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Abstract—1In this paper, we perform a performance com-
parison, in terms of achievable rate and energy efficiency,
of a reconfigurable intelligent surface (RIS)-aided next-
generation fronthaul network operating in the D band
with its relay-aided counterpart. For their energy efficiency
comparison, the insertion losses and power consumption of
the electronic components related with the deployed nodes
is taken into account. Numerical results show that the
RIS-aided network outperforms the relay-aided one, both
in terms of rate and energy efficiency, only for adequately
large RISs.

Index Terms—D band, reconfigurable intelligent sur-
faces, relays, rate, energy efficiency.

I. INTRODUCTION

Data-rate demands have been exponentially increasing over
the last years, which have made current mobile-access net-
works relying on sub-6 GHz bands, such as the Long Term
Evolution (LTE) standard, reach their limits in terms of
available bandwidth. Due to such a bottleneck, the migration
to above-6 GHz bands that allow the use of much larger band-
widths is envisioned for 5G and beyond networks. Regarding
the potential of the above-6 GHz bands for wireless commu-
nication, bands in the lower-end millimeter-wave (mmWave)
spectrum are currently used for point-to-point and point-to-
multipoint line-of-sight (LOS) wireless backhaul/fronthaul and
fixed-wireless access networks [1]. Such deployments mainly
span the 30-100 GHz range.

Furthermore, the expected migration of future mobile-access
networks to the 30-100 GHz range is inevitably going to move
the corresponding wireless backhaul/fronthaul links towards
the beyond-100 GHz bands in order to accommodate the
increased user data rates. More specifically, several vendors
have performed LOS trials in the D band that corresponds to
the 130-174.8 GHz spectrum, which showcase the feasibility
and potential of using it for wireless communication in such
networks [2]. However, although NLOS communication, as
aforementioned, is feasible in the 30-100 GHz range, the
higher propagation loss of beyond-100 GHz bands is likely
to render such communication infeasible.

With respect to the expected NLOS bottleneck of future
beyond-100 GHz wireless backhaul/fronthaul networks, the

conventional way of circumventing a NLOS link is by pro-
viding alternative LOS routes through relay nodes. Although
such an approach is a well established method to increase
the coverage in poor quality direct connections, it is argued
that it is unlikely to constitute a viable approach for very
high-frequency networks. This is due to the increased power
consumption of the active RF components in such frequencies
that would be involved in a massive network deployment
[3]. Recently, an alternative to relaying approach, which is
based on the use of reconfigurable intelligent surfaces (RISs),
was introduced for communication purposes [4]. RISs consist
of metasurfaces, which are artificial surfaces comprising a
number of sub-wavelength radiating elements, named unit
cells, embedded on a dielectric substrate with thickness much
smaller than the wavelength. According to the arrangement,
structure, and size of the unit cells, metasurfaces can perform a
variety of functions on the impinging waves, such as reflection
and refraction in directions that do not obey to the classical
Snell’s law, absorption, and polarization change. Contrary to
static metasurface designs, functionality of RISs can dynam-
ically change based on external stimuli, according to which
parameters such as the phase response and the size of the unit
cells are altered. This is enabled by switching elements, such
as PIN diodes, radio frequency (RF)-microelectromechanical
systems, and varactor diodes, that are introduced between
adjacent unit cells [4].

As far as the performance comparison of RISs with relays
is concerned, in [5] the authors show that an RIS acting
as reflector can be up to 300% more energy efficient than
an amplify-and-forward relay. However, the RF electronics
model that the authors use neither takes into account the
insertion loss of the switching elements that are used for
phase shifting, which can reach several dBs according to the
literature [6], nor the insertion loss corresponding to common
RF electronic components needed, such as power combiners
and dividers. Contrary to [5], in [7] the authors show that an
RIS needs hundred of radiating elements to outperform, in
terms of rate, a single-antenna half-duplex (HD) and decode-
and-forward relay. In addition, they show that an RIS can be
more energy efficient than the relay only for very high data
rates. Furthermore, the RF electronics model used is the same
as in [5]. Hence, the insertion loss of common RF circuitry
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Fig. 1: Network layout.

needed, such as phase shifters and power combiners and
dividers, is not included. Finally, in [8] the authors consider
only the rate comparison of an RIS with both a HD and
a full-duplex relay and show that a sufficiently large RIS
offers the same rate performance with a single-antenna relay
when the former is used for anomalous reflection instead of
beamforming/focusing.

Contribution: Motivated by the drawbacks of previous
works regarding the performance comparison of RISs with
relays, such as their conflicting outcomes, the considered
simplistic RF electronics model that does not take into account
the insertion losses of the needed RF components, and the
lack of such a comparison in a network setup, in this work
we consider a next-generation fronthaul network operating in
the D band, which consists of point-to-point fiber and wireless
links that can be either LOS or NLOS. In the latter case, the
communication is assisted by either multi-element RISs acting
as reflectors or multiple-antenna HD and amplify-and-forward
(AF) relays. Furthermore, By considering a realistic power
consumption model for the deployed nodes, we formulate
the network achievable rate and energy efficiency expressions
when the network is either RIS or relay assisted.

The rest of this work is structured as follows: In Section
II, the system model is presented, whereas in Section III
the power consumption model of the involved nodes and
the formulation of the network achievable rate and energy
efficiency are introduced. Numerical results are provided in
Section IV and, finally, Section V concludes this work.

II. SYSTEM AND POWER CONSUMPTION MODELS
A. System model

The system model assumptions are the following:

1) Network layout: The network layout is depicted in
Fig. 1. We assume a Cloud-RAN downlink fronthaul architec-
ture in which the deployed remote radio heads (RRHs), which
contain only the RF circuitry and antennas, are associated
with baseband processing units (BBUs) in which the baseband
processing is performed. As far as the RRHs are concerned, we
assume that their position and their number is described by a
uniform Poisson point process on R?, denoted by ® gry, with

intensity Agpry = 1/ (7r%py ), Where rrrp is the average
inter-RRH distance. In addition, due to the high cost of fiber-
connecting every RRH with its associated BBU, we assume
that a portion of the RRHs are connected to their respective
BBUs by wirelessly connecting to RRHs, either directly or
through an RIS or relay, that are fiber-connected to the same
BBUs. Hence, we consider that the fiber-connected RRHs are
described by the PPP process @%CI%H with intensity )\(C}% "
and the wirelessly-connected ones by the PPP process ® .7
with intensity )\%%{. Consequently, it holds that ®pry =
i U Py and Arnir = Ay + My

2) Association rule: We assume that the wirelessly-
connected RRHs are associated with their closest fiber-
connected RRH.

3) Propagation conditions: We consider that a portion of
the wireless RRH connections, which we denote by prog, is
subject to LOS conditions, whereas the remaining RRHs, with
portion pyros = 1 — pros, are subject to NLOS conditions
due to large objects, such as buildings and vehicles. For the
wireless-RRH links that are subject to NLOS conditions, the
communication is realized through 2-hop LOS links originat-
ing from RISs acting as reflectors or relays that are mounted
on neighbouring tall structures, such as buildings.

4) RIS/relay placement: Let us denote the distance between
a transmit and a receive RRH by d7,_ .. We assume that the
RIS or relay that assists the communication can be uniformly
located inside a circle with radius kKgrd7,_ rs, Where kg € R
and center the middle of dr,_Rras.

5) Relay communication principle: The communication is
realized in 2 time slots. In the first slot, only the communi-
cation between the transmit RRH and the relay is realized,
whereas the receive RRH remains silent. In the second time
slot, the relay-receive RRH communication is realized and
the transmit RRH remains silent. In addition, we assume that
the relays use the same set of antennas for transmitting and
receiving.

6) Type and gain of the RRH and relay antennas: We
assume that for transmission and reception the RRHs and
relays are equipped with half-wavelength dipole antennas that
are planarly arranged. By assuming that the efficiency of the
antenna arrays is equal to 1 and the number of antennas in
the x- and y-axis of either the RRHs or relays is equal to M,
and M, respectively, their gain G 4 is given by [9]
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7) Size and structure of the RISs: We consider that the
RISs consist of Np;g radiating elements planarly arranged. As
far as their radiation pattern is concerned, which we denote
by Grrs(w), where w is the angle measured from the RIS
broadside, due to the fact that the RIS radiating elements are
envisaged to be electrically small and of low gain, we use the
following model [10]:

2q <
GRIS(w):{ gcos (w), 0<w<m/2

pi/2<w<m ’ )

where 7 is a coefficient so that the power conservation is
satisfied and ¢ is the gain of each element. If the physical area
of the RIS is required to be equal to the sum of the effective
aperture of the radiating elements as a design requirement,
then for a distance between adjacent elements equal to half
wavelength it is proved in [10] that v = 7w and ¢ = g9 = 0.285,
which are the considered values in this work, without loss of
generality.

As far as the size of the RISs is concerned, by considering
far-field operation we assume that it is equal to agSgrs,
where ag € (0,1], and Sgrs is the size of the RIS such
that both the transmit and receive RRHs of the respective RIS-
assisted links are in the border of the near/far field region of the
RIS. By denoting the transmit RRH-RIS and the RIS-receive
RRH distances by dr,—grrs and drrs— re, respectively, from
theory it holds that [9]:

Srrs = vmin (dre—r1s, dr1S—Rz)/2, 4)

where v = ¢/ f. is the wavelength, ¢ is the speed of light,
and f,. is the carrier frequency. Considering a half-wavelength
distance between adjacent unit cells, it holds that Np;s =
Sris/ (v/2)*.

8) Access protocol: A time-division multiple access proto-
col is considered for the communication of a fiber-connected
RRH with its associated wirelessly connected RRHs.

9) Intersite interference: Due to the high directionality
needed in beyond-100 GHz networks to overcome the large
free-space path loss, we consider the network being noise-
limited.

10) Noise at the receivers: We assume that the received
signals are subject to additive white Gaussian noise. Its
spectral density in dBm, denoted by Ny, is equal to —174 +
10log,o (BW) + Fap, where Fgp is the noise figure in dB
and BW is the transmission bandwidth.

11) Shadowing and fast fading: We consider that the net-
work is not subject to shadowing and fast-fading conditions
due to the fixed position of the nodes.

12) Height RIS/relay nodes: We assume that the RIS/Relay
nodes are placed hp higher than the RRH nodes.

13) Power budget at the transmitting RRHs and relays:
We assume that the the amplification units of the transmitting
RRHs and the relays are adjusted so that both units produce
an output power that is equal to P;,.
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Fig. 3: Main RF circuitry of RISs.

14) Beamforming type: We consider that a purely analog
transmit and receive beamforming is performed at both the
RRHs and relays.

ITI. POWER CONSUMPTION MODEL, ACHIEVABLE RATE,
AND ENERGY EFFICIENCY

In this section, we first present the power consumption
model related to the RRHs, relays, and RISs. Subsequently,
we provide the mathematical formulation of the achievable
rate and energy efficiency of the wireless fronthaul network in
the RIS- and relay-assisted cases.

A. Power consumption model

Regarding the power consumption model, let us first present
the RF electronics that equip the RRHs, relays, and RISs and
consume the largest amount of power. As far as the RRHs and
relays are concerned, the RF circuitry used for transmission
and reception is depicted in Fig. 2a) and Fig. 2b), respectively.
The power combiner and divider are passive devices that
introduce insertion losses, denoted by Lo and Lp, respec-
tively. By assuming that 2-way components are used for power
combining and dividing, where each component introduces
a loss of Lgiway) and Lg*w“”, respectively, and that the
total number of antennas of either the RRHs or the relays is
equal to M, M,, it holds that Lo = [loga (M, M,)]LE™"Y)
and Lp = [loga(M,M,)|L2"""), where [] denotes the
next larger integer that is greater than x. In addition, we
assume that the phase shifters are active devices that introduce
power consumption and insertion losses denoted by Ppg and
Lpg, respectively. As far as the RISs are concerned, the only



circuitry required for their operation are the RF phase-shifters
used for modifying the phase response of each unit cell. Such
a model is depicted in Fig. 3. Without loss of generality, we
assume that the phase shifters used in RRHs, relays, and RISs
are the same. Hence, they exhibit the same power consumption
and insertion losses. Regarding the total power consumption,
we distinguish the following 3 cases:

1) Direct-link LOS communication: In the case that the
communication between the 2 RRHs is realized through a
direct LOS link, the total power consumption, which we
denote by P49 is given b

Y Lot 518 8 y

P
PO = == 4 MR MIFRID (2Pps 4 Puna),  (9)

A

where Prna is the power consumption of one low-noise
amplifier (LNA) unit, 14 is the efficiency of the power
amplifier used at the RRHs, and MQERRH) and M;RRH) are
the number of antennas in the x-axis and y-axis of the RRHs,
respectively.

2) RIS-assisted communication: In the case that the com-
munication between the RRHs is realized via an RIS, the total

. . (RIS) . .

power consumption, which we denote by P, ,"~’, is given by

P
Pt((ff’S) 77: + MREH) ]\/I(RRH> (2Pps + Prna) + NrisPps.
(6)

3) Relay-assisted communication: In the case that the com-
munication between the 2 RRHs is realized through a relay,
the total power consumption in two time slots (since the
communication is realized in two times slots due to the HD

relay constraint), which we denote by PU""'™%)  is given by

Pt(ortemy) - P, ( 1 " 1 ) 4 Ma(:RRH)My(RRH) (2Pps + Py a)
na nNr
7

+ M,Smlay)]\/[yemy) (2Pps + PLna), ®)

where ng is the efficiency of the power amplifier used at
the relays and M"Y and MY"“'*) are their number of
antennas in the x-axis and y-axis, respectively. Hence, for the
avera%{e power consumption per time slot, which we denote

P it holds that P ™) = plretan) jo.

B. Achievable rate

Regarding the achievable rate, we distinguish the two cases
of RIS-assisted and relay-assisted communication.

1) RIS-assisted communication: For the achievable rate of
the RIS-assisted communication, denoted by Rprs, it holds

Rrrs = prosRros + pnrosRyr o, )
where Rpos = E{ B0V [og, (1 + SNRLOS)} and
RS\?I{S?S = E{ oy —logs (1+SNR§\I,%LI§9)} are the av-

erage rates of the LOS communication and communication
through the RISs in the case of NLOS direct links, respectively.
Ngrryg is the number of wireless RRHs associated with the
particular fiber-connected RRH. In addition, it holds that

2
Py, (GQRRH)) Grna

SNRros =
(Lrs)* Lo Lpkodg, g, No

; (10)

where ko = (47/v)” and G(RRH) and Gy 4 are the RRH

antenna and LNA gains, respectively. Regarding SN RJ\I,?’ ng?g,

which is the received SNR, by considering that the phase
response of the unit cells is adjusted so that the departing
waves are coherently summed in the receiver (beamforming
case), following the steps in [10] it holds that

2
P (GE,RRH)) Grna (arSris)” a(6:,04) A
(LPS)BLcLD16ﬂ2d%‘x—RISd%IS—RxNO

RIS
SNREVLO>S:

I

an

where « (0;,04) = (cos (8;) cos (04))°%. 6; and 0, are the
incidence and departure angles, respectively, and A is the
power reflection coefficient for each unit cell.

2) Relay-assisted communication: For the achievable rate
Rrelay of the relay-assisted communication, it holds that

= rela
Rretay = prosRros + pNLOSREVLo%')y (12)
where R%;lgzg = 0. 5E{ BW —logs (1 + SNRS:,;%?) }

It holds that

(G(RRH))2 (G('r‘ﬂla,y)) (GLNnA) G(relay)

7 p) 2
(LPS> (Lo)?(LD)?k3dT ety Dociay—Ra

(relay)__
SNRNLOS_ G(RRH)G(velay)G a(relay) ’ (13)
NO A 2 LNA%Samp + 1
(Lps) LCLDkOdTelay Ra
1 !
where Gge %) is the antenna gain of the relays and Ga:fway)

is the relay amplification gain, given by

Ptz
Pra G(RRH) ('r'elay)GLNA

(LPS)QLC Lpko dTT_Telm/

G('relay) —

amp

(14)

+ No

C. Energy efficiency

1) RiS-assisted communication: For the energy efficiency
FERrys of the RIS-assisted communication, it holds that

Eris =prosE { NRRH log2 (1 + SNRLos) }

LOS
Pt(ot )

log2 (1 + SNRE\?LIS)S)

RIS
Pt(ot )

NRRH

15)

+pNLosE

2) Relay-assisted communication: For the energy efficiency
of the relay-assisted communication, which we denote by
E,relqy, it holds that



_ Nov—loga (1+ SNRLos)
Erelay = pLOSE P(LOS)
tot

W logs (1+ SNR{6Y)

NRrrH

+pnLos0.5F (16)

(relay)
tot

slot

IV. NUMERICAL RESULTS

For the parameter values of Table I and a high and a low
value of Lpg, Fig. 4 illustrates the performance comparison
of the RIS- and relay-assisted networks versus the average
dimension in wavelengths of each of the two sides of the RISs
and relays. The considered range corresponds to «p in the
range [0.02,1]. For a fair comparison of the two networks,
we assume that the RISs and relays have the same number of
radiating elements with inter-element distance equal to v/2.

TABLE I: Parameter values used in the simulations.

w
(=

—-RIS-aided network

LP3=3 dB -~ Relay-aided network
25 /
e EEEE
= L .=10dB

B o

o
=

Average achievable rate [Gbits/s]
S
E %
3

TRRH, )\E?CEH 150 m, Arru /4
Py, fe 1 W, 140 GHz
BW, pnLos 4 GHz, 0.4
KR, FaB 1, 10 dB
0i, 04 uniform in (0, 7/3)
hgr, A 8m, 0.9
MCERE ) TRRH) 128
NnAs MR 0.1
LG [Gmvew) 0.5 dB
Pps, PLNA, GLNA 10 mW, 40 mW, 20 dB

Fig. 4: Performance comparison of the RIS-aided and relay-aided
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networks.

As we observe from Fig. 4, there is a threshold value regard-
ing the dimensions of RIS and relays above which the RIS-
assisted network outperforms its relay-assisted counterpart in
terms of both achievable rate and energy efficiency. The higher
Lpg is, the higher that threshold is. The threshold occurs
due to the fact that the SNR of the RIS-assisted links scales
with the squared power of the number of radiating elements,
according to (11), whereas it can be proved that the SNR of
the relay-assisted links, according to (13), scales linearly with
the number of elements.

V. CONCLUSIONS

We have conducted this work to give an answer on whether
RISs should be prefered over relays in a realistic network
setup. Towards this, we have considered a next-generation
fronthaul network operating in the D band and included in
the modeling the insertion losses and power consumption of
the electronic components of the involved nodes.

The numerical results have revealed that for sufficiently
large RISs the RIS-assisted network outperforms its relay-
assisted counterpart in terms of both achievable rate and
energy efficiency, even for a high value of the insertion loss
of the phase-shifting components.
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