active tags. The active systems use battery for long range communication and it
incorporates a sensor that should be powered by battery. However the semi passive RF energy
harvesting also includes a battery and communicates to the base station via back scatter
communication technique. However the use of active and semi passive battery powered electronic
devices for above applications have issues related to limited charging cycles and increase in the size
and the cost of devices. Hence a passive RF energy harvesting system can mainly employed in the
mentioned applications.

Radio frequency energy harvesting is fruitful whenever certain radiating source is available nearby

(at distance of 10m min) as the amount of energy radiated by the source is restricted by band and is



decided by regulations of the country. Generally for RF energy harvesting is utilized in HF (13.56
MHz), UHF band (860-960 M Hz) also called as ISM band (Industry Scientific and Medical usage)
along with 2.4 G Hz band. The RF energy harvesting can be majorly employed in RFID tags which
are used in supply chain management, public transportation, library, checkout, building access and
airport baggage control. There is also inching interest of utilizing RF energy harvesting for Wireless

sensor networks also.

The most important requirement of RF energy harvesting system is extended life and minimum
sensitivity without usage of any sort of storage element. Modern RF energy Harvesting circuit are
used at high frequencies namely 860 MHz to 960 MHz and 2.4GHz which allows the utilization of
smaller antennas and larger bandwidth of transmission. The major obstacles in such UHF energy
harvesting system is impact of substrate parasitic increase as we move towards design of high
frequency integrated circuits, another Effective Isotropic Radiated Power (EIRP) where power loss

increases as wavelength decreases.

1.1 Aim and Motivation

There exists need to design of Ultra low power RF energy harvesting that can power remote
wireless sensor nodes, biomedical devices which may be either implantable or or wearable devices.
The requirement of such systems is to generate power with smaller form factor and low power

consumption

Efficient
Low Cost
Reliable

Low power Sensitive



Figurel.1l. Aim and Motivation

A typical energy harvesting system consists of a Antenna, AC- DC converter and power conditioning
circuit and load consisting of charging and discharging source. The antenna is used capture radiation
emitted by source may be RF reader and converters the electromagnetic energy in to the electrical
energy in terms of voltage which is fed to the AC-DC converter. However to harvest RF energy use
UHF ISM band(850MHz -960MHz), microwave(2.4GHz) for energy harvesting will lead to reduced
antenna sizes, achieve a higher data rates adding advantage to further miniaturize and high
performance wireless pervasive system. However regulations set on EIRP and path loss at higher
frequencies limit the amount of power received by these devices with distance away from RF source.
As such power received by any such devices will be in the range of 100uW (- 10dBm) and 10uW (-
20dBm).
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Figure 1.2 shows the Power in dBm vs. distance from Reader in standard RFID system.

1.2 Literature Survey

The major work in case RF energy harvesting chipset are done for passive RF energy
harvesting as circuits are more reliable, have a long life, and less costly to the as they are not
powering sensors as well as battery continuously. The work done till now consists of the single band
RF energy harvesting. In this work we propose the scheme for RF energy harvesting scheme that can
be employed in case Amplitude Shift Keying methodology as well as Frequency Shift Keying FSK

reliably because of the dual band nature of the energy harvesting. In case of ASK we can employ



simple envelop detector for demodulating and can use a single band for Signal transmission. However
we can use the dual band energy harvesting more efficiently for FSK modulation.

There a dual band RF energy harvesting should be employed should have comes in advantage with
smaller form factors.

The amount energy available in case of the different Energy harvesting schemes are mentioned in
Table.1 [19] which gives a approximate estimation of the energy that is available. The ambient light
varies in case of indoor and outdoor as mentioned in table however the availability is intermittent
and cannot be reliable because variation in weather as well as it not available during 50% of 24
hours in a day. However the as the resistance of varies with illumination so the requires a Maximum
Power Point Tracking MPPT circuit for efficiently harvesting the energy from the solar cell. The
MPPT unit continuously consumes power to generate the clock for the power converter. The solar
energy harvesting scheme employs DC-DC converters name charge pump circuits namely Dickson
charge pump, Fibonacci charge pumps with two phases to up convert dc voltage that is generated to
power the load. In case vibrational energy can be harvested due human motion whose frequency
varies in Hz to the Machines that generate vibrations in terms of Kilo Hertz. In here the problem is
that it cannot be accessed in remote areas however it efficient for fault detection circuits embedded
in machines. This scheme a better efficient transducer along with a cascade stages of rectifier circuit
to harvest energy. The next available source of energy is temperature difference which can be
employed in industries as well as incase smaller scale for biomedical applications where we harvest

energy from a human body also. In all the mentioned applications are costly as they require efficient

transducers.

Energy Sources Harvested Power
Vibration/Motion

Human ApW/cm?
Industry 100pW/cm?
Temperature Difference

Human 25puW/cm?
Industry 1-10mW/cm?
Light

Indoor 10 uW/cm?




Outdoor 10mW/cm?
RF

GSM 0.1 pW/cm?
WiFi 0.001 pW/cm?

Table 1.1 Available Sources of Energy

The Keyrouz et al[5] proposed a multi band energy harvesting scheme at -15 dBm input power
having an system efficiency of 45 % at 900 MHz, 46 % at 1800 MHz and 25 % at 2.45 GHz. The
overall system includes multiple sub systems powered by different antennas with individual off chip
matching network, rectifier, and power management circuit leading to large aspect ratio of chip. Bo
Li et al [6] group have proposed the another scheme for dual band energy harvesting at -19.3dBm
input power level with efficiency for 12 % and 11 % at 900MHz and 1800MHz. Similar to Keyrouz
et al[5] they use separate chain of matching and rectifier circuits to charge the battery. The Phirun
Kim et al [7] proposed dual band RF energy harvesting scheme with an efficiency of 73.76 % and
63.06 % at 881MHz and 2.4GHz. However above scheme is sensitive at very high input power level
of 160mW (22dBm) which does not suffice requirement for the wearable devices that are employed
for 10m and above communication range. The Phongcharoenpanich et al [8] proposed a dual band
antenna design for UHF RFID bandwidth 911-925.6 MHz, 2.32GHz-2.52GHz with respective
directivity of 8.33dBi and 9-10.5dBi.

1.3 Contribution of Thesis

The work mainly focuses on reliable and efficient utilization of the harvested power in micro-scale to
power ultra low power systems. The main contribution of the thesis is towards
e A novel dual band RF energy harvesting that can be powered by two different frequencies
operating one at a time to drive a load continuously.
e A novel and efficient architectural scheme for power management for charging a battery to the
higher voltages.
e The scheme was verified by the layout level simulations taking bond wire parasitic into the
account.
e The novel architecture is being proposed which employs both rectifier and charge pumps for

harvesting energy.



Chapter 2
Generation of Constant Supply Voltage for

Driving a Load.

2.1 Introduction
The typical RF energy harvesting scheme employed for micro-scale transducers is that can be to drive

a load circuit with a constant voltage is given below.

Section1 Section2

Impedance
Matching

Rectifier

w

w

Antenna RF Limiter

L J

Section3

* Power On
Reset

Low Drop out
R Regulator

»

9]
Il
]

Bandgap
reference

¥

Figure 2.1 shows the architecture of complete system

The organization of next part of thesis is designed so that the upcoming chapters describe each of the

section in detail in each chapter.
In this chapter we will cover in detail the first section of RF energy harvesting architecture that

consists of the Antenna and Matching circuit.

2.2Antenna:
The requirement in our case is design of antenna which single band or dual band antenna that is

needed to be matched to load i.e. RF energy harvesting circuit. The antenna circuits are generally



customized and designed to have a conjugate impedance of that of impedance measured by network
analyzer of the designed chip [16]. Otherwise then there exists a requirement to match an antenna to
RF energy harvesting system by interfacing with an impedance matching circuit. But in case of dual
band RF energy harvesting we cannot customize the antenna to match the load requirements at two
different frequencies there by pressing the need for the dual band impedance matching network. The
Phongcharoenpanich et al [8] proposed a dual band antenna design for UHF RFID bandwidth 911-
925.6 MHz, 2.32GHz-2.52GHz with respective directivity of 8.33dBi and 9-10.5dBi.

There are dual band antennas that can be interfaced to RF Energy harvesting. The Phirun Kim et
al [7] proposed dual band RF energy harvesting scheme with an efficiency of 73.76 % and 63.06 % at
881MHz and 2.4GHz. However above scheme is sensitive at very high input power level of 160mW
(22dBm) which does not suffice requirement for the wearable devices that are employed for 10m and

above communication range.

2.2.1 Model for the antenna:

Antenna Impedance

The input impedance of an antenna is impedance seen from the antenna terminals. The antenna
impedance will be affected by the ambience/objects around it. Here in our case we assume it is free
from objects that tend to vary antenna impedance.

The impedance seen from antenna terminals consists of both real and imaginary part and is given by
the equation mentioned below.

Zantenna=Rr+0 +]Xantenna - 1)
The antenna that receives the RF signal and having impedance Zanenna IS connected to load impedance
Zin. The strength of the RF signal received by antenna transducer is given by Va. The power
delivered to the load is given by Pjoag

1
Pload = ERe(V*inIin) (2)

The Zi, is given by complex impedance =Ri-jXin

Then Pyaoq is given by

V2 (R, —iX: V2 (R.
1 (Rin—JXin) 1 (Rin)
Plaod=ERe{ a }=5Re{ a }(3)

|Rin+Rantenna+j(Xantenna+Xin) | 2 (RintRantenna )AZ +(Xantenna +Xin) 2




From the above equation we can derive that

VZ(i_ir2
it

Where T represents the reflection coefficient given by

Pioga =

Zin—Z
I-. mn antenna (5)

Zin + Zantenna

If we assume the power that the load receives from the antenna under the condition the antenna is connected to
the matched load ( Zin=Zs, Rantenna= Rin-)- The Pioag , Pavail 1S given by

Povair = V_az (6)
8R,
Pioaa = Pavail(1 - |F|2) )

2.2.2 Power Transfer in Free Space

The regulations on Effective Isotropic Radiated Power (EIRP) along with increase in path loss due to decrease
in wavelength in particular range of operation limits the amount of energy received by the energy harvesting
system. If we assume that transmitting antenna is capable to transmit power equal to Pt with gain Gt and gain

of receiving antenna is Gr in

P,G.G,A?
= er (8)
(4md)

In case of RF technology domain we use a term Effective Isotropic Radiated Power EIRP which decides the
licensing regulations of the specific country. It provides a notion how better (represented by transmitting

antenna gain Gy) a transmitting antenna is compared to isotropic antenna and is given by
Pgirp = PGy ™

In the equation Pr, A represents power and wavelength of the transmitted signal. The d is distance between the
source of transmitter and the receiving antenna. However in practical case the amount of energy received by
the receiving antenna decays in third order because of the obstructions and the absorption by objects nearby

receiving antenna. The P, the available for the matching load is given by (Z,=Z;,*) is given by



_PGG AV
" (4nd)?  8R,
The equivalent model of antenna is shown in Figure 2.7

Qe

(8)

Zin

Figure 2.2 Antenna Model

In India, North America the EIRP 4W however in major parts of Europe it is 1W.

The above discussion helps us to model the simple antenna by power source in series with a resistance and
equivalent inductive impedance. However for the ease of simulation it was model by port in series with
resistance of 50Q.The voltage available at the load is given by above equation which can be modified and can

be written as

Vo = /8RantennaPavait 9
The Radiation resistance of antenna varies with physical dimensions and RF wavelength. In case of dipole
antenna where length of antenna is less than quarter wavelength then it is given by
Rq = 20577 (10)
The A=C/f. Where f is the frequency of the operation and c is speed of light in free space. For 900MHz the
length of antenna is about 7.5cm as the wavelength is about 33.3 cm.

The value of Radiation resistance of the antenna can be 10 to 100’s of ohms.
2.3 Matching Circuit:

The primary function of impedance matching is to reduce the reflection between antenna and
rectifier circuit allowing the maximum power transfer to the load. It must also provide a voltage
resonance at frequency of the interest there by increasing the sensitivity of the system. The Payai iS
power available at input terminals of antenna; P, power delivered to the load is given by equations

below

Pioga = Pavail(l - |F|2) (11)



where I represents the reflection coefficient due to mismatch between antenna impedance and load
circuitry impedance. The Ra represents the radiation resistance of the antenna, Va is antenna open cir-
cuit voltage. The antenna is modeled by port with input power range -20dBm to -10dBm and having a
constant resistance of 50 for the purpose of simulation.

There are three different types of matching techniques, i.e. transformer matching, Series inductor
matching and parallel inductor matching. The parallel inductor matching an off chip an external
inductor is placed in parallel with input capacitance of the chip C;,. In case of series inductor
matching output current is Q times the input current at resonant frequency where imaginary part of
inductor cancels with the capacitance Cj,. The chip input impedance R and Rantenna Mmust be matched
by proper design of antenna along with rectifier. In case of parallel inductor matching it provides a
good Electro Static Discharge protection. At weak RF input power as current will only be multiplied by
factor of Q hence sensitivity of the circuit is unchanged.

Transformer matching is generally avoided as they are too costly in nature. The series impedance matching
networks help in boosting the sensitivity of the circuit as output voltage of the circuit is Q times the input
voltage. The sensitivity of RF energy harvesting circuit is the minimum value of input voltage that can be
converted to DC value. The series inductor matching the inductor is placed in series with input capacitance of
Zin so that imaginary of the impedance cancels off. In case of parallel inductor matching a large value of Ra is
required to generate a required input voltage that can be converted into DC output voltage. One problem with
this is we require a large value of Ra we require a very large length of antenna at longer wavelength designing
a small size antenna with large Ra and longer length is a challenge. The antenna resistance remains in the range
of few tens to hundreds of ohm.

In case of rectifiers provides a better power conversion efficiency with increase input voltage amplitude/ power

level.

10



2.3.1 Single Band Matching

Zin .
_'.:r
Ra

C—D L H — Cin

Va

antenna : _L_t  Regtifier

(@)

O H§ == Cin

antenna  : Lt Rectifier
(b)
Figure 2.3 (a) Parallel Inductor matching (b) Series Inductor matching.
The series and parallel inductor matching are low cost but these matching circuit provide a smaller range of
frequencies over which required Q is obtained by resonance circuit. As we deviate from the central resonance

frequency our efficiency tends to degrade heavily. In case of series and parallel inductor matching the centre
of the resonance frequency depends on both value of Cin and inductor L and is given byw, = ’% :

If we look at the resonant circuit from antenna side the real part of impedance seen consists of parasitic

impedance along with a real part of equivalent parallel resistance of rectifier circuit and it is given by
wL R

Z: = —
o QL 1+Q?ank

(12)

11



Where R impedance of the rectifier and parasitic resistane of inductor is given by = wL/Qy, . The Quw=
wC;yR Tank quality factor. As available off chip inductor comes with high quality factor Q,=50. At 900MHz

the parasitic resistance of inductor with quality factor=50 is equal to 3.4 ohm. The Quality factor of inductor

says that how store energy in inductor with minimum losses. Substituting for w = wy = /Lcl then assuming

a higher quality of inductor and as well as of tank circuit

1 /1 1
Zin= (5 +5—) (13)
Cinwo QL Qtank

In case of matching antenna resistance is equal to the input impedance of the rectifier must be equal to the

antenna resistance.

__R
1+ Qfnk
Precievea = Pavail R = oaL (14)
2 + X
(1 + Qtank) AL
P i P_avail
Precievea = ﬁglglmo Y (15)
oL R oeL

Since the rectifier output voltage is given by

V.= vV 2PpecieveaR (16)

As we have tank quality factor givenby V. = \/ 2Pavait R _Jzpavail(QtankQL/(Qtank+QL))

1+Qtank/CQL woCin

From the above equation we arrive at conclusion that
1. The input capacitance value should be as small as possible. It can be observed that by differentiating
with respect to term containing Cin i.e. tank quality factor the optimum value should be equal to one.
This provides a leverage to either keep Cin smaller or keep R large as far as possible. The Cin cannot
be decreased further otherwise pad parasitic as well as ESD protection diode will decide the resonance
frequency. The another impact is that the Radiation resistance of the antenna must be equal to the Zin.
As Zin inversely proportional to Cin so for a very smaller value of of Cin implies large value of Zin
hence a we need to design a antenna with large radiation resistance. This cause is larger size of the

antenna.

12



2. A quality factor of the inductor should be as large as possible
The large value of the Q. implies that the Piegieved IS Will be equal t0 Payaianie When Q. is large as
possible compared to the Tank quality factor.
P il
Precieved = % (17)
1+0Q;
1454t
Q.Q,

2.4 Dual Band Matching Circuit:

We propose a mechanism is for deriving the values of dual band RF Energy harvesting system. In
case we actually identify the values for series inductor matches and series capacitor matching for the
two bands. The constraints for which are derived described below.

Zin : Ls

—

CF{ag_ I'CE Cp

—) R — Cin

Prf

antenna .
- LS

Figure 2.4 Dual Band RF energy Harvesting Circuit

JXd C -]
— P — JIC_

LS Lo

(@) - (b).

Figure 2.5 (a) Series Parallel resonator. (b) Parallel Series resonator.
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Here we neglect the impact of parasitic resistances. In case to Series to parallel resonator scheme the
. X . X
(]XL + —L) (—jXc + —C) _
XC = —jXea (18)
Qc

, X
JXL + 0, —jXc +

Xea(X, — X2) — jX (X X) XX (1+ ! )+'(1 1)XX (19)
cate = 8e) = JRea\g, T o) T M e\ T oca,) TG T
1
XX (14 5-) = XeaOts = X0 (20)
QcQL
(1 ! )X X, iX (XL XC) (21)
0 Q) e P\ T,
Solving for the frequency wy,
Ly, ( 1 1 (wil,C,— 1>
1+ ) ( 22
Q.0 w1Cqq w1 Cp (22)
Cq1w3L ( ) w?L G —1 23
di1W1 QLQC ( P ) ( )
Similarly we can solve for w,
2 1Y, .2 _
03CasLp (1 + QLQC) = w3lpCy — 1 (24)
Equating the equations we obtain
2 Y2 2
w?Cqr (14 QLQC) 0?Cp 03Cqz (1+ . QC) w3C, (25)
1
Cp(w3 — o) = (w5C4 — wiCq) (1 + TQC)
Solving for C,
(‘*’%Cdz—‘ﬂ%cm)(l"‘%)
C, = e L0 (26)
From imaginary parts
1 _1 = XL Xe
(Qc QL)XLXC X_Cd(QL + Qc) (27)
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At (OV]]

i — i L_p — -1 w,Lp 1 ) 28
(Qc QL) Cp w1Cq1 ( QL + w1CpQc ( )
At (V)
L\ 1 e2lp ! 29
(Qc QL) Cp w2Cqz2 ~ QL wZCch) ( )
Equating both equations we can find value of
QL(w1Cq1—w2Cq2) (30)

P w1 02CpQc(w1Ca2—w2C41)

For the series branch we can write the equation

. X . X .
JXis + f —JjXes + Q_S = jXLa
L c
Equating imaginary terms
Xis — Xes = Xpa
At w; and w,
wqLg — = wqL
1S 001Cs 1bd1
Lg — = w,L
Wz Lg w,Cy Wz Lqgz

Equating both the equations we have

Lg =

®3CsLq1+1 _ 0%CsLga+1

2
w7Cs

Solving the above equations

C — 0.)%—0.)%
s = 55—
w5 (Lar—Ldz)

2
w5Cs

15
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Figure2.6 shows the Dual Band Matching network Reflection coefficient.
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Chapter 3:
AC to DC converters

3.1 Introduction
The power decreases drastically as distance between transiting antenna and receiving antenna
increases. This provides limitation on the power that is available as receiving side of antenna. Hence
we require a highly efficient AC- DC converter that can provide a better power conversion at lower
input received power. As limited power/voltage is available at the RF energy harvesting circuit we
cannot go conventional rectifier circuits.

In this chapter we review the already exiting charge pumps and accordingly chose one of the
efficient rectifiers to design a energy harvesting system. We will also discuss the need for RF limiter
and working principle also at the end of the chapter.

3.2 Dickson Charge pump based Rectifiers

Dickson based [18] charge pumps are widely used in many application domains for RF energy
harvesting. The original circuit was proposed by Dickson in 1976 that consists of only diodes. In
modern day RFID tags the diode are replaced by diode connected MOSFET’s whose threshold
voltage is |Vth|. Generally Vth of the MOSFET in 0.18um technology is 450mV. If the input voltage
is small the overall voltage at output obtained by the Dickson charge pump will be small which does

not suffice the requirements of long range RFID tags.

N NG NS Y N
- Cpar Cpar| |Cpar Cpar
p— T — — :__ R g T CL

@)

all
ol
Ol

AC-

AC+ —

Figure 3.1 Schematic of the Conventional Dickson 4 stage Rectifier circuit.
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The performance of the proposed Dickson Charge pump is majorly affected by threshold voltage of the
rectifier. Te forward voltage drop across each NMOS is |[Vth|. In ideal case the output voltage m stage is
M(Vin-|Vth|). However the output voltage is less because the body effect causes the threshold voltage to

increase as we move towards load.

Assume AC+ and AC- voltage magnitude is Vin then voltage fluctuation at node N1 is given by the voltage
due to parasitic.
I
C+ CW> CF(C+CY)
Where |y is the output current, Vi, is the input voltage, f is the frequency of operation.

AVyy = Vin< (33)

When Vin+(AC+) is high the voltage pumped to next node is Vi;+AVy:. Once the voltage is pushed to next
node the corresponding NMOS pumping charge to next node turns off.

The necessary condition for the charge to be pushed to next node is given by

AV > Vi,
where Vy, is the threshold voltage of the NMOS. The voltage gain from nodel to node2 is given by
GV =V,—V, =AV -V, (V) (34)

The V(V2) is the threshold voltage at node 2 modified by body effect of MOST whose gate is
connected to node N,. If the W/L ratio of transistors is kept small then complete charge transfer will not
possible within the time period of AC signal hence the gain each stage decreases.

As the voltage of the input AC signal decreases then gain associated with each stage decreases.
However to increase the gain Dickson rectifier and eliminate body effect the floating gate MOSFET are used.

Ll el e

3

1 Cpar Cpar| |Cpar Cpar
p— T :__ :__ :__ R g ::CL

O

Qll
Q|
Q|

AC-

AC+ —
Figure 3.2 Schematic of the Modified 4stage Dickson rectifier with Gate Biasing.
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The conventional Dickson based rectifier is modified by applying externally generated gate voltage to
compensate threshold voltage of the MOSFET. The compensation can be ideally provided by applying a static
bias offset between the gate and drain terminals of the transistors. This arrangement has the same effect of a net

reduction of the MOSFET threshold voltage, thus yielding an improvement of the rectifier performance.

TN yN2] NS v N¢

Cpar Cpar| |Cpar Cpar

O

Qll
Qll
Qll

AC- - - - -

AC+

Figure3.3 Basic Implementation for Self Compensation in case of Dickson Based Rectifier.

The Dickson based rectifier can also provide self compensation by changing the order of compensation[19].
The aim for improving the performance a generalized self-compensation methodology is shown Figure3.3. It
consists of extending the length of compensating bridges to increase the gate bias offset. The “order” of
compensation (i.e., the length of the gate connections) is chosen based on the process threshold voltage and
required output voltage. The only even-order compensations are possible because of differential input feed.

The maximum efficiency recorded in this case is 21%.

The full wave rectifiers are implemented using odd-order compensations for symmetrical topologies only
for delivering power to the load during positive as well as negative phases of ac input. The odd-order
compensations can be obtained using cross-coupling bridges[20], as
shown in Fig. 3.3. Here, as charge moves from one coupling capacitor to the next in terms of packets only one
NMOS transistor is encountered instead of two complementary transistors. This causes reduction in series

losses and improves the overall efficiency of system.
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Figure.3.3 Full rectifier with self compensation

3.3 Differential Rectifiers with Dynamic Vth cancellation

There are different types of threshold volatge Static Vth cancellation(SVC) technique[8] and Dynamic Vth
Cancellation(DVC) technique are used to other types of design rectifier. Static Vth cancellation is used Koji
Kotani et. al [13] achieves an efficiency of 23.2%. A. Sharif Bakhtiar et. al [16] have designed a dynamic Vth
cancellation techniques using an auxiliary driver circuit. This circuit gives a better efficiency for less than -
20dBm input power, but with increase in input voltage magnitude the efficiency degrades drastically due to
reverse current losses.

The better dynamic Vth cancellation technique was pro-posed by the Atsushi Sasaki et. al which provide
good efficiency and better sensitivity. The rectifier circuit is shown in Fig.3.5. The advantage of differential
drive rectifier circuit is, the MOS transistor will be either in complete turn on or off condition for most of cycle
due to the differential dual RF
feed from antenna.

In case static Vy, cancellation the rectifier Power conversion efficiency (PCE) can be increased by
compensating Vi, constantly regardless of RF voltage applied to the gate of the MOSFET’s. Although here the
effective ON resistance of MOST’s decreases but in case when MOST need to completely turned off there will

be comparative large leakage current leading to higher losses and reducing the PCE.
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In case of the of the differential drive rectifier it is active Vy, cancellation technique where in forward bias
condition R,, will be minimized and in a reverse bias condition the Ry increases drastically due cross coupled

differential input feed.

The PCE of the rectifier is given by ratio of power delivered to the load P, to input power P

PCE = Pout — _ Pour (35)

Pin PouttPioss

Here the Py is loss due diode connected MOST hence overall loss is equal to the N.Pgiqge

Paioae = Prwp + Prev (36)

Where Pryp and Prey are loss in forward bias and reverse bias condition which are recognized by turn on
voltage and reverse leakage current of diode respectively. Generally reverse leakage current will be less and

reverse bias losses are minimal compared to forward bias.

In (pA)
307 ,, Simple Diode-
Vos +  Connected V=0
“ N 251 |-
T."  wlf
151
Vy N
101 Static
V,;=0.5 (V)
S'I'
' ' ' Vs (V)
10 0.8 -0.6 -0.4 -02_JS°l0 02 04 08
-------- -5
. . 0o-10
Active Differential
V=05 + Ve (V) 451

Figure 3.4 V | characteristics of diode connected n channel MOSFET.
In case of differential drive rectifier CMOS rectifier configuration consists of the cross coupled differential

CMOS configuration with a bridge structure. In differential schemes the gate of the transistors are actively

biased by a differential mode signal.
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Figure 3.5 The 4 T Differential drive rectifier

The operation mechanism of the rectifier circuit is described as follows. Let us assume sufficient amount of
input power is applied, the rectifier starts to rectify and reaches to steady state within short time. The three
components, namely, forward-transferred charges, reverse-transferred charges and charges flowing to an output
load are balanced for understanding the operation of the rectifier circuit. At first forward-transferred charges
are larger than the sum of reverse transferred and charge transferred to load, the output DC voltage increase
towards their steady-state value.

Qrmn1 — Qrmn1 = Qrmp1 — Qrmp1 = Q1

Qrmn2 — Qrmnz = Qrmp2 — Qrmp2 = Q2
VpcT
Q +0Q,=-25

Ry,
Qrmnt, Qrvp1, Qrmnz: Qrmpz are the amount of charge that is transferred in forward direction i.e. MN1, MP1,

MN2, MP2 respectively. Qrmni: Qrmp1, Qrvng, Qrwvpe are the amount of charge that is transferred in reverse
direction MN1, MP1, MN2, MP2 respectively.
T is the time period of the RF signal, RL is load impedance. And Q1 Q2 is net amount of charge transferred in
forward direction in single period T through upper path composed of MN1 MP1 and MN2 MP2 respectively
The efficiency of the four-transistor cell first decreases by decreasing the input amplitude (VRF ), however
it peaks at Vreope and then drops. This is happens because as input amplitude becomes small, the transistors not
completely turned on resulting in a large drop between drain-source terminals of conducting transistors. The
minimum voltage drop on conducting transistors (Vpsmin) Can be reduced by increasing gate-source voltage
(Ves) of those transistors.
If input amplitude is large enough, transistors conduct a reverse current from the decoupling capacitor back

to nodes for a small instance of time just prior and after PMOS transistors turn on. This effect is seen in Figure
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3.6. The rectifier efficiency drops because of the reverse current flow. The condition for reverse current flow is
given by

Verp > |VthNMOS/PMOS| + 2|VD5PM05/NM05 |min

3.3.1 PCE Dependence on Output Load and Transistor Sizing

When output load resistance RL increases the PCE curve shifts to smaller input region []. The value of peak
PCE increases slightly with increase in R, The PCE depends on transistor sizes, the gate length of NMOS
transistors fixed at 0.18um. The power conversion does vary with ratio of width of NMOS and PMOS
transistors. And it reaches optimum efficiency for width of NMOS equal to 3.6um and PMOS equal to 18 um.
If they are too small, the voltage drop on them becomes too large and if they are too wide both the parasitic

capacitance on the input RF nodes and reverse current leakage increase. In either case the efficiency degrades.

3.3.2 Cascading of Differential Drive Rectifier
The 4T Differential Drive rectifier stages can be cascaded as shown in Fig.8 to get higher output
voltage. The output efficiency decreases as the number of stages increases. The
number of stages defines the minimum input power that is required to generate a desired output voltage. The
simulation are carried out by cascading 3 stage and 4 stage rectifier
circuit.
RF+

W=3.6ulL=0.18]

T T
1

-
A~

o
MWV
\|
/1l

0

| W=3.6u L=0.18u | 1

RF- T T 1 T

Figure 3.6 Cascaded stages of the 4T Differential Drive rectifier.

The comparison of 3 stage and 4 stage rectifier circuit shown in Fig.9 and Fig.10 respectively for given
input voltage with a variable load condition. We were able to achieve a output voltage higher than 1V for load

>= 10K Ohm in both cases. So we fixed number of stages cascaded to 3.
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Figure 3.7 Voltage gain of the 4Stage Rectifier circuit
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Figure 3.8 Voltage gain of the 3Stage 4T Rectifier circuit
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The concept of the behind a differential driver rectifier circuit is applying an extra bias voltage to gate
terminal so that of the of the transistor is reduced byVy,. The Ve, Vosp are the bias voltages applied to gate of
NMOS and PMOS respectively which are dependent on power input and applied load condition. It utilizes two
driver stages for each rectifier stages that drives each NMOS and PMOS stages. The problem with such circuit
is the rectifier efficiency is better for input power lesser than -20dBm as we are interested in power levels
between -10dBm and -20dBm we did not use it.

3.4 RF Limiter

The input voltage to antenna varies between 300mV’s to 20V [1] depending on how close RF Energy
harvesting system to reader. So as to avoid the breakdown of the transistor at
higher input voltages we need to limit the RF input feed to rectifier circuit (in our case it is 1.8V). The limiter
converges to certain value once variations are limited. The schematic of RF Limiter circuit is shown in the Fig.
3.11.
It includes a single stage voltage multiplier circuit consisting of M1 M2 C1 C2 followed by a RC low pass
filter network to eliminate fluctuations in voltage. Any higher fluctuation in the input voltage greater than
threshold voltage of the transistors is clamped to the capacitors C1 C2. The voltage across C2 is refined by 2
stage RC low pass filter to remove fluctuations. The Voltage across C4 is less than the set value it turns off

cascoded NMOS transistors M3 and M4 preventing any loading to rectifier circuit.

i
RF

1l

Figure 3.11(a) Schematic Diagram of RF limiter circuit, (b) Layout RF Limiter
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Figure 3.12 Output plot showing comparison between of RF feed with and without RF limiter at 5dBm

input power

Chapter 4.

Power Converter Circuit

4.1 Introduction

The power converter circuit is designed to power a load with constant rectifier load circuit it consists
mainly of Power On Reset circuit followed by Band gap reference followed by the Differential
amplifier with diode connected negative feed back circuit. The requirement of power Converter

circuit is suitably power the load consuming lesser power as far as possible.
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4.2 Power On Reset Circuit

The POR circuit is used to charge intermediate off chip storage super capacitor (1.2nF). This is done to
isolate capacitor from BGR, LDO and load until output voltage of the capacitor reaches to near 1V. The super
capacitor limits sudden voltage drop during the start up phase. The POR [17] circuit is designed for near 1V
voltage and inverter threshold voltage has been set at 0.7V. The power consumed by POR circuit is at 1V and
2V input voltage.

Wdd

—{w

Vol

(@) (b)
Figure 4.1(a) shows the schematic as Power On Reset (POR) circuit (b) Layout of the POR

43us,
10
s 7%
> s
25 . .
M2(38us, ~1352uV)
E
=

10

time (us)

Figure 4.2 shows the transient simulation of the POR circuit that was designed.

The dimensions of the transistors M1 M2 M3 M4 M5 and M6 are
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MOSFET | M1 M2 M3 M4 M5 M6 Mp

WIL 240n/280n | 400n/180n | 400n/180n | 240n/280n | 4u/180n | 240n/4u | 100u/180n

Table 4.1 Size of MOS FETs used in POR

4.3 Band Gap Reference circuit:

The Sub-threshold BGR [17] circuit consumes 30.7 n"W to 80.5 nW at 1V and 2V input voltage
respectively. The BGR is used to provide constant reference voltage of 500 mV and bias voltage of 260 mV to
the LDO. It consists of bias circuit with cascoded current mirror circuits. The current Ic is controlled by
negative feedback from the output which drives transistor (MF) in saturation region.

Figure 4.3(a) Schematic of Band Gap Reference (BGR) circuit (b) Layout of the BGR

For V45 > 4 Vi the current flowing through the MOS FET is given by eqgn. (37)
1= KI, e(Ves=Vin)/Vn (37)

where 1 of the transistor is given by the ratio of the oxide capacitance to the sum of oxide and the
depletion capacitance, I, = uC.,V# and K=W/L

[

Vgs = Vth + nVT In (ﬁ) (38)
0

The current Ic is given by equation considering M6, M7 are similar transistors and are operating

in sub-threshold region. The Vg and current Ic is given by equation (10) and (11) below

Vgs7 = Vgs6 + IcRwvr (39)

Ic = nVrIn (Kg /K7) Ry (40)
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1
HCOXKMF(VgS_Vth)l
The reference voltage temperature compensation is provided by V, and V+ which have the
opposite temperature coefficient given by equation.

where Ry is given by Ryg =

Vref = VgsS - Vgsz + Vgss - Vgs4 + Vgsl (41)
Vier=Vin+mVy (42)
where m is constant . Using above equation we can write Vs as

61cK,K, ) 43)

Vief = Vipg + Vrl (—
ref th1 TN IOK1K3K5

Adjusting properly aspect ratio of the transistor the temperature dependency can be eliminated.

DC Response

— [VBias — fyref — VDD

2.0

f 10
25 /‘ —_
0.0
0.0 25 5 75 1o 1.25 15 1.7% 2.0
W
Figure 4. Shows the (a) output voltage of the BGR v/s Input voltage, (b) output voltage with
respect to temperature variation
Quiescent Current 30.663 n Amperes (1V)
40.38 n Amperes (2V)
Power consumption 30.7nW to 80.5nW
Input Voltage Range 1v-2v
Settling time 2ms at 1V input for load
capacitance of 250f Farads
Output voltage 500mV and 260mV
Temperature coefficient 200uV/K
Table 4.2 Specification of BGR
The WI/L ratio of the transistors is mentioned as below.
MOSFET M1 M2 M3 M4 M5 M6 M7 MF
WI/L 4.9u/25u | 4.9u/25u | 5u/10u | 4.9u/25u | 5u/25u | 600n/9u | 600Nn/9u 300n/50u

Table 4.3 Size of MOSFET’s used in BGR
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4.4 Low Drop out regulator:

The Regulators are classified as Switching regulators and linear regulators. The switching regulators are
classified by Step up convertor, Step down Convertor. The linear regulator are classified further Series and
Shunt regulators. The switching regulator use Capacitor for smoothing, inductor and MOS FETs as switches

Generally switching regulator (convert power) efficiency is greater than linear regulator (waste power). The
constraint for using switching regulator is that because it is applicable only case of where power is available in
terms of tens and hundreds of mili watt. This is because requires its own clock circuit. The inductor we need to
use becomes very large and difficult to integrate with system.. In case the clock frequency of the circuit can
interfere with modulation clock. As result of which it cannot be used for ULP RF energy harvesting

applications.

The Series and Shunt linear regulator

Wral

P e
Pass el aman

N/

(a) (b)
Figure 4.5 Types of the linear regulator (a) Series regulator (b) Shunt regulator

The linear regulator requires an error amplifier connected in negative feedback that calculates error w.r.t
reference voltage fed to inverting terminal. The pass element is an PMOST whose input gate voltage is
regulated linearly by error amplifier hence called linear regulator. The performance of the linear regulator
depends on the sensitivity of the error amplifier so the gain of error amplifier must be large enough to regulate
a voltage for minor changes.

In case of the shunt regulator control path is connected in parallel to the load hence called shunt regulator.
The shunt regulators have a smaller sensitivity to the variation in supply voltage. The Current across bias path

is independent of the load connected to output.

The Series regulator are called low drop out regulators where
R
Vregulated = Vrer(1 + R_:

The advantages of the LDO are No high frequency current switching’s are generated.
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Output regulated voltage will always be less than the supply voltage.

The LDO consists of the simple differential amplifier circuit followed by the circuit a voltage divider circuit
consisting of the diode connected transistors (MF1 MF2 MF3 MF4), pass transistor (MP) which is driven by
the output of the differential amplifier. The Low drop out regulator drives the charging device (capacitor) and

loading device (resistor). The LDO circuit is shown in Fig.3.5.

Figure 4.6 Schematic and Layout of the Low Dropout Regulator.

MOSFET | M1 M2 M3 M4 M5 MP MF

WI/L 3.5u/180n | 3.5u/180n | 4.75u/40u | 4.75u/40u | 19.3u/180n | 100u/180n | 240n/20u

Table 4.4 Sizes of MOSFET’s used in LDO

Gain Margin dB 50dB

Phase margin 108 degrees

Unity Gain Bandwidth 457.09 KHz

Quiescent Current 453.663nAmperes (1V)
923.38nAmperes (3V)

Input Voltage Range 1V -3V

Designed gain in dB 43.087 dB

Table 3.5 Specification of Error Amplifier
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Chapter 5:

Simulation results and Comparison with

Existing system

5.1 Comparison with Existing Literature: The Keyrouz et al[5] proposed a multi band energy har-
vesting scheme at -15 dBm input power having an system efficiency of 45 % at 900 MHz, 46 % at 1800 MHz
and 25% at 2.45 GHz. The overall system includes multiple sub systems powered by different antennas with
individual off chip matching network, rectifier, power management circuit leading to large aspect ratio of chip.
Bo Li et al [6] group have proposed the another scheme for dual band energy harvesting at -19.3dBm input
power level with efficiency for 12 % and 11 % at 900MHz and 1800MHz. Similar to Keyrouz et al[5]they use
separate chain of matching and rectifier circuits to charge the battery.

The Phirun Kim et al [7] proposed dual band RF energy harvesting scheme with an efficiency of 73.76 %
and 63.06 % at 881MHz and 2.4GHz. However above scheme is sensitive at very high input power level of
160mW (22dBm) which does not suffice requirement for the wearable devices that are employed for 10m and
above communication range. The Phongcharoenpanich et al [8] proposed a dual band antennadesign for UHF
RFID bandwidth 911-925.6 MHz, 2.32GHz-2.52GHz with respective directivity of 8.33dBi and 9-10.5dBi.

Frequency | Power Level Topology Rectifier Reference
{GHz) (dBm) Efficiency
=09 119.3 Dual chain | -0 1] 5]
f2=1.9 11%@ 2

f1=0.88 19 Dual band 73.7%af1 6]
f2=2.4 Matching 69%@f2
f1=0.9 45 Yafl
f2=1.8 -15 Triple chain 46%a@f? [7]
f3=2.4 25%@f3

f1=0.953 1 Proposed 41 875 af1 This
f2=2.4 Topology 46.95%12 work
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Table 4.1 shows the comparison of full system simulation with other systems with rectifier
output.
5.2 Final Chip layout and Simulations Results
The complete Layout of the system is shown in Figure 4.1 below

Figure 5.2 Shows the Final chip Layout simulation.
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Figure 5.3 Steady state output of full chip simulation.

Output of 4 Stage Complete system
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Figure 5.4 VVoltage gain of the complete system with 4 cascaded Rectifier Stages.

35



Output of 3 stage Complete system
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Figure 5. Voltage gain of the complete system with 3 cascaded Rectifier Stages.

Chapter 6:
Future Work: A novel architecture for Constant

Voltage charging of a battery

6.1 Introduction: Here we propose the architecture for the constant voltage charging o f the battery.
In this architecture we have 2 steps mechanism to charge a battery by charging intermediate super
capacitors.

The DC limiter is added at output of the rectifier to precisely limit the maximum voltage that is fed to
the next stages. The power on reset circuit has a self generated reference voltage comparator which
has cutin voltage of 1.31V and cutoff voltage of 1.2V. This does the same function POR on reset
circuit as mentioned in the above chapter 3.

The charge pump used can be a linear charge pump or Fibonacci charge pump. The number of the

stages can be fixed by the amount of voltage gain that is needed to provide by the regulator. The
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charging of the battery depends on min and maximum voltages that are needed to charge a battery
which is decided by cutin voltage of POR and DC limiter output voltage respectively. The low power
clock generation circuit is designed that generates a constant output voltage and constant frequency
whenever POR is completely turned on otherwise it will decrease the clock frequency when Power

On Reset is partially turned on. The free running clock has a frequency of 22 MHz.

DC Limiter|

Low Drop Out

Rectifer Circuit Charge Pump Regulator
i \» /I Battery

I Power On Clock

Reseset Generation

Hysteresis
Comparator ¢

Figure 6.1 shows a novel structure of complete system simulation for constant voltage battery
charging.
6.2 Schematic and Simulation results

The figure shows a single stage Charge Pump.

Figure 6.2 shows a single stage charge pump

The output of the charge pump is shown in Figure5.3
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Figure 6.3 Shows output of single stage charge pump

The power on reset circuit is shown in the figure below has cutin and cutoff voltages off 1.31V and

1.9V respectively.
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Figure 6.4 shows the Power reset circuit.
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Figure 6.5 Transient simulation of power on Reset circuit.
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Figure6.6 first phase simulation of the circuit without DC limiter
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Fig. 6.7 Complete System output with own clock generation having two phases of operation.

The three phases of operation are
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e Complete turn on of Power on Reset block (Rectifier output voltage is between 1.3V and
DC limiter output voltage)
There will be free running clock frequency of 22MHz and the charge packet transfer happening at
faster rate leading to faster settling of output.
e Partial turn on Power on Reset (Rectifier output voltage is between 1.9V to 1.3V)
Here clock frequency is reduced to 15MHz and 2™ super capacitor is charged at small rate.
e Turn off state in which first super capacitor is charged by rectifier and rest of the system will

be cutoff from supply i.e less than 1.9V

Chapter 7:
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Conclusion

The thesis presents a remotely powered dual band RF energy harvesting system at 953MHz and
2.4GHz frequencies. The simulations were carried out at both schematic and layout level 0.18 m
technology for complete system with 4W EIRP transmitted from RF source. Through simulations
optimum number of stages of rectifier to generate an output voltage of 1V is identified. The power
management circuit is designed. For given input power there exists an optimum load resistance
where maximum system efficiency is obtained because of limitations associated with LDO. Finally
comparison with existing literature shows the proposed Dual band RF energy harvesting system has a
better power conversion efficiency and a smaller form factor for energy harvesting system with lesser
hardware and ultra low power sensitivity devices. It concludes with idea of constant voltage and
constant current charging of the battery.
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