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Abstract—This work exploits ultra-low cost, commodity, radio
frequency identification (RFID) tags as elements of a recon-
figurable intelligent surface (RIS). Such batteryless tags are
powered and controlled by a software-defined radio reader,
with properly modified software, so that a source-destination
link is assisted, operating at a different band. Signal model
includes small-scale and large-scale fading, direct link, as well
as specific parameters relevant to reflection (i.e., backscatter)
radio, such as antenna structural mode and reflection efficiency,
typically overlooked in the literature. An algorithm is offered
that computes the optimal RIS configuration with complexity of
O(M log M) in number of elements M , instead of intractable ex-
ponential complexity of exhaustive search, while accommodating
any number K ≥ 2 of loads. With the proposed algorithm, it
is shown that performance gains reach a plateau for constant
element spacing and increasing number of elements, suggesting
that the weak, passive nature of backscattered links limits
the performance gains, even with perfect channel estimation.
Channel estimation with linear minimum mean squared error
(LMMSE) estimator is shown to be effective, provided that there
are sufficient number of pilot symbols. A concrete way is offered
to design and prototype a wireless, batteryless, RF-powered,
reconfigurable surface and a proof-of-concept is experimentally
demonstrated.

Index Terms—Backscatter Radio, RFID, Gen2, Reconfigurable
Surface.

I. INTRODUCTION

Significant interest has been attracted recently on recon-
figurable intelligent surfaces (RISs), which are viewed as
a way to control the environment, with a large number of
passive elements, i.e., without amplification; such surfaces are
envisioned to offer a focusing effect (e.g., review work in [1],
[2], and references therein). Despite the fact that RIS is a
special case of bistatic backscatter radio [3]–[5], or multistatic
scatter radio [6], [7], such connection is not widely known
in the literature. Backscatter, i.e., reflection radio has been
extensively used in radio frequency identification (RFID) and
recently was proposed for sensor networking applications (e.g.,
work in [8] for monostatic interrogation and work in [9]–
[15] for bistatic, batteryless sensor interrogation and references
therein). Review material and connection to ambient backscat-
ter communication [16], a special case of bistatic backscatter,
can be found in [17] and references therein.
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A. Related Studies

According to [18], a near-field, squared-shaped RIS can
offer limited gains. Firstly, given a large surface, the distance
between the source and the elements of RIS can be much
greater than the link distance (i.e. distance from source to the
center of RIS), resulting in significant attenuation. Secondly,
distant elements of the surface exhibit lower local effective
areas. Finally, the polarization mismatch increases for the
elements deployed far away from the center of the surface.
Similarly, authors in [19], pinpoint that the received power
scattered by a RIS is bounded as the size of the surface
increases.

Assuming the presence of a RIS, work in [20] considered
the joint maximization of spectral and energy efficiency in a
multi-user MISO downlink network; alternative optimization
of base station beamforming and RIS phase shifts was em-
ployed, subject to individual link budget guarantees for the
mobile users. Such formulation led to non-convex optimiza-
tion problems, addressed by two computationally affordable
methods. In order to make the problem more tractable, the
authors assumed infinite-resolution phase shifters, no direct
links and perfect channel state information (CSI) available
at the base station; comparison to multi-antenna amplify-and-
forward relaying was also performed. In [21], the performance
of a single-cell multiuser system aided by multiple RISs was
evaluated. Through simulations, it was shown that the RIS-
aided system can outperform full-duplex relaying, in terms
of spatial throughput, when the number of RIS elements
exceeds a certain value. Differently from the single-user case
where the RIS should be deployed near the BS or user for
rate maximization, RISs (in the multi-user system) should be
distributed across the whole network.

Work in [22] introduced expressions to compute the power
reflected from a RIS as a function of distance between the
transmitter or receiver and the RIS, the size of the RIS and the
phase transformation applied by RIS. Calculations were based
on the general scalar theory of diffraction and the Huygens-
Fresnel principle. Free space path loss models were offered in
[23], along with an experimental testbed for their verification.
It is noted that a significant issue on RIS implementation is
the mutual coupling. Conceptually, each element modifies the
phase of the impinging EM wave. When the elements are
spaced by at least half of the wavelength, mutual coupling
among them is usually ignored and each element can be
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designed independently of the others [24].
Work in [25] employed tools from stochastic geometry and

studied the effect of large-scale deployment of RISs on the per-
formance of cellular networks. Direct links assumed blocked
and blockages, such as buildings or trees, were modeled with
a line Boolean model. A subset of the blockages was equipped
with RISs and a performance study on cellular networks was
performed, assuming no inter-cell interference and small-scale
fading effect. Work in [26] examined the coverage and rate
performance of mm-wave cellular networks, through a stochas-
tic geometry framework. Different parameters of Nakagami
fading were assumed for line-of-sight (LOS) and non-line-of-
sight (NLOS) links, as well as directional antennas. A LOS
ball-based blockage model was adopted, in which all nearby
base stations were assumed LOS and all the other base stations
over a certain distance were ignored.

Joint study of RIS with non-orthogonal multiple access
(NOMA) has been recently an attractive research topic [27]–
[30]. There exist two dominant NOMA schemes: the first
is relevant to power domain multiplexing, which assumes
that different users are allocated different transmission power,
based on their channel conditions; the second is relevant to
code domain multiplexing, which assumes that different users
are assigned different codes, multiplexed over the same time-
frequency resources. Complexity of successive interference
cancellation (SIC) in both schemes was studied.

Work in [31]–[35] proposed metasurfaces in order to ma-
nipulate electromagnetic (EM) waves, allowing for anomalous
reflection, full EM absorption, refraction, and polarization con-
trol. In [31], [34], [35] an application programming interface
(API) is envisioned to exist on a server, in order to control
the metasurfaces. Evaluations, solely based on simulations,
showed improved received power and coverage.

A small number of experimental testbeds has recently
emerged, e.g., work in [36]–[39]; [36] offered a 36-element
array, with phase shifters helping endpoints whose line-of-
sight (LoS) is blocked; [37] developed a RIS with 256 ele-
ments exploiting positive intrinsic-negative (PIN) diodes for
2−bit phase shifting; [38] utilized software-controlled, 2-load
RF switches in groups, in order to select different surface
configurations with thousands of elements, exploiting feedback
from the destination; a RIS-based system was implemented
in [39] with 256 elements (controlled with varactor diodes),
which could facilitate amplitude-and-phase-varying modula-
tion, assisting 2 × 2 MIMO transmission. In principle, each
element should be controlled by a dedicated digital-to-analog
converter (DAC). Due to hardware limitations however, two
DACs were used in order to control the elements. The distance
between the RIS and the two receiving antennas was about 1.5
meters and cables were required to control the RIS elements
from a dedicated field programmable gate array (FPGA). All
offered testbeds so far are based on wired prototypes.

B. Contribution
This work exploits commodity, ultra-low cost, commercial

radio frequency identification tags as the RIS elements. Such
batteryless tags are powered and controlled by a software-
defined radio (SDR) reader, operating at carrier frequency f2,
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Fig. 1: The proposed wireless surface with commodity,
wirelessly-controlled, RF-powered, RFID tags.

with properly modified software, so that a source-destination
link, operating at a different carrier frequency f1, is assisted
(Fig. 1).

It is found for the first time in the literature (to the best
of our knowledge): a) the optimal gain and corresponding
best RIS element configuration, with tractable polynomial
complexity (instead of exponential) in number of elements and
b) the way to design and prototype a wireless, batteryless, RF-
powered RIS, with commodity RFID tags. Future extensions
at various carrier frequencies could be accommodated, through
simple modifications in the antenna and matching network
of each RFID tag, as well as modifications in the RFID
protocol for efficient, RIS-tailored operation. The contributions
are summarized as follows:
• Signal model includes small-scale and large-scale fading,

as well as specific parameters relevant to reflection (i.e.,
backscatter) radio, such as antenna structural mode and
reflection efficiency, typically overlooked in the literature;
such modeling is critical in RIS-relevant research, due to
the lack of amplification, the passive nature of reflecting
elements and thus, the inherently weak signals involved.

• An algorithm that computes the optimal RIS configuration
with tractable polynomial complexity of O(M log M),
instead of intractable complexity of KM for exhaustive
search with large M , where K ≥ 2 is the number of
loads per RIS element and M is the total number of
RIS elements. The algorithm can accommodate any set
of reflection coefficients (e.g., not necessarily of common
amplitude). Such algorithm allows for careful communi-
cation theory studies when M is in the order of thousands.

• It is numerically demonstrated that performance gain
will reach a plateau if RIS element spacing is kept
constant, for increasing number of elements in the order
of thousands, using the proposed optimization method.
This finding corroborates recent reports on bounded RIS
performance and suggests that even with perfect channel
estimation, the weak nature of backscattered links limits
the performance gains, even for large number of RIS el-
ements. Numerical results also suggest that amplification
may be needed in practical setups.

• Issues relevant to CSI estimation are studied, including
the linear minimum mean squared error (LMMSE) esti-
mator and its performance, especially with large M at the
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RIS.
• A RIS prototype is demonstrated, which is completely

wireless and batteryless, using commercial (Gen2) RFID
tags as the RIS elements. The surface is controlled
by a software-defined radio reader, running a carefully
modified stack of the Gen2 RFID protocol. Experimental
results offer, to the best of our knowledge, the first
wireless, batteryless RIS and future modifications and
enhancements are also proposed.

C. Organization

The rest of the work is organized as follows. Section II
offers a detailed system and signal model, tailored to the
weak nature of backscattered signals; Section III offers the
algorithm that can compute the optimal RIS configuration,
given CSI, with tractable complexity; Section IV studies CSI
estimation in RIS with large number of elements and LMMSE
estimator; Section V describes the batteryless, wireless RIS
implementation; Section VI offers evaluation, both in terms
of simulations, as well as experimental results. Finally, work
is concluded in Section VII.

Notation: 0N denotes the all-zeros vector. The phase of
complex number z is denoted as z, while <{z} denotes
the real part of z. The distribution of a proper complex
Gaussian N × 1 vector x with mean µ and covariance matrix
Σ is denoted by CN (µ,Σ) , 1

πN det(Σ) e−(x−µ)HΣ−1 (x−µ); the
special case of a circularly symmetric complex Gaussian N×1
vector corresponds by definition to CN (0N,Σ); expectation of
function g(·) of random variable x is denoted by E[g(x)].

II. SYSTEM MODEL

A. Channel Model

A source-destination link is assisted by an array of M
tags/RIS elements. The following large-scale channel path-
loss model is adopted [40]:

LX ∝ *
,

λ

4πdX
0

+
-

2
*
,

dX
0

dX
+
-

vX

, (1)

where X ∈ {SD, STm,TmD} denotes the source-to-destination,
source-to-tag m and tag m-to-destination, respectively; λ is
the carrier wavelength, dX

0 is a reference distance, vX is the
path-loss exponent and dX is the distance for link X.

Flat fading is assumed; complex channel coefficients hSD,
hSTm and hTmD denote the baseband channel coefficients for
the source-destination, source-tag and tag-reader link, respec-
tively. Due to strong line-of-sight (LoS) signals present in the
problem, small-scale Rice flat fading channel model [40] is
mainly adopted:1

hTmD ∼ CN *
,

√
κTmD

κTmD + 1
σTmD,

σ2
TmD

κTmD + 1
+
-
, (2)

1The complex channel is the superposition of
√

κTmD
κTmD+1 σTmD e jθ +

CN

(
0,

σ2
TmD

κTmD+1

)
with random θ.

where hTmD
4
= |hTmD | e−jφTmD , kTmD is the power ratio

between the deterministic LoS component and the scattering
components and E[|hTmD |

2] = σ2
hTmD

is the average power
of the scattering components. For link budget normalization
purposes, σ2

hTmD
= 1 will be also assumed (other values

could be easily accommodated into the large-scale, average
coefficients). Similar notation and assumptions hold for hSTm ,
m ∈ {1, 2, . . . , M } and hSD. It is noted that for κ = 0, Rice is
simplified to Rayleigh fading.

Quasi-static block fading is assumed, i.e., the channel
remains constant for Lc (source-destination link) symbols
and changes independently between channel coherence time
periods. Channel coefficients hSD, {hSTm }, {hTmD}, m ∈

{1, 2, . . . , M } are assumed independent in the numerical results.
Furthermore, the following notation is also adopted:

hm = hSTm hTmD = |hSTm hTmD | e−jφm,m ∈ {1, 2, . . . , M },

h0 = hSD,m = 0. (3)

B. Signal Model

The baseband source message c(t) is given by:

c(t) =
√

2P m(t) (4)

where E[|m(t) |2] = 1. Different normalization could be
incorporated into the large-scale coefficients. The baseband
complex equivalent of the scattered waveform from tag m
follows [5]:

um(t) =
√
η LSTm [As − Γm(t)] hSTm c(t), (5)

Γm(t) ∈ {Γ1, Γ2, . . . , ΓK }, (6)

where Γm(t) stands for the modified (complex) reflection
coefficient for tag m, assuming that the tag can terminate its
antenna between K loads and η models the (limited) tag power
scattering efficiency. It is noted that for passive (amplification-
free) tags, |Γk | ≤ 1, while for commercial RFID tags, K = 2.
Parameter As stands for the load-independent structural mode
that solely depends on tag’s antenna [41], commonly over-
looked in the literature; As = 1 only for minimum scattering
antennas, i.e., antennas that do not reflect anything when
terminated at open (i.e., infinite) load, corresponding to unit
reflection coefficient (and in that case As − Γ = 0).

The received demodulated complex baseband signal at the
destination is given by the superposition of the source and
all tags’ backscattered signals propagated through wireless
channels hSD and {hTmD}, respectively:

y(t) =
√

LSD hSD c(t) +
M∑
m=1

√
LTmD hTmD um(t) + n(t)

=
√

LSD hSD c(t) + n(t)

+

M∑
m=1

√
η LSTmLTmD hSTm hTmD [As − Γm(t)] c(t)

=
√

2P


√
g0 h0 +

M∑
m=1

√
gm hmYm(t)


m(t) + n(t), (7)
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where n(t) is the thermal noise at the receiver and

g0 = LSD, (8)

gm = η LSTmLTmD E
[
|As − Γm(t) |2

]
, (9)

Ym(t) =
As − Γm(t)√

E
[
|As − Γm(t) |2

] , (10)

ym [Γm(t)] 4=
√
gm hmYm(t). (11)

Notice that E[|h0 |
2] = E[|hm |

2] = E[|Ym |2] = 1
since E[|hm |

2] = E[|hSTm |
2]E[|hTmD |

2], due to the fol-
lowed assumptions. It is also noted that E

[
|As − Γm(t) |2

]
=

(1/K )
∑K

k=1 |As − Γk |
2 .

The above model is valid when coupling among the tags is
negligible, i.e., the tags are separated by distance at least equal
to λ/2. Additive thermal noise n(t) is modelled by a complex,
circularly symmetric, additive Gaussian noise process with
E[|n(t) |2] = N0B, where B stands for receiver’s bandwidth.2

III. OPTIMAL CONFIGURATION FOR MAXIMUM GAIN

RIS targets at SNR improvement, by controlling the envi-
ronment, through proper selection of the reflection coefficient
at each element. According to Eq. (7), the following instanta-
neous power maximization problem is formulated:

max
{Ym (t) }

������

√
g0 h0 +

M∑
m=1

√
gm hmYm(t)

������

2

2P (12)

⇔ max
{Ym (t) }

��������

√
g0 h0︸ ︷︷ ︸
y0

+

M∑
m=1

√
gm hmYm(t)

��������
(13)

= max
{Γm (t) }

������
y0 +

M∑
m=1

ym
[
Γm(t)

] ������
, (14)

which cannot be solved with exhaustive search, since each
RIS element (among M elements) can select among K loads,
i.e., Γm(t) ∈ {Γ1, Γ2, . . . , ΓK }, and thus, there are KM possible
load configurations. Even for K = 2 and M = 100, exhaustive
search among 2100 load configurations is not an option.

The following offers an optimal method for the above op-
timization problem, with log-linear complexity O(M log (M))
in the number M of RIS elements, instead of the exponential
(in M) complexity of exhaustive search.

The problem above is similar to noncoherent sequence
detection of orthogonally-modulated sequences, solved with
polynomial complexity in [42]. The trick is to introduce an
auxiliary scalar variable φ into the problem of Eq. (14):

max
{Γm (t) }

max
φ∈[0,2π)

<



e−jφ *
,
y0 +

M∑
m=1

ym
[
Γm(t)

]+
-



=

max
φ∈[0,2π)

max
{Γm (t) }

(
<

{
e−jφy0

}
+

M∑
m=1
<

{
e−jφym

[
Γm(t)

]} )
(15)

2N0 = kbTθ , where kb and Tθ are the Boltzmann constant and receiver
temperature, respectively.

A. K = 2 Loads

For a given point φ ∈ [0, 2π), the innermost maximization
in Eq. (15) is separable for each Γm(t) and hence, splits into
independent maximizations for any m = 1, 2, . . . , M:

Γ̂m(t) = arg max
Γm (t)∈{Γ1,Γ2 }

<
{
e−jφym [Γm(t)]

}

⇔<
{
e−jφym [Γ1]

} Γ̂m (t)=Γ1
≷

Γ̂m (t)=Γ2

<
{
e−jφym [Γ2]

}

⇔<
{
e−jφ (ym [Γ1] − ym [Γ2])

} Γ̂m (t)=Γ1
≷

Γ̂m (t)=Γ2

0

⇔ cos (φ − ym [Γ1] − ym [Γ2])
Γ̂m (t)=Γ1
≷

Γ̂m (t)=Γ2

0 (16)

Given the relation in Eq. (15), the optimal load sequence
Γ̂opt can be found by varying φ from 0 to 2π. It is further
noticed that, as φ scans [0, 2π), the decision Γ̂m(t) changes,
according to Eq. (16), only when:

cos (φ − ym [Γ1] − ym [Γ2]) = 0

⇔ φ = ±
π

2
+ ym [Γ1] − ym [Γ2] (mod 2π)︸                                            ︷︷                                            ︸

φ(1)
m ,φ(2)

m

.

Therefore, the sequence Γ̂ =
[
Γ̂1(t), Γ̂2(t), . . . , Γ̂M (t)

]T

changes only at(
φ(1)

1 , φ(2)
1 , φ(1)

2 , φ(2)
2 , · · · , φ(1)

M , φ(2)
M

)
.

For the remaining part of this section, we assume that the
above 2M points are distinct and nonzero, i.e., φ( j)

m , φ(k)
l

and φ
( j)
m , 0, for any j, k, ∈ {1, 2} and m, l ∈ {1, 2, . . . , M }

with m , l. There is a case where the above assumption does
not hold, examined in [42]. If the above points are sorted in
ascending order, i.e.,

(θ1, θ2, · · · , θ2M ) = sort
(
φ(1)

1 , φ(2)
1 , φ(1)

2 , φ(2)
2 , · · · , φ(1)

M , φ(2)
M

)
,

(17)

then the decision Γ̂ will remain constant in each one of the
2M + 1 intervals (θi, θi+1), i ∈ {0, 1, . . . , 2M }, with θ0 = 0
and θ2M+1 = 2π. The goal is the identification of the 2M + 1
sequences that correspond to these intervals,3 one of which
gives the optimal Γ̂opt, i.e., the one that offers the maximum
power; thus, the quality of each sequence is calculated with
the norm metric of Eq. (14), which explicitly includes the
direct channel h0. Based on the above, the sorting operation
in Eq. (17) is dominant in terms of computational cost, which
is O(M log M) and not 2M .

B. K > 2 Loads

The method described above can be generalized to K > 2
loads, i.e., Γm(t) belongs in {Γ1, Γ2, . . . , ΓK }. The solution is
given by selecting the largest value of <

{
e−jφym[Γk]

}
among

all k ∈ {1, 2, . . . K }, which results in testing 2M × (K − 1)

3It can be shown that the sequence at [0, θ1) is the same with the sequence
at [θ2M , 2π) and thus, 2M intervals/sequences should be identified.
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(a) (b)

Fig. 2: The 21 reflection coefficients used in the simulations.

changes of φ and as a result, same number of sequence changes
and not 2M ×

(
K
2

)
, as one would expect; the rest of the steps

are exactly the same as in K = 2. Formal proof and details
can be found in [42]. Notice that the norm metric for the
quality of each sequence must include h0. The complexity of
the algorithm is not KM , but again O(M log M) for M > K .4

Fig. 2(a) depicts K = 21 (complex) reflection coefficients,
corresponding to the 21 loads, offered through a varactor at
each tag, as experimentally tested in [44]. It can be shown that
these reflection coefficients span more than 120◦. Fig. 2(b)
shows As − Γk, k ∈ {1, 2, . . . K }, which incorporates the con-
tribution of the structural mode of each RIS element antenna,
typically overlooked in the literature; it can be seen that the
span of As − Γk in degrees is much smaller, in the order of
60◦.

IV. CHANNEL ESTIMATION OVERHEAD

It is assumed that the channel coherence time spans L
symbols and α × L is the number of symbols devoted for
pilot transmission, necessary for channel estimation, i.e., α is
the percentage of channel coherence time devoted for channel
estimation. The following expressions hold for Rayleigh and
Rice fading, for a RIS with M elements plus the direct link
(m ∈ {0, 1, 2, . . . M }).

To estimate the (M+1) channel coefficients, the linear min-
imum mean squared error (LMMSE) estimator was applied.
The aforementioned estimator is an affine transformation of
the sampled received signal y(t), i.e. ĥm = aH

m y + bm, where
am, y ∈ CNtr×1, bm ∈ C and Ntr =

α L
M+1 are the training symbols

devoted to the estimation of each hm.5 Parameters am and bm
can be computed in closed form as follows [45], [46], [47]:

am = C−1
y Cyhm, (18)

and
bm = µhm − aH

m µy, (19)

where µy
4
= E[y], Cy

4
= E[(y− µy)(y− µy)H] is the covariance

matrix of y, µhm

4
= E[hm] and Cyhm

4
= E[(y− µy)(hm− µhm )∗]

4During review and revision of this work, one of the reviewers pointed
towards [43], which however offers suboptimal gain for K > 2 loads per
element; for K = 2 loads, the algorithm there requires sorting of 2M + 2
phases [43, page 970, first column, definition of 2M + 2 arcs in [0, 2π)], and
thus obtains complexity of O(M log(M )).

5α is selected in such way so that Ntr is a positive integer.

is the cross-covariance vector between y and hm. The mean
squared estimation error of this linear estimator is given by
[45], [46], [47]:

MSE = σ2
hm
− Chmy C−1

y Cyhm, (20)

where σ2
hm

4
= E

[
(hm − E[hm]) (hm − E[hm])∗

]
≡

E
[
|hm − E[hm]|2

]
= E[|hm |

2] − |E[hm]|2 and Chmy = CH
yhm

.
It is further assumed that for any K ≥ 2 loads per RIS

element, there exist two loads that correspond to reflection
coefficient Γm(t) = 0 and Γm(t) = As . In order to estimate all
RIS coefficients, estimation of h0 is a preceding necessity. If
all tags are terminated to a load such that Γm(t) = As for all
RIS elements (m ∈ {1, 2, . . . , M }), then during channel esti-
mation phase for the direct link and (respective) pilot symbols
transmission from the source, Eq. (7) will be simplified as
follows:

y0 =
√

2Pg0 h0 m + n, (21)

where m, n ∈ CNtr×1, n is a circularly symmetric complex
Gaussian vector with independent elements and m is the
vector of the pilot symbols, which satisfies mH m = Ntr [48].
After normalizing with the noise power, Eq. (21) becomes as
follows:

ȳ0 =
√

SNR0 h0 m + n̄, (22)

where n̄ ∼ CN
(
0, INtr

)
and SNR0

4
=

2 P g0
N0 B

, from which one
can calculate the covariance matrices and derive the optimal
a0 and b0. The specific formulas will be given below.6

After estimation of h0 is completed, the estimation of hm

follows, for a specific m , 0: for Ntr training symbols, the
m-th RIS element of interest is terminated at a load such that
Γm(t) = 0 and all the rest RIS elements are terminated to
load such that Γm′ (t) = As, m′ , m, ∀m′ ∈ {1, 2, . . . , M }. The
same procedure is repeated for all RIS elements. Assuming
h0 is optimally estimated, the following relation concerning
the m-th tag follows, stemming directly from Eq. (7) with the
choice of the above reflection coefficients:

ym
4
= y−

√
2Pg0 ĥ0 m =

√
2PgmYm (Γm = 0) hm m+n, (23)

with m ∈ {1, 2, . . . M }. Eq. (23) and Eq. (21) are almost
identical; the only difference is the constant term Ym (Γm = 0),
which for m = 0 is equivalent to setting Y0 = 1. Normalizing
with the noise power in Eq. (23) yields:

ȳm =
√

SNRmYm (Γm = 0) hm m + n̄, (24)

where n̄ ∼ CN
(
0, INtr

)
and SNRm =

2 P gm

N0 B
, m ∈ {1, ..., M }.

The following lemma offers the estimation results:

Lemma 1. For both Rayleigh and Rice fading, m ∈

{0, 1, 2, . . . M }, the minimum MSE linear estimator and cor-

6It is assumed that the constant, deterministic terms, such as gm or SNRm

have been already estimated; this is practically possible for immobile scenarios
or scenarios with extended channel coherence time. In such cases, it can
be numerically shown that constants can be estimated in a straightforward
manner.
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responding MSE, for the procedure described above, is given
by:

ĥm =
σ2
hm

√
SNRmY

∗
m (Γm = 0) mH y + µhm

1 + Ntr σ
2
hm
|Ym (Γm = 0) |2 SNRm

, (25)

MSEm =
σ2
hm

1 + Ntr σ
2
hm
|Ym (Γm = 0) |2 SNRm

, (26)

where E[|hm |
2] = 1,∀m ∈ {0, 1, . . . , M } and Y0 = 1 for both

fading cases, while E[hm] 4
= µhm = 0, σ2

hm
= 1, ∀m ∈

{0, 1, . . . , M } for Rayleigh fading and E[hm] = µhm , 0,
σ2
hm

4
= E[|hm |

2] − |E[hm]|2 = 1 − |µhm |
2,∀m ∈ {0, 1, . . . , M }

for Rice fading.

Proof. Based on Eqs. (22), (24) and having in mind that
Y0 = 1, the necessary parameters in Eqs. (18), (19), (20)
are computed as follows:

Cyhm = σ
2
hm

√
SNRmYm m,

Cy = σ
2
hm
|Ym (Γm = 0) |2 SNRm m mH + INtr .

Substituting in Eqs. (18), (19), (20) and exploiting the push-
through matrix identity, offers the above expressions. �

The lemma requires Ym(t), for m , 0. This is simply given
by the following formulas:

A. K=2

Ym(t) =
As − Γm(t)√

E
[
|As − Γm(t) |2

] =




As − 0√
|As−0 |2+ |As−As |

2

1+1

, Γm = 0

As − As√
|As−0 |2+ |As−As |

2

1+1

, Γm = As

=




√
2

As

|As |
, Γm = 0

0, Γm = As .

B. K > 2 Loads

Ym(t) =
As − Γm(t)√

E
[
|As − Γm(t) |2

]

=




As − Γk√
(1/K )

∑K
k=1 |As − Γk |

2
, Γm = Γk

As − As√
(1/K )

∑K
k=1 |As − Γk |

2
, Γm = As

=




√
K (As − Γk )√∑K
k=1 |As − Γk |

2
, Γm = Γk

0 , Γm = As

V. WIRELESS BATTERYLESS IMPLEMENTATION

The RFID-based RIS is controlled by the RFID reader at
carrier frequency f2, through commands such as Select, Query
and ACK, explained below. In the commercial RFID standard
(EPC Gen2), a framed slotted Aloha (FSA) protocol is used,
so that tags backscatter one at a time, without collision. For
RIS purposes, the opposite is needed, i.e., tags must be forced
to backscatter in carefully selected groups.

0 1 2 3 4 5 6 7 8

Time (ms)

16

18

20

22

Inventory round without RN16 collision

QUERY

RN16

ACK

EPC

(a) No RN16 collision.

0 1 2 3 4 5 6 7 8

Time (ms)

16

18

20

22

Inventory round with RN16 collision

QUERY

RN16

ACK

NO EPC 
RESPONSE

(b) RN16 collision.

Fig. 3: Conventional Gen2 RFID operation from experimental
measurements: each tag responds to a Query command with
a random RN16 message; if it is correctly acknowledged, it
will respond with its EPC.

In Gen2, the reader initiates the start of a frame with a
Query command, which contains the number of slots. Ideally,
the number of slots should be equal to the number of tags to be
inventoried. If the reader advertises number of slots equal to 1,
then all tags in the vicinity of the reader will respond. That was
the approach followed in this work. Then, each tag responds
with a random 16-bit number, namely the RN16 message,
which is in principle different among the competing tags. If
the reader correctly decodes that message then it will send the
ACK command, containing the RN16 sent by the tag. Collision
detection and error detection is conducted at the reader using
the line coding the tags incorporate (FM0 or Miller).7 If the
tag is correctly acknowledged, it will reply with its ID (EPC);
the latter is typically 96−bits payload plus CRC bits. Fig. 3(a)
depicts an inventory round with an acknowledged tag, while
in Fig. 3(b) multiple tags have backscattered their RN16,
resulting to a collision; this is the case exploited in this work.

The RN16 is preceded by a 6-bit Preamble sequence, which
does not follow the line coding rules and is the same for
all tags. As a result, using the Preamble one could measure
the effect of a specific RIS configuration (where configuration
denotes the set of tags that change their reflection coefficients,
among the total number of RIS tags). Since the random 16-
bit sequence of the RN16 is different for each tag, the signal
level (or the effective channel) during RN16 could be higher
or lower than the Preamble level because only a subset of the
configuration’s tags are terminated at the same load at a given
point of time. This is shown in Fig. 4.

In the Gen2 industrial RFID standard, the Select command
(issued by the Reader) is asserting or deasserting the SL flag
of the tags. When a tag has its SL flag asserted, it responds

7The reader directs the tags about the line code they are going to use.
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with an RN16 after a Query command. The Select command
contains a mask with a specified length and starting point.
Each tag compares this mask with its corresponding EPC bits.
The Action parameter, which is a field set by the reader during
the Select command, allows the user to specify how the SL
flag will change if the mask matches the EPC of the tag. To
assert a specific tag’s SL flag without affecting the others’, the
Action parameter is set to {0, 0, 1}. To deassert all SL flags
with one Select, the Action parameter is set to {0, 0, 0} and
the mask is set to avoid corresponding to any tag.

For RIS purposes, a specific configuration is set by having
the reader issuing successive Select commands and asserting
the SL flag of the specified tags, sequentially. This is shown
in Fig. 5. First, a continuous wave (CW) energizes the tags
and then the Select commands are issued. Afterwards, we can
observe 10 inventory rounds (Query-RN16-ACK), where the
peaks are the superposition of the RN16 from the selected tags.
Finally, to advance to a new configuration, another Select is
sent but with Action parameter equal to {0, 0, 0} and a non-
matching mask to any tag.

In Fig. 6 we observe a sequence of 9 different configu-
rations. Each configuration spans 10 inventory (Query-RN16-
ACK) rounds. Different configurations offer different effective
channel and hence, different maximum signal power. Those
peaks occur at the Preamble+RN16 tag response, as explained
in Fig. 5. It is noted that the measurements were conducted
in a static indoor environment, with channel coherence time
spanning several hundreds of msec (and thus, different peaks
are due to different tag configurations and not changes in
the channel). The time between the end of the last RN16
from one configuration and the start of the first RN16 from
the next is specified as tc . More specifically, by varying
the backscatter link frequency (BLF) parameter, tc changes
accordingly. The dependence of tc in number of tags selected
at each configuration, is better explained by the following

Fig. 4: Superposition of Preamble+RN16 from multiple tags.
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Fig. 5: Reader-Tag communication during a configuration.
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Fig. 6: Power at Destination during different configurations.

equation:

tc = (µ + 1) (TSELECT + T4) + TDELAY + TPU

= (µ + 1)
(
61 ·

1
BLF

· 103 + 0.15ms
)

+ 30ms + 184 ·
1

BLF
· 103 (27)

In Eq. (27), µ is the number of activated elements/tags in a
configuration with µ Select commands asserting the SL flags
and, at the end of the configuration, one deasserting them;
TSELECT is the duration of a Select and T4 is the minimum
duration between successive reader commands; TDELAY is
a time interval at the end of the configuration where no
commands or continuous wave (CW) is transmitted by the
reader, shown in Fig. 5. This allows the tags to deassert their
SL flags and was found heuristically for the specific RFID
tags used, in the order of 30ms; backscatter-Link frequency
BLF ∈ [40 kHz, 640 kHz] was set in the experimental setup
equal to 40kHz. For time TPU, the reader sends CW prior to
the Select command to power-up the tags and set them to the
Ready state. By varying the BLF parameter, tc changes accord-
ingly. For example, if µ = 50, then tc ∈ [43 ms, 116 ms]. In
Fig. 6, tc = 116 ms. Future RIS-friendly modifications of Gen2
could further reduce this parameter. For example, parameter
TDELAY should be decreased, the Select command should be
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866 MHz

Fig. 7: Experimental setup.

reduced in size and parameter BLF should be increased as
much as possible.

The experimental setup is depicted in Fig. 7, with M = 100
commodity Alien ALN-9840 Gen2 RFID tags, separated by
dx = 10 cm and dy = 5 cm. The source-destination link oper-
ates at f1 = 870 MHz, while the software-defined radio reader
operates at f2 = 866 MHz, with zero interference among
the two channels. Modifications in the Gen2 reader software
stack from [49] were conducted to enable RIS functionality.
Two commodity USRP N200 software defined radios, each
equipped with a RFX900 daughterboard, were utilized, both
connected to a commodity laptop through a switch. One SDR
was used as the Reader that controlled the RIS tags and the
other was utilized as the destination. Source of the link was
a signal generator at 870 MHz. The antennas used at the
reader and source were circularly-polarized. It is emphasized
that Figs. 3, 4, 5, 6 are offered from the SDR receiver at the
destination.

Gen2 RFIDs are exploited as batteryless, wirelessly con-
trolled reflective elements. Each RFID label requires an im-
pinged RF power greater than its sensitivity threshold. In the
case of the utilized ALN-9840 tags, an RFID reader should
(typically) provide at least −17.8 dBm (−14.8 dBm if write
operations are required) of RF power at the location of each
tag [50].

VI. NUMERICAL RESULTS

A. Simulations

Figs. 8 and 9 are generated with typical indoor static
conditions in mind: κSTm = κTmD = κSD = κ = 8, vX = 3;
moreover, η = 10%, dX

0 = dSD = 3 m, f2 = 870 MHz,
P = 5 dBm, and 10 dB relative end-2-end antenna gain for
the backscattered links compared to direct link, assuming that
the source and destination antennas point towards the RIS,
assisting its operation.

Fig. 8 offers the average power improvement due to RIS and
direct link operation, compared to direct link communication
only (without RIS). Several instances of the channels are
generated, optimal configuration is found, for K = 2 or
K = 21 loads per element and M = 100 RIS elements,
based on the analysis of Section III and the average power
improvement is reported. The SD link is parallel to RIS and

1 2 3 4 5

Distance from surface (m)

-1

0

1

2

3

4

5

6

7

8

9

A
v
er

ag
e 

P
o
w

er
 I

m
p
ro

v
em

en
t 

(d
B

)

        Average Power Improvement vs Distance

Between RIS and Link (M=100,LoS)

Best Config. (2-loads)

Random Config. (2-loads)

Best Config. (21-loads)

Random Config. (21-loads)

1.1 1.2
6

6.7

8

Fig. 8: Average Power Gain; tags’ spacing dx = dy =
λ
2 .

1000 2000 3000 4000 5000 6000

M (number of elements)

0

5

10

15

20

25

30

35

A
v

g
. 

P
o

w
er

 I
m

p
ro

v
em

en
t 

(d
B

)

(a) (b)

Fig. 9: Average power improvement (dB) vs number of RIS
elements M .

distance from surface (dRIS−SD) is varied. It is noted that
exhaustive search among KM = 2100 or 21100 configurations
among RIS elements is practically impossible; however, results
are offered based on the optimal gain discovery algorithm
of Section III. It is observed that as the distance of the SD
link from RIS increases, performance gains of optimal RIS
operation decrease. That is due to the fact that backscattered
links (through RIS) become weaker, as the distance of the
SD link from the surface increases. This finding suggests
that amplification at each RIS element (i.e., |Γk | > 1), i.e.,
active rather than passive RIS operation is needed; it is also
important to carefully model the wireless channel, as well
as the backscattering operation. Moreover, it is observed that
using K = 21 loads for each element, despite the small
angle span of the induced backscattered signals (explained in
Sec. III-B), offers power gain in the order of 1.3 additional
dB only, compared to K = 2. Perfect CSI is assumed in this
figure, as well as in next Fig. 9 and Fig. 10; impact of CSI
estimation is studied subsequently.

Fig. 9 offers average power improvement as a function
of M , for two setups: Fig. 9(a) sets dx = 0.1 m < λ/2
and dy = 0.05 m < λ/2 (setup (a)), while Fig. 9(b) sets
spacing between adjacent tags equal to λ/2 = 0.172 m
(setup (b)). For both setups, dSD = 3 m, dRIS−SD = 1 m,
while setup (a) ignores possible coupling between adjacent
tags. It is found that performance in setup (b) reaches a
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Fig. 10: Comparison of the proposed algorithm (“Best Con-
fig.”) vs a majority voting algorithm [38].

plateau with a faster rate than in (a), as a consequence of the
larger element spacing. This finding suggests that even with
perfect channel estimation, the weak nature of backscattered
links limits the performance gains, even for large number of
tags/RIS elements, in the order of M = 6000.

Fig. 10 shows a comparison of the average power im-
provement of the proposed algorithm versus a majority voting
algorithm for K = 2 loads per RIS element, proposed in [38].
The distances are dRIS−SD = 1 m, dSD = 3 m and the element
spacing is dx = λ/2 and dy = λ/2. Also, the transmission
power is P = 20 dBm, η = 10% and κ = 8. The algorithm in
[38] is feedback-based and uses Kr feedback measurements
to decide which elements contribute constructively. Fig. 10
offers three cases: 1st case with Kr =

⌈ 3(M+1)
2

⌉
, 2nd case

with Kr = M + 1 and 3rd case with Kr =
⌈

M+1
2

⌉
, where

M is the number of RIS elements. Parameter Kr was chosen
proportionally to the total number of channels M + 1, with
the underlying assumption that estimation of all channel
coefficients in this work incurs a time overhead similar to the
Kr feedback measurements. Fig. 10 shows that the proposed
algorithm has a greater average power improvement for K = 2
loads. Also, it can further enhance its performance by using
tags with K > 2 loads. In addition, the algorithm in [38] has
a complexity of O(MKr ) and it is required that Kr ≥ M ,
so that a well-determined problem is crafted. The proposed
algorithm is computationally more efficient, given that it has
a complexity of O(M log M) compared to O(MKr ), while it
can efficiently find the optimal configuration even for K > 2
loads per RIS element. A specific example with K = 21 loads
for the proposed algorithm is also depicted.

It is noted that both Figs. 9, 10 demonstrate that a quadratic
scaling law of M2 for the beamforming gain is not in place.
This is not surprising, since as the number M of RIS elements
increases, the distance of certain RIS elements from source or
destination (of the SD link) also increases and hence, their
contribution to the aggregate signal diminishes. The quadratic
scaling law is valid only when the signal amplitude from each
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Fig. 11: Proposed algorithm (“Best Config.”) vs suboptimal
methods.

contributing element remains constant, as M increases, which
is clearly not the case in realistic setups.

Fig. 11 presents a comparison between the proposed al-
gorithm and state-of-the-art methods [38], [51], [52]. Alter-
native optimization (AO) with semi-definite relaxation-based
initialization or random initialization are tested [51], [52];
with such AO, each element’s estimated load is determined
in an iterative manner, solving for each element separately,
while fixing all the other elements’ loads. Proper initialization
of the elements’ phase shifts is required. AO Random Init.
depicts the performance of the AO algorithm with random
initialization and the AO SDR Init. with quantization of the
continuous phases obtained from [51], to the nearest discrete
loads’ phases. Perfect CSI is assumed with κ = 3, vX = 3;
moreover, η = 10%, dX

0 = dSD = 3 m, f2 = 870 MHz,
P = 5 dBm, and 20 dB relative end-2-end antenna gain for
the backscattered links compared to direct link. Also, for the
RFocus algorithm Kr = M + 1. All the algorithms depicted
are for K = 2 loads of constant amplitude and difference in
phase equal to π.

Based on Fig. 11 it is observed that the proposed algorithm
outperforms both AO schemes and RFocus and provides the
optimal solution. Furthermore, the SDR problem that initiates
the loads of the AO SDR Init. has significant computational
complexity in the number M of RIS elements of at least
O(M3.5) due to the utilized semi-definite relaxation, which is
prohibitive for large intelligent surfaces (i.e., large M). That
is why the figure is limited to a relatively small M , up to
M = 132. In sharp contrast, the proposed algorithm conve-
niently scales up to a large number of elements M , in the order
of hundreds to thousands, due to its attractive O(M log(M))
computational complexity. Additionally, the formulation of
[51] and [52] assumes a common constant amplitude reflection
coefficient across all elements, which may not be the case
in practical RIS designs and implementations. The proposed
scheme is more general, since it can accommodate any set of
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spacing: λ
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reflection coefficients, not necessarily of common amplitude.
Fig. 12 illustrates the LMMSE estimator’s performance vs

M (setup (a)) and vs percentage α of training symbols for
channel estimation compared to the total number of symbols
per coherence time (setup (b)). For both setups, dSD = 15 m,
dRIS−SD = 8 m, P = 20 dBm, η = 10%, dX

0 = 3 m and vX = 3,
while κ = 15 for Rice fading. Both figures demonstrate that
simulation matches analysis results. As expected, an increase
of M leads to an increased MMSE for fixed α, due to the
corresponding reduction of training symbols available for the
estimation of each hm, ∀m ∈ {0, 1, , . . . , M }. In addition, the
Rice fading case outperforms the Rayleigh one, as a result of
the inclusion of a much more powerful and deterministic LoS
component in the Rice scenario, which leads to a significantly
smaller variance regarding the values of hm. Subsequently,
after a few thousand RIS elements, the MMSE remains fixed
at 10−1 in the Rice case. On the other hand, it is evident that
as α increases the MMSE is reduced, while the differentiation
between Rice and Rayleigh is prominent.

Fig. 13 depicts the optimal gain algorithm’s performance,
taking also into account CSI estimation, with Rice fading;
various values of transmission power P and power ratio κ

Fig. 14: Received signal strength at the destination: construc-
tive vs destructive RIS impact.

are tested. The case of perfect (ideal) CSI estimation is also
depicted, for comparison. For this setup it is assumed that
dSD = 15 m, dRIS−SD = 8 m, vX = 3, dX

0 = 3 m and
η = 10%. Since estimation error is inextricably related to
SNRm (where SNRm ∝ P), it is observed that for P = 0
dBm and κ = 2, the performance of the proposed algorithm
drops, leading to a 2 dB difference compared to the ideal CSI
case. The effect is even more evident when it is combined
with a weak LoS, i.e. κ = 1, which yields a gain loss in
the order of 3dB. It is further noted that these results assume
α = 1%, which corresponds to a number of training symbols
equal to 24 × 105, assuming channel coherence time equal
to 100 msec and QPSK modulation at 48 Mbps. In less
static, more mobile setups, where channel coherence time is
much smaller, allocating such number of training symbols for
channel estimation may not be a practical option.

B. Experiments with the Wireless, Batteryless Testbed

For the purposes of channel estimation, the reflective ele-
ments are required to terminate their antenna at loads attaining
the values of As and 0 (as described in Sec. IV). Unfortunately,
the commercial RFIDs we utilized as RIS elements do not
support Γ = As . In addition, the exact loads of the RFID tag
are not readily available. Thus, a different validation approach
was adopted.

Fig. 14 offers the received power at the destination, oper-
ating @ 870 MHz, with the setup of Fig. 7 for two different
configurations. With the reader on (@ 866 MHz), both the
RIS and the SD link contribute to the received power (@
870 MHz). With the reader switched off, the received power
at the destination is measured and depicted. Clearly, one
configuration offers constructive and another destructive RIS
operation. The source-RIS distance was denoted as dRIS−S and
the destination-RIS as dRIS−D, measured from the RIS center;
these parameters are the same as in Fig. 15.

Fig. 15 shows the maximum power improvement achieved
as a function of number of configurations tested, for variable
number of activated tags (denoted by µ). The setup corre-
sponds to dRIS−S = 2.4 m, dRIS−D = 1 m and dSD = 2.1 m.
For a given configuration and µ, the value reported is over
five repetitions. Increasing the number of configurations tested
results to an increased maximum power value, on par with the
simulation results. It is noted that the relatively small number
of RIS elements/RFID tags tested, can only offer a small power
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Fig. 15: Maximum power improvement vs Number of config-
urations tested for several µ.

TABLE I: Switching frequencies utilized by the backscattering
tags.

Position

dX (m)

dSD dRIS−S dRIS−D

1 2.10 3.22 1.09
2 2.24 3.18 1.09
3 3.25 4.02 1.09

improvement. Also, when µ is increased, the maximum gain
is increased for a given number of configurations.

Fig. 17 offers the maximum power gain improvement,
measured for three different source positions, over 1000
random configurations. For these experiments, a new RIS
was established, consisting of M = 256 tags with dx = 5.25
cm and dy = 5 cm. The experiment was repeated for µ =
{64, 128, 192} and for P = {0, 10} dBm. The rest of the setup
is kept static. Also, to reduce the amount of interference at
the destination link, the reader was moved to 920 MHz. The
individual distances for the three different source positions
tested are listed in Table I and a schematic of the setup is
depicted in Fig. 16. Results of these experiments are offered
in Fig. 17.

Fig. 17 shows that the maximum gain improvement is highly
associated with the position of the source link, since position
2 has the maximum gain for each value of µ. This leads
to the conclusion that the channels have a dominant effect
on the RIS operation and can either enhance or limit its
performance. Also, increasing the number of effective tags
µ is systematically improving the RIS performance, which
shows that future applications should incorporate a higher
number of tags (order of thousands) to achieve maximum
gains. Additionally, varying the transmission power of the
source P did not show any dramatic effect on the operation
of the RIS.

RIS 
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@870 MHz

Reader 

@920 MHz

1
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Di erent positions for Source (@870 MHz)

*
* *
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0.5

0
Scale (m)

Fig. 16: Top view of the setup of Fig. 17.

Positions Positions

Fig. 17: Maximum power improvement for various positions
and µ values (P = {0, 10} dBm).

VII. CONCLUSION

It was shown that it is possible to find the optimal RIS ele-
ment configuration with complexity of O(M log M), offering
theory and results for large number M of RIS elements, in
the order of thousands; in the latter case, complexity KM of
exhaustive search is prohibitive for any similar analysis. Com-
parison with prior art configuration also reveals the benefits
of the proposed technique. It was also found that the passive
nature of RIS, i.e., lack of amplification, limits the benefits,
even for extended number of RIS elements. Channel estimation
with LMMSE estimator is effective, provided that there are
sufficient number of training/pilots symbols to estimate the
compound channel for each of the M +1 channel coefficients.
For static environments with relatively long channel coherence
time, that is possible; however, for mobile environments, such
requirement may not be easy to satisfy. A wireless and battery-
less testbed, designed with RFID tags was also demonstrated,
pointing to the necessary modifications required, in order to
wirelessly control the RFID tag/RIS elements. Future work
could exploit findings of this work to offer a specialized
protocol for more efficient wireless and batteryless RIS, using
RFID and backscatter radio technology.
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