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Abstract—The aim of this work is to examine the efficacy
of wireless energy harvesting for autonomous reconfigurable
intelligent surfaces that is performed either at millimeter wave
or the lower THz bands. Towards this, we first consider an
architecture in which a subset of unit cells is dedicated to energy
harvesting and the rest to information transmission to a receiver
through reflection. Subsequently, we compute the RIS energy
consumption per frame according to the considered channel-
estimation protocol. Based on it, we formulate an optimization
problem that has as aim the maximization of the average rate
under the constraint of meeting the RIS long-term energy con-
sumption demands and provide its closed-form solution. Finally,
numerical results are provided that target the performance
comparison between the RIS-assisted links operating at the 28
GHz and 140 GHz bands. They reveal that the energy harvesting
becomes more effective at the 140 GHz band, owing to the larger
amount of unit cells that can be accommodated onto the same
physical space.

Index Terms—Reconfigurable intelligent surfaces, autonomous
operation, wireless energy harvesting.

I. INTRODUCTION

A. Background

To counteract the blockage bottleneck of high-frequency
bands in forthcoming 6G networks, such as the millimeter-
wave (mmWave) and terahertz (THz) bands, in a cost-efficient
and low-energy consumption manner, the paradigm of re-
configurable intelligent surfaces (RISs) has been introduced
the last years [1], [2]. The impedance of the unit cells
(UCs) comprising such artificial structures can be properly
tuned through semiconductor components, such as positive-
intrinsic-negative (PIN) diodes, field-effect transistors (FETs),
and radio-frequency microelectromechanical systems (RF-
MEMS). This, in turn, allows the alteration of the amplitude
and phase response to an impinging electromagnetic wave [3].
More specifically, the following different functionalities can be
achieved: beam steering toward a desired angular direction or
toward a desired point, beam splitting, and absorption. In terms
of energy consumption, an amount of energy is consumed for
their reconfigurability, but it is arguably significantly lower
than the corresponding one of active nodes, since they do
not require power amplifiers for their operation. This has led
to the characterization of RISs as nearly passive structures
[4]. This raises the question of whether RISs could operate
autonomously by harvesting energy from wireless signals.
Such a breakthrough has been suggested as a possibility for
the so-called integrated architecture in which ultra low-power

microcontrollers can be embedded onto an RIS structure for
receiving wirelessly the reconfiguration commands and prop-
erly adjusting the impedance of the UCs [5–7]. In addition,
few recent works have started incorporating the feature of
autonomy [8–12].

B. Motivation, novelty, and contribution

As mentioned, RISs are more suitable to be deployed
under mmWave or THz communication links since higher
frequencies are more susceptible to blockage effects than their
sub-6 GHz counterparts. On the other hand, such bands would
at first seem less effective for power transmission to an RIS
due to their increased free-space loss. However, such a rational
does not take into account the higher gain of the antennas at
the transmit end and also of the RIS since the number of
radiating elements that can be accommodated onto the same
physical space increases with frequency. Due to this, our goal
in this work is to examine whether for increasing frequency
of operation the supply of the energy needs of an autonomous
RIS through energy harvesting of information signals becomes
less effective. Based on this, our contribution is summarized
as follows:

• We propose an energy harvesting protocol in which a
subset of UCs is dedicated to energy harvesting and the
rest for information transmission to an intended receiver
through beamsteering. Furthermore, in contrast to previ-
ous works on autonomous RISs, the proposed protocol
incorporates the channel estimation phase. Based on it,
we prove that the RIS energy consumption that originates
from channel estimation is substantially higher than the
one required for adjusting the impedance of the UCs for
information transmission.

• In contrast to previous works on autonomous RISs that
consider subset allocation based on instantaneous channel
estimates, in this work we consider a low-complexity
offline scheme based on long-term statistics. Based on
it, we provide the closed-form solution for the optimal
number of UCs to be allocated to either energy harvesting
or information transmission.

• Finally, as a case study for examining the efficacy of
RIS wireless energy harvesting as the carrier frequency
increases, we provide numerical results for the 28 GHz
mmWave band and the 140 GHz lower THz band.
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Fig. 1: Scenario.

The rest of this manuscript is structured as follows. In
Section II, the system and channel models are presented
together with the considered channel estimation protocol
and the resulting RIS energy consumption per frame,
according to the assumed power-consumption model. In
Section III, we compute at first the harvested energy
per transmission frame. Subsequently, we introduce the
proposed energy harvesting architecture and, finally, we
compute the end-to-end instantaneous SNR and achiev-
able rate. In Section IV, the formulation of the problem of
interest is presented together with its solution. Based on
the analysis, numerical results are presented in Section V
that examine the efficacy of wirelessly powering an
RIS for increasing carrier frequency. Finally, the main
takeaways of this work are summarized in Section VI.

II. SYSTEM, CHANNEL, AND RIS POWER-CONSUMPTION
MODELS

A. System model
As illustrated in Fig. 1, we consider a scenario in which a

directional transmitter (TX) of gain Gt communicates with a
directional receiver (RX) of gain Gr through an RIS located
in the far-field of both the TX and RX. The TX-RIS link, of
distance dt m, and RIS-RX link, of distance dr m, constitute
an alternative path to the direct TX-RX link that is assumed
to be blocked. The RIS is a rectangular uniform planar array
consisting of Ms = Mx × My UCs of size dx × dy . Mx

(My) and dx (dy) denote the number of UCs and their length
in the x-axis (y-axis), respectively. In addition, we assume
that the RIS is not equipped with an external power supply,
but it relies on energy harvesting from the incoming power
related to the information transmission of the TX. Through
this harvested energy it can achieve autonomous operation.
Finally, the transmission power from TX is equal to Pt.

B. Channel model
We assume a flat-fading channel model1 where the complex

envelope channel vectors of the TX-RIS and RIS-RX links
denoted by ht and hr, are given by

ht = [ht1 · · · htMs ]
T , hr = [hr1 · · · hrMs ]

T , (1)

1Such an assumption would approximately hold for highly directional
mmWave and THz transmissions that would result in small delay spreads
and, hence, large coherence bandwidths.

where the UCs can be indexed arbitrarily. These vectors
describe the joint effect of antenna gains, geometric pathloss,
and multipath fading (i.e., the combination of small-scale and
large-scale fading). In addition, we consider a block-fading
model where the channel vectors are fixed within fixed-size
time intervals, but change abruptly between intervals.

C. Channel-estimation protocol

Since an RIS does not include active RF chains and base-
band units, intuitively only the cascaded TX-RIS-RX channel
can be estimated either at the TX or RX. However, there
are few works that consider extraction of knowledge of the
separate ht and hr links [13–15]. The particular channel-
estimation protocol to be followed has a direct impact on
the power consumption of the RIS since in general, as the
aforementioned works show, the effective channel estimation
of the TX-RIS and RIS-RX links requires continuous recon-
figuration of the RIS during the training period. Hence, the
RIS needs reconfiguration not only when the quality of the
links changes, but also for channel estimation. As a result, the
higher the overhead for channel estimation is, the higher the
RIS energy consumption is expected to be. To indicatively sub-
stantiate such power consumption requirements, in this work
we consider the approach presented in [13] that is suitable
for rank-deficient (sparse) TX-RIS and RIS-RX channels, as
it is the case with mmWave and THz channels. By assuming
that the preamble duration used for channel estimation is Npr

time slots and the pilot symbols sent by the TX are denoted
by x [t], t = 1, 2, ..., Npr, for the received samples at the RX
during the preamble it holds that

y [t] = hr (s [t]� (htx [t])) + w [t] , t = 1, 2, ..., Npr, (2)

where w [t] ∼ CN
(
0, σ2

)
is the additive white Gaussian noise

at the receiver and

s [t] =
[
s1,te

jθ1,t · · · sMs,te
jθMs,t

]
(3)

is the phase shift vector of the RIS with sn,t ∈ {0, 1}. In
addition, the RX has knowledge of both x [t] and s [t] during
the preamble phase. As described in [13], sn,t can be generated
independently from a Bernoulli process with probability µ of
taking the value 1 and the phases θn,t can take any value
without affecting the effectiveness of the protocol. Hence,
according to the law of large numbers, for a sufficiently large
value of Npr the number of 0’s and 1’s for each sn in the
preamble are equal to (1− µ)Npr and µNpr, respectively.
Normally, the recovery of the TX-RIS and RIS-RX links is
more effective for low values of µ, as mentioned in [13], which
means that the ’Off’ states (0 value) of sn would be notably
higher than the ’On’ states (1 value) during the preamble.
Based on this, in the worst-case scenario the number of state
changes for each sn during the training period is equal to
twice the number of its ’on’ states, i.e. 2µNpr. In addition,
after the training period an additional reconfiguration of the
RIS is needed where the impedance of the UCs is adjusted
based on the channel estimates. Hence, the upper bound of
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the total amount of reconfigurations for the Ms UCs, which
we denote by N tot

rec , is given by

N tot
rec = NCE

rec +N IT
rec =Ms (2µNpr + 1) , (4)

where NCE
rec and N IT

rec denote the number of reconfigurations
needed for the channel estimation (upper bound) and informa-
tion transmission phases, respectively. They are given by

NCE
rec = 2MsµNpr

N IT
rec =Ms.

(5)

Hence, for typical values of Npr required for reliable channel
estimation2 it holds that NCE

rec >> N IT
rec.

Moreover, in order to separate our work from imperfect
channel estimation, which is out of scope, we assume that the
preamble sequence length is sufficient so that the TX-RIS and
RIS-RX links are perfectly estimated at the TX or RX.

Remark 1: We remark that with the proposed channel
estimation protocol and methodology the amount of UC re-
configurations needed becomes independent of how fast the
TX-RIS and RIS-RX links change, as long as they remain the
same within one frame. Such an assumption of dedicated time
slots for channel estimation is consistent with the operational
principle of common communication protocols, such as Long
Term Evolution [16].

D. RIS power-consumption model and total energy consump-
tion per frame

1) RIS power-consumption model: To evaluate the total RIS
power consumption per frame, we first need to identify the
main RIS power-consuming modules, namely i) impedance-
adjusting semiconductor components, ii) control network, and
iii) rectifier. In this work, we consider the integrated archi-
tecture in which the control network consists of a network
of communicating chips, one per UC. Both the impedance-
adjusting semiconductor components and control chips exhibit
a static and a dynamic power consumption. The latter power
consumption is related to the charging and discharging of their
internal capacitors during the reconfiguration phases.

Finally, for the RF-to-DC power conversion that is needed
to power the electronic modules of the RIS, a passive rectifier
circuit follows an RF combiner that combines the absorbed
RF powers related to each UC.

2) RIS energy consumption per frame: Let us now evaluate
the RIS energy consumption per frame, denoted by Efr

tot. It
holds that [17, Eq. (4.5)]

Efr
tot = Efr

st + Efr
dyn, (6)

where Efr
st and Efr

dyn denote the static and dynamic RIS
energy consumption. The latter incorporates the consumption
arising from both the control chips and impedance-adjusting
semiconductor components.

Regarding Efr
st, under the assumption of one control chip

and one impedance-adjusting semiconductor component per

2In [13] the authors show that Npr should be in the order of hundreds of
time slots to achieve sufficiently accurate channel estimation.

UC, it is expected to scale linearly with the number of unit
cells. Hence, if the total number of time slots per frame is Nfr,
their duration is Tsl, and the static power consumption is Pst,
it holds

Efr
st =MsNfrTslPst. (7)

As far as Efr
dyn is concerned, based on (4) and denoting that

the energy cost for a UC reconfiguration by EUC, the upper
bound on Efr

dyn per frame is

Efr
dyn = N tot

recEUC = ECE
rec + EIT

rec =Ms (2µNpr + 1)EUC,
(8)

where ECE
rec = 2MsλNprEUC is the upper bound on the RIS

energy consumption per frame related to channel estimation
and EIT

rec = MsEUC is the RIS energy consumption per
frame related to reconfiguration for information transmission
based on the channel estimates. Hence, based on the reasoning
presented in Section II-C it holds ECE

rec >> EIT
rec, which

means that the RIS energy consumption related to channel
estimation is expected to be much larger than the required
one for reconfiguration for information transmission. Based
on (7) and (8), it holds

Efr
tot =Ms (NfrTslPst + (2µNpr + 1)EUC) . (9)

III. HARVESTED ENERGY PER FRAME AND PROPOSED
ARCHITECTURES

A. Harvested energy per frame

Let us denote the set of the UCs used for energy harvesting
(the same for each frame) by Ah and the set of all the UCs
by As, i.e.

As = {1, 2, ...,Ms} . (10)

Consequently, it holds that Ah ⊆ As. In addition, we denote
the set of the UCs dedicated for reflection by Ar. As a result,
Ar is the orthogonal complement of Ar, i.e. Ar = ACh .
Finally, the number of UCs in Ah and Ar is denoted by Mh

and Mr, respectively. Hence, Mh +Mr =Ms.
As far as the DC harvested power is concerned at a time

slot of the nth frame dedicated for energy harvesting, which
we denote by PDC (Ah), it holds [18]

PDC (Ah) =
Pmax

1+e−a(PRF(Ah)−b)
− Pmax

1+eab

1− 1
1+eab

, (11)

where PRF (Ah) is the harvested RF power that is inputted
to the rectifier and Pmax is a constant denoting the maximum
harvested power when the harvesting circuit at the rectifier is
saturated. In addition, a and b are circuit-specific parameters,
which are related to the resistance, capacitance, and turn-on
voltage of the diode used for rectification.

Regarding PRF (Ah), it is given by

PRF (Ah) = ηRFPt
∑
i∈Ah

|hti |
2
, (12)
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Fig. 2: Frame structure.

Fig. 3: RIS functionality during the preamble and payload transmis-
sion intervals.

where ηRF ∈ (0, 1] denotes the efficiency of combining the
individual harvested powers from each UC.

Finally, by denoting the number of time slots (the same for
each frame) dedicated for energy harvesting by Nh and the
amount of the respective harvested energy by Eh, it holds

Eh = PDC (Ah)NhTsl. (13)

B. Architecture

The frame structure is depicted in Fig. 2. After the preamble
transmission used for channel estimation, simultaneous wire-
less power transfer and information transmission is realized
by dedicating a subset of UCs for energy harvesting through
perfect absorption and the rest for information transmission
by acting as perfect reflectors and focusing towards the RX.
Illustratively, the functionality of the RIS for each of the 2
involved time intervals of a frame is depicted in Fig. 3.

In addition, it holds

Nfr = Npr +Npl. (14)

C. Instantaneous end-to-end SNR and rate

1) SNR: The instantaneous end-to-end SNR related to the
information transmission, denoted by γ, can be obtained by

following the standard approach as [19]

γ =
Pt
σ2

(∑
k∈Ar

|htk | |hrk |

)2

, (15)

where σ2 = −174 + 10 log10 (W ) +FdB is the noise level at
the receiver with W being the bandwidth and FdB the noise
figure at the receiver in dB.

2) Rate: Based on (15), the instantaneous rate, denoted by
R, is given by

R =
Npl

Nfr
W log2

1 +
Pt
σ2

(∑
k∈Ar

|htk | |hrk |

)2
 , (16)

IV. PROBLEM FORMULATION AND SOLUTION

Let us present Lemma 1 before proceeding with the problem
formulation.

Lemma 1: Let us consider a sufficiently large number of
frames, denoted by K. Then, for the total amount of energy
harvested in the particular duration, which we denote by
E1→K , it holds

E1→K =

K∑
n=1

Eh = (Nfr −Npr)Tsl

K∑
n=1

PDC (Ah) (17)

∼= (Nfr −Npr)TslKE {PDC (Ah)} , (18)

where E {·} denotes average value.
Proof : The proof of Lemma 1 follows by considering that
Nh = Nfr − Npr and

∑K
n=1 PDC (Ah) ∼= KE {PDC (Ah)}

due to the law of large numbers for sufficiently large K.
The problem formulation concerning the maximization of

the average rate in the duration of the K frames is as follows:
Average rate maximization:

maximize
Mr

E(K) {R (Mr)}
subject to E1→K ≥ KEfr

tot,
(19)

where E(K) {·} denotes the average value for the K frame
duration. It holds

E(K) {R (Mr)}
(α)∼= E {R (Mr)}
(b)
=
Npl

Nfr
W log2 (e)

∫ ∞
0

1− FγMr (x)
1 + x

dx,

(20)

where in (α) we use the law of large numbers for sufficiently
large K and in (b) we use (16) and [20, Eq. (38)]. FγMs (x)
denotes the CDF of γ.

Based on (11), (12), and (16), (20) can be rewritten as

maximize
Mr

∫∞
0

1−FγMr (x)
1+x dx

subject to Q (Mh) ≥
(
1− 1

1+eab

)
Efr

tot

(Nfr−Npr)Tsl
+ Pmax

1+eab
,

(21)

where

Q (Mh) =

∫ ∞
0

Pmax

1 + e−a(ηRFPtx−b)
f|htMh |

(x) dx. (22)
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f|htMh |
(x) is the pdf of

∑Mh

i=1 |hti |
2 and F|htMr ||hrMr | (x) is

the CDF of
(∑Mr

k=1 |htk | |hrk |
)2

.
Proposition 1: The solution of (21), denoted by M∗r , is given

by M∗r =Ms −M∗h , where

M∗h =

⌈
Q−1

((
1− 1

1 + eab

)
Efr

tot

(Nfr −Npr)Tsl
+

Pmax

1 + eab

)⌉
(23)

and M∗r =Ms −M∗h .
Proof : The proof of Proposition 1 follows by considering that
(21) is solved by the Mh value, denoted by M∗h , that gives
the equality in the constraint.

V. NUMERICAL RESULTS

The aim of this section is to leverage the analytical results
of Section IV to examine the efficacy of wireless energy
harvesting for an autonomous RIS at the 28 GHz and 140 GHz
bands. Towards this, for a fair comparison we assume that the
physical space occupied by the TX/RX antennas and the RIS
is the same in both cases. For the TX and RX antennas we
assume, without loss of generality, that consist of parabolic
reflector antennas with diameters Dt and Dr, respectively.
Hence, their maximum gains at the broadside, are given by

Gm = em

(
πDm

λ

)2

, m ∈ {t, r}, (24)

where λ is the wavelength and et, er the efficiencies of the
TX and RX antennas, respectively. Furthermore, we consider
that each UC is an electrically-small low-gain element with a
gain pattern, with respect to the azimuth angle θ, expressed as

Gs (θ) = 4cos (θ), 0 ≤ θ < π/2. (25)

This model is supported by measurements [21].
As far as the channel model is concerned, without loss of

generality we assume that it follows free-space propagation,
which would approximately hold for highly directional trans-
missions expected at mmWave and THz bands. Hence, it holds

ht =

√(
λ

4π

)2
GtGs (θinc)

d2t

[
ej

2π
λ

dt1 · · · ej
2π
λ

dtMs

]
hr =

√(
λ

4π

)2
GrGs (θdep)

d2r

[
ej

2π
λ

dr1 · · · e
j 2π
λ

drMs

]
,

(26)

where dtk , drk , k = 1, 2, ....,Ms, are the distances between
the TX and the center of the kth UC and between the center
of the kth UC and the RX, respectively. Furthermore, θinc and
θdep denote the incident angle on the RIS and departure angle
from the RIS of the propagating wave, respectively.

Let us note that atmospheric absorption that becomes promi-
nent in the THz spectrum has an approximately negligible
effect for the lower THz bands, such as the 140 GHz band
that we consider in this work [22]. This is the reason that we
have not taken it into account.

We remark that based on (24) and (26) the higher free-space
dissipation for smaller wavelengths is fully compensated by
the increase of the TX antenna gain. Hence, in the comparison

1 5 10 15 20 25 30 35 40
0

0.5

1

1.5

2

2.5

3

E
{
R
(M

∗ r
)}

EUC [pJ]

Triangle marker: Pst=0.2 µW, Square marker: Pst=1 µW

140 GHz

28 GHz

Fig. 4: E {R (M∗
r )} vs. EUC.

of the energy harvesting efficacy between the 28 GHz and 140
GHz bands, only the RIS part becomes relevant. For such a
comparison, we consider the parameter values of Table I. The
considered RIS size is 8 cm x 8 cm, which accommodates 15
and 75 UCs in each dimension for the 28 GHz and 140 GHz,
respectively. In addition, we note that with the considered dt
of 21 m, the RIS in both cases of 28 GHz and 140 GHz is
located in Fraunhofer region of the TX antenna. As far as
the results are concerned, firstly in Fig. 4 we examine how
E {R (M∗r )} varies with respect to EUC for two values of
Pst. As we observe, not only a substantially higher average
rate is achieved for the 140 GHz case, but also the range of
EUC values for which the RIS UCs are adequate to supply
its energy needs is higher. Even if we take into account that
in practical implementations circuits at 140 GHz would most
likely exhibit a higher Pst than the 28 GHz band (due to more
pronounced leakage current effects at higher frequencies), we
still observe that for 140 GHz E {R (M∗r )} in the Pst = 1 µW
case is notably higher than the corresponding one of 28 GHz
in the Pst = 0.2 µW case for a large range of EUC. Finally,
to further substantiate the benefits of a notably higher number
UCs that are accommodated in the RIS in the 140 GHz case
compared with its 28 GHz counterpart, in Fig. 5 we illustrate
how the percentage of UCs dedicated to reflection varies with
EUC. As we observe, not only this percentage is higher in the
140 GHz case, but the gap with respect to the 28 GHz case
increases as the EUC increases. In particular, we observe that
for EUC = 1 pJ the gap is around 12%, whereas it is around
18% for EUC = 10 pJ.

VI. CONCLUSIONS

We have conducted this work to give an answer on whether
wireless energy harvesting for supplying the energy needs of
an autonomous RIS is more effective at a mmWave band or a
lower THz band, in particular the 28 GHz and 140 GHz bands,
respectively. Such bands find application in various scenarios
that are related to future access networks or wireless back-
hauling. Towards this, we have first considered an architecture
that allocates a subset of UCs to energy harvesting and the rest
to information transmission. Subsequently, we have computed
the RIS energy consumption per frame and formulated an
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TABLE I: Parameter values used in the simulation.

Parameter Value Parameter Value

dx, dy λ/2 Mx, My

15 (28 GHz)
75 (140 GHz)

Pt 1 W W
125 MHz (28 GHz)

375 MHz (140 GHz)
Dt, Dr 15 cm FdB 10 dB
dt 21 m dr 100 m
Nfr 104 Npr 103

θinc 45◦ θdep 60◦

ηRF 0.5 a 120

b 10−3 Pmax 20 mW
µ 0.2 µW Tsl 1 µs
et 0.7 er 0.7

optimization problem that targets the maximization of the
average rate subject to meeting the RIS long-term energy
consumption demands and provided its closed-form solution.
They reveal that energy harvesting is more effective at the
140 GHz band, which is attributed to the larger amount of
UCs that can be accommodated onto the same physical space.
The most important outcomes are that: i) operating at 140
GHz band allows a higher range of RIS energy consumption
demands to be supplied by wireless energy harvesting and ii) a
higher percentage of UCs is dedicated to reflection in the 140
GHz case and the gap with its 28 GHz counterpart increases
as the RIS energy consumption demands increase as well.
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