
 

Enhancing active reconfigurable intelligent surface

Muhammad I. Khalil*

Abstract: A Reconfigurable Intelligent Surface (RIS) panel comprises many independent Reflective Elements (REs). One

possible  way  to  implement  an  RIS  is  to  use  a  binary  passive  load  impedance  connected  to  an  antenna  element  to

achieve  the  modulation  of  reflected  radio  waves.  Each  RE  reflects  incoming  waves  (incident  signal)  by  using  on/off

modulation between two passive loads and adjusting its  phase using a  Phase Shifter  (PS).  However,  this  modulation

process  reduces  the  amplitude  of  the  reflected  output  signal  to  less  than  unity.  Therefore,  recent  RIS  works  have

employed Reflection Amplifiers (RAs) to compensate for the losses incurred during the modulation process. However,

these systems only improve the reflection coefficient for a single modulation state, resulting in suboptimal RE efficacy.

Thus,  this  paper proposes a  strategy for  optimising RE by continuously activating the RA regardless  of  the switching

load state. The performance of the proposed scheme is evaluated in two scenarios: (1) In the first scenario (Sc1), the RA

only operates to compensate for high-impedance loads, and (2) in the second scenario (Sc2), the RA runs continuously

regardless  of  the  RE  loads.  To  benchmark  the  performance  of  Sc1  and  Sc2,  various  metrics  are  compared,  including

signal-to-noise  ratio,  insertion  loss,  noise  figure,  communication  range,  and  power-added  efficiency.  Numerical

examples are provided to demonstrate the effectiveness of the proposed scheme. It is found that the proposed system

in Sc2 leads to better overall performance compared to Sc1 due to the increased gain of the RIS reflection.
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1    Introduction

Wireless  communication  capacity  has  significantly
increased over the generations with the development of
transceiver  designs,  while  the  design  of  wireless
channels  has  remained  uncontrollable.  The  recent
advancement  in  meta-materials  has  led  to  the
introduction  of  Reconfigurable  Intelligent  Surfaces
(RISs)  panels,  which  are  capable  of  intelligently
controlling  wireless  channels  to  enhance
communication  performance[1−3].  An  RIS  panel  is  an
array  composed  of  passive  elements  that  reflect
incident  signals  in  the  desired  way  to  set  the
propagation  characteristics  of  a  wireless  channel[4].

RISs  are  characterized  by  high  array  gain,  low  power
consumption,  extended  coverage,  low  cost,  and  low
noise[5−7].  Therefore,  RISs  are  expected to  support  5G
and  future  6G  networks  with  additional  envisioned
applications,  including  WiFi  extensions,  localization
improvement,  unmanned  aerial  vehicles,  and  satellite
network extensions[8−11].

An  RIS  panel  comprises  significant  sub-wavelength
Reflecting  Elements  (REs),  which  are  small  antennas
such  as  microstrip  patches[12].  Each  RE  is  linked  to  a
tunable chip, such as a PIN diode or varactor diode, to
modify  its  load impedance.  One way to  implement  an
RIS  is  to  use  a  binary  on/off  modulation  diode  that
changes  the  load  impedance,  resulting  in  a  different
phase shift. When the diodes are turned on, the incident
current  flow  is  slightly  hindered  by  each  RE,  causing
an  induction  voltage.  On  the  other  hand,  when  the
diodes are turned off (open circuit), the impedance load
of  an  RE  becomes  large,  causing  little  or  no  induced
current to occur. This arrangement allows the reflected
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waves  produced  by  the  RE  to  be  sensitive  to  the
impedance  load  status,  which  is  determined  by  the
induced  current.  The  RE  reflection  coefficient
measures  how  much  power  the  RE  reflects  compared
to  the  incident  power.  It  is  defined  as  the  ratio  of  the
reflected signal  power to the incident signal  power.  In
an ideal RE, the reflection coefficient should be unity,
meaning there is no power loss in the RE, and all of the
incident  power  is  reflected.  This  is  desirable  because
the RE is  not  dissipating any energy and is,  therefore,
more  efficient.  However,  in  practical  applications,  the
RIS  phase  shifter  typically  has  some  insertion  losses,
meaning  that  the  reflection  coefficient  is  less  than
unity[13].  Additionally,  the  reflection  coefficient  may
vary  depending  on  the  phase  shift  value.  Therefore,
recent  RIS  researchers  considered  an  ideal  phase-
shifting  model  to  mitigate  the  effects  of  non-ideal
phase-shifting  and  simplify  analysis.  For  instance,
studies  in  Refs.  [14, 15 ]  found  that  the  Reflection-
Phase Shifter (RPS) model is an excellent Phase Shifter
(PS)  type  for  the  passive  RIS,  as  it  can  increase  RE
efficiency  for  narrowband  and  broadband
applications[16].  In  spite  of  that,  using  a  passive  RE is
unlikely  to  provide  a  significant  bandwidth  due  to  the
increased fading channels between the transmitter, RE,
and  receiver  compared  to  a  direct  link  between  the
transmitter and receiver[17].

In  order  to  improve  the  limited  bandwidth  gains  of
passive  RE,  active  REs  are  proposed  as  a  potential
solution[18, 19] .  The  active  reflection  element  is  a
passive  element  that  has  been  modified  by  adding  a
Reflection Amplifier (RA) and a suitable phase shifter.
Active  REs  researches  are  still  relatively  limited,
particularly  on  using  efficient  PS  with  RA;  for
example, Ref. [20] compared different aspects of active
and  passive  IRSs  without  considering  phase  shifters’
characteristics.  Similarly,  Refs.  [19, 21,  22 ]  utilized
amplifiers to enhance the strength of the RE reflection
signals,  but  without  taking  into  account  the  PS
properties.  Another  area  for  improvement  in  the
construction  of  the  active  component  is  how  the
amplifier  operates  with  the  RE  impedance  loads,  as
most  recent  works  used  one  modulation  state,  leading
to  sub-optimal  operation.  This  is  because  using  the

π
2

amplifier  in  one  modulation  state  mode  leads  to  the
amplifier switching between active and inactive states,
which  results  in  not  fully  utilizing  the  amplifier’s
capabilities.  In  order  to  address  this  issue,  this  paper
proposes an RA that maintains active regardless of the
switching  load  state.  Such  a  scenario  leads  to  optimal
operation  and  improves  various  aspects  of  RE,
including  throughput,  power  efficiency,  and  coverage.
An RA (negative resistance amplifier) is a device with
a  single  input  and  output  port  known  for  its  compact
size  and  low  profile[23].  RA  devices  have  been
proposed  for  use  in  the  design  of  active  antennas  for
various wireless communication scenarios[18] and have
been  used  to  improve  the  communication  range  of
Radio-Frequency  Identification  (RFID)  systems[23].
The design of RA circuits is similar to that of oscillator
circuits  in  that  both  produce  output  without  requiring
input. However, RA circuits are designed to achieve an
inevitable  gain  through  negative  resistance  without
meeting the oscillation conditions that are necessary for
oscillators[23]. To fit a reflection amplifier for each RIS
element, we can use it with RPS. The RPS is a type of
transmission PS based on a Quadrature Hybrid Coupler
(QHC),  and  its  operation  relies  on  two  identical
variable  impedance  loads.  The  QHC divides  the  input
signal into two signals that have equal amplitudes and
differ  in  phase  by [24],  and  the  impedance  loads  then
reflect each input signal. The waves reflected from the
two impedance  loads  are  combined at  the  output  port,
resulting in a change in the input signal phase.

In this paper, an active RIS design uses RA and RPS
devices  under  two  possible  scenarios,  denoted  as  Sc1
and Sc2. In the first scenario, Sc1, the RA and RPS are
biased to  operate  simultaneously as  a  switch.  The Sc1
strategy  is  similar  to  the  active  RIS  design  in  the
current literature but uses RPS as a new addition.  The
RPS showed a  lower  loss  when  used  with  the  passive
RE[14, 15] ,  increasing  the  efficiency  of  the  RIS.  This
means  that  the  Sc1  strategy  is  more  effective  at
achieving the desired scattering properties compared to
traditional  active  RIS  designs  that  do  not  incorporate
RPS.  In  the  Sc2  Scenario,  the  RA  remains  active
regardless of the switching states of RE loads, and this
represents  an  optimal  case  for  the  active  RE.  The Sc1
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and Sc2 scenarios are analyzed and compared in terms
of  various  characteristics,  including  gain,  Signal-to-
Noise  Ratio  (SNR),  insertion  loss,  noise  figure,
communication  range,  and  power-added  efficiency.
The  results  show that  Sc2  generally  has  higher  values
for  these  characteristics  than  Sc1,  except  for  slightly
higher  insertion  loss,  but  this  is  considered
insignificant compared to the other advantages of Sc2.
In  order  to  confirm  these  results,  numerical  examples
were presented to show how each scenario performed.
Before  continuing  with  the  discussion,  we  present
Table  1 that  summarizes  the  notation  used  in  the
manuscript.

The  remainder  of  the  paper  is  organized  as  follows.
Section  2  describes  the  system  model;  Section  3
demonstrates enhanced load impedance of RIS; Section
4  examines  amplifying  of  two  RPS  states  reflection
coefficients;  Section  5  shows  proposed  scheme
characterization;  Section  6  presents  the  simulation
results;  and  finally,  conclusion  and  future  work  are
presented in Section 7.

2    System model

S

D

S D

D
S D

GS GD
S

Consider  a  single  transmitter  ( )  and a  single  receiver
( )  attempting  to  communicate  with  each  other
through a two-hop network that includes an RIS panel.
The direct link between  and  is not feasible due to
poor channel quality over a long distance. As a result,
the  receiver  can  only  receive  the  signals  relayed
through  the  RIS  panel.  Each  of  and   has  a  single
antenna  with  gains  and  ,  respectively.  The
distance between the transmitter  and the RIS panel is

rs

D rD
S D n

n = 1, 2, . . . , N)

θi θr

D

referred to as , and the distance between the RIS and
the  receiver  is  denoted  as .  The  RIS  panel  is
located  between  and   and  consists  of  reflecting
elements ( , as illustrated in Fig. 1a. The
angles  of  incidence  and  reflection  of  the
electromagnetic  waves  at  the  RIS  panel  are  and  ,
respectively.  The  RIS  panel’s  reflecting  elements  are
assumed  to  be  passive  and  their  performance  is
affected  by  phase  shifting  on  the  incident  signal.  The
received  power  at  is  calculated  using  the  Friis
transmission formula, which gives the value
 

PR =

(√
|Γ| λ

4π

)4
Pt∣∣∣∣∣∣∣

N∑
n=1

√
GS nGDnG(θin )G(θrn )(

rsnrDn

)2 |Γn|e−j
(
θn+

2π
λ (rs+rD)

)∣∣∣∣∣∣∣
2 (1)

PR

θn

G(θi) G(θr)

|Γ|

|Γ| ∈ [0,1]

where  is the revived power by the destination node,
 is  the adjusted phase response of the n-th elements,

 and   are  the  antenna  gains  at  incident  and
reflected signal at RIS element, respectively, and  is
the  amplitude  attenuation  of  the  reflection  coefficient
defined by  when the RIS element  is  passive
(see the Appendix).

rsn rDn

rsn = rs rDn = rD, GS n =GS GDn =GD θin = θi

θrn = θr

By assuming that  the distances  and  are  long,
then ,  , , ,
and .  As  a  result,  Eq.  (1)  can  be  expressed  as
follows:
 

PR =

(√
|Γ| λ

4π

)4
Ptβ

∣∣∣∣∣∣∣
N∑

n=1

|Γn|e−j(θn)

∣∣∣∣∣∣∣
2

(2)

β =
GS GDG(θi)G(θr)

(rsrD)2where .

When  all  REs  are  in  phase  and  have  the  same
 

Table 1    Summary of notations.

Notation Description
GS ,GDn ,G(θin ), and G(θrn ) The gains of the antennas for the source, destination, RIS incident, and reflected signals, respectively

θi θr and The incidence and reflected electromagnetic wave angles at each RIS element, respectively
θn The adjust phase response of the n-th elements, arrived at destination node

rs rD and The distances between the source and the RIS, and between the RIS and the receiver, respectively
Γ RIS reflection coefficient
NF Noise factor

G Gs and Power amplifier and phase shifter gains, respectively
Ni and No The input and the output noise powers

Pϱ Power-added efficiency
Pt PR and Transmitted and received powers, respectively
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θn = θ Γn = Γ,reflections  coefficient,  i.e,  and   Eq.  (2)
can be approximated to
 

PR =

(
λ

4π

)4
Ptβ |Γ|2N2 (3)

SNR

NF

SNR

PR = K T BNF (SNR) ,

= 1.38×10−23

B

In  order  to  calculate  the  received ,  Eq.  (1)  is
used  along  with  the  Noise  Figure  ( )  metric,  which
measures  the  degradation  of  caused  by
components  in  a  signal  chain.  This  can  be  expressed
mathematically  as where K  is
Boltzmann’s  constant  J/K,  T  is  a  device
temperature, and  is the bandwidth. Then, we have
 

SNR =
Pt

KTBNF

(
λ

4π

)4
β |Γ|2N2 (4)

SNR

|Γ| (|Γ| : 0 < |Γ| ⩽ 1) NF

NF = 10log(1+
No

G Ni
) G

Equation  (4)  indicates  that  the  of  the  received
signal from passive RIS elements is proportional to the

 coefficient  .  The  variable  in  Eq.

(4) is expressed as  dB, where  is

No Ni

Ni =

(1+
No

G Ni
)

NF

NF > 0

|Γ|

∆θ θ

the amplifier gain,  is the output noise power, and 
is  the  input  noise  power  defined  as  Boltzmann’s
constant × noise temperature × noise bandwidth. When

the  amplifier  is  noiseless,  the  noise  factor 

equals  1,  i.e.,  =  0  dB;  however,  in  a  practical
environment,  the  amplifier  and  phase  shifter  give

 dB.  The  phase  shifter,  which  is  assumed to  be
RPS  in  this  work,  affects  the  coefficient.  The
reflective phase shifter (i.e., RPS) consists of two ports
that  act  as  input  and  output,  as  shown  in Fig.  1b.  It
consists  of  a  Quadrature  Hybrid  (QH)  and  a  pair  of
matched  loads  with  series  switches  (diodes).  The  QH
divides the incoming signal into two signals with a 90°
phase difference. The switches can be turned on or off
to bias the diode. When the switches are turned “on” or
“off”,  the  total  path  length  for  both  reflected  waves
changes  by  an  amount ,  where  the  here
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Fig. 1    System model.
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θt

ℓ

ℓ

corresponds  to .  At  the  output  port,  the  waves
reflected  from  the  two  loads  will  combine  in  phase.
Ideally,  when  the  switches  are  turned  on,  the  input
signal  will  pass  through  the  transmission  lines 
(shown  in Fig.  1b)  and  bounce  back  off  the  switches.
The reflection coefficient is determined by the distance
the signal traveled through [24].

3    Load impedance of RIS

The RIS panel consists of many small  antennae called
Reflection  Elements  (REs).  Each  RE  includes  diodes
(either  PIN  or  varactor)  that  can  be  biased  with  a
tunable  voltage.  When  the  diodes  are  in  the  forward
mode (turned on or short-circuited), each RE presents a
small  impedance  to  the  incident  signal,  allowing  the
current  to  flow  through  it  and  inducing  a  voltage.  On
the  other  hand,  when  the  diodes  are  in  reverse  mode
(turned  off),  the  incident  current  encounters  a  high
impedance,  resulting  in  a  different  reflection
coefficient  than  a  low  impedance  state[25].  The  lowest
load impedance is calculated as
 

ΓH =
Za−

∗
ZA

Za−ZA
(5)

where (*) represents a complex conjugate.
On  the  other  hand,  the  reflection  coefficient  from

high load impedance is given by
 

ΓL =
Zb−

∗
ZA

Zb−ZA
(6)

ZA Za

Zb

where  is the input impedance of the antenna, and 
and  are  the  low  and  high  RE  impedance  loads,
respectively.

ΓH ΓL

For the  passive RE,  the  magnitude and the  phase of
both  and  are, respectively, defined as
 

ΓH = |ΓH |∠θH = ejθ+jπ, |ΓH | ⩽ 1 (7)
 

ΓL = |ΓL|∠θL = ejθ, |ΓL| ⩽ 1 (8)

|ΓH | |ΓL| ∠θH ∠θL
ΓH ΓL

where  and  are the magnitude,  and  are
the  reflected  phase  shift  signals  for  and  ,
respectively.

|ΓH | |ΓL|
π
ΓH

The maximum  or  in Eqs. (7) and (8) equals
one  when  the  phase  difference  is  equal  to .  Now,
when the reflection coefficient  is  switched from  to

ΓL

|∆Γ| = |ΓH |∠θH − |ΓL|∠θL
,  the  difference  between  them  is  defined  as

.  By  applying  Euler’s  identity
on Eq. (7), it can be rewritten as
 

ΓH = −ejθ = −ΓL (9)

ΓH

ΓL |∆Γ| = |ΓH −ΓL| . ΓH ΓL

|∆Γ| = 1

Then,  the  difference  between  amplitudes  of  and
 is  given  by  Since  the  or  

changes  between “on”  and  “off”  states  (i.e.,  one  and
zero  values),  the  maximum  reflection  power  gives

[26].  So,  it  has  been  determined  that  the
reflection elements are affected by the load impedance.
Therefore,  the  performance  of  the  RIS  panel  can  be
improved by controlling the RE load impedance, which
can be done using an amplifier, as shown in Fig. 2. The
next  step  is  to  examine  the  influence  of  the  RE  load
when it is connected directly to the RPS. When the RA
is biased in sync with the RPS, the RE load impedance
alternates between passive and active modes, as shown
in Fig.  2a.  In  the  passive  state,  the  system  reflection
coefficient is observed to be
 

ΓL = |ΓL|∠θL =BejθL (10)

B

|ΓL| B = 1

B < 1.

where  is  the  amplitude  reflection  coefficient  that
corresponds to ; and if the RE works ideally, ,
otherwise, 

In  the  case  of  the  active  status,  the  reflection
coefficient signal is amplified with a power gain as
 

ΓH = |ΓH |∠θH = G0.5ejθH (11)

Gwhere  is amplifier power gain.
 

SPDT
switch VDC

(a)

(b)

RA

VDCSPDT
switch

Za

Za

Zb

Zb

 
Fig. 2    (a) Active Sc1 scheme and (b) active Sc2 design.
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∆ΓFrom Eqs. (10) and (11), the value of  is given by
 

∆Γ = G0.5ejθH −BejθL (12)

θH = θL B = 1,

|∆Γ| = G0.5−1.

∆Γ

θH = θL +π
∆Γ = G0.5ej(θL+π)−BejθL

When  and  the lowest amplitude value of
Eq.  (12)  is  given  by  In  contrast,  the
maximum  value  can  be  realized  at  the  opposite
angles’ site  as .  Thus,  Eq.  (12)  is  given  by

,  and  by  considering  Euler’s
identity,  we  get  the  angles  that  give  the  maximum
amplitude reflection coefficient as follows:
 

|∆Γ| = G0.5+1 (13)

According to  Eq.  (13),  the  RA is  only active  in  one
state,  while  the  second  is  passive.  This  type  of  RE
operation is referred to as Sc1. However, due to the RA
being  active  in  only  one  state,  Sc1  represents  a  sub-
optimal case.

4    Optimal RA operation

This  section  presents  a  method  for  optimizing  the  RE
by fully utilizing the capabilities of the RA. To do this,
the  RA  must  be  kept  active  constantly,  regardless  of
the switching load state,  as shown in Fig.  2b.  In order
to identify the conditions that allow the RA to continue
operating, the scattering parameters (S-parameters) are
analyzed.  The  gain  of  the  amplifier  can  then  be
calculated as follows:
 

Γ = S a
11 =

Reflected signal power
Incident signal power

(14)

S a
11

S a
11 =

∣∣∣S a
11

∣∣∣∠θ11 ∠θ11

∠θ11 ∈ {θL, θH}

where  is  the  signal  reflection  coefficient  and
equivalent  to ,  and  is  the  phase
value .

S a
11

S a
11

When  an  amplifier  is  not  in  negative  resistance
mode,  the  scattering  parameter  represents  a  loss.
However,  when  the  amplifier  is  operating  in  negative
resistance mode (also known as a reflection amplifier),

 represents a positive gain.

(
S s

21

)
Since the RA is interconnected to a phase shifter, it is

necessary  to  determine  the  transmission  parameter
 of  the  phase  shifter  using  the  following

definition:
 

T s = S s
21 =

Transmission signal power
Incident signal power

=∣∣∣S s
21

∣∣∣∠θ21 , 0 < S s
21 < 1 (15)

∠θ21 ∠θ21 ∈ {θL, θH}where  is the phase shift signal .

∣∣∣S s
21

∣∣∣
θ

−10log
(
1/

∣∣∣S s
21

∣∣∣2) Gs

Gs = 10log
∣∣∣S s

21

∣∣∣2 .

In an ideal  scenario,  a phase shifter  should maintain
the same signal strength  while changing the phase
( ).  However,  in  practice,  phase  shifters  may
experience  losses  over  a  wide  range  of  phase  shifts.
These losses can be characterized by the insertion loss,
which is typically expressed in decibels[13] represented

as , or by its gain , which is a ratio

or  coefficient  indicating  as  These
losses  may  depend  on  the  design  and  operating
conditions of the phase shifter.

By  combining  RA  directly  to  RPS,  the  total  gain  is
produced as[27]
 [

S T11

]
=

[
S s

21

] [
S a

11

] [
S s

21

]
(16)

0o π
2 S s

21

As  mentioned  earlier,  an  input  signal  to  the  RPS
divides  equally  between  the  two ports,  with  the  phase

 and . Thus, the  at each port is
 [

S s
21

]
=

[ ∣∣∣S s
21

∣∣∣ej0
∣∣∣S s

21

∣∣∣ej π2
]

(17)∣∣∣S s
21

∣∣∣ = 1.where 

S a
11

When the RA keeps active during any RPS statuses,
the  is then defined by
 [

S a
11

]
≜

[
G0.5ejθH G0.5ejθL

]
(18)

G0.5ejθL −G0.5ejθHwhere  can  be  be  obtained,  as ,  in  the
same form in which Eq. (9) obtained.

[
S T11

]By  using  the  identity  matrix  for  Eqs.  (17)  and  (18)
and  considering  Euler’s  identity,  the  value  is
obtained as follows:
 [

S T11

]
=

[
ej π2 0
0 1

]−1 [
G0.5ejθH 0

0 −G0.5ejθH

]
[

ej π2 0
0 1

]
=

[
G0.5ejθH 0

0 −G0.5ejθH

] (19)

[·]−1where  is the matrix inverse.
ΓL = −G0.5ejθH

ΓH = G0.5ejθH

G

Equation  (19)  reveals  that  both  and
 are  more  significant  than  one  depending

on ; thereby
 

|∆Γ| =
∣∣∣−G0.5−G0.5

∣∣∣ = (4G)0.5 (20)

The design described in Eq. (20) is referred to as Sc2
and is considered optimal for RIS operation because it
enables  continuous  amplification  of  the  reflected
signals.
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5    Proposed scheme characterization

In  order  to  compare  the  features  of  Sc1  and  Sc2,  this
section presents a comparison of Sc2 and Sc1 based on
various  characteristics  relevant  to  RIS  operation,
including insertion loss,  signal-to-noise ratio,  distance,
and amplifier efficiency.

The total  insertion loss power for  the transfer  signal
between RPS and the reflected amplifier is given as
 ∣∣∣∣∣∆Γloss

∣∣∣∣∣
Sc2
= (T s)0.5 |∆Γ| (T s)0.5 = T s (4G)0.5 (21)

(∣∣∣∣∣∆Γloss

∣∣∣∣∣
Sc1

) ∣∣∣∣∣∆Γloss

∣∣∣∣∣
RPS-S1

= T s
(
G0.5+1

)
T s (4G)0.5 > T s

(
G0.5+1

)
Now,  if  we  calculate  insertion  loss  power  for  Sc1

,  we can obtain  it  as .

It is clear that the insertion loss for Eq. (21) is slightly
higher than that of Sc1 i.e., . By
comparing the insertion loss of Sc1 and Sc2, we get
 ∣∣∣∣∣∆Γloss

∣∣∣∣∣
Sc2
/

∣∣∣∣∣∆Γloss

∣∣∣∣∣
Sc1
=
√

4G/
(
G0.5+1

)
(22)

G

|∆Γ|
SNR

SNR |∆Γ|

Increasing  in  Eq.  (22)  leads  to  higher  insertion
losses  in  Sc2  compared  to  Sc1.  As  a  result,  the
insertion loss of Sc2 is a disadvantage compared to Sc1
and should be kept as low as possible. By substituting
the value of  determined by Eqs. (13) and (20) into
Eq.  (4),  we  can  compare  the  of  Sc1  and  Sc2.
Since  is  proportional  to [28],  the  following
mathematical expression can be then derived as
 

SNRSc2/SNRSc1 = 4G/
(
G0.5+1

)2 (23)

SNRSc1 SNRSc2 SNRwhere  and  are the  of Sc1 and Sc2
scenarios, respectively.

SNRSc2/SNRSc1In Fig. 3a, the term of  is plotted and

G G

SNR
G

it  is  demonstrated  that  there  is  a  logarithmic
relationship  with  but  at  low  values,  the
relationship becomes linear. As a result, Sc2 leads to a
higher  than  Sc1,  and  the  SNR  is  higher  at  low
values of .

Sc2 Sc1.
Sc2

Given  a  higher  SNR  in  Eq.  (23),  the  reflection
coefficient  provided by  is  stronger  than  As  a
result, the propagation range of  is also greater. To
express  the  relationship  between the  range of  Sc1 and
Sc2  mathematically,  we  can  use  the  total  distance  of
Eq. (3) as follows:
 

rsrD =
(
λ

4π

)2
N |Γ|

√
PtGS GDG(θi)G(θr)/PR (24)

da (da ∈ (rs, rD))

db (db ∈ (rs,rD))

Let  the  distance   represent  the  total
allowable distance for the scenario Sc1 in Eq. (20) and

  for  the  Sc2  scenario  under  Eq.  (13)
design. Then, the improvement range between Sc1 and
Sc2 for each RE is given by
 

dbSc2/daSc1 =

√
4G/ (G0.5+1

)2 (25)

daSc1 dbSc2 da dbwhere  and  are the  and  of Sc1 and Sc2
scenarios, respectively.

dbSc2

daSc1.

G >

The  plot  of  Eq.  (25)  in Fig.  3b shows  that  the  low
amplifier  gain  results  in  a  long  distance  for 
compared  to  However,  there  is  a  significant
increase  at   8,  which  indicates  that  Sc2  provides
better  coverage  than  Sc1,  particularly  at  low  power
gain.

(η) η

PR

η =
1

1+
1

PR
(Pσ −Pt)

Pσ

PR

Pσ = (Pt +Pdc)−PR.

Pϱ

Pϱ =
(
1− 1
Γ

)
η PϱSc1

Since  the  proposed  RIS  panel  uses  a  VDC  power
supply to provide DC energy for all  components, with
the  majority  of  energy  consumed  by  the  amplifier
(RA),  it  is  essential  to  calculate  the  amplifier’s
efficiency  to  optimize  energy  usage[29].  The  is
defined as the ratio of the output power  to the power
provided by the DC supplier, and it can be expressed as

,  where  is  the  power  that  is

dissipated and not converted to , which is defined as
 When  we  need  to  determine  how

much  the  DC  input  power  contributes  to  the
amplification  of  an  input  signal,  the  amplifier
efficiency  is  then  called  power-added  efficiency  ( ),

and it is formulated as . Now, let  be
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PϱSc2

PϱSc1 PϱSc2

the  power-added  efficiency  when  the  RIS  works
according to the Sc1 model, and it is  for Sc2. By
comparing  to , we can obtain
 

PϱSc2/PϱSc1 =
(
2G+G0.5−1

)
/2G (26)

PϱSc2

PϱSc1

G = 8

Pϱ
Pϱ

Pϱ

Pϱ

Pϱ
Pϱ

Equation  (26)  indicates  that  the  is  higher  than
 at  any  gain  level,  which  means  Sc2  is  lower

energy  consumption  than  Sc1.  To  confirm  such  a
result,  we  can  use  Eqs.  (4)  and  (23)  to  plot  the
relationship  between  RE  energy  consumption  and
SNR,  as  shown  in Fig.  4.  Figure  4  assumes  that  the
distance  is  900  m  and  dB.  It  is  seen  that  the
lowest  energy  consumption  appeared  at  the  operating
SNR range −3 dB to 3 dB for all link distances; this is
because  transmission  power  is  in  a  realistic,  moderate
scale.  For  SNR  levels  lower  than  −3  dB,  the  energy
consumption  rises  due  to  high  noise.  In  contrast,  for
SNR levels higher than 3 dB, the transmit power must
be  high,  leading  to  increased  energy  consumption.
However, for any levels above 3 dB or low −3 dB, the
Sc2 energy consumption is lower than Sc1, indicating a
stronger  signal  and  less  noise.  Generally,  a  device  or
system  with  a  higher  will  have  lower  energy
consumption than one with a  lower  if  both devices
perform  the  same  task.  This  is  because  a  higher 
indicates that the device is more efficient in converting
input power into output power, which means that it will
require less input power to perform the same task. It is
worth  mentioning  here  that  is  a  measure  of
efficiency  and  does  not  consider  the  total  amount  of
work  being  performed.  Therefore,  a  device  with  a
higher  may still consume more energy than a device
with  a  lower  if  it  is  performing  more  work  or
operating for a longer period.

6    Numerical results and discussions

G

This  section  implements  numerical  simulations  to
evaluate  the  proposed  Sc1  and  Sc2  models.  The
analytical  results  are  verified  using  Matlab  and
Advanced Design System (ADS) simulation tools. The
block  diagram  for  simulation  mode  is  illustrated  in
Fig. 5, which includes three stages SPDT switch, RPS,
and RA. The last stage consists of an RA circuit which
is  designed  and  implemented  experimentally  by  many
studies such as  Refs.  [30, 31].  Thus we employed RA
designed of Ref. [31] in our simulation by using ADS.
An  RA  circuit  is  a  single  port  device  consisting  of  a
negative  resistance  terminating,  amplifying,  and
reflecting  a  wave  incident  upon  it.  Designing  RA
circuits  is  similar  to  oscillator  device  patterns,  as  the
desired  RA  gain  (i.e., )  is  produced  by  creating  a
negative  resistance  in  the  absence  of  the  requirements
for oscillating conditions. This attribute allows the RA
to operate at low input power[32, 33].

V i

V1 V2

By  applying  several  incident  power  levels  and  bias
voltages,  the  output  reflection  coefficient  of  RA  is
measured according to Eqs. (13) and (20) as shown in
Fig. 6. The biasing voltage ( ) was tuned between two
VDC configurations: =1.02  V and =1.004 V.  The
used  operation  frequency  is  2.34  GHz;  and  the
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reflection coefficient gains were controlled by the VDC
biasing. It is worth mentioning that any spectrum bands
can  be  adopted  rather  than  the  frequency  range
employed  for  this  work.  The  Sc1  and  Sc2  reflection
gains were obtained directly by using the S-parameters
function in Matlab and setting the RIS incident  power
to −35 dB.

The  RA  is  designed  to  exhibit  negative  resistance
after the transistor reaches the breakdown voltage, and
then  the  relationship  between  voltage  and  output
current becomes inverse[34]. As a result, the RA gain is
increased  by  reducing  biasing  voltage,  and  this  is
proven  in Fig.  6b.  In Fig.  6b,  the  reflection  gains  are
obtained at different incident power levels. It is clearly
shown that the Sc2 reflection power gain is higher than
that  of  Sc1.  The  Sc2  gain  is  further  raised  by
downward  biasing  from V1  to  V2 .  The  Sc2  results  in
Fig.  6 confirm  the  proposed  analytical  in  Eq.  (20),
which  reveals  that  Sc2  gain  is  higher  than  Sc1  in  Eq.
(13).  By  comparing  the  above  results  with  what  is
observed by Refs. [18, 35], we can see that the gain of
Sc1  and  Sc2  shows  the  range  between  38  and  43  dB
under  1.004  V  biasing,  while  Ref.  [18]  used  a  bias
voltage of 7.25 V to achieve a maximum reflection of
30 dB. Furthermore, Refs. [18, 35] are limited to active
RIS elements by using Sc1, while our proposed method
gives  more  flexibility  by  using  biasing  voltages  to
provide  different  power  gains.  In  this  case,  the  linear
amplifier  regions  and  the  saturation  regions  vary  with
the operation mode of the power amplifier.

NF Vi

Typically, it is preferred for the RA to operate at the
maximum  linear  region  because  its  operation  in  the
nonlinear  area  leads  to  generating  a  distortion  and
harmonics  in  the  output  wave[36].  To  compare  the
linearity  of  Sc1  and  Sc2, Fig.  7 depicts  the  adequate
output  power  (reflected  power  gain),  which  is
measured  by  calculating  the  difference  between  the
output  power  delivered  by  the  amplifier  and  the
incident  power  that  the  amplifier  can  handle.  It  is
clearly shown that the length of the reflected power of
Sc2  (black  arrow)  is  higher  than  that  of  Sc1  for  any
biasing  level.  Higher  gain  with  Sc2  design  leads  to
lower  at  each  level,  as  increasing  gain  reduces
noise,  as  shown  in Fig.  8.  We  can  also  see  that  the

NF

SNR

minimum  point is allocated at the range of 2.3 GHz,
and at this point, the shot and thermal noise is raised to
a  higher  level[37].  Increasing  RA  reflection  gain  also
provides high reflected power for each RIS element, as
shown  in Fig.  9,  which  illustrates  the  relationship
between reflected  and incident power. It indicates
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SNRthat the  of Sc2 is higher than that of Sc1, and this
is  the  expected  result  because  Sc2  reflected  gain  is
more  elevated  than  Sc1.  The  output  power  equals
reflected gain plus incident power.

The high SNR increases the achievable rate provided
by each RIS element, and this is illustrated in Fig. 10.
Figure  10 also  shows  that  in  the  low  incident  power
range  (i.e.,  the  range  between  −35  and  −25  dB),  Sc2
delivers  0.43  bps/Hz  higher  than  Sc1,  while  the
incident power range is between −20 and 0 dB, and the
different  rate  becomes  0.27  bps/Hz.  This  result
confirms  our  theoretical  analysis  in  Eq.  (23),  which
shows  that  the  Sc2  scheme  is  higher  than  Sc1  in  the
linear  region.  Such  a  range  represents  the  low-input
power  range.  Reference  [38]  reported  that  increasing
incident  power  decreases  gain  due  to  the  negative
resistance, the behavior of which is greatly affected by
its  bias  point.  Thus,  Sc2  is  preferable  to  Sc1  in  low-
input  power  operations.  A  similar  result  is  evident  in
the V2 scenario. As Fig. 10b demonstrates, the incident
power range of −35 to −25 dB gives a different rate of
0.33  bps/Hz,  while  the  range  between  −20  to  0  dB  is
0.23  bps/Hz.  Accordingly,  the  data  rate  gaps  between
Sc1  and  Sc2  are  reduced  by  increasing  system  gain.
The  example  in Fig.  10 considered  the  distance  from
the source to destination as 1 m, and the achievable rate
of each RIS element is 40 to 50 bps/Hz. By increasing
the distance to 800 m, the data rate reduces to 3.0 and
3.2 bps/Hz, as shown in Fig.  11.  In each biasing case,
the  achievable  rate  in  Sc2  is  higher  than  Sc1  by  the
range of 0.33 to 0.43 bps/Hz. Thus, if we use 200 RIS
elements,  we  expect  to  get  66  to  86  bps/Hz,  and  this

result agrees with what was presented in Ref. [18].

Pϱ

Pϱ

To  determine  how  much  the  VDC  input  power
contributes  to  the  amplification  of  an  incident  signal,
Fig. 12 shows the  in terms of the incident signal. In
the case of a constant amplitude signal, the amplifier is
continuously  operating  at  its  peak  efficiency  point.
When the signal  has  a  high peak-to-average ratio  and,
thus,  a  varying  envelope,  the  amplifier  is  forced  to
operate in less efficient regions, as shown in Fig. 12b.
When  a  constant  amplitude  signal  is  amplified,  the
amplifier always operates at its peak efficiency point. If
an amplifier has high efficiency, all  its incident power
is converted into output power. Figure 12 clearly shows
that  the  of  Sc2  is  always  higher  than  that  of  Sc1.
Then the RE energy consumption in Sc2 is lower than
Sc1 scenario.

7    Conclusion

This  paper  presents  a  study  on  improving  the
performance of RE by incorporating RA and RPS into
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each  RIS  element  design.  The  proposed  scheme  is
demonstrated  through  two  implementations  of  an
active  RIS  element,  which  are  Sc1  and  Sc2.  These
scenarios impose different constraints on the reflection
coefficient  of  the  RIS  elements.  In  Sc1,  the  RA
operates  simultaneously  with  RE load  impedance  as  a
switch, while in Sc2, the RA remains active regardless
of  the  RE  load  impedance.  The  Sc1  and  Sc2  designs
are  analysed  and  compared  based  on  various
characteristics  such  as  gain,  signal-to-noise  ratio,
insertion loss,  noise  figure,  communication range,  and
power-added  efficiency.  The  results  show  that  Sc1
provides an active mode but is in suboptimal condition
because RA was not  fully  utilised.  On the other  hand,
the full capabilities of the RA are used by the Sc2 and
thus  provide  higher  features  than  Sc1,  particularly  in
low incident power. Overall, the study’s results suggest
that the Sc2 design is the most suitable for applications
requiring high performance in low incident power.

Appendix

The electric field at the RIS panel is given by Ref. [28]
as follows:
 

En = fne−j
(

2π
λ

)
rsao (A1)

λ ao

fn

where  is  the  wavelength,  is  the  unitary  vector
orthogonal  to  the  RIS  plane,  and  is  the  incident
electric field amplitudes defined by
 

fn =
(η̇PtGt)

1
2

√
2πrs

(A2)

Pt η̇where  is  the  transmitter  power  and  is  the
impedance of free-space.

In =

 fn√
2η̇

2

. In

Now, the signal intensity at any RIS element is given

by  So, substituting Eq. (A2) into  gives
 

In =
PtGS

4πr2
s

(A3)

InAn = fn An

An =
λ2

4π
G(θi)

The  intensity  of  radiant  energy  is  the  power
transferred  per  unit,  and  this  can  be  expressed  as

, where  is the effective aperture of the n-th
RIS element.  For  the  incident  RE,  it  can be expressed

as .  Then,  the  incident  power  intensity  at

any RE is calculated as

 

In =

 λ4π
√

PtGS nG(θin )
rs

2

(A4)

(Ir)

In
Γ2G(θr)

4πr2
D
.

The  RE  reflected  signal  intensity  is  given  by

 So considering Eq. (A4) gives
 

Ir =

(
λ

4πrsrD

)2 PtΓ
2GS nG(θin )G(θrn )

4π
(A5)

D

IR = Ir
λ2

4π
GD

The  value  of Γ  is  considered  to  be  the  same  of  all
RIS  elements.  At  the -node,  the  received  power
intensity  from  the n -th  RIS  elements  is  given  by

. Then, using Eq. (A5) gives
 

IR =

√ Γ

rsrD

λ

4π

4

PtΓ
2GS nGDnG(θin )G(θrn ) (A6)

Furthermore,  the  total  electric  field  of  reflected
signals is corresponding to
 

E =
N∑

n=1

AnDe−j
(
θn+

2π
λ (rs+rD)

)
bo (A7)

E bo

AnD

AnD = (2η̇IR)
1
2 . AnD

where  is the bit energy,  is the unitary vector, and
 is  the  electric  field  amplitude  of  reflected  signal

given by  Substituting Eq. (A6) into 
and then into Eq. (A7) gives
 

E =
( √

2Ptη̇
) ( λ

4π

)2

N∑
n=1

√
2ηPtGS nGDnG(θin )G(θrn )(

rsnrDn

)2 Γne−j(θn)e−
2π
λ (rs+rD)

(A8)

D
PR = |E|2 /2η̇

Then  the  received  power  by -node  is  obtained  by
using , and Eq. (1) is obtained.
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