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1. INTRODUCTION

In recent years, much attention has been placeth®rnternet of Things (IoT) technology. IoT
refers to the vast network of physical devices #ratconnected to the internet via built-in senssofware
and necessary electronic circuits allowing the cievito send, receive and exchange data [1-2]. Tiiads’,
for example home appliances are put into home nétand can be controlled by using voice, remotdrobn
or smartphone via the internet. In large-scale @apent area such as Smart Cities, billions of senace
needed to control the ‘Things’. These wireless gem@des are normally powered by batteries whigh ar
known for its limited lifetime and the use of baitts in large area network are not practical asviblves the
cost of purchase, maintain and dispose of largeuammof batteries [3]. There are also few cases @iies
application of batteries are not feasible sucheagog that is used to monitor a structure or thérenment
(e.g. volcano) due to the need of recharging otapipg the battery. As the alternative solutionthe
limitations of batteries, energy harvesting sysiemmsed to power the 10T devices.

Energy harvesting is a process of harnessing erfeogy ambient environment and converts the
energy into electricity to power electrical or etenic devices [4]. Energy from sunlight, vibratjoradio
frequency (RF) [4-5] and etc. is captured, to bedusirectly or accumulated and stored in a storage
component like a battery or a capacitor for a kb time for later use. RF energy has very lessgro
density compared to other energy sources and caasiy integrated into a small chip making it ahle for
IoT applications [6]. Furthermore, RF energy isilde for almost everywhere and anytime thanksht®
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growing of radio wave sources such as wireless ltfedsmitters (Wi-Fi) [7], TV [5][7-9], FM/AM radio,
mobile base stations [5][9] and mobile devices BF. energy is a form of differential alternatingrreunt
(AC) sources and rectifier is required to convbd tlifferential signal captured by antenna int@lsrdirect
current (DC). The output of rectifier will be pads®e few circuits to form a reliable output befdine output
signal can be used for electronic circuits. Dudow density of the harvested RF source from ambient
environment, it is important to achieve an energyvaster system with high sensitivity. This paper i
organized as follows: Section 2 discusses prin@plRF energy harvesting system and reviews theique
designs of rectifier for energy harvesting. Sect®introduces the architecture and characteristithe
proposed system. Section 4 presents the simulegiguits and discussions of the proposed circuitsved

by the conclusion in Section 5.

2. RFENERGY HARVESTING WORKING PRINCIPLE AND DESIGN REVIEW
2.1. Rectifier

Figure 1 shows the typical RF energy harvestingesys RF energy is captured by antenna and
converted into DC voltage by rectifier. Typicallihe output voltage produced by rectifier is smaitl a
decreases as the sensitivity increases due to ghe@enof antenna that captures very small energy [6
Therefore, impedance matching is applied betweenatitenna and rectifier to provide maximum energy
transfer to the circuit [10-12]. The sensitivityrettifier determines the capability of a rectifierbe operated
when very small energy is available in the surraongdHigh sensitivity allows efficient transmissiaf
energy at greater distances from RF sources [18}. tD the small output voltage produced by rectifiC-

DC charge pump is used to boosts the output voltage higher usable voltage level [7][14]. The agk
then is regulated by voltage regulator to providstadole DC voltage that is independent to inputags and
load current.

The efficiency of rectifier is critical in designnRF energy harvesting system. High efficiency
rectifier reduces power dissipated during the RFdd@version. Rectifier efficiency is defined by thewer
conversion efficiency (PCE) factor as in Eq. (1)end Ploss is the conduction power losses in thifieec
The efficiency depends on threshold voltage)(\¢hannel resistance,), leakage current and current drive
capability of rectifier [6]. Low V¥, fon, leakage current and high driving capability regltice voltage drop
across the rectifier, thus increasing the efficienc

l:]out _ l:]out

PCEN% =— = — x 100 (1)
F]in F]oul + I:]Ioss
Impedance = Voltage Charge
Antenna Rectifier - Load
i Matching i Regulator Storage ]
DC-DC
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Figure 1. RF energy harvesting system

The low Vj, and leakage current can be achieved by applyiffgréitial-drive rectifier (DDR)
circuit as shown in Figure 2. DDR consists of /siators with cross-connected gate structure tom far
complimentary bridge rectifier. The gate of tratwis is actively biased by differential mode sigaakwo
nodes, Vx and Vy [15]. When Vx is positive,.)and M, are in forward bias and act as small on-resistance
causing the Y, of the devices to decrease effectively [15]. Ttaadistors will turn-on when Vx reaches the
V. On the other hand, as Vy is negative, Bhd My, are in reverse bias causing thg &f the transistors to
increase, reducing the reverse leakage curreng. differential signal applied at both of the inpfirectifier
allows both low \, and leakage current to be achieved simultaneoustyeasing the efficiency and
sensitivity. The output voltage produces by DDRiédined as in Eq. (2) wheregYis the input AC signal
and Vo is the voltage loss across the transistor durirayit operation.

VDC, out= 2VRF - Vdrop (2)

Int J Power Electron & Dri Syst, Vol. 10, No. Z@ember 2019 : XXX — XXX



Int J Power Electron & Dri Syst ISSN: 2088-8694 0 103

RFin(4)

|T_L. vx I |
™M m_r TI»-I -

RE;

in(—)
Figure 2. Differential-drive rectifier (DDR)

2.2. Design Review

There are few types of rectifier architectures hbgen proposed for the application of RF energy
harvesting. For example, Dickson multiplier or alsmwn as voltage multiplier has been used by HS]
shown in Figure 3 to convert the RF signal into MTorder to achieve high sensitivity rectifier] af the
transistors used in the rectifier are operated éakninversion. One parallel inductor or a shunuatdr is
applied between the antenna and the rectifier tokves voltage boosting circuit to further incredbe
sensitivity. The rectifier is designed with few ggof transistors include zerg,\Wransistor (ZVT), zero {
transistor with thick oxide (ZVTDG), low ¥ transistor (LVT), normal ¥ transistor (NFET) and 3.3V I/O
transistor with thick oxide (NFET33) rectifiers Widifferent numbers of stages to differentiateaffects of
the Vi, to the sensitivity. At -22.1dBm and 10-stages WIMT technique, the rectifier able to produce an
output voltage of 1V. -32.1dBm sensitivity is aclgd at 50-stages rectifier with LVT technique and
producing 1V output voltage. Although the rectiffexrs very high sensitivity, the output howevemsai and
not adequate to supply electronic circuit that nesgu3.3V supply voltage. It also has too many esaghich
consumed large area and space. Another way toaisen® output voltage is by increasing the loadewan
this might greatly decreases the efficiency consgigelarge voltage loss experienced by the rectdie the
number of stage increases as shown by Eg. (3).

Vou1 = Z\I(VRF - Vdrop) (3)

' Eﬁ%ﬁﬁ

Figure 3. Dickson multiplier [16]

O—

Ref [17] proposed an enhance voltage multipliecustrby implementing bulk-biased or dynamic
threshold MOSFET (DTMOS) to the rectifier to redube V4, of the transistor thus decreasing the voltage
loss across the rectifier. The rectifier is casdafe3-stage to increase the output voltage. AMIBD and -
2.3dBm sensitivity, the rectifier produced an owtwd 1.2V with 48% power efficiency. In DTMOS
transistor, the bulk which usually connected togharce in conventional transistor is connectethéogate
or the drain of the transistor, as shown in Fighwrd@his has forcing the body-to-source voltagg)(to be
equal to gate-to-source voltagegdV When \js = Vs = 0, the \4, is high, causing the leakage current to
reduce. When ¥ = Vi, = Vinax (@amplitude of input signal), the source and thiessate is in forward bias
forcing the \4, to drop.

Although DTMOS transistor has lowyyits operating voltage however is limited to itg M.8][19].
This is due to excessive increase in leakage cuwban the applied voltage exceeds thg[A8][19]. This
type of rectifier also introduces large voltagepexross the rectifier as the stage of the rectifiereases.
Further increasing in load resistor or stage of rdwdifier to increase the output will greatly demse the
efficiency making it not suitable for high sensitywwith large output voltage rectifier.
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Figure 4. DTMOS voltage multiplier [17]
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Figure 5.(a) BTMOS and (b) DTMOS transistors

Ref [20] also had proposed an enhanced Dickson voltagepiiettrectifier by applying ultr-low
power (ULP) diode. ULP diode composes of a palP®fOS and NMOS transisis where the gate of PMC
transistor is connected to the source of NMOS tsémsand viceversa. The body of the NMOS is connec
to the lowest potential nodehile the body of PMOS is connected to the higipeséntial node. The structu
of the ULP diode is shown iFigure 6 As the diode is positively biased, both the NM@& PMOS
transisbrs are operate in forward bias with forward cursmilar to the conventional MOS diode. In reve
bias operation, the source terminals of both tsi0ss are connected together and the transistersparate:
in subthreshold region. As the reverwoltage increased, the current increases with tbee@se in dra-to-
source voltage (M. As the cL-off of V4 increase, the current then decreases exponentediycing the
leakage current and maintaining a good forwarderurrAt 900MHz operating equency, the proposer-
stage Dickson multiplier with ULP diode produce2@lV output at-10dBm sensitivity with 17.74¢
efficiency.

NMOS

[

PMOS

Figure 6. Ultra-low power (ULP) diode [20]

Another improvement on voltage multiplier performe has been made by re21]. 5-stage voltage
multiplier that operates at 900MHz andQ input sourceare used in the reseach w. The output of the
rectifier is connected to a voltage regulator toegate a constant DC output voltage. DTN-type transistor
is used in the rectifier to reduce the,. A shunt inductor and a series inductor as shawFigure 7 are
connected between the antenna and the rectifiendeease the sensitivity of the circuit. The raeti
produces an output voltage between 1.8V to 2\-18dBm with 18.08% efficiency. A voltage limiter
applied between the rectifier and the voltacgulator to avoid the transistors in the regulatont breaking
down. As the rectifier starts to operate, the outmlitage of the rectifier increases slowly untibchievec
the desired output voltage. The output voltagdéntregulated by the propd voltage regulator. Very lo
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efficiency is expected to be achieved by this fiectto generate the 3.3V DC voltage due to thgdaroltage
drop across the rectifier during circuit operation.

: Antenna

‘ 12
YL

To
rectifier

'\JJK/;U

.

Off-chip matching
network

Figure 7. Shunt and series inductor impedance rmgfdbr RFEH [21]

Figure 8 shows the DDR schematic proposed by 12f [Bhe rectifier is cascaded to 5-stage and
operates at 915MHz. An off-chip series inductoagplied at the rectifier’'s input to resonate thpamitance
from the rectifier and boosts the quality factor{€,) in order to achieve high efficiency rectifier. AdBm
sensitivity, the rectifier achieves 66% power éfficy and produces 4V DC output voltage. In conguari
with the previous rectifier discussed in this sattithis proposed rectifier produces better efficieand high
output voltage. The output voltage is adequate dwegp low-power electronic devices. The sensitivity
however is low, and the circuit will not be able dperate when very little RF signal is availablettie
surrounding. Increasing the load resistor able nitreiase the sensitivity however this costs the powe
efficiency. The rectifier is designed using stawd#@.35um process technology. High output voltage
generated by this rectifier might damaging the devbecause the output has exceeded the transistor's
breakdown voltage [22].

J_RF in+

!

Figure 8. Differential-drive based rectifier [22]

Ref [23] proposed a double rail differential-drikectifier with an enhance DTMOS body biasing
technique as shown in Figure 9 and Figure 10.igrdctifier, the bulk of the PMOS transistors (PP4) are
dynamically biased with positive DC voltage and itk of the NMOS transistors (N1 — N4) are conadct
to the source. The positive and negative railshin double-rail rectifier produce a symmetric outp@
voltage. For the positive rail the bulk of the PMBS%onnected to Dgwhile for the negative rail the bulk of
the PMOS is connected to R The rectifier operates at 953MHz frequency ardea®s 69.5% efficiency
at 5.2dBm sensitivity and 2k load resistance. A maximum of 3.5V output voltageproduced at this
sensitivity and efficiency. Although the rectifieas good power efficiency and able to generatég Guiput
voltage, the sensitivity however is too low. In erdo obtain higher output voltage at higher seénsit
larger load resistor is required. However, furtlecreasing in load resistance reduces the effigienc
Furthermore, DTMOS transistor has lowef, ¥ind leakage current thus providing better efficiewhen
compared to the conventional bulk-to-source traosisiowever, this ability is limited by the trastr's Vi,
as DTMOS transistor’s body current increases ekoglgswhen Vs exceeds the \ [18][19]. Generating
large DC voltage at higher sensitivity will greatlgcrease the rectifier’s efficiency.
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Fi-gure 10. 3-Stage Double-Rail DDR [23]

3. PROPOSED RF ENERGY HARVESTING SYSTEM
3.1. Dual-gate-thickness Differential-drive Rectifier

Due to the ability of differential-drive based riéiet providing both low \4, and leakage current
simultaneously, the proposed rectifier is desighgdimplementing bulk-to-souce (BTMOS) differential-
drive based rectifier cascaded in to 6-stage teeaehthigh DC output voltage at high sensitivitypically,
the rectifier is designed by using thin-oxide tiatts as it has small channel length, and fast switching
speed which are very important in achieving higficieicy rectifier. However, the physical abilityné
structure of this transistor is limited by the agjé operation such that its gate and drain volagdimited to
1.8V only [24]. Further increasing in operating tegle applied to this transistor may cause to poor
transistors' performance and breakdown.

For high voltage operation, thick-oxide transigthould be used. Thick-oxide transistors have much
thicker gate-oxide-layer and longer channel lergjthwing it to operate at much higher voltage thha
thin-oxide (between 3.3V to 5V) [22]. It has lowsyeed performance when compared to the thin oxitle b
has lower leakage current which is beneficial inm@aning the efficiency of the rectifier.

The proposed rectifier is divided into two partssh®wn in Figure 11. The first three stages are
designed by using the thin-oxide transistors arel rtbxt three stages are designed by using thideoxi
transistors. Both types of transistors are usedtigproposed circuit to achieve better efficieatyach stage
of the rectifier since thin-oxide and thick-oxidarisistors have the best performance at lower geland
higher voltage operation respectively.

Ver+ s
[ | I [ I |
_I_| o - E N S |
- _| — I ‘_ —{ ‘— I F —_— ‘— _ —‘ i— —~—= Vour. nc
< T — = Ea e I—,f
VrE-= | | ‘ | | |
thin-oxide rectifier thick-oxide rectifier

Figure 11. Proposed differential-drive rectifier

3.2. Low-pass Upward M atching Networ k

In ideal case where the system is lossless, maximraltage is transferred from the source to the
rectifier, resulting high sensitivity system. Piaally, the impedance of the source and rectifigpédance is
not the same and voltage losses are presented irirtuit [25]. If source resistance is higher tlila@ main
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circuit, most power ends up being reflected atsiwgrce. To force the rectifier impedance to be kegsidhe
source, low-pass upward matching network is usedetver a pumped-up voltage from the source to the
rectifier. The circuit is said to achieve maximuowgr transfer when the rectifier impedance is exjtmthe
source resistance {rRas shown in Eqg. (4) wheres4s the source impedance ang*4s the complex
conjugate of the rectifier. Recrand jX recris the rectifier resistance and reactance respdyti

Zs=7Zg , Zr =RRgect+ X gecr (4)

Low-pass upward matching network shifts upwarditifgedance of Ryecrto be identical as thedR
Figure 12(a) shows the modelling diagram of DDR #sdesistance and reactance with a low-pass upwar
L-matching network. Since the rectifier mainly camsps of transistors, its reactance typically cansi$
capacitance which carries the negative reactancged§ [25]. To eliminate this negative reactance, a
positive reactance is needed. This is shown in reidi2(b). The inductor, kec?* which has positive
reactance, will resonate the negative reactandbeoC recrleaving only the identical source and rectifier
resistances.

Antenna Matching Metwork Rectifier
e i S ———" i
1 Rs 1 ; 1 AV
i i .-v-.’s-sv.. : V_RECT E DCgout
' i ' i
1 1 1 1
: ! —— g 1) e
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' i ! i
i : i :
o ooy resenpoany : * PO, : =
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i ' i ;
v ; ol i ¥ W g =

Figure 12. (a) DDR’s resistance and capacitanceeimaith low-pass upward matching network, (b) DDR’s
resistance and capacitance model with impedancehimgtnetwork and resonating inductorgger*

The matching circuit consists of parallel capadatarfX:) and series inductance {§)Xand sees
terminations with only Rand load resistor (R present. The quality factor (Q-factor)sdnd X can be
calculated as in Eq. (5), (6) and (7) respectivily.shown in Figure 12(b), s in series with Lggcr*.
Therefore, the total positive reactance, p,is calculated as in Eq. (8) whergi$ the source frequency,C
is the capacitor in parallel slis the inductor in series and Xecris the inductance of kecr.

Rs
Q—factor = R -1 (%)
_RECT
Xp = RS = 1 (6)
P Q—factor 2nfsCp
Xs = Q_iactoR RECT = Zfslg (7)
Xs Total = Xs + X__recT 8)
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4. RESULTSAND ANALYSIS
The circuit is designed using 0.18um Silterra RF@3/in deep n-well technology. The system is

designed to match a 80source impedance at 900MHz input frequency thagsable to produce at least
3.3V DC voltage at minimum of -15dBm sensitivity- Rleep n-well transistor type is used in the riegtif
circuit to isolate the substrate of the NMOS frasndrigin substrate to form a bulk-source transisto

4.1. Proposed Rectifier

The performances of the proposed rectifier cirau# shown in Figure 13 and 14 for schematic and
post-layout simulation respectively. The rectiferhieves the highest PCE of 78.76% with 3.904V wtutp
voltage for pre-layout simulation and 77.07% of P@kh 4.067V output voltage for post-layout simidat

at -16dBm sensitivity.

PCE (%)

(A) LNOA

120 Pin (dBm

PCE (%) and IOUT (UA)
(A\) LNOA

Pin (dBm) 150

Figure 14. PCE (%), IOUT (pA) and VOUT(V) vs. PaiBm) — post-layout

4.2. Impedance Matching

In impedance matching network, reflection coeffiti”) or also known as S11 determines how
much power is reflected from the antenna or thec@uReflection coefficient is the ratio of the reid
reflected from the load to the incident signal aad be calculated as in Eq. (9) wherearid % are the load
and source impedances respectively. The higheretftection coefficient, the better the match betwéee
source to the termination circuit. The voltage diag wave ratio (VSWR) is a measure of how well a
transmission line is matched to the load. VSWRlmacalculated as in Eq. (10) [26]. As discusseSaantion
3.2, low-pass upward impedance matching networlkhasvn in Figure 15(a) is applied at the input of
rectifier to transfer maximum input power from thaurce to the rectifier. From Figure 15(a), thaltatput
impedance () is defined as £ = X_ + Xc and X = wL and X: = 1/C. L and C are the inductor and
capacitor values ang is the angular frequency. Rewriting the equatincan be defined as in Eq. (11) and
the matching network can be reconfigured as showRigure 15(b). It should be noted that Eq. (11thes
general equation to represent the input impedarioe.real reactance depends on the transistors madél
sizing and is calculated through S-parameter (8Rlyais in Cadence.

7, —1
r= 2L =8 9)
7, +Zg
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VSWR = 1417 (10)
S 1T
Zip = S0L+ S0l +oC (11)
R ; Rs 1
— AN ILED VAVAVAY AR

|
LA

(a) (b)

Figure 15. (a) Single and (b) differential end lpass upward matching network

From the schematic simulation, the total input idgece of the rectifier without the matching
network is equals to 27.99 — j1624. By applying #wpation from (5) until (8) and (11), the totakad
inductor and capacitor values would be around I#%5.8nd 3.15pF respectively. With the matching dtrcu
the rectifier achieves the &0source resistance with very small reactance ardiraa high reflection
coefficient value as shown in Figure 16. Ideal ctdu and capacitor are electronic components where
parasitic elements are considered. In practiceagitiac elements exist in these components and dta t
inductor and capacitor values might be differentrfrthe ideal components. In IC design industryuatdr
contained very high parasitic capacitance duedliysical structure that usually is formed frora thp
metal elements. Thus, a fine tune of inductor aghcitor should be done to match the rectifier idamee
with the source resistance. In this proposed dirdhie matching network is realized on-chip and the
capacitor and inductor are built from MIM capacignd asymmetrical square inductor (with optimized Q
factor). The post-layout proposed rectifier achiethee highest S11 when the on-chip inductor andciagr
values are at 40.827nH and 1.0555pF respectivalyttaimpedance, Z11 and S11 are shown in Figure 17
The layout of the proposed rectifier and on-chiptahimg network has a total core area of 1486.1um X
1178.1um as shown in Figure 18. Table 1 comparespdrformance of the proposed rectifier with the

previous research works.
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Figure 16. Z11 and S11 Pre-layout DDR with impe@amatching
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Figure 17. Z11 and S11 Post-layout DDR with on-dhipedance matching

wriTsLTT

1486 Tum

Figure 18. Proposed DDR and impedance matchinglagosit

Table 1. RF Energy Harvesting performance benchimgrk

This Work

Topology [16] [17] [20] [22] [23] pre- post-

simulation simulation
Technology (Lm) 0.13 0.13 0.18 0.35 0.13 0.18
Freq. (MHz) 915 900 900 915 953 900
Pin (dBm) -32.1 -21.3 -10 -3 5.2 -16 -16
N-stage(s) 50 3 3 5 3, double rail 6 6
PCE (%) - 48 17.74 66 69.5 78.76 77.71
Vout (V) 1 1.2 0.214 4 3.5 3.9 4.07

5. CONCLUSION
An energy harvesting system that is capable torggmet least 3.3V output voltage at very high

sensitivity has been proposed. The system cordigisstage BTMOS DDR and low-pass upward impedance
matching circuit to obtain high sensitivity and putt voltage rectifier. In order to obtain high effincy
rectifier, dual-oxide-thickness transistors are l@opto the rectifier. The rectifier is divided m®2 parts
where the first three stages of the rectifier agsighed by using thin-oxide transistors for stagmifput
voltage lower than or equals to 1.8V and the niad stages are designed by using thick-oxideistans

for stage’s output voltage higher than 1.8V. Thisto avoid the rectifier in thin-oxide from perfdang
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poorly after it reaches the maximum 1.8V operatinjage and if using thick-oxide transistor for thbole
6-stage rectifier, it will reduce the PCE as snratleannel length is needed to increase the PCEabifier.
The proposed rectifier produces 4.067V output 80BIm sensitivity with 2.39uA load current. Due et
high voltage produced by the rectifier, the needd@-DC charge pump to boosts the output voltage of
rectifier that is typically used in conventional BRergy harvesting system is eliminated which sévesize

of core area and the cost of fabrication. The systetargeted for urban environment where the RFcEs

are easily accessible.
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