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Abstract—In this work, we consider a radar-enabled ambient
backscatter communication, where the reverberation generated
by a radar system is used as an ambient carrier to deliver
information to a destination. Different from a previous study,
that focuses on noncoherent encoding/decoding strategies, which
require an exhaustive search on a set whose cardinality scales
exponentially with the data size, we consider here a pilot-based
solution and propose a simplified decoding scheme relying on
constrained regularized least squares and search relaxation,
whose complexity per iteration scales only linearly with the
data size. A numerical example is provided to show merits and
drawbacks of the proposed scheme with respect to different
benchmarks.

Index Terms—Ambient backscatter, tag, reader, internet of
things, radar and communication spectrum sharing, clutter.

I. INTRODUCTION

The exploitation of ambient signals to establish low- or
moderate-rate communication links has been fostered by the
development of such ideas as Internet-of-Things, smart trans-
portation and automatic driver assistance systems (ADAS) as
viable cost-effective solutions, requiring little or no additional
physical resources (i.e., bandwidth and power) [2]-[4]. In [1]
the idea of exploiting the reverberation generated by a radar
system (also known as clutter) has been developed to enable
ambient backscatter communications (ABCs). All in all, this
study takes advantage of the fact that radar probing signals
are inherently periodical, whereby the ambient response, when
observed on time intervals in the order of the radar channel co-
herence time, is itself periodical; this property can be suitably
exploited to deliver information from a sender (tag in ABC
parlance) to a receiver (called reader). The study proposes
two Noncoherent encoding/decoding techniques, therefore not
requiring any channel state information (CSI), and demon-
strates the feasibility of communication transfer using the radar
clutter as carrier signal, thus implementing a simplified and
efficient form of radar-communication spectrum sharing at no
additional cost.
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The present contribution takes a step forward by considering
pilot-assisted radar-enabled communications: pilot symbols are
thus inserted in the transmitted frame so as to allow channel
estimation and Coherent demodulation at the reader. Also, in
view of the crucial constraint of cost-effectiveness, a simplified
decoding strategy is introduced and assessed, relying on con-
strained regularized least squares (LS) and search relaxation.
Sample plots of the achievable performance, in terms of bit
error rate (BER) and root mean square error (RMSE) on the
channel estimates are finally offered in order to corroborate
the proposed technique.

The paper is organized as follows. In the next section, the
system description and the signal model are presented; in
Sec. 111, the proposed encoding/decoding scheme is illustrated,
while a numerical example is provided in Sec. IV to asses the
system performance; finally, concluding remarks are given in
Sec. V.

Notation: In the following, C is the set of complex
numbers; i is the imaginary unity, while R{-} denotes real
part; || - || and || - || 7 are the Euclidean and the Frobenius norm,
respectively; column vectors and matrices are denoted by
lowercase and uppercase boldface letters, respectively; (-)*,
()T, and (-)M denotes conjugate, transpose, and conjugate-
transpose, respectively; 0,, and 1, are the n-dimensional
all-zero and all-one column vector, respectively; I, is the
n X n identity matrix; CA(0,, C) is the complex circularly
symmetric Gaussian distribution of an n-dimensional random
vector with covariance matrix C; E[-] denotes statistical
expectation; [x] the least integer greater than or equal to x;
II(t) is a rectangular pulse with unit amplitude and support
[0,1]; and % is the convolution operator.

II. SYSTEM DESCRIPTION

Consider the ambient backscatter communication system
in Fig. 1, where a radar monitoring a given region yields a
reverberation towards both the tag and the reader, and the tag
exploits the incident clutter as an ambient carrier signal to send
a message to the reader. The radar emits a periodic passband
signal with carrier frequency f,, bandwidth W,, and period
T,; for a non-scanning (pulsed or continuous-wave) radar, 7,
is the period of the modulating signal or a multiple thereof,
while, for a scanning radar, it is the scan-time or a multiple
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Figure 1. Considered ambient backscatter communication system.

thereof. The tag receives the radar clutter [5], i.e., the unknown
echoes produced by the terrain and/or the surrounding objects
in response to the signal emitted by the radar, including the
possible direct signal from the radar to the tag. Let ¢(t) and
i(t) be the baseband representation of the radar clutter hitting
the tag and the reader, respectively, including the possible
direct signal." Since the responses of the radar-tag and radar-
reader channels are time-invariant over sufficiently short time
intervals, upon denoting by L, the number of radar periods
where these channel responses remains stationary, we have
that ¢(t) and i(t) are locally periodic signal, meaning that
they present L, approximately-equal cycles within any time
segment of length L,7T;. In the following, we consider the
use of L. < L, consecutive radar periods, referred to as a
frame interval, and we consider the frame interval [0, LT]
for illustration.

The tag modulates the RF signal R{c(t)e>"fa*} to send
its message m(t) [2]; this is accomplished by switching the
antenna load between two or more states, thus altering (in the
phase and/or amplitude) the incident waveform every symbol
interval Ty = T,/N,, where N; is the number of symbols
sent over one radar period. We denote by z; ,, the n-th symbol
in the ¢-th radar period: x,,, specifies the complex reflection
coefficient of the antenna load employed during the time
interval [({N, + n)Ts, ((Ng +n + 1)T,] and belongs to the
discrete alphabet X'. The message over the frame interval can
be represented as

L—1Ngs—1
mt) =33 w0l (W) te [0, LT,
=0 n=0 s (1)

where A; is the symbol duration; we assume that Ty = Ag +
Ay, where Ay is a guard interval between two consecutive
transmissions. The baseband representation of the RF signal
backscattered by the tag over the frame interval is

L N.—1 B "
() = c®mt) =5 3 wpne()ll (t “Ngj )TS))

{=0 n=0

2)
for t € [0, LT,]; see Fig. 2 for a graphical illustration of x(t).

'Even though c(t) and 4(t) are produced by the environment in response
to the same radar excitation, they are in general different, since tag and reader
are in different locations and their antennas have a different orientation and
radiation pattern.

The baseband signal received by the reader over the frame
interval is
2(t) = x(t) x h(t) +i(t) +w(t), te[0,LT,], (3)
where h(t) is the baseband impulse response of the channel
between the tag and the reader (also accounting for the tag
scattering efficiency and any carrier phase offset), which is
zero outside [7h, 7, + Ap], and w(t) is the additive noise.
The signal in (3) is passed through a unit-energy low-pass
filter ¢(t), with support [0,A,] and bandwidth Wy; the
corresponding output is, from (2) and (3),

L—-1N,—-1

y(t) = 2(t)x (1) = Y Y wemaen(t) +i(t) (1)
(=0 n=0
+w(t)*y(t), te[0,LT,], @

where a , (t) = (c(t)II((t— ((Ns+n)Ts)/Ag)) * h(t) x1(t)
is the unknown received pulse carrying the symbol x ,,, which
is zero outside [15,4+((Ng+n)Ts, T+ (U Ns+n)Ts+As+Ap+
Ay). To avoid intersymbol interference, the guard interval is
chosen to satisfy Ay > 7p max + Ap + Ay, where 7y, max iS a
known upper bound to the delay offsets of the tags. The filtered
signal y(t) is sampled at rate K, /T, with K > [W,T], thus
obtaining the samples

Ytk = y(t)|t:€Ta+nTs+kT3/K5

®)

for=0,...,L-1,n=0,...,Ny—1,and k = 0,..., K,—1,
where o p k, Gen,k and we, i, are the samples of ay ,(t),
i(t) x(t), and w(t) * ¥ (t), respectively.

= TpnQpnk T lonk + Wenk

III. ENCODING AND DECODING SCHEMES

Notice that the periodicity of the signals ¢(¢) and i(¢) over

a frame interval implies that the samples of the pulse carrying

the symbols and the corresponding samples {ig,n71}£;11 of the
radar interference remain constant, i.e.,

{Oéo,n,k = =Qr_1nk = Onk ©)

Wnk = =IL_1,nk = ink

forn=0,...,Ng—land K =0,...,K;—1, where &, and
Emk denote these common values. To take advantage of this
signal structure, the samples in (5) are parsed into N groups,
which define as many time-orthogonal subchannels. Consider
now the n-th subchannel, that contains the K observations
taken in the n-th symbol interval of each radar period, and
organize these samples in the following matrix

Yo,n,0 Yo,n,K,—1
Yy — .

YL—1,n,0 YrL—1,n,K,—1

—za' +1i" +Q e CLxKs (7
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Figure 2. Example of the signal z(t) backscattered by the tag: the symbols {x, ,, } are sent with a linear modulation where the radar clutter c(t) serves as

carrier.

where
= [zom rro1a] € XL (8)
o = [anyo dnx,1]' €CKe (8b)
i = [ino ink._1] € CKe (8¢)

while € is defined similarly to Y. The vector « represents
the codeword sent by the tag over L consecutive uses of
the n-th subchannel; also, x = [sc]T) :cg]T, where x, are P
pilot symbols and x4 are D data symbols, with P + D = L.

Therefore, the transmission rate over this subchannel is
D
R = T logy M 9

bits per subchannel-use, where M is the cardinality of X.
The reader must estimate x4 when x, is known, but o
and ¢ are unknown. Assuming that x, and 1p are linearly
independent, we propose here to jointly estimate x4, «, ¢ by
solving the following constrained regularized LS problem

T T
min Y — mpaT + 1P1lT
z,exP rqa' +1p2

a,ieCKs

2

F

+ Agll@all* + Xalled]* + /\i||i|2}7 (10)

where A\, A\, A\; > 0 are regularization parameters [6].
Problem (10) is quite complex, and we propose here the
following suboptimal solution: relax the problem by enlarging
the search set over &4 from X' to CP; then, solve the relaxed
problem through the block-coordinate descent method (where
each block-variable is cyclically optimized while leaving the
others to their current value); finally, project the relaxed
solution onto X'” to estimate the data (symbol slicing). We
consider as block-variables x4 and the pair e ¢]. Then, it can
be seen that the minimization over [« 4] for fixed x4 gives

[ i] = ((lp 1 + llwall® + Xa) (L + i)

4T T 2y vT [Ty 1P
L+

T T
y —1pz, —1pxy :|

—1px; —1hay  |opl® + zal® + Ao

(1)
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Algorithm 1 Suboptimal solution to Problem (10)

1: choose x4 € CP
2: repeat

3 update a and ¢ with (11)

4 update x4 with (12)

5: until convergence

6: update x4 by projecting it onto X'
7: update o and ¢ with (11)

8: return x4, o,

while the minimization over x, for fixed [« €] gives

1

T4 (12)
where Y € CP*¥s is the matrix obtained by taking the last
D rows of Y.

The complete routine is reported in Alg. 1. Notice that the
computational cost per iteration scales as O(LK); also, since
the value of the objective function is not increased at each
iteration, the algorithm converges.

IV. NUMERICAL RESULTS

Here we evaluate the performance of the proposed pilot-
assisted radar-enabled ABC. The tag uses binary symbols, with
X = {—1,1}, and the number of samples taken per symbol
interval is K; = 8. As a consequence of the linear modulation
impressed by the tag (see Fig. 2), only some entries of « are
non-zero; here we assume that K = 3 consecutive samples are
non-zero, and we denote by & € C¥ the sub-vector of o with
non-zero entries. The noise received at the reader is modeled
as @ ~ CN(0pk.,02 I k. ). The radar-tag-reader and radar-
reader channels follows a Rice distribution, which is the
typical situation where the clutter is composed of a specular
and diffuse component [7]. Specifically, we assume that & =
poe'¥elg +ayg and 4 = eVl +ig, where 1, and p; are
positive constants, 1, 1; are independent random variables
uniformly distributed over [0, 27), & ~ CN'(0g,02I) and
i9 ~ CN(0g,,021k,) are independent random vectors, and
w2 /o2 = p?/o? = 0.1. The signal-to-noise and signal-to-
interference ratios at the reader are SNR = (2 + 02)/02,
and SIR = (2 + 02)/(u? + o), respectively.
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Figure 3. Bit error rate (top) and normalized mean square error (bottom)
versus the signal-to-noise ratio when the number of pilots is P = 4 and the
number of data bits is D = 4 (the rate is, therefore, R = 0.5 bits/subchannel-
use).

The performance are assessed in terms of BER and nor-
malized RMSE (NRMSE) on the channel estimates, defined
as

E[|l& - af? + e — ]

NRMSE — .
E[lle]? + [12]1?]

13)

where E[a|? + [4]2] = K (2 + 02) + K.(4? + 0?). and
& and % are the estimated channels. For comparison purposes,
we consider: the maximum likelihood decoder with perfect
channel state information (ML with CSI), which represents an
upper bound to the performance of any coherent system; the
conventional procedure, where the channel is first estimated
through the pilots, and then the data is recovered (Conven-
tional), which represents the baseline for comparisons; an
adapted version of the regularized alternating LS decoding
procedure in [8, Alg. 1] (R-ALS), that has been used for
channel estimation and data detection via a low-rank matrix
completion formulation in massive multiple-input multiple-
output systems with hybrid analog/digital architectures; and
the noncoherent frame-by-frame encoding/decoding rule in [1,
Sec. III-A] (Noncoherent). The regularization parameters in
Problem (10) are set as A\, = 02, A\ = A; = 0.1, and all
subsequent curves are reported for SIR = —10dB.
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Figure 4. Bit error rate (top) and normalized mean square error (bottom)
versus the number of pilots for two signal-to-noise ratios when the number
of data bits is 20 times larger than the number of pilots (D = 20P; the rate
is, therefore, R = 0.9524 bits/subchannel-use).

Fig. 3 shows BER and NRMSE vs SNR when P = D =4,
which gives a rate of 0.5 bits/subchannel-use. It can be seen
that the proposed scheme largely outperforms the Conventional
and the R-ALS, and that it incurs only a small loss (about 2dB
at BER = 10~%) with respect to the Noncoherent scheme and
the ML method with perfect CSI. This loss is, however, traded
for a gain in terms of computational complexity, which, for
fixed rate, scales linearly (with the proposed scheme) rather
than exponentially (with the Noncoherent scheme) when the
data length D increases: the Noncoherent scheme is, therefore,
unfeasible for large values of D, as in the following two
figures.

Fig. 4 shows BER and NRMSE vs P for two SNR values
when D = 20P; the rate is, therefore, 0.9524 bits/subchannel-
use. It can be seen that the performance improves with the
number of pilots for all the considered schemes, and that the
proposed one largely outperforms the Conventional and R-
ALS cases. Finally, Fig. 5 shows BER and NRMSE vs D
for two SNR values when P = 3; when D varies from 1 to
200, the rate increases from 0.25 to 0.9852 bits/subchannel-
use. Observe that the performance of the Conventional method
is invariant with D; on the contrary, the performance of the
other two schemes improves when D increases, since the
data symbols are used as virtual pilots to improve signal
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Figure 5. Bit error rate (top) and normalized mean square error (bottom)
versus the number of data bits for two signal-to-noise ratios when the
number of pilots is P = 3 (the rate is, therefore, R = 0.25,...,0.9852
bits/subchannel-use).

recovery. Again, the proposed scheme largely outperforms the
Conventional one and the R-ALS method.

V. CONCLUSION

In this work, we have considered the radar-enabled ABC
proposed in [1], where the reverberation generated by a radar

372

system is used as an ambient carrier to deliver information to a
destination. Differently from [1], that focuses on noncoherent
encoding/decoding strategies requiring exhaustive searches on
a set whose cardinality scales exponentially with the data size,
we have considered a pilot-based scheme and proposed a sim-
plified decoding scheme relying on constrained regularized LS
and search relaxation, whose complexity per iteration scales
only linearly with the data size. The considered numerical
example has shown that the proposed scheme largely outper-
forms the Conventional one and the R-ALS, only incurring in
a small loss with respect to the Noncoherent system in [1].
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