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Abstract 
Harmonic communication is an option for enhancing 

tag to reader communication in UHF RFID systems. In 

this work different voltage multiplier configurations, 

diodes, operation scenarios and generated harmonics 

have been evaluated at simulation level in order to 

suggest voltage multiplier design guides to increase the 

available harmonic power. The results show that single 

side topologies with minimum amount of stages are 

preferred. Regarding the diode, a proposed modified 

PMOS diode has shown higher generated harmonic 

power than Schottky diodes. Regarding the generated 

harmonics, the second order harmonic is more sensitive 

to the design parameters. It can be generated with a 

maximum power of -30 dBm for an input power of -20 

dBm. In the case of the third order harmonic, the 

obtained power is more stable against the design 

variations and has a maximum value of -34 dBm.  

 

1 Introduction 
 

Radio Frequency Identification (RFID) has grown rapidly 

during last years, becoming one of the most important 

technologies for tagging, tracking and locating objects [1]. 

Among its different operation frequencies, UHF are the 

most relevant for the applications that require passive 

communication with ranges above 1 meter [2]. 

In most of the passive UHF RFID applications, the reader 

to tag link has been demonstrated to be the limiting factor 

of the communication range. The tag to reader 

communication, based on backscattering, has not been a 

problem as high-sensitivity battery-powered readers can be 

used to improve it. Because of that, most of the efforts in 

UHF RFID system development have been done on 

increasing the tag sensitivity in terms of power and signal 

reception [3-4]. In these studies, the Voltage Multiplier 

(VM) is a key element as it is the block on charge of 

harvesting power from the incoming RF signal. 

However, there is a growing interest on improving the tag 

to reader communication with the following objectives: 

o Improve the reliability of tag to reader 

communication in harsh environments. 

o Reduce the cost of the reader. 

o Increase the tag to reader communication range in 

battery assisted RFID sensor applications where 

the tag sensitivity allows communication with up 

to 50 meters range. 

One of the most promising techniques to improve this tag-

reader communication is to backscatter the harmonics of 

the fundamental carrier generated by the VM [5-10]. 

Several works have been presented in this aspect where 

commercial RFID tags are used to build demonstrators. 

However, the harmonic generation has not been evaluated 

from a VM design perspective. This paper faces this task. 

The paper is arranged as follows: a presentation of VM 

from a harmonic perspective is done in Section II. Section 

III presents the simulation methodology. Section IV is 

devoted to the simulation results and its discussion. Finally, 

the paper is concluded 

 

2 Voltage multiplier and harmonics 
 

The Voltage Multiplier (VM) is the first block of a RFID 

chip and where the RF signal enters the tag. Usually, 

between the tag antenna and the RFID chip a Matching 

Network (MN) is introduced, in order to ensure the 

maximum power transfer between the both. The two main 

VM topologies are presented in Figure 1 and Figure 2.  

 

Figure 1. Greinacher topology of a VM with a 1×4 

topology: single-ended with 4 stages. 

 

Figure 2. Doubled-Greinacher topology of a VM with a 

2×2 topology: differential with 2 stages. 

Both topologies are equivalent when they have a 2:1 

number of stage ratio as in Figures 1 and 2. Their main 
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difference is in the input impedance (larger values in 

differential architectures) and ground of the RFID chip (in 

differential scheme is different to any of the terminals, 

whereas in single-ended systems is not). In both cases the 

more stages the VM has, the bigger is its voltage 

multiplying capacity but the VM efficiency reduces [2]. 

Regarding technology, diodes are the most limiting factor 

in the performance of a VM. Their rectifying capabilities 

are based on their Current vs Voltage curve (I-V) that 

allows the current flow in one direction and avoids flowing 

it in the opposite. A minimum threshold, minimum on-

resistance and minimum reverse-current are desirable on 

the VM diodes [2]. The VM simulation here presented have 

been done using a standard 180nm CMOS process with 

available Schottky diodes. This component is in most cases 

the best option for RF harvesters. Therefore, they have 

been selected as first diode option. In addition to them, a 

diode has been build modifying a medium threshold PMOS 

transistor connected as it is shown in Figure 3.  

 

 

Figure 3. Diagram of the implemented modified PMOS 

diode. 

The diode present between the P+ diffusion of the source 

and the N-well has been used as commuting device. 

However, the results obtained with this modified PMOS 

diode require a validation with future measurements as the 

parasitic diode between the P-substrate and the N-well is 

not included in the simulation model supplied by the 

foundry. The I-V curves of the evaluated Schottky and 

modified PMOS diodes are shown in Figure 4. 

As the VM is built with these diodes with nonlinear I-V 

curve, when the incoming RF signal, at the communication 

fundamental frequency, arrives the tag voltage and current 

components at the different harmonics are generated by the 

VM. These harmonic components are reflected, cross the 

MN and arrive to the antenna so they may be propagated. 

 

 

Figure 4. Current vs Voltage curves of the two diodes 

evaluated.  

On a VM, traditionally there is no interest on 

backscattering harmonics of the fundamental, so the MN is 

used only to match the antenna and the VM at that 

frequency. Therefore, although the VM generates 

harmonics, they arrive attenuated to the antenna because of 

the mismatch at the harmonic frequencies. This implies that 

second and third harmonics are backscattered by the tag 

with a power approximately 50 dB below the input power 

of the fundamental [7]. The other harmonics have lower 

power level and have no interest from a harmonic 

communication perspective. 

The use of a four-components MN that matches the 

impedance of the antenna and the VM at the fundamental 

frequency and a selected harmonic can reduce the 

difference between the input power and the backscattered 

harmonic power to 15 dB [8]. In a real implementation, this 

four-components MN can be implemented with a specific 

design of the antenna and transmission lines instead of with 

lumped components [8]. However, at simulation level it is 

a good option.  

In order to build a harmonic RFID communication system, 

this generated harmonic signal will be modulated. The 

modulation process may affect the backscattered power, 

but from a VM design point of view, the maximization of 

the available power at the chosen harmonic would be the 

objective.  

 

3 Methodology 
 

In order to evaluate the harmonics generated by different 

VMs a set of simulation using harmonic balance method 

have been done. All of them following the next steps: 

1. The circuit is set with the diode, topology and 

operation case to be evaluated. 

2. The impedance of the circuit is obtained at 868 

MHz. The corresponding two-components MN is 

defined and simulated together with the VM to 

ensure a reflection coefficient S11< -20 dB. 

3. The equivalent parallel R//C corresponding to the 

circuit impedance is obtained.  

4. Using a simple script the values of the four-

component MN corresponding to that R//C are set 

in such a way that analytically the S11 at 

fundamental frequency (��) and second harmonic 

(2��) are below -10dB. 

5. The VM is simulated with the calculated MN, and 

it is checked that S11 at the fundamental 

frequency is below -10 dB. The reflected power 

corresponding to the second harmonic is obtained.  

6. Steps 4 and 5 are repeated for the third harmonic 

(3��). 

7. Results obtained in steps 5 and 6 are plotted 

together with the average power available in the 

harvester load. Although second and third 

harmonic are plotted together each graph 

correspond to a different MN. 

In addition to evaluating the VM with different 

configurations, two operation scenarios have been 

considered: 

1. RFID sensor scenario, with low-power 

consumption and medium communication range: 

o -10 dBm of input power (PIN); 

o 170 kΩ load. 
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2. RFID identification scenario, with ultra-low-

power consumption and large communication 

range:  

o -20 dBm of input power; 

o 500 kΩ load. 

 

4 Results and discussion 
 

The effect of the topology and diode type on the generated 

harmonics in a low power scenario is the first thing that is 

evaluated. The simulation results are presented in Table 1. 

From these results, it can be concluded the following: 

• Regarding the second harmonic, differential 

systems present worse performance. 

• The third harmonic is less sensitive to topology or 

diode type. 

• Second order harmonics seems highly dependent 

on the diode type. 

• In all cases, the harvested power is not sensitive 

to the topology but it is to the diode. 

Table 1. Comparison of different architectures and diodes 

in low-power scenario. 

Topl. Diode Pout 

[dBm] 
P@2f0 

[dBm] 
P@3f0 

[dBm] 

1×4 Schottky -16.34  -30,6  -26.1  

1×4 PMOS -15.45  -25,7  -23.5  

2×2 Schottky -16.31  -57  -27.2 

2×2 PMOS -15.57  -111  -26  

 
Therefore, from a harmonic communication point of view, 

single ended topology is preferred as it generates both 

harmonics, without compromising the system harvesting 

capabilities and with easier ground handling.  

Once the topology has been set the number of stages of 

single ended VM with both diodes in low-power mode and 

ultra-low power mode have been evaluated. The results are 

presented in Figures 5 to 8. 

 
 

Figure 5. Low-power scenario, PMOS diode, single-

ended.  

 

 

Figure 6. Low-power scenario, Schottky diode, single-

ended. 

 

Figure 7. Ultra-low power scenario, PMOS diode, single-

ended. 

 

 

Figure 8. Ultra-low power scenario, Schottky diode, 

single-ended. 

The number of stages is an important design parameter in 

the case of the second order harmonics, with difference up 

to 20 dB in the available power with different number of 

stages. On the other hand, the available third harmonic 

power has a maximum variation of 5 dB with the same 

variation on the number of stages. In both cases, generally 

speaking, the less number of stages the greater the 

generated harmonic power. 

Regarding the diode type, simulations showed that it is a 

critical aspect, with 5 dB more of average power in both 

harmonics when using the PMOS diode instead of using 

the Schottky diode. The harvested power in the load is also 

higher with the PMOS transistor.  

Answering the question about which harmonic has more 

power available, simulations show that second order 

harmonic power is much more sensitive to the different 

design parameters than third harmonic. Second order 

harmonic can achieve higher power values (-30 dBm@ 

PIN=-20 dBm) in both operation cases, with both diodes 



types, if the number of stages is reduced. However, third 

order harmonics are much more predictable and stable and 

yet with a decent power level (-34 dBm@PIN=-20 dBm). 

Up to now, all the simulations have been done after a 

recalculation of the MN for each harmonic, topology, 

diodes type or operation scenario. However, in real 

applications the MN is fixed. This means that there is an 

impedance mismatch between the antenna and the RFID 

chip when the input power or load changes. The effect of 

this mismatch over the generated harmonics is evaluated in 

Figure 8 with a 1×4 topology and an impedance matching 

done in ultra-low power mode. 

 

 

Figure 9. Harmonics generated with different input powers 

with a MN matched with -20 dBm of input power.  

It can be seen that the mismatch generated by increasing 

the input power does not affect negatively the generated 

harmonic power and that with exception of the second 

order harmonic with PMOS diode, the harmonic power 

levels actually grow.  

 

5 Conclusion 
 

Harmonic communication has been demonstrated as a 

technique to improve tag-to-reader communication in UHF 

RFID systems. In this work the available power 

corresponding to the second and third harmonic has been 

evaluated at simulation level with different VM 

configurations, diodes and operation scenarios. 

Simulations show that in terms of topology, a single-ended 

configuration with minimum number of stages is the best 

option.  

The proposed modified PMOS diode has shown at 

simulation level a better performance in terms of energy 

harvesting and harmonic generation than the Schottky 

diode available in the technology. However, these results 

need to be validated with measurements. 

Regarding the harmonic to be used, from a complete 

system design perspective it seems that with a specific VM 

design the available second harmonic power can be higher 

than the third. However, from the perspective of designing 

a harmonic communication system compliant with 

different commercial RFID chips, the use of third harmonic 

seems a better choice as it is more stable and presents a 

better average power level. 

Last, regarding the operation case, the matching network 

should be defined in the worst input power case, as more 

input power will increase the available harmonic power 

despite of the generated mismatch. 
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