
HAL Id: hal-04559957
https://hal.science/hal-04559957

Submitted on 25 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Accurate Analytical Model for Hybrid Ambient Thermal
and RF Energy Harvester

Xiaoqiang Gu, Lei Guo, Moussa Harouna, Simon Hemour, Ke Wu

To cite this version:
Xiaoqiang Gu, Lei Guo, Moussa Harouna, Simon Hemour, Ke Wu. Accurate Analytical Model for Hy-
brid Ambient Thermal and RF Energy Harvester. 2018 IEEE/MTT-S International Microwave Sym-
posium - IMS 2018, Jun 2018, Philadelphia, France. pp.1122-1125, �10.1109/MWSYM.2018.8439318�.
�hal-04559957�

https://hal.science/hal-04559957
https://hal.archives-ouvertes.fr


Accurate Analytical Model for Hybrid Ambient  

Thermal and RF Energy Harvester  

 

 

 
Abstract— An accurate analytical model for the efficiency pre-

diction of a hybrid ambient thermal and RF energy harvester is 
proposed in this paper. The DC power provided by the Thermoe-
lectric Generator (TEG) is directly influencing the operation of the 
RF rectification. The proposed analytical model can provide an 
accurately predicted efficiency performance within a low-power 
range (< -30 dBm), thanks to a precise separation of each har-
monic and DC component generated by diode. This has been ver-
ified by comparing with results obtained by both ADS simulation 
and experiments. Moreover, such a hybrid ambient thermal and 
RF energy harvester shows an advantage over its hybrid mechan-
ical and RF energy harvesting counterpart in terms of rectified DC 
output power in the low-power range of interest. This is mainly 
due to the instinct of DC output converted from thermal energy 
and its huge contribution.        

Index Terms—hybrid energy harvester, thermal energy har-
vester, low-power harvesting, thermoelectric generator  

I. INTRODUCTION  

To meet different energy consumption requirements of so-

phisticated sensors, intensive hybrid energy harvesting research 

has emerged recently, including a combination of two or even 

more types of RF, mechanical, thermal and solar energy [1]. 

Among different hybrid energy harvesting cases, thermal and 

RF energy harvesting is a typical one. The output of a thermal 

energy harvesting is DC power, acting as a bias of diode to shift 

its operating point. Thus, the introduction of thermal energy 

harvesting into a classical RF energy harvesting topology can 

produce a substantial improvement of efficiency performance. 

This hybrid thermal and RF energy harvesting was first re-

ported in [2]. Though it shows performance improvement com-

pared with single RF energy harvesting case as expected, there 

is still no comprehensive analytical model revealing how such 

a hybrid harvesting works collaboratively to lift the harvester’s 

total efficiency. Considering a real-world application situation, 

ambient RF power is normally around -30 dBm or less. In the 

scope of this work, the DC power converted from TEG is also 

assumed to be at a similar power level. In such a low-power 

scenario, a theoretical model to accurately predict total effi-

ciency performance is reported in this work once given input 

RF power level and bias voltage. The importance of the DC bias 

obtained from thermal energy harvesting in a low-power range 

is clearly observed. By comparing with a hybrid mechanical 

and RF energy harvester, this hybrid thermal and RF energy 

harvester demonstrates an obvious superiority in terms of DC 

output power.      

II. ANALYTICAL MODEL FOR HYBRID AMBIENT THERMAL AND 

RF ENERGY HARVESTING 

The schematic diagram of a classical single diode based rec-

tifier collecting both thermal and RF energy simultaneously is 

depicted in Fig. 1. Source #1 is the RF source with its internal 

resistance marked as R01. The equivalent circuit of the TEG 

that consists of a DC source and a low-value resistance is la-

beled as source #2. Both sources are isolated from each other 

by DC block C1 and RF choke L2. The energies generated by 

the sources are combined and injected into the packaged 

Schottky diode. Lp and Cp are packaging parasitic inductance 

and capacitance, respectively. The capacitance inserted in par-

allel with load resistor Rl is employed to smooth out AC com-

ponent across the load. The Shockley diode model is used in the 

analysis which contains nonlinear junction resistance Rj, non-

linear junction capacitance Cj and series resistance Rs. 

 

Fig. 1. (a) Diagram of a classical single diode based rectifier harvesting 

both thermal and RF energy. (b) Shockley diode model used in the analysis. 

        It is worth noting that a proper design of matching network 

with harmonic terminations can smooth out higher harmonics. 

Thus, maximum fundamental component is allowed to reach 

the rectifying diode [3]. Therefore, the matching network has 

been removed for simplification in Fig. 1, which enables us to 

clearly demonstrate the rectifying process of the hybrid thermal 

and RF harvester. The node voltages V0, V1, V2, and V3 iden-

tify corresponding voltage value at different points as shown in 
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the rectifying circuit diagram. Note that node voltages in both 

Fig. 1 (a) and (b) are kept consistent. 

The RF source is assumed to generate a sinusoidal wave. 

When starting from the analysis of the voltage across the non-

linear junction resistance (between V2 and V3), one can reach: 

                   
           (1) 

It contains a fundamental component , a DC bias compo-

nent  and a DC voltage  generated by the diode itself. 

,  and  are respectively the voltage magnitude, fre-

quency and phase information of  . And the magnitudes of 

 and  are marked as  and .  pulls down 

the operating point of the diode to a lower voltage level, so it 

appears in (1) with a negative sign.  can be calculated by DC 

current times total resistance in this circuit. The DC current  

only goes through TEG due to the existence of the DC block. 

Thus  is: 

                   (2) 

Based on the Shockley model, Schottky diode’s I-V relation-

ship is modeled by: 

    

        (3) 

in which Is and n are saturation current and ideality factor of 

the selected diode.  is the thermal voltage. ,  

and  are the Boltzmann constant, operating temperature and 

electron charge, respectively. This exponential model can be 

considered accurate within this low-power range. 

The next step is to separate diode current at different 

harmonics including the DC component. This has been done 

using Taylor series, but it may introduce some truncation errors 

which are more obvious at a higher power level [4]. With the 

help of Bessel function, this step can be done easily: 

   

(4)  

where  is the Bessel function of first kind of order k. So 

the DC current can be calculated by extracting the DC compo-

nent in (4) and substituting it together with (2) into (3). By using  

the Lambert-W function, an explicit solution of  is: 

            (5) 

where G is calculated by . =  

is the zero bias junction resistance.  in (5) is the 0th 

branch of the Lambert-W function. Therefore, the available DC 

power across the load can be expressed by: 

                                  (6) 

 In order to obtain the efficiency performance, both DC bias 

power converted from thermal energy and RF input power have 

to be determined. The DC bias power calculation is simple and 

can be expressed by . Then, let us start cal-

culating RF input power. Eq. (4) can be used to obtain the fun-

damental current as well: 

 

(7) 

 Note that fundamental current going through the diode is as-

sumed to be in-phase with the injecting voltage across the 

nonlinear junction. Within the diode, as shown in Fig. 1(b), by 

using the Kirchhoff Circuit Laws (KCL), the voltage at V1 can 

be calculated by: 

            (8) 

where  is the angular frequency. Applying KCL 

within the packaged diode, the voltage at V0 is expressed by: 

                     (9) 

in which  is the total current and calculated by: 

           (10) 

Thus, the injecting RF power is able to be obtained now: 

 

                          (11) 

 

The total efficiency  of hybrid thermal and RF energy har-

vesting can be expressed by (12): 

                         (12)  

III. RESULTS AND DISCUSSION 

 

Fig. 2. Comparison of efficiency performance obtained from ADS simula-

tion and proposed analytical model.  



Firstly, a preliminary results comparison between ADS sim-

ulation and the proposed analytical model is conducted. The 

matching network loss is excluded here. The diode used is 

SMS7630-079LF, and the load is 5.4 kΩ. The RF power and 

DC bias power converted by TEG absorbed by diode are kept 

same and swept from -45 to -30 dBm. The efficiency perfor-

mance comparison is shown in Fig. 2. The proposed analytical 

model clearly shows a good accuracy within this power range. 

A collaborative measurement was done with RF power sup-

plied by an external signal generator. The setup is shown in Fig. 

3. Two multimeters are used for measuring the output voltages 

of TEG and harvester, respectively. To conduct a precise and 

reliable measurement of TEG, a thick foam with a rectangular 

hole is adopted as the heat isolation. A small aluminum block 

is inserted into the hole inside foam and the TEG is placed on 

it. Another bulky aluminum block is on the top of TEG, which 

firstly ensures a good contact between TEG and the small 

block, and secondly is the heat sink maintaining the top surface 

temperature at room temperature. A diagram presenting the 

setup details is provided on the upper left corner in Fig. 3. Note 

that a thermometer measuring the bottom surface temperature 

of TEG is adopted marked as a yellow bar in the diagram also.   

 

Fig. 3. Measurement setup of the hybrid harvester with a small diagram on 

the upper left corner showing the TEG measurement setup in detail.   

During the cooperative measurement, the DC bias power and 

diode’s RF injecting power were maintained the same and 

swept from -45 to -30 dBm. Through a preliminary ADS simu-

lation, DC voltage for each bias power level was captured and 

then applied in the measurement. The temperature difference of 

TEG is defined by its top surface temperature (room tempera-

ture) and its bottom surface temperature (monitored by the ther-

mometer). During the measurement, for example, a bias power 

of -30dBm requires about 78 mV which can be obtained by 

TEG with a temperature difference of 13.5 °C. This is roughly 

the difference between a human body temperature and a room 

temperature of 23.5 °C. Thus, the precise temperature control 

of the hot plate is used to adjust the output voltage of TEG. 

Measured DC output power of the hybrid thermal and RF power 

harvester versus injecting power is demonstrated in Fig. 4. It is 

clearly seen that the calculated results based on the proposed 

model match the measured ones well. Also, the DC output 

power rectified by a hybrid mechanical and RF power harvester 

is also presented for comparison [5]. The hybrid thermal and 

RF power harvester obviously shows a superior performance. 

Specifically, the output is 5.8 and 2.2 times larger than that of 

its mechanical counterpart at -40 and -30 dBm, respectively.  

The measured results of separate thermal and RF power har-

vesting are also included in Fig. 4. If the hybrid thermal and RF 

power harvesting is considered as an organic combination of 

separate power harvesting cases, there is no doubt that thermal 

power harvesting is the dominant contributor. However, the 

output gap between these two separate power harvesting cases 

becomes close with an increasing injecting power. The output 

of single thermal energy harvesting is 23.4 times larger than 

that of single RF energy harvesting at -40 dBm and this number 

decreases to 4.4 at -30 dBm. This is mainly due to the rectifying 

efficiency of RF power harvesting improves dramatically with 

an increasing injecting power within this low-power range of 

interest. Since both mechanical and RF powers are both AC 

powers, this efficiency enhancement of AC power when inject-

ing power becomes larger also explains the advantage of the 

hybrid thermal and RF power harvester diminishes over the hy-

brid mechanical and RF power harvester when power increases.      

 

Fig. 4. Comparison of measured and calculated DC output power of the hy-

brid thermal and RF power harvester. The temperature differences for each bias 

power level are listed. The output power of a hybrid mechanical and RF power 

harvester plus separate power (thermal and RF power) harvesting are also pre-

sented. Matching network loss is excluded in the analysis.   

IV. CONCLUSIONS  

In this paper, an accurate analytical model for the efficiency 

prediction of a hybrid ambient thermal and RF power harvester 

is proposed and studied. The thermal source is simplified and 

considered as a DC power source in the analysis. Through com-

parison with both simulated and measured results, this model is 

verified to work well in a low-power range (< -30 dBm). In ad-

dition, this hybrid ambient thermal and RF power harvester can 

deliver much larger DC output power than its opponent (hybrid 

mechanical and RF power harvester). This is mainly due to the 

DC bias power offered by the thermal energy harvesting.   
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