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Abstract—A long term evolution (LTE) signal is ubiquitously
present, which make it an attractive signal source for ambient
backscatter communications (AmBC). In this paper, we propose
a system that uses LTE cell-specific reference signals (CRSs)
transmitted by a base station as an ambient source and chan-
nel estimator at the user equipment (UE) as an AmBC receiver.
One of the challenges in AmBC is direct path interference (DPI):
The direct signal from the transmitter to the receiver is several
orders of magnitude stronger than the scattered path. We pro-
pose a solution that operates withing the original LTE band.
In order to mitigate the DPI, the backscatter device (BD) per-
forms a frequency shift keying (FSK) modulation that introduces
an artificial Doppler shift to the channel which is larger than
the natural Doppler but still small enough such that it can be
tracked by the channel estimator at the UE. We demonstrate the
feasibility of the proposed system by Proof-of-Concept imple-
mentation and compare its performance against the simulation
results. Measurement results show that we could achieve bit
error probabilities less than 10~2 with ambient LTE signal hav-
ing SNR of 5 dB operating on 486 MHz band having 7.68 MHz
bandwidth.

Index Terms—Ambient backscatter communications, LTE cell-
specific reference signals, channel estimation.

I. INTRODUCTION

HE INTRODUCTION of ambient backscatter communi-
Tcations (AmBC) [1] in mobile networks [2] has recently
been proposed for the sustainable development of asset-
tracking services [3], and to overcome the limitations of
solutions based on radio frequency identification (RFID). In
RFID-based asset tracking, an energy-autonomous and pas-
sive RFID tag is illuminated by an RFID reader, with a radio
frequency (RF) carrier-wave [4]. The communication range
is limited by the reader transmit power [5]. The communi-
cation range can be compensated by increasing the number
of readers of portals, but a massive deployment of such
devices is not sustainable. In comparison, AmBC systems [1]
usually involve three communication nodes instead of only
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two: an ambient source of RF signals, a backscatter device
(BD), and an AmBC receiver device. The BD is similar to
a tag. The AmBC receiver reads the BD’s message, with-
out having to generate any RF carrier wave, as the BD
directly uses the ambient source. Therefore, AmBC pro-
vides higher spectrum efficiency and greater communication
range when strategically placing the three communication
nodes.

In an AmBC system, a BD can be implemented with an
antenna connected to various matching impedance, through
an RF switch driven by a micro-controller. According to
the message to be transmitted, the BD switches between
impedance to alter and reflect the impinging ambient sig-
nal. The AmBC receiver receives a composite signal. One
is the direct path signal transmitted from the ambient source
and another is backscattered by the BD that contains the
target message. However, the direct path signal from the
transmitter to the receiver has several orders of magnitude
larger power than the BD-modulated scattered path signal.
This results in direct path interference (DPI) to the AmBC
receiver. In addition, the fast phase and amplitude variations
of the ambient source signal are unknown to the receiver.
These two factors drastically lower the signal-to-noise ratio
(SNR) of the BD signal which hampers the AmBC receiver
performance.

Among different ambient sources, Long Term Evolution
(LTE) signals are ubiquitous and their controlling signals
are easily available to its UEs. Specifically, an LTE base
station (BS), a.k.a. eNodeB, periodically sends a primary syn-
chronization sequence (PSS) and secondary synchronization
sequence (SSS), allowing the UE receiver to become syn-
chronized to the transmitter. Then, the UE performs a cell
search to determine which cell to connect to. In addition to
the synchronization signals, the eNodeB transmits cell-specific
reference signals (CRS) that the UE utilizes for estimating
the downlink channel. In LTE, these signals are broadcast
even if the cell is idle, meaning that no downlink traffic
is being scheduled. Furthermore, using these signals at the
receiver does not require it to be registered with the BS.
These facts highly motivate us to consider the LTE down-
link signal as the ambient signal in this paper. Therefore,
AmBC systems make use of these repetitive signals that the
BSs broadcast. The AmBC receiver does not have to do any
signaling with the eNodeB. The UE channel-estimator output
can be used for demodulating the messages transmitted from
the BD.
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In the previous work, we used the on-off keying (OOK)
modulation in AmBC [6]. Unfortunately, a simple OOK sig-
nal occupies frequencies, where Doppler components from all
the channel paths are also present, making it difficult to sep-
arate the backscatter path from the DPI [7]. In addition, the
symbol duration (i.e., switching period) used by the BD tends
to be long compared to the channel coherence time, mak-
ing the BD signal vulnerable to fast fading. To address these
problems, this paper proposes a frequency shifting approach
to separate the direct and scattered channels, but rather than
moving the whole scattered signal on an adjacent band, we
shift only the scattered signal channel tap away from the
natural Doppler. Hence, the backscatter signal will not con-
taminate communications on other bands. On the other hand,
the backscatter communication frequency usually is less than
1 kHz, which is slow enough for the receiver channel equal-
izer to track the additional channel variations caused by the
BD [8]. Channel does not change in one LTE subframe (1 ms),
which guarantees that the UE estimates a stable channel based
on CRS.

Contributions: In this paper, we propose to use frequency
shift keying (FSK) type modulation in an AmBC system using
LTE downlink signals as the ambient source. For the FSK
backscatter signal, the backscattered path is separated from the
direct path in the frequency domain, so that the DPI can be
cancelled. The BD introduced artificial frequency shift, which
we refer to as the frequency key, is selected to be higher than
Doppler effect, and to be lower than channel-estimation track-
ing speed. Also, the fact that CRS signals are presented only
at certain orthogonal frequency division multiplex (OFDM)
symbols, limited the frequency key selection. Moreover,
FSK allows for noncoherent reception that does not depend
on the channel parameters. The contributions are listed as
follows.

o The BD signal is generated by the same OOK modu-
lator as in [6], but the generated waveform is selected
to approximate FSK. We also discuss square-wave FSK
that uses rectangular pulses instead of sinusoidal sig-
nals. We investigate the impact of non-uniform CRS
sampling frequency. The FSK frequency keys are care-
fully selected to cooperate with a non-uniform LTE CRS
sampling.

o The AmBC receiver directly utilizes the channel estimates
obtained from the LTE CRS pilot signal, instead of the
full channel state information. Two types of receivers,
coherent and noncoherent methods, are proposed. The
simulation proves that the coherent method outperforms
energy detector.

o Finally, the proposed system is validated by a proof-
of-concept implementation and corresponding measure-
ments. This implementation validates that the proposed
receiver’s process can be applied to any receivers as long
as they can be synchronized to the LTE eNodeB.

The paper is structured as follows: Section I introduces
AmBC, as well as the motivation and contribution of this
work. Section II reviews the relevant prior art; Section III
describes the components of the proposed system; Section IV
outlines how the UE channel estimator can be used as an
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AmBC receiver; Section V simulates this AmBC system
performance and designs a measurement to validate it; and
finally, a conclusion is draw in Section VII.

II. PRIOR ART
A. Ambient Backscatter Communications

Improving the AmBC receiver performance, several meth-
ods to mitigate DPI have been proposed in the lit-
erature including spatial methods [9], [10], polarization-
based methods [11], [12], and frequency-shifting-based
methods [9], [13]. Spatial methods require the receiver to
be equipped with multiple antennas while the polarization
methods require special receiver antennas to be used [2].
Frequency-shifting techniques seek to separate the direct path
and scattered path signals on different bands which increases
the spectrum occupancy of the BD signals. Ambient signal is
shifted from one channel to neighbour channel. Then the code-
word of ambient Wi-Fi signal is phase shifted [14], which
requires an idle adjacent non-overlapping Wi-Fi channel in
advance.

Another challenge of rapidly varying and unknown ambi-
ent source signal is mitigated by using long symbols at the
BD and average over the ambient source signal variations at
the energy detector [1]. While this worked well in the case
of TV broadcast transmissions that are almost continuous, the
approach does not lead to good performance in the case of
cellular-generated signals that vary drastically in time, based
on the scheduled traffic [3], [15], [16]. In order to improve
AmBC performance in a cellular setting, our recent paper [6]
proposed to use knowledge about the pilots of the ambi-
ent source at the AmBC receiver side. Previously, a similar
approach has been utilized in the context of the Wi-Fi stan-
dard [17]. Unfortunately, Wi-Fi pilot transmission is sporadic
and thus is sub-optimal for reading BD signals.

Unlike a bursty WiFi signal [17], an LTE signal is con-
tinuous and ubiquitous signal, which is a potential candidate
for the ambient signal [6], [18]. Some signals in LTE always
exist and broadcast in all subframes and cells such as PSS
and SSS, CRS and physical broadcast channel (PBCH) [19].
In [18], the BD phase first synchronizes with the LTE PSS and
then performs a frequency-shifting operation with frequency
greater than the LTE bandwidth to solve the DPI problem.
Synchronization to PSS is utilized in order to remove the
natural phase offset of the physical layer which allows the
receiver to track the artificial phase shift caused by the BD.
The receiver eliminates phase offset based on LTE PSS and
SSS, then demodulates the BD phase modulation.

The method proposed in this paper differs from the above
works in two ways. Firstly, the method preforms a much
smaller frequency shift such that the backscattered signal
remains in the LTE band. Secondly, the method uses the
UE channel estimator as a receiver and does not require the
BD to be synchronized to the LTE base station. The utilized
frequency shift adds an artificial Doppler to the scattered path
that can then be utilized at the channel estimator to separate
the direct and scattered path from each other. The method
proposed in this paper leads to higher spectral efficiency and
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simpler BD and receiver structures, but supports much lower
data rates.

B. Applications

In [3], it is proposed to use a cellular BS as an ambient
source, and to use a UE as an AmBC receiver, to develop
a service for asset tracking with ubiquitous coverage. It
is almost “free”, i.e., without generating additional waves,
without additional energy, and without deploying massively
new equipment such as portals. An energy-autonomous BD
harvesting solar energy, called crowd-detectable zero-energy-
devices (CD-ZEDs) are put on the asset to be tracked. Each
time the BD (or CD-ZED) enters the close proximity of a UE
(connected to the cellular network and geo-localised), the BD
is detected by the UE and this contact event is reported to the
network. Thanks to the anonymous participation of the crowd
of UEs, the localisation of the BD is tracked over the cellu-
lar network coverage area. Such a CD-ZED concept is one
example of the more general category of energy-autonomous
devices called zero-energy devices (ZEDs) [20]. Such an asset-
tracking service is one example of ambient Internet of Things
(AIoT) applications that is currently being discussed in the
standardisation of cellular networks [21]. Finally, ZED is one
of the key technologies identified for the building in future of
a sustainable 6G [22].

The CD-ZED concept is applicable to all generations of
mobile networks. AmBC in 5G networks has been studied
in [2] where it was shown that a BD can be detected by a
UE as long as the UE is within the BS coverage and the tag
is close to the UE. This is confirmed by successful exper-
iments of ambient backscattering communications conducted
with ambient signals from commercial 4th generation (4G) and
5th generation (5G) networks in [3], in very few test loca-
tions, far from the BS. The previous works [15], [16] used
power-detector-based receivers that have limited performance
due to the high variability of the mobile downlink signals. Very
recently, to improve 4G AmBC performance, [6] proposed to
use knowledge about the pilots of the ambient source (i.e., the
BS) at the AmBC receiver (i.e., UE) side. This is expected

Subframe
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Fig. 2. LTE Release 8 cell-specific reference signal for antenna ports 0, 1,
2, and 3.

to improve the AmBC receiver performance as the ambient
pilots are known and the channels can be estimated at the
receiver.

III. SYSTEM DESCRIPTION

Let us consider a bi-static AmBC system, as shown in
Fig. 1(a), in which a BD is illuminated with the LTE down-
link signal and a UE is used as a receiver. All three system
nodes are equipped with a single antenna. We first describe
the LTE signal and the downlink channel estimation in an LTE
system in Section III-A. Then, we discuss the BD modulator
in detail in Section III-B and the use of a channel estimator
as a receiver in Section IV.

A. Ambient LTE Signal

LTE uses OFDM for the downlink transmission from the
BS (also known as the eNodeB) to the UE. OFDM is a
multi-carrier modulation system where data is transmitted as
a combination of orthogonal narrowband signals known as
subcarriers. In LTE, the subcarrier spacing is 15 kHz and
the number of carriers utilized depends on the channel band-
width that can vary between 1.4 MHz up to 20 MHz. The
OFDM symbols are grouped into resource blocks that con-
sists of 12 subcarriers having 180 kHz bandwidth and of 7
consecutive symbols having a total duration of 0.5 ms. In
the LTE system, the BS transmits CRS in every slot having
length Ty, = 0.5 ms. Fig. 2 illustrates the CRS allocation
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for antenna ports O to 3 when the system is using a normal
cyclic prefix. LTE networks may operate using different CRS
configurations. In a non-shifted CRS configuration, all cells
use the same CRS time and frequency resources. In a shifted
CRS configuration, different cells transmit CRSs on resources
that are shifted in frequency. The non-shifted configuration
avoids the interference of CRSs on data transmissions, but is
also associated with a systematic CSI estimation error; espe-
cially noticeable at low traffic. Using the shifted configuration,
the CRSs interfere with data transmissions, but the CSI esti-
mation error is smaller [23]. In this paper, we consider the case
of shifted CRS, and the AmBC receiver uses pilots transmitted
from antenna port 0.

In the frequency domain, the received signal for the symbols
t € {0, Tsi0t/2 + AT, Tior, 3/2T510: + AT, ...} containing the
CRS for the given antenna port can be written as

Sy[n; t] = Hln; 1]18;[n; 1] + Z[n; 1],

where n is the subcarrier number containing the CRS at time
t and Z[n, t] denotes the receiver noise. In Fig. 2, n represent
row and ¢ represent column. The frequency response of the
channel is given by H[n; t]. The CRS reference symbol S;[n]
is already known by the receiver and thus it can obtain a
frequency-domain channel estimate

~ Srln; 1]

Hn;t] = Sl (1)
The UE samples the channel at 4 kHz rate, but the sam-
pling intervals are irregular. This sampling rate limits the
Doppler frequencies the UE channel estimator and equalizer
can handle.

From the channel estimation point of view, the BD is an
additional multi-path component as illustrated by Fig. 1(b).
In this paper we propose that the BD uses FSK to separate
the direct path from the BD modulated scattered path in the
frequency domain. Hence, the UE channel estimator sees the
BD as an additional multipath component with time-varying
Doppler frequency which is higher than the natural Doppler
frequency in the direct path.

B. Back Scattered Signal

The BD performs load modulation on the incident signal
illuminating its antenna, as shown in Fig. 1(c). That is, it varies
its complex antenna load impedance between two states Zy and
Z1. The BD reflection coefficient is given by

_ZL—Za
T 2L+ 7

where Z; denotes the load impedance in state L € {0, 1} and Z,
is the antenna impedance [24]. In the OOK case, we would
in an ideal case have Z; = 0 or Zy = Z, resulting in that
all signals are scattered back or nothing at all. In a prac-
tical implementation, the load impedance is switched by a
diode in a control circuit [25]. In Fig. 1(c), a micro controller
unit (MCU) controls that diode switch D1, whether a load
antenna with impedance (I'o = 0) or a short circuit antenna
Ty =-0D.

ry
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The commonly-used OOK modulation maps the two reflec-
tion coefficients to the information bits O and 1. Let x(¢) €
{I'p, I'1} be the backscatter symbol, the impulse response of
the channel from the BS to the UE is

hlz: 0] = x(1) ) aclfldlr — ()]

tely

+ Y addslt — w®), 2)

tel

where a(t), t¢(f) are the time-varying amplitude and delay
of the ¢ multipath component and §(t) denotes the Dirac
delta function. The bandwidth of the channel tap gain a,(¢) is
defined by the Doppler fp frequency shift in the channel. In
Fig 1(a), the direct path components £ from an LTE eNodeB
to the UE is indicated by the thick arrow. The thin arrow
from the BS to the UE via BD represents Lo BD-modulated
scattered components. We cannot observe this channel directly,
but instead we can obtain frequency domain samples of it
based on the CRS signal transmitted by the base station.

Specifically, when the BD applies the OOK modulation,
as in the previous work [6], the impulse response of chan-
nel A[t; t] are different when BD is in on (x(f) = 1) or off
(x() = 0) status in Eq. (2). For OOK, the ambient signal and
Doppler effect strongly influence the channel estimation mak-
ing it difficult for the receiver to distinguish between /y[7; 7]
and hoge[T; 1].

honlzs 1] = ) aglfldlr — e+ Y aelildlr — e(0)]

Lely Lel

hotelT; 11 = ) arlf18[t — Te()]

tely

In [6], the BD added known pilot symbols to its message in
order to set a decision threshold for the OOK demodulator.
This caused large overhead.

Alternatively, the BD modulator can switch between two
load impedance in frequency f;,k € {0, 1}, to represent
information O and 1, which is referred to as FSK modula-
tion. FSK shifts the frequency of the scattered signal away
from the direct path signal to avoid the DPI. Therefore, in this
paper, we consider that the BD applies FSK modulation. In
an FSK case we can implement a noncoherent receiver that is
robust against a natural Doppler and avoids the need for pilot
transmission.

The BD aims at causing an artificial Doppler that is higher
than the natural Doppler in the channel such that the receiver
would be able to distinguish between the direct path com-
ponents (multipath components in £1) and BD-modulated
scattered components (multipath component in Lg). The BD
does this by generating a periodic rectangular wave X (1) =
Xk (t+ Ty):

(0.¢]

(@) = Z rect[w}, k=01

k

n=—0oo

where rect(t) is the unit rectangular pulse and the index k
indicates whether bit 0 or 1 was transmitted. Xo(¢) and X;(¢)
are sparse-square or tight-square waves with infinite extension,
as two above subplots of Fig. 1(d). However, the BD symbol
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duration is Tpc, which is the red dash line in the lower subplot
of Fig. 1(d). Hence the generated BD pulse is

t
xp () = rect(—)fek(t). k=0,1
Tpc

In the time domain, xo(¢) or x1(¢) look like blue-line segments
in the below subplot of Fig. 1(d). The Fourier transform of
the BD symbol is given by

Tse ~— 1 l
—BC sinc| =/ }sinc — — | Tgc |,
2 2 Tk

[=—00

where sinc(x) = sin(wx)/(wx). The harmonics of the rect-
angular wave nominal frequency lTik, [ = 3,5,... attenuate
slowly implying that the square wave has a wide bandwidth.

It is worth noting that the BD switching frequency is lower
than 1 kHz, that is, the duration of one state of the BD reflec-
tion coefficient is the same or longer than the duration of one
LTE subframe. In this scenario, during one LTE subframe,
the BD signal adds an additional multipath component to the
UE. The effect of this multipath component is included in the
channel estimate as shown in Eq. (1).

Xi(f) =

IV. USING LTE CHANNEL ESTIMATOR AS RECEIVER
FOR THE BACKSCATTERED SIGNAL

In this section, we describe how the UE channel estimator
can be utilized as a receiver for the BD-modualted signal. We
start by describing the impact of the BD on the channel and
how that channel is seen by the UE after sampling. We then
proceed describing how a receiver could be constructed using
the obtained channel estimates.

A. Channel Sampling Using CRS

From the transmitted CRS, we obtain frequency-domain
channel estimates H [n; t] for the time instants ¢ € {0, Tsor/2+
AT, Tsior, 3/2T510r + AT, ...} during which the pilots were
sent. This is done by applying equation (1).

Assuming that the channel stays approximately constant
during the transmission of a single OFDM symbol, the inverse
Fast Fourier Transform of H[n; f] at the time instants ¢ yields
the following channel taps

hil: 1) = x(1) Y aj(®)sinc(l — 1 ()W)

@E,Co
+ Y ajysinc(l — ()W) + (1),
ZE,Cl
where W = Ti denotes the utilized bandwidth, aj (t)

e~ 27 g, (1) denotes the baseband equivalent channel tap
of the ¢ multi-path component, f, is the carrier frequency,
and z;(t) denotes the estimation noise, the AmBC signal x()
could be xp(#) or x1(¢). The LTE system is synchronized to
the shortest path which appears in the first channel tap. The
backscattered signal component is likely to be much smaller
than the direct path component leading to very small SNR. As
a consequence, the distance between the BD and the receiver
is short in most practical deployments and thus most of the

BD scattered power would be in the first channel tap. Hence,
in the receiver it is sufficient to merely find

hl0; 1] = x(t)ho (1) + 1 (1),

where ho(f) and hj(f) contain the scattered and direct-path
components that appear in the first channel tap after sampling.

Let Tg, = 0.5 ms denote the slot length and let AT =
4T — % = 35.6 us denote the offset of the second channel
sampling instant compared to a regular sampling interval 7, =
Tsi0:/2 that would correspond to a 4-kHz sampling rate.

Let s(t) = 8(t)4+8(t—Tg101/2—AT) be the periodic sampling
signal s(t + Tg,) = s(t) where Ty, denotes the slot length
and AT denotes the time offset of the second pilot in the slot
compared to half of the slot time Tj,;/2. Since s(¢) is periodic,
we can express it in terms of the Fourier series as

s(t)—Zse nm,

where the Fourier-series coefﬁaents are given by

1 Tiior _ ot
/ s(tye”" " T dt
Tsior 0

_ 1 (1+ein(1+2&)z>

slot

1 —i2 1
= 1+ (=1e Tu)
Tslot(

_ 1\l ,
R G E)!
Tslot 2 Tslot

S| =

The sampled channel is hs(f) = iz[O; t]s(f). Now using the
Fourier series representation of s(f) and taking the Fourier
transform of hy(f), we obtain the Discrete Time Fourier
Transform (DTFT) of the sampled channel response:

o]

21
H(f) = H( — >
S(f Tsior lzi—:oo f Tiior
> !
Tl
Tsior l=2—: f Tsior
where ¢, = (—1)/(e” Tlt —1).

The first (upper) sum corresponds to the spectrum of the
channel sampled at rate T2 = 4 kHz and the second (lower)
sum contains additional aliased components due to the irreg-
ularity of the sampling AT. Fig. 3 shows that after sampling,
the spectrum contains the desired FSK signal, its harmonic
components as well as aliased harmonics.

Even with 4-kHz sampling frequency, we would experience
severe aliasing of the harmonic components of the square
waves. Due to irregular sampling, we will see additional
aliased components, but they are attenuated by the factor |g]|.
To be on the safe side, we select the square-wave nominal
frequencies to be in the range f; € [200, 1000] Hz. The lower
limit is selected to be larger than the natural Doppler in the
channel such that the direct path h(f) can be filtered away
using a high-pass filter. The upper frequency is selected to be
small enough to avoid additional aliasing due to the irregular
sampling.
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AmBC pulse spectum after sampling
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Fig. 3. Discrete Time Fourier Transform of the sampled FSK signal.
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Even if the two backscatter symbols x(¢) and x;(f) would
have been selected to be orthogonal, it turns out that the
orthogonal choices after sampling will interfere with each
other. Due to aliasing, it turns out that orthogonal choices
fi = Kfo for the integer K leads to high interference from
aliased harmonics hitting the other symbol. It thus seems
advantageous to not take K as an integer.

B. Receiver Structure for BD

The flow chart in Fig. 4 shows the algorithm steps of the
proposed backscatter receiver. In this section, the purposes of
some steps in the receiver are elaborated on.

1) Band-Pass Filter: It is easy to assume that the BD
symbol keeps frame synchronicity when it is received and
demodulated by a UE. Let m € N denote the m-th symbol
backscatter sending at time ¢t = mTpc.

The channel phase of the scatter path arg{ho(mTpc)} is
ambiguous due to synchronization. The power of the first
channel tap / = 0 does not contain the phase uncertainty.
The receiver only operates with channel tap power y[m] =
|A[0; m]|.

The noise-free channel power satisfies the following approx-
imation

ylm] ~ x[m]B[m] + a[m],

where x[m] is the BD signal, a[m] = |k (mTBc)|2, and B[m] =
lho(mTpgc)|? + 2Re{l; (mTpc)ho(mTpc)}, considering the fact
that x2[m] = x[m].

To separate the two channels, a high-pass filter and a low-
pass filter is required. The high-pass filter is designed to block
a[m]. And the low-pass filter aims to constrain the harmonic
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Fig. 5. Flowchart of the FSK demodulator. We proposed both coherent and
noncoherent detectors. Flow chart (a) is shared step of both detectors. Flow
charts (b) and (c) are the energy detector and coherent method separately. The
complete energy detector is composed of (a) and (b). Also, the total coherent
method consists of (a) and (c).

frequency and other interference. In practice, these two sep-
arate filters can be combined as a band-pass filter (BPF).
Considering that the frequency keys of FSK modulation are
only several hundreds Hz, the Doppler effect is the principle
threat of propose backscatter receiver. The Doppler effect and
the frequency drift of the BS and UE contribute to the channel
change of «[m] and B[m] on a small time scale. By switching
the BD at a higher frequency than the maximum Doppler in
the channel, the Doppler frequency is restrained by the fil-
ter. With the help of a high-pass filter on y[m] to remove the
DPI «[m], the BD-modulated path component S[m] is distin-
guished in the frequency domain. Thus, two frequency keys
of the BD FSK symbols remain. In the base band, the FSK
symbol is designed having two frequency keys, namely f and
fi, where fy = 1/T;, k=0, 1.

2) FSK Demodulator: After passing a high-pass filter and
low-pass filter, the received 2-FSK signal ys[m] is demod-
ulated. We propose a coherent detector and a noncoherent
energy detector for the task in Fig. 5.

Both the coherent detector and the energy detector share a
single step, that is, initially filtering yr[m] at fy and fi. There
is an aliasing effect of the two FSK as illustrated in Fig. 3.
The harmonic components of one FSK key could unfortu-
nately hit another FSK key. A BPF is applied to exclude the
frequency leakage of other components and to constrain the
interference frequency. Denote the signal filtered by a BPF
at center frequency fy of ys[m] as yg[m], and that at center
frequency f1, as ygi[m].

The energy detector compares the power of spectrum fy£ Af
and the power of spectrum f] £ Af. An FSK symbol is decided
based on the frequency spectrum which contains higher power.
For the FSK symbol x[m], hypothesis testing #( denotes that
the BD sends x[m] symbol 0. Similarly, hypothesis testing H
refers that x[m] is symbol 1. Thus, for the energy detector,

%mmmﬂgqmmmﬂ
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TABLE I
MEASUREMENT SETUP PARAMETERS

Parameter Value
Baseband signal generator R.& S SMBVIO0A Vector
i Signal Generator
Antenna R&S HKO033 VHF/UHF coaxial dipole
Tx Carrier frequency 486MHz
Bandwidth 7.68 MHz
Tx power level 15 dBm
Peak envelop power 29.09 dBm
Baseband signal generator Tekgronix AFG A3]OOO
Arbitrary Function Generator
Antenna RaTLSnake M6 telescopic antenna
BD Symbol duration 40 ms
. 7-bit Braker code (three times, twice
Synchronization . .
positive codes and once negative codes)
Modulation scheme FSK (300 Hz and 650 Hz)
Device NI USRP-B210
Rx Antenna RaTLSnake M6 telescopic antenna
AD converter 12 bits
Spectrum analyzer Tektronix RSA6114A

The coherent method down-converts the signal to the base
band by multiplying the signal with exp(—j2nf.f).

Yrolml (1) = yiolm](t)e 7> h!
yer[ml(®) = yn [m](r)e />,

The decision is made by comparing the base band power
of yfo[ml(t) and yf, [m](z). The base band power is, in fact,
the power of an average signal. And then, the FSK symbol
decision is make based on the power comparison:

H,
[EDatmo]* = |EDflmio]

1

V. SIMULATION AND VALIDATION
A. Parameters

We propose to select FSK fy = 300 Hz and fj = 650 Hz,
and Tpc = 40 ms which corresponds to six periods of the
symbol “0” wave, and 13 periods of the symbol “1” wave.
A BPF with a bandwidth of 200 Hz is applied in the FSK
demodulator with a different center frequency. ygo[m] is filtered
by a BPF with a bandwidth of 200 Hz at a center frequency
of 300 Hz and yf[m] is filtered by a BPF with a bandwidth
200 Hz at a center frequency at 650 Hz.

The ambient signal is an LTE CRS signal, whose parame-
ters are given in Table 1. Frequency Division Duplex (FDD)
operation is assumed. The BS and the UE are assume to be
equipped with only a single antenna. The BS uses only antenna
port 0. The utilized downlink carrier frequency is 486 MHz
with a bandwidth 7.68 MHz which accommodates 21 resource
blocks.

B. Simulations

The free-space path loss (FSPL) model is applied to dif-
ferent propagation paths with additive white Gaussian noise
(AWGN) added to the channel. For the backscattered channel,
the path loss is the product of the two links: from transmitter
to BD and from BD to receiver [26]. The channel impulse

Bit Error Rate
backscatter signal SNR [dB]
o o o o o o o o o
BN BN N o« o o o BN BN
,’56:\ ,'bb"‘\ ,’b(b"\ ,’Z;L'\ RN A ﬁgf\ .’79'\ ,‘7,%:\ o N

i)
—&— coherent
—*—— energy

-3 -2 -1 0 1 2 3 4 5
ambient signal SNR [dB]

Fig. 6. Theoretical BER performance of the coherent detector and the energy
detector.

response h(f) and FSPL is supposed to obey

L= (‘“’TD)Z = £[1no?] 3)

where D is distance between the Tx and Rx, A = c/f; is the
wave length of the carrier frequency f.. The path loss L here
is in linear scale. In this simulation, the distance from the Tx
to Rx is 125 m, the distance from the Tx to BD is 130 m and
the distance from the BD to Rx is 10 m. In the simulation,
we consider that the two propagation paths are both non-line-
of-sight (NLOS) and obey Rayleigh distribution. The received
sample at the time instant ¢ at the Rx is represented as

y(1) = ho(®)s(t) + Ronh1 (0)s(0)x(1) + 2(1), “)

where R,, is the reflection coefficients of the BD under ‘on’
status, ho(f) and hj(f) are the channel impulse response of the
scattered path and direct path, s(¢) is the LTE CRS ambient
signal and z(f) is AWGN. Depending on the symbols BD sent,
x(t) can be either xo(¢) or x1(¢). Footnote O refers to the direct
path between the Tx and Rx, and footnote 1 refers to the
backscatter communication path between the Tx and Rx via
the BD. In an ideal BD, the reflection coefficient is I' = —1
when the BD is in “on” state and I' = 0 in the “off” state,
but in practice these values tend to be closer to each other. To
model the non-ideality, we assume that the BD attenuates the
reflected signal power by —201log;q(Ron) = 6 dB.

In Fig. 6, two SNR are defined in the dB scale, as shown
on the top and the bottom x-axis. For the received signal, the
noise is z(t) ~ CN (0, 03), and hence the power of the noise is
P, = 012. The difference is the definition of signal power in the
SNR. The blue x-axis on the bottom is based on CRS power
and the red axis at the top is for the received BD-modulated
signal power. The power of the CRS is

Pa = E[Iho(®)s(@) + Roah1 05)x(0) ],

which corresponds to the LTE Reference Signal Received
Power (RSRP) in the absence of noise.
Hence for the blue x-axis, we have
Py E[lho@)s(t) + Ronh1 (s (0)x(1)*]

SNR| = — =
! P, o?
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Fig. 7. Backscatter frame format of the proposed backscatter.

The red x-axis on the top treats the backscatter FSK signal
from the backscatter as the signal of interest. The backscatter
signal SNR of AmBC is defined as

E[|Ronh1 ()s()x(1)|?]

SNR; =
o?

As Eq. (4) illustrated, the power of the two path difference is
given by

10log (AL) = 1010gE[|h0(t)|2] - 101ogE[|h1(;)|2R§n]
= 10log Ly — 10log L1 — 201log Rop.

Using the MATLAB LTE toolbox, the Rayleigh fading
channel model is applied. The oppler frequency shift is not
considered in this simulation, although the Doppler effect
influences a lot in practice. MIMO channel propagation is
also not setup, because the transmitter and receiver antenna
is assumed to be SISO. The LTE downlink channel estimator
estimates the channel based on that CRS signal. No OFDM
symbol is interpolated between the CRS pilots.

The coherent detector algorithm and energy detector algo-
rithm are discussed in Section IV-B2 FSK demodulator.
To smooth the simulation BER curve, we simulate vari-
ous times of experiments. High BER points (BER > 0.01)
simulate 10000 times Monte Carlo experiments. Low BER
points (BER < 0.01) simulate 100000 times Monte Carlo
experiments.

The simulation uses backscatter communication parameters
as mentioned in Section V-A Parameters. Fig. 6 shows the
BER performance of the two AmBC receivers. The energy
detector is always worse than the coherent detector. In the
low SNR region, such as —3 dB, the two methods have similar
performance. The BER difference of the two FSK demodula-
tors is small. The gap of BER performance between the two
detectors widens, such as, SNR = 5 dB.

C. Backscatter Signal Synchronization

A special backscatter frame structure is designed to find
out the beginning of a backscatter signal. The backscatter sig-
nal is synchronized by three sequences of 7-Barker code. As
shown in Fig. 7, there are two parts in one backscatter frame,
the synchronization header and the data packet. At the begin-
ning of one packet, two continuous sequences of 7-bit Barker
code (“0000110”) followed by an inverse 7-bit Barker code
(“1111001”) composes the synchronization header. Then the
data packet attaches the synchronization header.

Between the two backscatter frames, there is a short period
that no FSK symbol is sent, called the sleep period. During
sleep period, the BD kept in the “off” state and the ambient
signal is not shifted.

Compared to previous work [6], the need for a clock signal
for synchronization is eliminated from the proposed method.

IEEE JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. 7, 2023

10 DC without BC Fiyquist
f

-20 0 f

f

-30 §

-40

normalized power [dB]

-100

0 200 400 600 800 1000 1200 1400 1600 1800 2000
frequency [Hz]

Fig. 8. An FSK-modulated backscatter signal in spectrum.

Sometimes, backscatter packets would be synchronized incor-
rectly. In that case, the data bit error could be incredibly
high (more than one third). The synchronization header bits
are already known, as a part of the backscatter communica-
tion protocol. By comparing the known synchronization bits
with the demodulated bits, we can evaluate the quality of the
data received at the Rx and decide whether synchronization
was successful or not. If the measurement indicates that the
synchronization failed, we discard the whole packet.

D. Measurements

This measurement is a validation of the aforementioned
coherent detector simulation. The measurement parameters are
described in Section V-A.

The transmitter is a Rhode&Schwarz (R&D) SMBV 100 sig-
nal generator with LTE signal packets. The generator emits a
standard LTE signal with 50 resource block (7.68 MHz band-
width) at 486 MHz carrier frequency and the transmission
power is 15 dBm. The frame structure is for a SISO system
with a corresponding synchronization signal and pilots for cell
ID 3.

The BD node is an in-house design as shown in Fig. 1(c).
The control signal from the MCU is driven by a RaspberryPi
nano, an RP2040-based MCU board.

The receiver is a universal software radio peripheral
(USRP), connected to a laptop. Some post-signal processing
is executed on that laptop, using MATLAB.

1) System Validation: We validate the system with mea-
surements over cables. The impacts of the DPI is attenuated
by a circulator. In this case, the backscatter frequency-shifting
phenomenon can be emphasized in the spectrum analyzer, as
shown in Fig. 9. This experiment measures over the cables in
the absence of the direct path component 4 (f). A circulator
routes signal from the LTE signal generator to the BD and then
from the BD to USRP. Fig. 8 and 9 simply give the spectrum
and spectrogram of the USRP receiver, respectively.

The two symbols are clearly visible in the spectrum as well
as their aliased harmonic components. In addition, there is a
strong DC component and a component at 2 kHz correspond-
ing to the uniform sampling frequency 1/7§,;, which the arrow
SfNyquist points to in Fig. 8. The spectrum was obtained using
a Fast Fourier Transform directly on the measured channel
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Fig. 9. A validation of a FSK-modulated BD signal in spectrogram.
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Fig. 10. Over-the-air measurement devices setup and site floor plan.

samples hl0, 1] without compensating for the irregularity of
the underlying sampling process. From the spectrogram that
illustrates how the spectrum changes in time, we can clearly
see the transmitted symbol sequence ‘11001010’ by observing
the power at the frequencies fy and fi. As illustrated in Fig. 8
around 0.5 s, there is a 100 ms sleep period, presenting a peak
at direct current (DC) component.

The spectrogram of the square-wave FSK is illustrated in
Fig 9. There are two frequency keys fo (300 Hz) and f;
(650 Hz) the appear alternately. The peak of 2 kHz is caused
by uniform sampling frequency 1/7g,, as shown in Fig. 8.
Other peaks in the spectrum, such as 900 Hz, are caused by
the alias from other components on the spectrum or harmonic
frequency.

2) Over-the-Air Measurement: This over-the-air measure-
ment is a proof-of-concept of the proposed AmBC system.
The experiment environment is setup as Fig. 10. The AmBC
communication experimental results are recorded as in Fig. 11.
The experimental BER and simulation prediction BER are
compared in Section VI.

Fig. 10 presents the measurement environment at Maarintie
8 on Aalto University campus. The transmitter antenna R&S
HK300 is located in the lower lefthand corner in the Figure.
The BD node is in the middle of the corridor next to the
measurement point 9 (at 9 m from the wall). The receiver
is a USRP B205 unit and a laptop running in-house cre-
ated C+4 implementation of a LTE receiver, connected to
a UDP port with a MATLAB implementation of the AmBC
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Fig. 11. Over-the-air measurement performance of AmBC in SNR and BER.
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Fig. 12.  Variation in the measured received LTE signal power and the simu-
lated backscatter signal power at the 21 Rx positions. The backscatter signal
power is calculated using the FSPL with an exponent of 2.

signal detection. The receiver implements real time decoding
of received AmBC signal.

Different from our previous work [6], no external synchro-
nization clock is distributed between the transmitter, BD, and
receiver.

In Fig. 11, the SNR and BER are measured on the positions
marked in the corridor shown in Fig. 10, with step 0.2 m, from
2 m to 21 m. The x-axis refers to the position of receiver,
indicating the distance to the corridor wall in Fig. 10. At most
positions, receiver can receive the signal from the BD and
demodulate the symbols. When the AmBC system works, the
BER and SNR describe the AmBC communication system
performance.

In particular, the measurement system cannot detect a weak
signal which is lower than an analog digital converter (ADC)
in the environment. In Fig. 12, a simulation is given for the
received power of the weak backscatter signal as a supplement.
The simulation is based on the backscatter path-loss mode [26]
and completely ignores the impact of the walls. Thus, it can be
treated as an upper bound for the actual backscattered power.

The data at some positions are lost, due to the high BER.
If the BER is too high, a possible explanation is that the
backscatter frame is not correctly synchronized by three 7-
barker bits header. As Section V-C stated, that data sequence
is useless if the packet is asynchronized. In our measurement,
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if the BER is higher than one over three, then that backscatter
data packet is omitted. I think the BER looks not far from
FSK theoretical BER curve. But I just don’t under stand its
Monte-Carlo curve. Why it does not converge to a smooth
exponential asymptote.

In the over-the-air measurement shown in Fig. 11, the rela-
tionship between the BER and SNR roughly satisfies the
following relationship: low BER positions are usually under
high SNR environments. A sinusoidal tendency appears in the
SNR via distance. That periodic phenomena in the tunnel cor-
ridor (6 m to 16 m) is distinct from other positions. The BER
shows the same periodic regular pattern with the SNR. In the
room 2536 (distance less than 6 m), the SNR starts to deterio-
rate. Then, at the fork road corner (between 16 m and 18 m),
the SNR decreases steeply.

The received ambient signal power at each measurement
position is estimated based on the received LTE signal power.
The step length of the LTE ambient signal power measurement
is 1 m, which is the blue curve in Fig. 12. Backscatter sig-
nal power is calculated based on Friis transmission equation,
which is red line in Fig. 12. We assume position propaga-
tion paths from the transmitter to BD and from the BD to
each measurement position, are all line of sight. The FSPL
module is applied in the estimation of the backscatter signal
power, as Eq. (3). But this FSPL module is higher than that of
the real backscatter signal power received at the measurement
positions. In practice, the difference between the ambient LTE
signal power and the backscatter signal power is even larger
than that in Fig. 12.

The measured LTE signal power (blue line in Fig. 12) for
8 m to 21 m approximately obeys the FSPL. Because the BD
is set at 9 m, the simulated backscatter signal power (orange
line in Fig. 12) peaks at 9 m, showing a typical FSPL pattern
as a function of distance. Comparing the two plots, Fig. 11 and
Fig. 12, some noteworthy contrasts are given in the following.
Around 6 m the LTE signal deteriorates. That ambient signal
attenuation also can be observed in Fig. 11. Around 6 m, the
SNR decreases dramatically with the BER jumping to a high
level. A steep drop of LTE signal power from 1 m to 2 m is
believed to be caused by a metal door between room 2045 and
room 2536, which lies exactly between the transmitter and the
measurement receiver.

VI. DISCUSSION

Comparison of the simulation result and the over-the-air
measurements are illustrated in Fig. 13. The results indicate
that there is approximately 3 - 4 dB loss between the mea-
sured performance compared to the simulated one. The trend
of the coherent detector simulation curve does not perfectly
fit over-the-air measurements. This is due to the simulation
conditions and measurements not being completely consistent.
The simulations were done assuming line-of-sight conditions
and a fixed transmitter, receiver and BD locations and vary-
ing only the received power level. The measurements, in turn,
were taken in a real office environment impacted by multi-
path propagation. In the measurements, the transmitter and
BD location were fixed while the receiver location was varied.
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Fig. 13. Compare coherent detector simulation and practice performance, in
SNR VS BER.

Also the measurements were performed using a 12-bit ADC
while the simulations assumed ideal sampling. The power
difference between the direct and scattered path varied (see
Fig. 12) causing changes in the quantization noise in the actual
measurements which too were omitted in the simulations.

The reason why in Fig. 13 some of the measured points
have a lower BER than that suggested by the simulations is
due to the fact that we were able to measure the BER only
for those packets that the receiver was able to synchronize to.

The performance of the proposed AmBC system is drasti-
cally different to LScatter proposed in [18]. LScatter achieved
over 10 Mbps data rates whereas the FSK method proposed in
this paper has a data rate of only 3.125 bps. It should be noted,
however, that our method enable the BD to share the band-
width with the LTE while LScatter shifted the BD-modulated
signal to an adjacent band which was required to be empty.
This is a strict requirement that goes against the aim of mobile
operators to maximize spectrum utilization. Even though the
data rate of our FSK backscatter is quite low, it is still suffi-
cient for the foreseen CD-ZED application. Also it is worth
noting, that the BD symbol duration was selected to be rel-
atively long to ensure uncoded operation even in low SNR
conditions. By shortening the BD symbol, the data rate could
be increased.

Our proposed system does not require the BD to be syn-
chronized with the LTE signal, giving a simpler BD structure.
Even though the system indeed requires the synchronization
between the LTE and the UE (AmBC receiver), it can be
easily done by LTE UEs. The analysis and the measurement
suggest that any receiver that can synchronize with LTE sig-
nal can be utilized as the AmBC receiver. This facilitates the
implementation of AmBC receivers.

We argued that the impact of the BD on the LTE receiver is
likely to be small since the BD-modulated signal path is much
weaker than the direct path. The fact that the UE (AmBC
receiver) channel estimator is able to track the BD signal
in order to demodulate it, indicates also that the other irrel-
evant UE channel equalizers could track the channel. The
actual impact thus depends on the implementation of the
UE channel equalizer and could vary from one modem to
another.
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In this paper, we only considered a single BD device, but in
order to build a CD-ZED application, the system needs to be
extended to support multiple access. This is left as a further
study.

VII. CONCLUSION

In this paper, we proposed a system that uses the LTE CRS
and channel estimator for receiving backscatter modulated sig-
nals. The BD utilized two square waves having different nom-
inal frequencies to perform frequency shift modulation. The
proposed receiver was validated using over-the-air measure-
ments in an indoor environment. Based on our experimental
results, we can conclude that the LTE channel estimator offers
a great potential to be utilized for receiving backscattered
signals in Ambient Internet of Things applications.
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