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Concurrent Backscatter Streaming from Batteryless and Wireless
Sensor Tags with Multiple Subcarrier Multiple Access
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SUMMARY  This paper proposes a novel multiple access method that
enables concurrent sensor data streaming from multiple batteryless, wire-
less sensor tags. The access method is a pseudo-FDMA scheme based on
the subcarrier backscatter communication principle, which is widely em-
ployed in passive RFID and radar systems. Concurrency is realized by as-
signing a dedicated subcarrier to each sensor tag and letting all sensor tags
backscatter simultaneously. Because of the nature of the subcarrier, which
is produced by constant rate switching of antenna impedance without any
channel filter in the sensor tag, the tag-to-reader link always exhibits har-
monics. Thus, it is important to reject harmonics when concurrent data
streaming is required. This paper proposes a harmonics rejecting receiver
to allow simultaneous multiple subcarrier usage. This paper particularly
focuses on analog sensor data streaming which minimizes the functional
requirements on the sensor tag and frequency bandwidth. The harmonics
rejection receiver is realized by carefully handling group delay and phase
delay of the subcarrier envelope and the carrier signal to accurately pro-
duce replica of the harmonics by introducing Hilbert and inverse Hilbert
transformations. A numerical simulator with Simulink and a hardware im-
plementation with USRP and LabVIEW have been developed. Simulations
and experiments reveal that even if the CIR before harmonics rejection is
0dB, the proposed receiver recovers the original sensor data with over 0.98
cross-correlation.

key words: backscatter communication, multiple access, harmonic rejec-
tion

1. Introduction

The integrity of civil structures, airplane, artificial satellite
and machinery should be examined regularly after their con-
struction to avoid failures and accidents. In reality, however,
we occasionally see fatal accidents stemming from the lack
of sufficiently frequent and detailed health checking. The
major hindrances of the checking are the dependency on hu-
man intervention and labor intensive preparation.

Figure 1 shows vibrational testing of an artificial satel-
lite. There are a number of vibration sensors attached to
the body of the satellite and each sensor is connected to the
power source and the signal processor. Wire harnesses shall
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Fig.1 An artificial satellite subjected to vibrational testing (source:
Japan Aerospace Exploration Agency).

be carefully routed not to damage the mechanical character-
istics and also the delicate structure, which is labor intensive
and demands a dedicated environment. This is the typical
setting of vibrational testing to measure frequency response
of a structure. Concurrent collection of data streaming from
multiple sensors is essential to establish the frequency re-
sponse of the structure against an exciting force.

If we realize health check with wireless batteryless im-
planted sensors, we can examine the target structures more
often and in detail with lower cost, which surely will miti-
gate safety risk. This is why batteryless wireless structural
health check attracts significant technical interest [1]-[5].
The use of backscatter wireless communication to transfer
not only unique ID of physical objects, but also sensor data
is an emerging research field [6], [7].

Multiple Subcarrier Multiple Access (MSMA) have
been proposed for this challenge [8], [9]. The principle is
based on the backscatter wireless communication mecha-
nism which is extensively used in passive RFID and radars
[10]. The best feature of MSMA is to allow concurrent sen-
sor data streaming from multiple batteryless sensors.

Since our previous publications have not fully ad-
dressed the interference rejection methodology and general
evaluations, we describe the details of MSMA in this paper.
To facilitate the discussion, we first explain the backscat-
ter communications principle, then introduce the concept of
MSMA and the related work.

1.1 Backscatter Wireless Communications Principle

A typical backscatter wireless communications system is

Copyright © 2017 The Institute of Electronics, Information and Communication Engineers
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passive RFID in the UHF (860-960 MHz) band. The sys-
tem is extensively used in supply chain management (SCM)
applications where tiny, low cost RF tags are attached to
physical objects. The location and disposition of the physi-
cal objects are shared among stakeholders via a standardized
information platform [10], [11]. The non-line-of-sight long
range communication, fast inventory of RF tags and writing
function distinguish UHF RFID from other automatic iden-
tification technology such as bar-code and NFC.

A passive RFID system comprises of a Reader/Writer
and multiple RF tags. The RF tag is powered by the con-
tinuous wave (CW) provided by the Reader/Writer and pro-
cesses the commands. The tag-to-reader link is established
by changing the antenna impedance of the RF tag with an
embedded RF switch, as shown in Fig.2. Multiple access
from RF tags to Reader/Writer is usually based on TDMA,
specifically frame slotted ALOHA.

RF tag which houses a sensor and can superimpose
sensor data on backscatter signal is referred to as sensor tag.
When sensor data needs to be collected from sensor tags, the
Reader/Writer commands the acknowledged RF tag to send
sensor data. Since the existing multiple access methods in
such sensor data collection state are all based on TDMA, it
is difficult to send sensor streams concurrently from multi-
ple sensor tags.

The communication distance between an RF tag and
Reader/Writer is, in many cases, dominated by the reader-
to-tag link, which powers RF tags. When we have a high
sensitivity RF tag, the second bottleneck of reading distance
is the phase noise of the Reader/Writer. Since the phase
noise diminishes as we widen the frequency separation from
the powering CW, many UHF RFID system employ subcar-
rier backscatter by superimposing a constant rate on/off key-
ing to the digital data. The spectrum of normal backscatter
and subcarrier backscatter are illustrated in Fig. 3.

The subcarrier backscatter is advantageous to avoid
phase noise with the penalty of less bandwidth. With the
subcarrier backscatter, we can also protect the inherently
weak backscatters from neighbor Reader/Writers. Since
subcarrier is produced by constant rate on/off keying with-
out any channel filter, a subcarrier backscatter entails har-
monics. Because of these harmonics, the simultaneous us-
age of multiple subcarriers has not been considered nor tried
so far.

1.2 MSMA Overview

MSMA is a pseudo-frequency division multiple access
(FDMA) using multiple subcarriers simultaneously, as
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Fig.5  Multiple subcarrier multiple access has two phases. In the first
phase, the Reader/Writer inventories sensor tags with conventional frame
slotted ALOHA. In the second phase, the Reader/Writer transmits contin-
uous wave which powers sensor tags to allow concurrent data streaming
from sensor tags.

shown in Fig. 4.

The high-level protocol of MSMA is shown in Fig. 5.

The Reader/Writer first inventories the RF tags
with conventional frame slotted ALOHA. This way, the
Reader/Writer collects all the unique IDs of RF tags in the
interrogation field together with their RSSIs. After the in-
ventory, the Reader/Writer assigns a dedicated subcarrier
frequency to each sensor tag. The authors previously pro-
posed an optimized subcarrier allocation in MSMA [12].
Next, the Reader/Writer transits into the “listen” state where
the Reader/Writer receives the sensor data stream. There-
fore, it is obvious that MSMA is advantageous in the ap-
plications where we demand long duration of synchronized
sensor stream observation such as vibration testing of ma-
chinery and continuous surveillance and monitoring.

The superposition of the sensor stream on to the
backscatter signal can be done either by digital or analog
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modulation. In digital modulation, we first sample and
quantize sensor data with an analog-digital converter (AD
converter). The digital sensor data is superimposed on the
subcarrier by taking the exclusive OR of sensor data and
subcarrier bits. In analog modulation, we can eliminate
the AD converter in the sensor tag. If we develop a har-
monics rejection receiver which supports concurrent analog
streams, we can even apply the method to digitally modu-
lated signal regardless of the modulation and coding scheme
used. This strategy, in return, demands a sophisticated re-
jection method. A sensor tag in MSMA can thus be pro-
duced just by adding a sensor and a modulator to the RF
tag, as shown in Fig. 6. The harmonic rejection method can-
cels out the mutual interference among subcarrier. Replica
of subcarrier harmonics can be calculated from the primal
subcarrier. The main problem in this replica generation is
accurate measurements of phase delay and carrier delay of
primal subcarrier as subcarrier fluctuates from the original
frequency.

1.3 Related Works

Concurrent multiple access from simple sensor tags is usu-
ally realized by employing FDMA. But in the case of
backscatter communication with a low function sensor tag,
it is impractical, if not impossible, to implement the adap-
tive channel filter to realize FDMA. The concurrent data
stream with TDMA demands burst transmission, which is
also impracticable in low function sensor tags. There are
proposals to use CDMA [13], [14] but CDMA suffers from
a large number of interfering sensor tags and the transmis-
sion power control to mitigate near/far problem is difficult
to implement in backscatter communications.

There have been studies to separate collided signals
from multiple passive RF tags [15]-[17]. These studies as-
sume that signals are digitally modulated and their IQ con-
stellations are calibrated first and can be discriminated each
other with the calibration. Hu [15] additionally uses the
time envelop to extract collided signal information to en-
able concurrent sensor data streaming. Since all the existing
studies are subjected to ASK, they require another IQ data
calibration every time the sensor tags or the Reader/Writer
change their position and orientation, not to mention the
moving tags and moving Reader/Writers. The sampled and
quantized sensor signal needs to be digitally superimposed
onto the subcarrier signal, which inevitably expands the fre-
quency bandwidth. Even when we assume the minimum
sampling rate (double the Nyquist frequency) and 8 bits
quantization. The required bandwidth expands by a factor
of sixteen times compared to analog streaming.
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The rejection of analog harmonics caused by the non-
linearity of amplifiers has been studied since the 1960s. Re-
cently the use of digital signal processing for the harmonics
process is studied in [18]-[20]. Although the fundamental
idea of rejecting harmonics is applicable to the backscatter
signals, these existing studies do not consider the phase de-
lay, which demands delicate handling of backscatter signals
as explained later in this paper.

The rest of this paper is organized as follows. In Sect. 2,
we explain the principle of harmonic rejection method.
In Sect. 3, the harmonics rejection performance is evalu-
ated with simulations with Simulink and experiments using
USRP and LabVIEW. Section 4 concludes the paper.

2. Harmonic Rejection Method

As we explained earlier, a subcarrier is produced by a con-
stant rate on/off keying of antenna impedance. Figure 7
shows the general backscatter signal from a sensor tag for
one period of the subcarrier. For the sake of general discus-
sion, the phase delay of subcarrier envelope ¢ is introduced.
The backscatter signal is phase modulated with sensor sig-
nal x, there is a carrier phase delay ¥,, and modulation in-
dex m. Since the carrier phase delay and the signal phase
delay can not be separable, we denote the carrier phase shift
collectively such that ¥ = ¥, + x.

Note that the subcarrier signal component is very small
compared with the powering continuous wave because a
subcarrier signal is fundamentally a reflection as shown in
Fig.7. Therefore, to obtain the maximum resolution of the
modulated signal, the bias component of the signal is usu-
ally removed at the ingress of the receiver by applying a high
pass filter (HPF). Denoting the subcarrier and the carrier an-
gular velocities as wy and w,, respectively, the modulated
subcarrier signal S (¢) after HPF can be written as below.

1 .
S =a Z - sin(nw,t — ng)e/ @+ D
n=13,
where
2(1 —m)
a=——=.
i

It is shown that we inevitably produce harmonics with odd
multiple of the principal subcarrier and higher harmonic
produce less interference as the reciprocal of the harmon-
ics order.

The receiver down-converts the incoming subcarrier
signal S (f) by multiplying the carrier signal e~/ to yield
the baseband IQ signal such that

1
I=a Z — sin(nwgt — ng) cos ¥
n

n=1,3,-

O=a Z % sin(nwgt — ng) sin . 2)

n=13,-

As aresult, IQ constellation forms a straight line in the phase
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Fig.7 A typical subcarrier wave form. The envelop is changed with a
constant rate toggling of an RF switch.

plane.

The challenges in deriving harmonic replicas from a
primal subcarrier signal, therefore, are summarized as fol-
lows.

e We shall handle ¢ and ¥ separately because the sub-
carrier phase delay ¢ in a harmonic replica shall be
multiplied according to the order of harmonics to keep
the linear group delay, while ¥ stays the same in all
the harmonic replicas. For example, for n-th order har-
monics nw; and the delay angle shall be n¢, as shown
in Eq. (1).

o We shall derive the amplitude of the primal signal to
yield the predefined amplitude degradation term }l in
Eq. (1) while the amplitude of primal subcarrier fluctu-
ates as the IQ components move along a straight line.

The first problem can be solved by accurately measuring
carrier phase shift ¥. We apply a regression analysis with
a recursive least square (RLS) filter to this problem. We de-
velop a solution to the second problem as in the following
subsection.

2.1 Replica Generation with Hilbert and Inverse Hilbert
Transformations

Because the amplitude of the measured subcarrier signal
fluctuates in time, the amplitude of the primal subcarrier sig-
nal should be measured and be adjusted to produce harmon-
ics replicas. For this purpose, we introduce an analytic sig-
nal of the subcarrier with Hilbert transformation. IQ compo-
nents of analytic signal of primal subcarrier (Eq. (2) where
n = 1), denoted as I, O, are given as follows.

I = —a cos(wst — ¢) sin ¥

0 = acos(wst — ¢) cos ¥ 3)
The combined real and analytic signal, denoted as the aug-
mented subcarrier signal Z, rotates in the 1Q plane with sub-

carrier frequency keeping the instantaneous amplitude con-
stant.

z:1+i+j{Q+Q‘} )
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Fig.8 Real signal and its analytic signal produced by Hilbert transforma-
tion together form the augmented signal which rotate with an instantaneous
amplitude.

The harmonics of the augmented signal rotates with the an-
gular velocity which is proportional to the order of harmon-
ics as shown in Fig. 8. Since ¥ stays the same when we pro-
duce a harmonic, we counter-rotate the augmented signal by
¥ to obtain the following circle.

Z, = Ze "
a sin(wgt — @) + ja cos(wgt — @) )

This way, we can produce harmonics of the augmented sig-
nal, denoted as augmented harmonics, simply by multiply-
ing the phase angle obtained, for example, by a phase locked
loop (PLL) and applying appropriate scaling according to
the order of harmonics.

The harmonic replica is obtained by adding the carrier
phase shift ¥ and projecting the augmented harmonics to
the ¥ plane. Since this projection provides the inverse op-
eration of Hilbert transformation, we refer to this projection
as Inverse Hilbert Transformation. When we denote an aug-
mented harmonics as

r= 1t s (6)

and the unit vector of the carrier phase plane as cos¥ +
jsin¥P, the Inverse Hilbert transformation of r, H ~1(r), can
be concisely represented by the following linear transforma-
tion.

H () (rrcos¥ + r;sinW)(cos ¥ + jsin'¥)
cosWcos¥ cosW¥sin¥W ry
|5} o

cos¥Psin? sin¥sin¥ Jri
2.2 Harmonics Rejection

Let us first consider a simple case, where we have a har-
monic from sensor tag 1 subcarrier which interferes the pri-
mal subcarrier of sensor tag 2 as shown in Fig. 4. The aug-
mented subcarrier signal in IQ plane is shown in Fig. 9. The



RAJORIA et al.: CONCURRENT BACKSCATTER STREAMING FROM BATTERYLESS AND WIRELESS SENSOR TAGS

R, sin(wit — ¢1) 0 0
R, 0 sin(wyt — ¢7) 0
R\ _ |4 sinBwr - 3¢)) 0 sin(wst — ¢3)
Ry § sin(Owi1 — 9¢1) 0
Q

Primal subcarrier

Observed signal of sensor tag 2

Harmanic of sensor tag 1

Instantaneous amplitude

Fig.9  The harmonic from sensor tag 1 is interfering with the primal sub-
carrier from sensor tag 2. The compound signal observed at the subcarrier
channel of sensor tag 2.

carrier phase shifts, ¥, ¥, of each subcarrier are indepen-
dent. The observed signal in the subcarrier channel of sensor
tag 2 is the superposition of those two subcarriers. When we
produce the replica of the harmonics from the primal subcar-
rier signal of sensor tag 1, we can recover the primal signal
of sensor tag 2 by subtracting the replica from the observed
signal.

Next, we consider a case where we have nine sensor
tags. The nine sensor tags use different subcarrier channels
from fj to fy. For the simplicity, we assume sensor tag i
uses subcarrier channel i without loss of generality. Each
subcarrier is assumed to be modulated with an analog sen-
sor stream. Because of the nature of the subcarrier signal, a
part of harmonics of a subcarrier fall into the other sensors
bandwidth such that each subcarrier produces harmonics at
odd number multiples of the subcarrier frequency. Since we
can remove the contribution of the envelope and carrier shift
with Hilbert and inverse Hilbert transformations explained
in the previous section, we only consider the modulated sub-
carrier signal A;e/¥' as the transmitted signal and R; as the
received signal where i denotes i-th subcarrier frequency.
The mathematical representation of this nine sensor config-
uration is shown in Eq. (8).

Note that Eq. (8) is a lower triangular matrix and ev-
ery instantaneous component in the matrix can be measured
and sequentially computed with the procedure in the above
subsections.

1 sin(3wst — 3¢3)
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Fig.10  CIR range can be improved by the proposed assignment method.

2.3 Carrier-to-Interference Ratio

The contribution of the harmonic rejection method depends
on the original Carrier-to-Interference Ratio (CIR). The CIR
of a sensor tag depends on its allocated subcarrier frequency
and the distance it is located from the Reader/Writer. In [12]
authors propose a subcarrier assignment method and com-
pared with different heuristic methods to show the CIR can
be improved by allocating subcarrier frequency efficiently.
Figure 10 shows an example of varying range of CIR range
when fifty sensor tags are allocated to subcarriers with the
random assignment method and the proposed assignment
method. The sensor tags are uniformly distributed in a circu-
lar area of radius 10 meter in the random fashion, the reader
is located at the center. The minimum distance between a
sensor tag and reader is fixed to 1 meter. It can be seen that
the CIR above 0dB when subcarrier frequencies allocated
with proposed assignment method.

3. Evaluation

We implement an MSMA simulator with Simulink to ver-
ify the fundamental characteristics of MSMA and also de-
veloped an experiment system with prototype sensor tags,
USRP2920 and LabVIEW. The overview of the demodula-
tion process in both the simulator and the experimental of
system for nine subcarrier channels is shown in Fig. 11.

3.1 MSMA Simulator with Simulink
The simulation on Simulink is carried out to verify the pro-

posed fundamental MSMA demodulation process. The pa-
rameters used for the simulations are listed in Table 1. For
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Table 1  The simulation parameters.

Simulation Parameter  Value

sensor tag 1~ 20kHz
sensor tag 2 60kHz
sensor tag 3 180kHz
sensor tag 1~ 2kHz
sensor tag 2 1kHz
sensor tag 3 500Hz

Subcarrier frequency

Sensor signal (sin wave)

the simulations we consider concurrent sensor data stream-
ing and demodulation with 3 sensor tags whose harmonics
are mutually interfering. The mutually interfering subcar-
rier frequencies for each sensor tag are intentionally selected
to evaluate the effect of our proposed interference rejection
process. The harmonic of sensor tag 1 is interfering with
the primal subcarrier of sensor tag 2 and harmonics of sen-
sor tags 1 and 2 are interfering with the primal subcarrier
of sensor tag 3. In this simulation, all the replica of sensor
tag 1 harmonics are calculated and subtracted first, then sen-
sor tag 2’s primal subcarrier is recovered and demodulated.
Finally the replicas of sensor tag 2 harmonics is calculated
and subtracted to recover and demodulate the sensor tag 3’s
primal subcarrier.

3.2 Experimental Evaluation with USRP and LabVIEW

For the experimental evaluation, we developed a sensor
tag with a phase modulator and RF switch as shown in
Fig. 12. The RF switch (PE42421SCAA-Z) is controlled by
a TI MSP430. The antenna impedance of the sensor tag is
changed by switching the route to open ended or terminated
and the subcarrier signal is generated. The sinusoidal wave-
form as a sensor signal from the function generator is mod-
ulated onto the outgoing subcarrier signal by a phase shifter
(Skyworks PS088-315). Each sensor signal frequency is the
same as the parameters shown in Table 1.

The sensor model is not batteryless at this moment.
But considering there is an experimental platform to use

RF Switch(Peregrino PE42421)

Phase Shifter(Skyworks PS088-315

ooseued

Subcarrier lfrequency Generated by MSP 430

Fig.12 A sensor model developed for the experimental verification of
MSMA. Though an accelerometer is connected and it is feasible to obtain
vibrational data, sinusoidal waveform generated by function generator is
input as a sensor signal for this experiment in order to obtain continuous
signal.

MSP430 as batteryless sensor tag [6], [21], the very low
power consumption commercial MEMS accelerometer [22]
and a commercial passive RF tag with accelerometer func-
tion [7], it can be said that a passively powered sensor tag
could be built with current process and sensor technology.

Figure 13 shows the block diagram of the experiment
setup. The signal generator generates a CW at 915MHz as
a transmitted signal from Reader/Writer. The carrier signal
is backscattered by the sensor tag and the subcarrier signal
is combined and received by USRP2920. The USRP2920
is connected to a PC through Gigabit Ethernet cable, and
1Q data are processed by a Virtual Instrument (VI) in Lab-
View. Each sensor signal from the function generator is also
measured on the VI via NI USB-6009 (DAQ in Fig. 13) and
compared with the demodulated signal. The process of the
VlIis based on Fig. 11.

Configurations for the subcarrier frequency and the
sensor signal of each sensor tag are identical to the simu-
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Fig.14 A comparison of correlation coefficients derived from simulation
result and experiment results corresponding to the CIR change.

lation. At the ingress of each sensor tag, a variable attenua-
tor is installed to change the CIR that emulates the distance
difference between each sensor tag and a Reader/Writer.

3.3 Result of Simulations and Experiments

In order to quantitatively evaluate the result of simulations
and experiments, we derive and compare the correlation co-
efficients between the demodulated sensor signal and the
original sensor signal at respective CIR environment as
shown in Fig. 14. CIR 0dB represents an environment in
which power of the interfering signals from sensor tags 1
and 2 and the power of the desired subcarrier signal from
sensor tag 3 are same. Even in case of CIR 0dB, the cor-
relation coefficients in both simulation and experiment are
over 0.98. When it comes to CIR 7 dB the correlation coef-
ficients are improved over 0.99 in both case.

Figure 15 shows the comparison of those signals at dif-
ferent CIR (0dB, 7dB). Even though small fluctuations are
observed in the case of CIR 0 dB on the demodulated signal,
still it shows good approximation to the original signal. In
the case of CIR 7dB, there is much less fluctuation com-
pared with the case of CIR 0dB.

4. Conclusion
Concurrent sensor data streaming from batteryless wireless

sensors can be realized by using the proposed multiple sub-
carrier multiple access (MSMA). Because of the minimum
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Fig.15  Concurrently received and demodulated signal from sensor tag 3
is compared with its original signal from function generator.

functional requirements on sensors, concurrent sensor data
streaming entails mutual interference. Yet, the mutual inter-
ference can be accurately rejected with the harmonics rejec-
tion receiver proposed herein. The challenges of the receiver
reside in the careful handling of the phase delay of the sub-
carrier envelop and the carrier signal. The harmonics rejec-
tion receiver solves this problem by handling those delays in
an augmented IQ signal which is produced by Hilbert trans-
formation and projecting it back to the real IQ signal by a
mathematical treatment which we refer to as inverse Hilbert
transformation. By successively subtracting the harmon-
ics replica from the received signal, we can accurately re-
cover the original sensor data streaming at the receiver. The
achieved accuracy is confirmed, both with simulations and
experiment, to be above 0.98 cross-correlation even when
the CIR before the harmonics rejection is 0 dB.
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