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Abstract—In recent years, ambient backscatter communica-
tions have gained a lot of interest as a promising enabling
technology for Internet-of-Things and green communications. In
ambient backscatter communication systems, battery-less devices
are able to transmit information by backscattering ambient
RF signals generated by legacy communication systems such
as digital TV broadcasting, Wi-Fi, or cellular. This paper is
concerned with ambient backscatter communications over legacy
cellular OFDM signals. We propose a novel modulation scheme
that allows backscattering devices to take advantage of the
spectrum structure of ambient OFDM symbols to transmit
information. We analyze the error performance of the proposed
scheme, provide an exact expression for the error probability,
and validate our analysis using Monte-Carlo simulation. We
investigate the effects of varying the OFDM symbol size and
maximum channel delay spread on the error performance. Our
numerical results show that the proposed technique outperforms
other techniques available in the literature for backscatter com-
munication over ambient OFDM signals in different scenarios.

Index Terms—Ambient backscatter, internet of things, green
communications, performance analysis, OFDM.

I. INTRODUCTION

Ambient backscatter is an intriguing new paradigm that
turns ambient radio-frequency (RF) signals from a source of
interference to an opportunity for communications. Traditional
backscatter is a mature technology [1] that has been used for
many years to achieve short-range communications in power-
constrained scenarios (e.g. RFID). In traditional backscatter
communication systems, a dedicated device has to generate
a continuous sinusoidal signal, which is phase-shifted and
backscattered by tags by intentionally changing their antenna
impedance to transmit information back to a reader device.
However, in ambient backscatter, ambient RF transmission,
which is vastly available (e.g. TV broadcast, cellular or Wi-
Fi), is used instead of requiring the transmission of a dedicated
sinusoidal signal. This makes ambient backscatter an attractive
candidate for pervasive ultra-low power wireless networks.

The idea of ambient backscatter has been first introduced
in [2], where ambient digital TV signals have been used
to establish communication between two battery-less tags in
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a device-to-device (D2D) manner. A simple prototype has
been developed to demonstrate transmission with rates up
to 1 Kbps over a somewhat modest communication range
of 2.5 feet. Subsequent research [3]-[6] has significantly
improved transmission rates and communication range. In
[3], Internet connectivity to battery-less RF-powered devices
can be provided using two off-the-shelf commercial Wi-Fi
access points (APs). Uplink rates of up to 1 kbps and a
communication range of up to 2 meters have been achieved by
modulating the channel state information (CSI) and received
signal strength indicator (RSSI) signals in the WiFi packets,
while downlink rates of up to 20 kbps and a communication
range of up to 3 meters have been reached by using a clear-
to-send-to-self (CTS-to-self) packet to silence other devices
and then information is encoded in short WiFi packets (i.e.
‘1’: send packet, ‘0’: remain silent). The technique in [4] can
achieve data rates of up to 1 Mbps and a communication range
of 25 meters between two battery-less devices, which is made
possible by two improvements over [2]: (1) direct-link (i.e.
legacy-transmitter to reader) interference cancellation, and (2)
orthogonal coding similar to CDMA chip sequences. Later in
[5], rates of up to 5 Mbps and a communication range of up
to 5 meters can be reached between a battery-less tag and a
WiFi AP by using full-duplex radio. Moreover, it has been
demonstrated in [6] that WiFi packets can be synthesized by
backscattering Bluetooth Low Energy (BLE) signals.
Performance analysis of ambient backscatter communica-
tion systems can be found in [7]-[12]. In [7], it has been
shown that adding backscattering nodes to a legacy MIMO
communication system increases the achievable sum rate. In
[8], signal detection and error performance of an ambient
backscatter communication system have been investigated
where the tag uses a differential encoder to exempt the reader
from estimating the channel, and an averaging technique,
similar to the prototype in [2], is used for detection. The
same approach has been extended to the case when the
reader has multiple antennas in [9]. Motivated by the fact that
OFDM is the prevalent modulation scheme in most modern
communications systems (e.g. DVB, LTE, WiFi), backscatter
communications over ambient OFDM carrier signals has been
studied in [11], [12]. In [11], by taking advantage of the
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structure of the OFDM symbol in the time-domain, a mod-
ulation scheme for the ambient backscatter system has been
designed, which canceled direct-link interference using the
remaining part of the cyclic prefix. Moreover, the fundamen-
tal information-theoretic limits of backscatter communication
over ambient OFDM carriers, such as ergodic and outage
capacity, have been investigated in [12]. It has been shown
that ambient backscatter not only allows a battery-less tag to
opportunistically communicate at satisfactory rates over short
distances, but can also benefit legacy transmission by offering
a form of diversity.

In this paper, we investigate backscatter communications
over ambient OFDM signals using null subcarriers. Our
contributions in this paper can be summarized as follows:

o We propose a novel modulation scheme for backscatter
communications over ambient OFDM carriers. We de-
sign the tag modulation waveform and the detector to
avoid direct-link interference.

e We analyze the error performance of the proposed
scheme and obtain an exact expression for the error
probability in terms of the bivariate Meijer G-function.

o We further study the effects of system parameters,
namely, the maximum channel delay spread, and OFDM
symbol size, on the error performance of the proposed
modulation scheme.

The rest of the paper is organized as follows. In Section
II, we present the system model. In Section III, we introduce
our novel modulation scheme for backscatter communications
over ambient OFDM signals and investigate the error perfor-
mance of our scheme. In Section IV, we present simulation
results to corroborate our analysis, compare our scheme with
existing schemes in the literature, and study the effects of
some system parameters on the error performance. Finally, in
Section V, we conclude the paper.

II. SYSTEM MODEL

In this section, we present our system model. In gen-
eral, we have two co-existing communications systems as
in Fig. 1. A legacy communication system that employs
OFDM, for example, LTE or WiFi, and a capillary ambi-
ent backscatter communication system consisting of ultra-
low power tags/sensor nodes and readers. The legacy nodes
are not power-constrained and are either powered by large-
capacity batteries (e.g. user equipment) or the power-grid (e.g.
base stations), while the capillary tags/sensor nodes rely on
RF-energy harvesting for power and can only communicate
by rescattering the legacy system OFDM transmission. The
readers can either be independent devices or part of the legacy
nodes [12].

Next, we assume there are one legacy transmitter, one tag,
and one reader, and they all have a single antenna each. The
tag modulates its information into the ambient OFDM signal
by intentionally altering its antenna impedance to phase-shift
and rescatter the ambient signal so that the reader can decode
the information by observing the difference in received energy.
Hence, the tag does not require any power-hungry RF chains
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Fig. 1. The System Model

for communication and may be powered by an RF-energy
harvester.

As shown in Fig. 1, let h(t), f(t), and g¢(t) denote,
respectively, the bandpass impulse responses of the multipath
Rayleigh fading channels between the legacy transmitter and
the tag, the legacy transmitter and the reader, and the tag
and the reader. The multi-path delay spreads corresponding
to these channels are denoted, respectively, by 75, 7 and 7.
All channels are assumed to be mutually independent.

Denote the bandpass signal transmitted from the OFDM
legacy transmitter during a symbol interval as

s(t) =R{yp s (t) 2™t} (1)

where p is the average transmitted power, s; (¢) is the base-
band representation of s (t), f. is the carrier frequency, and
R {-} denotes the real-part operator. The received signal at the
tag can be written as

z(t) = R{[VD s (t) « hy (t)] >} 2)

where * denote linear convolution, and z; (t) = /ps; (t) *
hy (t) is the baseband representation of x ().

The tag modulates its information onto the received signal
by changing its antenna impedance. Let b; (t) denote the
baseband representation of the tag’s modulation waveform
with corresponding bandpass signal b (¢). As widely assumed
in the literature on ambient backscatter communications [8],
[9], [11], we assume that no noise is added at the tag. This
assumption arises from the fact that the tag has no active RF
components. Thus, the signal backscattered from the tag will
be z ()b (t).

The received signal at the reader can be written as

y () =[z@)b(t)] g (t)+s () f () +w(t),

yb(t) ya(t)

3)

where y° (t) = [x (t)b(t)] * g () is the signal backscattered
from the tag, y* (t) = /ps (t) = f (t) is the signal received
directly from the legacy transmitter, and w (¢) is the bandpass
“white” Gaussian noise random process, which is independent
of both y®(#) and y?(t). Note that tag’s information in
present only in the term y° (¢), while y? (¢) is the direct-link



(i.e. legacy-transmitter to reader) interference. The baseband
representation of (3) can be written as

g () =y () +yi (8) +wi (1), )

where y? (t), y (t), and w; (t) denote the baseband represen-
tations of y” (t), y? (t), and w (), respectively.

At the reader, the received signal is down-converted to
baseband and passed through an analog-to-digital converter
(ADC). The resultant discrete-time baseband sequence, for
one OFDM symbol, can be written as

n=1,2,...,Nj+ Ngp,

&)

where Ny is the number of subcarriers, or equivalently the
length of the fast Fourier transform (FFT), N, is the cyclic
prefix length, and w; [n] is complex baseband additive white
Gaussian noise (AWGN) with zero-mean and variance o2.
Let h; [n], f;[n], and g; [n] denote the discrete-time baseband
representation of h (t), f (¢), and g (), respectively. Hence,
we can write ¥’ [n] = (x;[n]b[n]) * g [n] and v [n] =
/Pst [n]* fi [n]. The discrete-time channels’ lengths are given
by Ly = |mnfs], Ly = [74fs], and Ly = |74fs]|, where
fs is the sampling frequency. Let 7 £ max {7, mh + 74}
denote the maximum channel delay spread; hence, L 2
max{L¢, L, + Ly — 1} denote the discrete-time length of
maximum channel delay spread. Finally, it is reasonable to
assume that L, = 1, since the distance between the tag and
reader is fairly small in practice [11]. Hence, the backscattered
signal at the reader can be simplified to y? [n] = g z; [n] b [n].
In the rest of the paper, we use the discrete-time baseband
model and drop the subscript [ for notational convenience.

Our goal is to design the tag modulation waveform, b [n],
and the detector at the reader to be able to extract the tag
information in b[n] from the received signal y[n] without
knowing either the transmitted OFDM symbol s[n] or the
relevant channels h [n], f [n], and g.

yi[n] = yi 0] + 9 [n] + wi [n],

III. TRANSCEIVER DESIGN AND PERFORMANCE
ANALYSIS

In this section, we propose a modulation scheme for
backscatter communications over ambient OFDM signals. We
describe the tag modulation waveform and study the detector
design. We also analyze the error performance of the proposed
scheme and obtain exact expressions for the average error
probability.

A. Backscatter Waveform Design

In OFDM systems, not all subcarriers are used to transmit
information. The edge subcarriers are usually left null. For
example, in the LTE standard, for the 5 MHz channel band-
width, the number of subcarriers is 512, out of which 211 are
left null [13]. Let &/ and D denote the set of null subcarriers
and the set of data subcarriers (including the DC subcarrier),
respectively, and denote the cardinality of a set X by |X|.

We exploit the structure of the OFDM symbol spectrum
by designing the tag modulation waveform b [n] to shift the

backscattered energy into these null subcarriers so that a
simple energy detector can be used to decode the tag informa-
tion. This exempts the reader from knowing the transmitted
OFDM symbol or any of the relevant channels. Similar to
[11], [12], every backscatter symbol spans the duration of one
legacy OFDM symbol. The tag uses the following waveform
to convey one information bit per OFDM symbol,

bln] 2™ n=1,2,...,N;+ N, (6)
where B € {0,1} is the information bit being transmitted.
Hence, to transmit a ‘1’ bit the tag will alternate its antenna
impedance between two states, one state causes a phase
shift of 7 and the other state provides no phase shift, while
to transmit a ‘0’ bit the tag keeps its antenna impedance
constant at a value that provides no phase shift. Using this
tag waveform, the backscattered signal received at the reader
can be written as

y’[n] = gz [n]e™Bm. 7

Taking the discrete Fourier transform of (7), the backscattered
signal spectrum can be written as

st] =g9X [m, st] ,(®

Yb[m]:gX[m}(@é[mf 5 5

where ® denotes circular convolution, and X [m] is the
discrete Fourier transform (DFT) of z[n]. Thus, from the
viewpoint of the frequency domain, to transmit a ‘1’ bit, the
tag shifts the spectrum of the backscattered signal. This shift
in frequency will cause a large fraction of the backscattered
energy to fall into all the null subcarriers. Hence, an energy
detector over the null subcarriers can be used at the receiver
to decode the tag information.

Before we conclude this section, it is worth mentioning
that this spectrum shifting scheme could be easily extended
to allow higher order modulations; however, we are unable to
present the details due to space limitations.

B. Detector

In this section, we design the detector for the modulation
scheme introduced the previous subsection. The reader only
knows the set of null subcarriers, U/, along the edges of
the ambient OFDM symbol, and the average SNR, but has
no knowledge of the OFDM ambient signal, s[n|, or the
relevant channels h[n], f[n], or g. Since the tag transmits
its information by shifting the spectrum of the backscattered
signal into the null subcarriers, an energy detector is used to
collect the energy in the null subcarriers, and decode the tags
information. However, not all null subcarriers may be used
for energy detection, since many null subcarriers fall outside
the channel bandwidth and maybe subject to adjacent channel
interference.

Decision Statistic: Let U; € U and U, € U denote, respec-
tively, the sets of in-band and out-of-band null subcarriers. At
the reader, the cyclic prefix is discarded, and the remaining N
samples are passed through an FFT block. Let Y [m] denote
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the output of the FFT. Hence, the test statistic can be written

as
= Y mlP. )

W mel;

Under Hg, the hypothesis that the tag transmitted a ‘0’ bit,
the null subcarriers contain only noise! and z is the sum
of the squares of 2|/;| standard Gaussian random variables.
Hence, p (z|B = 0) is a central Chi-squared distribution with
2|U;| degrees of freedom [14]. On the other hand, when the
tag is transmitting a ‘1’ bit, the distribution of the decision
statistic z is fairly complicated. Under H;, the hypothesis
that the transmitted bit is ’1°, the received energy in the
null subcarriers depends on the random channels ¢ and & [n].
Therefore, the instantaneous detection SNR is a random
variable and can be written as

_ P9l Y e [H [
[thilo?, ’

where {H[m]}mey, are the flat-fading channel coefficients
seen by the in-band null-subcarriers. However, conditional on
the instantaneous received SNR, ~, the decision statistic distri-
bution p (z]y, B = 1) is a non-central Chi-squared with 2|14;]
degrees of freedom, and non-centrality parameter A = 2|U;|y
[14]. Hence, the distribution of the decision statistic under
H1 could be found by averaging over the distribution of the
instantaneous SNR. The instantaneous SNR, <, is a scaled
product of two random variables: |g|?, which is an exponential
random variable, and ¢ £ Y, |H [m]|®, which is the
sum of |U;| correlated exponential random variables. The
correlation arises from the fact that the subcarrier spacing
has to be smaller than the coherence bandwidth. Let h denote
the vector comprising the channel coeficients {H [m]}cu;,-
Then, using the technique in [15], the distribution of ¢ can be
found to be

J N q
fa=> |1l %e“? (1

(10)

g=1 \k#j 2 X ) 7Y
where {\; } _ are the non-zero eigenvalues of the co-variance
matrix Ry = E [hh']. Hence, the instantancous SNR dis-

tribution can be readily found, using the product distribution
formula, to be

1
_ | 2l Uil v
_Z Hi_L = <2 >‘j7> (12)

j=1 \k#j A& Aj

'We assume ICI is negligable since (1) there is no doppler spread since the
tag, reader and legacy transmitter are stationary. (2) at practical low-medium
SNRs, noise is dominant. (3) ICI is weakest at edge subcarriers.

where 7 £ E [y] is the average detection SNR and K,, (-)
is the modified Bessel function of the second kind and m-th
order. Alternatively, we can write the SNR distribution as [16]
1
N 1
hy 2,0
;Gog <1 1

=3 (T] ===+ IUV), (13)

b
j=1 \k#j Mk A i

where G.7/(|-) is the Meijer G-function. The expression
in (13) will be useful later on in computing the average
probability of error. Using (12) and the expression for the
probability distribution function (pdf) of the noncentral Chi-
squared distribution, the distribution of the decision statistic
under H; can be computed from (14), where I, (-) is the
modified Bessel function of the first kind and m-th order.

The integral in (14) can be solved by expressing the
exponential function and the two Bessel functions in terms of
the Meijer-G function then applying (07.34.21.0081.01) from
[16] to yield

J

- A 2\ s
1 1 2

j=1 k#j Ak Aj
1.0 1 =z
1,0:1,0:2,0
X G10:1'3:02 (0 PV = 2).
(15)

Note that this proposed scheme eliminates direct link inter-
ference at the reader as the energy from the direct link exists
only on the data subcarriers.

Error Performance: Next, we analyze the probability of
error for the proposed scheme. Let J denote the decision
threshold. Then, since the tag transmitted bits are equally
probable to be ones or zeros, the average probability of error
is given by

(2[B=1) =

1

11001 - e, §

1

§P6|B:O (6) +

Both Pe|B 0(5) = PT( 1|B ) and P6|B 1(6) =
Pr(B = 0|B = 1) are functions of the decision threshold d,
which should be chosen to minimize the average probability
of error P (0). P p—o(0) is independent of the SNR and
is given by the tail probability of the central Chi-squared
distribution as [17]

P, (5) = SPasa (). (16)

5

I (je4:])
where T'(s,z) = [~ ts_l —tdt is the upper incomplete
Gamma function, and I'(s) = [ ¢""'e 'dt is the “com-
plete” Gamma function. Whereas Pyp=1 (6) is dependent
on the instantaneous SNR and subsequently on the random

PelB:O (5) -



backscatter channel. We can write P jp—; (0), conditional
on the instantaneous SNR, using the cumulative distribution
function (CDF) of the noncentral Chi-squared random variable
as

Pepyp=1 (6) = 1= Quy (V2L VE), (18)

where Q. (-,-) is the Marcum Q-Function. Thus, using (13),
we can average P, p—i(0) over the distribution of the
instantaneous SNR to obtain (19).

J 1 [e's]
Papa @ =1 (L ) [0
j Aj

— | U
< Quy (VIR vB) 635 (1| B oy
(19)
Using Theorem 1 in [18], the integral in (19) can be evaluated
in terms of the bivariate Meijer G-function [19]. Hence, we

can write the average probability of error as a function of the
threshold as in (20)

20 () =\ -
« QL0021 % 1 ﬁ L
1,0:1,3:1,3 0,7\ui|,% L1L,0| 27 N7y

(20)

The bivariate Meijer G-function is not available as a built-in
function in well-known computational software packages (e.g.
MATLAB, Wolfram Mathematica, Maple); however, there
exist two implementations in the literature, one using Wolfram
Mathematica in [20], and another one using MATLAB in [21].

Detector Threshold: The decision threshold should be
chosen to minimize the average probability of error in (20),
ie.

0" :argméinPe(é). (1)
Since the tag transmits ones and zeros with equal probability,
the optimal decision rule that minimizes the probability of
error is the maximum likelihood (ML) rule given by

0, p(2|lB=0)>p(2|B=1).

Hence, the optimal decision threshold, ¢*, lies at the in-
tersection of the two likelihood functions, p (z|B = 0) and
p (z|B = 1). Unfortunately, a closed-form expression for ¢*
cannot be found analytically. However, it can be easily found
numerically, for any SNR, using a simple, one-dimensional
line search.

(22)

IV. RESULTS AND DISCUSSION

In this section, we present simulation results to evaluate the
performance of the proposed backscatter modulation scheme
and verify the analysis in Section III. We study the effects of
the maximum channel delay spread, 7, and the OFDM symbol

size, Ny, on the error performance. Suppose the ambient
OFDM signal is a 10 MHz LTE carrier [13]; hence, the FFT
size is Ny = 1024, the “normal” CP length is N, = 72,
and the number of null subcarriers is || = 423 of which
|U;| = 64 are in-band. The maximum channel delay spread,
T, is specified in each figure. We use the scheme in [11] as a
baseline for comparison.

The scheme in [11] takes advantage of the fact that the
portion of the cyclic prefix not affected by the multipath
channel, ie. n = L,..., N, is repeated in the received
signal. The tag waveform is designed to either change its
antenna impedance to phase-shift the ambient signal by 7 for
the second part of the OFDM symbol to transmit a ‘1’ bit or
keep the phase unchanged to transmit a ‘0’ bit. Let B denote

the tag transmitted bit; hence, for n = L,..., N.,, we have
un|+vinl, B=1,

rfr] £ yln] — ylo+ Ny = { 0L 23)
v [’I’L] P B = 07

where y[n] is the received signal at the reader, u[n] =
29 /P 1y sn— 1 h[l], and v[n] = wn] — w[n+ Ng].
Hence, an energy detector can be used to decode the tag
information using the test statistic -5 Zg”’ | [n]|?. Note that
the modulation scheme in [11] necessitates that the reader
estimate the maximum channel delay spread length L, and if
this delay spread is equal to the cyclic prefix, the scheme fails.
Our proposed scheme does not suffer from this limitation.

Fig. 2 compares the average error performance of the
proposed scheme to the scheme in [11] for different values
of maximum channel delay spread, 7. As expected, the per-
formance of the baseline scheme in [11] deteriorates rapidly
as the maximum channel delay spread increases since the
usable part of the cyclic prefix diminishes. On the other hand,
the proposed scheme is hardly affected by maximum channel
delay spread. Actually, the performance of the proposed
scheme slightly improves with increasing delay spread, as the
coherence bandwidth decreases and the channel coefficients
for the null subcarriers become less correlated. For a delay
spread of 4us, the proposed scheme outperforms the baseline
scheme by almost 4 dB at an error rate of 10~2. We also
notice that the probability of error obtained by Monte-Carlo
simulations coincides with the analytical probability of error,
which verifies our analysis.

Finally, in Fig. 3, we study the effects of varying the
ambient OFDM symbol size on the error performance of the
proposed scheme and compare it with the baseline scheme
in [11]. We use the LTE OFDM symbol parameters for the
5 MHz, 10 MHz and 20 MHz channel bandwidths [13]. We
assume the maximum channel delay spread, 7, is 3us, which
is a typical value in urban outdoor environments. Simulation
results show that increasing the OFDM symbol size improves
the performance of both the proposed and baseline schemes;
however, the proposed scheme benefits more from increasing
the OFDM symbol size. Moreover, for the used typical value
of delay spread, the proposed scheme outperforms the baseline
scheme for all three OFDM symbol sizes.
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V. CONCLUSION

We introduced a novel backscatter modulation technique
over ambient OFDM signals. In particular, we took advan-
tage of the null subcarriers found in all OFDM signals and
designed the tag modulation waveform such that the backscat-
tered energy lie mostly in the null subcarriers. Hence, a simple
energy detector can be used to detect the backscattered infor-
mation without requiring knowledge of the ambient OFDM
symbol or the relevant channels. This scheme avoids direct
link interference since there is no energy from the ambient
transmission in the null subcarriers, and could be extended
to allow higher order modulation. We have also analyzed
the error performance of the proposed scheme and provided
an exact expression for the error probability in terms of the

bivariate Meijer G-function. Simulation results corroborated
our analysis and showed that the proposed scheme outper-
forms other schemes available in the literature for ambient
backscatter over ambient OFDM signals in different scenarios.
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