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Abstract—In this paper, we consider a reconfigurable intelli-
gent surface (RIS)-aided wireless communication without a direct
link. The large-scale path loss model, and residual hardware
impairment (RHI), taking into account the physical character-
istics of RIS, and practical nature of transceiver equipment,
respectively, are considered. By employing the Rayleigh distribu-
tion for small-scale fading and the central limit theorem (CLT)
approximation for number of reflecting surfaces, we derive the
distribution of SNR, and consequently, the tractable expression of
ergodic achievable rate for the analysis. We analyze the factors,
including effective incident angle and size of RIS, and number
of reflecting surfaces, and RHI Level, that influence the ergodic
achievable rate, by simulation results.

Index Terms—reconfigurable intelligent surface, hardware im-
pairments, ergodic achievable rate

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) is a new technol-
ogy to enable energy-, spectrum-, and cost-efficient wireless
communications [1]. In this paper, we consider an RIS-
assisted downlink wireless system. In particular, we include
the realistic path loss model for RIS-assisted wireless system
employing the physical characteristics of RIS, e.g., its effective
angle of incident and size, in contrast to expressing only the
function of link distance for large-scale fading. Furthermore,
the assumption of ideal hardware components is also not
realistic in practical communication systems. The transceivers
in practice suffer from various hardware impairments, such as
phase noise, and in-phase/quadrature-phase imbalance, which
cannot be completely removed [2]. Therefore, we consider the
residual hardware impairments (RHI) characteristics. We aim
to quantify the ergodic achievable rate (ER) performance of
the proposed analysis. We derive the distribution of signal-to-
noise-plus-interference ratio (SNIR) and closed-form expres-
sion of ER. Finally, the numerical results are presented to
validate the analytical expressions and also to show useful
insights on the impact of different parameters.
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II. SYSTEM MODEL

We consider an RIS-aided wireless system including a base-
station (S), and a user (U ). The direct link between S and U
does not exist due to obstruction. The RIS with T number
of passive reflecting elements aims to constructively add-up
signals at U . The more suitable large-scale path loss model for

RIS can be considered as PL = GT

16π2

(
xy
dsdu

)2

cos2 (θt), where
GT represents the effective gain of the antennas, θt represents
the effective incident angle; the angle between the incident and
normal directions when RIS plane is vertically straight. ds, and
du are the distances between S and t element, and t element
and U , respectively, x × y is the size and xycos (θt) is the
effective area for the beam on RIS. We consider the far-field
transmission for S and U . For small-scale fading, the channels
between S and t element, and t element and U , are represented
as ht = αte

jθt , and gt = βte
jεt , respectively, where ht, and

gt are the amplitudes following the Rayleigh distribution, and
|ht|2, and |gt|2 are the channel gains following the exponential
distribution with with scale parameter equal to 1 [3], [4].

The received signal at U is,

Y =
√
PL

T∑
t=1

htΘtgt

(√
PTX + νT

)
+ nD (1)

where PT is the transmit power at S, X is the unit signal, and
nD ∼̇ CN

(
0, σ2

)
is AWGN [5]. Θt = ψte

jφt , φt ∈ [−π, π),
and ψt = [0, 1] are the induced reflection coefficient, phase
shift, and amplitude for the t element of RIS. The aggregate
RSI noise, νT ∼̇ CN

(
0, σ2

TPT
)
, is sum of the effective dis-

tortion noises νS and νU
Ω . In details, Ω = |

∑T
t=1 htΘtgt|2 is

the effective instantaneous channel gain, νS ∼̇CN
(
0, σ2

SPT
)
,

and νU ∼̇ CN
(
0, σ2

UPTΩ
)

are the RHI noises at S and U ,
respectively. σT =

√
σ2
S + σ2

U represents the aggregate level
of RHI.

Using ρT = PT

σ2 , the SINR at U is,

γ =

PL|
∑T
t=1 αtβte

(θt+εt+φt)ψt|2ρT
PL
∑T
t=1 αtβte

(θt+εt+φt)ψt|2ρTσ2
T + 1

(2)

We consider that the channel state information (CSI) is
known at RIS, and the optimal setting, i.e., φt = θt + εt, and
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ψt = 1, is possible. Therefore, the SNR at U can be rewritten
as γ = Ω2γa

Ω2γb+1 , where Ω =
∑T
t=1 αtβt, γa = PLρT , and

γb = PLρTσ
2
T .

III. ERGODIC RATE ANALYSIS

We present the statistical characterization of Ω. αt, and βt
follow the Rayleigh distribution. According to the central limit
theorem (CLT), Ω =

∑T
t=1 αtβt can be approximated with

a Gaussian distributed RV for a sufficiently large T . The
mean value E{Ω} and variance V{Ω} can be expressed as
T π

4 and T
(

16−π2

16

)
, respectively. Now, we find the exact first

and second moments of Ω2. The first moment E{Ω2} of Ω2

can be written as,

E{Ω2} = V{Ω}+ (E{Ω})2

= T

(
16− π2

16

)
+
(
T
π

4

)2

(3)

The second moment E{Ω4} of Ω2 can be determined as,

E{Ω4} = (E{Ω})4
+ 6 (E{Ω})2 V{Ω}+ 3 (V{Ω})2

=
(
T
π

4

)4

+ 6
(
T
π

4

)2

T

(
16− π2

16

)
+ 3

(
T
(
16− π2

)
16

)2

(4)

We get Ω ∼̇ Γ (kΩ, θΩ) using moment-matching tech-
nique, where the shape and scale parameters are respectively
obtained as kΩ = E{Ω}2

V{Ω} , and θΩ = V{Ω}
E{Ω} . The ergodic

rate is determined as ER = E
{

log2

(
1 + Ωγa

Ωγb+1

)}
, which

is solved using the approximation E
{

log2

(
1 + q1

q2+1

)}
≈

1
ln 2 ln

(
1 + E{q1}

E{q2}+1

)
[6].

The ergodic rate can be rewritten as,

ER ≈ 1

ln 2
ln

(
1 +

E {Ωγa}
E {Ωγb}+ 1

)
, (5)

where E {Ωγa} = γakΩθΩ, and E {Ωγb} = γbkΩθΩ.

IV. NUMERICAL RESULTS

The provided numerical results confirm the theoretical anal-
ysis. The parameters are set as; transmit SNR ρT = [0dB,
20dB], RHI level σT = [0, 0.3], number of reflecting elements
T = [20, 80], length of reflecting element lr = [λ6 , λ], where
xy = T l2r , and effective incident angle of RIS θt = [π6 , 3π

4 ].
Fig. 2(a) plots ER performance versus ρT , for different

θt, and lr. The ER performance improves with ρT . Further,
increase in θt degrades the ER performance as cos (θt) corre-
sponds to the effective impinging area for the incident wave
on RIS. The results also show that ER increases with lr, as
the total area of RIS become larger with lr when T is fixed.
Fig. 2(b) plots ER performance versus ρT , for different T , and
σT . First, the results confirm that T has a positive impact on
the ER performance as larger passive beamforming gain can
be achieved. The results also show that ER decreases, i.e., the

Fig. 1. a) ER performance versus ρT for different θt, and lr b) ER
performance versus ρT for different T , and σT .

reliability degrades, with the increase in ζT . The reason is that
RHI level has a negative impact on the ER performance. For
the comparison, the ideal case of RHI, i.e., ζT = 0, is shown.
The results demonstrate that the impact of ζT is more severe
for the higher SNR.

V. CONCLUSION

In the paper, we investigate the reconfigurable intelligent
surface (RIS) technology to enhance the reliability perfor-
mance of the RIS-aided wireless system, and derive the closed-
form analytical expression for the ergodic achievable rate. To
design the practical setup, we consider the non-ideal hardware
impairments, and realistic large-scale path loss model employ-
ing the physical characteristics of RIS. The results illustrate
the correctness of the analytical analysis. The performance of
ergodic achievable rate was examined for different variables,
including size and angle incident for RIS, RHI level, and
number of reflecting elements.
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