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Abstract

Backscatter radio — wireless communication by modulating signals scattered from a transponder (RF tag) — is fundamentally
different from conventional radio because it involves two distinct links: the power-up link for powering passive RF tags, and
the backscatter link for describing backscatter communication. Because of severe power constraints on the RF tag, a
thorough knowledge of the backscatter channel is necessary to maximize backscatter-radio and radio-frequency identification
(RFID) system performance. This article presents four link budgets that account for the major propagation mechanisms of the
backscatter channel, along with a detailed discussion of each. Use of the link budgets is demonstrated by a practical UHF
RFID portal example. The benefits of future 5.8 GHz multi-antenna backscatter-radio systems are shown. An intuitive analogy

for understanding the antenna polarization of RF tag systems is presented.

Keywords: Radio frequency identification; RFID; backscatter radio; link budgets; radio propagation; scattering; back
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1. Introduction

n recent years, reductions in the manufacturing costs of high-

frequency integrated circuits have sparked explosive growth and
research interest in backscatter-radio systems, of which the most
well-known application is radio-frequency identification (RFID)
for industrial supply chains. Of course, supply-chain management
is only one of the many uses of backscatter radio-frequency (RF)
tags. Other uses include medical telemetry, low-cost sensors,
remote switches, position location and tracking devices, and pas-
sive data exchange, to name just a few. It is easy to get swept away
dreaming up all of the possible uses of low-cost, low- or no-power
radio tags: contact-less memory sticks, subcutaneous glucose sen-
sors for diabetics, environmental tracking of food items, the
famous “instant wireless checkout” of tagged items at the grocery
store, and so on. However, whether or not any of these applications
are even possible depends on the multi-faceted physics of the RF
tag’s radio link budget, which is the subject of this article.

In radio communications, the most critical obstacle is always
received power. No signal-processing or clever power-supply
scheme can overcome a radio channel that does not maintain the
Shannon minimum power level for a given rate of data exchange.
RF tags are further limited by the need, in passive systems, to
power up their radio frequency integrated circuits (RFICs) through
rectification of the incoming signal. Therefore, accurate calculation
of the backscattered power (for information exchange) and of the
forward received power (for energizing a tag’s radio-frequency
integrated circuit) will demonstrate the feasibility of a new appli-
cation more quickly and less expensively than speculative proto-

typing.
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After a brief survey of the state-of-the-art in backscatter RF
tag technology, we present an overview of several practical RF tag
link budgets. With the fundamentals in hand, we then discuss the
individual physical mechanisms that influence the link budget. The
empbhasis is not just on accurate equations, but on illuminating the
phenomena that alter the link budgets. Only an intimate under-
standing of these phenomena will free the engineer from merely
describing the link to instead allowing for design and innovation.
We conclude with two illustrative examples of link-budget calcu-
lations at 915 MHz and at 5790 MHz, and a discussion of a simi-
larity between optical polarizers and antenna polarization in back-
scatter systems.

2. Why Backscatter Radio is Different

Radio communication becomes technologically challenging
whenever special power demands are placed on at least one of the
communicating nodes. For example, satellite radio is challenging
because the satellite has been stranded in outer space, where power
(and maintenance) are in short supply. Personal cellular radio is
challenging largely because the base stations are forced to
exchange information with low-cost commercial handsets that use
small, stingy batteries. Passive RFID and backscatter radio are
challenging because one of the communicating devices has no
power available for communication, outside of what is received
from a far-field reading device.

The goal of backscatter radio is to retrieve information from
an RF tag by illuminating the device with UHF or microwave
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power, and decoding modulated signals scattered back from the RF
tag to the receiving antenna. The RF tag is usually so simple that it
has no conventional RF receiver components: no mixers, no ampli-
fiers, and nominal filtering. The tag serves only as a passive trans-
ponder that returns a portion of its received power with modula-
tion. There are several ways to accomplish this. One is using a
high-frequency diode (or equivalent component) at the terminals of
the antenna. Shown in Figure 1, a diode current-voltage character-
istic has an ac-equivalent resistance that depends on its dc bias
point. With a positive dc bias voltage, the diode behaves as an RF
short circuit; with a negative dc bias voltage, the diode approxi-
mates an RF open circuit. At the terminals of an antenna, this
results in a reflection-coefficient change that is detectable by a far-
field receiving antenna. Other types of nonlinear semiconductor
devices — Schottky diodes, varactor diodes, PIN diodes, and
MOSFETs — have all been used in a similar manner.

Another way in which passive RFID and backscatter radio
differ from conventional radio is that the link budget for backscat-
tered signals resembles the radar equation. This is because the RF
tag’s antenna is absorbing and re-emitting radio waves as a func-
tion of its load mismatch. However, the conventional one-way link
budget for power received by the RF tag is also important in back-
scatter radio, particularly if the RF tag is purely passive. These pas-
sive tags must rectify the incoming RF waveform, and convert it to
dc power for the tag’s radio-frequency integrated circuit.

One simple method for converting the RF power to dc power
is with a charge pump, constructed using the rectifier circuit shown
in Figure 2a. By adding a capacitor and diode, it can be made into a
full-wave rectifier or voltage doubler, shown in Figure 2b. This can
then be cascaded to make a generic 2N-fold voltage multiplier,
shown in Figure 2d, derived from a Dickson charge pump [2].
Voltage multipliers are important for boosting the rectified dc volt-
age, as a simple rectifier will only activate other components in the
radio-frequency integrated circuit when the RF tag is very close to
the reader. The range of the RF tag can be extended by careful
optimization of the charge pump, and by conjugately matching the
charge pump’s impedance to that of the tag’s antenna [3]. How-
ever, since even the best charge pumps become less and less effi-
cient as V¢ drops below the diode turn-on voltage, there is a

minimum received power required for a tag’s radio-frequency inte-
grated circuit to power up. In general, this minimum power is in
the range of 50 to 500 uW for a conventional silicon radio-fre-
quency integrated circuit, operating in the 902-928 MHZ frequency
band [4]. Two notable exceptions to this rule are radio-frequency
integrated circuits that consume only 16.7 pW at 869 MHz [5] and
2.7 uW at 2.45 GHz [6], using 0.5 pm two-poly, two-metal digital
CMOS and 0.5 pm silicon-on-sapphire technologies, respectively.
Therefore, it is apparent that the power requirements of tag radio-
frequency integrated circuits will decrease as innovative designs
are developed and IC technologies with low parasitics are used.

3. The Four Link Budgets of
Backscatter Radio

There are essentially four types of link budgets used in back-
scatter radio, depending upon whether power-up issues or the flow
of backscattered information is being studied.

12

3.1 The Power-Up Link Budget

The power-up link budget describes one-way power flow
from the transmitter portion of the reader to the RF tag. Specifi-
cally, the power, £, is the amount of RF power coupled into the
tag’s radio-frequency integrated circuit, discounting any loss fac-
tors internal to the chip. This received tag power is given by the
following linear-scale link budget:

2
P= PTGTGzt;L Xt , (1)
(4zr)” ©BF
where P is the power coupled into the radio-frequency integrated
circuit [W], Py is the power transmitted by the reader [W], Gy is
the load-matched, free-space gain of the transmitter antenna, G, is

the load-matched, free-space gain of the tag antenna, A is the car-
rier-frequency wavelength [m], X is the polarization mismatch, 7
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Figure 1a. A diode current-voltage (I-V) curve shows how a
diode can be used to change the RF impedance at the terminals
of an antenna.
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Figure 1b. A PIN diode modillator, constructed to emulate
backscatter modulation at the terminals of an antenna [1].
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Figure 2a. A summary of different charge-pump circuits: a
basic rectifier.
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Figure 2b. A summary of different charge-pump circuits: a
voltage doubler.
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Figure 2c. A summary of different charge-pump circuits: a
voltage quadrupler.
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Figure 2d. A summary of different charge-pump circuits: a 2N-
fold voltage multiplier.

is the power-transmission coefficient, 7 is the reader-to-tag separa-
tion distance [m], @ is the RF tag antenna’s on-object gain pen-
alty, B is the path-blockage loss, and F is the one-way power-up
fade margin. Much like a conventional radio-link budget, Equa-
tion (1) depends on the separation distance, r, the antenna gains,
Gr and G, and the transmitted power, Py. Additionally, the unit-
less loss terms, B, 7, ®, F, and X that appear in Equation (1) are
described in Section 4.

3.2 The Monostatic Backscatter
Link Budget

After powering-up, a sufficient amount of power must be
scattered back from the RF tag to the reader for the transfer of
information. There are three types of backscatter links for informa-
tion exchange, each having a distinct form, as summarized in Fig-
ure 3. The first type is the monostatic backscatter link, where a
single antenna is used at the reader for both transmission and
reception. The reader’s received modulated backscatter power, P,

is given by the following linear-scale link budget:

P GERGIA XM

Iy )
® (4nr) 02B7F,

@

where Pp is the modulated backscatter power received at the
reader [W], M is the modulation factor, Gy is the load-matched,
free-space gain of the reader transmitter/receiver antenna, and F,

13

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on January 27, 2010 at 09:06 from IEEE Xplore. Restrictions apply.



TX/RX - tag

>

A
\

A
ar

Figure 3a. The monostatic configuration, one of the three main
antenna configurations in the backscatter link.
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Figure 3b. The bistatic collocated configuration, one of the
three main antenna configurations in the backscatter link.
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Figure 3c. The bistatic dislocated configuration, one of the
three main antenna configurations in the backscatter link.
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is the monostatic fade margin. In addition to the familiar loss terms
from the power-up link budget, an additional modulation factor, M,
must be taken into consideration: this factor is explained in Sec-
tion 4.1. Note that Equation (2) is just a slight variation of the radar

equation, where scattered power falls off as *. The monostatic
link architecture is often used in commercial RFID readers,
although it has the disadvantage of extreme self-interference. Such
readers typically rely on a directional coupler or circulator to iso-
late the powerful, unmodulated transmitted signal from the weak,
incoming backscattered signal. Typical circulators can isolate the
transmitted carrier from the received signal by 20-30 dB, but
reflection of the transmitted signal from the antenna will pass
directly through the circulator (or directional coupler), and domi-
nate the incoming backscattered signal by several orders of mag-
nitude [7]. Thus, the range of information exchange for monostatic
readers can be limited by their self-interference, rather than by their
in-band thermal noise. One way to improve this limitation is to use
active cancellation to remove the self-interference signal [8, 9].
However, the ranges of current UHF passive RFID systems are still
limited by their power-up threshold, rather than by self-interference
or thermal noise. If the power-up efficiency of tag radio-frequency
integrated circuits was improved substantially, passive tags would
soon become information limited on the backscatter link [10].

3.3 The Bistatic, Collocated Backscatter
Link Budget

A second type of backscatter architecture occurs when the
reader is bistatic, and the antennas used to transmit and receive are
located in the same local area (within a few wavelengths of one
another). In this case, the linear-scale link budget for the received
modulated backscatter power, Py, is

_ BGpGRG2A XM

A
* (4nr) ©2B7F,

3

where F, is the bistatic, collocated fade margin, Gy is the load-

matched, free-space gain of the reader’s transmitter antenna, and
Gy is the load-matched, free-space gain of the reader’s receiver

antenna. There are two key differences between Equation (3) and
the monostatic link described in Equation (2). First, the reader’s
transmitter and receiver antennas can have different gains, G and

Gp, respectively. Second, a different fading factor, F,,, must be

used, since the small-scale fading is no longer identical on the
reader-to-tag and tag-to-reader links. This difference is discussed in
detail in Section 4.6.

3.4 The Bistatic, Dislocated
Backscatter-Link Budget

A third and final type of backscatter-link budget describes an
RF tag reader where two different antennas at two separate loca-
tions are used: one to transmit, and the other to receive. In this
case, the received modulated backscattered power, Py, in a linear

scale is given by

PrGrGrGEA X ( XyM
R= ’
(47)* rPn?©*B B, Fp

“
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where 7; is the reader-to-tag link separation distance [m)], 7, is the
tag-to-reader link separation distance [m], X s is the reader-to-tag
link polarization mismatch, X, is the tag-to-reader link polariza-
tion mismatch, B ¢ is the reader-to-tag link path-blockage loss, B,

is the tag-to-reader link path-blockage loss, and Fp is the bistatic,

dislocated small-scale fading loss. Note that many of the loss terms
must now account for the two different paths that radio waves take
from the transmitter to the RF tag and from the RF tag to the
receiver. Also, the average RF tag gain, G,, is only approximate
for Equation (4), since the angles-of-arrival and angles-of-depar-
ture are different for waves incident upon and scattered from the
RF tag. This difference is caused by the separation between the
reader’s transmitter and receiver antennas, and the RF tag antenna
gain’s dependence upon azimuth and elevation angle.

To clarify the notation in Equation (4), it should be under-
stood that the RF channel in which a backscatter-radio system
operates is composed of two parts: the forward link and the back-
scatter link. The forward link, also called the reader-to-tag link,
describes signal propagation from the reader’s transmitter to the
RF tag, and link-budget parameters that pertain to this link are
denoted by a subscript f. Similarly, the backscatter link, or the tag-
to-reader link, describes signal propagation from the RF tag to the
reader receiver, and link-budget parameters that pertain to this link
are denoted by a subscript 5. These terms will be used inter-
changeably throughout this article.

4. Radio-Channel Impairments

This section presents a more-detailed explanation and
quantification of the physical propagation mechanisms that affect
backscatter-radio propagation.

4.1 Modulation Factor

The amount of reflected power in a backscatter link is not
only a function of the antenna properties of the RF tag and its sur-
rounding materials. Since 1s and Os must be coded with two differ-
ent reflection states, the power of the digital information scattered
toward the reader is also related to the difference in load states. If
[ 4 is the reflection coefficient at the antenna for state 4, and T'p

is the reflection coefficient at the antenna for state B (as illustrated
in Figure 4), then the amount of reflected power will be propor-
tional to the modulation factor, M, given by [11]

2

M=%|1“A—r3 , ®)

where the reflection coefficient for each state is defined as [18]

AB
_ ZRkic — Zant 6
AB — AB ’ ( )
Zgic * Zant

and Zg;c is the input impedance of the RF port of the radio-fre-

quency integrated circuit in states 4 or B, Z,; is the input imped-

ance of the antenna, and (-)" is the complex-conjugate operator.
Equation (5) is maximized when ideal open- and short-circuit loads
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are used to modulate the 1s and Os, resulting in +1 and —1 reflec-
tion coefficients, respectively. These extreme reflection coeffi-
cients may be quite difficult to achieve in practice. This becomes
most difficult when the RF tag’s antenna approaches metallic
objects, making it impossible for semiconductor devices to make
an RF short circuit relative to the plummeting radiation resistance
of the near-metal tag antenna. Furthermore, the choice of the
modulation factor presents a tradeoff in design parameters [7]. If
the reflection coefficients were switched between an open and
short circuit, then all power would be backscattered, and the
power-up circuitry of the tag’s radio-frequency integrated circuit
would be starved of available power. Instead, some designers
choose to use amplitude-shift-keying (ASK) modulation, and to
switch the reflection coefficient between a matched load and a
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Figure 4a. A block diagram of a monostatic RFID reader sys-
tem.
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Figure 4b. A block diagram of a single-antenna RF tag.
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short, M =0.25, to balance the power backscattered and absorbed
by the radio-frequency integrated circuit [6]. Others use phase-
shift-keying (PSK), and simply modulate the reactive component
of the chip’s impedance [5]. This allows constant power to be sup-
plied to the radio-frequency integrated circuit, regardless of the
modulation state.

An alternative method for characterizing the power scattered
from the RF tag is to use the tag’s effective radar cross section
(RCS). Over the years, much research on the RCS of loaded anten-
nas has been done, with the goal of making “stealthy” antennas —
antennas with zero RCS (non-scattering) — for military applica-
tions. However, for modulated-backscatter applications the goal is
to maximize an antenna’s RCS, while still absorbing enough power
to turn on the tag’s radio-frequency integrated circuit. The theory
of loaded-antenna RCS for modulated backscatter applications has
been presented by Nikitin and Rao [12], Penttild et al. [13], and
Fuschini et al. [14], among others. For such applications, the RCS,
ORres > is related to the tag antenna’s gain, G, ; the wavelength of

radiation, A ; and the reflection coefficient, I' AB'

2%G?

o4l ™

ORcs =

where T4 p is defined in Equation (6). In this characterization, the

RFID tag may be seen as modulating information back to a reader
by changing its effective electromagnetic area: the size of its scat-
tering cross section.

It should be noted that the RCS in Equation (7) is actually the
“modulatable” RCS of a tag antenna. Superimposed atop this cross
section there will also be a structural RCS of a tag antenna, due to
the fact that any conducting object will scatter electromagnetic
waves. The full RCS is given by

/12 2 2
ores =G |4, _FA,Bl , ®

where 4, is a complex-valued term that represents the structural

component [15]. If the difference between modulation states is
written in terms of the RCS, the differential RCS, Ao pcs [16], is

A2G?
4z

Aopes = T4 -Taf. 6]

4.2 On-Object Antenna Gain Penalties

While a tag’s antenna may perform well when separated by
several wavelengths from conductive and dielectric materials, tag
operation may cease completely when it is brought close or
attached to an object. Aside from altering the input impedance
(discussed in Section 4.5), object attachment reduces the antenna’s

radiation efficiency and distorts the antenna pattern. This limits
both the backscattered power for communication and, for a passive
RF tag, the power available for radio-frequency integrated circuit
operation. In Equations (1)-(4), the on-object gain penalty, ®,
accounts for these losses. It is defined in a linear scale as the ratio
of the load-matched, free-space gain, G,, of the RF tag’s antenna

to the gain of the RF tag’s antenna attached to an object, Gypobject :

0=—"Y (10)

Gon-object

To make ® a useful “rule-of-thumb” for design engineers, the
power used to calculate G, and Gy object it Equation (10) should

be averaged over the half-space facing away from the object, so
that ® is independent of the angle-of-arrival of waves at the RF
tag. Unfortunately, calculating Gopopject is difficult analytically,

and is complicated by the ® ’s dependence on material properties,
object geometry, frequency, and antenna type. Therefore, the best
method to determine Gy ghject i through careful simulation or

measurement.

Measurements for several representative cases, shown in
Table 1, have shown that ® can range from 0.9 dB on cardboard
to 10.4 dB on an aluminum slab [17]. Initially, some of the gain
penalties in Table 1 may not seem significant. However, recall that

the backscatter link decreases as 1/ @? , S0 an aluminum slab may
result in over 20 dB of excess loss.

4.3 Path Blockages

Path blockages in conventional wireless links result in serious
but surmountable losses in the link budget. In today’s passive UHF
backscatter systems, path blockages are usually catastrophic to
operation. However, there are some instances when a line-of-sight
(LOS) radio channel is not necessary, particularly for battery-
assisted RF tags. In these cases, we can borrow the standard mod-
eling techniques for path blockages in conventional wireless sys-
tems: the log-normal distribution. In this model, the distribution of
possible aggregate blockage losses, B (in dB), can be modeled with
the following probability density function:

__ 1 (b‘ﬂB)Z
fB (b) - O'B‘/E;exp[ 20% }’ (1 1)

where b is the index of the probability density function, up is the
average value of the aggregate blockage loss, and o is its stan-
dard deviation, all with units of dB.

Typically, one would use the average value, B = up, in the
link budget, and add multiples of a standard deviation, o, as a

- Table 1. On-object gain penalties for various materials measured at 915 MHz with a
dB scale [17].

Cardboard | Acrylic Pine De-Ionized | Ethylene | Ground | Aluminum
Sheet Slab | Plywood Water Glycol Beef Slab
0.9 1.1 4.7 5.8 7.6 10.2 10.4
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margin for increased reliability. Note that for monostatic or bistatic
collocated antennas, the RF signal will travel in opposite directions
through the same pathways, experiencing the same path blockages
twice. In the bistatic, dislocated configurations, the reader-to-tag
and tag-to-reader pathways are no longer identical, and require
separate blockage factors: B, and By, respectively.

To date, there are few studies on RF tag “radioscapes” that
would suggest valid parameters for this model. Most planners sim-
ply ignore blockages, assuming that there will be a line-of-sight
from the reader to the RF tag. As ranges improve and new applica-
tions are added, this assumption will become invalid.

4.4 Polarization Mismatch

The polarization mismatch, X, between the reader and tag
antennas may vary from O to 1 in a linear scale. X is the polariza-
tion mismatch factor, and accounts for the power lost due to
polarization mismatch [18]. It is often difficult to gauge the exact
mismatch factor, since the reader and tag may have unpredictable
orientations with respect to one another. If orientation in the system
is unpredictable, a median value of X =0.5 (in a linear scale) is
commonly assumed for the one-way link. In most collocated back-
scatter links, this loss is squared, since the RF signal travels back
and forth between the reader and tag antennas.

In bistatic backscatter links, where the transmitting and
receiving antennas are differently polarized with respect to the tag,
it is no longer sufficient to simply square the polarization-mis-
match factor. In this case, reader-to-tag and tag-to-reader mismatch
factors — X, and X, respectively — must be calculated sepa-

rately.

4.5 Power Transmission Coefficient

The RF tag antenna gain reported in the link budgets assumes
an ideal conjugate match between the radiation and load imped-
ances. However, many factors may result in a power-reducing
mismatch. These mismatching effects may be caused by the altera-
tion of the antenna’s radiation impedance by coupling into nearby
objects, or radio-frequency integrated circuit loading of the antenna
that results in extreme or transient load impedances. Given an
antenna impedance, Z,, and a load impedance, Z;, the power
transmission coefficient, 7 [18, 19] — the normalized power deliv-
ered to the load — is

4Re{Z} Re{Z,}
Re{Z +2;) +Im{Z+2;}

r= ~, 0<7<l. (12)

When Z,=Z], where ()" is the complex-conjugate operator,
maximum power transfer occurs, and 7 =1.

4.6 Small-Scale Fading

In a backscatter-radio system, the power received by the RF
tag or backscattered to the reader may vary drastically as a function
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of RF tag position — even when a line-of-sight path exists between
the reader and the RF tag. This variation, known as small-scale
fading, is caused by the constructive and destructive interference of
waves scattered from objects in the vicinity of the backscatter-radio
system. In a small-scale fading channel, characterization of the
received signal is accomplished by modeling the received signal as
a random variable the value of which is determined by a prescribed
probability distribution. The distribution used is determined by the
link budget in question and the propagation characteristics of the
channel. Once a probability distribution has been chosen, a safety
factor, or fade margin, is included in the link budgets to ensure that
the backscatter-radio system can operate with a certain outage
probability. For any channel, the fade margin in dB can be calcu-
lated as

2
[FR_ !(Outage Probability)]
P

ay

Fade Margin =10log;, , (13)

where Fjp is the CDF of the received signal envelope, and P, is

the average power in the channel (in units of envelope-squared).
The key for this calculation is choosing the appropriate distribu-
tion.

4.6.1 The Power-up Fade Margin, F

The two probability distributions most commonly chosen to
model fading in the power-up link budget are the Rayleigh and
Rician distributions. A Rician distribution is used when a line-of-
sight path exists between the reader and the RF tag; otherwise, the
Rayleigh distribution is used. The level of fading is described by
the Rician K factor: the ratio of the power in the specular line-of-
sight signal and the power in the non-specular, scattered signal.
Reported Rician K factors for backscatter channels are —o dB and
2.8 dB [20], although higher values are certainly possible. These
numbers represent the K factors of the individual reader-to-tag and
tag-to-reader links, where it has been assumed that each link has
the same X factor.

4.6.2 The Monostatic Backscatter Link
Fade Margin, F,

Fading in the monostatic backscatter link, although caused by
the same physical mechanisms, has a radically different distribu-
tion than that of the power-up link. The reason for this difference is
that the fading in the reader-to-tag link is multiplied by the fading
in the tag-to-reader link. The fading of the backscattered signal can
be modeled using a product-Rayleigh (for the non-line-of-sight
(NLOS) case) or a product-Rician (for the line-of-sight case) dis-
tribution. Since a single antenna is used to transmit and receive in a
monostatic reader, the reader-to-tag and tag-to-reader links are
identical. Intuitively, this means that there is a strong relationship
(i.e., a high level of correlation) between the fading in the reader-
to-tag and tag-to-reader links, which results in the deepest fading of
all the backscatter link budgets [21].
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4.6.3 The Bistatic Collocated Backscatter
Link Fade Margin, F,

The bistatic collocated link differs from the monostatic link
in that two separate — but closely spaced — reader antennas are used
to transmit and receive. In terms of fading, this means that the
reader-to-tag and tag-to-reader links will be less correlated. Hence,
when compared to the monostatic backscatter link, fading in the
bistatic collocated link will always be less severe, because the
likelihood that both halves of the link will fade simultaneously is
less.

4.6.4 The Bistatic Dislocated Backscatter
Link Fade Margin, Fj

In the bistatic dislocated backscatter link, the reader transmit-
ter and receiver antennas are separated by a large electrical dis-
tance. This large separation causes the fading in the reader-to-tag
and tag-to-reader links to be statistically uncorrelated. Therefore,
the fading in this link will be the least severe of all the backscatter
links, but still worse than the power-up link.

4.6.5 Calculated Fade Margins

Table 2 shows fade margins for several different channels
and levels of fading. The left column gives the outage probability,

defined as Pr [PR <(B,/ FadeMargin)] or, in words, the probabil-

ity that the received power, Py, has dropped below the average
power, P,,, by an amount equal to the fade margin. Therefore, for
the power-up link with K =0dB, Table 2 shows that the required
fade margin, F, to guarantee that signal fades render the system
inoperable with a only a 10% probability is 9 dB. In other words,
an additional 9 dB of power must be transmitted to limit system
failures to a 10% frequency. In Table 2, F, and Fj represent the

two extreme levels of link correlation for the monostatic and
bistatic dislocated backscatter link budgets, respectively. Although
not included in the table, the fade margin for the bistatic, collo-
cated link budget, F, , will be in the range F, < F,, < Fp.

5. lllustrative Examples
5.1 An RFID Portal at 915 MHz

In this section, we will demonstrate the link budgets
described in Section 3 through an example of an RFID portal oper-
ating at 915 MHz. We proceed by defining the RF tag system
parameters, describing the propagation environment, and then
plotting the link budgets as a function of the reader-to-tag separa-
tion distance for two different object attachments.

5.1.1 RF Tag Reader

In this system, tagged objects pass through a passageway, or
portal, to which the reader’s antennas are fixed. The reader has the
ability to operate with a single transmitter and receiver antenna
(monostatic mode), or with two widely-spaced transmitter and
receiver antennas (the dislocated bistatic mode). In either mode, the
transmitter and receiver antennas are right-hand-circularly polar-
ized patch antennas, which resonate at 915 MHz with a gain of
7 dBi. The sensitivity of the reader is —~80dBm [10,22].

5.1.2 RF Tag

Figure 5 shows the equivalent circuit of the RF tag antenna,
the impedance-transformation network, and the antenna port of the
tag’s radio-frequency integrated circuit. The RF tag uses a single
folded-dipole antenna, which is linearly polarized with a free-
space, load-matched gain of 2.1 dBi and an approximate free-space
terminal impedance of 300+ j100Q, determined from Figure 6b
[11]. The input impedance at the antenna port of most tag radio-
frequency integrated circuits can be modeled as a series resistor of
a few ohms (often less than 30 Q), in series with a capacitor that is
a fraction of a picofarad [7]. For this example, we will assume that
the tag’s radio-frequency integrated circuit uses ASK modulation
and switches its impedance between two states,

ngFIC =20- 73509 and ZEFIC =2-j0.1Q (an approximate short
circuit). The nonzero input impedance of le{nc reflects the fact

that field-effect transistors cannot provide a true short circuit, but
are modeled as a small shunt resistance in parallel with a small
capacitance, the values of which depend upon the transistor’s

Table 2. Small-scale fade margins for one-way (7' ), monostatic ( F,), and bistatic

dislocated (F) backscatter links. The fade margins are reported in dB.

K = —odB 0dB K =3dB K =10dB
Pr‘:l‘)‘;;%le“y FIB|Blr|B|FB|lF|B|FB|lF|R|F
0.5 2614153132011
0.1 102215 9 [20[14a]7 [16]11]3]7]5
0.05 1329 191226 17102t ]15] 4] 9] 6
001 |20 |43 |28 | 1940 26| 16|34 22] 6 |13] 9
0.005 |23 |49 |32 |22 |46 291940 26] 7 | 15] 10
0.001 | 30 | 63 | 40 | 29 | 60 | 37 | 26 | 54 |33 ] 9 | 20 | 13
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Figure 5. The equivalent circuit of the folded-dipole RF tag
antenna, impedance-transformation network, and radio-fre-
quency integrated circuit antenna port used in the 915 MHz
portal example.

implementation and biasing. For efficient power transfer from the
antenna to the tag’s radio-frequency integrated circuit, a matching
network is used to transform the antenna impedance to
Z;y =20+ j3509Q, creating a conjugate impedance match with the

tag’s radio-frequency integrated circuit in impedance state 4. In
most RF tags, lumped-element impedance-transformation networks
are not used; instead, the necessary inductance or capacitance is
incorporated directly in the structure of the planar antenna [7]. In
this example, the matching network is treated separately from the
antenna structure for illustrative purposes. As mentioned previ-
ously, the power required for the tag to power up varies widely by
design. In this example, we assume that —13dBm is required at
915 MHz [4, 10].

5.1.3 The Propagation Environment

The RF tag system operates in a cluttered environment that
experiences small-scale fading due to multipath propagation. As
the RF tag passes in front of the reader’s antennas, a line-of-sight
path exists, resulting in a Rician K factor of 3 dB. Furthermore, it
is assumed that no blockages impair the line-of-sight path. For
illustration of one of the worst-case propagation scenarios, we
assume that the tagged objects passing through the portal are made
of aluminum, and that a 5% outage probability is desired.

5.1.4 Link-Budget Calculations

The information in the previous paragraphs, combined with
Table 1 and Table 2, provide all of the parameters necessary to cal-
culate the terms in the link budgets. A brief description of each is
provided below, and summarized in Table 3.

5.1.4.1 Transmitted Power, Pr

In the United States, the Federal Communications Commis-
sion (FCC) limits the power that an RF tag system can transmit to

4 W of equivalent isotropic radiated power (EIRP). EIRP power is
simply the product of the transmitted power and the transmitter-
antenna gain ( Pgpp = GrPr) with a linear scale. Since the reader’s
antennas have a gain of 7 dBi (5 in a linear scale), the maximum

continuous-wave (CW) power transmitted is limited to 29 dBm (or
800 mW).

5.1.4.2 Modulation Factor, M, and
Power Transmission Coefficient,

The RF tag modulates backscatter by switching its input
impedance between two states. When the RF tag is attached to a
cardboard object, the antenna’s impedance changes little from its
free space value, Zpy =20+ 73509Q, as seen at the output of the

impedance-transformation network. Using Zpy, Zfteic, and

ZIIfFIC in Equation (5), the modulation factor on cardboard is

found to be M =0.25. Using Equation (12), the power transmis-
sion coefficient on cardboard is 7 =1.

As the RF tag is brought close to an aluminum object, the
impedance of the folded-dipole antenna drops rapidly, as shown in
Figure 6a. For a very small object-to-tag separation distance of
0.0054 — which approximates object attachment — the terminal
impedance of the antenna drops to approximately 0.5+ j25Q. The
corresponding impedance, seen at the output terminals of the
impedance-transformation network, is Z;y =0.31+ 7j290Q. This
assumes that the values of the impedance-transformation network
are not altered by close metal proximity: an assumption that may
not be valid for a matching network incorporated into the antenna
structure. Using Zpy, Zipc, and Zggc in Equation (5) and
Equation (12), the modulation factor and power transmission coef-
ficient are found to be M =3.5x107> and r=6.2x10_3, respec-
tively (both in a linear scale).

5.1.4.3 Gain Penalty, ®

From Table 1, the gain penalties for cardboard and metal are
®=0.9dB (1.2 in a linear scale) and ® =10.4dB (11 in a linear
scale), respectively.

5.1.4.4 Fade Margins

To maintain a 5% outage probability in a multipath environ-
ment with K =3dB, the required fade margins from Table 2 are
F =10dB (10 in a linear scale) for the power-up link, F, =21dB

(126 in a linear scale) for the reader in the monostatic mode, and

Table 3. 915 MHz RF tag portal example parameters in a linear scale.

. PT GT, R Gt X fb F Fz F, B A M T ® B
Material [mW] [m]

Cardboard | 800 5 1.6 | 0.5 10 126 | 32 | 0.33 0.25 1 1.2 1

Aluminum [ 800 5 1.6 | 05 10 126 | 32 | 033 35x107° | 6.2x1073 11 1
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Figure 6a. The folded-dipole antenna’s impedance (simulated
using the Numerical Electromagnetics Code (NEC), a Method-
of-Moments-based code), as a function of the electrical distance
from a perfectly conducting half-plane at 915 MHz [11] for
electrical spacings of 0.0051 to 0.061.
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Figure 6b. The folded-dipole antenna’s impedance (simulated
using the Numerical Electromagnetics Code (NEC), a Method-
of-Moments-based code) as a function of the electrical distance
from a perfectly conducting half-plane at 915 MHz [11] for
electrical spacing of 0.0054 to 0.51
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Figure 7a. The power-up link plotted as a function of reader-
to-tag separation distance, 7.
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Figure 7b. The backscatter link plotted as a function of reader-
to-tag separation distance, 7.

Fg =15dB (32 in a linear scale) for the reader in the bistatic dislo-
cated mode.

5.1.4.5 Polarization Mismatch, X

Since the reader’s antennas are circularly polarized and the
RF tag antenna is linearly polarized, a 3 dB polarization mismatch
will result on both the reader-to-tag and tag-to-reader links. There-
fore, X s = X, =0.5 in a linear scale.

5.1.5 Discussion

Figure 7a shows plots of the power-up link, described by
Equation (1), for three different cases. In the first power-up link
budget, X, 7, ®, B, and F are all equal to one (in a linear scale).
This is the Friis free-space link budget: a link budget that assumes
free-space path loss, no impedance or polarization mismatches, no
path blockages, and no multipath fading. The second case is the
power-up link for an RF tag attached to cardboard, and the third is
the power-up link for an RF tag attached to an aluminum object.
Note the extreme optimism of the Friis free-space link budget.
Compared to the realistic second and third cases, an RF tag system
designed using the Friis link budget may overestimate its range by
several meters. In the second case, although cardboard attachment
itself does little to affect the tag’s operation, fading and polariza-
tion mismatches reduce the range of the RF tag to less than 2 m. In
the third case, the reduced antenna impedance results in an
extremely small power transmission coefficient, r, that prevents
the RF tag from turning on.

Similarly, Figure 7b shows plots of the backscatter links
described by Equation (2) and Equation (4) for an RF tag attached
to cardboard and aluminum. A brief comparison of Figure 7a and
Figure 7b shows that the range of the RF tag is limited by the
power-up link, not by the backscattered power. The effect of the
reader’s antenna configuration is also seen: the monostatic link is
several dB worse than the bistatic, dislocated case, regardless of
material attachment. Like the power-up link, the low antenna
impedance caused by aluminum attachment results in an extremely
small modulation factor, M. The small amount of modulated power
scattered from the RF tag is below the reader’s sensitivity threshold
and therefore is undetected.
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5.2 The Advantages of
High-Frequency Backscatter Systems

As evident in Section 5.1, even a small change in the parame-
ters of the link budgets can have a significant effect on the range of
an RF tag. Therefore, any method to increase antenna gain, mini-
mize material effects, and/or reduce fading is welcome news to the
backscatter-tag designer. One way to make such improvements
possible is by operating backscatter RF tags at a higher frequency.
In the US, the two most commonly used RF-tag frequency bands
are the 902-928 MHz industrial, scientific, and medical (ISM)
band, and the 2400-2483.5 MHz ISM band; however, another ISM
band is available at 5725-5850 MHz. In this band, the wavelength
is much smaller than that found in the 902-928 MHz band, and
leads to the following improvements.

First, antennas in the 5725-5850 MHz ISM band can be made
small enough for multiple antennas to be used on each RF tag,
without increasing — and possibly decreasing — the tag’s footprint
size compared to the footprint of a 902-928 MHz RF tag. This is
because antennas scale with wavelength, shown graphically in Fig-
ure 8. Using multiple RF tag antennas will reduce the fade margins
required for backscatter-radio-system operation — especially in
non-line-of-sight channels [23]. Mi [24] has shown that multiple,
closely-spaced antennas can be used to increase the power received
by an RF tag. Multiple RF tag antennas may also allow diversity
schemes to be employed in the RF tag, to mitigate fading in its
received power [25]. In addition, fade mitigation and direction
finding will be aided by the very compact antenna arrays that are
available for readers in the 5725-5850 MHz band. Such arrays will
even be small enough for use on mobile and hand-held readers.

Second, higher reader and tag antenna gains are possible in
the 5725-5850 MHz band. For a fixed antenna aperture, Equa-
tion (14) dictates that the gain of the RF tag antenna will increase
with frequency [18]:

4r
G=?Aeﬁ, (14)

where G is the antenna’s gain in a linear scale, A4 is the wavelength
[m], and 4.4 is the effective area of the antenna [m?].

Third, operating in the 5725-5850 MHz band will improve an
RF tag’s on-object performance compared to lower frequencies by
increasing the electrical separation between the tag and object. For
example, Figure 6a shows that the real impedance at an electrical
object-to-tag distance of 0.014 is ~2£ at 915 MHz. If the physi-
cal separation distance is unchanged and the frequency is increased
to 5790 MHz, the electrical object-to-tag distance becomes 0.064 ,
with a corresponding real impedance of =~ 40, resulting in a lar-
ger power transmission coefficient, 7 , and modulation factor, M.

Fourth, more bandwidth is available in the 5725-5850 MHz
ISM band than in the other two ISM bands used for RF tags. This
additional bandwidth will enable high-data-rate and spread-spec-
trum backscatter communication [26].

As an example of gains available at higher frequencies, con-
sider the same RF tag system described in Section 5.1. If this sys-
tem were redesigned to operate at 5.79 GHz, then the high-fre-
quency benefits described above would apply. The resulting
changes in the link-budget parameters are described in the follow-
ing paragraphs, and summarized in Table 4.

5.2.1 Increased Antenna Gain

If the antenna’s effective area remains constant, Equa-
tion (14) dictates that an additional 16.4 dB of gain is available as
A decreases from 33 cm at 915 MHz to 5 cm at 5.79 GHz. There-
fore, at 5.79 GHz, the reader’s antenna gains are now 23.4 dBi

A/2=16 cm

“P

915 MHz
A2 =6 cm

ﬁ r
2450 MHz

A2=2.5cm
-r-
5790 MHz

Figure 8. Half-wave dipoles for 915 MHz, 2450 MHz, and
5790 MHz, drawn proportionally (not actual size) to show the
relative decrease in size with increasing frequency.

Table 4. 5.79 GHz RF tag portal example parameters in a linear scale.

. PT GT, R Gt X fb F F B A M T ® B
Material [mW] [m]
Cardboard | 18.3 | 219 71 0.5 10 6.3 | 0.05 0.25 1 1.2 1
Aluminum | 18.3 | 219 71 0.5 10 6.3 | 0.05 4.4x1073 0.13 11 1
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(219 in a linear scale), and the RF tag’s antenna gain is now
18.5 dBi (71 in a linear scale).

5.2.2 Multiple Tag Antennas and
Maximal Ratio Combining

At 5.79 GHz, it is practical to use two antennas on each RF
tag and a two-clement antenna array at the reader receiver. If
maximal ratio combining (MRC) is performed on the diversity
branches received from the two-element receiver array, then Fﬁ is

reduced to 8 dB (6.3 in a linear scale) for a 5% outage probability
(this result was obtained through Monte Carlo simulation of the
backscatter channel). For this example, the power-up fade margin,
F, remains unchanged from the 915 MHz example.

5.2.3 Increased Object Inmunity

From the example in Section 5.1, the RF tag’s antenna
attached to a metal object is 0.0054 from the metal surface at
915 MHz. If the RF tag now operates at 5.79 GHz and its physical
distance from the metal surface is unchanged, the electrical separa-
tion distance becomes 0.0334. At this distance, Figure 6a shows
that the antenna’s terminal impedance is now approximately
10+ 71009, which corresponds to Z;y =2.3+ j319Q at the out-

put terminals of the impedance-transformation network. From
Equation (12) and Equation (5), the power transmission coefficient
and modulation factor for metal attachment are now 7 =0.13 and

M =44x1073 (both in a linear scale), respectively. Because of
cardboard’s weak effect on the antenna’s impedance, r and M for
cardboard attachment do not change from the 915 MHz example.

To complete this example, the transmitted power must be
decreased to 12.6 dBm (or 18.3 mW) to meet FCC power limita-
tions with the increased reader-antenna gains. Since no measure-
ments of gain penalties at 5790 MHz are available, 915 MHz gain-
penalty values from Table 1 are used.

5.2.4 Discussion

Figure 9a compares the power-up link budgets at 915 MHz
and 5790 MHz, and shows surprising results. For cardboard
attachment, the links are almost identical: the power sacrificed to
higher path loss at 5790 MHz is balanced by increased antenna
gain at the RF tag. For metal attachment, increased object immu-
nity combines with the increased antenna gain at 5790 MHz to
make the link approximately 13 dB better than that at 915 MHz.
Similar improvement is seen for the bistatic, dislocated links
shown in Figure 9b. Here, the reduced fading, increased RF tag
antenna gain, and the greatly increased reader-receiver antenna
gain cause the links at 5790 MHz to perform approximately 24 dB
and 45 dB better than those at 915 MHz for cardboard and alumi-
num attachment, respectively.

While these gains still do not now allow the RF tag to operate
while attached to the aluminum slab, they may do so for other,
less-extreme material attachments, and may result in significant
range and reliability improvements. Active tags will immediately

22

benefit from the gains evident in Figure 9b, since their performance
is not constrained by the more-stringent power-up link. Passive
tags will also experience significant benefits; however, the benefits
shown in Figure 9a will be limited in some commonly used tag
radio-frequency integrated circuit technologies by parasitic
capacitance that increases power consumption at high frequencies.
However, with careful circuit layout and use of technologies other
than conventional silicon, it should be possible to adequately
reduce the power consumption of high-frequency tag radio-fre-
quency integrated circuits at reasonable manufacturing costs. Such
high-frequency, low-power radio-frequency integrated circuits will
have operating ranges comparable to their low-frequency counter-
parts, but with the added advantage of reduced fading and
increased object immunity. An example of a high-frequency tag
radio-frequency integrated circuit with low power consumption, as
noted in Section 2, was reported by Curty et al. [6] to consume
2.7 uW (-25dBm) at 2.45 GHz. This radio-frequency integrated
circuit was fabricated using a 0.5 pm silicon-on-sapphire technol-
ogy.

It should be noted that while the RF tag’s antenna gain at
5790 MHz will increase the RF tag’s range, it will also increase its
directivity. The result will be an RF tag that is more orientation
sensitive than that at 915 MHz. If the RF tag’s orientation is fixed
or its range very small, the increased directivity will not be an
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Figure 9a. The power-up link plotted as a function of reader-
to-tag separation distance, 7.
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Figure 9b. The backscatter link plotted as a function of reader-
to-tag separation distance, r.
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issue; however, for other applications, it may pose a serious but not
insurmountable problem. In such cases, multiple reader antennas
can be used to power the RF tag from different spatial positions.
Furthermore, as tag radio-frequency integrated circuit technology
advances and the required turn-on power is decreased, the RF tag’s
antenna gain and, as a result, directivity can be reduced without
sacrificing tag range.

5.3 Polarization and Antenna Diversity

There is an interesting analogy between backscatter radio
polarization and a famous physics problem in optics: one that many
students perform in their physics classrooms. In this problem, a
light source illuminates a pair of polarizers. If the polarizers are
aligned, most of the light passes through. However, if one of the
polarizers is tilted 90°, the last polarizer becomes completely dark.
Surprisingly, when a third polarizer is inserted at a 45° angle
between the two 90° offset polarizers, light passes through all
three, albeit attenuated by a factor of four in power (6 dB), as
illustrated in Figure 10.

There is a powerful analogy between the optical-polarizer
experiment described above and the backscatter link of an RF tag
system. Consider the case in the upper portion of Figure 10, where
cross-polarized reader antennas are used to read an RF tag. In this
case, the RF tag’s antenna polarization is aligned with the verti-
cally-polarized transmitter antenna and, therefore, most of the
transmitted power will be coupled into the RF tag’s antenna. On
the other hand, no power will couple into the receiver antenna,
because it is cross-polarized to the power that the tag scatters. A

solution to this problem is to orient the RF tag’s antenna at 45°
with respect to the polarization of both reader antennas. Now, a
significant portion of the power will be coupled into the RF tag’s
antenna and read by the reader’s receiver. An added benefit pro-
vided by this setup is an improvement in the system’s carrier-to-
interference ratio, as there is now significant cross-polarized dis-
crimination between the reader’s transmitting and receiving anten-
nas. In fact, based on the polarization properties of the 45° RF tag’s
antenna in Figure 10, one can imagine a peculiar form of antenna
diversity where two linearly-polarized antennas are held at 45°
with respect to one another — in contrast to the usual 90° case of
polarization-diversity antennas in a conventional wireless link.
When interrogated with cross-polarized reader antennas, there is
always a spatial orientation in which one of these antennas is capa-
ble of both powering-up and scattering information back to the
reader [26]. Referring to the illustration in Figure 11, we can see
that the polarization mismatches for the RF tag antennas are

X=X ;Xj=cos” (6)cos? (%—9),

sin?(9)
(15)
Xt2 =Xbe =COS2 (%"’6)0052 (%—9),

where X,; and X, are the total power polarization mismatches on

the forward and backscatter links, and @ is the orientation angle
with respect to the transmitter. Interestingly, the sum of the two
polarization mismatch terms in Equation (15) is independent of 6.
Circularly-polarized reader antennas are often used for mitigation
of polarization-mismatch effects in current RFID systems, but they

Polarization Mismatch Effects in an RFID System
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Figure 10. Examples of polarization effects in an RFID link and an analogous optical link.
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Figure 11. The use of 45°-slant-diversity antennas in a back-
scatter system with a cross-polarized reader transmitter and
receiver.

lack the ability to reduce self-interference, like the bistatic system
of Figure 11.

6. Conclusion

Successful backscatter radio design requires more than just
accurate link-budget equations: it requires an understanding of the
propagation mechanisms that affect both the power available to the
RF tag and backscattered to the reader receiver. This article has
provided link budgets that describe these powers, along with a
detailed description of the modulation factor, on-object gain penal-
ties, path-blockage losses, polarization-mismatch losses, imped-
ance-mismatch losses, and small-scale fading losses. A realistic
915 MHz backscatter-radio example was presented to demonstrate
use of the link budgets. It showed that object attachment and mul-
tipath fading can significantly impact RF tag range. Furthermore,
using multiple, 45° slant antennas on the RF tag, in conjunction
with cross-polarized reader transmitter and receiver antennas, will
improve backscatter communication by reducing the reader’s self-
interference. It has also been shown that using multiple RF tag
antennas along with compact reader antenna arrays in the 5725-
5850 MHz frequency band will provide additional propagation
benefits — increased antenna gain, reduced small-scale fading, and
increased object immunity — over current, lower-frequency sys-
tems. Although some obstacles must be overcome, such high-fre-
quency systems may provide reliable communication to future,
compact backscatter RF tags.
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