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ABSTRACT 

A reconfigurable intelligent surface, particularly 

the active type, is recognized as a promising candidate 

to expand the coverage of 5G/6G wireless 

communication and beyond, thanks to its inexpensive 

implementation as compared to conventional 

infrastructures. In this paper, the impact of 

implementation errors on the performance of the 

surface is investigated by virtue of numerical 

computation. The analysis equations for calculating 

the incident field on the surface, and the reflected field 

as well as the far field pattern from the surface are 

outlined. Numerical simulation including the gain and 

phase variations associated with each unit cell are 

given at different sizes and phase resolutions of the 

surface. The performance errors are quantified and 

subsequently employed as a guideline for designing a 

reconfigurable surface with robust performance in 

practice. 
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1. INTRODUCTION 

A reconfigurable intelligent surface (RIS) has 

emerged as a cost effective candidate for expanding 

wireless communication coverage over the non-line-of-

sight (nLOS) area as depicted in Fig. 1. This results in 

improving channel capacity performance of the next 

generation wireless communication technologies 

operating at GHz up to THz range, such as 5G/6G 

radios, without too excessive infrastructure cost [1]. 

An RIS is essentially a planar array of antenna 

elements, as represented by square patches in Fig. 1, 

which reflects and steers the impinging electromagnetic 

(EM) wave in the desired direction, particularly to the 

area of user elements (UE). Similar to the phase array 

antennas equipped at the base station (BS) antenna, the 

reflected EM beam from the RIS can also be scanned 

over the coverage area through individual control of the 

reflected phase in each antenna element by an 

electrically programmable means. 

So far, the RIS implementation has been of a passive 

type in that it makes use of only a passive antenna 

element for EM wave reflection with no amplification 

[1] – [4]. However, its major drawback is  
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Fig. 1 RIS for non-line-of-sight (nLOS) wireless 

communication area coverage 

 

attributed to the multiplicative path loss introduced by 

these passive RISs, which has a direct impact on the 

BS-to-UE and UE-to-BS nLOS link budgets [5]. This 

therefore adversely impacts and puts the fundamental 

limit on the BS-RIS-UE communication performance. 
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Although, several remedies have been developed [2] – 

[5], such multiplicative path loss fundamentally imposes 

bottleneck on the performance of the BS-RIS-UE 

communication system. 

Recently, theoretical investigations on 

communication performance of the so called “active” 

RIS, where each antenna element not only reflects but 

also amplify the incident EM waves via a reflection 

amplifier, has shown that the active RIS could 

potentially overcome the fundamental bottleneck due to 

the multiplicative fading [6] – [8]. For implementation 

in practice however, the electrical performance will be 

inevitably departed from ideal conditions assumed in 

the theoretical analysis, mainly due to errors from 

component tolerances and mismatches, as well as other 

physical limitations. 

It is the purpose of this paper to investigate such 

practical impact by virtue of electromagnetic (EM) 

simulation of the active RIS taking into account two 

major variations including gain and phase errors due to 

the antenna and amplifier elements in each of the unit 

elements. In section 2, the analytical modelling 

equations governing the EM simulation of the active 

RIS and the phase distribution on the antenna array for 

steering the beam direction are summarized. This is 

followed by a description of the amplification element  
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Fig. 2 Diagram illustrating geometry and field of a BS 

antenna and an RIS 
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Fig. 3 Cartesian co-ordinates related via Euclidean 

angles rotation ( ,  ,  ). 

 

based on a negative-resistance type reflection amplifier. 

The models are then employed in Section 3 to 

investigate the impacts of gain and phase errors on the 

electrical parameters of the active RIS, including the 

peak directivity, steered direction, half-power beam 

width, and side-lobe levels. The implication of the 

results on practical implementation is also discussed, 

and conclusion will be given in Section 4. 

 

2. ANALYTICAL MODEL FOR NUMERICAL 

SIMULATION 

A typical arrangement between the BS antenna and 

the RIS can be depicted in Fig. 2, where the coordinates 

of the BS antenna and RIS generally do not coincide. 

The radiated EM wave from the BS impinges on the 

RIS at the incident angles of φi and θi as a plane wave 

when the BS-RIS distance is sufficiently far. At each of 

the RIS unit cells, the incident wave from the BS is 

reflected at the corresponding specular angles of φmn and 

θmn as shown in the figure, where m,n ϵ integer indicate 

the cell location on the RIS. Note that the reflected 

waves from the RIS’s unit elements are set at different 

relative phases so that when they are spatially 

combined, it gives rise to the far-field re-radiation 

pattern in the desired direction. 

 

2.1 ANALYSIS MODEL FOR INCIDENT WAVE TO 

REFLECTED FAR-FIELD PATTERN 

The formulation of the analytical model of the BS-

RIS system begins with the calculation of the incident 

field on the RIS due to the BS antenna. Since the 

antenna and RIS is generally not coincide as shown in 

Fig, 2, a coordinate transformation is required. Fig. 3 

depicts the relative Cartesian coordinates between the 

BS antenna and RIS, where they are essentially 

misaligned by three Eulerian angle rotations  ,   and   

as defined in the figure [9]. Typically, the radiated wave 

from the BS antenna to the RIS is expressed based on its 
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spherical coordinates,    . In order to determine the 

incident wave emanating from the BS arriving at a point 

on the RIS surface in the Cartesian coordinates,    , the 

spherical to Cartesian transformation is employed as [9], 

 

    (

                           

                           

              
)

  

  (1) 

 

Based on the Eulerian angles between the BS and RIS, 

the incident field is then transformed from the Cartesian 

coordinates     of the BS to that of the RIS coordinates 

    
  via Eqn. (2). 
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Subsequently, the Cartesian coordinates with reference 

to the RIS coordinates,     
 , is employed for computa-

tion of the far-field pattern. 

Having calculated the incident electric field 

 ⃗ inc( 
       ), the reflected electric field  ⃗    ( 

       )  

at the (   )   element of the active RIS can be 

determined as in [10], [11]]: 
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with 
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where  ⃗ ref corresponds to the reflected propagation wave 

in the specular direction,          is the phase 

constant along the propagating direction,     and 

    are the reflected angles of the plane wave from the 

(   )   element,      is the gain and     is the phase 

shift associated with the active RIS circuit. 

Subsequently, the reflected magnetic field 

 ⃗⃗    ( 
       ) can be calculated as 

 

 ⃗⃗ ref(  
    

    )  
 

    
 ⃗ ref   ⃗ ref                 (4) 

 

where    and    are the operating radian frequency and 

permeability in free space, respectively. Note that the 

above equations are applicable for both X and Y 

polarization. It is also assumed that there is no cross 

polarization by the RIS unit cells. 

In order to obtain the far-field pattern in the desired 

direction, the distribution of the phase shift     

introduced by the (   )   element of the active RIS 

must be assigned in accordance with the following 

expression: 

 
      (    (                   )       , (5) 

 

where     is the distance from the BS antenna to the 

unit element positioned at (  
    

    ) in the RIS 

coordinate system. Note that the phase shift and gain of 

the active RIS circuit will be discussed in the next 

subsection. 

With all the reflected tangential  ⃗     and  ⃗⃗     fields 

being calculated, and the phase shift associated with all 

the unit elements being assigned, the reflected far-field 

pattern reradiated from the planar RIS aperture at the 

distance   can be computed with the use of the First 

Principle Equivalence as given below [10]: 
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where                and               ,   and 

  are the unit cell’s dimension. Note that      and      

are the spectrum functions, which can be efficiently 

calculated via the inverse fast Fourier transform (IFFT) 

algorithm. For the H field, it can be determined from the 

E field via the free space impedance    √     . 

 

2.2 MODELING OF ACTIVE RIS UNIT CELL  

Fig. 3 (a)-(b) depict two typical circuit schematics 

for the unit cell of an active RIS. It typically consists of 

an antenna (ANT), a passive phase shifter (PS), and a 

reflection amplifier (RA). The PS and RA can be 

configured in parallel or in cascade connection as 

illustrated in the figure. The RA is typically represented 

by a negative conductance,       (      ). 
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Fig. 3 Active RIS circuit model (a) parallel and (b) 

cascade configuration. 

 

In operation, the antenna converts the impinging EM 

waves to an electrical signal propagating toward the PS 

and RA. Due to the difference between the impedances 

or admittances of the ANT and the PS-RA circuit, the 

signal undergoes a reflection and hence propagates 

backward to the antenna before re-radiating as a 

reflected EM wave out of the unit cell. Note that the 

magnitude and phase of the reflected EM wave can be 

controlled by the phase shift and the amplifying gain 

associated with the PS-RA circuit. This can be modelled 

by a one-port admittance                      , 

with a negative real part     . By putting the antenna 

admittance as                , the reflection 

coefficient      of the unit cell can be expressed as 

 

      
          

          
 

(        )  (         )

(        )  (         )
           (8) 

 

The gain of the active RIS is attributed to the 

denominator term (        ) in the equation. It is 

important that the term (        ) must always be 

kept positive over the operating range and frequencies 

so as to ensure stability. 

For low noise and low power operation, the PS and 

RA are typically of an LC passive and a positive 

feedback amplifier types, respectively [11] - [14]. 

Following this and Eqn.(8), the sources of gain and 

phase variations in the reflection coefficient of the 

active RIS include 1) the antenna admittance     , 2) 

the input admittance      of the RA, and the 

admittances      associated with the PS. Note that the 

extent of such errors is dependent on the choices of 

circuit implementation. 

 

3. SIMULATION RESULTS AND DISCUSSION 
 

Based on the analysis equations and procedures 

outlined in Section 2, the performances of the active 

RIS can now be evaluated. The physical and electrical 

setups for the RIS can be summarized as follows. The 

operating center frequency is at 28GHz in accordance 

with the frequency band of 5G NR. The distance from 

the BS to the RIS is 10 meters, where the incident plane 

wave arrives at the RIS is at the θi = 20
o
 and φi = 70

o
 

with reference to the spherical coordinates of the RIS. 

The reflected far field pattern of from the RIS was 

computed at 10 meters with the desired direction at θr = 

30
o
 and φr = 10

o
. For simulation, the size of the RIS was 

varied from      = 8 8 = 64 unit cells to      = 16 16 

= 256 unit cells, whereas the number of phase 

resolutions were set at     = 1, 2 and 3 bits. The size of 

each unit element was set at half of the wavelength at 

28GHz. The impact of the gain and phase errors 

attributed from the unit cells was assessed by virtue of 

Monte-Carlo simulation. Without loss of generality, the 

gain of the active RIS,      , is normalized with a 

uniform random error distribution at ±1.5dB, whereas 

the phase error is set at ±25% from their corresponding 

nominal values. It is assumed that such variation is 

within the range of practical errors in real circuit 

implementation. A total of 250 runs was performed for 

each setup of the RIS parameter. 
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Fig. 4 2-D and 1-D directivity plots of active RIS at      = 64 unit cells with     = (a) 1 bit (b) 2 and (c) 3 bits. 
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Fig. 5 2-D and 1-D directivity plots of active RIS at      = 256 unit cells with (a)     = 1 bit (b) 2 and (c) 3 bits. 

 

Fig. 4 and 5 show the reflected far-field radiation 

patterns of the RIS, in form of both contour and line 

plots along the θ-φ coordinates, at different number of 

phase resolutions     = 1, 2 and 3, and number of unit 

cells      = 64 and 256. It is evident in all cases that the 

incident wave was reflected to the direction close to θ = 

30
o
 and φ = 10

o
, with some discrepancies due to the 

phase quantization from the calculated phase 

distribution in (6).  
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Fig. 6 RIS performance variation against number of bits     at (a)      = 64 and (b)      = 256. 
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Consider the contour plots in the figures at      = 

64 and 256. As the phase resolution     increases, the 

overall side-lobe is more suppressed since more 

proportion of the contour area becomes blue color, 

indicating a low field level (see the color bar on the side 

of each plot). Now consider the directivity plots on the 

right side. As     increases, the peak directivity in the 

steered far-field direction increases whereas the half-

power beamwidth (HPBW) remains practically intact. It 

is also noticed that the variations in the peak directivity 

and HPBW due to the gain/phase errors become less. In 

addition, an increase in the RIS size (from      = 64 to 

256 in Fig. 4 and 5, respectively) results in a higher peak 

directivity and a smaller HPBW, as expected.  

Considering the impact of the gain/phase errors from 

the figures, it is clearly seen that a larger RIS size and a 

higher phase resolution in the RIS can suppress 

variations in the peak directivity and HPBW 

performances. 

In order to investigate more quantitatively the 

robustness against the gain/phase errors of the RIS with 

a larger size      and higher phase resolution    , 

Monte-Carlo plots of the RIS performances, including 

the peak directivity, HPBW, steered angles, and 

minimum side-lobe suppression, are given in Fig. 6 and 

7 for      = 64 and 256, respectively. From the figures, 

with     varied from 1 to 3 bits, the peak directivity 

increases by 3.6 dB and 3.4 dB, and minimum side-lobe 

suppression by 0 dB and 2.4 dB for      = 64 and 256, 

respectively. On the other hands, the steered angles and 

HPBW are maintained. Consider variations in the 

performance due to the directivity/phase errors. At      

= 64, the peak directivities are varied by 2.1 dB at    = 

1, side-lobe suppression by 2.9 dB at    = 3, HPBW by 

2.1
o
 at    = 1, and steered angles by 4.9

o
 at    = 1. At 

     = 256, it is evident that the variations are 

suppressed where the peak directivities are varied by 2.0 

dB at    = 1, side-lobe suppression by 4.2 dB at    = 

3, HPBW by 0.8
o
 at    = 1, and steered angles 2.2

o
 at 

   = 1. These thereby confirm the performance trend as 

already observed from Fig. 4 and 5. 

 

4. CONCLUSION 

 

A numerical performance investigation of the active 

reconfigurable intelligent surface (RIS) has been 

presented based on analytical equations. With practical 

gain and phase variations associated with the antenna 

impedance, reflection amplifier and phase shifter circuits 

included, it is clearly shown via Monte-Carlo simulation 

that the RIS performance becomes more robust as the 

size and phase resolution increase. Also evident is the 

fact that the benefit of an improved robustness becomes 

diminished with the increasing size and resolution. From 

the simulated results in Fig. 6 with a specific gain error 

at 3dB and a phase variation at ±25
o
, the RIS with 256 

elements and 2-bits should be sufficient to provide over 

25-dB normalized peak directivity, less than 8
o
 HPBW, 

more than 12-dB minimum side-lobe suppression and 

very low steered angle error. Given realistic circuit 

errors in a specific RIS implementation, such numerical 

computation should be useful as a design guideline in 

practice. 
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