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ABSTRACT 

We compare two designs for dual power supply RF-powered 

systems such as implantable stimulators and contactless 

smartcards.  Specifically, we compare a traditional design using 

a step-up DC/DC converter versus a design that uses a step-

down converter.  We analyze which system can operate from a 

lower input source voltage, and show how non-idealities in 

DC/DC converters affect the relative merits of the step-up versus 

step-down designs.  We demonstrate that the step-down 

architecture can increase maximum operable link distance and 

power available to the load in systems with high source 

resistances or inefficient DC/DC converters.  Through 

simulation and experiment, we verify that source resistances 

greater than 250k  are possible in RF-powered systems, and 

that step-down converters can improve available load power by 

over 100%. 

1. INTRODUCTION 

RF-powered devices such as contactless smartcards and 

implantable neural prosthetics are increasingly pervasive and 

widely adopted.  In some such applications, multiple power 

supply voltages are required, for example, to program EEPROM, 

or for electrical stimulation of muscle tissue.  For systems with 

standard power supplies, the solution is clear:  as shown in 

Figure 1 (a), a step-up DC/DC converter is used to generate the 

higher voltage from the lower system supply.  In RF-powered 

systems however, the solution is less clear because the voltage 

available at the receiver coil is very sensitive to link distance and 

to loading conditions.  Because DC/DC converters are in essence 

load converters [3], one method of optimizing the load on the 

receiver coil is to use a step-down converter in place of a step-

up.  In such a system, illustrated in Figure 1 (b), the higher 

supply voltage is generated directly from the receiver coil, and a 

step-down converter generates the low voltage system supply. 

  (a) (b) 

Figure 1:  Dual power supply systems using step-up (a) and step-

down (b) DC/DC power converters. 

 In this paper, we present a general framework for 

comparing the step-up and step-down architectures in RF-

powered systems.  In section II we describe the general 

characteristics of weakly coupled RF-powered systems.  In 

section III, we begin our comparison of the systems in Figure 1 

using an ideal DC transformer model of a power converter.  In 

sections IV and V, we expand our model to account for non-

idealities present in real systems.  Through our analysis in 

sections IV-V, and our simulations in section VI, we show that 

in RF-powered systems, using a step-down converter in place of 

a step-up allows operation down to a lower receiver coil voltage.  

A lower receiver coil voltage implies that weaker coupling 

between the coils is required, and this translates into greater 

maximum operable link distance, or alternatively more available 

power for the same link distance. 

2.  WEAKLY COUPLED RF-POWERED SYSTEMS 

Some RF-powered systems, particularly in biomedical 

applications, are very small (mm dimensions) and therefore also 

have small receiver coils.  Typically, these systems are powered 

using much larger transmitter coils held at a range of several cm 

[1].  The physical arrangement is shown in Figure 2 (a). 

 (a) (b) 

Figure 2:  Physical representation of a weakly coupled system 

(a) and its lumped equivalent circuit (b). 

The system in Figure 2 (a) is referred to as a weakly coupled 

system on account of the poor magnetic coupling between the 

coils, and can be represented by the lumped model in Figure 2 

(b) [1].  The system is designed to operate at the resonant 

frequency (fR) of both coils, given by (1) [4]. 
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If the system in Figure 2 (b) is represented by the Thevinin 

equivalent (solid lines) in Figure 3, then Rs is given by (2) [1]. 
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Figure 3:  Thevinin equivalent of a weakly coupled RF-powered 

system, including a typical load. 

 Increasing power available to the load in weakly coupled 

systems allows either additional circuitry to be added to the 

remote portion of the system, or alternatively, greater operable 

link distance for the original level of power consumption.  To 

maximize available load power, the mutual inductance between 

the coils should be as large as the physical constraints of the 

receiver will allow.  To increase the mutual inductance, L1 and 

L2 should also be increased.  However, as L2 is increased, C2

must be decreased to keep fR at the desired frequency.  Because 

Rs increases when C2 decreases, weakly coupled RF-powered 

systems have large source resistances by design1.

 As shown in Figure 3, the transmitted RF signal is 

conditioned into a DC voltage using a full-wave rectifier and 

DC/DC converter.  We have represented the DC/DC converter as 

an ideal DC transformer.  Although DC/DC converters such as 

charge pumps and other switching converters are often presented 

as voltage converters, they are actually power or load converters

(see Appendix I), [3].  Note that the small size of the receiver 

necessitates the use of power converters without inductors (such 

as charge-pumps).  Such converters often exhibit lower 

efficiency. 

3. STEP-UP VS STEP-DOWN: IDEAL CASE 

Shown in Figure 4 is a model of the system in Figure 1 (a), 

where the system supply (Vlo) is generated directly from the 

source, and a step-up converter is used to generate the high 

voltage supply (Vhi).  Seemingly, Vs(up) is minimized by 

generating Vlo directly from the source. 

Figure 4:  A dual power supply system can use either a step-up 

power converter (a) or a step down converter (b) 

 Shown in Figure 4 (b) is a model of the system in Figure 1 

(b), where Vhi is generated directly from the source (Vs(dwn)), and 

a step-down power converter is used to generate Vlo.

1 In [1], examples of weakly coupled systems have source resistances 

from 90  to 60k   In the authors’ experience, source resistances of 

over 250k  are possible. 

 At first glance, the step-down system of Figure 4 (b) 

appears to require a larger source voltage than the step-up 

system (Vs(dwn) > Vs(up)), and therefore is not suitable for low 

voltage applications.  In reality, the values of N, Vlo, Rs, Ilo, and 

Ihi determine which system requires the lower source voltage; the 

traditional step-up system is not always advantageous.

 To determine which system requires the lower source 

voltage, we define Vs(up) and Vs(dwn) using the voltages at nodes 1 

and 2, and the current through Rs.  For the step-up system, the 

current is given by (3), and the minimum Vs(up) is given by (4). 

lohiups INII )(  (3) 

lohisloups INIRVV )(  (4) 

Alternatively, for the step-down system, the current is given by 

(5) and the minimum source voltage is therefore (6). 

NIII lohidwns )(  (5) 

NIIRNVV lohislodwns )(  (6) 

Examining (4) and (6), we note that although the voltage 

contribution is N times larger in (6), the load current contribution 

is N times smaller.  Thus, for sufficiently large Rs, the step-down 

solution can function using a lower source voltage.  To 

determine the range of Rs that results in superiority of the step-

down solution, we solve the inequality given by (7), which 

yields (8). 
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 Consider a system where Ilo = 200 A, Ihi = 50 A, and Vlo = 

3V.  In this case, for Rs  30k , the step-down solution is 

advantageous.  Although battery internal resistances are « 30k ,

some RF power sources have internal resistances > 100k .  Now 

consider a system where Ilo = 200mA, Ihi = 50mA.  In this case, 

the step-down system is advantageous for only Rs  30

4. A COMPLETE MODEL FOR THE DC/DC

CONVERTER 

Practical implementations of DC/DC converters have non-

idealities which are not included in the DC transformer model 

presented in Section III [3,5,6].  These non-idealities affect 

which architecture (step-up or step-down) is advantageous.  Here 

we summarize the main sources of power loss in CMOS DC/DC 

switching converters, and model their effects using 3 parameters:  

operating current losses (IC), output resistance losses (Ro), and 

charge redistribution losses ( ).

A. Operating Current Losses (Ic)
In some switching converters, integrated circuits biased with 

constant current are used to regulate the output voltage.  In 

charge pumps, parasitic capacitances must be charged every 

cycle.  A constant current source (Ic) in parallel with the charge 

pump input, as shown in Figure 5, can be used to model any of 

these losses. 

B. Output Resistance Losses (Ro)
MOSFET switches, present in all CMOS DC/DC converters, are 

imperfect conductors and give rise to an output resistance.  The 

switched capacitor nature of charge pump operation also 

introduces an equivalent output resistance [5].  The output 
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resistance (Ro) appears in series with the charge pump output, as 

shown in Figure 5.  Note that charge-pumps typically have 

higher output resistance because they contain more switches than 

converters relying on inductors (buck, boost, etc.).  Also note 

that step-up converters typically have higher output resistance 

than step-down converters. 

C. Charge Redistribution Losses ( )
If two capacitors with different voltages are connected in 

parallel, some energy is lost due to charge redistribution [5].  

When a charge pump is loaded, the voltage on the output 

capacitor drops every cycle.  When the pumping capacitors are 

connected and disconnected from the output capacitor, energy is 

lost due to charge redistribution.  The larger the load current, the 

more energy is lost, and the less current efficient the charge 

pump becomes.  We can represent charge redistribution losses 

by modifying the output current with a current efficiency factor 

 where 10 .  Shown in Figure 5 is a complete models of 

a step-up DC/DC converter. 

Figure 5:  Step-up DC/DC converter model showing conduction 

(Ro), parasitic (Ic) and charge redistribution ( ) losses. 

 Note that charge redistribution losses are significant only in 

converters that make parallel connections of capacitors with 

different voltages.  Therefore, these losses may not be significant 

in lossless AC/DC capacitor-only converters [6], and switching 

converters which rely on inductors. 

5. STEP-UP VS. STEP-DOWN: PRACTICAL CASE

A thorough analysis of the merits of step-down versus step-up 

power converters must use the model in Figure 5 in place of the 

ideal model in Section II.  Therefore, we remove the ideal 

models from Figure 4 (a) and (b), and replace them with the 

model in Figure 5.  The resulting systems are shown in Figure 6.  

Note that the (1- )Iin current sources in Figure 5 are represented 

implicitly by the ratios between the coil currents shown in Figure 

6.

Figure 6:  Step-up (a) and step-down (b) systems using the 

complete charge pump model of Figure 5. 

 When designing a system, the affects of Ro, Ic, and  must 

be considered simultaneously.  However, to clearly demonstrate 

how each non-ideality affects the relative merits of the step-up 

and step-down systems, we have chosen to illustrate their effects 

separately. 

A. Parasitic Capacitance Losses (Ic)
The current Ic is constant in the step-up and step-down systems, 

and flows through Rs.  To determine how Ic affects each system, 

we split Is(up) and Is(dwn) into two contributions:  Ic, and the 

remainder, which we label IL(up) and IL(dwn).  Therefore, we write 

(9) and (10). 

scsupLupinups RIRIVV )()()(  (9) 

scsdwnLdwnindwns RIRIVV )()()(  (10) 

Once again, we solve the inequality in (7) to find the values of Rs

that make the step-down system superior.  Substituting (9) and 

(10) into (7) causes the terms containing Ic to cancel.  Therefore, 

Ic does not affect the relative merits of the step-down versus the 

step-up system. 

B. Conduction Losses (Ro)
Adding an output resistance to the charge pump produces an 

additional voltage drop.  Note that more current flows through Ro

(more voltage drop) in the step-down converter than the step-up 

converter.  Therefore, the larger Ro, the more the step-up system 

will be favoured over the step-down system. 

 The minimum allowable voltages at the outputs of the 

charge pumps are NVlo (step-up),  and Vlo (step-down).  

Accordingly, the voltages at the secondary coils of the step-up 

and step-down systems are given by (12) and (13) respectively. 

KIRNVNV looloupin )(  (12) 

loolodwnin IRVNV )(  (13) 

To find voltages Vs(up) and Vs(dwn), we simply multiply equations 

(12) and (13) by the charge pump voltage gain (N or 1/N) to 

obtain the voltage at the primary coils, and then add the voltage 

drop across Rs.  The results are given by (14) and (15). 
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Finally, we solve inequality (7) for Rs, by substituting (14) and 

(15).  The result is given by (18). 
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As we predicted, Ro adds an additional term to the original 

expression (8) for Rs.  Therefore, Rs must be even larger to make 

the step-down system superior to the step-up system.  Note that 

in deriving (18) we have assumed that the output resistances of 

the step-up and step-down converters are equal.  In reality, step-

up converters have higher Ro.

C. Charge Redistribution Losses ( )

To investigate the effects of , we ignore Ic (which does not 

influence the comparison), and we neglect Ro for simplicity.  

Once again, we write expressions (19) and (20) for Vs(up) and 

Vs(dwn) respectively, and solve inequality (7) for Rs.  The result is 

given by (21). 

KNIRVV losloups 1)(  (19) 

NKIRNVV loslodwns 11)(  (20) 
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In Fig. 7 we have graphed (21) for the following parameters:  Vlo

= 3V, Ilo = 400 A, N = 4, and K = 4, 16, and .  Note that K =

simply means that the high voltage supply (Vhi) is not used.  The 

area above each line indicates combinations of Rs and  that 

make the step-down system superior for a given set of 

parameters. 

Fig. 7. Rs versus  for N = 4.  For a given value of K, points 

above the line indicate combinations of Rs and  that make the 

step-down system superior. 

D. Recommendations 
Based on our analysis of the effects of charge pump losses on the 

relative merits of the step-up and step-down architectures, the 

step-down architecture is most useful in systems where a 

significant fraction of the total current is drawn from Vhi, the 

power source has a large resistance, and where the efficiency of 

the power converter is poor.  These are precisely the 

characteristics the weakly coupled RF systems discussed in 

section II, and therefore step-down converters are ideally suited 

to this application. 

6. SIMULATION AND EXPERIMENTAL RESULTS

Through simulation, we found that a step-down converter can 

improve total available load power by over 100%.  To compare 

the step-up and step-down systems, we attached the loads in 

Figure 1 (a) and (b) to the RF frontend in Figure 2 (b).  We 

designed a step-down charge pump in a 0.8 m process, and 

extracted  and Ro.  We then modeled an equivalent step-up 

converter using the extracted values of  and Ro, and the 

equivalent circuit in Figure 5.  For the component values and 

system parameters given in Table 1, (Plo+Phi)max=1.5mW for the 

load in Figure 4 (a) (step-up), whereas for Figure 4 (b) (step-

down), (Plo+Phi)max= mW.  Note that step-up charge pumps 

are more difficult to design than step-down, and therefore our 

estimate of a 100% improvement is conservative.

7. CONCLUSION 

We have shown that step-down power converters in RF-powered 

systems can increase operable link distance and available load 

current while reducing minimum required source voltage.  We 

recommend that step-down converters be used in systems that 

have high impedance sources, require a high voltage supply, and 

rely on converters with poor efficiency.  Our analysis of power 

converters, and the resulting recommendations, can be 

generalized beyond RF-powered systems, leading to 

performance gains in other applications. 

Table 1:  Values used for comparative simulations.  Parameters 

in bold were confirmed using experimental prototypes. 

Parameter Value Parameter Value 

L1 40 H k 0.0007 

C1 2.5nF Rs 200k

R1 2 N 4 

L2 3mH VLO 3V 

C2 33pF Ro 1.8k

R2 376 0.77

fR 500kHz K 4 

In Fig. 7, we have marked the location of the simulated system 

{ =0.77 and Rs=250k } with a black dot.  Clearly, the point is 

well above the line corresponding to K = 4, indicating that theory 

also suggests that the step-down system is superior. 

8. ACKNOWLEDGEMENTS

The authors thank Ravi Ananth of the Alfred Mann Foundation 

for his ideas, suggestions, and experimental work. 

9. REFERENCES 

[1] W. Heetderks, “RF powering of millimeter and sub-

millimeter sized neural prosthetic implants”, IEEE Trans. 

Biomed. Eng., vol. 35, no. 5. 

[2] U. Gehrig, T. Roz, RFID Made Easy, EM Microelectronic-

Marin SA, 2000. 

[3] M. Makowski, D. Maksimovic, “Performance limits of 

switched-capacitor DC-DC converters,” IEEE PESC 1995.

[4] Z. Tang, B. Smith, J. Schild, P. Peckham, “Data 

transmission from an implantable biotelemeter by load-shift 

keying using circuit configuration modulator”, IEEE Trans. 

Biomed. Eng., vol. 42, no. 5. May 1995. 

[5] E. Bayer, H. Schmeller “A high efficiency single-cell 

cascaded  charge pump topology”. IEEE PESC 2001, vol. 1. 

[6] C. Tse, S. Wong, M. Chow, “On lossless switched-

capacitor  converters,” IEEE Trans. On Power Elec., vol. 10, no. 

3, May 1996. 

APPENDIX 

The IC load (RIC) in Figure 3, referred through the rectifier and 

DC/DC converter, can be represented using an equivalent AC 

resistance [4].  Therefore, the system in Figure 3 can be reduced 

to the system in Figure 8 (a) if the DC/DC converter is step-up, 

or Figure 8 (b) if the DC/DC converter is step-down.  Clearly, 

the load resistance (RL(EQ)) is higher in Figure 8 (b) than in 

Figure 8 (a).  In weakly coupled systems, the higher load 

resistance may be better matched to Rs, thereby increasing 

available load power, and/or operable link distance. 

 (a) (b) 

Figure 8:  Reducing the load to an equivalent AC resistance for 

step-up (a) and step-down (b) DC/DC converters. 
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