
A highly sensitive RF-to-DC power
converter with an extended dynamic range

Item Type Conference Paper

Authors Almansouri, Abdullah Saud Mohammed; Ouda, Mahmoud H.;
Salama, Khaled N.

Citation Almansouri A, Ouda M, Salama KN (2017) A highly sensitive
RF-to-DC power converter with an extended dynamic range.
2017 IEEE 60th International Midwest Symposium on Circuits
and Systems (MWSCAS). Available: http://dx.doi.org/10.1109/
MWSCAS.2017.8052953.

Eprint version Post-print

DOI 10.1109/MWSCAS.2017.8052953

Publisher Institute of Electrical and Electronics Engineers (IEEE)

Journal 2017 IEEE 60th International Midwest Symposium on Circuits and
Systems (MWSCAS)

Rights (c) 2017 IEEE. Personal use of this material is permitted.
Permission from IEEE must be obtained for all other users,
including reprinting/ republishing this material for advertising or
promotional purposes, creating new collective works for resale
or redistribution to servers or lists, or reuse of any copyrighted
components of this work in other works.

Download date 23/05/2023 19:52:38

Link to Item http://hdl.handle.net/10754/626053

http://dx.doi.org/10.1109/MWSCAS.2017.8052953
http://hdl.handle.net/10754/626053


A Highly Sensitive RF-to-DC Power Converter with 
an Extended Dynamic Range 
Abdullah Almansouri, Mahmoud Ouda and Khaled N. Salama 

Computer, Electrical and Mathematical Science and Engineering Division 
King Abdullah University of Science and Technology (KAUST), Thuwal, 23955-6900, Saudi Arabia     

Email: {abdullah.almansouri, mahmoud.ouda, khaled.salama}@kaust.edu.sa
 

 
Abstract—This paper proposes a highly sensitive RF-to-DC 

power converter with an extended dynamic range that is 
designed to operate at the medical band 433 MHz and simulated 
using 0.18 µm CMOS technology. Compared to the conventional 
fully cross-coupled rectifier, the proposed design offers 3.2× the 
dynamic range. It is also highly sensitive and requires -18 dBm of 
input power to produce a 1 V-output voltage when operating 
with a 100 kΩ load. Furthermore, the proposed design offers an 
open circuit sensitivity of -23.4 dBm and a peak power 
conversion efficiency of 67%.  

Keywords—RF-DC converter, energy harvesting, wireless 
powering, self-bias, rectifier. 

I.  INTRODUCTION 
Wireless powering is a fundamental requirement for 

energizing myriad battery-less devices, such as RFIDs [1], 
implanted biomedical devices [2-4] and wireless sensors [5]. 
Depending on the application, frequencies ranging from low 
MHz [2, 4] up to UHF [1] are used. Due to the vast operating 
conditions, it is favourable to have a wireless power receiver 
that is capable of operating at the maximum level of efficiency 
and undertaking a broad range of both input and output power 
levels.    

An RF-to-DC converter is a key component within a 
wireless power receiver and is responsible for converting the 
received RF signal into a DC voltage, as shown in Fig. 1. In 
general, the performance of an RF-to-DC converter is 
evaluated by its sensitivity, power conversion efficiency (PCE) 

and dynamic range (DR). Sensitivity is the minimum input 
power required to generate an output DC voltage of 1 V. The 
DR is the range of input power levels in which the converter 
works efficiently. It is ultimately ideal to have a high and as 
constant as possible PCE over the whole possible range of 
input power, as a wider DR means that the rectifier is capable 
of operating efficiently at a broader range of RF power. 
However, in practice the harvested energy leaks back to the RF 
input throughout the rectifying circuit, causing a significant 
drop in the PCE at higher input power levels [6].  

Fig. 2 shows a range of RF-to-DC rectifiers that have 
traditionally been implemented. Diode-based rectifiers [7], 
such as Dickson (Fig. 2a)[8], have good performance at high 
RF power. However, they suffer from bad sensitivity and 
perform poorly at low RF power given that diodes require a 
firm dropout voltage (vth) to turn on. Fully cross-coupled 
rectifiers (FX) solved the sensitivity problem by applying the 
RF signal differentially across four rectifying transistors, as 
shown in Fig. 2b [1]. As a consequence, the FX architecture 
has a smaller dropout voltage (less than the threshold voltage) 

Fig. 2. Schematics of (a) Dickson [8], (b) fully cross-coupled (FX) [1] and (c) self-biased [6] rectifier architectures 

Fig. 1.  Block diagram of wireless power receiver 



and is capable of operating efficiently at a relatively low RF 
power; in other words, the FX architecture has a high PCE and 
good sensitivity. Nonetheless, this design suffers from a poor 
DR due to the presence of a reverse current (IREV) that leaks 
part of the harvested energy back to the RF input. Since 
MOSFETs are bi-directional devices, when the accumulated 
output DC voltage becomes larger than the instantaneous RF 
input voltage, the current flows back towards the input [6]. 
This reverse current becomes dominant as the RF power 
increases, which then restricts the efficient operation of the FX 
architecture to a tight range of RF power. Self-biased design 
introduced by [6] reduced IREV by utilizing feedback resistors 
to limit the conduction of the rectifying devices, shown in 
Fig. 2c. However, limiting the rectifying transistors’ 
conduction also reduced the forward current (IFWD), which 
resulted in a drop of the peak PCE and poor performance at 
low RF power. Moreover, the added resistors consume a large 
area and introduce lots of parasitics, which is not favourable in 
the RF application. Fig. 3 presents a comparison of the power 
conversion efficiency at varying input power levels for these 
different architectures. In short, the FX architecture has the 
highest PCE for a very narrow region; the self-biased design 
sacrifices the peak PCE and efficiency at low input power to 
offer a wider dynamic range; and the Dickson architecture’s 
performance becomes acceptable only at a relatively high RF 
power.   

In this work, we present an RF-to-DC power converter that 
has a high sensitivity and wide dynamic range that is capable 

of operating efficiently at the medical band 433MHz. The 
paper is organized as follows: Section II describes the proposed 
design and its basic working methodology, Section III 
compares the performances of the different architectures and 
Section IV presents conclusions.  

II.  PROPOSED DESIGN 
A schematic of the proposed design for the enhanced 

performance is shown in Fig. 4. The design is based on the 
cross-coupled configuration for maintaining the high sensitivity 
feature. Moreover, it realizes the self-biased concept by 
utilizing two feedback diodes, namely D1 and D2, that are 
reverse biased for the RF signal and forward biased for the DC 
voltage. The distinguishing advantage of using diodes is that 
they provide variable feedback resistors depending on the RF 
power level while isolating the RF signal from the output node. 
In general, the threshold voltage of the diodes determines the 
voltage level at which a diode’s behaviour for the forward 
signal changes from open-circuit (Rdiode ≈ ∞ Ω) to short-circuit 
(Rdiode ≈ 0 Ω). For low RF power, the voltage drop across the 
diodes is smaller than the threshold voltage; as such, the diodes 
act as an open circuit. For high RF power, the voltage drop 
across the diodes is larger than the threshold voltage, which 
results in the diodes acting as a short circuit for the DC voltage.  

 The operating points for the different architectures has a 
critical impact on determining IFWD and IREV, hence, the overall 
performance. For the FX architecture (Fig. 2b), the gate voltage 
is biased by a relatively high voltage (|𝑉𝑉𝐺𝐺,𝐹𝐹𝐹𝐹| =  𝑉𝑉𝑅𝑅𝐹𝐹/2); this 
allows a large current to flow through the transistor and hence 
enables the rectifier to operate effectively at low RF power. 
However, at high RF power, the drain voltage (VD) becomes 
significant and can be much larger than the instantaneous 
source voltage (VS). As a consequence, the strong bias at the 
gate allows a large current (IREV) to leak from the drain back to 
the source. For the self-biased architecture (Fig. 2c), the gate 
bias voltage is reduced due to the presence of the feedback 
resistor (|𝑉𝑉𝐺𝐺,Self−biased| =  𝑉𝑉𝑅𝑅𝐹𝐹/2 − 𝑉𝑉𝐷𝐷𝐷𝐷). The transistor’s 
conduction is consequently reduced, limiting the flow of IREV. 
However, this approach is harmful at low RF power where IREV 
is less significant and the need to enhance IFWD by improving 
the conductivity of the rectifying transistors is critical. When 
the proposed design (Fig. 4) is driven by low RF power, VDD is 
relatively small, which means that the diode remains off. As a 
consequence, the rectifying device acts as the FX design and 
inherits its efficient performance at low power. At high input 
power, VDD increases and the voltage drop across the diode 
becomes large enough to turn the diode on. The output DC 
voltage consequently passes to the gate of the rectifying 
transistor, which results in the rectifying device acting as the 
self-biased architecture (and hence inheriting its efficient 
performance at high power). Table I summarizes the current’s 
flow in the various architectures and their impact on the PCE 
performance at different power levels.  

 

 

 

 Fig. 4. Proposed rectifier 
 

Fig. 3.  Power conversion efficiency (PCE) comparison for the different 
architectures 



III. RESULTS AND DISCUSSION 
The proposed rectifier is simulated using 0.18 µm CMOS 

technology. For the sake of a fair comparison, the Dickson, 
self-biased and FX architectures are also simulated in this 
work. The test is conducted by sweeping the input voltage for 
each design and extracting the steady state equivalent input 
power, output voltage and conversion efficiency.   

Fig. 5a shows the PCE versus the input power for the 
different architectures, with a 100 kΩ load resistance (RLoad) 
and 433MHz RF frequency. The peak PCE for the proposed 
design is 67%, compared to 76% and 53% for the FX and self-
biased designs, respectively. The Dickson architecture’s 
performance is poor for this range of input power, with a 
maximum PCE of 29% at 40 μW RF power. The DR is defined 
as the range of the input power at which the rectifier PCE is 
greater than 80% of its peak PCE. By setting the DR of the FX 
as a reference, the proposed design offers 3.2× wider DR 
(compared to 2× for the self-biased design). The DR is not 

applicable for the Dickson architecture within this range of RF 
power. 

Fig. 5b shows the current flowing in the rectifier when the 
RF power is fixed at 10 μW. The FX architecture offers the 
highest IFWD; however, approximately 33% of the harvested 
energy leaks back to the RF input. The self-biased architecture 
has a negligible IREV; but the significantly reduced IFWD results 
in the architecture having a net performance that is about the 
same as the FX design. The proposed design also offers a 
negligible IREV; however, as it has a higher IFWD, it offers the 
best net performance.   

Fig. 6 shows the output voltage at different power levels. 
Compared to the Dickson, FX and self-biased architectures, the 
proposed design is capable of producing a higher output 
voltage for a wide range of RF power. For instance, when an 
input power of 20 μW is utilized, the proposed design is able to 
generate 91%, 27% and 10% higher DC voltage than the 
Dickson, FX and self-biased architectures, respectively. The 
proposed design also offers the best sensitivity among the 
designs considered: it requires only 16 μW (-18 dBm) to 
produce 1 V at the output, compared to 47.62 μW (-13.2 dBm) 
for the Dickson design, 41.8 μW (-13.8 dBm) for the FX 
design and 20.5 μW (-16.9 dBm) for the self-biased design. 
Moreover, when setting RLoad to open circuit (RLoad = 1 MΩ, to 
implicate the self-leakage in the storage element CL), the 
obtained open-circuit sensitivity for the proposed design is        
-23.4 dBm, compared to -15.1 dBm and -20.5 dBm for the FX 
and self-biased architectures, respectively.  

Fig. 7a shows a layout of the proposed architecture 
designed in 0.18 µm CMOS technology. The layout also 
includes the RF and DC pads that are required for testing. 
Fig. 7b is an enlarged image of the active area, which has a 
geometry of 70 × 120 μm. 

TABLE I.           CURRENT FLOW AND PCE PERFORMANCE 

Architecture 
Forward 
current 
(IFWD) 

Reverse 
current 
(IREV) 

PCE at low 
RF power 

PCE at high 
RF power 

Dickson Low Low Low Medium 

FX High High High Low 

Self-biased Low Low Medium High 

Proposed Medium Low High High 

Fig. 6. Simulated DC output voltage versus RF input power 

(a) 

(b) 

Fig. 5. (a) Simulated power conversion efficiency (PCE), and (b) transient 
current behaviour for the different architectures at 10 µW input RF power. 
RLoad is 100 kΩ. 



Fig. 8 utilizes a post-layout simulation to compare the 
performance of the rectifiers, including the parasitics. The PCE 
of both the proposed and self-biased architectures are 
normalized to the FX design. Depending on the RF power, the 
proposed design is capable of producing up to an 84% 
enhancement of the PCE for RF power levels greater than 
6 μW. On the other hand, the self-biased design provides up to 
53% improvement for RF power levels greater than 14 μW. 

      Table II compares the performances of different 
architectures operating at 433 MHz with a load resistance of 
100 kΩ and designed using 0.18 μm CMOS technology. The 
proposed design offers a considerably wider DR and the 
highest sensitivity while maintaining a high PCE and a 

relatively small area.  

IV. CONCLUSION 
This work demonstrated an enhanced performance for a 

self-biased RF-to-DC converter that selectively controls the 
converter’s conduction to minimize the leakage current without 
degrading the performance of the rectifier. The sensitivity of 
proposed design is -18 dBm and the peak power conversion 
efficiency is 67% when operating at 433MHz with a 100 kΩ 
load. Compared to the conventional FX architecture, the 
proposed design offers a 324% wider dynamic range and 261% 
better sensitivity.  
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TABLE II. PERFORMANCE COMPARISON  

Architecture a Technology Area Number of 
stages 
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Normalized b 
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Auto-calibrating Vth 
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Fully cross-coupled with inter-
stage RF injection [11] 0.18 88 3 10 80 -4.1 -11.2 
a. All architectures are operating at 433 MHz with a 100 kΩ load, b. Normalized to the fully cross-coupled architecture, c. 80% of the peak PCE,d. Pin at Vout = 1V, e. RLoad = 1 MΩ, 
f.simulation results are reproduced in this work 
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