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Abstract. This paper proposes a novel design of single 
branch wideband rectifier working at low input power 
level. Both the impedance tuning part and a dual-band 
matching network are adopted for wideband impedance 
matching. Theoretical analysis of the proposed wideband 
rectifier is presented and its closed-form design equations 
are derived. As an illustrated example, a wideband rectifier 
is designed and fabricated. Experimental results show that 
the fabricated rectifier features wide operated fractional 
bandwidth of more than 50%, low input power level from 
–5.0 dBm to 5 dBm, as well as a simple circuit structure 
and design procedure. 
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1. Introduction 
With the rapid increase of ambient wireless power 

density, wireless energy harvesting provides an attractive 
solution to supply low-power electronic devices for wire-
less sensor network, the internet of things, and low power 
consumer electronics applications [1]. High-efficiency 
rectifiers are crucial for realizing a large amount of dc 
output power in above devices [2], [3]. Since the environ-
ment contains substantial signal power spread over a wide 
frequency spectrum, the multiband or wideband rectifier, 
which can harvest the ambient RF power at multiple fre-
quencies simultaneously, features higher RF-DC conver-
sion compared with a single narrow band rectifier. 

By connecting several rectifying branches in parallel, 
multiband rectifiers are implemented in [4], [5] while each 
operates in a narrow band. In order to simplify the circuit 
structure, each rectifying branch can realize impedance 
matching at more than one frequency band by using 
multi-band impedance matching network in [6], [7]. How-
ever, these designs all require multiple rectifying branches, 
leading to a relatively complex design process and high 
manufacturing cost. 

Using voltage doubling circuit topology, a wideband 
rectifier with broad bandwidth from 4.0 to 6.3 GHz and 
wide input power range from 4 to 20 dBm is implemented 
in [8]. To extend the operation bandwidth, a novel match-
ing network is presented in [9] through three-step imped-
ance manipulating a fractional bandwidth of 44.9% is ob-
tained with the minimum input level of 3 dBm. For low 
input power level application, an impedance matching 
network with operated band from 0.45 to 0.9 GHz is pre-
sented in [10] based on a shunt and series LC bandpass 
matching topology, and the efficiency increases linearly 
with the input power from –30 to 0 dBm. 

Recent study rarely seeks balance between the input 
power density, the operated frequency bandwidth, and the 
design simplicity of the structure [8–14]. A more concrete 
design rule with closed-form equation needs to be further 
investigated for the efficient design of wideband rectifier. 
In this work, a single branch wideband rectifier is proposed 
by applying the presented wideband impedance matching 
network (WIMN). By controlling the input impedance and 
introducing a dual-band matching network, the input im-
pedance of the rectifier can be optimized over a wide band 
to achieve wideband matching. Moreover, the closed-form 
design equations are derived for efficient design process. 
A wideband rectifier is then designed and fabricated to 
validate the proposed design method. 

2. Wideband Rectifier Design 
The proposed wideband rectifier as shown in Fig. 1 is 

composed of a full-wave voltage doubler rectifying circuit 
(C1, C2, D1 and D2), the presented WIMN (including Part I, 
Part II) and a resistive load RL. It is worth pointing out that 
the WIMN is the key to realize a broadband rectifier and 
we will give its design process in detail. 

2.1 Voltage Doubler Rectifying Circuit 

The full-wave voltage doubler rectifying circuit 
converts RF power to DC power. The load RL is placed at 
the output port for collecting the DC power. The diodes D1 
and D2 of the rectifying circuit are chosen as SMS7630 from 
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Fig. 1. The scheme of the proposed wideband rectifier. 

 

Skyworks due to their low threshold voltage which makes 
them suitable for low power application. The two chip 
capacitors C1 and C2 are properly selected to ensure that 
the AC energy is fully stored during rectification. 

2.2 Design of Part I in WIMN 

The Part I composed of an inductor L1 and a trans-
mission line TL1 is used to tune the input impedance Zm. 
The introduction of L1 is to balance the input impedance 
Zin and make it maintain a constant slope over the whole 
operated frequency band. The design principle of L1 is to 
shift the natural resonant frequency of the original rectify-
ing circuit to a lower frequency away from the operated 
frequency band. To meet the condition of impedance 
matching in the following Part II, we could make the real 
part of Zm remain stable while the imaginary part of Zm to 
be odd symmetry about the center frequency of the ex-
pected bandwidth. This means the impedance Zm at the 
starting frequency and ending frequency of the operation 
bandwidth is conjugated. 

To solve the characteristic impedance Z1 and electric 
length θ1 of TL1, we choose the starting frequency f1 and 
ending frequency f2 of the expected frequency band as the 
first pair of frequencies. The input impedances Zin are as-
sumed as Zin1 = Rin1 + jXin1 at f1 and Zin2 = Rin2 + jXin2 at f2 
respectively. According to the transmission line theory, the 
impedance Zm at f1 and f2 can be expressed as: 
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The relationship between f1 and f2 is defined as p = 
f2/f1 (p ≥ 1). If we make the impedance Zm to be conjugated 
at f1 and f2: 
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Then the characteristic impedance Z1 and electric 
length θ1 can be calculated from (1) – (3) as: 
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2.3 Design of Part II in WIMN 

The Part II consists of two transmission lines (TL2, 
TL3) with different parameters ((Z2, θ2), (Z3, θ3)). The 
dual-band matching network is employed for the second 
pair of frequencies (f3, f4), which are also symmetrical to 
the center frequency f0 = f1/2 + f2/2. The initial value of f3 is 
typically set as (f1/2 + f0/2), while the initial value of f4 is 
chosen as (f0/2 + f2/2). Considering the bandwidth of each 
passband and the coupling between them, the final value of 
f3, f4 can be further obtained by optimization with the aid of 
advanced design system (ADS) software. 

Using the impedance tuning result in Part I, the input 
impedance Zm at f3 and f4 can be expressed as: 
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Suppose that the source impedance ZA is a real impedance, 
the electrical length θ2 and θ3 can be obtained as [15] 

 
2 3 =  = 

1 k

 


 (7) 

where k = f4/f3 (k ≥ 1). 

The value of Z2 can then be solved by the following 
quartic equation: 

 4 3 2
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where    tan = 1 ,G k    
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Choosing a positive real value in the four solutions of 
Z2, the value of Z3 can be further obtained by one of the 
following two equations: 
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where a = –G2R0, b = (R0 – Rm2)Z2 – GR0Xm2, 
c = G2Rm2(Z2)

2– GR0Xm2Z2, R0 is the source 	 impedance. 
Thus, we can obtain the parameters of the TL2 and TL3 
from (7) – (9). 

3. Experimental Results 
A wideband rectifier is designed based on the above 

design rule with the operated frequency band from 1.7 GHz 
to 2.5 GHz. Firstly, the center frequency of the expected 
band is chosen as 2.1 GHz, and the first pair of frequencies 
f1, f2 are selected as 1.7 GHz and 2.5 GHz. The capacitor 
C1 and C2 are both selected as 100 nF, and the load RL is 
chosen as 1 kΩ for our application scenario. The simulated 
result of input impedance Zin with different inductor value 
L1 at the input power of –5.0 dBm is shown in Fig. 2. It 
can be observed that the real and imaginary part of Zin 
change greatly when L1 increases to 10 nH. However, 
when L1 is above 30 nH, the variation of real and imagi-
nary part as L1 changes can be neglected. 

As the value of L1 increases from 0 nH to 200 nH, for 
the operated frequency band from 1.7 GHz to 2.5 GHz, the 
real part fluctuation of the input impedance Zin decreases 
from 16.8 Ω to 10.4 Ω while the imaginary part fluctuation 
varies from –j·64.6 Ω to –j·50.8 Ω. Therefore, the variation 
of input impedance is greatly reduced and a smaller slope 
of the input impedance Zin with frequency is achieved, 
which is helpful for broadband impedance matching. It is 
worth noting that for the operated band of this designed 
rectifier, the load impedance of D2 may be dominated by 
RL due to the introduced L1, leading to an increased AC 
component which will be discussed in the following. The 
final value of L1 is chosen as 200 nH in this design. 

We could further obtain the input impedance Zin1 = 
(52.2 – j·102.6) Ω and Zin2 = (41.8 – j·51.9) Ω respectively 
at an input power level of –5 dBm. According to (4), (5), 
the characteristic impedance Z1 and electrical length θ1 are 
calculated to be 175.9 Ω and 52.9° correspondingly at f1. 
Figure 3 depicts the curve of input impedance Zm over the 

whole expected frequency band at different input power 
levels. It is demonstrated that through the use of Part1, the 
real part of Zm remains stable and the imaginary part is odd 
symmetrical to the center frequency f0 = 2.1 GHz. 

Secondly, the second pair of frequencies f3, f4 is se-
lected as 1.8 GHz and 2.4 GHz respectively and the imped-
ance ZA is selected as 50 Ω. Thus, we can obtain the 
Zm(f3) = (40.8 – j·20.0) Ω, Zm(f4) = (39.9 + j·32.7) Ω at the 
input power level of –5 dBm. Rm2, Xm2 are taken as the 
average value of real part and imaginary part of Zm(f3) and 
Zm(f4) respectively, which are 40.4 Ω and –j·26.4 Ω respec-
tively. According to (7), (8), the characteristic impedance 
Z2 and electric length θ2 = θ3 are calculated to be 25.3 Ω 
and 77.1° at 1.8 GHz respectively. The characteristic im-
pedance Z3 is calculated to be 29.2 Ω by using (9). Finally, 
the above initial parameters are optimized by ADS soft-
ware and the layout of the proposed rectifier is shown in 
Fig. 4. The capacitance model from Murata [16] and the 
inductance model from Coilcraft [17] are employed during 
the optimization process. 
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Fig. 2. The variation of input impedance Zin with different 

inductor value L1 at the input power of –5 dBm. 

1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5

-30

-15

0

15

30

45

60

 Real, Pin=-5dBm
 Real, Pin=0dBm
 Real, Pin=5dBm
 Imag, Pin=-5dBm
 Imag, Pin=0dBm
 Imag, Pin=5dBm

Frequency(GHz)

R
ea

l (
O

h
m

)

-30

-15

0

15

30

45

60

75

 Im
ag (O

hm
)

 
Fig. 3. The impedance Zm with different input power levels 

over 1.7–2.5 GHz. 

 
Fig. 4. The layout of the proposed rectifier. 
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The final optimized values of the fabricated rectifier 
are the following: w0 = 1.0 mm, w1 = 0.5 mm, w2 = 
8.6 mm, w3 = 7.7 mm, w4 = 0.5 mm, b1 = 9.8 mm, b2 = b3 
= 26.0 mm, b4 = 8.6 mm, L1 = 200 nH. The simulated 
reflection coefficient of the rectifier is shown in Fig. 5, 
where the frequency band with |S11| below –10 dB is from 
1.5 GHz to 2.5 GHz at the input power level from –5 dBm 
to 5 dBm. For comparison, the simulated reflection coeffi-
cient result in the case of the removed inductor L1 is also 
given in Fig. 5. It can be clearly found that the rectifier 
with L1 has better broadband impedance matching and 
wider operated bandwidth. 

The above designed wideband rectifier is manufac-
tured and Figure 6 shows the photograph of the final fabri-
cated rectifier. The employed substrate is TANOIC TLY-5 
with the thickness of 1.575 mm, relative dielectric constant 
of 2.2, and loss tangent of 0.0009. The package size of the 
employed load RL is 1206 (3.2 mm × 1.6 mm) and the pack- 
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Fig. 5. Simulated reflection coefficient of the proposed 

rectifier with different inductor value L1 at the input 
power from –5 dBm to 5 dBm. 

 
Fig. 6. Photograph of the fabricated rectifier. 
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Fig. 7. Measured and simulated reflection coefficient |S11| 

versus frequency at the input power of –5 dBm for the 
designed wideband rectifier. 

age sizes of the employed capacitance (C1 and C2) and 
inductance (L1) are all chosen as 0805 (2.0 mm × 1.2 mm). 
Figure 7 shows the measured and simulated reflection coef-
ficient |S11| and efficiency versus frequency at the input 
power of –5 dBm. It is seen that the measured |S11| is better 
than –10 dB from 1.3 GHz to 2.3 GHz, featuring a frac-
tional frequency bandwidth of 55.6%. We could find that 
a small frequency shift exists between the measured and 
the simulated reflection coefficient results, which may 
result from the model discrepancy between simulation and 
actual circuit. 

The parasitic effect and fabrication error will cause an 
inconsistency between the actual Zin and the designed value 
(Zin1 and Zin2). Thus, the actual frequency pair which meets 
the conjugated impedance Zm condition in Part I deviates 
from the originally designed frequency pair f1 and f2. When 
applying the dual-band matching network in Part II, the 
optimum impedance matching frequency is shifted from 
the original designed frequency. Moreover, the wideband 
impedance matching performance is slightly deteriorated 
due to the frequency shift. 

By slighty tuning the parameters of three transmission 
lines (TL1, TL2, TL3), the above frequency shift can be 
corrected with the modified simulation result added in 
Fig. 7. In this case, the length b1 changes from 9.8 mm to 
12.1 mm, the width w2 changes from 8.6 mm to 8.9 mm 
and the width w3 changes from 7.7 mm to 7.2 mm. We 
could find that a better agreement between simulation and 
measurement results is obtained and the frequency shift is 
corrected. 

The RF-DC conversion efficiency of the rectifier can 
be expressed as [6] 

 DC DC

RF-DC

RF RF L

2P V

P P R
    (10) 

where PDC is the output power in dc, PRF is the input RF 
power to the rectifier, VDC is the output voltage. The RF 
signal generator (Agilent E8257D) is used to feed the pro-
posed rectifier and the measurement setup is depicted in 
Fig. 8. By changing the input power and frequency, the dc 
voltage is measured by voltage meter. 

Figure 9 shows the measured RF-DC conversion effi-
ciency versus frequency at different input power levels for 
the fabricated rectifier.  When the input power varies from 

 
Fig. 8. Photograph of the conversion efficiency measurement. 
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Fig. 9. Measured RF-DC conversion efficiency versus fre-

quency for different input power levels (–5, 0 and 
5 dBm). 
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Fig. 10. Simulated and measured conversion efficiency at 

1.6 GHz for different input power levels. 
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Fig. 11. Simulated conversion efficiency for different loads at 

the low input power level of –5 dBm. 

–5 to 5 dBm, the power conversion efficiency is higher 
than 30% from 1.3–2.3 GHz, which reveals a broadband 
performance of the rectifier. As the input power increases 
up to 5 dBm, the conversion efficiency is higher than 50% 
from 1.3–2.2 GHz. Therefore, the rectifier can achieve high 
efficiency within a broad frequency band at low input 
power density. 

The simulated and measured conversion efficiency 
with different input power level at 1.6 GHz is depicted in 
Fig. 10, where the measured results agree well with the 

simulated ones. When the input power level is decreased 
from 5 dBm to –15 dBm, the efficiency is reduced from 
57.6% to 16.3% due to the nonlinearity of the rectifier. To 
further evaluate the load impedance on the conversion 
efficiency, the circuit simulation for different loads at the 
low input power level of –5.0 dBm is conducted with the 
simulated result plotted in Fig. 11. We can find that when 
the load impedance RL is below 2.0 kΩ, the average effi-
ciency in the operated frequency band increases as the load 
RL becomes larger. As the load RL is up to 4.0 kΩ, a slight 
reduction of the average efficiency occurs. 

Since the real high-frequency load resistance RL has 
apparently low parasitic capacitance, we further investigate 
the parasitic capacitance effect on the performance of the 
proposed rectifier. The simulated reflection coefficient and 
conversion efficiency results at the input power of –5 dBm 
are shown in Fig. 12 and Fig. 13 respectively. It can be 
observed that in Fig. 12, when the parasitic capacitance of 
RL increases, two resonant frequencies in the reflection 
coefficient are closer, leading to a slight reduction of opera-
tion bandwidth. When the parasitic capacitance increases 
up to 50 pF, the reduction of upper operated frequency with 
|S11| below –10 dB is 100 MHz while the lower operated 
frequency almost remains the same. Moreover, the fre-
quency band for power conversion efficiency higher than 
30% is changed from 1.44–2.64 GHz to 1.34–2.48 GHz. 
Compared with the case of no L1, the proposed rectifier 
with L1 features better impedance matching in the operated 
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Fig. 12. Simulated reflection coefficient for different parasitic 

capacitances of load at the low input power of –5 dBm. 
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Fig. 13. Simulated conversion efficiency for different parasitic 

capacitances of load at the low input power of –5 dBm. 
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Frequency 1.5 GHz 2.0 GHz 2.5 GHz 

Model I II III I II III I II III 

DC 0.353 0.321 0.332 0.375 0.355 0.363 0.350 0.293 0.344 

1st harmonic 0.004 0.032 0.195 0.005 0.086 0.167 0.007 0.128 0.142 

2nd harmonic 0.006 0.120 0.060 0.010 0.155 0.056 0.023 0.090 0.067 

3rd harmonic 0.002 0.005 0.014 0.010 0.016 0.026 0.010 0.046 0.029 

Tab. 1. The DC and AC components of output voltage for different circuit simulation models. 

frequency band even when the parasitic capacitance of load 
is up to 50 pF. 

To analyze the effect of L1 on the influence of AC 
ripple, the high-order harmonics of the proposed rectifier 
are evaluated with the aid of ADS harmonic balance simu-
lation. The harmonics simulation of three circuit models 
(model I, II and III) is conducted for comparison. The 
model III is the final circuit simulation model of the de-
signed rectifier where both the actual parasitic effects of L1 
(L1 = 200 nH) and C2 are considered. While in both model 
I and II, the inductor L1 is not introduced. In model I, the 
L1-C2 serial branch is replaced with an ideal lumped 
component C2 where no parasitic effect is considered. In 
model II, the actual parasitic effect of C2 is included. 

The simulated DC and AC components of output volt-
age at three frequencies covering the operated frequency 
band are listed in Tab. 1 for the input power of –5 dBm. It 
can be seen that the AC component of model I for the three 
kinds of high-order harmonics is quite low. When the ac-
tual parasitic effect of C2 is introduced, the AC ripple of 
model II is largely increased especially for the 2nd har-
monic, and the 1st harmonic at the higher frequency of 
2.5 GHz is also increased greatly. When the actual parasitic 
effects of L1 (L1 = 200 nH) and C2 are both included, a big 
increase of the 1st harmonic occurs at 1.5 GHz and 
2.0 GHz and a small increase occurs at 2.5 GHz compared 
with the results of model II. Moreover, a small reduction of 
the 2nd harmonic is observed. Thus, the introduction of L1 
increases the AC component of the 1st harmonic for the 
proposed rectifier. In practical RF energy harvesting sys-
tem, an additional low-pass filter can be employed to re-
duce the large AC output. 

The comparison between our broadband rectifier and 
other related designs is shown in Tab. 2. It is worth pointing 
 

Ref. 
Conversion 
efficiency 

(%) 

Fractional 
bandwidth 

(%) 

Input 
power  
(dBm) 

Design 
equations 

Design 
complexity

[6] ≥40 32.5 –10 No Complex 
[8] ≥50 34.5 4 No Simple 
[9] ≥50 44.9 3 Yes Medium 

[11] 
21.5 

(average) 
100 –10 No Complex 

[12] ≥70 18.5 10 No Simple 
[13] ≥70 41.5 10 Yes Complex 
[14] ≥50 42.1 6.1 No Simple 
This 
Work 

≥50 51.4 5 
Yes Simple 

≥30 55.6 –5 

Tab. 2. Comparison of the proposed rectifier with other related 
broadband design. 

out that the reported broadband rectifiers in Tab. 2 operate 
at various input power levels and frequency range for dif-
ferent application scenarios. As can be seen from this table, 
our design features a relatively wider bandwidth at the 
input power level around 5 dBm when compared with 
[8, 9, 14]. At lower input power level around –5 (–10) dBm, 
our design shows broader bandwidth at the expense of 
slightly decreased conversion efficiency when compared 
with [6]. References [12], [13] show higher conversion 
efficiency due to the increased input power level. Com-
pared with these reported rectifiers, the proposed wideband 
rectifier has a single branch rectifier circuit, which features 
simple design complexity and concrete design rule. This 
will make it a great potential candidate for practical indus-
trial applications. 

4. Conclusion 
A single branch wideband rectifier using a novel 

wideband impedance matching network is proposed in this 
paper and its design process is provided in detail. The de-
sign process is validated by the fabricated rectifier which 
shows a fractional bandwidth of 55.6% at the input level of 
5 dBm. With a concrete design rule and simple circuit 
structure, the presented wideband rectifier has great poten-
tial of ambient wireless energy harvesting application. 
Going forward, our study is on the improvement of conver-
sion efficiency at lower input level, the reduction of AC 
ripple and the combination of the proposed rectifier with 
the antenna to implement high-efficiency broadband 
rectenna. 
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