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Abstract

A novel, dual-band, voltage-multiplying (RF-DC) rectifier circuit with load-tuned stages
resulting in a 50 Q input-impedance and high RF-DC conversion in 2.4 and 5.8 GHz
bands for wireless energy-harvesting is presented. Its novelty is in the use of optimal-length
transmission lines on the load side of the 4 half-wave rectifying stages within the two-stage
voltage multiplier topology. Doing so boosts the rectifier’s output voltage due to an induced
standing-wave peak at each diode’s input, and gives the rectifier a 50 Q input-impedance with-
out an external-matching-network in the 2.4 GHz band. Comparisons with other rectifiers
show the proposed design achieving a higher DC output and better immunity to changing
output loads for similar input power levels and load conditions. The second novelty of this
rectifier is a tuned secondary feed that connects the rectifier’s input to its second stage to
give dual-band performance in the 5.8 GHz band. By tuning this feed such that the second
stage and first stage reactances cancel, return-loss resonance in the 5.8 GHz band is achieved
in addition to 2.4 GHz. Simulations and measurements of the design show RF-DC sensitivity
of —7.2 and —3.7 dBm for 1.8V DC output, and better than 10 dB return-loss, in 2.4 and 5.8
GHz bands without requiring an external-matching-network.

I. Introduction

Remote powering of sensors using wireless signals, and without batteries is of major interest in
applications such as space, oil/gas, smart cities, etc. The primary mechanism used in wireless
power harvesters (WPHs) is a rectenna composed of an antenna and a RF-DC voltage convert-
ing rectifier. All rectifiers use diode-capacitor pairs configured as half-wave rectifiers or RF-DC
charge pumps configured as voltage multipliers, to convert incident RF signals into usable DC
form. This converted DC voltage (V,,) can be used to continuously power a resistive load in a
WPH or to store energy in a battery or capacitor for subsequent use to power heavier loads for
limited duty cycles in a wireless energy harvester (WEH). Main issues in these harvesters on
the input side have been low RE-DC conversion efficiency at low RF input power levels (Pgp),
and higher input return losses due to the diode-capacitor make up of RF-DC rectifiers. On the
application side, main issues have been voltage stepping-up and cold-start issues to turn on
and run end-applications such as 1.8 V microcontroller units and sensors from the microwatts
of wireless power typical in wireless signals at long distances.

A) Review of single-band 2.4 GHz RF-DC rectifiers

At high frequencies series losses in diodes is a well-known culprit in reducing RF-DC power or
energy conversion efficiency (PCE or ECE) and voltage conversion [1, 2]. Consequently, in the
2.4 GHz band, majority of printed circuit board (PCB)-based harvesters use half-wave recti-
fiers (1 diode) or 1-stage voltage multipliers (2 diodes) with an input matching network
and an output resistive load in the 1 kQ-1 MQ range to maximize input return loss and
RF-DC power conversion efficiency (PCE). Recently, these half and 1-stage rectifiers have
achieved peak power conversion efficiencies of 45-60% for RF inputs between 1.5 and 9
dBm [3-6]. However, operating standard 1.8 V microcontrollers and sensors using such rec-
tifiers would need RF input power of over 5 dBm or active DC-DC boost converters [7-9]
which makes it hard to wirelessly power such loads at long distances from a wireless power
source. Based on analysis in [6], wireless power or energy harvesting at long range only
becomes feasible with rectifiers that can generate DC outputs (Vo) of 1 V from —10 dBm
or 1.8 V from —6 dBm or lower.

Adding more voltage-multiplying diode stages in PCB-based rectifiers or charge-pumps at
low RF inputs offers some marginal increase in the DC output albeit at a big cost to efficiency
due to more discrete diode losses. They are more common in WEHs where larger DC outputs
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Fig. 1. Dual-band RF-DC Rectifier Topologies. (i) Half-wave rectifier with dual-band matching network; (ii) single-band half-wave rectifiers or one-stage RF-DC volt-
age multiplier with matching networks in parallel; (iii) Proposed two-stage rectifier with no matching network.

are needed to be stored across an output energy-storing capacitor
from low RF input power levels during charge cycles. The energy
stored is for subsequent use to power heavier loads for limited

Table 1. Proposed rectifier’s load-side transmission line dimensions on 0.02
inch FR4

L L L L L
duty cycles with the help of a parallel voltage supervisor or ! 2 i ° i
power management unit (PMU). These voltage supervisors and B (deg.) 78.8 717 9.7 212 50.5
PMUs are typically voltage-controlled switches with a large off

14.5 13.2 17.8 3.9 9.3
resistances between 10 kQ and 10 M (R,x) during charge cycles A (mm)
to allow charge build-up across the energy storing capacitor. Impedance Zo (€2) 50 50 50 50 50

During subsequent active cycles, the PMU switch closes to
allow the energy storage device to power a heavier load such as
a fast microprocessor or sensor unit with regulation and on-off
voltage hysteresis [10, 11]. In [12, 13], rectifying charge pumps
with five and two stages are used to generate DC outputs of 1.8
V into output loads of 10 MQ and 10 kQ with RF inputs between
—4 dBm (with antenna) and 0.8 dBm, respectively. By compari-
son, RF-DC charge pumps implemented using diode-FETS in
CMOS have smaller sizes (<1 mm?) and losses, which allows
for more stages and higher DC output voltages. In [6, 14, 15],
four—eight stage rectifiers generate DC outputs of 0.3-5 V in 2
kQ-10 MQ output loads with RF inputs between —9 and 3
dBm, and with RF-DC sensitivities of —3.5 to 2.2 dBm for 1.8
V DC output in the 2.4 GHz band.

RF-DC charge pumps with more stages are especially popular
in 900 MHz radio frequency identification (RFID) integrated cir-
cuits (ICs) that use a large output energy storing capacitor in par-
allel with a large voltage-supervising resistive load (>1 MQ).
These 900 MHz RFID ICs get DC outputs of 1 V or higher for
RF inputs of less than —6 dBm, with which the RFID’s logic con-
troller and modulator can be powered for limited duty cycles
without boost converters [16]. Similarly, schemes at 2.4 GHz
have been used in [5, 12, 13] to increase DC output albeit at
the cost of input match and efficiency at the higher frequency.
Adding more diode-capacitor stages in RF-DC charge pumps
tends to increase their input capacitance that makes matching
to 50 Q antennas challenging. The 900 MHz RFID ICs avoid
this issue by requiring inductive antennas [16]. However, in 2.4
GHz and higher bands, low-quality factors and high series resist-
ance of inductors is a well-known issue, which results in lower
efficiency and DC output.

B) Review of dual-band 2.4 and 5.8 GHz RF-DC rectifiers

In recent years, benefits of harvesting power from multi-band RF
signals with a higher peak to average power ratios have been
reported in getting higher DC outputs [2, 17-19]. A common
challenge with multi-band wireless power harvesting tends to be
matching inherently capacitive rectifiers with 50 Q antennas in
two or more bands. Solutions to this problem have been proposed

above and in other works, which tend to be configured as shown
in Figs 1(i) and 1(ii). A common method is using dual-band
matching networks with a single half or 1-stage RF-DC rectifier
that are terminated with optimal output loads of between 1 and
13 kQ as shown in Fig. 1(i). Doing so has been found to improve
return loss in dual frequency bands, and produce a PCE between
50 and 60% for input power of 0 dBm or higher [20-22] (Table 1).

A second method is connecting two or more single-band
matching networks with half or onestage charge-pumps tuned
to different frequencies in parallel as shown in Fig. 1(ii) [21-24].
In [22], a topology like Fig. 1(ii) is used to get resonances at higher
2.4 and 5.8 GHz with peak PCE of 62% but at a higher 10 dBm of
RF input into a 1 kQ output load. The RF-DC sensitivities in these
works are between 7.5 and 11.5 dBm at 5.8 GHz to generatea 1.8 V
DC output with output loads between 470 Q and 1.05 kQ [22, 23].
More detailed metrics on existing RF-DC rectifiers and charge-
pumps in the 2.4 and 5.8 GHz bands can be found in Tables 2
and 3.

C) Summary of proposed dual-band 2.4 and 5.8 GHz RF-DC
rectifier design

In this work, a novel, dual-band and two-stage RF-DC voltage-
multiplying rectifier on PCB with higher RE-DC voltage conver-
sion sensitivity, and with a 50 Q input impedance without an
external matching network in the 2.4 and 5.8 GHz bands is pro-
posed as shown in Fig 1(iii), Fig. 2 and Table 1. There are two
novelties in the proposed design. The first novelty is in the use
of tuned transmission lines (TL,, TL,, TLs + TLy) at the output
of the rectifier’s four half-stages to induce voltage standing wave
peaks at the diode inputs (Fig. 2). Doing so increases the DC out-
put of each half stage within the two-stage voltage multiplier top-
ology, and across the output load capacitor while still giving the
rectifier a near 50 Q input impedance in the 2.4 GHz band.
The second novelty is in the use of a tuned secondary feed
(TL3) to achieve dual-band return-loss resonance in the 5.8
GHz band without an external matching network. Simulations



Table 2. Performance comparison of 2.4 GHz RF-DC rectifiers

13JSUD.I| 19MOd SSIJaIIM

Lee [15] Negra [23] Suh [22] Wu [25] Volakis [13] Pandey [14] Visser [5] Congedo [12]* Masuch [6] This Work

RF Input dBm —9to3 —-9to3 0-3 —45 to —-9to0 0-3.3 —9to3 —9to3 —9to3 —-9to3
=25
Load Q 2 k 1.05 K 310 12 KQ 10k 450 pF 1M 0M 10M 4TuF || 1M
DC output (V) 0.3-2.1 0.18-1.1 0.2-0.3 0.02-0.19 0.76-2.4 2.5-5 0.1-1.2 0.5-2.4 1.2-19 1.4-6.3
RF-DC 2.2 dBm 7.2 dBm 11.5 dBm No info —4 dBm No info 6.5 dBm 0.8 dBm —3.5 dBm —7.2 dBm
Sensitivity for
1.8 V DC output
RF-DC —2.6 dBm 2 dBm 8.5 dBm No info —8.5 dBm No info 2.2 dBm —4 dBm —11 dBm —11.5 dBm
Sensitivity for
1V DC output
PCE or ECE 8-42% 25-58% No info 2-25% 45-70%" No info. 40-75% 0-23%* 2-16% ECE 8.3-60%
PCEP 2.9-4%

Diode Type CMOS .18 HSMS2860 MA4E1317 Back SMS 7630 CMOS .13 HSMS2850 HSMS285 CMOS.13 BAT1503W

um Tunnel um um

diode

Circuit type Two One stage Half stage Half stage Two stage Eight stage One stage Five stage + Four stage Two stage

1-stages in doubler Vivaldi antenna

series or

parallel
50 Q Input NO YES NO NO YES NO Uses YES LC YES NO YES
Match ckt. type No match Input T.L. Uses 95 Q Input T.L. Input T.L Inductive match ckt. Input TL line RF Xfmr Output

ckt. line and TL antenna and line and stub antenna Load-line for

Stub input TL line TL Stub standing
waves

Dual band NO YES YES NO NO NO NO NO NO YES

ECE, energy conversion efficiency for output energy storage loads; PCE, power conversion efficiency for output resistive loads.

?Includes antenna.

PPCE computed for load of 1 MQ in parallel with 47 uF capacitor energy storage capacitor with insulation resistance of 50 Q-F (1.06 MQ).
Figures of Merit (FOM) in bold.
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Table 3. Performance comparison of 5.8 GHz RF-DC rectifiers

9TT

Nishida [26] Negra [23] Chin [27] Ren [22] McSpa [28] Imai [29] Suh [22] Kuhn [30] Kuhn [30] This work
Freq. (GHz) 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.78 CW 5.78 OOK 577
RF input (dBm) —9to3 —9to 3 0-3 23-38 0-3 0-3 0-3 -9 to -4 -9 to —4 —9to 3
Load () 1K 1.05 K 470 300 327 450 310 150 K 150 K ATuF || 1M
DC output (V) 0.16-1 0.04-1 0.33-0.55 1-10.5 0.37-0.55 0.39-0.61 0.23-0.37 0.08-0.27 0.15-0.46 0.86-4.2
RF-DC No info 7.5 dBm 11.5 dBm 29.5 dBm 11.5 dBm 11 dBm 11.5 dBm No info No info —3.7 dBm
Sensitivity for
1.8 V DC output
RF-DC 3 dBm 3 dBm 7 dBm 23 dBm 7 dBm 7 dBm 8.5 dBm No info No info —7.5 dBm
Sensitivity for 1
V DC output
PCE or ECE No info 1-48% No info 18-70% No info No info 18-23% No info No info ECE 3.7-
34.9% PCE®
12to 18
Diode Type No info HSMS2860 HSMS-8202 MA4E1317 MA40150-119 MA4E2054 MA4E1317 HSMS2862 HSMS2862 BAT 15-03W
Circuit type No Info One-stage Half stage Half stage Half stage Half stage Half stage One stage One stage Two stage
PCB
50 Q input YES YES YES YES NO YES NO YES YES YES Second
Match ckt. type Input TL Input TL line Input TL Input TL line Uses 86 Q InputTL Uses 95 Q Input TL Input TL stage TL
line and TL and TL stub line and TL stub Antenna, TL line, stub antenna line, LC ckt line, LC ckt feed
stub line, Cap
Dual band NO YES NO NO NO NO YES YES YES YES

ECE, energy conversion efficiency for output energy storage loads; PCE, power conversion efficiency for output resistive loads.

Includes antenna.

PCE computed for load of 1 MQ in parallel with 50 Q-F (1.06 MQ) insulation resistance of 47 uF capacitor.
Figures of Merit (FOM) in bold.
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Fig. 2. Proposed two-stage RF-DC voltage-multiplier circuit (rectifier) schematic & prototype designed on 0.02-inch FR-4. L;-Lg4 are optimized load-side TL sections
in each rectifier stage. C;-C3= 2 pF; C, =47 uF; D;-D4:BAT1503W; Rieak = IMQ for Maxim 6461 Voltage supervisor (PMU) used.

123” fF
0.65 nH I\

.60 nH

8.76 nH D

D}_

Fig. 3. BAT15-03W Diode RF Packaging equivalent circuit used in Agilent ADS simula-
tions. Diode D Spice parameters IS = 74.0n N = 1.07 RS = 5.0XTl = 1.5 EG = 0.59 +
CJO = 138.5f M = 0.138 VJ = 0.224 FC = 0.5 TT = 3.0p BV = 4.2 IBV = 100.0u [31].

and measurements show this design needing lower RF input
power of just —7.2 and —3.7 dBm at 2.4 and 5.8 GHz individually
to generate 1.8 V across an output energy storage capacitor (Cr) of
47 uF and a 1 MQ voltage supervisor (PMU) load in parallel. The
proposed design also generates a 3.5 V DC output with combined
—3 dBm of RF input in both bands. The rectifier’s higher DC out-
put with a large output capacitor and PMU (Rjex = 1 MQ) allow
heavy loads like a processor and sensor to run for limited duty
cycles without an active DC-DC boost converter. Comparisons
with other technologies in the table of comparison (Tables 2
and 3) show the proposed design having one of the highest
RF-DC sensitivity at comparable input RF power levels and out-
put loads in both the 2.4 and 5.8 GHz bands. Further test com-
parison of the proposed two-stage design with a conventional
two-stage voltage multiplier with an external matching network
and identical diode-capacitor components shows the proposed
design generating consistently higher DC output voltage and hav-
ing better immunity against changing output load resistance albeit
at the cost of circuit size. Parasitics of the diode used in this work
is shown in Fig. 3.

Il. Theory and analysis
A) Theory of operation in 2.4 GHz band

1) Load-line optimization for DC output boost in rectifier stages
The two-stage rectifier’s DC output voltage (V,) is the cumula-
tive sum of the DC output of each of its four half-wave rectifiers
i.e. DC voltages across C;-C; and CP as shown in Fig. 4(i). To
understand the effect of load lines in increasing the rectifier’s
DC output Vi, consider the performance of each of its four half-
stages, which can be modeled as a rectifying two-port network
(RTPN) that is terminated with an optimally sized TL with elec-
trical length B 1 as shown in Fig. 4(ii). The voltage output of the

capacitor in the RTPN (V) is the sum of its DC (V,.) and RF
components (at frequencies w,, 20, 3w.) as in (1), where V,
depends on the voltage difference between output (Vp,) and
input (Vj,) of the RTPN as in (2). During each half cycle, maxi-
mizing V. requires maximizing Vpy, which depends on V;, or the
source voltage (V,), two port S-parameters (S,; and S,,), output
and input reflection coefficients (I'y and TI7,) of the RTPN as
shown in (3)-(5)

Voo — Vinl . Voo — Vinl .
Vo=V + Msm(wct) + Msm@wd)
K] KZ
+... (1)
Oon
1 .
Vdc = ZT j |VDb - le + S1n (th)d(th) (2)
0
Vin = g/2 ' (1 + Fin) 3)
Ve Su(’ 1
Vip = 8. 'L+ 1) )
2 (1—=S5,I0)
SiSuls
' =8 — 5
in 11 + 1— SZZFL ( )
1

Vic—max and Vpp_max and Iy for I'y, = S—
22

For the rectifier’s RTPNs, Infineon BAT15-03W RF diodes
and 2 pF capacitor with a self-resonating frequency higher than
2.4 GHz were used. Using the diode manufacture’s model and
LSSP simulation tool in Agilent's ADS Software, S-parameters
for the RTPN were determined for RF input power (Prp) of —6
dBm on a FR-4 substrate as shown in Fig. 4(ii). From (4), it is
seen that the diode input (Vp,) is maximum when I'; = 1/S,,
= 0.94219.63° for a passive TL load. Having this complete imped-
ance mismatch produces a maximum standing wave at RTPN’s
port 2, and a peak diode input (Vp;) that is higher than the
source voltage (V,). For a reasonably matched input, an RF
input level of —6 dBm, and I' =0.94219.63° yields a RTPN
input (Vj,) of only 0.32 V but produces a diode input (Vp;) of
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Fig. 4. (i) 4 Half-wave rectifying stages making up proposed 2-stage RF-DC rectifier. (ii) Each Half-wave rectifying stage modeled as a Rectifying 2-port network
(RTPN). S1;=5,,=0.942-19.63°; S,; = S;, =0.3470.08° for BAT15-03W Diode and 2 pF Capacitor at 2.4 GHz. (iii) Simulated RTPN voltages at diode input (Vpp)
and Capacitor output (V,); and input reflection co-efficient versus TL length () at input frequency of 2.4 GHz.

nearly 1.24 V using (5). Since the RTPN’s capacitor nearly
charges to Vp, minus the diode’s forward voltage, V. is also max-
imized as a result as given by (2).

2) Load-line optimization for 502 input impedance in rectifier
stages
To understand the effect of the load lines on the rectifier’s input
impedance, consider the working of its four RTPNs containing
Diode-capacitor-TL pairs D;-C,-L; (RTPN 1), D,-C5-L, (RTPN
2), D5-C,-L, (RTPN 3), and D4-CL-Ls, Ly (RTPN4) shown in
Fig. 4(i) during each RF cycle. The input RF signal is rectified
by RTPNs 1 and 3 only during negative RF cycles, and by
RTPNs 2 and 4 only during positive RF cycles. It can also be
seen from Fig. 4(i) that the total rectifier input impedance is
the parallel combination of stage 1 (RTPNs 1 and 2) and stage
2 (RTPNs 3 and 4) through a common L, and C;, which get
used only during alternate half RF cycles. If the impedance of
each of the RTPNs were near 50 Q then RTPNs 1 and 2 in
stage 1, and RTPNs 3 and 4 in stage 2 of the rectifier would
yield close to a 25 Q input impedance with little reactive part
or a total return loss of 10 dB together during a full RF cycle.
To see if the impedance of each RTPN can be nudged to near
50 Q by tuning its load-side TLs consider the RTPN as a two-port
network as shown in Fig. 4(ii). With the diode capacitor pair’s
two-port gain given by S21 = S12 = 0.34£70.08° at —6 dBm,
the RTPN acts as a lossy two-port network with its input
reflection coefficient given by (5). It can be seen from (5) that

for ') = 1/S,,, the second term in (5) yields -S;;, thereby minim-
izing I';, and Vj, in (2) and (3). This is done by tuning the length
of the via-shorted TL («I'; and fl) such that I'; = 1/S,,=
0.94£19.63°. Doing so also raises the RTPN’s DC output (V)
and overall rectifier’s DC output voltage (V,,,) while minimizing
the rectifier’s input reflection coefficient.

The effect of the via-shorted TL length (8l) on the RTPN’s
Diode input Vpy, DC output, V. and input reflection co-efficient
I, on FR-4 (er = 4.7) was studied using ADS’s LSSP and
Harmonic Balance tools as shown in Fig. 4(iii). Simulations
show for an input voltage of 0.32 V (RF input power = —6
dBm), the RTPN gives a maximum output of V,; =118 V
(Vpp = 1.23 V) with a minimum reflection coefficient of ||
= —11.52 dB (I', = 0.1-j0.26) for an optimal TL reflection coeffi-
cient of I'; = 0.97.£20.2° that is obtained for TL length of Al = of
80° at 2.4 GHz as shown in Fig. 4(iii). It should be pointed out
that such an optimal TL load line works only with a WEH in
which the input power is converted to energy in the output cap-
acitor and loss through the diode and load-side TL. Doing so gives
the RTPN and the proposed design a higher DC voltage and a 50
Q impedance over time and in steady state.

3) Integration of rectifier half-stages into two-stage rectifier
topology

The four RTPNs were combined into a single rectifier and opti-
mized using ADS software with TL lines L;, L,, and Ls + Lo
designed with a characteristic impedance of 50 Q and an initial
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GHz; Z,_f: Impedance of the first stage at 2.4 GHz; Z;_p,: Impedance of the first stage at 5.8 GHz; Z,_s,: Impedance of the second stage at 2.4 GHz; Z,_,:
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Fig. 7. Simulated and measured impedances of rectifier’s first stage, second stage
and overall input as a function of L3 length. At 5.8 GHz: Z;_p, =1.3—j20.2 Q; Z,_p,
=3+j20 Q Zip =271 p || Zo—pp = 95—j4 Q or Rectifier reflection co-efficient =
—10.14 dB.

optimal length of 80° (14.7 mm) as per the RTPN analysis in
Fig. 4(iii). To separate C;, Ls and Lo are set to 3.9 and 10.8
mm. The TL lengths were then iteratively tuned using ADS to
adjust for parallel and series connections within the rectifier.
The simulated effects of TL line lengths in the four RTPNs on
the rectifier’s overall DC output voltage (Vo) is shown in
Fig. 5, and shows a V,, of 2.27 V for optimal lengths of L, =
78.8° (14.5 mm), L, = 71.7° (13.2 mm), and Ly = 50.5° (9.3
mm). Optimal L; and L, lengths were observed to be a bit
lower than a single RTPNs due to parallel connections within
the rectifiers once the RTPNs are combined. The rectifier DC out-
put Vi, was also observed to be more sensitive to L, and L, than
Ls + Lg since harmonic balance simulation shows less RF compo-
nent in the second stage of the rectifier. Due to the overall recti-
fier’s and its RTPN’s 50 Q impedance, L; was also found to have
less effect on Vi, in the 2.4 GHz band as shown in Fig. 5.
However, tuning it appropriately was found to bestow dual-band
characteristics to the charge-pump-based rectifier design as
shown in the following section.

B) Operation in 5.8 GHz band

In this section, we show that dual band characteristics can be
designed into the proposed 2-stage voltage-multiplier topology
by tuning the secondary input feed L; that connects the charge-
pump’s input to its second stage as seen in Fig. 2. In the 2.4
GHz band (f;), the two 50 Q RTPNs in each of the rectifier’s
two stages conduct during each half of an RF cycle thereby giving
each stage a 50 Q impedance over a full cycle. With the two stages
combined in parallel as shown in Fig. 6 and re-tuned to account
for the parallel connection, the overall rectifier impedance is near
50 Q as well (simulated reflection co-efficient = —9 dB). As a
result L; has less of an effect on stage 2 and by it the rectifier’s
overall DC output (V) in the 2.4 GHz band.

However, in the 5.8 GHz band ( f2), the rectifier’s four RTPNs
in the two stages shown in Figs 4(i) and 6 are expected to be non
50 Q and of a capacitive nature. The total rectifier input imped-
ance in the 58 GHz band (Z;_p) is therefore approximately
equal to the parallel combination of the impedance of its
two-stages i.e. (Z,_p) and (Z,_p) through a common L, and Cs
that get used only during alternate half RF cycles as shown in
Fig. 5 and determined using (6). Ly, Ly, Ls, and Ly lengths were
set to their optimum as shown in the previous section to maxi-
mize the rectifier’'s DC output, minimize input reflection
co-efficient, and achieve a near 50 Q input impedance in the
2.4 GHz band (Z,_p). With these optimal line lengths connected
to diodes D; and D, (Infineon BAT15-03W) and capacitors C;
and C; (2pF each), the impedance of the rectifier’s first stage
was determined to be mostly capacitive as expected with Z,_p,
= 1.3—j20.2 Q at 5.8 GHz (f2).

(Zi—f2 - Z2-p2)

= 6
(Zicp2 + Zr—p2) ©

Zi =

The rectifier’s second stage is made up of capacitors C, (RF cap-
acitor =2 pF) and C, (larger energy storage capacitor = 47 uF) and
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Fig. 8. (i) Simulated rectifier’s input reflection co-efficient and DC output voltage (Vo)
co-efficient and DC output voltage (V) versus frequency.

diodes D5 and D, (Infineon BAT15-03W) connected to TL Ls + Lo,
and a common L, also used by the first stage. A large PMU
impedance (Ri) in the charge mode is also connected across
C,. As a result, the impedance of the rectifier’s second stage is
also mostly reactive (Z,_p_0) as shown in Fig. 6(iii) and deter-
mined to be Z,_p_o = 1.2—j24.7 Q using ADS. Next the length
of Ly (B13) was tuned to carry out an impedance transformation
of the most reactive Z,_p_o such that the impedances of the first
and second stage at 5.8 GHz i.e. Z,_p and Z,_p, are conjugates of
each other as shown in (7). Doing so cancels out the reactive com-
ponent in the total rectifier impedance (Z;_p) in the 5.8 GHz
band as determined by (6).

Zy_fr-0 + j-Zy-tan(Ls)
Zy + j-Zyf20-tan(Ls)

Zy =2y =12 @

The effect of tuning L; on the impedances of the rectifier
(Zi—p) and its two stages (Z,_p and Z,_p) in the 5.8 GHz band
was simulated with the help of ADS software, which is shown
in Fig. 7. The effect of varying L; between lengths of 0 (0°) and
20 mm (254°) on the rectifier’s second stage impedance (Z,_p)
is shown in Fig. 7, and shows it vary between a mostly reactive
1.2—j24.7 (Z,—p-o) and 10.7+j81.6 Q. The condition in (7)
was met for L; = 3.6 and 17.2 mm, with the second stage having
an impedance of 1.15 + j20 Q and 3 + j20 Q to the first stage
impedance of 1.3-j20.2 Q. At 5.8 GHz both Z,_p, and Z,_j, are
mostly reactive and away from 50 Q. However the parallel com-
bination of Z;_p and Z, p yields a mostly resistive Z,_p of
165.8 + j10 and 95—j4 Q for L3 = 3.6 and 17.2 mm, respectively,
in the 5.8 GHz band as seen in Fig. 7. However, the shorter L; =
3.6 mm is too short to connect the rectifier’s input port to C, in
its second stage as seen in Fig. 2 hence L3 = 17.2 mm was used.
Starting with this initial length of Ly = 17.2 mm in the overall
rectifier design, L3 was then re-tuned for maximizing the rectifier
DC output V.

The simulated effect of Ly on the rectifier’s input reflection
co-efficient and DC output (V,,) is shown in Fig. 8(i), and
shows a maximum V,, of 1.11 V and return loss of —8 dB for
an optimal L3 = 17.8 mm with an RF input of —6 dBm. The effect
of different L; line lengths on the rectifier’s input return loss and
Vout as a function of frequency is also shown in Fig. 8(ii). It can be
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versus L3 line length at 5.8 GHz. (ii) Simulated rectifier’s input reflection

seen that increasing L; from its optimal length of L; = 17.8 mm
has little effect on the return loss and DC output resonance in
the 2.4 GHz band but produces a downward shift in resonance
around the 5.8 GHz band justifying the dual band design prin-
ciple of the proposed rectifier. The effect of varying L; on the rec-
tifier’s total input impedance, input reflection co-efficient and DC
output voltage at 2.4 GHz (Z,_p) is also shown in Figs 7 and 8(ii).
They show the rectifier input impedance (Z;_5) stay close to the
50 Q region with very little change in the rectifier’s return loss res-
onance and DC output voltage at 2.4 GHz. The measured total
input impedance of the proposed rectifier in the 2.4 and 5.8
GHz bands for RF input power of —6 dBm have also been plotted
in Fig. 7 for comparison.

The harmonic balance simulation of the rectifier’s output
showing the DC and RF components is shown in Fig. 9 below.
The simulation show very little RF component present in both
bands with most of the signal converted to DC at the rectifier’s
output. As a result, the rectifier’s performance was found to be
more sensitive to L;, L,, and Lj, and less sensitive to Ls + Lo
and the output load. The increased sensitivity to L;, L,, and L;
in the 2.4 and 5.8 GHz bands can also be seen in Figs 5 and 8(i).

lll. Simulation and measurement results
A) Proposed rectifier performance versus frequency

The rectifier design was prototyped on 0.02-inch FR-4 due to its
low cost and fast fabrication turn-around time as shown in Fig. 2.
The rectifier’s input reflection coefficient and DC output voltage
were measured using a National Instruments PXI-E5632 VNA
and Oscilloscope. A 1 MQ output load (Ry,) was connected
across the output capacitor C; to emulate a PMU with 1 pA leak-
age current [10] and an initial RF input power of —6 dBm was
supplied. Simulated and measured input reflection co-efficient
and DC output of the rectifier are shown in Figs 10(i) and 10
(i), respectively. The dual band rectifier generates a DC output
of 2.12 and 1.3 V, which agree well with the simulated values of
2.265 and 1.11 V in the 2.4 and 5.8 GHz bands, respectively.
for input power of —6 dBm. Measured reflection co-efficient of
less than—10 dB was also measured in both bands without the
need for an external matching network. Simulations and measure-
ments show good agreement in the 2.4 GHz band. The measured
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Fig. 10. (i) Rectifier’s simulated and measured reflection coefficient versus frequency.
(i) Rectifier’s simulated and measured DC output voltage versus frequency. RF input
power = —6 dBm, PMU Rieax = 1 MQ. Eps represents the variation in FR-4’s dielectric
constant based on frequency and resin content reported in literature.

resonance of the rectifier was measured at a slightly lower 5.77
GHz compared to simulation, which can be attributed to the
shift in FR-4’s dielectric permittivity at higher RF frequencies.
The proposed rectifier was prototyped on FR-4 using a very low-
cost PCB process the dielectric constant of which can vary
between 3.6 and 5.0 based on frequency and proportion of glass-
resin epoxy content used in the FR-4 material [32, 33]. The vari-
ation in the proposed rectifier’s performance due to these differ-
ent FR-4 dielectric constants have also been simulated and shown
in Figs 10(i) and 10(ii). The shift in resonance in the 5.8 GHz
band and the rectifier’s overall performance can be improved by
using a more stable and less lossy RF dielectric like Duroid.
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B) Measured verification of standing-wave in boosting rectifier
DC output

In the proposed rectifier, load-side tuning of TLs L, and L, and to
alesser extent Ls + Lo boosts the voltage at the diode inputs (Vpy,)
in each of its half wave rectifiers (RTPNs) by generating standing
wave maxima at the diode inputs, which also increase the recti-
fier’s DC output (V,,). Tuning L, and L, also help achieve a
reflection coefficient of —10 dB, which would also increase the
rectifier’s input power and consequently its DC output (Vo).
To verify the role of the standing wave in boosting Vi, an
Aaronia near-E-field probe and a Tektronics RSA 306B spectrum
analyzer were used to measure the electric-field intensity that is
proportional to the voltage along the length of lines L, and L,
from the via ground right up until the input of diodes. With
the contactless near-field probe and spectrum analyzer in peak
hold, the electric field intensity proportional to the peak standing
wave magnitude along the length of lines L; and L, can be gauged.
These near-field measurements shown in Fig. 11 show the stand-
ing wave having minima near the via ground (electrical length =

0°) and close to maxima near electrical length of 78°-80° which is
near the input of diodes D1 and D3. These maximas verify the
role of the standing wave in boosting the rectifier output (Vo).

C) Proposed rectifier performance versus RF input power

The rectifier’s DC output voltage and energy conversion efficiency
(ECE) as a function of input RF power in the 2.4 and 5.8 GHz
bands are plotted in Figs 12(i) and 12(ii), respectively. Since the
bulk of the rectifier’s RF input power is converted to energy stored
across the output energy-storing capacitor CL as in a WEH, the
rectifier’s ECE was determined using (8). ECE is basically the
power efficiency integrated over charge-up time (t) taken by the
output energy storage capacitor (CL) to charge up to DC output
voltage (V,y). The rectifier’s changing input impedance and
reflection co-efficient over charge-up time (¢) of the output energy
storage capacitor (CL) is factored in the DC output voltage (Vo)
used to determine ECE. The DC output voltage across the capaci-
tor reaches its maximum (V,,,;) when the rectifier’s total output
current equals the current that leaks into the PMU’s resistance
(Riear) during charge modes as shown in other works [34, 35].
As a result the effect of output PMU load Ry, is also factored
in the rectifier’s DC output voltage V. For the proposed rectifier
the energy efficiency varied between 8.3 and 60% in the 2.4 GHz
band, and between 3.7 and 34.9% in the 5.8 GHz band for RF
input levels between —9 and 3 dBm. The DC output and
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Fig. 13. Simulated and Measured Rectifier DC output voltage (Vo) and Energy Efficiency (ECE) for different rectifier output loads (PMU R\cay).

efficiency in the 2.4 GHz band was higher than in the 5.8 GHz
band due to a couple of reasons. Standing wave peaks along
load lines (L, L,, and Ls + Lo) are designed to be induced at
the diode inputs mainly in the 2.4 GHz band and not in the
5.8 GHz band. In addition, the diode reactances shown in
Fig. 3 induce higher serial losses in the diode at the higher 5.8
GHz band. The dielectric losses on FR4 are also significantly
higher at 5.8 GHz than at 2.4 GHz. As a result the RF-DC voltage
conversion and efficiency in the 5.8 GHz band was lower than in
the 2.4 GHz band. It should be pointed out that in both bands,
addition of a second stage increases the DC output voltage
obtained over time but lowers the ECE and PCE. This is due to
addition of more series diode losses, which could be removed
with the second stage albeit at the cost of RE-DC voltage conver-
sion. The PCE of this circuit was also measured to be low since
most of the output power goes into charging the output storage
capacitor (Cy) instead of being dissipated across the PMU leakage
resistance (Rje,).The peak ECE and PCE values are also shown in
Tables 2 and 3.

ECE — Energy Stored 0.5 x Cp x V2,

®)

Input Energy Ppp x t

The novelty in the proposed work is in the use of load-side
tuned TLs to induce standing wave peaks at the input of the
diodes in a 2-stage voltage multiplying rectifier topology thereby
boosting the rectifier’'s DC output voltage with a 2.4 GHz RF
input. The measured effect of varying output load of a PMU
(Riear) on the rectifier’s DC output voltage and energy efficiency
at different RF input power levels is shown in Fig. 13. The pro-
posed rectifier’s DC output voltage and energy efficiency holds

up consistently for PMU load (Rje,) of 90 KQ and over where
the PMU load is comparable to the energy storage capacitor’s
parasitic leakage resistance that typically is between 100 KQ
and 1 MQ.

Diode non-linearity is a known cause for impedance mismatches
at low RF input levels. To study these effects with load-side TLs in
the rectifier, its input reflection coefficient was measured for RF
inputs of between —9 and 3 dBm as shown in Fig. 14. The rectifier
shows a reflection coefficient of between —9 and —16 dB in the 2.4
GHz band and less than —10 dB in the 5.8 GHz bands for different
RF input levels.

D) Comparison of proposed rectifier design using load-side
lines with conventional two-stage voltage multipliers using
matching networks

To further study the DC-output boosting advantages of using
load-side tuned TLs in the proposed two-stage voltage-
multiplying rectifier topology, a comparison was done with two
conventional two-stage voltage-multiplying rectifiers without
load-side lines. The designs were simulated using ADS. The two
conventional rectifiers were designed without load lines but
with optimal external matching networks and similar diode-
capacitor pairs. The matching networks of the two conventional
rectifiers were optimized for PMU loads (Rieq) of 1 MQ and 10
KQ. Comparisons shown in Figs 15(ii) and 16(ii) show the pro-
posed rectifier’s input impedance much more immune to the
effects of changing output PMU loads (Rj..) and input power.
This is due to the higher input voltage induced by the load side-
lines at the diode inputs within the proposed rectifier topology
mitigating diode non-linearity effects. As a result the proposed
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rectifier generated consistently higher DC output voltage com-
pared to conventional two-stage rectifier for varying output
PMU loads (Rje,x) and RF input power shown in Figs 15(i) and
16(i), respectively. While the proposed rectifier was designed on
PCB to demonstrate the benefits of load-side tuning in boosting
the DC output in a two-stage voltage multiplier, this design tech-
nique can also be used in one-stage PCB-based or multi-stage
CMOS-based voltage multipliers albeit at the cost of size of the
TLs. Schematic used for the two-stage rectifier without load
lines is shown in Fig. 17.

e) Performance comparison of 2.4 and 5.8 GHz
RF-DC rectifiers

Finally, a comparison of the proposed rectifier topology with
other recent 2.4 and 5.8 GHz rectifiers capable of generating 1.8
V DC output is shown in Tables 2 and 3. Since RF-DC voltage
conversion performance tends to be a function of input power,
number of stages, input reflection co-efficient, output loads, we
have included those metrics in the tables as well for a fair com-
parison. The comparison done so far shows that the use of a two-
stage topology with the standing wave boost does improve the
overall efficiency in league with other one-stage designs with a
higher RF-DC sensitivity of —7.2 and —3.7 dBm for a 1.8 V DC
output in the 2.4 and 5.8 GHz bands, respectively. Compared to
other N-stage voltage multiplier topologies with identical output
loads (100 KQ or higher) in CMOS and PCB, the proposed design
offers a higher DC output voltage and RF-DC sensitivity in both
bands albeit at the cost of size due to the use of near quarter wave-
length load-side TLs, and efficiency due to more series diode
losses within rectifier’s two-stage topology. It has been hard to
do an apples to apple comparison since not many two or more
stage rectifiers in these bands exist in the 2.4 and 5.8 GHz
bands on PCB, and many works including the antenna gain in
computing overall efficiency.

Conclusion

A novel, dual-band, two-stage RF-DC rectifier design with load-
side tuned TLs in each of the rectifier stages to passively boost
DC output and get reflection coefficient to under —10 dB without
a matching network in the 2.4 band is presented. Additionally, by
tuning the secondary feed in the proposed two-stage voltage
multiplying rectifier topology, dual-band return loss resonance

Rushi Vyas et al.

in the 5.8 GHz band is also achieved in addition to the 2.4
GHz band without an external matching network. A comparison
of this design with other rectifiers shows the proposed design
requiring a much lower RF input of —7.25 and —3.65 dBm to gen-
erate 1.8 V individually at 2.4 and 5.8 GHz while offering better
immunity to changes in output load and input power levels com-
pared to conventional rectifiers.
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