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ABSTRACT.
A Study of Optimization of Rectifier and DC-DC

Converter for RF Energy Harvesting.

Junsik Park
Department of Electronics and Information Engineering

Chonbuk National University

With the rapid development of wireless communication technology
such as ubiquitous sensor networks and RFID system, the RF energy
harvesting technology to reproduce the ambient RF signal has been
researched as one of the eco-friendly energy utilization technologies.
RF energy harvesting system that harvesting the RF signal power to
reproduce the available DC power can improve the power efficiency
of the electronic device since it can be applied to major components.

In this research, an optimization of the rectifier and DC-DC
converter has been presented for a RF energy harvesting system. A
novel dual-band dual antenna rectifier has been designed by
optimizing a variable conditions such as structure of rectifier, number
of stage, and value of load resistor. Also, DC-DC converter is used
to boost the output voltage of rectifier and varifying the performance
of the proposed rectifier. From the measurement results, the proposed
rectifier structure has a higher output voltage and conversion
efficiency compare to the conventional circuit. And it is able to

increase the sensitivity of overall system.

Keywords : RF energy harvesting system, DC-DC converter,

dual-band matching network.
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Fig. 2.4. The package structure of HSMS-2852.

—W By

G

Rs = series resistance (see Table of SPICE parameters)
C; = junction capacitance (see Table of SPICE parameters)
8.33X 10°nT

|b+|5

R, =

where

I, = externally applied bias current in amps

Is = saturation current (see table of SPICE parameters)
T = temperature, °K

n = ideality factor (see table of SPICE parameters)

T 25 HSMS-2852¢9] 438 571 3= =4
Fig. 2.5. Linear equivalent circuit model of HSMS-2852
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¥ 2.1. HSMS-2852¢] #7124 E5A4.
Table 2.1. Electrical specifications of HSMS-2852.

(TC = +25°C)
Maximum Maximum
Part Package Forward Reverse Typical
Number Marking  Lead Voltage Leakage, (apacitance
HSMS- (ode Code Configuration Vi (mV) Iz (pR) G (pF)
2852 P2 2 Series Pair[1.2]
Test F=01mA lp=1.0mA Vg=2V Va=-05Vto-1.0V
Conditions f=1MHz
Notes:

1. AVF for diodes in pairs is 15.0 mV maximum at 1.0 mA.
2.ACT for diodes in pairs is 0.05 pF maximum at -0.5V.

¥ 2.2. HSMS-2852¢] SPICE 3}2}w|E.
Table 2.2. SPICE Parameters of HSMS-2852.

Parameter Units HSMS-285x

By V 3.8
Cig pF 0.18
Eg eV 0.69
i A 3E-4
T A 3E-6
N 1.06
Rs O 25

Pg (V)) V 0.35

Pt (XTI) 2
M 0.5

_‘]5_
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Connection for the system load,
output of the boost converter (Cutput)

netnctor cofneciion f6r the bongt Connection for storage elements (Input/Output)
converter switching node

e
SCRENZRE

LBST VSTOR VBAT VSS

IlVSS AVSSE
: Digital battery good indicator
Bivoliage nput _‘zlvw’m mT'D"E'— referenced to VSTOR pin (Output)
bq25504 ,
Sampling pin for MPPT =»| 3 [voc_saur ok_prod 10|e— Resistor divider input for
Piae :l ) ) m{: VBAT_OK threshold

4 [vREF_samp oK Hvsrl o |e= Resistor divider input for
VBAT_OK hysteresis threshold

Switched node for holding the reference =*

set by resistor on VOC_SAMP T _BROG ov VBAT LV
[s] [s] [7] [=

Digital programming input for/'
over-temperature threshold

Resister divider input for
over-voltage threshold

Resistor divider biasing — Quiput Pin

voltage (output pin) Input Pin

Resistor divider input for
under-voltage threshold

a9 2.6. BQ25504¢ A AH.
Fig. 2.6. Pin information of BQ25504.

LBST VSTOR VBAT V55
L] i

A Baost Charge
Controller

J [Eavss
Enable

4>D—M—- VBAT_OK

J- OK_PROG
Battery Thrashold '_@:
Cantred
OK

vss B
Unit

— Innrrupt

VIN_DC

VOC_SAMP
‘ | MPPT |
Cantrablor

VREF_sSanP I ‘

OK_HYST

& = Vet

Bian Reforonce
and Oscillstor

OT_PROG VBAT_OV VRDIV  VBAT_UV

1% 27 BQ255049) B3 BEX
B

Fig. 2.7. Functional block diagram of BQZ25504.
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| B | I| vss J\V’.‘:SE

| J | o= ‘r
7

VBAT OK

\ = N T T

oy oot B0V 10 3 e T —— =
- Energy Input 8B0mVto 3V Roc q255 f

- 330 mV cold start voltage | Evoc_snw DK_PROGE =

[
|
1

- 300 mW maximum power ! Crei
1Roc+ fi REF_SAMP OK HYST(Q |
I j i e [5}
|

OT_PROG VBAT_OV VRDIV VBAT UV
[ TET o] 71 T8

~ / [ -

—_—— - >

Open Circurt Voltage based MPPT =
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I
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I
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\
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FIVIEGITNY e e e il

a9 2.8. BQ255049] 71 3= 4.
Fig. 2.8. Basic circuit setup of BQ25504.
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VALUE
UNIT
MIN MAX
Input voltage VIN_DC, VOC_SAMP, VREF_SAMP, VBAT_OV, VBAT_UV, VRDIV, -03 55 v
Peak Input Power, Py gy | OK HYST OK_| PROG VBAT_OK, VBAT VSTOR LBSTR) 400 mw
Operating junction temperature range, T, -40 125 °C
Storage temperature range, Tsre -65 150 b
MIN NOM MAX| UNIT
Vin'ioc) DC input voltage into VIN_DC(" 0.13 3 \
VBAT Battery voltage range® 25 525 Y
Cixvr Input capacitance 423 47 517 pF
Cstor Storage capacitance 423 47 517 uF
Caat Baltery pin capacitance or equivalent battery capacity 100 pF
Crer Sampled reference storage capacitance 9 10 1" nF
Roct1 * Rocz Total resistance for setting for MPFT reference 18 20 22 MO
Rox1 + Rok? + Rogs  Total resistance for setting reference voltage 9 10 11 MO
Ryyt + Ryya Total resistance for setting reference voltage. 9 10 11 MQ
Rovs + Roya Total resistance for setting reference voltage. 9 10 11 MO
Lger Input inductance 19.8 22 242 uH
Ta Operating free air ambient temperature 40 a5 °C
T, Operating junction temperature —40 105 °C

O™ 29 B s AA.

Fig. 2.9. Recommended operating conditions.
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= A o] AEolAe] dE At HE FHjo 9
o w #FHW, MPPT s2td A9 A& F715 w2t
o 7heF Veror Aol BQ255040 AAHE Vparov A4S =
et S T A WEa A A oletr wdE
7HA i E gl T Aol Ted T oo e FAS
3l g el HHSt FHds WA 7 Adn
o = — ..
VBAT OV ~ BOOST CHARGER OFF
,:;, WSTOR=
= VBAT_OK_HYST| oo MAIN BOOST
o CHARGER
= VBAT_OK ON
a VBAT_UVY VBAT O
VSTOR
VSTOR_CHGEN 1
COLD START ON
oV I
VIN_DC > 330mV time

a9 2.10. BQ25504¢] A T2 A4,
Fig. 2.10. Charger operation of BQ25504.
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Fig. 2.11. Measured waveform of Vstor and Vgat In
BQ25504 operation.
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Fig. 2.12. Regulated input waveform according to MPPT

operation
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- Provides a fixed output voltage
] sm2 ¥

Source
(Sink} Meter]
Configured
As Vaoltage
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&
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=T l P o
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VSTOR_B_“‘_ e crraac] 10}
=] 5]

Meter M
s
<ROK2

>

Configured @ c
As Current e

s oo oy v
r l Vi g 2 ROK3
- Provides a fixed input current. i ROV2 b RUV2

- SM1 should have a compliance voltage
set to the intended VOC

<
ROVA b4 RUV1

- =

9 2.14. BQ255049] & =4 AA.
Fig. 2.14. BQ25504 Efficiency measurement setup.
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Fig. 2.15. Comparison of BQ25504 Efficiency between
datasheet and measurement (a) 10 uA and (b) 100 uA.
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MLIN MLIN c g MLIN
P 1Tuivé"p”‘5 L13 Ilcad4
PORT6 ;m - . MT] E ADS oz . 034 L=15H ¢} uTRE ADS o " "
ubst="MSub1 Subst="MSub! C=10 pF {} Q=254 Subst="MSubT! R7
Num=6 w=1.477mm T W=1.477 mm {-t) o Teet W=1.477 mm Re5 kOhM 1)
Z=50 Ohm L=5mm {4}  Su (-"MSulﬂ” L=18.5 mm {t} F=24400MHz g pkt="MSub1" L=5mm
P=dbmtow(RF power) W1§1.477 mm Mode=proportional i {80477 mm
Freq=RFfreq GHz W2§1.477 mm W2§1.477 mm
1.4 mm w3i U.g;gn -
CQ_Conn = C=10 pF {-t}
di_hp_HSMS2852_20000301

C=6.5pF {t} D11

Q=70 {1}

F=2440.0 MHz

Mode=proportional to freq

(a)

di_hp_HSMS2852_20000301

|_Probe
L=]4] MLIN il (5
TLI2 )
T%‘T E_ADS Subst="MSub1" R4
eof W=1.477 mm
c Subbt="MSUbT"  [=5mm R=5 kOhm {1}
cig Mode=proportional g {#60477 mm
C=10 pF {4} W231.477 mm
MLIN MLIN wago.zpm -
TL21 TL3 == C=10pF {4}
Subst="MSub1" MTHE ADS  Subst="MSub1" =
W=1.477 mm  Tex W=1.477 mm {-t}
L=5mm {t}  Sul r"MSubf' L=15.9 mm {1}
) W131.477 -

Freq=RFfreq GHz 1.477 mm

ca_comn
c20
C=8.6 pF {t}

Q=70 {}
F=2440.0 MHz
Mode=proportional to freq

(b)

[} citw HsMs2852 20000301

5
= Ll LQ_Comn Vioad
Lo Y
LIS 0H 6 WTEE ADS  gypst="MsSubt® 23
a2ty Teg W=1.477 mm R=5 kOhm (-t}
c F=2040.0 MHz _ Sutht="MSUbT" =5 rom () =
pon Mode=proportionaljalfrea77 m
[ C=10 pF {4} W2F1.477 mm
MLIN cQ_Com  MUN WaFo.gm =
== C=10pF {4)

TL6 C14 TL2
Subst="MSub1"C=1.5 pF {-t} Subst="MSub1"

W=1.477 mm W=1.477 mm {§=250 {}  W=1.477 mm {-t}
Z=50 Ohm L=5mm {-t} Sugst="MSub1"L=15.2 mm {t} F=2440 MHz {-fj=1 mm {-t}
P=dbmtow(RF power) W1E1.477 mm Mode=proportional to freq
Freq=RFfreq GHz W2%1.477 mm

C=6.2 pF {t}
Q=36 {t}

F=2440.0 MHz

Mode= proportional to freq

(c)
O 31 o 7 xo AR 3=l ik ADS Al Edel A
(@) B3 doleE (b) A& tho]= (c) Villard st AHj~].
Fig. 3.1. Various rectifier structures in ADS simulation :
(a) shunt diode structure (b) series diode structure and (c)

Villard voltage multiplier.
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|~ Parallel diode structure
3.5} |—4— Series diode structure VVvY

||—Villard voltage multiplierl
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§

vVveN

< 30

> |

g 25 /

Q /‘ /

2 20.

m -

S 154

g ]

S 10-

g .

O 5
0 v v v v v v
-20 -15 -10 -5 0 5 10 15 20

Input Power (dBm)
(b)

9 3.2. ADS Al &Y el A} vl
(@) =9 A (b) ¥3 2.
Fig. 3.2. Comparison of ADS simulation results :

(a) output voltage and (b) conversion efficiency.
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F 31 vFe 2ol I ADS Algeld 23

Table 3.1. ADS Simulation results for various structures.

oz Mz | YE ClojeE A 23 rpojlec oz Villard HQF |Hj 7|
(dBm) SRV | 28 % | 2w | BRIV | 28 %
20 0.066 8.59 0.078 12.075 0.070 6.133
-19 0.079 9.81 0.093 13.871 0.086 7.344
-18 0.094 11.09 0112 15.746 0.105 8.703
-17 0111 1239 0133 17.657 0128 10.200
-16 0131 1370 0.157 19.556 0.154 11.819
-15 0.154 14.99 0.184 21389 0.185 13535
-14 0.180 16.22 0214 23.106 0221 15321
-13 0.209 17.39 0.249 24658 0.262 17.145
-12 0.241 18.46 0.286 26.007 0309 , | . 18976
-11 0.278 1943 0328 , | . 27139 0363 " F*10782
-10 0318 , [, 2028 0375 =% 55 0425 22531
9 0364 | 2102 0.426 28.765 0.494 24194
-8 0414 21.64 0482 29.267 0571 25739
7 0470 2215 0.543 29.547 0658 27.145
6 0532 2255 0610 29.598 0755 28403
5 0.601 22.82 0.682 29431 0.864 29.514
-4 0676 22.96 0761 29.084 0.985 30472
-3 0759 23.00 0.847 28611 1120 31.258
-2 0.851 22.93 0941 28.070 1268 31.859
-1 0.951 2278 1.045 27499 1432 32.285
0 1.062 2257 1.160 26.909 1614 32,563
1 1186 22.34 1.286 26.280 1816 32730
2 1324 2211 1424 25.601 2.040 32.815
3 1477 21.86 1576 24.891 2289 32.817
4 1.646 2158 1.696 22.906 2564 32717
5 1799 2046 1.742 19.187 2.868 32,524
6 1.839 16.98 1.788 16.065 3.205 32250
7 1.843 13.56 1.808 13.039 3403 28.884
8 1.847 10.82 1.813 10414 3490 24133
9 1.854 8.66 1.815 8.291 3597 20363
10 1.861 6.93 1.814 6.585 3621 16389
11 1.867 5.53 1.811 5211 3621 13.019
12 1.866 4.39 1.805 4113 3614 10304
13 1.861 347 1.801 3.253 3.605 8.143
14 1.850 273 1.799 2577 3.595 6.431
15 1.837 213 1.798 2.044 3.588 5.088
16 1.822 167 1.798 1.625 3.586 4037
17 1.810 131 1.799 1.292 3594 3222
18 1.801 1.03 1.801 1.028 3.605 2575
19 1.794 081 1.802 0817 3613 2.055
20 1.786 0.64 1.801 0.649 3619 1637
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] cihe HSMS2852 20000301
12
w L]l LQ_Comn ‘1
L9

T
MTEE ADS  gupst="MSub1"

|_Probe

MLIN
5 lload

R3
c F=2440.0 MHz ;T ?‘ MSub1" W;mA:(T)m R=5 kOhm {-t}
cis Mode=proportionaldQ €477 mm
- C=10 pF {4} W21.477 mm
) ‘IigﬁL MLIN MLIN Wgo-Emm -
P_1Ta L7 TL6 == C=10 pF {-t}
PORT1 Subst="MSub1"MTFE_ADS  Subst="MSub1"

Num=1

W=1.477 mm {-t} Q=250 {-t}
MSub1"=15.6 mm {t} F=2440 MHz {-t)
1.477 mm Mode=proportional to freq

Freq=RFfreq GHz W2E1.477 mm

Mode=proportional to freq

(a)

2] di hp HSMS2852 20000301
[ R

c LQ_Conn I Probe Vioad2
c% L1 Thr tloadt
c=50pr Late i () Subst="MSub1" "5
m R=5 kOhm {-t}

a1 ke Hs)s2s52 20000§01

C=10 pF {-t}

c
c24
C=50 pF {}

|_Probe

)
I iput3 MLIN cQ_Conn ©Q_Conn

MLIN
TLA

c22
MSub1C=1.7 pF (-t}

. W=1.477 mm @250 {-t}
t="MSUb{ = 14 mm {t} F=2440 MHz {-t}

%

F

H
= -

Freq=RFfreq GHz

Mode=proportional to freq

2000030
T
l : La_conr ! 0ad3
c L1z foad2
C=50pF(=15nH (4 yrde ADS  Subst"Msub1” N
T Q=254 Te R
= F=24400MHz  sudbt="MSub1" R=5KOhm (-
Mode=proportona\iap477 mn
cor wak 1477 mm
C=50 pF{-§ W3go
1} s T S C=10pF (-4
(]
L Linputé G2
P_1Tohe c29 C=50pF {-§
PORT4 C=16pF{-4
Num=4 W=1477mm  Tee| W=1477 mm{-§2=250 -4 Q=250 (-
[2=50 Ohm L=smm{-fj  SUbRE"MSUbT"| 135 mm(y F=2440 MHz (-t F=2440 MHz {-§f F=2440 MHz {-§
P=dbmiow(RFpower) Feq -

Freq=RFfreq GHz

F=2440.0 MHz
Mode=proportonal o freq

(c)
a9 33, 19 ~ 3% Villard A gF A¥j~7]
(a) 1 (b) 2% (c) 3%k
Fig. 3.3. 1 ~ 3 Stage Villard voltage multiplier :
(a) 1-stage (b) 2-stage and (c) 3-stage.



J = 1-Stage|

—t— 2-Stac =]

J === 3 Stage| B

Output Voltage (V)
= N W Hd OO NO®O

20 A5 -10 -5 0
Input Power (dBm)

(a)

8

—=— 1-Stage
1 |- 2-Stage|
~v- 3-Stage

8
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"

Conversion Efficiency (%)
8
]
=

-20 40 0 ) 10 ) 20
Input Power (dBm)
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34. ADS Al EdHelAd A3 (a) =9 A% (b) WS 5§,
Fig. 3.4. ADS simulation results :

(a) Output voltage and (b) conversion efficiency.
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3* 32, & Frofl gisk ADS AlEd ol A
Table 3.2. ADS Simulation results for number of stage.

ol e 1E M2 3|2 2t & 3|2 3t §E 32
(dBm) SRV | 28 % | 2w | BRIV | 28 %
20 0.071 7.151 0.049 3.484 0.034 1610
-19 0.087 8.522 0.062 4.363 0.043 2076
-18 0.106 10.043 0.077 5.408 0.054 2.664
-17 0128 11.697 0.096 6.626 0.069 3396
-16 0.154 13458 0.119 8.013 0.087 4.287
-15 0.184 15.297 0.145 9.554 0.109 5347
-14 0219 17.181 0177 11.230 0135 6.575
-13 0.259 19.075 0214 13.013 0.167 7.965
-12 0304 | 20944 0.256 14.875 0.205 9.499
-11 0356 | 22756 0305 | 16785 0.249 11.153
-10 0.414 24477 0362 | 18712 0301 _ | 12902
-9 0.479 26.078 0.426 20.627 0360 | 14716
-8 0.553 27.534 0.500 22.504 0429 16.569
-7 0.635 28.832 0.583 24315 0507 18432
6 0726 29.963 0677 26.038 0597 20.283
5 0.827 30922 0782 27.650 0.699 22.099
-4 0.940 31.701 0.901 29.138 0.815 23.861
-3 1.065 32.299 1.034 30493 0947 25.551
-2 1.202 32732 1.184 31716 1.095 27.156
-1 1355 33.020 1351 32.807 1.263 28.667
0 1.524 33185 1.537 33770 1451 30.078
1 1712 33.242 1.747 34.613 1663 31.384
2 1919 33.206 1.981 35.355 1901 32.586
3 2.150 33.097 2.243 36.025 2.169 33.686
4 2407 32.942 2539 36.649 2470 34.708
5 2.693 32753 2.870 37.219 2.810 35.683
6 3.010 32,520 3.241 37.688 3.194 36.603
7 3320 31415 3.652 38.010 3623 37411
8 3.481 27.437 4.105 38.159 4.100 38.060
9 3.594 23.235 4,605 38133 4628 38.525
10 3.605 18.567 5153 37.940 5211 38.798
11 3.598 14.689 5751 37.525 5.855 38.898
12 3.587 11.598 6.094 33477 6.569 38.893
13 3,575 9.149 6.183 27.369 7.110 36.192
14 3.561 7211 6.242 22.162 7.280 30.138
15 3557 5717 6323 18.064 7.395 24.706
16 3.569 4571 6.394 14.670 7527 20333
17 3.588 3670 6.462 11.901 7674 16.787
18 3.601 2935 6.529 9.652 7.823 13.858
19 3.608 2342 6.596 7.824 7.987 11473
20 3614 1.865 6.667 6.351 8.177 9,551
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Fig. 3.5. Continuous waveform in single and synthesized

dual-band frequency.
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C=10 pF {-t}

€Q_Conn

C14

C=1.5 pF ()
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L=150H 0 WThe ADS gun sy ie
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a9 36. (a) @Y T35 (b) olF Yo ARHE AR/ 3=
Fig. 3.6. Rectifier matched at (a) single frequency and (b)

dual-band frequency.
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Fig. 3.7. Reflection characteristic of (a) single frequency

rectifier and (b) dual-band rectifier.
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Fig. 3.9. Conversion efficiency comparison of rectifier.
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Fig. 3.10. Conversion efficiency of rectifier and DC-DC

converter according to the variable load resistance of rectifier.
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Fig. 4.1. Proposed dual-band dual ANT rectifier.
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Fig. 4.2. ADS Simulation
(a) dual-band dual ANT rectifier and (b) conversion efficiency.
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Fig. 4.3. Basic circuit for input impedance measurement.

CH1 Sii/M 1 U FS 18 23,594 @ -Z2B5.83 & EF4TEFF

S522/M 4 U FS 1: 16484 ¢ -296.44 & G22.7LfF 280 088 688 GHz
#*
CH1 Markers
2015748 4
—34.818 0
Z.44 888 GHz

e 880 MHz

2
CHZ Markers
Cor 28013248 &
—EZ2.438 o
2.44888 GHz
T

STHRT 508 088 68A GHz — STOP 3.000 668 868 GHz

a9 44 718 g2 9 A9

Fig. 4.4. Input impedance of basic circuit.
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T 41 F/RF 3R 9" Jdud s~ =A Ay}
Table 4.1. Input impedance measurement results of

main and auxiliary circuit.

Frequency Impedance
Main 880 MHz 23.59 - j268.03
244 GHz 15.74 - |34.81
AUX 880 MHz 16.48 — j290.44
. 2.44 GHz 13.24 - 62.49

2% 459 46 (a), (b= 744 A
MHz, 244 GHzel B%€ + 4F
574 agxolth. ADS AlE o4
GHzol A 742k -16.63 dB, -2091

AATH.

MLIN MLIN

TL8 TL10
MCROSO Subst="MSub1" Subst="MSub1"
Cros1 W=3.2 mm {-t} W=1mm {-t}
Subst="MSub1" L=10 mm {t} L=28.5 mm {t}
W1=2 mm
W2=3.2 mm
W3=1mm
W4=2.9 mm

| s1P
TermMLIN MLIN MTEE_ADS MLIN 0 SNP1
Num=TIL7 TL6 Teel TLS File="C:
Z=50 fost="MSub1" Subst="MSub1" Subst="MSub1" Subst="MSub1" =
W=2 mm {-t} W=1mm {-} W1=3.2mm  W=3.2 mm {-t}
L=2 mm {t} L=20 mm {t} W2=1mm L=28.5 mm {t}
W3=1mm
MLIN
TL9
Subst="MSub1"
W=2.9 mm {-t}
L=10.2 mm {t}

9 45 F A 29 49 3=

Fig. 4.5. Matching network for main rectifier.
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s(1,1)

freq (500.0MHz to 3.000GHz)

g]e1q=880.0MHz 1r‘|T'1e2q=2.440GHz
S(1,1)=0.147 / -84.767 S(1,1)=0.090 / -126.331
impedance = Z0 * (0.983 - j0.295) impedance = Z0 * (0.890 - j0.130)
(a)
m3 m4
freq=880.0MHz freq=2.440GHz
dB(S(1,1))=-16.634 dB(S(1,1))=-20.915
ERR
= -10—:
& ]
m 45
° ] s
20
_25_ T T | T | T | T | T | T | T | T | T | T | T | T
04 06 08 10 12 14 16 18 20 22 24 26 28 30
freq, GHz
(b)

a9 46, AE 3|29 ADS AlEdelAd A7
(a) 22V 2=2LE (b) HEAL &4
Fig. 4.6. ADS Simulation results of matching network :

(a) smithchart and (b) return loss.
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OH 47 ~ 48 (a), (b AAE A 329 ADS AlE
ol A¥g vwtoz A HA A ®Hu ¢ A3 AdiE
27l 8 AFHER FRE 7INe 23 HFSS #ololy Y
EM Al &d# o)A Aot}

EM Al&# ol Ax,
GHzoll A = -15.8

a9 47 AAE A 29 g o]k

Fig. 4/7. Layout of designed matching network.
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5(2,2)

N

freq (500.0MHz to 3.000GHz)

m5 m6
freq=880.0MHz freq=2.440GHz
S(2,2)=0.131/100.422 S(2,2)=0.161/179.189
impedance = Z0 * (0.923 + j0.242) impedance = Z0 * (0.722 + j0.003)
(a)
m7 m8
freq=880.0MHz freq=2.440GHz
dB(S(2,2))=-17.645 dB(S(2,2))=-15.847
0
5]
& -10—:
N 4
@ ]
m 45
© 107 m7
] Y
-20—:
25 n T T T T I T T T T I T T T T I T T T T I
0.4 0.9 1.4 1.9 2.4
freq, GHz
(b)

% 48 A 3 =e] EM AEdeld 2y

(a) =W 2=AE (b) WAL &4
Fig. 4.8. EM Simulation results of matching network :
(a) smithchart and (b) return loss.
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% 493 4.10 (a), (b= 27 ADS AlEdeolds F3l 830
MHz, 244 GHzol A¢E Bz AF =9 A 3z L vt
A B4 @ Eolth, ADS AlE# oA A 830 MHzeF 2.44
GHzol A z+7zb -25.32 dB, -27.24 dB9] WA} EA S A8 &

o
A AT
VAR
VAR2
W1=2 {-t}
L1=3 {-t}
W2=3 {-t}
12=8 {-t} MLIN MLIN
W3=2.9 {-t} TL15 TL12
L3=8.7 {-t} MCROSO Subst="MSub1" Subst="MSub1"
W4=0.8 {t}  Cros2 W=W2 mm {t} W=W5 mm {t}
14=21.5{-t}  Subst="MSub1" L=L2 mm {t} L=L5 mm {t}

W5=1.6 {-t} W1=W1 mm
L5=31 {-t} W2=W2 mm
W6=3.2{-t}{ W3=W4 mm
16=28.5{-t} W4=W3 mm

erl S1P
Term3/LIN MLIN MTEE_ADS MLIN SNP4
Num=BL14 TL11 Tee2 TL16 File="C:\Us
Z=50 8ityst="MSub1" Subst="MSub1" Subst="MSub1" Subst="MSub1" -
W=W1mm W=W4 mm {t} W1=W6 mm  W=W6 mm {t}
L=L1 mm L=L4 mm {t} W2=W4mm =16 mm {t}
W3=W5 mm
MLIN
TL13
Subst="MSub1"
W=W3 mm {t}
L=L3 mm {t}

9 49 RE AR 329 AR 3=,

Fig. 4.9. Matching network for auxiliary rectifier.
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S(3,3)

freq (500.0MHz to 3.000GHz)

m9 m10
freq=880.0MHz freq=2.440GHz
S(3,3)=0.054 / 25.315 S(3,3)=0.043 /-9.363
impedance = Z0 * (1.102 +j0.051) impedance = Z0 * (1.089 - j0.015)
(a)
m11 m12
freq=880.0MHz freq=2.440GHz
dB(S(3,3))=-25.325 dB(S(3,3))=-27.246
0 —w(
10
:0,? _
)
2 7 mii1
N v mJ2
30
-40_ T I T I T I T I T I T I T I T I T I T I T I T I T
04 06 08 10 12 14 16 18 20 22 24 26 28 3.0
freq, GHz
(b)

¥ 4.10. A3 329 ADS AlEdolAd A}

(a) =W 2=AE (b) WAL &4
Fig. 4.10. ADS Simulation results of matching network :
(a) smithchart and (b) return loss.
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a9 411 ~ 412 (a), (b=
A3t 32 o] ADS AlEdolA
wrh o Asa Aug 47 99
2R HESS #lolols 8 EM A& oA
EM AlEdolAd A3, Z+2F 880 MHzell A
GHzoll A= -15.01 dB®] WA} SA4S 95

mﬁL (0
o
Moot 2
T

BN
ox,
i
fu
-y
=
ot

u
2

o [x
O

|
2o Fx2E 7I¥
Aol
= -17.21 dB, 244
_/]:

AN

a9 411 AAE A 329 dololx.
Fig. 4.11. Layout of designed matching network.
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S(4,4)

N

freq (500.0MHz to 3.000GHz)

m13 m14
freq=880.0MHz freq=2.440GHz
S(4,4)=0.138 / 39.030 S(4,4)=0.177 | -176.372
impedance = Z0 * (1.219 +j0.216) impedance = Z0 * (0.699 - j0.016)
(a)
m15 m16
freq=880.0MHz freq=2.440GHz
dB(S(4,4))=-17.218 dB(S4,4))=-15.016
0
_5_: (
Z -10—:
$ -
% ] 6
s 15 mil5
m Y
-20—:
25 n T T T T I T T T T I T T T T I T T T T I
0.4 0.9 1.4 1.9 2.4
freq, GHz
(b)

a9 412, A3 329 EM Al E#EH el Ao

(a) =W 2=AE (b) WAL &4
Fig. 4.12. EM Simulation results of matching network :
(a) smithchart and (b) return loss.
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4.3 Az & =4,

a9 413 ()¢ (b)= HSMS-2852 £E7| uwjglo] thole=
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& Azasyrh 24 2% dxToR AFE oF Uy A
71 880 MHzet 244 GHzolA 22 -14.57 dB, -33.79 dB
& 7P, Ak o) me olF el Txe AFI F
T A IEe Td FyodA 4 -16 dB, -20.01 dBE,
HE AF =2+ 2477 -15.71 dB, 2546 dBe] WA SAE
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a9 413, (a) €yEHQl o]F Y /7] (b) Ak o]lF o
o o]= <¢tHIY AF7.

Fig. 4.13. (a) Conventional dual-band rectifier and (b)
proposed dual-band dual ANT rectifier.
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1 Dec 2015 22159157
511 1Y FE HS1.M7n -16214 0 38,564 pF 2,440 009 008 GHz

.

CHL Harkers
: 1 az,ggqs
A | -14.361 o
Cor 2 ‘}‘fy J 250,005 M
;(
? S
//.
/J
~
START 508 808 828 SH= STOP 2.000 600 0O8 GHz
1 Dec 2045 23108:25
EHIl 511 Los 180 ®/REF © 48 #-33.792 dB 2,440 000 008 GHz
L]
CH1 Harkers
U=-14.576 9B
s 850,260 MH=

START .S00 080 000 BHz ETOP 3,000 00 088 BHz

(b)
a9 414, AR o]F e HR{7] 54 A3
) U] 2ZFE (b)) RRAL &4
Fig. 4.14. Measurement results of conventional dual-band

rectifier : (a) smithchart and (b) return loss.
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20 Mow 2045 22ri3:43

s11 1UFs & 5612 0 -87@12a T.4964 pf 1.440000 000 GH2
Hi 522 1UFs 2548300 =294140 ZLIVEpF
e R R
i e g
- CHL Markars
12 54594 4
=12.518 &
8 220,888 BH
L
CHZ2 Harkers
Car 13 618310
x =18.844 8
p 30800 HHz
Y s
% /
G J
t
START 500 88 688 GHx STOP . 3.088 00D BAA BHx
30 How 2845 22314148
Hl Si1i LOG 18 &@/FEF 0 4B a-28.014 dB
82 Lo@ 18 48/REF @ dE D=25.4EE dB 2,440 000 DAR GHz
.
CHi Markers
1i-16.088 dB
B9 008 MHx
Car
CHZ Harkers
Car L=1%.711 dB
SEE 308 HH =

START 500 GO0 830 GHz ' ] STOP 2,800 B8O 00O GHz

(b)
19 415 AgkdE olF g olF ey AFr] SA A
(a) Z2H|2=AE (b) HHAF &4,
Fig. 4.15. Measurement results of proposed dual-band dual
ANT rectifier : (a) smithchart and (b) return loss.
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a9 416 ()¢ (be 2H2 4Rzl ol tiY J77] R A
HE o]lF WY olF <tHY ARFVIY =9 A 2E SAE
A AE dAolv. 47 "E F e s T 7(signal
generator) S 3 Z+7ZF 880 MHz9} 244 GHzY d& A=
=9 % Wilkinson ¥ ZHj7]1& S A= ALEst] =
A 3] Z(device under test : DUT) ZA%d AHS A7FsHSA
. o] w, Wilkinson A= #rj7] 2 A% AolEe A &
A 1y ste] A8 A7 (power meter)E T3 =3 41359
A9 s A5 5 A5 279 dge dubA =430

Dual-band Wilkinson Power Divider
FTTTTY

5.G61
0.88 GHz

Dual-Band
Matching Network

5.G62
2.44 GHz

(a)

Dual-band Wilkinson Power Divider Dual-Band o DCour
Matching Network

5G1 Riom

0.88 GHz

5.G2

Dual-Band
2.44 GHz —0—|
Matching Network

(b)
T 416 vl 3= B Ak 3 me A dAE

Fig. 4.16. Test setup for conventional and proposed circuit.
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Dual-band Wilkinson
Power Divider
e T g N

‘Dual ANT Rec’_ciﬁer

S99 417, AR o] F WY o]F <hElu 4RI F4 AL
Fig. 4.17. Picture of measurement setup for proposed
dual-band dual ANT rectifier.
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1 |- Proposed Dual-Band Dual ANT Rectifier

1 1 1 1
—m Conventional Dual-Band Rectifier I

(4]

Output Voltage (V)

=
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25 20 -5 40 5
Input Power (dBm/tone)
(a)

w
[=]

e
[44]

]
[=]

-
[44]

-
=]
"

Conversion Efficiency (%)
.

—m— Conventional Dual-Band Rectifier
—#— Proposed Dual-Band Dual ANT Rectifier

19 418 ol Wi AFr] 2 A =

25 20 -5 40 & 0
Input Power (dBm/tone)

(b)

A\

4 A3t
() 29 A% (b) WF TE.

Fig. 4.18. Measurement results of dual-band rectifier and

proposed rectifier (a) output voltage and (b) conversion

efficiency.
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Matching Network
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T |
I
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Dual-Band
Matching Network

—0—1 Auxiliary Rectifier

Dual-band Wilkinson — — — — — — — — — —
Power Divider Proposed Rectifier

Control _":l

Circuit : !
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DC-DC Converter
(BQ25504)

9 419 dF AY AAE

Fig. 4.19. Setup diagram for linkage test.
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T 4200 AE AE AR

Fig. 4.20. Picture of linkage test setup.
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- i —i- Conventional Dual-Band Rectifier :
=i —i— Proposed Dual-Band Dual ANT Rectifier

5 -20 5/
~ Input Power (d B’mft.one)

T e —

\
N

J —I—Colnventiulnal DuaII-Band Fllectifierl
0.14 /=& Proposed Dual-Band Dual ANT Rectifier

0.16

0.12

0.10

= /
Fow: 4
/A

0.04

V)

STOR

et v - v
30 28 .26 24 22 20 -8 16 -14
Input Power (dBm/tone)

% 4.21. BQ25504°] Veror At 54 23}
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Table 4.2. Measurement summary and performance

comparison among previous researches for the rectifier.

. RF-DC Output Operating
Rectifier ]
Reference Conversion Voltage Frequency
Structure .
Efficiency @ -20 dBm [GHz]
0.915, 1.8
[2] Series diode 19% @ -20 dBm 63 mV
dual-band
[3] Shunt diode 38% @ -20 dBm 103 mV 0.1
Villard voltage
[4] YOMARE 95 @ -20 dBm | 158 mV 0.915
multiplier
Villard voltage
[5] Hard YO8 | 190 @ -20 dBm | 94 mV 2.45
multiplier
Villard voltage
[8] Hard VOraEe o % @ -20 Bm | 17 /12 mV | 2.1, 2.45
multiplier
Villard voltage 0.49, 0.86
[9] Hard Vorage 19 @ -17 dBm | 75 mv
multiplier dual-band
0.9, 1.8, 2.1
[10] Series diode 31% @ -20 dBm 101 mV i
triple—band
Modified Villard
[13] Hed e 6.3% @ 0 dBm | 220 mV 2.4
voltage multipier
Series, Shunt,
[14] oS o 17% @ -20 dBm | 64 mV 1.8
Bridge diode
CMOS Villard
[17] . 10% @ -20 dBm 1.1V 0.915
voltage multiplier
0.915, 2.45
[18] Series diode 14% @ -20 dBm 55 mV
dual-band
Villard It
[25] ard volagse | 5o, @ -20 dBm | 311 mV 0.9
multiplier
. Modified Villard 0.88, 2.44
This work o 15% @ -20 dBm 285 mV
voltage multiplier dual-band
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