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Design Criteria for the RF Section of UHF and
Microwave Passive RFID Transponders

Giuseppe De Vita and Giuseppe Iannaccone, Member, IEEE

Abstract—A set of design criteria for the radio-frequency (RF)
section of long-range passive RF identification (RFID) transpon-
ders operating in the 2.45-GHz or 868-MHz industrial, scientific,
and medical (ISM) frequency ranges is derived in this paper, fo-
cusing in particular on the voltage multiplier, the power-matching
network, and the backscatter modulation. The paper discusses the
design tradeoffs between the error probability at the reader re-
ceiver and the converted RF–dc power at the transponder, deter-
mining the regions of the design space that allow optimization of
the operating range and the data rate of the RFID system.

Index Terms—Backscatter modulation, passive transponders,
radio-frequency identification (RFID), RF rectifier.

I. INTRODUCTION

LONG-RANGE passive transponders (“tags”) for radio
frequency identification (RFID) systems do not have an

on-board battery and therefore must draw the power required
for their operation from the electromagnetic field transmitted
by the reader [1]. The RF energy radiated by the reader is used
both to supply the digital section of the transponder and to allow
data transmission from the tag to the reader through modulation
of the backscattered radiation. If the transponder lies within
the interrogation range of the reader, an alternating RF voltage
is induced on the transponder antenna and is rectified in order
to provide a dc supply voltage for transponder operation. In
order to further increase the supply voltage, an -stage voltage
multiplier is typically used, providing a dc output voltage, at
constant input power, roughly times larger than that achiev-
able with a single stage. In addition, most of the passive and
semipassive RFID systems that operate in the ultra-high-fre-
quency (UHF) or microwave range exploit modulation of the
backscattered radiation to transmit data from transponder to
reader: while the reader transmits a unmodulated carrier, the
data signal modulates the load of the transponder antenna in
order to modulate the backscattered electromagnetic field,
typically with amplitude-shift keying (ASK) or phase-shift
keying (PSK) [1].

It is apparent that the larger the modulation of the impedance
seen by the antenna, the larger the modulation depth and the
signal-to-noise ratio at the reader, but also the larger the mis-
match, and therefore the smaller the dc power converted by the
voltage multiplier.

In order to maximize the operating range, it is important to
achieve a nontrivial tradeoff between the desired error proba-
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bility at the reader and the dc power available for supplying the
transponder, which is also strongly dependent on the power ef-
ficiency of RF–dc conversion.

The maximization of the conversion efficiency requires
the optimization of the voltage multiplier and of the
power-matching network, taking into account the nonlinear
behavior of the voltage multiplier.

The architecture of a passive microwave RFID transponder is
shown in Fig. 1. The coupling element is an antenna, which typi-
cally is a dipole or a patch antenna. A voltage multiplier converts
the input alternating voltage into a dc voltage, which is used by
a series voltage regulator to provide the regulated voltage re-
quired for the correct operation of the transponder. The voltage
multiplier is matched with the antenna in order to ensure the
maximum power transfer from the transponder’s antenna to the
input of the voltage multiplier. A backscatter modulator is used
to modulate the impedance seen by the transponder’s antenna,
when transmitting. The RF section is then connected to the dig-
ital section, which typically is a very simple microprocessor or
a finite-state machine able to manage the communication pro-
tocol.

This paper presents a set of design criteria for the RF section
of passive transponders in the UHF and microwave frequency
range, referring to the architecture shown in Fig. 1, with the
main objective of maximizing the operating range. The focus,
therefore, is on the optimization of the voltage multiplier and on
its power matching to the antenna, and a set of criteria is derived
that allows the choice and optimization of backscatter modula-
tion in order to either maximize the operating range, once the
data rate is fixed, or maximize the data rate, once the operating
range is fixed.

In the remainder of the paper, all numerical examples will
refer to the 0.35-mm complementary metal–oxide–semicon-
ductor (CMOS) technology from AMS, but of course the
considerations can be applied to any technology.

This investigation will show that, for a passive RFID system
compliant to European regulations in the 2.45-GHz or 868-MHz
ISM frequency bands, the achievable operating range, con-
sidering a power consumption of the digital section of the
transponder of 1 W, is larger than 4 and 11 m, respectively.
At the same time, it will be shown that, for a passive 2.45-GHz
RFID system, given an operating range of 4 m, the achievable
data rate is about 30 kb/s, and for a passive 868-MHz RFID
system, given an operating range of 11 m, the achievable data
rate is about 180 kb/s. Considering the more permissive U.S.
regulations, the maximum achievable operating distances are
11 m in the 2.45-GHz frequency band and 29 m at 916 MHz,
considering a data rate of some tens of kilobits per second.

The extremely low power consumption considered for the
digital logic is achievable by using subthreshold logic schemes,

0018-9480/$20.00 © 2005 IEEE
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Fig. 1. Passive Transponder Architecture.

given that a simple finite-state machine operating at a frequency
smaller than 1 MHz is typically adequate to implement RFID
protocols. However, this aspect is beyond the scope of the
present paper and will not be discussed here.

II. VOLTAGE MULTIPLIER AND POWER MATCHING NETWORK

In this section, we will describe the design criteria for both
the voltage multiplier and the power-matching network in order
to maximize the power efficiency of the transponder, defined
as the ratio between the radio-frequency (RF) power available
at the transponder’s antenna and the dc power at the output of
the voltage multiplier available for supplying the transponder.
As we will explain in the next section, the power efficiency of
the transponder strongly affects the operating range of the tag-
reader system.

A. N-Stage Voltage Multiplier

An -stage voltage multiplier consists of a cascade of
peak-to-peak detectors, as shown in Fig. 2 [2]. Let us suppose to
apply, at the input of the voltage multiplier, a sinusoidal voltage

, with a frequency and an amplitude . In order to en-
sure a small ripple in the output voltage , the capacitors in-
dicated with in Fig. 2 have to be dimensioned so that their
time constant is much larger than the period of the input signal,
that is, , where is the dc output cur-
rent. In this way, the voltage across capacitors and the output
voltage can be considered a dc voltage. As a consequence, in the
high-frequency analysis, it is possible to consider capacitors
as short-circuits and therefore all diodes appear to lie directly
in parallel or antiparallel to the input. In this situation, the input
RF voltage entirely drops across the diodes. In the dc analysis,

capacitors can be considered as open circuits so that we have
identical diodes in series with the output. The voltage

that drops across each diode is, therefore, given by

(1)

where the sign “ ” is applied to diodes with an even subscript
(see Fig. 2) and the sign “ ” is applied to diodes with an odd
subscript. We can represent the equivalent circuit of the diode
as an ideal diode in parallel with a capacitance , as shown
in Fig. 3(a), neglecting diode series resistances. Indeed, since

Fig. 2. -stage voltage multiplier and cascaded series voltage regulator.

Fig. 3. Simplified equivalent circuit of the considered diodes: (a) substrate
losses neglected and (b) equivalent circuit including substrate losses.

the dc power required by radio-frequency identification (RFID)
passive transponders is quite low (in the order of a few mi-
crowatts), the dc output current of the voltage multiplier is very
small, leading to a negligible effect of the series resistance of
the diodes. Such hypothesis was verified by circuit simulations.
Thus, the current in each diode is

(2)

where is the diode saturation current and is the thermal
voltage. We can express the exponential of a cosinusoidal func-
tion using the modified Bessel functions series expansion [3],

(3)
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Fig. 4. (a) Required amplitude of the input voltage versus the number of stages
for an output power of 5 W. (b) Required input power versus the number of
stages for an output power of 5 W, for an of 10 A.

Since modified Bessel functions of odd (even) order are odd
(even) [3], the dc current in each diode, which also is the dc
current in the output load, is given by

(4)

As a consequence, the input–output characteristics of the
-stage voltage multiplier is intrinsically expressed by

(5)

The above equation can be easily solved by numerical itera-
tion, yielding the monotonously decreasing behavior of as a
function of for fixed dc output voltage and power consump-
tion plotted in Fig. 4(a), for an of 10 A, which is the
for a minimum diode area in the technology we are considering.
However, for large , the curves almost saturate, since voltage
multiplication is limited by the voltage drops on the diodes.

1) Power Consumption: The average input power re-
quired to obtain a given output voltage and power can be calcu-
lated by summing up the average power dissipated in each
diode and the power required by the load. Neglecting sub-
strate losses, the average power dissipated in each diode is given
by

(6)

where is the period of the input voltage. By solving the inte-
gral with the expressions of and , already given in (1)
and (2), and taking into account the properties of the modified
Bessel functions, it is possible to obtain

(7)

As a consequence, the average input power is given by

(8)

Fig. 5. (a) Required factor of the matching network versus the number of
stages for an output power of 5 W. (b) Average input power versus diodes area
for a single-stage voltage multiplier with an output power of 5 W.

Considering that is a function of from (5), in order to ob-
tain the plot of as a function of , shown in Fig. 4(b), for a
fixed output power, it is necessary to solve the equation by a nu-
merical iteration. From the plot shown in Fig. 4(b), it is possible
to note that the maximum power efficiency is obtained by using
the minimum number of stages. In order to provide a criterion
for the choice of the appropriate number of stages, we need to
find a relation between the number of stages of the voltage mul-
tiplier and the factor of the power-matching network placed
between the antenna and the voltage multiplier. We can define
an equivalent input resistance of the voltage multiplier, consid-
ering the power consumption, as follows:

(9)

Now, assuming to use an LC-matching network, the factor
of the LC-matching network is bound to the resistance transfor-
mation ratio [4], and its is given by

(10)

where is the antenna resistance, neglecting antenna losses.
Assuming that the antenna is a dipole (antenna resistance 72

[1]), from (5), (9), and (10) we plot as function of in
Fig. 5(a). It is clear that similar conclusions can be obtained
using other types of antennas.

Although the highest efficiency is reached with only one
stage, the choice of the number of stages has to be done, taking
into account the values of that can be physically achievable,
which, typically, are not larger than a few tens. A possibility
to reduce the required is represented by the choice of an-
tennas with higher radiation resistance, such as a two-wire or a
three-wire folded dipole. Once the number of stages is chosen
following the above criteria, it is necessary to dimension the
diodes in order to optimize the power efficiency of the voltage
multiplier. Considering that is proportional to the diode
area, by solving the equation for a fixed value of
and for a certain value of the output voltage and power, one
obtains the curve plotted in Fig. 5(b). It is possible to note that
the higher the diode area and then the saturation current of
the diodes are, the better the power efficiency of the voltage
multiplier is. However, it is not possible to increase excessively
the diode area; otherwise, the diode capacitance would become
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comparable with the capacitances of the voltage multiplier.
This situation would lead to a reduction of the efficiency
because only a fraction of the input voltage would drop across
the diodes. The previous consideration suggests that the best
choice would be represented by Schottky diodes, which have a
higher saturation current compared with normal diodes, for a
fixed area. Furthermore, since diodes in the voltage multiplier
must have a switching time smaller than the period of the input
signal, Schottky diodes have to be preferred because they are
typically much faster than p-n diodes. However, we will focus
our attention on p-n-junction diodes that have the advantage of
being available in a less expensive CMOS process.

2) Power Consumption in the Presence of Substrate
Losses: In order to take into consideration the substrate
losses in the diodes, we can use the equivalent circuit shown
in Fig. 3(b), where and are the substrate parasitic
resistance and capacitance, respectively [2]. By substituting
the equivalent circuit of the diodes into the voltage multiplier,
shown in Fig. 2, we can note that the power dissipation due to
substrate losses in the diodes with odd subscript is zero because
the voltage that drops across the series of and is
approximately a dc voltage. Instead, the power dissipation due
to substrate losses in the diodes with an even subscript is given
by

(11)

under the assumption that [2]. Thus, the
average input power is obtained by summing up expression (8)
previously found and the power dissipated in the diodes due to
the substrate losses, as follows:

(12)

We plotted for different values of
in Fig. 6. It is possible to note that, for increasing

, the number of stages corresponding to
the minimum input power is shifted to higher values. Once

and are known, it is possible to find the optimum
number of stages in order to maximize the power efficiency
of the voltage multiplier.

B. Input Equivalent Impedance

The input equivalent impedance of the voltage multiplier is
constituted by the parallel of a resistance and a capacitance.
From our previous considerations, the input capacitance of the
voltage multiplier is the sum of the capacitances of all diodes.
Since, in a voltage multiplier, diodes conduct for a very small
fraction of the period of the input signal, when calculating the
mean value of the diode capacitance, we can neglect the dif-
fusion capacitance. Using the SPICE model of a p–n junction

Fig. 6. Input power versus number of stages for an output voltage of 0.5 V, an
output power of 5 W, and three values of .

[5], the depletion layer capacitance of a diode is given by
(13) at the bottom of this page, where is the depletion ca-
pacitance at zero bias, is the grading coefficient, is the
built-in voltage, is the forward bias depletion capacitance
coefficient, and is the area of the diode [5]. Since the diode
capacitance is a function of the voltage applied to the diode, we
can consider the average value of the diode capacitance within
the diode voltage swing, as follows:

(14)

Considering the average value of the capacitance of each
diode, the equivalent input capacitance of the voltage
multiplier, due to the diode capacitance, is given by

(15)

The equivalent input resistance of the voltage multiplier is
the resistance calculated from the power consumption with (9).

C. Power-Matching Network

Since the power at the transponder antenna varies with
the distance between the reader and the transponder, power
matching will be pursued in the condition of minimum power
available at the antenna that still ensures correct operation
of the transponder. Indeed, in the next section we will show
that the transponder continues to work correctly when the
power at the antenna increases even if power matching is lost.
The power matching LC network is shown in Fig. 7, where

[4], and is the quality
factor of the LC network, obtained from (10). The backscatter
modulator is removed, for the moment, so that we can optimize
power matching. The inductance , shown in Fig. 7, is used
in order to compensate the equivalent input capacitance
of the voltage multiplier ( and can be substituted by a
single reactance, whose sign depends on their relative value).
It is clear that since is only a time-averaged capacitance,
the power matching is good, provided that the variations of the

(13)
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Fig. 7. Power-matching network.

input impedance of the voltage multiplier are small with respect
to the average values. To verify the previous statement, we can
calculate the impedance seen by the transponder’s antenna in
the worst matching condition, i.e., when the value of the input
capacitance of the voltage multiplier is the farthest from its
mean value. Referring to Fig. 7, the expressions of the real
and imaginary part of the impedance seen by the equivalent
voltage generator at the antenna can be computed as

(16)

(17)

where and is the maximum variation
of the input capacitance of the voltage multiplier with respect
to its mean value. In order to ensure the correct operation of
the power-matching network, the real part has to be twice
the antenna’s resistance, and its imaginary part has to be zero.
Such conditions are fulfilled if . From (16) and (17),
the following condition can be derived:

(18)

To estimate , we can assume that the mean value of the
diode capacitance is its value at the average voltage drop, i.e.,

. The maximum value of the diode capacitance is ob-
tained when . Using an -stage voltage
multiplier, we can assume that the output voltage is times
the amplitude of the input voltage minus times the of the
diodes. As consequence, we can write the amplitude of the input
voltage as .

In this condition, we can express as the difference be-
tween the maximum and the mean value of the input capaci-
tance, i.e.,

(19)

On the one hand, once the output power and voltage are given,
by substituting (19) into (18), we obtain the maximum value of
the diode area that enables us to achieve power matching. On
the other hand, once the output voltage and the minimum diode
area are fixed, as allowed by the CMOS technology used, from

(18) and (19) we can derive the maximum equivalent input re-
sistance of the voltage multiplier and then, from (9), the
minimum achievable output power for correct power
matching. In order to be able to achieve power matching with
very low output power, we need to use diodes with a small par-
asitic capacitance, for a fixed minimum diode area in order to
reduce .

Let be the ratio between and the maximum dc
power required at the output of the voltage multiplier. Now, we
can suppose that for the application we are interested in, it is
sufficient to have an output power that is times smaller than

. We can consider two options, in order to evaluate the
best one for the optimization of the operating range.

A first option (case A) could be to dimension the voltage
multiplier and the power-matching network for an output power
equal to , although a smaller output power would be
sufficient; this would lead to a worse power efficiency and then
to a reduction of the operating range, but it allows us to have
correct power matching. Indeed, in the case of power matching,
the input power of the voltage multiplier can be written as

(20)

where is the effective aperture of the transponder’s antenna,
is the distance between reader and transponder, and

indicates the power at which an isotropic emitter would have
to be supplied to generate the same radiation power of the
reader antenna ( is limited by national regulations [7]): a
reader antenna with a gain may irradiate a maximum power

.
The input power of the voltage multiplier can also be written

as in (8), considering an output power .
Equating (20) and (8), it is possible to plot the maximum
operating range achievable as a function of .

A second option (case B) is to dimension the voltage multi-
plier considering an output power ; in such a
condition, as already said, since the power required at the output
of the voltage multiplier is smaller than (and then
is larger than ), power matching could not be achieved.
In order to recover power matching, we can put a resistance ,
in parallel with the input of the voltage multiplier so that the
input resistance of the voltage multiplier becomes smaller than

. In such a case, the input power is given by summing
up the input power of the voltage multiplier, given by (8),
and the power dissipated by , as follows:

(21)

Substituting (8) into (21), for , it is possible
to plot the maximum operating range achievable as function of

.
Referring to the AMS 0.35- m integrated circuit (IC) tech-

nology with a minimum diode area equal to 1 m , and consid-
ering an output voltage of 2 V, an operating frequency of 2.45
GHz, and a factor of the LC matching network of 10, the
minimum output power, , which allows us to achieve
the power matching, is 12 W. From Fig. 8(a), where the max-
imum operating ranges achievable with each option are plotted
as a function of , we can see that option B is to be preferred,
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Fig. 8. (a) Maximum operating range as a function of for the two matching
strategies described. (b) Power efficiency of a single-stage voltage multiplier as
a function of the output power for three values of the output voltage.

even if some power is dissipated in the resistor . Fig. 8(a) also
tells us that there is no advantage in reducing the power con-
sumption below , since we cannot reduce the available
power required at the antenna. Referring to case B, we plot in
Fig. 8(b) the power efficiency of the voltage multiplier as func-
tion of the required dc output power. It is possible to note that
for small output power, when a resistance is added in parallel
with the input of the voltage multiplier, the smaller the output
voltage is, the higher is the power efficiency obtained; for larger
output power, instead, the larger the output voltage is, the better
is the obtained power efficiency.

D. Nonlinear Effects

Because of the nonlinear effects of the voltage multiplier, the
current in the antenna also comprises components at fre-
quencies that are integer multiples of the operation frequency.
Indeed, the component of the input voltage of the voltage multi-
plier at the operating frequency generates an input current
constituted by the odd harmonic components of . In order to
calculate the input current of the voltage multiplier, let us con-
sider a single stage: the input current can be obtained by sub-
tracting the currents in the two diodes across which a voltage ,
given by (1), drops and by considering the diode model without
substrate losses. Then, such current has to be multiplied by the
number of stages in order to obtain the total input current of
the -stage voltage multiplier, and its expression is given by

(22)

Exploiting the modified Bessel function series expansion for
the two exponential functions that appear in (22), the input cur-
rent, generated by a sinusoidal input voltage at the operation
frequency, can be written as

(23)

Fig. 9. Equivalent circuit of the system antenna tag to calculate the third
harmonic of the antenna’s current.

The amplitude of the fundamental of the current in the an-
tenna is given by

(24)

where is the amplitude of the fundamental of the input cur-
rent of the voltage multiplier. Let us consider only the effect
of the third harmonic of . It is clear that the higher har-
monics of the input voltage have the same qualitative behavior,
but they are more strongly suppressed by the power-matching
network, so that we will take into consideration only . Re-
ferring to the equivalent circuit shown in Fig. 9, we can calcu-
late the amplitude of third harmonic of the current in the antenna

due to . From (23), we can obtain the amplitude of the
third harmonic of the current in the antenna as

(25)

where is the amplitude of . Using (19) and using for the
SPICE parameters , , and , the default values, which
are 0.5, 0.31, and 0.69 V, respectively, we can find that for an
output voltage close to 1 V, as typical in passive RFID systems,

. By substituting with in (18), since the
inductance resonates with , we find

(26)

Using (24) and (26), we can rewrite (25) as follows:

(27)

By assuming that the amplitude of the third harmonic of the
current in the antenna is 50 times smaller than the amplitude
of the fundamental, we obtain that has to be larger than 7. If

is smaller than 7, in order to verify the previous condition,
we can place a parallel network in parallel to the input
of the voltage multiplier, which resonates at the operating fre-
quency. This network has no effects with respect to the operating
frequency but attenuates the harmonics of the current in the an-
tenna. The value of this equivalent capacitance for the th
harmonic is given by

(28)
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Fig. 10. Quality factor of the parallel resonant network as a function of
the quality factor of the power-matching network.

Using the parallel resonant network, the new expres-
sion for the amplitude of the third harmonic of the current in the
antenna, as function of the amplitude of the fundamental, using
(24), is given by

(29)

where . Assuming that the amplitude of the
third harmonic must be at least 50 times smaller than the ampli-
tude of the fundamental, we can derive as a function of .
This relationship is shown in Fig. 10. Once is chosen, the
parallel resonant network is dimensioned.

E. Matching When Conditions Vary

The dimensioning of the power-matching network must
be done for the maximum operating range when the power
available at the terminals of the transponder’s antenna is the
minimum one that allows the transponder to operate cor-
rectly. Then, it is important to analyze what happens when
the transponder is moved closer to the reader and the input
power of the voltage multiplier increases. As a consequence of
such variations, the input equivalent resistance of the voltage
multiplier varies, causing mismatch, and so a part of the power
available at the antenna’s terminals is reflected. It is important
to verify that the power that comes to the input of the voltage
multiplier is sufficient to ensure its correct operation.

In order to keep the dc supply voltage constant, a series
voltage regulator is placed at the output of the rectifier. We can
assume that the current in the voltage regulator is much smaller
than the current provided at its output and that the minimum
voltage drop required across the regulator is only a few tens
of millivolts, as can be shown in practical implementations
[6]. Therefore, we can consider the efficiency of the voltage
regulator practically one at the maximum operating range, and
for shorter distances, we can assume that the input current of
the voltage regulator is constant and equal to the dc current
required by the load. In other words, the output of the rectifier
sees the voltage regulator as an ideal dc current generator

. Once the power-matching network was dimensioned in
the condition of maximum operating range, as previously
explained, from (5), for the minimum output power required
for the correct operation of the transponder, we can obtain the
amplitude of the input voltage , and so from (8) we obtain
the input power of the rectifier. Then, once the input power of

Fig. 11. Required input power versus the amplitude of the antenna voltage for
an output voltage of 2 V and an output power of 5 W.

the voltage multiplier is calculated, we can derive the minimum
amplitude of the voltage at the antenna, which ensures
the correct operation of the transponder and its expression is
given by

(30)

As previously mentioned, when increasing the voltage at the
antenna with respect to its minimum value, given by (30), the
input resistance of the voltage multiplier varies. In order to cal-
culate the input resistance of the voltage multiplier as a function
of the voltage at the antenna, from the circuit of Fig. 7, we can
calculate the input power of the voltage multiplier as a function
of the voltage at the antenna and of the input resistance of the
voltage multiplier. Its expression is given by

(31)

where is the amplitude of the voltage at the antenna’s termi-
nals. The input power also has the expression shown in (8), and
using (5) to substitute the exponential function that appears in
(8), we obtain the following equation:

(32)

where can be derived from (31) using (9). From (32), by nu-
merical iteration, it is possible to obtain the input resistance of
the rectifier as a function of and . Once this result is ob-
tained, from (31), we can derive the input power of the rectifier
as a function of and then the amplitude of the input voltage

of the voltage multiplier as a function of . Then, from (5),
we can derive the output voltage of the rectifier as a function of

. Again, assuming that the antenna is a dipole ( 72 ),
the output voltage is equal to 2 V, and the maximum output
power is 5 W, we can calculate, in the condition of max-
imum operating range, the minimum antenna voltage, and its
value is 77 mV. We can plot the power at the input of the
voltage multiplier and the power at the terminals of the
antenna when increasing the antenna voltage with respect to its
minimum value, given by (30). Both quantities are plotted as a
function of in Fig. 11. Of course, in the condition of max-
imum operating range, for which power matching is achieved,

. When the antenna’s voltage increases, part of
the power available at the terminals of the antenna, given by
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Fig. 12. Equivalent circuit of the antenna and the load represented by
transponder.

the difference between the two curves plotted on Fig. 11, is re-
flected by the power-matching network because of the mismatch
due to the variation of the input resistance of the voltage mul-
tiplier. Anyway, the input power of the voltage multiplier is al-
ways larger than the minimum value necessary to ensure
the correct operation of the transponder.

III. BACKSCATTER MODULATOR

A. ASK and PSK Backscatter Modulation

In this section, we briefly review ASK and PSK backscatter
modulation in order to identify the most appropriate choice for
the task at hand. Indeed, referring to Fig. 12 and assuming a
minimum scattering antenna, the amplitude of the backscattered
power has the expression

(33)

The impedance seen by the antenna can be represented as a
resistance in parallel with a reactance , as shown in Fig. 12.
If the antenna cannot be considered as a minimum scattering
antenna, in order to calculate the backscattered power, in the
second term of (33) we have to add another term, which is the
backscattered power when the antenna is left open and is inde-
pendent of the antenna load, so that such term has no effect on
the probability of error at the reader.

In the case of ASK modulation, we can assume that the
impedance seen by the antenna is real and is modu-
lated by the data signal between two values and . In order
to have equal mismatch in both states, it is sufficient to choose

; in such a condition, in both states, the same
power is transferred from the antenna to the load. Assuming

, in order to modulate the resistance seen by the
antenna, we can use a switch, driven by the data signal, to
connect a resistance in parallel with the input resistance

of the transponder in such a way that .
When is not connected, the antenna sees a resistance

and all the power transferred from the antenna to the
load can be used to supply the transponder; when the resistance

is connected, the antenna sees a resistance , and only
a fraction of the power transferred from the antenna to the
load can be used to supply the transponder, while the remaining
part is dissipated on the resistance . As a consequence,
the power transferred from the antenna to the load remains
constant in both states, but and are different and are
given by

(34)

where . It is possible to demonstrate
that, except for the solution (i.e., ), which
would imply the absence of modulation, the equation

has no solution. This means that, when modulating, the
tag cannot be supplied with constant power. Using the condition

, the backscattered powers and , when
the impedance seen by the antenna are and , respectively,
read

(35)

We shall see later that the probability of error at the receiver
depends on a unique quantity, an effective (or “modulated”)
power , which is the power of the signal obtained from the de-
modulation of the voltage directly applied to the radiation resis-
tance of the antenna, again dissipated—for convenience—on a
resistance . The larger the value of , the smaller the proba-
bility of error. In order to compare the performances of the ASK
and PSK backscatter modulation, we can calculate for the
ASK modulation, assuming to use a coherent receiver, perfectly
equal to the one that will be used for PSK modulation (to be dis-
cussed later) except for the detector threshold. Without loss of
generality, we can refer to unipolar return-to-zero (RZ) coding
for both ASK and PSK modulation: if we transmit an alternating
sequence of symbols “0” and “1”, the demodulated signal is a
square wave whose amplitude varies between and
zero. We therefore obtain . As a conse-
quence, if the reader’s antenna is perfectly matched, has the
expression

(36)

In the case of PSK modulation, we must have so that
the transponder is close to the matching condition, while is
modulated with the data signal. In fact, referring to Fig. 12, the
phase of the backscattered signal, proportional to the voltage

on the radiation resistance , reads

(37)

If is modulated symmetrically with respect to zero, so is ,
which implies that the power reflected by the antenna and
the power transferred to the transponder remain constant
during modulation and are given by

(38)

(39)

At the receiver, in order to demodulate the PSK signal, we
have to use a coherent receiver. As it will be clearer in Sec-
tion IV, if an alternating sequence of symbols “0” and “1” is
transmitted, the demodulated signal is a square wave whose am-
plitude varies between two states, which are zero and ,
where is the amplitude of the signal received at the reader,
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Fig. 13. Effective power at the reader and power transferred to the
transponder for the ASK and PSK modulations, as a function of the reflection
coefficient.

determined by the backscattered power, and is the modulation
depth, given by (37). Following the reasoning used for the ASK
modulation, the power is given by

(40)

In order to compare the performance of ASK and PSK mod-
ulation [2], we can plot in Fig. 13, for both mod-
ulations, as a function of the reflection coefficient , defined
as , where is the input
impedance of the transponder . Fig. 13 also
shows , considering in the case of the ASK modulation
the average of and , assuming that the two states have
the same likelihood. It is possible to note that for a given , the
PSK backscatter modulation ensures a larger , but the ASK
backscatter modulation ensures a larger . Since, as we will
see later, the most critical aspect limiting the operating range
is represented by the input power of the transponder, the PSK
backscatter modulation is to be preferred.

Furthermore, PSK backscatter modulation allows us to pro-
vide a constant power supply to the transponder during modu-
lation.

Let us note for both ASK and PSK modulations, a coherent
receiver would be required at the reader to filter away the
unmodulated carrier backscattered by unwanted obstacles
(clutter), which is orders of magnitude larger than the backscat-
tered modulated signal to which it adds at the receiver. In such
a way, the clutter can be separated by simply multiplying the
received signal by the locally synthesized carrier. The alterna-
tive option to filter away the clutter would be represented by the
use of subcarrier backscatter modulation, which would allow
the use of a simpler incoherent receiver, at least for the ASK
modulation. However, such solution would have the serious
drawback of implying a very large increase of the modulator
switching frequency, and therefore of the transponder power
consumption, leading to a significant reduction of the operating
range.

From now on, we will take in consideration the PSK
backscatter modulation.

B. PSK Backscatter Modulator

Most of PSK backscatter modulators [2], [8], [9], indepen-
dently of their implementation, allow modulation of their output
capacitance with the input signal. Referring to Fig. 1, is used

to make the imaginary part of the admittance seen at the output
of the modulator symmetric with respect to zero. Therefore,
has to be chosen to resonate with the mean value of the capac-
itance seen from the output of the modulator when the input
signal varying and is therefore

(41)

where is the operating frequency and are the
output capacitances of the modulator when the input signal is
high and low, respectively. The reactance is therefore given
by

(42)

IV. MODULATION DEPTH AND MAXIMUM OPERATING RANGE

In this section, we will describe the criteria for choosing the
modulation depth in order to maximize the operating range of
the tag-reader system. When modulating the impedance seen
by the transponder’s antenna, it is necessary to ensure that the
power at the input of the voltage multiplier is larger than the
minimum required for its correct operation, and the probability
of error at the receiver is smaller than a given value, required
for the correct receiving. A tradeoff has to be found between
the two conditions in order to maximize the operating range.

A. Transponder Input Power

Referring to Fig. 12, the power transferred from the an-
tenna to the input of the transponder is given by (39). In order
to ensure the correct operation of the transponder, must be
larger than the minimum power required for the transponder op-
eration, consisting of the sum of the power dissipated by
the modulator and the power dissipated by the digital sec-
tion, divided by the efficiency previously calculated. As con-
sequence, the following relation has to be fulfilled:

(43)

From (43), it is evident that the larger the power efficiency of
the transponder, the larger the range of values of that satisfy
(43). Equation (43) gives a first condition that has to be fulfilled
by in order to ensure the correct operation of the tag-reader
system. The other condition will be given by the probability of
error at the receiver.

B. Probability of Error at the Reader

1) Received Signal at the Reader’s Antenna: As already
said, the signal received by the reader’s antenna has two
components: a PSK backscattered signal and an unmodulated
carrier. The PSK backscattered signal coming from
the transponder’s antenna has a carrier frequency equal to the
operating frequency of the RFID system and a phase, which
belongs to a group of two values symmetric with respect to
zero and with an absolute value given by (37). The amplitude
of such a signal can be calculated from the amplitude of the
power backscattered by the transponder’s antenna, taking into
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Fig. 14. PSK receiver architecture (insert: elementary impulse when transmitting “0” and “1”).

consideration the free-space attenuation. Assuming that the
reader’s antenna is perfectly matched with the reader, the
amplitude of the signal is given by the expression

(44)

Therefore, reads

(45)

where is the data rate and is a
square impulse with an amplitude equal to 1, a duration , and
it is centered at . The unmodulated carrier that
comes back to the reader’s antenna is a sinusoidal voltage with
an amplitude and a phase completely unknown, as follows:

(46)

The complete received signal at the reader’s antenna is
obtained by summing up the two components. Since the unmod-
ulated carrier has a power level much larger than the
PSK backscattered signal, in order to generate the local carrier
required to downconvert the received signal, it is not possible to
use a phase-locked loop (PLL) because it would reproduce the
unmodulated carrier. A possible solution is to transmit, at the
beginning of each data package, a preamble, which is, for ex-
ample, a sequence of symbols “1” known to the reader and to use
an adaptive system that varies the phase of the locally generated
carrier until the signal at the output of the filter has the correct
amplitude. In this situation, the local oscillator is synchronized
with the received PSK signal and generates a sinusoidal voltage
at the operating frequency with a phase equal to the mean value
of the phase of the received PSK signal. Assuming the use of
unipolar RZ coding, as will be described later, if we transmit,
as already said, a sequence of symbols “1”, the carrier gener-
ated locally has a zero phase; using an oscillator with quadra-
ture outputs, it is possible to generate the oscillations for the two

branches of the receiver. The receiver has to be able to remove
the unmodulated signal, which would introduce an error in the
demodulation due to its random phase.

2) Receiver Architecture: The scheme of the PSK re-
ceiver is shown in Fig. 14 [4]. We consider an additive white
Gaussian noise (AWGN) input noise . Since the phase of
the backscattered signal belongs to a group with two
values symmetrical with respect to zero, the lower branch of
the receiver has no effect since the co-sinusoidal function is
an even function and cannot detect the phase variation. By
multiplying the input signal by the locally generated
carrier, in quadrature with the received signal and considering
only the low-frequency component, which will be the only one
to survive after filtering, we obtain that the signal at the
input of the filter is given by

(47)

The receiver must be able to remove the unmodulated signal,
which would introduce an error in the demodulation due to the
random phase. To this aim, the baseband receiver filter must
have a zero-average impulse response to block the unmodu-
lated carrier. Since the impulse response of the filter has to be
equal to the elementary impulse of one of the two symbols, the
previous condition imposes an appropriate choice of the data
coding, in which at least a symbol has zero mean value. The
most common codes, such as Manchester, unipolar RZ coding,
differential bi-phase (DBP), and Miller coding, verify such a
condition [1]. Now, in order to obtain numerical results, we can
choose one of the previous coding schemes and calculate the
probability of error after choosing a proper receiving filter. As
an example, without loss of generality, we consider a unipolar
RZ coding: in such a case, the elementary impulse , when
transmitting a bit “1”, is obtained by transmitting a symbol
and a symbol , in sequence. Instead, the elementary impulse

, when transmitting a bit “0”, is obtained by transmitting
two symbols in sequence. The two elementary impulses are
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shown in the insert of Fig. 14. Now, we choose the impulse re-
sponse of the filter with the same waveform of the ele-
mentary impulse associated to the transmission of “1”. Since
the filter amplifies or attenuates the signal and the noise
in the same manner, we can suppose that the amplitude of the
impulse response of the filter is equal to . In this condition,
the frequency response of the filter is given by,

(48)

where . Once the impulse response of
the filter is fixed, we can derive the expression of the signal
at the output of the filter, when transmitting “1” and “0”. The
expressions of the signals and at the output of the
filter when transmitting “1” and “0”, respectively, are given by

(49)

By sampling the signal, at the output of the filter at time in-
stants ( is an integer), the signal at the input of the
detector is zero when transmitting “0” and when trans-
mitting “1”. Since the unmodulated carrier provides a constant
component at the input of the filter, exactly as it occurs when
transmitting “0”, after the convolution and the sampling it gives
a zero signal. Supposing that the transmissions of “0” and “1”
have the same likelihood, the detector’s threshold can be chosen
in the middle between and , according to the MAP
criterion [4]. Supposing that the noise has a zero mean value and
a standard deviation , the probability of error when trans-
mitting “0” and the probability of error when transmitting
“1” are given by

(50)

where is the error function. Since the two symbols “0”
and “1” have the same likelihood, the total probability of error
is equal to each probability of error when transmitting “0” and
“1”.

Following the same procedure in the case of a Manchester
coding scheme and choosing the receiving filter in the same
manner, one obtains, after the sampling, for the two symbols the
two levels and then a smaller probability of error.

In the case of ASK backscatter modulation, using the receiver
shown in Fig. 14 and the unipolar RZ coding, we would obtain
the following expression for the total error probability :

(51)

As already said and as evident from (50) and (51), the param-
eter calculated in Section III is the only parameter of the
backscatter modulator affecting .

3) Noise Spectral Density: We can suppose that the noise
at the input of the receiver is due to the thermal noise of the
antenna, followed by an amplifier with a noise figure and with
a gain sufficiently high to allow us to neglect the noise figure of

the following stages. In such a condition, the expression of the
noise spectral density is given by

(52)

where is the Boltzmann constant and is the absolute tem-
perature. If the input noise is a white Gaussian noise with a
power spectral density equal to , its power spectral density
after filtering is obtained by multiplying the power spectral den-
sity at the input by the square absolute value of the frequency
response of the filter. As a consequence, the standard
deviation of the noise at the output of the filter is obtained by
integrating the power spectral density as follows:

(53)

We can now consider the phase noise due to the local oscil-
lator. The carrier generated by the frequency synthesizer is not
perfectly monochromatic, due to the phase noise. The power
spectrum density of the phase noise goes down, initially, as

due to the flicker noise of the devices in the oscillator,
then as due to the thermal noise of the devices in the os-
cillator, with a typical corner frequency of some hundreds of
kilohertz [10].

Since the reader uses the same oscillator to generate the trans-
mitted carrier and the local oscillation, the phase noise that af-
fects the received signal and the local oscillation, used to down-
convert the received signal, are generated by the same oscillator
but in different time instants with a certain delay . As a con-
sequence, after the downconversion, the low-frequency compo-
nent is given by

(54)

Now, we have to study the variance of . Its
power spectral density is given by

(55)

In general, we can write the power spectral density of
the phase noise as a sum of a component and a
component, imposing that the two components are equal at the
corner frequency . The expression of is

(56)

By substituting the two components of in (55) and in-
tegrating in frequency, we can calculate the variance asso-
ciated to the component of the power spectral density of
the phase noise and the variance associated to the
component of the power spectral density of the phase noise. In
the case of open-loop voltage-controlled oscillator (VCO), from
[11] we can derive , whose expression is given by

(57)
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As one can expect, the power of the jitter associated to the
component is proportional to the delay. In the case of

open-loop VCO, an approximate expression of the power of the
jitter associated to the component is given in [12], and its
expression is

(58)

where is a dimensionless parameter typically close to 5 [12].
Now, we can calculate the variance of
by summing up the and the components of the
power spectral density of the phase noise. We can then define

as the maximum value of , given by
. In the case of RFID systems, since the

operating range is a few meters (especially for the systems
operating at 2.45 GHz), the delay is small with respect to

and then the variance of the jitter is mainly due to the
component. Such a result was obtained by considering an

open-loop VCO. In the case of a closed-loop PLL, the power
spectral density of the phase noise is filtered by the transfer
function of the PLL, and the variance is even smaller, so that
the open loop VCO represents the worst case.

The phase jitter causes a shift of the constellation of symbols,
leading to an error in the detection. Indeed, in the presence of
a phase jitter , the level associated to the transmission of a
symbol “0” remains zero and the level associated to the trans-
mission of a symbol “1” becomes rather than

. According to the MAP criterion, since the two sym-
bols have the same likelihood, the threshold of the detector is
chosen in the middle of the two levels in absence of phase noise,
and then the probability of error when transmitting “0” is given
by (50), while the probability of error when transmitting “1” is
given by

(59)

The total probability of error is given by the mean value of the
probabilities of error when transmitting “0” and “1”. In order to
ensure reasonable receiver performance, the total probability of
error has to be smaller than a given probability of error , as
follows:

(60)

Since and are functions of , (60) gives us another con-
dition to find the values of that ensures acceptable operation
of the transponder–reader system.

Considering that the RFID system has an operating frequency
of 2.45 GHz or 868 MHz, the maximum allowed for the
reader is 500 mW according to European regulations [7]. We
also assume that the transponder antenna is a dipole, which
has a radiation resistance of 72 and an effective aperture of
0.13 [1]. Furthermore, using a single-stage voltage multiplier,
the power efficiency is about 15% [13]. Then, we assume that

Fig. 15. values that satisfy the (43) and (60) as a function of the distance
between reader and transponder for three different data rates for an operating
frequency of 868 MHz (top) and 2.45 GHz (bottom).

Fig. 16. values that satisfy the (43) and (60) as a function of the frequency
of the data signal (a) for an operative range of 4 m and an operating frequency
of 2.45 GHz and (b) for an operative range of 11 m and an operating frequency
of 868 MHz.

the supply voltage is 0.6 V, and the power is equal to 1 W.
We also assume that 300 K, 72 , and 5 dB,

is equal to 1.88 nV /Hz, and . In such condi-
tions, we can plot the values of that satisfy (43) and (60), as
function of the distance between reader and transponder. The
diagram is shown in Fig. 15 for different data rates: pairs of
and that satisfy (43) and (60) lie between the two curves for
a fixed data rate. In particular, the values of that satisfy (43)
have, as lower boundary, the continuous curve corresponding
to the considered data rate; on the other hand, the values of
that satisfy (60) have, as upper boundary, the dashed curve cor-
responding the considered data rate. From Fig. 15, it is clear
that by reducing the data rate, the range for a fixed becomes
larger because the power required by the transponder, for the
modulation and the digital section, decreases and because the
bandwidth of the receiving filter becomes smaller, leading to
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a smaller noise power at its output and then to a smaller error
probability.

From Fig. 15, it is possible to note that by a proper choice of
the modulation depth, the operating range, for a passive RFID
system, which works in the microwave range, is larger than 4 m,
while for a passive RFID system, which works in the UHF fre-
quency range, is larger than 11 m. It is also possible to find the
maximum data rate, once the operating range is fixed. For ex-
ample, we can choose an operating range of 4 m, and we can plot
the two curves that satisfy (43) and (60) as function of the data
rate in order to obtain the value of that allow us to maximize
the data rate for the chosen operating range. Such a diagram is
shown in Fig. 16, for an operating frequency of 2.45 GHz and
868 MHz: the region with acceptable values of is the one
comprised between the two curves. It is possible to note that,
for an operating range of 4 m and for an operating frequency of
2.45 GHz, the maximum data rate is about 30 Kb/s; while, for
an operative range of 11 m and for an operating frequency of
868 MHz, the maximum frequency of the data signal is about
180 kb/s. If U.S. regulations are considered, which provide a
maximum allowed of 4 W, the same considerations lead
to a maximum operating range of about 11 m at 2.45 GHz and
29 m at 916 MHz, for a data rate of a few tens of kilobits per
second.

V. CONCLUSION

This paper has presented an analysis and a discussion of
the design options and tradeoffs for a passive microwave
transponder. A set of criteria was derived for the optimization
of the voltage multiplier, the power-matching network, and the
backscatter modulator in order to optimize the operating range,
once the data rate is fixed or, to optimize the data rate, once the
operative range is chosen. We have also shown that radio fre-
quency identification (RFID) transponders, which require a dc
power of 1 W for the digital section, may reach an operating
range of about 4 m in the ISM 2.45-GHz band and 11 m in
the ISM 868-MHz band, for a data rate of several kilobits per
second and, according to European Union regulations. Present
U.S. regulations would allow us to obtain an almost tripled
operating range. Such performances in terms of operating
range, data rates, and cost might open promising perspectives
for the deployment of passive RFID systems even in ambient
intelligence or ubiquitous computing scenarios and in outdoor
applications.
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