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Abstract—In this paper, an ambient power harvester with a 
single diode device is proposed for simultaneously 
scavenging both radiofrequency (RF) and thermal energy 
in a mixed and cooperative manner. This cooperative 
harvesting process is theoretically examined through a 
proposed model of diode and then validated by simulation 
and measurement. In the proposed cooperative power 
harvester, the harvested dc voltage from thermal source is 
used to bias the diode for improving the diode’s RF-to-dc 
power conversion efficiency (PCE). An accurate analytical 
model of Schottky diode is developed for specifying the 
constraining parameters of RF-to-dc PCE and accurately 
predicting diode’s performances in a low RF power range 

( 25 dBm), respectively. The calculated results are found 
to be in a good agreement with the simulated ones 
obtained by the harmonic balance simulator in Advanced 
Design System (ADS). For demonstration and validation, 
the proposed mixed cooperative power harvester is 
designed and prototyped on the basis of diode SMS7630. A 

total measured output dc power around 0.8 W is obtained 
with an RF-to-dc PCE around 33.4%, when the two injecting 

power sources at the diode are both 30 dBm. In addition, 
rectennas with and without a matching network are both 
fabricated and tested. By eliminating the L matching 
network, the rectenna is found to offer a higher dc output 
power. The proposed mixed cooperative power harvester 
is hoped to find potential real-world applications in 
ambient atmosphere with RF coverage and temperature 
gradient. It not only helps to produce a higher power but 
also provides a reliable way of improving the resilience of 
dc power production. 

 
Index Terms—Analytical model, cooperative ambient 

power harvester, low-power scavenging, radiofrequency 
(RF) energy, RF-to-dc power conversion efficiency, and 
thermal energy. 
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I. INTRODUCTION 

MBIENT energy scavenging has attracted significant 

attention for self-powered micro-systems and/or wireless 

sensor nodes in the realization of a smart environment [1]. 

The widely utilized ambient energy sources are 

electromagnetics, vibration (kinetic), thermal, motion, wind, 

solar and so on [2-5]. As one of the multiple sources, wireless 

radiofrequency (RF) energy has been extensively investigated 

in the context of energy harvesting because of its pervasiveness 

such as TV, radio, cellular, satellite, and Wi-Fi signals. It is 

shown that the ambient RF power density is usually less than 1 

W/cm
2
. Because of its limited power density, harvesters 

scavenging ambient RF energy generally suffer from low 

power conversion efficiency (PCE). For example, it has been 

demonstrated that the PCE of a single diode based harvester is 

normally less than 10% if the input power level is lower than 

30 dBm [6]. To leverage the PCE, diodes with stronger 

nonlinearity have been employed such as spindiodes [6], 

backward tunneling diodes [7] and nanodiodes [8]. However, 

these diodes require extremely challenging fabrication 

processes due to the constraints of physical principles and 

accessible materials. An alternative approach is to increase the 

available source power. Some hybrid or mixed power 

harvesters have been proposed by integrating several power 

sources together [9-15]. Among these demonstrations, a power 

harvesting scenario is incorporating RF power (AC power) and 

converted dc power (solar/thermal source) [9, 13, 14]. A hybrid 

power harvester incorporating a solar cell and rectenna was 

proposed in [9]. As the RF and solar energy are harvested 

separately, the RF-to-dc PCE is only around 15% when the RF 

power level is 20 dBm. In [13], a highly integrated power 

harvester was developed to harvest energy sources of solar, 

artificial light, thermal, and RF. It focuses on the design 

topology to achieve high circuitry integration and output power. 

Recently, a thermal source is used as the diode’s bias for 

cooperative energy scavenging in a mixed harvester [14]. 

Although some losses are introduced using the generated dc 

voltage as a bias, the bias can shift the diode operating point, 

leading to a much higher RF-to-dc PCE. The work is valuable 

from the standpoint of economical relevance that is defined as 

the ratio of output value to input cost. This is because thermal 

gradient (thermal sources) can be found in many places and can 

be considered as a free source, while RF sources can be costly 

due to its obtainment from the ad-hoc sources. However, no 

analytical method was given to theoretically estimate the 
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Fig. 1. (a) Schematic diagram of single-diode based mixed cooperative 
RF and thermal power harvester. (b) Shockley model of the diode. 

diode’s output and explicitly indicate key controlling 

parameters.  

In this paper, a mixed cooperative ambient RF and thermal 

power harvester is proposed and rigorously analyzed. By 

utilizing the dc voltage converted by a Thermoelectric 

Generator (TEG) to bias the diode, the RF-to-dc PCE can be 

enhanced in the ambient power range (<25 dBm). An accurate 

analytical model is developed for both qualitative and 

quantitative analysis. Using the model, the key parameters 

controlling RF-to-dc PCE can clearly be revealed. On the other 

hand, the model is capable of predicting the diode’s output 

power and RF-to-dc PCE in a more realistic scenario. It is used 

for the evaluation of a typical Schottky diode SMS7630, which 

is validated by simulation using a harmonic balance simulator 

in Advanced Design System (ADS). For demonstration, the 

mixed cooperative power harvester is designed and fabricated 

with measured results reasonably agreeing with simulated and 

calculated ones, further verifying the proposed analytical model. 

Besides, the rectenna of such a mixed cooperative power 

harvester is designed without a matching network and 

measured under different RF source illustrating conditions. It 

can output a higher dc power than the rectenna with L matching 

network.  

The paper is arranged as follows: Section II gives the diode’s 

analytical model and the evaluation of diode SMS7630 using 

the proposed model. A mixed cooperative power harvester 

based on diode SMS7630 is demonstrated in Section III for 

validation. Section IV shows the rectenna design, measurement 

setup, and measured results. Section V concludes the 

contribution of the work. 

II. THEORETICAL ANALYSIS 

A. Accurate Model 

Figure 1 (a) shows the schematic diagram of a single-diode 

based mixed cooperative RF and thermal power harvester. The 

thermal power is harvested through a TEG device based on 

Seebeck effect [16] which is capable of generating dc voltage 

using a temperature gradient between two dissimilar 

conductors or semiconductors. The RF and thermal sources are 

assumed to have internal or equivalent internal resistors of R01 

and R02, respectively. It should be mentioned that the TEG 

with small resistance R02 is selected in the design to provide a 

dc bias close to the voltage converted by the TEG source. For 

isolation between the two source ports, dc block C1 and RF 

choke L2 are deployed. For a typically packaged diode, the 

packaging effect is usually modeled as parasitic inductor Lp and 

capacitor Cp. At the load, capacitor CL is placed in parallel with 

load resistor RL to smooth out AC component. The Shockley 

model is utilized for the diode analysis as shown in Fig.1(b) 

which includes a nonlinear junction resistor Rj, junction 

capacitor Cj and series resistor Rs. 

The RF source is assumed as a sinusoidal wave signal with a 

voltage of           (     ) . Here,     and    are the 

voltage magnitude and source frequency, respectively. It 

should be mentioned that only the fundamental component of 

the RF source is considered to reach the diode, as the 

higher-order harmonics could be filtered out by designing a 

proper matching network [17]. The dc voltage converted by 

TEG and the total rectified voltage across RL are defined as 

     and   , respectively. Thus, the voltage across the 

nonlinear junction resistor Rj is defined as     which can be 

calculated as:  

                                                                   (1) 

The load voltage    is easily obtained by multiplying dc current 

   by total resistance Rt in the dc path. As the dc current    
cannot go through the RF source due to the dc block capacitor 

C1, Rt is obtained as          . 

Using the Shockley model, the exponential I-V relationship 

of the Schottky diode can be written as: 

       [ 
   
      ]                            (2) 

where Is and n are saturation current and ideality factor of the 

diode which may vary with different diodes. The parameter of 

Vt is the thermal voltage which is defined as Vt =       with  , 

 ,and   representing the Boltzmann constant, operating 

temperature and electron charge, respectively. The value of Vt 

is usually constant when the temperature T is fixed. It should be 

mentioned that the exponential model (2) can be considered 

accurate within this low-power range. 

To obtain different harmonic components of the current, a 

method of Taylor expansion has been utilized but showing 

some truncation errors [10]. This problem can be solved by 

expanding the exponential term with the Bessel function, 

shown as: 
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where g(k)=      (  
  

    
) , in which    ( )  is the Bessel 

function of the first kind of order k. After extracting the dc 

component in (3) and substituting the extracted term in (2), the 

solution of    can be obtained as: 

      (
  ( )

 
  )                              (4) 

where   ( ) is the 0th branch of the Lambert-W function with 

x given by  𝐺    (  
  

    
)   

    
       . The parameter G is 

defined as  (         )    , in which    =         is the 

zero bias junction resistance of the diode. As R02 is very small 

compared to Rj0, it shows negligible effects on    in (4). After 

obtaining il in (4), the output dc power Pl at load RL can be 

easily calculated by: 



     
                                      (5) 

The injected dc power from TEG and RF power can be written 

as: 

                   .                              (6) 

        (
     

 

 
)                             (7) 

where   and    are the voltage and current of RF source at node 

p in Fig.1(a). To obtain the values of these two parameters, the 

voltage    
and current    

of RF source at p1 are calculated first 

as:  

   
     (           )                    (8) 

   
                                        (9) 

where  = 2   is the angular frequency of RF source. The 

parameter I1 is the fundamental RF current going through Rj. It 

can be obtained using (2) and (3), which can be written as: 

      [      (  
  

    

)   
       

    ]     (     )     (  ) 

It should be noted that    is assumed to be in-phase with    in 

the calculation. Using    
 and    

, parameters    and     can 

be easily calculated at the packaged diode (Fig.1 (a)): 

      
         

                          (11) 

      
    

                               (12) 

By substituting (10) into (11) and (12), the injecting RF power 

in (7) can be therefore obtained. It should be noted that we only 

consider how the power is converted in the diode when the 

source power reaches the diode. Only parasitic components of 

the diode are considered because they have impact on the 

power converted in the diode. For C1 and L2, they will not 

interact with the nonlinear conversion of the diode. As a result, 

the parasitics of C1 and L2 are neglected here for simplicity 

without affecting the proposed model. Using the accurate 

model formula, the output dc power    can be easily obtained if 

both source power levels are given [18].  

The RF-to-dc PCE        and total PCE ɳ can be calculated 

as:  

       
         

   
                              (13) 

  
  

        
                              (14) 

where        is the output power at load in the mixed power 

harvesting scenario without RF source input. Using (13), 

       can be further written as 
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 (         
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where     is the short circuit current responsivity defined as the 

ratio of rectified RF-to-dc current to input RF power PRF, at 

short circuit condition, while il_TEG is the dc current contributed 

by the thermal source. It can be observed from (15) that 

      is a function of  
𝑗
  

 
          and  

   𝐸𝐺
. When the 

other parameters are fixed, the higher RF source power     

will result in the higher the RF-to-dc PCE. The result is 

consistent with that in a zero-bias scenario [6]. Also, the 

efficiency is directly related to  
   𝐸𝐺

 which is a parameter 

direct proportional to the applied     . Another important 

parameter     is limited by the fabrication technology and has 

a maximum value of 19.34 A/W for Schottky diode at room 

temperature of 300K [19]. In order to maximize (15), a 

Schottky diode with higher  
𝑗
 and lower  

 
 is preferable.  

According to (15),        can be qualitatively analyzed. The 

formula would be useful as a rough guideline for selecting a 

desirable diode when designing such a mixed cooperative 

power harvester. However, in a realistic scenario, these key 

parameters are related to each other. The proposed formula 

(1)-(12) can give a more realistic quantitative analysis of the 

diode making a comprehensive evaluation, which will be 

shown in part B. 

 

B. Evaluation of SMS7630 using Accurate Model 

The mixed cooperative power harvester based on typical 

diode SMS7630-079LF is calculated in this part for evaluation. 

The SPICE and packaging parameters of the diode are given in 

Table I. Using the accurate model, the current responsivity 

  (  )  considering the load condition is rewritten as: 
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   𝐸𝐺

 
 𝐹

  (     𝐸𝐺
 

 
 

 
𝑗 

)               (16) 

After substituting (4) into (16), it can be found that   (  ) is a 

function of   ,     , and 
 

 

 
𝑗 

. For a given 2.4 GHz RF source 

with a power level of 40 dBm, the calculated   (  ) contour 

as a function of   
 𝐸𝐺

 and 
 

 

 
𝑗 

 for SMS7630 is shown in Fig. 2. 

With reference to Fig.2, a lower RL can lead to a higher   (  ). 

TABLE I 
SPICE AND PACKAGING PARAMETERS OF SMS7630-079LF 

Parameters Is n Rs Cj0 Lp Cp 

Units A / Ω pF nH pF 

Value 5e-6 1.05 20 0.14 0.7 0.16 

 

 

Fig. 2.  Calculated  𝐼 (𝑖𝑙) using accurate model for PRF=40 dBm with  

 vTEG  and 
 L

 j 
 changing from 0-200mV and 0-6, respectively. The 

calculation is based on SMS7630.  
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 is relatively small (< 0.3),   (  ) may increase at 

small      but decrease with larger     . 

Referring to (14),       is also associated with  
𝑗
( 

 
)  

and  
   𝐸𝐺

except   (  ). To investigate the effects of      on 

these four parameters ( 
𝑗
( 

 
)   (  ),        and  

   𝐸𝐺
), Fig. 

3 shows the calculated trend of each parameter for a fixed RF 

power of 30 and 40 dBm. For the ease of calculation, RL is 

fixed and equal to Rj0. The voltage range 0-200mV is selected 

as it is enough for the ambient power level <25 dBm. With 

reference to Fig.3(a), both   
𝑗
( 

 
)  and   (  )have the same 

tendency which declines as   
 𝐸𝐺

 is enlarged. However, 

because of the increased bias current  
   𝐸𝐺

,         is 

enhanced as a result as shown in Fig3.(b). It should also be 

noted that although a higher        is achieved with a 

larger  
 𝐸𝐺

, the enhancement of        reduces gradually. For 

the validation of calculated results, the mixed cooperative 

power harvester is also simulated in ADS with the simulated 

       compared in Fig.3. A reasonable consistency can be 

observed between the calculated and simulated results, thus 

verifying the accuracy of the model. Fig. 4 shows the calculated 

and simulated total PCE with a good agreement between each 

other. 

The above calculation has theoretically pointed out the key 

controlling parameters that affect the RF-to-dc PCE of such a 

mixed cooperative power harvester topology. It can be found 

that the formula can accurately predict the RF-to-dc PCE and 

total PCE in each power level, which helps to clearly show the 

benefits of the mixed power harvester. Besides, the required 

TEG and RF voltages in the mixed power harvesting can be 

also accurately estimated using the proposed formula for given 

power levels. 

III. MEASUREMENT AND MODEL VALIDATION 

The experimental prototype of the proposed mixed 

cooperative power harvester is designed and fabricated on a 

substrate material of Rogers RT/Duroid 6002 which has a 

dielectric constant of 2.94 and thickness of 20 mils, as shown in 

Fig. 5. The RF source frequency is 2.4 GHz. A typical L 

matching network is employed to match the RF source to the 

diode. To harvest the thermal source, a Peltier device with the 

part number of CP60240 is used. The load resistor (RL) is 5.6 

kΩ. It should be mentioned that as our demonstration is used 

for validating the proposed analytical model, RL is kept the 

same as Rj0 considering the power range of interest is at 

ambient level (< 30 dBm). The components C1 and L2 with 

high Q factors from Johanson Technology Inc. are selected 

with part numbers of 201R07S270JV4S and L-07C27N#V6T, 

respectively. 

Figure 6(a) displays the measurement setup of the mixed 

cooperative power harvester. An external signal generator is 

used to provide the RF source. Two multimeters are employed 

to measure the dc voltages converted by TEG and output 

rectified by diode at RL, respectively. The thermal measurement 

 
Fig. 3. When  𝑣𝑇𝐸𝐺   is changed from 0 to 200mV, calculated 𝑅𝑗(𝑖𝑙) , 

 𝐼 (𝑖𝑙) , 𝜂𝑅𝐹 𝑑𝑐 , and 𝑖𝑙 𝑇𝐸𝐺 are plotted for PRF = 30 dBm and 40 dBm. 

(a) Calculated 𝑅j(i ) and  𝐼 (𝑖𝑙) (b) Calculated  𝜂𝑅𝐹 𝑑𝑐  and 𝑖𝑙 𝑇𝐸𝐺 . The 

simulated 𝜂𝑅𝐹 𝑑𝑐 is compared for validation. The calculation and 
simulation is based on diode SMS7630. 
 

 
Fig. 4.  Calculated and simulated total PCEs of the proposed mixed 
cooperative power harvester. Measured RF-dc PCEs of the proposed 
mixed cooperative and single RF power harvesters. Calculation and 
simulation are based on diode SMS7630. 

 

 
Fig. 5. The prototype of the proposed mixed cooperative power 
harvester. 



setup is used for demonstration which can be avoided in 

practical applications. In the setup, the hot side of TEG is 

heated for generating the temperature difference with the cold 

side (ambient temperature). The temperature difference can be 

monitored by a thermometer. Using the temperature gradient, 

the TEG can produce dc voltage vTEG working as the bias which 

can be monitored using the previously mentioned multimeter. 

For the thermal source setup, a thick foam is used as the heat 

isolator with a rectangular hole reserved for a small aluminum 

block serving as the heating source. The TEG is placed on the 

top of the small aluminum block. To better control the 

temperature variance of TEG, a bulky aluminum block is 

introduced and placed on the TEG as the heat sink. The bulky 

aluminum block can simultaneously ensure a good contact 

between the TEG and the small aluminum block (heating 

source). A detailed illustration of the thermal source setup is 

given in Fig.6 (b). Such a measurement setup is used for better 

controlling the temperature difference, thus the required dc 

voltages for different power levels. As shown in Fig. 6(a), the 

measured dc voltage converted by TEG and temperature 

difference across the two sides of TEG can be collected at the 

same time. 

In both simulation and measurement, the power from TEG 

and RF source reaching the diode are kept the same and swept 

from  45 to  30 dBm. The power from TEG means the dc 

power reaching the diode, which can be calculated using (6). 

For providing the required power level, the corresponding TEG 

voltage vTEG can be calculated preliminarily using the proposed 

analytical model. In the measurement, we just need to monitor 

the TEG voltage vTEG caused by the temperature gradient.  

Figure 7(a) shows the calculated, simulated, and measured 

output dc power of the mixed cooperative power harvester 

against the injected source power level. For the mixed 

cooperative power harvester, the two source power levels are 

kept the same. The required temperature gradient is given in the 

upper axis of Fig.7(a), which corresponds to the power level 

shown in the lower axis. It should be noted that a high 

temperature gradient is needed across the two sides of TEG in 

order to obtain enough biasing dc voltage on the diode. It is 

because the diode’s junction resistance Rj0 is much larger than 

the TEG’s internal resistance R02, leading to a low power 

transfer efficiency from the TEG to the diode. Again, a 

reasonable consistency is obtained between the calculated and 

simulated results, thereby validating the proposed analytical 

model. The measured result is observed slightly lower than the 

calculated and simulated counterparts. This discrepancy should 

be caused by the unaccounted losses of lumped components 

and imperfection of the experiments. For comparison, the 

output dc power of each single source input scenario is also 

plotted in Fig.7(a). A reasonable agreement is also observed 

between results in calculation and simulation for each case, 

thus showing that the analytical model also applicable for 

single source input scenario. Besides, the mixed cooperative 

power harvester can be found to produce higher power than the 

scenario with a single RF/thermal input. Although the thermal 

power harvesting is the dominant contributor to the power 

range of interest, the contribution of RF power harvesting 

becomes more significant with the increase of RF power. It is 

reasonable that the RF PCE increases dramatically with a larger 

injecting power. Moreover, it is also found that the RF-to-dc 

 
(a) 

 

 
(b) 

Fig.6. (a) Measurement setup of the proposed mixed cooperative 
power harvester. (b) Diagram showing the thermal source setup. 
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(b) 

Fig. 7. (a) Calculated, simulated, and measured output dc power of the 
proposed mixed cooperative power harvester with RF and thermal 
sources, with thermal source, and with RF source input.  The RF and 
thermal power are kept the same.(b) Measured output dc power of the  
proposed mixed cooperative power harvester with RF and thermal 
source varying from  45 dBm to  25 dBm. vTEG corresponds to the 
bias voltage when the two source power are equal. 



power can be significantly enhanced in a very low power level 

(~9.4 times @45dBm in the calculation) when keeping the 

two source power same. But the enhancement decreases with a 

higher injecting power (~1.68 times @25dBm in the 

calculation). Figure 7(b) shows the measured output dc power 

of the mixed cooperative power harvester, when each of the 

sources is varied from  45 dBm to  25dBm.  

To show the advantage of the proposed mixed cooperative 

power harvester, the measured RF-to-dc PCE is compared with 

the single RF power harvester with result shown in Fig.4. To 

ensure a fair comparison, the total input power levels in the two 

cases are kept the same. As expected, a significant 

improvement in RF-to-dc PCE can be observed. It clearly 

demonstrates the merits of the proposed mixed harvester in 

RF-to-dc PCE, making it useful for practical application 

scenarios considering the economical relevance [14].  

The cooperative interaction between the two sources can be 

found in two aspects. One of the aspects is a significant 

improvement in RF-to-dc PCE (evidenced in Fig.4). For the 

other, the input source voltages were found lower in the mixed 

power harvesting than those in the single source cases, if the 

same amount of power reaches the diode. 

IV. RECTENNA DESIGN 

Different from the ideal RF input provided by a single 

generator in Section III, we designed an antenna to integrate it 

with the harvester forming a rectenna in order to make it 

capable of scavenging the ambient RF power. The rectenna in 

this part is proposed for demonstrating the mixed RF-TEG 

power harvesting in a more realistic way. As the previous 

model only considers the power reaching the diode, the antenna 

design will not affect the previous analysis. But the parameters 

of return loss and antenna gain will determine the received 

power, and thus the final output power, when the ambient 

power density is fixed. To verify the previous analysis directly, 

the matching network is excluded by matching the antenna to 

the diode input. It means that the rectenna is expected to show 

the similar output power when the antenna receives the same 

amount RF power as in Section III. In such a way, the rectenna 

demonstrates a realistic realization of the mixed RF-TEG 

harvester.  

In this part, the antenna design is firstly given including the 

key parameters of return loss, antenna gain and radiation 

patterns. Then, it is investigated to use the designed antenna to 

scavenge the RF power in a mimetic RF environment. Finally, 

the rectenna is tested with the RF and thermal power input. 

 

A. ANTENNA 

Bowtie slot antenna is employed here because of its 

wideband impedance bandwidth which can make the entire 

harvester more tolerant to a frequency shift in the experiments. 

Figure 8 shows the configuration of the bowtie slot antenna 

with corresponding dimensional parameters. The antenna is 

designed on the same substrate material as the harvester in Fig. 

5. In the design, the two bowtie slot antenna elements are fed in 

phase and with the same amplitude by a Wilkinson power 

divider. Using two antenna elements, a higher antenna gain can 

be produced than a single element which can increase 

accessible RF power in the same power density environment 

[20-22].  

Figure 9 shows the simulated and measured reflection 

coefficients of the antenna. As can be observed, a reasonable 

agreement can be obtained between the simulated and 

measured results. The measured impedance bandwidth is 

43.9 % (1.92 GHz-3GHz), which is slightly larger than the 

simulated result of 37.3% (1.92 GHz-2.80 GHz) due to the 

unaccounted losses in the experiments. The impedance 

bandwidths of the antenna are wide enough for the narrow-band 

rectification. 

The simulated and measured antenna gains at boresight 

direction ( = 0  and ϕ = 0 ) against frequency are also plotted 

in Fig. 9. Again, a reasonable consistency is observed. At 2.4 

GHz, the simulated and measured antenna gains are 5.54 dBi 

and 5.07 dBi, respectively. 

Figure 10 shows the measured and simulated radiation 

patterns of the antenna at two elevation planes of ϕ = 0  and 90  
at 2.4 GHz. As can be observed, the measured and simulated 

results agree with each other. The antenna has a bidirectional 

pattern with the maximum radiation at θ = 0  and 180 . The 

radiation patterns are stable across the impedance bandwidth.  

 

B. Rectenna 

In order to test the rectenna under different RF source power 

levels, the received power against the distance between the 

transmitting antenna and proposed bowtie slot antenna is 

investigated first. Figure 11 shows the measurement setup. To 

exclude the interference from free space, the experiment is 

 
Fig. 8. The configuration of the bowtie slot antenna: L = 42 mm, W = 36 
mm, g = 8 mm, ls = 73.4 mm, l1 = 5 mm, l2 = 33 mm, l3  = 6 mm, l4 = 13.3 
mm, l5 = 21.7 mm, l6 = 38 mm, w = 2 mm, w1 = 1.29 mm, w2 = 0.72 mm, 
Ga = 55 mm, and Gb = 110 mm. 
 

 
Fig. 9. Simulated and measured reflection coefficients and antenna 
gains of the bowtie slot antenna. 
 
 



conducted in the anechoic chamber. In the experiment, a stubby 

antenna as transmitting antenna is connected to a signal 

generator with output power of 0 dBm, to mimic the low-power 

RF environment. The designed receiving bowtie slot antenna is 

connected to a signal analyzer for measuring the received RF 

power. Both the transmitting and receiving antennas are placed 

onto a triangular track for fixing and marking the position. The 

position of the transmitting antenna is defined as the original 

point. By moving away from the transmitting antenna, the 

receiving antenna is able to receive different RF power levels.  

The transmitting power density Pd using Friis transmission 

equation [23] can be calculated by:  

   
    

                                         (17) 

where Pt and Gt are the power and antenna gain of the 

transmitting antenna, respectively. R is the distance between 

transmitting and receiving antenna. If the antenna gain of a 

receiving antenna is defined as Gr, the received power can be 

given by: 

   
   

 

  

    

                                   (18) 

In the experiments, the distance between the transmitting and 

receiving antenna R is varied in a range of 30 -80 cm, due to the 

limitation of the cable and track lengths. The distance range 

satisfies the far-field region condition of the transmitting 

antenna at 2.4 GHz (R  4 cm). Figure 12 shows the measured 

RF power as a function of distance R. The cable loss of 

receiving antenna is compensated here. According to Fig.12, 

when the receiving bowtie slot antenna is moved away from 30 

to 80 cm, the received RF power level can be changed from 

 27 to  37 dBm. Using the plot in Fig. 12, the received power 

can be directly related to the distance. 

The bowtie slot antenna is integrated with the proposed 

mixed cooperative power harvester, forming a rectenna. To 

avoid the matching loss between the antenna and harvester, the 

rectenna is developed by directly matching the antenna port to 

the input of the diode [24]. Figure 13 shows the prototype of the 

proposed rectenna. The load resistor (RL) is kept as 5.6 kΩ that 

is equal to the value in the previous power harvester. It should 

be mentioned that the theoretical analysis is still valid for this 

case, as the transmitting antenna can only provide the RF 

source around the design frequency of interest without 

involving the higher-order harmonics. Also, the direct 

conjugate matching between the antenna and harvester ports 

only works at the design frequency due to the impedance 

variation of the two ports. 

Figure 14 shows the measurement setup for the proposed 

rectenna, using the same setup condition as shown in Fig. 11. 

For the output dc voltage of TEG, it still uses preliminarily 

determined values given in previous section which is monitored 

by a multi-meter as indicated in Fig. 14. To measure the output 

dc power, another multi-meter is deployed. Figure 15 shows the 

measured output dc power of rectenna with mixed power 

sources and that with a single RF source against the received 

RF power. The dc power converted by TEG is kept the same as 

the received RF power. When the received RF power is around 

 30 dBm, the output power of 0.754 W and 0.067 W are 

measured for the two aforementioned cases. The values are 

consistent with the results obtained in the previous harvester 

without the antenna, validating the rectenna design. As 

expected, higher output dc power is observed in the rectenna 

with mixed cooperative power sources. For comparison, the 

rectenna with L matching network is also fabricated and 

measured with the result given in Fig. 15. 

It was found that the output dc power around 0.7 W is 

obtained under the same input power condition ( 30 dBm). 

 

ϕ = 0                                        ϕ =90  

Fig. 10. Simulated and measured radiation patterns of bowtie slot 
antenna at elevation planes of ϕ = 0  and 90 . 

 

 
Fig. 11. Measurement setup for measuring received RF power using 
the bowtie slot antenna. 

 
 

 
Fig. 12. Measured RF power received by bowtie slot antenna against 
distance away from the transmitting antenna. 

 

          
(a)                                              (b) 

Fig. 13. The prototype of the proposed rectenna without matching 
network. (a) Ground plane layer showing the two etched bowtie slot 
elements. (b) Circuit layout showing antenna’s feeding network and 
connected harvester without matching network. 

 



This is reasonable as the matching network will introduce 

insertion loss which reduces the power reaching the diode. The 

less injecting power into the diode results in lower RF-to-dc 

PCE and final total PCE. The matching network effects can be 

further investigated using a similar model shown in [25]. As the 

diode impedance changes slightly in the designed power level 

due to the parasitic capacitance, a simple L matching network is 

used in the design. Also, acceptable matching performance of 

the rectenna eliminating the matching network can be obtained 

over the measured power range because of a slight variation of 

the diode impedance. Referring to the curves in Fig. 15, the 

rectenna without the matching network can produce a higher 

output power than that with the simple L matching network.  

This is also reasonable as the former rectenna can eliminate the 

loss of matching network, if the matching conditions of both 

rectennas are acceptable.  

Table II shows a comparison between the proposed mixed 

power harvester and previous designs. From the perspective of 

the energy availability, RF power can be continuously obtained 

unless in blackout situations. But considering the low power 

density of RF power, the output power of pure RF power 

harvesters is usually limited [26-28]. By incorporating several 

power sources, the hybrid/mixed harvester is not only a way of 

producing more power but also a reliable way of improving the 

resilience of the dc power production (given that the two energy 

sources are uncorrelated) [9,10],[12-15]. Although solar and 

artificial light sources have large power densities, they are 

limited by weather condition and human activities. A simple 

combination of the solar/light and RF sources can only improve 

the output power without increasing RF-to-dc PCE [9,12]. In 

[13], a seamless incorporation of solar, thermal and RF sources 

results in a high complexity of the device. For enhancing the 

total PCE, the cooperative kinetic and RF power harvester was 

developed, but it shows a relatively large size and relatively low 

output power due to a low power density [10,15]. The thermal 

power is also intermittent source and sometimes relies on a heat 

sink for maintaining the temperature gradient. It is employed as 

a bias of a diode with the RF-to-dc PCE leveraged [14]. 

However, the theoretical analysis of the diode conversion, the 

RF-to-dc enhancement, and the key controlling parameters 

were not clearly given. As shown in the Table II, the proposed 

topology shows the maximum RF-to-dc PCE at the ambient 

power level among these hybrid/mixed power harvesters. 

Besides, the accurate model takes the parasitic components of 

the diode into consideration and can accurately predict the 

diode’s performance in the single or mixed power source 

injecting scenarios. Moreover, the proposed method reveals 

parameters controlling the RF-to-dc PCE, providing a clue for 

selecting a proper diode. 

Figure 16 shows a realistic application scenario in an office 

building with Wi-Fi coverage. By placing the TEG on the 

window, the temperature gradient can be obtained by the 

temperature difference between indoor and outdoor. The indoor 

room temperature is generally stabilized at 20 °C all the year 

around, but the temperature outside varies and can be even 

down to  40 °C in winter providing enough temperature 

gradient for power harvesting. 

Table II  Comparison of previous power harvesters 

 
Energy 

availability 
Injecting energy 

Input RF power 

level (dBm) 

Meas. total PCE 

(@ 30dBm) 

Meas. RF-dc PCE 

(@ 30dBm) 

Device 

complexity [29] 

Theoretical 

analysis 

[26] Continuous High-freq.@ 2.45 GHz  30 to 15 10% 10% Simple No 

[27] Continuous High-freq.@0.9&1.8&2.1GHz  40 to  10 15% 15% Medium No 

[28] Continuous High-freq.@ 1.8-2.5 GHz  35 to  10 10.7% 10.7% Medium No 

[9] 
Day time (S) 

Continuous (R) 
DC(S) &High-freq. 
@ 0.85& 1.85 GHz 

 25 to  10 N.A. 15%@ 20dBm Medium No 

[10] 

& [15] 

Intermittent(K) 

Continuous (R) 

Low-freq. AC (K) & 

High-freq.@1.8 GHz 
 45 to  30 5.35% N.A. Medium Yes 

[12] 
Intermittent (L)  

and (T) 
DC(L) and (T) N.A. N.A. N.A. Medium No 

 

[13] 

 

Intermittent (T) 

Day time (S) 

Continuous (R) 

DC (T) &DC (S) & High-freq.  
@2.45 GHz 

N.A. N.A. N.A. High No 

This 
work 

Intermittent (T) 
Continuous (R) 

DC (T) & High-freq. 
@ 2.4 GHz 

 45 to  25 
40%@ 30dBm 

32%@ 40dBm 

33.4%@ 30dBm 

14.3%@ 40dBm 
Medium Yes 

(T) Thermal energy, (R) RF energy, (S) solar energy, (K) kinetic energy. 

 
Fig. 14. Measurement setup of the proposed rectenna. 

 
Fig. 15. Measured output dc power of the rectenna eliminating 
matching network with two power sources, the retenna eliminating 
matching network with only RF input, and the rectenna with L matching 
network against the measured RF power. The thermal source power is 
kept the same as the received RF power. 

 

 



V. CONCLUSION 

In this paper, a mixed cooperative ambient power harvester 

scavenging RF and thermal energy for low-power application 

scenarios has been designed, rigorously analyzed, simulated 

and measured. The harvested dc power from thermal source is 

deployed for biasing the diode, in order to improve RF-to-dc 

PCE. To predict the diode’s performance in this scenario, an 

accurate model was proposed. Using the model, RF-to-dc PCE 

relevant parameters are specified. This model can be useful as a 

rough guideline for selecting a proper diode in such a mixed 

power harvester. The model takes the parasitic components of 

the diode and the load resistor into consideration, thus showing 

a more realistic model. Precise prediction of output dc power 

and RF-to-dc PCE can be given for Schottky diode in such a 

mixed cooperative power input condition. In the design 

example, a typical diode model of SMS7630 is used for 

validating the analytical formulation.The evaluation of the 

diode is shown with each related parameter affecting the 

resultant RF-to-dc PCE. The calculated RF-to-dc PCE was 

verified by the simulated one. The prototype of the mixed 

cooperative power harvester was fabricated for further 

validation. It was found that the measured dc power reasonably 

agrees with the calculated and simulated results in the power 

range of interest.  

Besides, a systemic rectenna design including the antenna 

design and RF environment setup is clear given. The proposed 

rectenna integrating a bowtie slot antenna was designed with 

the antenna port matched to the diode directly. It is measured 

under different RF power conditions. The dc power harvested 

from thermal source is kept the same as RF source. When the 

two power sources are both around 30 dBm, the output power 

of 0.754 W is obtained. Besides, the output dc power is higher 

than the counterpart in the rectenna using simple L matching 

network.    

The proposed mixed power harvester is capable of 

leveraging the RF-to-dc PCE, thereby showing its usefulness in 

a situation considering economical relevant issues.  
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