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PASSIVE SENSORS
UsING RF BACKSCATTER

An application of RF backscatter to monitor passive (zero DC power) sensors is presented. The

technique uses an RF signal, from a probing platform, to probe a passive sensor. The passive sensor
contains a transducer that acts like an impedance to RF signals, and therefore produces a quantifiable
backscatter depending on the value of that impedance. This RF impedance is also a function of the
physical parameter under observation. The heterodyned signal from the incident and backscattered
RF signals, as in a frequency modulated continuous wave (FMCW) radar, is a low frequency signal
containing information on the impedance that can be extracted by digital signal processing (DSP).
There are a number of transducers, especially ones that are MEMS-based, which can thus be
characterized at RF, and the physical parameter information extracted. The technique has the
potential for the development of a class of very economic, reliable, accurate and self-calibrating
sensors with no DC power requirement and without the use of any chips in the sensors.

ow power wireless sensors are receiving
Lconsiderable attention due to their mul-

tiple applications in the commercial and
military scenarios. Wireless networks of “pow-
er aware” smart sensors are being developed
that are deployed and forgotten,! as well as
the sensor elements themselves. Transducers
integrated with radio transceivers and net-
working intelligence are evolving through
stages like “Motes,” “Dust,” “Pico Radio,” etc.,
to create maintenance free and autonomous
sensors. A strong motivation to migrate from
low power to zero power has been made ap-
parent by the attempt to develop “ambient
powered” smart sensors, with various tech-
niques being proposed to harvest power from
the surroundings.

The present work deviates from the tradi-
tional approach of developing zero power sen-
sor elements by scavenging the environment
for indigenous energy sources, be they me-
chanical, photonic, radio energy, acoustic, etc.
However ingenious and efficient these tech-
niques may be, power scavenging tends to en-

counter problems when the source of energy
happens to be erratic or scanty.

The present technique proposes to illumi-
nate passive sensors with RF energy and
process the backscattered return signal to ex-
tract non-electrical information such as tem-
perature, pressure, vibration, humidity, etc.
Since the sensors are illuminated with a con-
trolled source of RF energy, the inherent
problem of power scavenging, such as the un-
predictability of a local power source, is elimi-
nated. The fact that the probing station needs
DC power is alleviated due to the fact that
such a station is capable of probing a multi-
tude of totally passive sensors.

It is necessary to point out that the pro-
posed technique is not based on the same
principle that operates passive backscatter
RFID tags,? whereby the chip in an RFID tag
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A Fig. 1 Fundamental principle of measurement of an impedance

by backscatter.

gets powered by a reader. As seen in
the following sections, the sensor ele-
ment in the present technique is con-
structed from truly passive elements,
unlike the so-called passive backscat-
ter tag, which requires the use of a

chip.

FUNDAMENTAL PRINCIPLE

The proposed technique is based
on the following assumptions:

e Transducers are available whose
change in electrical impedance can
be correlated with some physical pa-
rameter such as temperature, pres-
sure, vibration, humidity, etc.

e The impedance can be predictably
characterized and modeled at suffi-
ciently high RF frequencies by direct
excitation as with a vector network
analyzer.

e It is possible to measure the imped-
ance remotely at those RF frequen-
cies by processing the backscatter sig-
nal.

While the first two assumptions
are valid for a variety of sensors, es-
pecially with various MEMS-based
devices (such as mentioned in refer-
ences3-10), the third assumption is
not obvious.

REMOTE MEASUREMENT OF
IMPEDANCE BY BACKSCATTER
The fundamental principle for the
measurement of an impedance by
backscatter is illustrated in Figure 1.
The area within the dotted box repre-
sents a standard FMCW radar.®> The
voltage-controlled oscillator (VCO)
output is swept over a certain band
by a sawtooth waveform and radiated
by an antenna Al. The propagating
wave from Al is received by another
antenna A2, which is terminated by
the impedance to be measured (de-
vice under test — DUT). In general,
the DUT will not provide a perfect
match to A2 and therefore will reflect

=

DUT

REFERENCE
DELAY 7 IMPEDANCE

IMPEDANCE

IMPEDANCE = T'(f)

part of the energy
back to A2 and will
be re-radiated. This
so-called  back-
scattered wave is now received by a
receiving antenna A3, amplified by a
low noise amplifier (LNA) and mixed
with the transmit signal to produce
an intermediate frequency (IF) sig-
nal.

The output x(t) from the VCO can
be expressed as>-8

x(t)= a(t)cos(anOtwLK J;s(t)dtj
)

where

a(t)= incidental amplitude
modulation of the VCO

s(t) = frequency modulating signal
that is typically a sawtooth
waveform

The instantaneous frequency f{(t) is
given by

K
f(t)z fO +%

where

fo = start frequency
K = constant

The signal x(t) as expressed in Equa-
tion 1 is at the LO port of the mixer
and the signal radiated from Al is a
scaled version of x(t).

If the instantaneous frequency f(t)
is changing slowly compared to the
reflection coefficient of the DUT
I'(f), the signal y(t) at the RF port of
the mixer can be expressed as

y(t)=

LF(f(t - T))a(t - ‘c)cos[anO (t - 1:)
+(Kf;Ts(t)dtj+ vt _c))} (3)

where 7 is the round trip delay and L
is the effective loss between antennas

UNDER TEST

A Fig. 2 Calibration scheme.

Al and A3 through A2, and T'(f) =
I'(f) exp(y(f)) is the reflection coeffi-
cient of the DUT. L is assumed to be
independent of frequency at the mo-
ment for simplicity, but in general is a
function of frequency in multipath
environment. The output from the
mixer, after filtering, can be ex-
pressed as

o(t)=5 122 (O (F (1)

cos[2nfor + Krs(t) + w(f(t))} (4a)

The fact that the sweep is slow (usu-
ally of the order of milliseconds)
compared to the round trip delay
(usually of the order of nanoseconds)
is used in simplifying the above equa-
tion. For the special case of a linear
frequency sweep, Equation 4a be-
comes

(02512 (T (£(1)
cos| 2y v+ Kat+y(F(t))]  (4b)

The IF signal in such a case is a nom-
inal sine wave with frequency

k-8B, (5)
2n Ty

where

B = sweep bandwidth
Ty = sweep time

The IF is then a modulated sine wave
of carrier frequency (B/T,)t with am-
plitude and phase modulation accord-
ing to I'(f(t)). In other words, a map-
ping occurs for the complex function
I'(f) from the frequency to time do-
main. Therefore, demodulation of the
IF signal in Equation 4b provides in-
formation on the reflection coefficient
between frequencies f;; and {, + B.

CALIBRATION

It is unlikely that the round trip
delay T and system loss L will be
known accurately in a realistic envi-
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ronment and therefore needs to be
calibrated out. In addition, system
mismatches, multipath propagation,
drift and temperature all contribute
to inaccuracies that could be ad-
dressed using a calibration scheme. A
simple scheme like the one shown in
Figure 2 can be used for this pur-
pose, where a typical reference im-
pedance could be an open or a short.
It is assumed that the amplitude off-
set 0,y and delay offset 7, between the
test and reference channels are
known accurately from a secondary
measurement. It is reasonable to as-
sume 0, to be independent of the
frequency f.

In that case, the IF signals due to
the test and reference channels are

Ziey (t)2 La2(t)F(f(t))

amfyt+Kat+y(f(t)]  (6a)

DO | —

COS

[

L () (O, (10
[ 2nfy (1+7,)
+K (T4 )ty (f(t))] (6b)

Any cross-modulation terms have
been neglected in the above treat-
ment, as these can be maintained to
negligible levels with proper design.
It is obvious from Equations 6a and
6b that the test reference channels
occur at different “carrier” frequen-
cies, and so can be separated using
traditional analog or digital filter-
ing. By the judicious choice of 1, it
is possible to treat the signals as in-
dependent. Let {(t) be the equiva-
lent complex analytic signal® of a
real time-domain waveform z(t) so
that

C(t) = Re[z(t)] by definition (7)

The IF signals, as in Equations 6a
and 6b, are in a low frequency range
and can be converted to complex ana-
Iytic signals by standard digital signal
processing (DSP) techniques. As a
result, from Equations 6a and 6b, one
gets

Gt (1) =5 122 ()T (£ (1))

exp [j[znfor +Krt + \V(f(t))ﬂ (8a)

3102 ()T (£(1)

exp[ [an (T+TO)
+K(r+r0)t+wref(f(t))ﬂ (8b)

Therefore,

T(F(t)) = Tpeg (£ (1)) 0t
o [ i ([ 28]

SOURCES OF ERROR

The reference impedance, ampli-
tude offset o) and reference delay 1,
can be characterized accurately and
designed so as to be drift free and
quite insensitive to ambient condi-
tions. However, for a free-running
VCO, start and stop frequencies tend
to drift with time and temperature
and therefore need to be controlled
accurately. From Equation 9, it is
seen that the worst case phase A¢ er-
ror from the above effect is

Cer (V)2

A -2mt, (Afy +AB)  (10)

where

Afy = uncertainties in start
frequency

AB = uncertainties sweep
bandwidth

In order to maintain the phase error
within

2_TE

M
the relation

1
Af, +AB< (11)
(M)

is needed
where

M = arbitrary large number

Equation 11 is a useful design equa-
tion requiring T, to be small to allow
for a relaxed (large) frequency toler-
ance. This is in contradiction to the
criterion for large 1, desirable in dis-
criminating between test and refer-
ence signals. It is seen that the re-

quirement on frequency uncertainty
is highly achievable since for a typical
case of M = 100 and 1, = 10 ns, the
frequency accuracy needs to be with-
in 1 MHz.

These could be achieved by pre-
cise frequency discriminators at the
start and stop frequencies used to
gate the transmit signal. Alternatively,
a suitable phase-locked loop circuit
could be designed to achieve this.
Use of a frequency synthesizer needs
to be dealt with caution, as continuity
of phase is essential for this method
to act properly.

As indicated earlier in this section,
another possible source of error could
be in the filtering process to separate
the signals from the DUT and the ref-
erence impedance. The separation Af
of the calibration and DUT frequen-
cies, following Equations 6a and 6b, is
given by Af = 1 B/T; therefore, a high
value of 1 B/T makes it easier to sepa-
rate the two signals. Bandpass digital
filters may be used to separate them,
with due regard to the fact that the
filters may produce different phase
ripples and delays that need to be cor-
rected for.

ADDITIONAL
SOURCES OF ERROR

There are several other sources of
error open to detailed investigation,
as outlined below.

As evident from Equations 4a and
4b, nonlinearity in frequency sweep
produces additional modulation on
the IF signal on top of the one from
the DUT itself, and its effect must be
characterized.

The filtering of the IF signal is
equivalent to range gating, and the
technique inherently provides some
degree of protection against multi-
path propagation. This needs more
rigorous investigation as the assump-
tion of a system loss L independent
of frequency is an approximation at
best.

SYSTEM LOSS

For a free space model with no
multipath effects and bistatic config-
uration, the system loss can be ex-
pressed as*

G,G;A %0

L=
(4n)’ R*
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A Fig. 3 Return loss (a) and phase
of reflection coefficient (b) of a 250 Q
thermistor as function of temperature.

where

G, = gain of antenna Al

G3 = gain of antenna A3

R = distance between the target
antenna A2 and the probe
antenna Al or A3 (assumed
equal)

A = wavelength

The radar cross-section s for this par-
ticular case is given by®
22
LG,
4T

F (13)

where

Gy = gain of the DUT antenna A2
F = fraction of the energy
re-radiated

F is a function of the impedance un-
der test and losses incurred in the
sensor. It can be expressed as

_%-%,

F=
7+7Z,

L (14)

where

Z = impedance under test

Zy = antenna impedance

L, = losses associated with the total
target element including those

in the antenna A2

Based on these equations, it is
seen that ranges of several meters

would produce a carrier-to-noise ratio
(CNR) of ~10 dB for a radiated pow-
er of a few milliwatts, an antenna gain
of 10 dB in the probing station and 3
dB in the DUT, a detection band-
width of a few tens of kilohertz, and
an operating frequency of a few giga-
hertz. The effect of thermal noise can
be reduced by multiple excitation and
averaging.®

APPLICATION TO SENSORS

Now that the approach to remote-
ly measure the impedance at RF fre-
quencies has been outlined, two spe-
cific transducer elements will be giv-
en as examples to demonstrate the
technique.

Surface-mount Thermistor

Consider a commercial NTC ther-
mistor such as the TR series from
RTI Electronics (Anaheim, CA),
which is packaged in a standard sur-
face-mount 0603 package. The 0603
package device can be approximately
modeled as a series R-L circuit, with
a parasitic inductance of approxi-
mately 0.7 nH in series with an NTC
resistor. At a frequency of 1 GHz and
an impedance environment of 50 €,
Figure 3 shows the return loss and
phase of the reflection coefficient as a
function of temperature between
—10° to +70°C, based on the de-
scribed model and using the manu-
facturer’s data on the temperature
dependent resistance.

As the graphs show, at higher tem-
peratures, the thermistor tends to
provide a closer match to the antenna
impedance and produces less back-
scatter. Therefore, measurement ac-
curacy in this region would be pri-
marily limited by the CNR, which
could be improved by averaging. At
lower temperatures, the change in re-
flection coefficient with temperature
is small, and a need for good accuracy
of measurement arises, although the
CNR may not be an issue.

To make the variation of return
loss with temperature (or any physi-
cal parameter) nominally linear, sev-
eral approaches can be used. Use of
fixed passive resistors in conjunction
with the active thermistor, selection
of the antenna impedance and tailor-
ing of the temperature-resistance
curve are some of the possibilities.

For a target temperature resolu-
tion of 2.5°C, a best-case amplitude

accuracy of 0.1 dB (for low tempera-
tures) must be attained. This is com-
parable to the state-of-the-art vector
network analyzers.

Capacitive Pressure Transducer

Consider the other example of a
MEMS pressure sensor!® based on
the change of capacitance with pres-
sure. The transducer changes capaci-
tance approximately from 3 to 4.5 pF
over a change of pressure of 500 to
1000 Torrs. At a frequency of 1 GHz
or so, the device has a high Q, and
can be approximately modeled as a
pure capacitor. For the described
change of capacitance, at 1 GHz, the
phase angle of the reflection coeffi-
cient changes from 86.6° to 109.4° in
an impedance environment of 50 Q.
Of course, the magnitude dynamic is
not of a concern in this type of mea-
surement, and phase accuracy is most
important. For a realistic phase accu-
racy of 2° a pressure resolution of the
order of 50 Torrs is possible.

As shown by the above examples, it
may be possible to monitor other physi-
cal parameters such as vibration, hu-
midity, light flux, fluid flow, etc., using
the described technique, as long as a
transducer can convert the physical pa-
rameter into an electrical impedance.

FURTHER ENHANCEMENTS

In a practical environment, the
transducer-antenna assembly may be
mounted on or in close proximity to a
large body that might reflect the radio
waves. The “clutter” that might effec-
tively reduce the dynamic range of
measurement can be mitigated by
putting a delay line between the anten-
na and the splitter. The clutter will thus
be occurring at a different IF frequen-
cy and be removed by analog filtering.

The above property can also be
used to perform “range gating,”
whereby multiple sensor elements
can be illuminated and processed si-
multaneously. The spacing between
the sensors must be greater than the
resolution criterion of ¢/2B* to satisfy
this mode of operation.

A need might arise to assign a
unique identity (address) to each sen-
sor, which can be achieved by using a
unique impedance to each sensor as
the reference impedance. The refer-
ence impedances can be pre-deter-
mined inductor or capacitor values
instead of plain short or open circuits.
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In general, complex one-port net-
works may be used as reference im-
pedances to create a very large num-
ber of signatures.!!

So far, the discussions have been
purely in the area of linear measure-
ments. However, new avenues of infor-
mation may open up if processing the
nonlinear response from the sensors
can be done. For example, certain crys-
tals, under the influence of a magnetic
field, generate varying proportions of
even and odd order distortion depend-
ing on the ratio of DC and AC excita-
tion in the magnetic field. It is to be
noted that for the FMCW technique,
harmonics generated in RF (at the sen-
sor) can be made to generate harmon-
ics in IF. In this way, the full nonlinear
transfer function? of the sensor can be
characterized, which could give new in-
sights to physical parameters. The cali-
bration of such a system would be
more complex, however, involving the
use of a reference nonlinearity in the
place of the reference impedance.

CONCLUSION

The approach being proposed here-
in is to use an RF signal to probe a truly
passive sensor. The passive sensor con-
tains a transducer that scatters back the
signal quantified by the RF impedance,
and therefore contains information
about the characteristics of the physical
parameter being sensed. To fully ex-
ploit the concept of a zero powered
sensor, the transducer itself must not
require DC power, but be capable of
affecting the RF signal used to interro-
gate it. In this respect it has an advan-
tage over power scavenging schemes,

which assume the existence of ambient
power. The sensor elements using this
technique are expected to be extremely
low cost and manufacturable on a large
scale. The technique automatically pro-
vides range information, and can be
adapted to provide bearing as well, re-
sulting in identification of the location
of individual sensor elements. A single
probing station can thus handle a mul-
titude of sensors. Numerous applica-
tions in industry, agriculture, environ-
ment, construction, medical, defense,
etc., as well as consumer areas are en-
visaged. Scope for further investigation
exists in development of MEMS-based
sensors with appropriate characteristics
in the microwave frequencies to be
used with this technique. H
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