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Abstract—Intelligent Reflecting Surfaces(IRS) provide im-
proved energy efficiency and consumes less transmit power in
wireless communication systems, when the direct path between
source to destination is weak. IRS surfaces contain an array of
elements that reflect the incoming signal to the destination with
beamforming. The new IRS technology is compared with MIMO
technology and simulation results are plotted for transmit power,
energy efficiency, and Bit Error Probability. It is seen that the for
different performance metrics IRS performs better than MIMO.
keywords —Intelligent reflecting surface, MIMO.

I. INTRODUCTION

An IRS is a flat surface that consists of an array of elements
or IRS units such that each element incurs some changes to
the incoming signal by phase shifting the waves differently.
The direction of reflection is determined by the phase shift
pattern of the elements. Intelligent Reflecting Surface(IRS) is
also named Reconfigurable Intelligent Surface (RIS), Software
Controlled Metasurface which has real-time reconfigurable
properties and recently IRS is considered a prominent tech-
nology for people working in the communication field. The
main idea of IRS is, that communication is done from source
to target by adapting the propagation environment, that beam-
forms the signal towards the target. The architecture of the IRS
resembles a relay but the main difference is a relay actively
processes and amplifies the received signal before transmitting
but an IRS passively reflects the signal with beamforming. The
5G technology provided massive connectivity, ultra-low la-
tency services, enhanced mobile broadband services, network
densification, and multiple input multiple output (MIMO).
But a lot of power is consumed by these technologies and
in harsh environments, these technologies struggle to provide
quality services. So, there is a need for green and sustainable
future technologies, and this can be fulfilled by IRS. The
passive elements of IRS and its beamforming property helps
to achieve better communication capacity. In this paper, a fair
comparison is made between IRS and MIMO with the purpose
to determine how large an IRS is and how many elements in
IRS are needed to beat MIMO.

II. SYSTEM MODEL

A. Transmission using IRS
In this framework, an IRS having N discrete elements is

considered, as represented in Fig. 1. The source to the IRS

Fig. 1. Transmission model using IRS.

channel is given as hsr ∈ CN , where [hsr]n indicates the
nth element of IRS . The channel from IRS to destination is
represented as hrd ∈ CN . Each element of IRS reflects the
incoming signal with constant gain towards the destination and
each element of IRS has a smaller size than the wavelength
of the signal [13]. The elements of IRS is represented by a
diagonal matrix

ϕ = αdiag
(
ejθ1 , . . . , ejθN

)
, (1)

where α ∈ (0, 1) is the fixed amplitude reflection coefficient
and ϕ1...........ϕN are the phase-shift of IRS which can be
optimized by the IRS. From the system model represented in
fig.1, the signal received at the destination is

y = (hsd + hTsrϕhrd)
√
px+ n, (2)

where p , x , and n are transmit power, unit-power informa-
tion signal and receiver noise respectively. Here it is assumed
that the channel is assumed to be deterministic. The achievable



rate of the network assisted by IRS is given as

RIRS(N) = max
ϕ1,...,ϕN

log2

(
1 +

p|hsd + hT
srθhrd|2

σ2

)

= log2

1 +
p
(
|hsd|+ α

∑N
n=1 |[hsr]n [hrd]n|

)2
σ2

 .

(3)

B. MIMO Supported TRansmission

Fig. 2. Transmission model using MIMO.

In this setup, a MIMO wireless system with t transmit
antennas and r receive antennas is considered as in fig 2.
Let x1,x2,.....xt denote the t symbol transmitted from the
t antennas in the MIMO system i.e. xi denote the symbol
transmitted from the ith transmit antenna, 1 ≤ i ≤ . These
transmit symbols can be stacked to form the t-dimensional
vector, also termed the transmit vector as x=

[
x1, x2, ......xt

]
Let y1,y2, ....... yr denote the r received symbols across the r
receive antennas in the MIMO system, which can be stacked
as r-dimensional receive symbol vector as y=

[
y1, y2, .....yr

]
Let the complex coefficient hij represent the coefficient
of the fading channel between ith receive antenna and the
jth transmit antenna. Thus there are a net of rt channel
coefficients to all possible combinations of the r recieve
antennas and t transmit antennas. This can be written as

H=


h11 h12 ... h1t

h21 h22 ... h2t

. . ... .

. . .

. . .
hr1 hr2 ... hrt


where, the r x t dimensional matrix H is termed as MIMO
channel matrix. Let the additive noise at the receive
antenna i is denoted by ni, that is n1,n2,..... nr denote the
additive noise at the r receive antennas. Thus the net MIMO
input output system model can be represented in vecor form as

y = Hx+ n (4)

where y, H and n are the received signal vector, channel
matrix in vector form and noise respectively. The noise
n is considered as additive white gaussian noise with
n ∼ N(0, σ2).
Considering the ith parallel MIMO channel, the above
equation can be written as

ỹi = σix̃i + ñi (5)

The channel Capacity for ith channel in the MIMO supported
network is

ci = log2 (1 +
Piσi

2

σn2
) (6)

The net MIMO capacity is given as the sum of individual
capacities of all the t channels

c =

t∑
i=1

log2 (1 +
Piσi

2

σn2
) (7)

where, Pi is the totat power of the ith channel which is allo-
cated by optimal power allocation, σi is the signal attenuation
power of ith channel, and σn is the noise power.

III. TRANSMIT POWER, TOTAL POWER, ENERGY
EFFICIENCY AND BIT ERROR PROBABILITY

In this section expression for transmit power,energy effi-
ciency, spectral efficiency and Bit Error Probability is found
out. For conciseness, the notations introduced are |hsd| =√
βsd is the channel from source to destination, |hsr| =

√
βsr

is the channel from source to IRS, |hrd| =
√
βrd is the channel

from IRS to destination, 1
N

∑N
n=1 e

jθ [hsr]n[hrd]n=
√
βIRS .

A. Transmit power and Total power

For any value of N ≥ 1 the IRS transmission model
provides the maximum rate for any if βsd > βsr. But when
βsd ≤ βsr , the system provides the maximum rate if and only
if

N >

√(√
1 + 2pβrdβsr

(βsr+βrd−βsd)σ2 − 1
)
σ2

p −
√
βsd

α
√
βIRS

. (8)

The right hand side of (8) relies on the amplitude reflection
coefficient α, the transmit SNR p

2 , and the gains of the channel
βsd, βsr, βrd and βIRS = βsrβrd. It is seen that the right
section in (13) approaches -

√
βsd

α
√
βsrβrd

as p −→ ∞, which
indicates that the transmission using IRS attains the highest
rate at high SNR for any value of N . When p −→ ∞, which
is a large number, and if βsd ≪ βsr equation (13) becomes,

N >

√
1

(βsr+βrd−βsd)
−

√
βsd√
βsrβrd

α
. (9)

The transmit power equations for the system models (IRS
and MIMO) are : For the IRS supported transmission, to
achieve a data rate R̄ the power required is

pIRS(N) =
(
2R̄ − 1

) σ2

(
√
βsd +Nα

√
βIRS)2

, (10)



Ptotal is denoted as the total power consumption of a system
which consists of the power loss by the hardware components
and the transmit power. For the IRS case the total power
consumption is given as

P IRS
total(N) =

pIRS(N)

ν
+ Ps + Pd +NPe, (11)

where pe denotes the power loss per element, due to the
hardware components used for phase shifting and ν ∈ (0, 1)
is the efficiency of the power amplifier.
Considering βIRS is a constant value which is independent of
number of elements. The optimum value of N is minimized
by optimizing the total power P totalIRS (N).

Nopt =
3

√(
2R̄ − 1

)
σ2

α2βIRSPe
− 1

α

√
βsd
βIRS

. (12)

For MIMO case, to attain a data rate R, the power required
for MIMO supported transmission is

pMIMO =
(2R − 1)σn

2

(M − 1)σi2
(13)

The total power of the system in MIMO case is

PMIMO
total =

pMIMO

ν
+ PFIX, (14)

Where PFIX circuit power of receiver consists of only fixed
power.

B. Energy Efficiency

The energy efficiency is defined as B ∗ R̄/Ptotal[11]. Im-
plementing equations (11) and (14), energy efficiency is found
out.

C. Bit error probability

From the system model represented in fig 1., the signal
received at the receiver reflected by IRS(assuming the direct
channel is blocked) is given by

y1 =

[
N∑
i=1

hsre
jϕihrd

]
x+ n (15)

where ϕi is the phase shift induced by the ith reflecting
element of the IRS, x is the information symbol and n ∈
CN(0, N) is the AWGN term. Here hsr = aie

−jθi and
hrd = bie

−jψi . The instantaneous SNR is

γ =

∣∣∣∑N
i=1 αiβie

j(ϕi−θi−ψi)
∣∣∣2Es

N0
(16)

where Es is the average transmitted energy per symbol. By
eliminating the channel phases can be maximized, ϕi = θi+
ψi for i = 1,. . . , N.

γ =

(∑N
i=1 aibi

)2
Es

N0
=
A2Es
N0

. (17)

Considering ai and bi are independently Nakagami distributed
random variables (RVs) and E[aibi] = 9π and V AR[aibi] =
64−81π2. So for a large number of elements, the CLT(Central
Limit Theorem) is invoked. Now A follows a gaussian distri-
bution with E[aibi] = N9π and V AR[aibi] = N(64−81π2).
Now it is seen that γ follows a non-central chi-square RV with
one degree of freedom and the moment generating function
(MGF) is given as

Mγ(s) =

(
1

1− s2N(64−81π2)Es

N0

) 1
2

exp

(
sN281π2Es

N0

1− s2N(64−81π2)Es

N0

)
.

(18)
The average Symbol Error Probability(SEP) for M-PSK sig-
naling can be obtained from the above equation as

Pe =
1

π

∫ (M−1)π/M

0

Mγ

(
−sin2(π/M)

sin2η

)
dη (19)

The above equation can be simplified for binary PSK (BPSK)
as

Pe =
1

π

∫ π/2

0

(
1

1 + 2N(64−81π2)Es

sin2ηN0

) 1
2

exp

 −N281π2Es

sin2ηN0

1 + 2N(64−81π2)Es

sin2ηN0

 dη.

(20)
The above equation (6) can be upper bounded by letting η =
π/2 as

Pe ≤
1

2

(
1

1 + 2N(64−81π2)Es

N0

) 1
2

exp

(
−N281π2Es

N0

1 + 2N(64−81π2)Es

N0

)
.

(21)

IV. RESULTS AND DISCUSSION

In this segment, the system models of these two systems are
compared. By using the 3GPP Urban Micro(Umi)[17, Table
B.1.2.1-1] having carrier frequency of 3GHz, the channel
gains are modelled. The non line of sight(NLOS) and line of
sight(LOS) categories are considered for a distance of ≥ 10m.
The antenna gains in dBi at source and destination are defined
as Gt and Gr respectively. The channel gain B is taken as a
function of distance d, and to get a deterministic model,the
shadow fading is neglected here.

β(d) [dB]

= Gt +Gr +

{
−37.5− 22 log10(d/1m) if LOS,

−35.1− 36.7 log10(d/1m) if NLOS.

(22)

In the simulation setup, the transmitter and IRS are installed
at permanent locations, but the location of the receiver is
varied, which is taken maximum up to 100 metres. The
channel gains are computed based on the distance by using
equation (22) and assuming the source, IRS are having iden-
tical 5 dBi antennas while the receiver is assumed to have an
omnidirectional antenna with 0 dBi. The IRS is installed at
heights. The importance of IRS is realized when there exist
a NLOS(Non Line of Sight) channel between transmitter and
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Fig. 3. Transmit power for different number of reflecting elements of IRS
and MIMO.

receiver, as without use of IRS in NLOS environment results
in a weaker channel gain.

To achieve a rate of r= 5 bits/Hz , the transmit power
required is shown in Fig(3). For simulation the bandwidth
is taken as 20 MHz(for LTE). The noise power is taken as
94 dBm, α = 1, and the number of antennas is taken as 10.
The transmit power comparison for MIMO and an IRS with N
having different values of 50, 100, 150, 200, is shown in figure
3. Considering the case when R̄ = 5 bit/s/Hz, the MIMO
approaches the power nearly equal to the power for N = 100
elements. The transmit power required decreases with the
increase in number of elements(N) in IRS. The slight bending
of the curve states that the receiver is close to destination
or IRS. It can be also stated that by using more number
of reflecting elements, the transmit power can be reduced.
As MIMO contains active antennas which can transmit and
process the signals but IRS has passive elements which can
neither transmit nor process the signals, so to outperform
MIMO, a large number od IRS elemnts are required. When
d1= 80m, the number of IRS elements needed is N > 100
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Fig. 4. Energy efficiency versus rate R for MIMO and IRS communication
when M=10 for MIMO.

Figure 4 and 5 shows energy efficiency as a function of
R for different M values of MIMO and IRS. For simulation
setup, different values are defined as ν = 0.5, Ps = Pd =
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Fig. 5. Energy efficiency versus rate R for MIMO and IRS communication
when M=100 for MIMO.

Pr = 100mW , pe = 5mW , and d1 = 80m. For number
of elements in IRS, N is optimized using equation(12). It is
seen that when M value was 100, the MIMO case provided
the highest energy efficiency at R̄ = (0, 10) bit/s/Hz, But at
higher rates, the IRS outperforms MIMO . It is found that only
for R̄ > 11 bit/s/Hz that the IRS has Nopt > 0 and it is only
for R̄ > 17.5 bit/s/Hz that it provides higher energy efficiency
than MIMO.
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Fig. 6. shows the exact and upper bound theorical result of



Bit Error Probability under Nakagami fading for N=16 and
N=32 number of reflecting elements. It is seen that increasing
the number of reflecting elements can decrease the Bit Error
Probability. For calculation of BEP m=2, omega=1, BPSK
modulation is considered and theoritical result is plotted. Fig.
7. shows the simulated BER for N=32 number of elements of
IRS.

V. CONCLUSION

In this paper the performance of IRS is compared with
MIMO. Even if frequency-flat fading channels and ideal phase
shifting is considered, it is observed that to obtain minimum
transmit power and higher energy efficiency a large number
of reflecting elements are required to overcome MIMO. The
reason is that to reach the destination, source transmit power
must travel over two channels leading to a small channel gain
of βsrβrd per element in the IRS. Hence there arises a need
for large number of reflecting elements to compensate for the
low channel gain. Having a disadvantage of large number
of elements in IRS communication, the main advantage is
it does not require power amplifiers. At higher rates an
IRS achieves higher Energy Efficiency than MIMO. This
IRS communication is very helpful in places where there is
NLOS(no line of sight) communication. High rise buildings,
mountain and hilly areas where LOS communication is a
hindrance, IRS proves to be a boon at that places. When we
go for higher frequency range communication like millimeter
wave communication, terahertz communication, where there
is a large attenuation, IRS is helpful in these environments to
overcome the challenges.
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[6] O. Özdogan, E. Björnson and E. G. Larsson, ”Intelligent reflecting
surfaces: Physics propagation and pathloss modeling”, IEEE Wireless
Commun. Lett., vol. 9, no. 5, pp. 581-585, May 2020.

[7] C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides, S. Ioannidis, and I.
Akyildiz, “A new wireless communication paradigm through softwarecon-
trolled metasurfaces,” IEEE Commun. Mag., vol. 56, no. 9, pp. 162– 169,
2018.

[8] E. Björnson, L. Sanguinetti, H. Wymeersch, J. Hoydis and T. L. Marzetta,
”Massive MIMO is a reality—What is next? Five promising research
directions for antenna arrays”, Digit. Signal Process., vol. 94, pp. 3-20,
Nov. 2019.

[9] M. D. Renzo, M. Debbah, D.-T. Phan-Huy, A. Zappone, M.-S. Alouini,
C. Yuen, V. Sciancalepore, G. C. Alexandropoulos, J. Hoydis, H. Gacanin,
J. de Rosny, A. Bounceu, G. Lerosey, and M. Fink, “Smart radio envi-
ronments empowered by reconfigurable AI metasurfaces: an idea whose
time has come,” EURASIP Journal on Wireless Communications and
Networking, vol. 2019:129, 2019.

[10] J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE Trans.
Inf. Theory, vol. 50, no. 12, pp. 3062–3080, 2004.

[11] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C.
Yuen, “Reconfigurable intelligent surfaces for energy efficiency in wireless
communication,” IEEE Trans. Wireless Commun., vol. 18, no. 8, pp.
4157–4170, 2019.

[12] G. Farhadi and N. C. Beaulieu, “On the ergodic capacity of multi-hop
wireless relaying systems,” IEEE Trans. Wireless Commun., vol. 8, no. 5,
pp. 2286–2291, 2009.
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