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Abstract—Increasing backscatter tag communication ranges
is crucial for the development of low-power long-range wire-
less sensor networks. A major limitation for increasing the
signal-to-noise ratio (SNR) for RF identification tags lies in the
fact that tag antennas are terminated with passive loads for mod-
ulation, which yields reflection-coefficient values less than unity.
Recent work in the field has exploited reflection amplifiers that
achieve reflection-coefficient values larger than unity to increase
the communication range. However, most of these systems rely on
increasing the reflection coefficient at one modulation state only,
which is suboptimal. In this paper, an analysis is given for the
optimal way to utilize a reflection amplifier and how this compares
to suboptimal practices. To demonstrate the concept, a tag is
designed that achieves reflection-coefficient values higher than
unity for both states in the 900-930-MHz band. The two values
are antipodal, thus maximizing the tag SNR for a given amplifier.
The system comprises of an ultra-low-power reflection amplifier
with up to 10.2-dB gain and sub-milliwatt power consumption,
and a phase-shift modulator that selectively alternates the phase
of the backscatter signal between 0° and 180°. The reflection
amplifier-phase modulator system is experimentally characterized
in terms of gain, power consumption, and backscatter efficiency.

Index Terms—Backscatter radio, increased singal-to-noise ratio
(SNR), reflection amplifier, RF identification (RFID) sensors, scat-
tering efficiency.

I. INTRODUCTION

LTHOUGH the first backscatter radio principles were
introduced six decades ago [1], the architecture of
most backscatter modulators for RF tags [e.g., RF identifi-
cation (RFID)] has followed the same pattern; alternating
the tag antenna termination between two passive load values
to achieve modulation by modifying the reflection of radio
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waves. Active components (transistors, RF switches, diodes)
are introduced to the tag RF front-ends, but are just utilized
as mechanisms to switch the antenna load between two states
for achieving backscatter modulation. The trend of switching
between two load values only has been recently challenged in
[2] and [3], but the loads used are still passive, limiting the
RF tag scattering efficiency. Scattering efficiency refers to the
amount of power a tag can reflect for a given induced power
level, in order to perform tag-to-reader communication [4].
Improving the performance of the backscatter link is crucial
for achieving a long tag-to-reader communication range. The
latter is required for the development of ultra-low-cost and
ultra-low-power wireless sensor networks (WSNs) that may
utilize backscatter radio instead of active power-hungry radios.
Backscatter radio for WSNs has received much attention in the
literature [5]-[8], and thus extended ranges constitute a very
important design constraint, along with the utilization of energy
harvesting, especially from ambient energy sources [9]-[12].
Commercial RFID system architectures, based on all-passive
tags and monostatic reader architectures, have been proven to
achieve very limited ranges [13], and thus are inappropriate for
long-range sensing.

When aiming for long communication ranges of several tens
of meters, minimization of the tag bit error rate (BER) at the
reader is required, which is associated with the tag-scattered
signal’s signal-to-noise ratio (SNR). In [14], where the complete
backscatter radio signal model is derived by accounting for both
communication theory and microwave theory, it can be seen that
the tag signal SNR at the reader is

A Eb _ P tag E)

SNR = —

2
I N AT (1)

Iy is the bit energy, P4 is the average power of the received
tag signal at the reader, 7} is the bit duration, and Ny is the
noise power spectral density. The tag-signal’s energy is propor-
tional to |AT|? £ |T'; — I'g|?, where I'g, I'; are the complex re-
flection-coefficient values for the two load values a backscatter
tag modulator is using. In [4], it has been stated that maximiza-
tion of |AT'| is required for improving the RF tag scattering ef-
ficiency and minimizing the BER at the reader, regardless of
the binary modulation scheme utilized. All modulation schemes
can benefit from that efficiency increase; amplitude-shift keying
(ASK) waveforms will have higher amplitude values, phase-
shift keying (PSK) waveforms will employ signal bases with the
maximum possible phase difference, and frequency-shift keying
(FSK) waveforms will feature an increased waveform ampli-
tude, positively affecting signal demodulation at the reader. The
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efficient tag demodulation at the reader is translated to an up-
link (tag-to-reader) communication range boost, which can be
further enhanced by utilizing other-than-monostatic reader ar-
chitectures [14]. Since RF tags typically utilize passive compo-
nents for their load modulators, they achieve reflection coeffi-
cients I'g, I'; with magnitude values less or equal to unity. Thus,
all typical load modulators’ performance is upper bounded by
|AT'| < 2 with the equality achieved for coefficients with max-
imum magnitude (unity) and phase difference 7 or 180° (an-
tipodal points on the Smith chart). This upper bound is limiting
backscatter signal SNR maximization and nonconventional tag
designs have to be exploited to override this bound. Specifically,
to achieve values of |T'| > 1, active topologies are required that
have a reflection gain rather than reflection loss.

A reflection amplifier has been previously proposed for
5.8-GHz RFID tags to amplify the backscattered signal towards
the reader by achieving a reflection coefficient higher than
unity at one modulation state (|T'| > 1) [15]. In that work, the
modulation at the amplifier output is achieved by controlling
(switching on and off) the amplifier bias; as it will be shown
later in this paper, this operation is suboptimal. Moreover that
amplifier has been designed without setting strong constraints
for the dissipation and requires a few milliamperes for opera-
tion. In [16], an active 24-GHz tag was proposed, that achieved
up to 15 m by transmitting pseudorandom sequences generated
by active antennas with integrated oscillators. However, that
system was radiating signals towards a reader rather than re-
flecting reader-emitted signals and it required 2.5 V and 26 mA
for operation. In [17], a 34.45-GHz tag based on a switched
injection-locked oscillator was designed that achieved up to
11.5-m range. That work is more similar to the concept of a
system that receives a reader signal, amplifies it, and reflects
it, such as in [15] and this paper. It is noted, though, that the
front-end incorporates a low-noise amplifier (LNA), power
amplifiers (PAs), and complex circuitry for phase locking. The
system requires 3 V for operation and its current consumption
goes up to 40 ~ 50 mA, which is much higher than the require-
ment of this work’s amplifier.

In this paper, a system architecture is presented that utilizes
a reflection amplifier and a phase shifting modulator (Fig. 1,
right) to achieve reflection-coefficient amplitudes greater than
unity for both tag states. The dissipated power of the amplifier
is minimized in order to be effectively powered by low-voltage
sources such as small batteries, solar cells, or charge tanks. The
modulator is designed to perform a 0° or 180° phase shifting
on the backscattered signal, thus achieving binary phase shift
keying (BPSK) modulation, with antipodal signal bases of the
same amplitude, optimizing (maximizing) the |AT'| > 2 factor
for a given reflection amplifier gain. This maximizes the SNR
of the backscattered signal at the reader, significantly enhancing
the communication range of an RF tag.

This work is organized as follows. Section II theoretically
analyzes the constraints for increased scattering efficiency.
Section IIT describes the design, implementation, and charac-
terization of the reflection amplifier. Section IV describes the
design, implementation, and performance of the phase-shifting
modulator, and Section V discusses the evaluation of the whole
system. Finally, Section VI offers conclusion of this work.
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Fig. 1. (left) Conventional backscatter RF tag modulator. (right) Proposed tag
with reflection amplifier and binary phase-shift modulator.

Fig.2. Foratag with a conventional load modulator, both reflection-coefficient
points lie in the Smith chart. In the ideal case, 'y and I’y are antipodal.

II. INCREASING SCATTERING EFFICIENCY

A typical backscatter radio modulator connected to an an-
tenna with input impedance Z, is switching the antenna ter-
mination between two load values %y, Z; (Fig. 1, left) for bits
“0” and “1,” respectively [13]. In that way, two different reflec-
tion-coefficient values

 Zo—Z:
T Zo+ Z,°

L -7

r =22 “a
0 71 + Za

1 )
are achieved and the amplitude and/or phase of the backscat-
tered signal are altered [4], [18]. The load value selection will
affect the reflection-coefficient values and different modulation
schemes can be achieved: ASK, PSK, or hybrids. Switching be-
tween the two loads multiple times per bit period can yield an
FSK signal [14], while switching between M load values can
yield high-order modulation schemes, such as M -QAM [2]. The
backscattered signal constellation is directly related to the points
of 'y, I'; on the Smith chart. For example, 'y = —1landl'; =1
would correspond to BPSK modulation since only the phase of
the backscatter signal changes for the two states, while the am-
plitude remains the same. The same holds for any two antipodal
points on the unitary circle (Fig. 2). Notice that for any passive
load Z,,, the corresponding system reflection coefficient will al-
ways have magnitude |T';.| < 1. The limitation of |T',| < 1
can be overridden by utilizing a reflection amplifier, which is a
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Fig. 3. For a reflection amplifier tag that switches the amplifier on and off, 'y
(“off’-state) lies inside the Smith chart, while I'; (“on”-state) lies away from
the unitary circle (reflection gain).

negative resistance oscillator [19], sub-biased in a way that no
oscillations occur.

The antipodal load modulator in a classic backscatter radio
tag (Fig. 1, left) that maximizes |AT'| switches between two
reflection coefficients I'y, I'1. These reflection coefficients and
their difference magnitude are given by

Io=1e" 3)
[ =177 = 1 = T (4)
|AT| = e/ + /%] = 2 (5)

with § € [0, 2). This well-known case is depicted on a Smith
chart in Fig. 2, where both coefficients lie on the unitary
circle. Notice that passive tags (e.g., RFIDs) that employ an-
tenna-matched harvesters (i.e., the harvester input impedance
IS Zharv = Z, to maximize power transfer from the antenna
to the harvester module) will switch between a matched and
an unmatched state, i.e., I'g = 0 and I'; = 1e??, achieving a
distance |AT'| = 1.

Next, consider a system that consists of a reflection amplifier
with power gain (G directly interfaced to the antenna (as in [15]).
The amplifier is switched on and off to achieve ASK modula-
tion. When the amplifier is off, the equivalent circuit seen by the
antenna port is a passive load. The system reflection coefficient
will have amplitude B < 1 and arbitrary phase ¢y. When on,
the amplifier shows a reflection voltage gain v/G and applies a
phase ¢ to the incoming signal. Thus,

Ty = Bij"“ (©6)
I =VG %, (7)

Two such reflection-coefficient points are shown in Fig. 3. The
reflection-coefficient difference amplitude is

|AT| = |VG i — B e®). (8)
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Fig. 4. For a reflection amplifier tag that utilizes a phase-shift modulator, I',
and I'; can both lie far from the unitary circle. Maximum distance between [y
and I"; can be achieved when these are diametrically opposed.

The distance | AI'| is maximized (best case) when B = 1 and the
line that connects the two points crosses the axis origin (0, 0).
This is achieved when ¢; = ¢¢ + w. Then

|AT| = |VG e/0Fi™ — ei®| = /G + 1. ©9)

Similarly, the distance is minimized (worst case) when B = 1
and ¢1 = ¢p. Then
|AT| = |[VG 7% — &% = VG — 1. (10)
For the proposed system of Fig. 1 (right), consider a reflection
amplifier with a gain G that applies an arbitrary phase ¢; to
the incoming signal. If the amplifier is constantly on, then its
complex Sii-parameter is
U = VG i, (11)
Also, consider a two-port phase shifter modulator that can se-
lectively shift the phase of the passing RF signal by 0 or /2 by
directing it through a delay line, i.e.,

: 1 e im/2 State 0
Splod — 3 12
2 { 1, State 1. (12)
The total system input reflection coefficient will then be
system _ omod gamp gmod __ —\/a 6701 N State 0
S =SS S = { VG eI, State 1.
(13)
Thus, the two reflection coefficients are
Ty = — VG eh (14)
I =VG el = —T (15)

which both have an (equal) amplitude greater than unity, and
thus, both lie away from the unitary smith chart circle (Fig. 4).
Also, they are diametrically opposed, and the maximum pos-
sible reflection-coefficient distance for a given amplifier gain is
achieved

AT| = VG ei® + VG ei¥1] = 2V/G. (16)
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Fig. 5. Maximum acceptable phase-shifter loss for given reflection amplifier
gain, to achieve tag SNR gain over conventional tags with load modulators.

In practice, the phase-shifting modulator will have a power
transmission coefficient0 < 7' < 1, and the achievable distance
will be

|AT|™Y = VT |AL| VT = 2 TVG. (17)
When the factor T' is kept high (low insertion loss), the use of
an amplifier-phase-shift modulator system will yield a higher
|AT'| than an on—off amplifier system. When compared with the
best-case on—off amplifier, a system of the proposed architecture
is preferred when

1 1
2IVG >vVE+1eT > -+ ——
2 2vd@d

i.e., the insertion loss 10log;, 7" of the phase shifter has to be
low. In Fig. 5, the maximum acceptable insertion loss of the
phase shifter is plotted versus the amplifier reflection gain. In-
tuitively, as the amplifier gain increases, the loss level that can
be tolerated becomes higher. As an example, for an amplifier
reflection gain of 10 dB, the maximum acceptable insertion loss
is —1.82 dB.

(18)

III. REFLECTION AMPLIFIER DESIGN

A reflection amplifier is a negative resistance amplifier, which
uses a single port as both its input and output terminals. This
property leads to compact low-profile circuits, and consequently
has been proposed in active antenna implementations for RFID
applications, such as in [19] and [20] where 5.25- and 21-GHz
tags utilizing reflection amplifiers are proposed. Furthermore,
reflection amplifiers have been considered in active reflector cir-
cuits used as amplify and forward active antennas in wireless
communication scenarios [21]. The negative resistance ampli-
fier concept is attributed to Armstrong [22], [23].

In the case of RFID architectures, a reflection amplifier can be
used as a bidirectional amplifier in order to amplify both an in-
coming signal from the tag antenna towards the tag chip, as well
as a reflected signal from the tag chip towards the tag antenna. A
bidirectional reflection and transmission amplifier has been pro-
posed in [19], whereas in [24], the combination of two reflection
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Fig. 6. Reflection amplifier schematic: negative resistance amplifier topology
with a common input/output terminal (RF PORT). The amplifier is biased with
a low dc voltage to prevent oscillations. An RF blocking filter is utilized at the
bias point to prevent RF leakage to the dc supply.

amplifiers and a directional hybrid was used to create a bidirec-
tional amplifier topology used in a 6-GHz Van Atta retro-direc-
tive array. In [25], an ultra-high-frequency (UHF) RFID system
was proposed that incorporates a coupler and a reflection ampli-
fier circuit. It was shown that provided the amplifier has a min-
imum gain, the combination of the coupler and amplifier can
behave as a bidirectional amplifier, thus leading to improved
range of the RFID tag, while minimizing the required number
of components and power consumption compared to [15] and
[24].

The design of reflection amplifier circuits is similar to oscil-
lator design because the desired amplifier gain is obtained by
generating a negative resistance without, however, fulfilling os-
cillating conditions. Consequently, a challenge in such circuits
consists in controlling the stability of the circuit [15], [19], [21],
as well as its bandwidth [26].

In this work, emphasis is placed on minimizing the dissipated
power and maximizing the efficiency of the reflection amplifier,
and for this reason its design was based on a Class-E oscillator
topology. A Class-E oscillator is created by introducing appro-
priate feedback in a Class-E amplifier circuit, which leads to a
high dc—RF efficiency. A Class-E power oscillator with 95%
efficiency at 2 MHz and with 3-W output power was presented
in [27], while a microwave Class-E oscillator with 59% effi-
ciency and 300-mW output power at 5 GHz was demonstrated
in [28]. In contrast to typical Class-E oscillator circuit applica-
tions, the scenario considered in this work calls for low output
power operation while maintaining a high efficiency. In [29], an
active antenna oscillator powered by a solar cell was proposed
based on the Class-E oscillator topology of [27]. The circuit had
a43% efficiency at 905 MHz for an output power of 2 mW. The
device was biased at 1.5 V with a collector current of 3.2 mA.
Harmonic-balance simulation was used to ensure the oscillating
condition and optimize the output power and efficiency of the
circuit. This topology was used as a starting point in order to
implement a reflection amplifier. It should be noted that based
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Fig. 8. Reflection amplifier gain measurements for different input power levels
and dc bias voltage values.

on the results of [27] and [28], higher efficiency values are con-
sidered possible, as well as alternative designs based on devices
other than the BFT25A silicon npn transistor used in [29].

The collector bias of the BFT25A device has been reduced
until the oscillation is extinguished while maintaining a neg-
ative resistance in order to ensure amplifier gain. The circuit
schematic of the amplifier with the component values is shown
in Fig. 6, while a photograph of the fabricated prototype on
a Rogers RO4003C substrate is shown in Fig. 7. Since the
amplifier is targeting very long-range applications (order of
50 ~ 100 m, as in [14]), it has been tuned to maximize its gain
at very low input power levels, below —30 dBm. The frequency
region of operation is the UHF industrial-scientific—-medical
(ISM) band of 900-930 MHz.

The reflection gain of the amplifier has been measured with a
vector network analyzer (VNA) for several input power levels
and bias voltages. The maximum bias voltage used is 0.755 V.
In Fig. 8, the obtained reflection gain values (Sy1) for different
bias points and input power levels are shown. It is important
to note that the input power levels shown in Fig. 8 correspond
to the highest input power that can be injected to the amplifier
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TABLE I
REFLECTION AMPLIFIER CONSUMPTION

Input Power (dBm) | Bias Voltage (V) | Current Draw (pA)

-30 0.732 435
-40 0.745 440
-50 0.755 431
no input 0.745 306

for a given bias voltage without starting any oscillation; i.e., if
this input power level is exceeded, an oscillation will occur. A
maximum gain of 10.2 dB is achieved for an input power level
of —50 dBm, when the amplifier is biased at 0.755 V. For lower
input power levels, the reflection gain remains on the same level,
while the measured current consumption is 431 ptA, resulting in
0.325 mW of dissipated power (Table I). This low power level
could be supplied by low-cost solar cells, even in low-light il-
lumination conditions. For the same bias voltage and a higher
input power level of —40 dBm, the gain will be slightly reduced
by ~ 1 dB. During laboratory experiments, it was observed that
at a power level of —40 dBm a gain of more than 9 dB can
be achieved, but spontaneous interference in the 900-930-MHz
band will instantaneously increase the power injected to the am-
plifier, which starts oscillating. Such interference exists due to
nearby RFID readers in the building and other active transmit-
ters in the ISM band. However, in an interference-free environ-
ment (e.g., outdoor sensor network deployments, far from do-
mestic infrastructure), a stable operation could be guaranteed.
To immune the system from interference and eliminate the prob-
ability of starting an oscillation at —40 dBm, the bias voltage
has been decreased to 0.745 V.! The maximum gain in this case
is ~ 7.7 dB and the current consumption is 440 ;2A. For an
input power level of —30 dBm and an even more reduced bias
voltage 0f 0.732 V, the gain reaches 4.9 dB and the consumption
is 445 A, The consumption remains on the sub-milliampere re-
gion even for higher input power levels (up to 0 dBm); however,
since the amplifier is optimized for low-input power operation,
the reflection gain for such power levels decreases significantly.
Finally, it is noted that the quiescent current when no RF power
is applied at the amplifier’s input is 306 pzA. Notice that while
the input power increases, the amplifier experiences a gain com-
pression. This effect is anticipated and it has been reported in the
literature [21].

Some indicative values for frequency, gain values 10-14 dB,
bias voltage, and power dissipation are given in Table II for
different reflection amplifiers. The amplifiers used in [19] and
[20] that are used for tagging applications, similar to the tag-
ging/sensing applications this work’s system is targeted, require
significantly higher bias voltage of over 2 V for comparable gain
values and their power dissipation is on the order of milliwatts.
The amplifier in [21] is used for analog relaying and is imple-
mented in 130-nm low-power CMOS technology and achieves
an ultra-low-power consumption of 0.120 mW. Although this

1One solution to eliminate oscillation is to reset the bias of the amplifier once
an oscillation is detected. This can be implemented by sensing the current that
the amplifier draws, as the onset of oscillation is marked by an increase in the
drain current and dissipation power of the amplifier.
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TABLE II
REFLECTION AMPLIFIER COMPARISON

| Frequency | Gain (dB) | Bias Voltage (V) | Power (mW)

this work 915 MHz 10.2 0.755 0.325
[19] 5.25 GHz 13 2.5 2
[20] 21 GHz 14 2.3 209.3
[21] 4 GHz 13 0.8 0.120

thru
RF in — V_\&— RF out
SPDT SPDT
90° delay line

Fig. 9. Delay-line phase-shift modulator block diagram.

work’s amplifier is built using discrete components, its con-
sumption of 0.325 mW is on the same order of magnitude with
that of the low-power CMOS circuit.

IV. PHASE-SHIFT MODULATOR DESIGN

A phase-shift modulator is designed as a two-port device that
selectively delays the signal by 90° between port 1 and port 2,
or passes the signal from port 1 to port 2 with no delay. As ex-
pressed mathematically in Section II, in round-trip the reflected
signal will be shifted by 180° or 0°, achieving a BPSK modu-
lation.

A delay line of total length A/4 is designed in Agilent ADS
microwave software and simulated with Agilent Momentum
by including the substrate parameters. The line length of A/4
at the center frequency of 915 MHz corresponds to a delay
of 90°, compared to a zero-length line, which corresponds to
0° (practically, on the order of 3° ~ 5°). For selecting be-
tween the zero-length line and the delay line, two single-pole
double-throw (SPDT) switches are utilized (Fig. 9). The SPDT
switches will introduce a slight phase change, which does not af-
fect the result since the phase change introduced will be approx-
imately the same for both paths. In that way, the delay-line path
will always be 90° shifted compared to the zero-length path.

The phase-shift modulator is implemented on a Rogers
RO4003C double copper-clad laminate with dielectric constant
€, = 3.50 and loss tangent tané = 0.0021 (Fig. 7). The
substrate thickness of 20 mil helps keeping the microstrip lines
in reasonable widths on the order of 40 mil for 915 MHz. Two
ADGI18 SPDT switches are used, which are operated with
microampere current consumption at 1.6 V. The switches have
been tested for use with voltages on the order of 1 ~ 1.2V
with a penalty of slightly higher insertion loss. The SPDTs are
controlled by a single pin with a voltage that can be as low as
0.8 V.

The phase-shifter transmission coefficient So; is measured
with a VNA to characterize the insertion loss and phase shifting
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Fig. 11. Measurements of phase-shift modulator insertion loss and return loss
for State 0 (90° delay) and State 1 (no delay).

in the two modulator states. In Fig. 10, it can be seen that
Ss1| & 0.79, and the phase difference between the two states
is ~ 87°. The performance of the phase-shift modulator is
acceptable, while the transmission coefficient amplitude could
be increased by using lower insertion-loss switches. The return
loss and insertion loss for both modulator states can be seen
in logarithmic scale in Fig. 11. The insertion loss for both
states is approximately 2 dB (the two states differ by less than
0.1 dB), while the return loss is better than 21 dB for both
states, indicating a good matching. Notice that from Fig. 5,
for the reflection amplifier gain of 10.2 dB, the implemented
phase-shifter loss on the order of 2 dB is marginally acceptable.
Nevertheless, the modulator is sufficient for the purpose of
demonstrating the proof-of-concept of a reflection-amplifier
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Fig. 12. Measured antipodal reflection-coefficient values (.51 ) for the two tag
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phase-shift modulator, and the insertion loss can be minimized
by using lower loss SPDT switches, and utilizing a single-board
design to eliminate the SMA connector losses.

V. SYSTEM CHARACTERIZATION

The amplifier phase-shift modulator system is characterized
by connecting the two elements (Fig. 7) and measuring the re-
flection coefficient for the two states. Fig. 12 shows the two
reflection coefficients between 900-930 MHz for the ampli-
fier-equipped tag, at a system input power of —40 dBm. At
State 0, the reflection coefficient around 915 MHz is approxi-
mately 2/15°, while at State 1, the reflection coefficient is ap-
proximately 2.1/197°. The corresponding phase difference is
182°. The reflection-coefficient amplitude variation across the
900-930-MHz band is on the order of 5%, which is sufficiently
low for not affecting the antipodal constellation.

For comparison, a modulator-only tag has been tested, by
shorting port 2 of the modulator and measuring the reflection
coefficient at the two states. The points can be observed inside
the unitary circle, having an amplitude of approximately 0.5 for
State 0 and 0.6 for State 1. The phase difference of the two states
is approximately 185°, corresponding to a BPSK constellation,
with significantly lower SNR than the amplifier-equipped tag
constellation.

The reflection-coefficient difference is plotted across the fre-
quency band in Fig. 13 for the amplifier-equipped tag and the
modulator-only tag. It can be seen that the amplifier-equipped
tag achieves a |Al'| &~ 4.1 at 915 MHz, while the modulator-
only tag achieves a |Al'| &~ 1.1.

Since the tag SNR is proportional to |AT'|? ([12], [14]), this
translates to an SNR gain of the proposed tag over the modu-
lator-only tag of (4.1/1.1)% = 13.89 — 11.43 dB.
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Fig. 13. Comparison of reflection-coefficient distance between the two tag
states for a conventional modulator-only tag and an enhanced backscatter
efficiency amplifier-equipped tag (—40-dBm input power).
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Fig. 14. Measured backscattered spectrum of a conventional tag without a re-
flection amplifier and an amplifier-equipped tag. Both tags are excited with a
915-MHz CW and continuously switch between two modulation states with a
250-kHz rate, thus backscattering a 250-kHz subcarrier.

A setup consisting of a signal generator, a spectrum analyzer,
and a circulator is used to test the backscattering of the imple-
mented tag. The signal generator outputs a continuous wave
(CW) at 915 MHz at —40 dBm. The tag is attached to the circu-
lator so that it is excited by the generator CW, and its backscat-
tering is captured by the spectrum analyzer.

Notice that measuring the carrier (central frequency) power
level with and without an amplifier is not sufficient for charac-
terization due to: 1) leakage of carrier power towards the spec-
trum analyzer due to low circulator isolation and 2) the tag re-
flection at the carrier frequency may have such a phase that will
create a destructive addition with the carrier signal from the
generator. This can lead to a wrong assessment of the system
backscattering efficiency. For that reason, a square waveform is
applied to the modulator control pin, switching between the 0°
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and 180° states with a rate of 250 kHz. The tag then backscat-
ters a subcarrier 250 kHz away from the carrier (915.25 MHz),
whose power level is measured without and with the amplifier.
The power level of the subcarrier is directly related to |AT'|2, as
shown in the backscatter signal model in [14].

In Fig. 14, the spectra of the two cases can be seen. Notice that
the subcarrier power level increases by 8 dB when the ampli-
fier is present compared to the modulator-only case. This gives
a proof of the system operation in low input power. The noise
floor has been measured to increase by 1 dB on average. This
results to a subcarrier SNR increase of 8 — 1 = 7 dB. An SNR
increase of 7 dB can have a significant impact in the tag demod-
ulation by the reader. For example, in [14], it can be seen that for
backscatter FSK, an SNR value of 0 dB corresponds to a BER
value of 33%. In practice, this tag’s information is lost by the
reader. However, with a 7-dB increase in SNR, the BER drops
down to 6%, which is significantly lower.

Furthermore, notice the low-frequency nonlinearities around
the carrier peak, which could cause interference if the tag signal
spectrum is close to the carrier. In practice, the frequency region
around the carrier is heavily affected by RF clutter due to low-fre-
quency multipath reflections from the surrounding environments
and electronics nonlinearities [30]. The nonlinearities introduced
by the amplifier will further contribute to the RF clutter, which is
a frequency region that should be avoided, due to the increased
noise floor. Experiments in [31] have shown that the RF clutter
might occupy a bandwidth of up to 100 kHz, and low-SNR tag
signalsinthat frequencyregion may be completely “hidden” from
thereader. Properly selecting high subcarrier values can move the
tag signal away from the carrier clutter, and guarantee efficient de-
modulation of low-SNR tag signals.

The theoretical range increase given an SNR increase of
8 dB can be approximated by using a far-field two-ray path
loss model that accounts for a line-of-sight path and a strong
reflection from the ground with the formula [32]

(19

PL(d) = G + Gr + 20log,, (%)

where G, G are the tag antenna and reader antenna gain
values, respectively, hr,hr are the heights of the tag and
reader antenna placement with respect to ground, and d is the
distance between the tag and the reader. Considering a reader
that transmits power Pr towards a tag placed at a distance of
d; meters, the received backscattered power due to round-trip

path loss is
Pr = Pr+2PL{d,). (20)

Consider also a tag with increased backscattered power by 8 dB
that is placed d» m away from the reader, and the reader receives
the same backscattered power level

Pr = Pr+8+2PL(dy). Q1)

It can then be calculated that the tag-to-reader range relation

between tag 1 and tag 2 is
do = 1.26 dy (22)

i.e., a range increase of up to 26% can be achieved.
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The modulator-amplifier system has been interfaced with a
microcontroller unit (MCU) to form a prototype tag and test
the BER performance of the system and the range increase in
a laboratory environment. The MCU generates a binary FSK
waveform and outputs it in a digital pin as a varying frequency
square pulse train. The voltage pulses drive the control input
of the modulator, and thus the system alternates between I'g
and I'; with two different rates Fjy and £}, respectively. When
the system is illuminated by a 915-MHz CW, this results in
a backscattered signal spectrum with subcarriers at =F and
4 Fy (instead of just £ Fy, as in Fig. 14). Both the prototype tag
and the SDR reader utilize omnidirectional antennas with 3-dBi
gain.The backscattered binary FSK signal is captured with a
commodity software-defined radio (SDR) and the digitized
signal is processed on a host PC. The receiver implemented in
software is based on the receiver in [14] and while decoding,
it reports BER values of the demodulated backscatter signals.
The modulator-only tag (MCU + phase shifter only) and the
reader are moved away from each other, until an average BER
value of 15% is reported. This corresponds to a distance of
1.39 m in the multipath and interference heavy laboratory
environment with a power level of approximately —35 dBm
induced at the tag antenna. When the reflection amplifier is
interfaced to the tag, the BER drops to 6%, due to the increased
backscatter signal SNR. The amplifier-enabled tag and SDR
reader are moved away again to achieve a BER value of 15%.
The distance in that case is 1.7 m, corresponding to ~ 30-cm
range increase. Although this is an indicative example of a
22% increase, the range increase will be different in indoor and
outdoor environments with different channel behavior and will
vary in heavy interference environments such as buildings with
RFID readers, GSM repeaters, etc. However, the laboratory en-
vironment example serves as the proof-of-concept for the range
increase capabilities of the phase shifter-reflection amplifier
architecture.

VI. CONCLUSION

In this paper, an analysis has been provided for the perfor-
mance of RF tags that employ reflection amplifiers for en-
hancing their backscatter efficiency. A new amplifier-equipped
tag architecture has been presented that not only increases
signal reflection at one modulation state, but maximizes the
backscatter signal SNR by providing antipodal reflection-co-
efficient values above unity for both modulation states. To
demonstrate the tag architecture, a low-power reflection ampli-
fier has been built with sub-milliwatt power consumption and
gain values on the order of 10 dB. A phase-shifting network
has been designed and implemented that is interfaced at the
amplifier’s port and achieves antipodal modulation. The latter
is optimal in terms of probability of detection at the reader
among binary modulation schemes since it maximizes the tag
SNR for a given amplifier gain and phase-shifter loss. The
increased backscatter signal SNR is crucial for implementing
long-range backscatter sensor networks.

This work will be expanded in the future with the design
of a tag that includes the phase-shift modulator and reflection
amplifier on a single board. In that way, the SMA connectors
losses can be eliminated, while the insertion loss of the phase
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shifter can be further improved by utilizing low-loss switches.
The low-power operation of the amplifier can lead to a design
that is powered exclusively by small form-factor solar cells for
outdoor deployments. Moreover, an improved amplifier design
will increase its dynamic range for operation with a broader span
of input power levels. Finally, wireless measurements will be
conducted outdoors to assess the practical range increase by ac-
counting for multipath losses in long-range WSN scenarios.
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