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Abstract—1In this effort, we present a fully energy autonomous
two-way repeater system for use in nonline-of-sight (NLOS)
interrogation of wireless sensor networks. The proposed system
is based on a pair of tunnel diode reflection amplifiers, taking
advantage of the existence of a negative differential resistance
region that exists when the device is biased at a low voltage in
the quantum tunneling region. This enables the development of
an ultralow-cost, ultralow-power means to provide amplification.
The proposed system demonstrates an ability to extend the total
read range of semipassive radio frequency identification (RFID)
tags by 4.55 times while consuming over 1000 times less power
than comparable technologies, a notable improvement on pre-
viously published work. The system shows an ability to be
customized to fit a wide array of different applications where
NLOS interrogation and the read range of semipassive RFID
tags pose a challenge.

Index Terms— Backscattering, Internet of Things (IoT), nega-
tive differential resistance, radio frequency identification (RFID),
repeaters, tunnel diode.

I. INTRODUCTION

HE proliferation of the Internet of Things (IoT) and wire-
less sensor networks (WSNSs) over the last few decades
has ensured the continued pursuit of new technologies and
technological advancements that make the desired ubiquity
of the IoTs and WSNs more feasible. One such technology
that has seen increasing development and practical applications
particularly in radio frequency identification (RFID) systems

is modulated backscatter.
Modulated backscatter presents a unique, high energy
efficiency communication scheme whereby a radio fre-
quency (RF) tag does not locally generate an RF signal for
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communications. Instead, an interrogating antenna illuminates
the tag and it is able to reflect the incident signal with a
coefficient of reflection that varies with the load seen by the
terminals of the antenna. Typically, the tag is comprised of
a single antenna and switch front end to enable the load
modulation. The high energy efficiency of this scheme makes
it very suitable for dense and networked implementations as
the communicating devices/sensor nodes can then be made
energy autonomous and operated without need of batteries or
other constant sources of energy.

Despite this high energy efficiency, backscatter in RFID
implementations suffers from severe limitations in the read
range. This comes as a direct result of the aforementioned
benefit of the modulated backscatter scheme where no RF
signal is generated at the tag. Hence, the power received
by the interrogating antenna decays to the fourth power of
the distance between the reader and the tag. This effect is
even more evident at frequencies higher than the traditional
ultrahigh-frequency (UHF) implementations that exist in the
300-MHz-3-GHz range. Higher frequencies at 5.8 GHz and
even up to 24 and 60 GHz have gained traction for use in the
IoTs and WSNs because of their much smaller form factors
[1]-[3]. However, this reduced form factor comes at a price
and the already expensive link budget becomes even more so
as the effective aperture area of the antenna decreases with
increasing frequency.

A variety of approaches to increase the range of modulated
backscatter RFID have been proposed in the literature. The use
of a carrier emitter in a bistatic configuration is proposed in [4]
and [5] where a series of devices detached from the reader is
used to synthesize a carrier signal and placed closer to the
RFID tags to improve the link budget; however, in the latter
effort, the achievable range is limited by the emitter power
output, and in the former effort, the power consumption of
each carrier emitter tends toward tens of milliwatts depending
on the desired output power and application. Repeater nodes
are proposed in [6]-[10] and these generally work well and
pose an effective solution for passive RFID systems; however,
a major limitation is the power consumption of the repeater
nodes, which is driven up by the use of amplifiers.

Reflection amplifiers have been integrated into tag archi-
tectures in order to enable long-range detection in [1]
and [11]-[13]. These methods, however, do not scale very
well for dense implementations due to increased costs asso-

0018-9480 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 30,2022 at 23:12:08 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-3444-5978
https://orcid.org/0000-0002-4580-012X
https://orcid.org/0000-0003-0476-3577
https://orcid.org/0000-0001-5001-357X
https://orcid.org/0000-0001-8045-4261

1780

ciated with the active device attached to every tag in its
implementation. Repeaters prove to be a particularly attractive
option for use in range extension for the following reasons.

1) Repeaters are easily compatible with legacy systems and
can be designed and used in a plug-and-play fashion for
existing RFID systems at the desired frequency.

2) Low cost of implementation as the repeater architecture
is generally made up of two components: the amplifying
element and the radiating element.

3) Two-way repeaters can be used to extend coverage in
nonline-of-sight (NLOS) scenarios where a reader does
not have a direct path to a tag of interest.

In this article, we expand upon a previously published work
in [14]. Here, a 4.5 times improvement in the read range is
reported in comparison with the two times increase in the
previous effort. In addition to a more in-depth technical and
mathematical analysis of the proposed system’s capabilities
and limitations, a fully energy autonomous repeater is demon-
strated in an indoor sensing application to show a real-world
application of the proposed device.

The rest of this article is organized as follows. Section II
presents an in-depth discussion of the proposed repeater
architecture, specifically highlighting the tunnel diode-based
reflection amplifier as well as a full characterization of the
device. Next, a detailed link budget analysis of the two-way
repeater is carried out in Section III. Section IV presents
the measurement results characterizing the tag repeater and
reader to repeater links by observing the achievable signal-
to-noise ratio at different distances as well as presenting a
characterization of the amplification bandwidth of the channel.
Section V presents an energy autonomous operation of the
repeater node with a photo-sensing application. Concluding
remarks and direction for future work are given in Section VI.

II. REPEATER ARCHITECTURE

The repeater system proposed in this work is made up
of a pair of tunnel diode-based reflection amplifiers that are
used to overcome limitations imposed on the link budget of a
backscatter RFID system operating in the 5.8-GHz industrial,
scientific, and medical (ISM) band. This proves especially
useful in situations where there is no available line-of-sight
path between a displaced reader and a set of tags as shown in
Fig. 1. The repeater is designed to operate such that both the
interrogating signal in the uplink and the received signal from
the tag in the downlink are amplified. In the majority of current
applications of the two-way repeater architecture, a major
concern is the level of isolation achievable between the devices
responsible for amplifying the signal in the reader-to-tag link
and the tag-to-reader link. The isolation between the respec-
tive devices must be greater than the resultant amplification;
otherwise, the ensuing positive feedback would saturate the
amplifying devices. Thus, for two-way repeater architectures
where isolation cannot be accomplished by decoupling the two
devices electromagnetically either via physical separation or
some other means, complicated adaptive cancellation circuits
and techniques must be deployed, which invariably increases
drastically the associated monetary costs and power consump-
tion associated with the deployment of such a system. In our
proposed system, the devices are designed such that there is
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Fig. 1. Proposed repeater architecture in the NLOS case of a single bistatic
reader (colocated TX/RX), multiple tags and repeater.

a small difference in the operating frequency. As a result,
the interrogating signal from the reader and the modulated
backscatter return from the tag are amplified in two distinct
channels separated in frequency in a low-cost architecture.

A. Tunnel Diode-Based Reflection Amplifier

Whenever some antenna is terminated with a particular
load and some interrogating signal is incident on the struc-
ture, a signal is reflected with a reflection coefficient, I.
The complex-valued reflection coefficient describes how the
incident signal is changed due to the observed change in
impedance as the signal propagates from the antenna to the
connected load. The magnitude of the reflection coefficient, |I'|
given in 1, indicates how the amplitude of the signal is changed
and is bound such that 0 < |I'| < 1, indicating that either all
of the incident signal is reflected when the load impedance
Z; = 0 or none of the signal is reflected when the antenna
impedance Z, = Z|,

ZL — ZA*

—_—. 1
ZL+ZA* ()

|T|=‘

A reflection amplifier is able to break this constraint on
the magnitude of the reflection coefficient looking into a
terminated antenna. It is able to accomplish this by pre-
senting a negative input impedance at the terminals of the
antenna, so from (1), it is evident that when Z; < 0, then
|T'| > 1, which results in the incident signal being amplified
in reflection by a factor equal to the magnitude of the resultant
reflection coefficient. This can be accomplished using vari-
ous active devices such as the field-effect transistor (FET),
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Fig. 2. [-V characteristics of tunnel diode.

bipolar junction transistor (BJT), or some other metal-oxide—
semiconductors that, under some biasing condition, are able to
provide the desired amplification. Reflection amplifiers have
seen use in a wide range of RFID applications. Notably,
they have been included as part of the tag front end in
semipassive RFID deployments [11]. Another class of active
devices that has been proposed in the literature for use in
reflection amplifiers is the tunnel diode.

The tunnel diode is a two-terminal semiconductor device
that is heavily overdoped with impurities so that the deple-
tion region is much narrower than that of a conventional
p-n-junction diode. This extremely narrow depletion region
means that only a very small amount of voltage is needed to
produce current through the tunnel diode. As a result of the
heavy doping, some electrons in the conduction band of the
n-type semiconductor and some holes in the valence band of
the p-type semiconductor are at the same Fermi energy level.
Therefore, at very small bias voltages, electrons are able to
tunnel from the conduction band to the valence band causing a
small current to flow. As this voltage is increased, the tunneling
current increases up to a certain point where the energy level
in the conduction and valence bands is equal in which case
the maximum tunneling current is achieved. When the voltage
is increased further, there is an increasing difference in the
energy levels in the conduction and valence bands, so the
tunneling current starts to decrease, which presents a negative
differential region at this bias voltage. Increasing the applied
voltage even further, the conduction and valence bands no
longer have any overlap and the tunnel diode begins operating
as a regular p-n-junction diode [15], [16]. This effect is
summarized by the labeled /-V characteristic curve in Fig. 2.

What makes the tunnel diode so attractive for use as the
active element in a reflection amplifier is the fact that the
negative resistance region occurs at a very low input bias
voltage; much less than that required for FETs, BIJTs, or other
CMOS devices considered for use. Typically, bias voltages less
than 200 mV are needed to operate the tunnel diode in this
region.

B. Design, Fabrication, and Characterization of Tunnel
Diode Reflection Amplifier

The reflection amplifier used in this effort was adapted
from the design presented in [13]. The device features the
MBD2057 tunnel diode, a transmission-line-based matching
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Fig. 3. Designed and fabricated reflection amplifier.
network, tuning stub, and an RF-to-dc isolation stub, as shown
in Fig. 3.

The reflection amplifier circuit was fabricated on the Rogers
RO4350b substrate featuring permittivity ¢, = 3.48 and
loss tangent tand = 0.0037 and a thickness of 0.51 mm.
The fabrication process involved an inkjet masking procedure
where Microchem SU8 was inkjet printed onto the copper-clad
surface of the substrate using the Dimatix DMP-2850 printer.
The SUS acts like a positive photoresist, so the sections of the
copper surface not covered by SUS8 are etched away using an
iron chloride solution.

After fabrication, the next step was characterization of the
tunnel diode reflection amplifier. As is typical for conventional
amplifiers, we are most interested in the gain performance as
well as the frequency response of the reflection amplifier in
response to changes in the bias voltage. The amplifier was
characterized via a two-port network analyzer measurement.
Necessary for use in the characterization measurement was a
three-port circulator. The circulator is a passive device that
only allows RF energy incident at any of its ports to exit
at the port immediately following it in a particular direction.
Therefore, a signal entering at port 1 exits at port 2, a signal
entering at port 2 exits at port 3, and a signal entering
at port 3 exits at port 1. The circulator in use for these
measurements was the PE8402 featuring 18-dB isolation and a
maximum insertion loss of 0.5 dB. In the measurement setup,
port 1 of the circulator was fed with an RF signal from the
network analyzer, the reflection amplifier being characterized
was placed at port 2, and port 3 was connected to the second
port on the network analyzer to observe the amplified signal,
as shown in Fig. 4. Tunnel diode-based reflection amplifiers
have been reported to show a linear relationship between the
chosen bias voltage and the peak operating frequency [5], [12].
The fabricated reflection amplifier was biased with voltages

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 30,2022 at 23:12:08 UTC from IEEE Xplore. Restrictions apply.



1782

Anritsu 37369A VNA

RF OUT

Fig. 4. Reflection amplifier characterization setup.

ranging from 100 to 200 mV for a fixed input power of
—60 dBm in order to find the frequency of operation that
provides an adequate level of gain and also exists in the
desired frequency band. The results of this measurement are
shown in Fig. 5(a). It is also indicated that there is a range
of bias voltages and corresponding operating frequencies for
which the realizable gain of the amplifier is above 35 dB.
This very much fits the purpose and design of the proposed
system because the reflection amplifiers used in the uplink and
downlink can be tuned to different frequencies of operation
in our band of interest; then, the only limitation becomes
the chosen modulation frequencies for the RFID tags being
interrogated, as shown in Fig. 5. Tunnel diodes are known to
experience variability in performance across different manu-
factured devices, with each manufactured device exhibiting a
potentially different quantum tunneling region. This shows up
as differences in the operating frequency and necessary bias
voltage of the fabricated reflection amplifier.

Once a particular bias voltage was chosen, the amplifier
gain for a range of input powers from —30 to —90 dBm was
characterized with the results shown in Fig. 6. The results
show that for the chosen bias voltage, gain up to 50 dB at
input power less than —90 dBm was achievable. Observed
also in the measurements is a reduction in the gain as the
input power was increased, and this is due to the saturation of
the tunnel diode at increased levels of incident power.

IIT. LINK BUDGET ANALYSIS

This section goes over a link budget analysis for the
proposed repeater system in order to observe its benefits.
To derive the received power at the receiver, propagation in
the four different paths of the link must be considered. They
are given as follows:

1) reader to uplink repeater;

2) uplink repeater to tag;

3) tag to downlink repeater;

4) downlinnk repeater to reader.

These propagation paths were analyzed starting from the
well-known Friis free-space propagation equation, which is
given in decibel scale by (2) where P, is the received power
in dBm, P, is the transmit power in dBm, G, and G, are the
gains of the transmitting and receiving antennas, respectively,
in dBi, 4 is the wavelength in free space, n is the path loss
exponent, and d is the distance between the transmitter and the
designated receiver. Although propagation in RFID systems
is two-way, for the purpose of this analysis, we consider
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Fig. 5. Reflection amplifier characterization. (a) Peak frequency versus input
bias voltage and gain versus input bias voltage. (b) Uplink/downlink repeater
characterization.
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Fig. 6. Measured reflection amplifier gain versus input power.

a one-way link budget for the four different paths to get
ultimately the power of the subcarrier received at the reader.
A schematic representation is shown in Fig. 7

A
P,=P +G,+G,+10n 1og10(m). 2)

1) Reader to Uplink Repeater:

Ph, = P, +GX + G+ 10n 10g10( )

A
4nd,
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Here,

1)
2)
3)
4)
5)
6)

7)
8)

9)
10)

11)

12)
13)

14)
15)

16)

parameters are listed as follows.

P,f’l‘,p is the power received by the uplink repeater from
the reader (dBm).

Pr"’;p is the power transmitted by the reader to the
repeater (dBm).

G is the gain of the reader transmit antenna (dBi).
Gf,’l; is the gain of the repeater uplink antenna (dBi).
d.rp is the distance between the reader and the
repeater (m).

Py g 18 the power transmitted from the repeater to the
tag (dBm).

Gy is the gain of the uplink reflection amplifier (dB).
Py g 18 the power received by the tag from the uplink
repeater (dBm).

Gy 1s the gain of the RFID tag antenna (dBi).

dipag 1 the distance between the repeater and the
tag (m).

Pgy . i the power transmitted from the tag to the
downlink repeater (dBm).

M is the modulation factor of the RFID tag (dB).
Pl 1s the power received by the downlink repeater
from the tag (dBm).

Gf,g is the gain of the downlink repeater antenna (dBi).

Py, is the power transmitted from the downlink repeater
to the reader.
GI%n is the gain of the downlink reflection

D
amplifier (dB).
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17) G* is the gain of the reader antenna (dBi).
18) P™ is the power received by the reader from the
downlink repeater.

The above equations and listed parameters describe a simple
model for the link budget of the two-way repeater system. For
simplicity, no additional losses are included in the model and
an ideal backscattering RFID tag is modeled with M = —3 dB.
The antenna gains G¥* = G = 9 dBi; 5.8-GHz mono-
pole antennas are chosen for the repeater and tag antennas,
so G = G = Gug = 1.5 dBi. A path loss exponent
of n = 1.5 is chosen for the analysis due to the nature
of the environment of the measurement setup and use of
directive horn antennas to illuminate the repeater system.
In the hallways where the measurements were carried out,
the dominant component of the interrogation came from the
line-of-sight path to the reader. The gain of the reflection
amplifier was characterized for a range of input powers up
to the saturation point at —30 dBm. A polynomial fit was
then used to interpolate the data from Fig. 6. It was assumed
that the resultant polynomial function was identical for the
uplink and downlink amplifiers and also that the maximum
gain achievable was 49.52 dB that was the gain realized at
—90-dBm input power. For input powers below the saturation
point, the gain was assumed to be 0 dB. The consequence of
using this function for the gain is that in this analysis, the gain
of the reflection amplifiers now become functions of the power
output from the reader, the distance between the tag and the
repeater, and the distance between the reader and the repeater.
To find out coverage, the important quantity is the achievable
signal-to-noise ratio given a particular reader sensitivity. In this
analysis, the sensitivity is assumed to be —130 dBm; however,
in real-world implementations, much lower sampling rates
could be realized and better TX/RX coupling achieved in order
to enable higher receiver sensitivity, which would invariably
increase the coverage.

The outlined equations are synthesized in MATLAB to
evaluate the coverage benefits of including the repeater as part
of the interrogation system of a semipassive RFID tag. The
coverage region for successful tag interrogation is defined by
the condition: SNR > 5 dB.

The two distances, dip e and d,., were swept in the
simulation and the equivalent isotropic radiated power (EIRP)
was held constant at 0, 17, and 36 dBm. With 36 dBm being
the maximum allowable EIRP in the 5.8-GHz frequency band.
The coverage map result for the resulting three conditions is
shown in Fig. 8(a)—(c), each on a logarithmic distance scale.

As expected, with increasing EIRP, there is an increase in
the total coverage area. However, unlike in the 0-dBm case, for
the 17- and 36-dBm scenarios, there is an additional increase
in coverage that occurs at the reader-to-repeater distances of 7
and 120 m, respectively. This shows up as inflections at those
distances in Fig. 8(b) and (c). The inflection occurs as a result
of the tunnel diode reflection amplifier being in saturation until
its input power is less than —30 dBm. For all of the input
powers greater than the saturation point, the gain is simulated
to be 0 dB. The inflection point is where the input power to
the forward link repeater is first less than —30 dBm. This is
confirmed in Fig. 9, which shows the gain profile of the uplink

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 30,2022 at 23:12:08 UTC from IEEE Xplore. Restrictions apply.



1784
C ge Map of Repeater System, EIRP = 0dBm .30
102 25
E
[
% 20
g -
5 g
Eﬁ 15 %
+ 10 @
@
‘;'n; 10
o
[}
i
5
10° T T T =0
10° 10 10°
Reader-Repeater Distance (m)
(a)
Coverage Map of Repeater System, EIRP = 17dBm a0
10 25
E
]
§ | 20
Z -
5 g
Ej 15 %
10" = @
5 E
§ ] 10
2 J
& N
i .
5
10° T T T T T T T T T =0
10° 10" 10°
Reader-Repeater Distance (m)
Coverage Map of Repeater System, EIRP = 36dBm 40
P2 25
E
N b
E ] |20
] 1 —
5 g
Ej 15 %
10" @
5 E
§ ] 10
g ]
& p
i d
5
10° T T T LIIID T T T T T =0
10° 10" 107
Reader-Repeater Distance (m)
()
Fig. 8. Repeater link budget analysis coverage map. (a) EIRP = 0 dBm.

(b) EIRP = 17 dBm. (c) EIRP = 36 dBm.

repeater over the reader-to-repeater distance for the different
EIRP conditions.

This framework presents a systematic way for the repeater
system to be designed and deployed to fit a variety of custom
applications. For example, for shorter range extension and
coverage requirements, a lower EIRP may be utilized as this
would drive down the power consumption costs of the signal
transmission. The results also show remarkable improvement
in the RFID coverage across a wide range of distances when
compared with the coverage map for a system with a 0-dB
gain repeater, as shown in Fig. 10. The 0-dB gain repeater
system is used to model a conventional RFID link without a
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repeater present but preserving the NLOS configuration used
to evaluate the proposed system.

IV. MEASUREMENTS

The results of the preceding link budget analysis were
verified via measurement in a real-world scenario. To properly
evaluate the proposed system, a 5.8-GHz semipassive RFID
tag was interrogated by itself and used to set a baseline for
the performance and coverage benefits of using the repeaters.
This was done by continuously displacing the tag in front of
the reader setup until a consistent signal-to-noise ratio of about
10 dB was observed. This condition occurred at a distance of
18 m with 36 dBm of EIRP. The reader setup consisted of a
pair of 9-dBi gain horn antennas to transmit and receive, the NI
USRP N210 software-defined radio (SDR) to synthesize the
interrogating signal, and the Tektronix RSA 4308A spectrum
analyzer to observe the received subcarrier. The SKY66288-11
power amplifier featuring 28-dB gain was included in the TX
link since the output of the USRP is limited to only 8 dBm.
The GVA-8+ gain block featuring 12-dB gain was included
in the RX chain to improve sensitivity.

A. Repeater-to-Tag Link Characterization
In this link characterization, the repeater was placed at the
corner of a hallway in an office building. The reader setup was
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set at a distance of 33 m from the repeater and the tag was
moved in 1-m steps from 4 to 11 m away from the repeater
and around the corner from the reader setup. The EIRP for this
measurement scenario was set to 17 dBm and the spectrum
analyzer sampling rate was at 200 kHz. The signal-to-noise
ratio of the subcarrier in the returned spectrum is shown in
Fig. 11. It is shown that for the set EIRP, the signal-to-noise
ratio stays relatively constant as the tag-to-repeater distance
is increased. Intuitively, it would be expected to observe
the degradation of the SNR with increasing repeater-to-tag
distance. However, the effects of the wireless propagation
environment heavily influence the received power at the reader
and invariably the SNR. The NLOS link is able to be extended
to a total of 44 m, which corresponds to a range extension of
2.44 times as previously reported in [14].

B. Reader-to-Repeater Link Characterization

With the repeater fixed in location, the other link to be
characterized is the reader-to-repeater link. In this charac-
terization, however, the tag is fixed at a distance of 10 m
from the repeater and the reader setup is stepped between
a distance of 5 and 71 m in steps of 1 m. The average of
five successive spectrum analyzer measurements was taken
for each discrete distance measured. Across this range with
the EIRP fixed at 36 dBm, a signal-to-noise ratio of at least
10 dB is obtained for the majority of the distances. There
is an expected downtrend in the signal-to-noise ratio as the
reader-to-repeater link is stretched, which is expected for a
constant EIRP as shown in Fig. 12. Small- and large-scale
fading properties of the wireless channel through which the
signal propagates also play a role in the variation of the
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SNR obtained at the reader. This link characterization shows
a total coverage distance up to 82 m corresponding to a range
extension of 4.55 times and a marked improvement upon the
2.44 times reported prior. These measurements in combination
with the simulation results presented in Fig. 9 suggest that even
more extreme range extension can be realized.

C. Channel Amplification Bandwidth Characterization

It is also important to have an understanding of the range of
frequencies that can be amplified using this system instanta-
neously. To do this, the tag is fixed at a distance of 10 m from
the repeater and the reader is fixed at a distance of 30 m from
the repeater to be at about the midpoint of the full available
range in the measurement environment. The tag and reader
maintain no line of sight as in the previous measurements.
The carrier frequency of the interrogating signal is changed in
steps of 0.25 MHz and the SNR of the returned subcarrier is
observed. The results of this measurement are summarized
in Fig. 13. With the desired SNR set to be >5 dB, the
instantaneous bandwidth can be seen to be about 3 MHz. This
result combined with the ability of the tunnel diode reflection
amplifier’s operating center frequency to be tuned based on
the applied bias voltage opens the door to applications with
dynamic tunable repeaters serving a multitude of communi-
cating sensor nodes.

V. ENERGY AUTONOMOUS REPEATER APPLICATION
In order to fully demonstrate the capabilities of the proposed
ultralow-power NLOS repeater system, a demonstration of
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a smart infrastructure application was conducted with the
repeater components being completely energy autonomous.
The repeater components were powered through the use of
a solar cell energy-harvesting circuit. The circuit consisted of
a flexible solar cell, an LT3009 adjustable low-power voltage
regulator, the required surface mount device (SMD) resistors
to produce an output of 1 V, and a 10-kQ tuning potentiometer
in order to operate in the amplifying region of the tunnel
diode. The reader setup for this measurement consisted of
largely the same components as the previous measurements,
but with the NI USRP N210 SDR as the transmitter and
receiver to provide a more portable low-cost reader. For this
measurement, the interrogator EIRP was set to 36 dBm with
a receiver channel sampling rate of 600 kHz. The same
semipassive RFID tag used to evaluate the repeater system
in the previous measurements was customized, as shown
in Fig. 14.

The sensor node is based on the LT6905 oscillator and a
photocell. The resistor R1 sets the modulation frequency for
the RFID tag, while resistor R2 is connected in parallel with
the photocell in order to control its dynamic range and ensure
that the change in resistance due to photosensitivity does not
fall outside the range accepted by the LT6905. The sensor node
is designed such that the fully bright and fully dark lighting
conditions exist within only a few tens of kilohertz of deviation
from the initial R1 set modulation frequency. The off-the-
shelf component selected for the resistive sensing element was
a photoresistor, which could be used for smart lighting and
energy management applications. This proof-of-concept RFID
sensor node architecture could easily be extended to a variety
of sensors, including ultralow-cost additively manufactured
inkjet-printed chemiresisitve or capacitive sensors. Hester and
Tentzeris [17] demonstrated the use of chemiresistive ammonia
sensor integrated with a long-range backscattering system.
The measurement setup of the fully energy autonomous RFID
repeater system is shown in Fig. 15.

The measurement consisted of varying the lighting
conditions in the vicinity of the sensing node with four
different lighting states, thereby increasing the modulation
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autonomous RFID repeater system NLOS measurement with proof-of-concept
sensing node.

frequency of the sensor node. The local lighting intensity
was simultaneously measured with a digital luxmeter at each
state. A short-time Fourier transform process was applied on
the time-domain signal recorded by the SDR. The process
involved performing the well-known fast Fourier transform on
windowed sections of the time-domain signal and then observ-
ing the change in the subcarrier to see the sensor response. The
measured received spectrum over time was obtained for the
entire 4-min measurement and is shown in Fig. 16. A linear fit
of the modulation frequency deviation from ambient lighting
conditions was done from these measured states with the
estimated sensor node sensitivity to be 5.05 Im/cm?/kHz and
is shown in Fig. 17.

This measurement demonstrates the ability of the proposed
energy autonomous NLOS RFID repeater system to provide
ubiquitous sensing for future data driven in the IoT systems,
including applications in smart city and smart agriculture
scenarios.
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TABLE I
REPEATER POWER CONSUMPTION COMPARISON

Power Consumption  Operating Band ~ Voltage Gain
This work 40 uW 5.8 GHz 0.2V 50dB
[6] 9300 mW 900 MHz 15V 51.6dB
[7] 240 mW 2.4GHz 3V 50dB
[10] 270 mW 2.4GHz 1.7V 73dB

VI. CONCLUSION

In this effort, we have presented a fully energy autonomous
two-way tunnel diode-based repeater node for application in
the IoT and WSNs, particularly applicable in scenarios where
there is no line of sight between the interrogating reader
and tags equipped with sensor information or other data
that are of interest. Although there have been ultralong-range
RFIDs reported in the literature having read range in excess
of 100 m [1], [12], dense implementations of these tag
architectures become expensive due to the cost of the active
elements in use. The work presented here presents a midrange
solution with active elements present at only the repeater
nodes of the system, thus enabling increased performance
while maintaining low total power consumption. The evaluated
system outperforms similar technologies most notably in its
ultralow power consumption and operating voltage, as high-
lighted in Table I. The system was demonstrated capable of
extending the range of a semipassive RFID tag by 4.55 times
while consuming a mere 40 ¢W over 1000 times less than
similar technology while maintaining similar performance.
This enables it to be powered autonomously and without need
for any batteries. The system presents an ideal solution for
range and coverage extension of RFIDs in WSNs. Extension
of the repeater system to cover arbitrary areas is a promising
area of continuing research. The simulation results presented in
this article show that even more extreme range coverage with
a single repeater node is possible, so cascaded links open up
the possibilities for use in a wide variety of applications.
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