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Coverage, Probability of SNR Gain, and DOR
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Abstract—Recent studies have shown that reconfigurable intelligent surfaces (RISs) can help in extending the wireless coverage.
However, no work has quantitatively analyzed the coverage. In
this letter, we present the coverage analysis for an RIS-aided
communication system. For comparison, the coverage analysis
for relaying systems and direct-link transmission systems are also
derived. Furthermore, we provide the analysis for the probability
of signal-to-noise ratio (SNR) gain of the RIS over the direct link
transmission. Finally, we analyze the delay outage rate of the RIS
in achieving ultra-reliable low-latency transmissions. The results
show that using the RIS can expand the coverage, increase the
SNR gain, and reduce latency of the links.
Index Terms—Coverage distance, delay outage rate, probability of SNR gain (PSG), relay, reconfigurable intelligent surface
(RIS).

I. I NTRODUCTION
As one of the key technologies for future wireless networks, reconfigurable intelligent surfaces (RISs) have been
widely used in various fields. The RISs do not need any
power supply, complicated signal processing, or encoding and
decoding processes, which are especially used to improve the
signal quality at the receiver [1][2]. Indeed, the RISs are
unique in that they enable telecom operators with controllable
environment to realize the distribution of the whole network
by modeling the environment object and fully controlling
the electromagnetic response [3]. Notice that the RIS is also
known as an intelligent reflecting surface (IRS) and the authors
in [4]-[6] proposed using the IRSs to realize high spectrum and
energy efficiency in the wireless communication. In particular,
the authors in [4] emphasized the main differences and the
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competitive advantages of the IRS through comparison with
other related technologies. RISs and their typical applications
in wireless communication systems have been extensively
studied in the literature. For instance, the authors in [7] studied
applying the RIS to the downlink multi-user communication. In addition, a structure with a holographic multipleinput multiple-output surface (HMIMOS) was proposed in
[8]. However, most results are only applicable to the ideal
phase shift models. Therefore, the authors in [6][9] studied
the performance loss due to discrete or practical phase shifts.
On the one hand, as mentioned in many references, using
RISs can improve the coverage of wireless communication
systems, which is a very intuitive conclusion. So far, regarding
the performance analysis works, most of the results are available for the common performance indicators, such as average
capacity, bit error rate, and outage probability. However, only
few works have presented the quantitative coverage analysis
for the conventional relaying systems. In particular, in [10],
the authors analyzed the coverage of a decode-and-forward
(DF) millimeter wave (mmwave) relaying system and compared it with the direct-link transmission case. The results
in [10] showed that using relays can significantly improve
the coverage performance. In [11], the authors considered a
two-way relaying network with spectrum sharing and multiuser diversity, and analyzed the coverage by starting from
the outage probability computation. However, the coverage
analysis for the RIS-aided wireless system is still not reported
in the literature, which is one of the main motivations of this
work.
Moreover, compared with the direct link transmission, there
is a great interest in how much signal-to-noise ratio (SNR)
gain the relay system can provide. For a single-input singleoutput (SISO) system, the probability of SNR gain (PSG)
was presented in [12]. The results in [12] indicated that the
PSG mainly depends on the ratio of average SNRs. In [13],
the authors studied the PSG with the multiple-input multipleoutput (MIMO) relaying systems with the Alamouti code
scheme, and their results show that MIMO relay systems can
obtain the SNR gain even if the diversity order is smaller
than that of the single-hop MIMO systems. To the best of
the authors’ knowledge, the analysis for the PSG of RISaided systems over direct link transmission systems is still
not reported in the literature, which is another motivation of
this work.
Finally, achieving ultra-high reliability and low latency
communication (URLLC) is a major requirement in the 5th
generation (5G) communication systems. The use of dataoriented performance indicators to analyze the transmission
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use of multiple time slots. However, the RISs just passively
reflect signals without additional power to optimize the phases
of the reflection and maximize the SNR, which eventually
improves the end-to-end quality of the communication link.
We assume that the channel is a quasi-static flat Rayleigh
fading channel without interference. Therefore, the received
signal at D can be expressed as
"N
#
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hi %i gi x + n0 ,
(1)
y = Ps

gi

i=1
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Fig. 1.

D
An RIS-aided wireless communication system model.

performance of small data in fading channels has been studied
in many literatures. For instance, in [14], the authors proposed
a data-oriented method that uses the principle of optimizing the
transmission strategy of a single data session to improve the
performance of the entire system and effectively meet the reliability and latency requirements of mission-critical applications.
In [15], the authors analyzed the delay outage rate (DOR) for
the ideal continuous rate and actual discrete rate adaptation
schemes, and the results show that the discrete rate adaptation
with adaptive modulation and coding (AMC) is not as good
as the expected optimal rate adaptation (ORA). However,
the DOR analysis for the RIS-aided wireless communication
transmission has not been reported in the literature, which is
the last motivation of this work.
In this letter, for the RIS-aided communication systems, we
present the analysis for the coverage, the PSG, and the DOR.
For comparison, we also analyze the coverage and the DOR
of dual-hop relaying systems. Furthermore, we investigate the
impact of relative link gains (RLGs) on the SNR gain. Finally,
the results show that the use of the RIS can provide larger
coverage, increase the SNR gain, and reduce the DOR.
II. S YSTEM AND CHANNEL M ODELS
As shown in Fig. 1, consider an RIS-aided communication
system, which includes a source (S), a destination (D) and an
RIS that is composed of N reflecting meta-surfaces, where
S and D are equipped with only one antenna. We assume
that the RIS is placed between S and D, and direct-link
transmission does not exist due to the blockage, then an
intelligent environment is created by the RIS to improve the
signal quality. Furthermore, we assume that the RIS can obtain
the full channel state information (CSI) of the channels to
realize the phase shift, thereby maximizing the received SNR
at D. Finally, similar to the assumption in [5], we assume that
only the signal reflected by the RIS first time is considered,
and those reflected by the RIS two or more times are ignored.
From Fig. 1, we can see that the RIS is working like a relay.
However, their working principles are completely different and
the detailed difference between them has been presented in
[16]. More specifically, relays are used to amplify or decode
and forward signals and extend the coverage of a wireless
network, while the spectrum efficiency loss happens due to the

where Ps is the transmit power at S, x is the transmit signal
with unit energy, and n0 is the additive white Gaussian noise
(AWGN) with the mean of zero and the variance of N0 . In (1),
%i = $i (φi )ejφi is the reflection coefficient produced by the
ith reflector of the RIS, where $i (φi ) = 1 for the ideal phase
shifts (i = 1, 2, . . . , N ). In addition, hi and gi are the channel
−v/2
−v/2
gains with hi = d1
αi e−jθi and gi = d2
βi e−jϕi , where
d1 and d2 are the distances for the S-RIS link and RIS-D link,
respectively, v is the path-loss index, θi and ϕi are the phases
of the channel gains, and αi and βi following a Rayleigh
distribution are the amplitudes of the channel gains. Moreover,
we assume that the RIS has the full knowledge of the channels
phases of hi and gi .
From [17], the path-loss model in RIS-aided communication
systems has two cases, namely, near field and far field. In
particular, when the distance between the source/terminal and
2
the middle of the RIS is less than 2D
λ , where D represents
the maximum size of the RIS and λ is the wavelength, the
system model is classified as the near field case. Otherwise,
the system model belongs to the far-field case. In this work,
we consider the far field case. Then, the received SNR at D
can be expressed as
N
P

γ=

2

αi βi ej(φi −θi −ϕi ) Ps

i=1

N0 dv1 dv2

(2)

,

In (2), to obtain the maximum value of γ, we need to eliminate
the channel phases. Similar to the method in [5], by setting
the phases φi = θi + ϕi for i = 1, 2, . . . , N , the maximal γ
can be written as [5]
N
2
P
αi βi PS
(3)
A2 γ̄
γ = i=1 v v
= v v,
N0 d1 d2
d1 d2
where γ̄ = Ps /N0 denotes the average SNR and A =

N
P

αi βi .

i=1

III. C OVERAGE ANALYSIS
In this section, our intention is to derive the outage probability expressions and then use them to analyze the coverage.
A. Outage Probability Analysis
Outage probability is defined as the probability that the
effective received SNR γ at D is less than a given value γth .
Thus, we readily have Pout = Pr(γ < γth ).
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For large number of reflecting meta-surfaces, i.e., N 
1, and according to the central limit theorem (CLT), A is a
Gaussian distributed random
variable
with the mean of N4π


π2
and the variance of N 1 − 16 [1]. As a result, A2 is a noncentral chi-square random variable with one degree of freedom
and its probability density function (PDF) is given by [18]
√ !


1  s − 14
sλ
s+λ
fA2 (s) =
I− 21
. (4)
exp −
2
2
2σ λ
2σ
σ2
where In (z) is the modified Bessel function of the first class
2
with order n, λ = ( N4π )2 , and σ 2 = N (1 − π16 ). According
to (3), the PDF of γ can be written as
1
fγ (γ) =
2σ 2 γ̄



γ
γ̄λ

− 14



γ + λγ̄
exp −
2γ̄σ 2


I− 21


√
γλ
√ 2 .
γ̄σ
(5)

With (5), Pout can be expressed as
√ √ !
γth
λ
,√
,
Pout = 1 − Q 21
σ
γ̄σ

(6)

where Qm (a, b) is the Marcum Q-function defined in [19].
The above analytical result involves the Marcum Q-function,
which can not provide any explicit insights. Also, it is difficult
to use it to analyze the coverage and compare with other
schemes. Thus, an asymptotic outage analysis is necessary. By
RIS
assuming d1 = d2 = d 2 , from [20], the Marcum Q-function
Qm (x, y) can be asymptotically expressed as


mεx2
−m
2
Qm (x, y) ≤ (1 − 2ε)
exp(−εy ) exp
, (7)
1 − 2ε
1
where
 ε is2 the Chernoff parameter (0 < ε < 2 ). Since
1/2εx
exp 1−2ε has a minimum value of 1, Pout can be asymptotically written as

Pout ≈ 1 − (1 − 2ε)−1/2 exp(−b2 ε),

(8)

RIS 2v

(d
) γth
where b2 = 4v−2
γ̄N (16−π 2 ) . Above expression explicitly indicates that increasing N can improve the system performance.

For the direct-link transmission system, the link gain |h|2
obeys the exponential distribution with parameter (dD )v .
Therefore, the distance dD can be exactly expressed as
!1/v
1
γ̄
ln
1−P
out
dD =
.
(10)
γth
Notice that (10) can also be obtained from [21].
For the relaying system with the DF protocol, the end-toend outage probability is given by Pout = Pr{min(γ1 , γ2 ) <
γth } = 1 − Pr{γ1 > γth , γ2 > γth }, where γ1 and γ2 are the
effective SNRs of the two hops. Without loss of generality, we
assume that the relay is placed at the middle of the S-relay
(R)-D link. Therefore, the distance dR for the relaying system
can be written as
!1/v
2v−1 γ̄ ln 1−P1out
R
.
(11)
d =
γth
For tractable √
analysis, v is set to 2. From (10) and (11),
we have dR = 2dD , which means that the relaying system
can obtain a higher coverage. Furthermore, from (9), (1 −
2ε)−1/2 > 1. Therefore, for sufficiently large N , we have

1/4
N (16−π 2 )γth
dRIS
>
> 1. Thus, it is clearly observed
1
dR
2γ̄ ln
1−Pout

that dRIS is always larger than dR and dD , which indicates
that using RISs can increase the received SNR and make the
wireless communication systems have a larger coverage.
IV. P ROBABILITY OF SNR G AIN
In this work, with the coverage analysis, we also provide
the analysis for the PSG.
According to [12], the PSG is defined as the ratio of the
instantaneous SNRs. The authors in [12] considered the PSG
by relays over the single-hop system. Thus, the PSG by
RISs or relays over direct-link transmission systems can be
expressed as


γδ
δ
Pc = Pr
>η
γ
ZD
∞
=1−
Pr{γδ < ηγD |γD = γ}fγD (γ)dγ
Z0 ∞
=1−
Fγδ (ηγ)fγD (γ)dγ.
(12)
0

B. Coverage Analysis
In this subsection, we provide the coverage analysis to show
the advantage of the RISs. For comparison, we also analyze
the coverage for the relaying system. For fair comparison, we
assume that the channel fading is the Rayleigh fading for all
cases and all the links have the same average SNRs γ̄.
According to [21], the cell coverage is related to the outage
probability and is defined as the maximum distance at which
the link quality at the cell edge is no less than a given SNR
value γth , with the probability 1 − Pout . Therefore, from (8),
the coverage distance dRIS can be approximated as

1/(2v)
(1−2ε)−1/2
v−2
2
N
4
γ̄(16
−
π
)
ln
1−Pout 
dRIS ≈ 
.
(9)
γth ε

where η is the threshold value, δ ∈ {R, RIS}, γR =
 γ̄ v min{|h1 |2 , |h2 |2 } = G1 min{|h1 |2 , |h2 |2 } represents
dR
2

the instantaneous end-to-end SNR for the relaying system,
γ̄
2v A2 = G2 A2 denotes the instantaneous
γRIS =  dRIS
2

SNR for the RIS-aided system, FX (x) and fX (x) are the
cumulative distribution function (CDF)
and the PDF of the
γ̄|h|2
2
random variable X, and γD = (d
represents the
D )v = G0 |h|
received SNR for the direct link transmission case.
Let L1 = G1 /G0 and L2 = G2 /G0 be called the RLGs
that represent the proportions of average received SNRs.
For the Rayleigh fading channels, the PSG for the relaying
system is given by [12, eq.(10)]
L1
PcR (η) =
.
(13)
2η + L1
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From [22] and [23, eq.(13)], the PSG for the RIS-aided
system can be readily evaluated as
 12

λL2
η
−
e η+2L2 σ2 ,
(14)
PcRIS (η) = 1 −
2
η + 2L2 σ
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Coverage Distance [km]

Since we assume that both the relay and the RIS are
placed in the middle positions of the S-D link, we have
L1 = L2 , which makes the PSG reach its maximum value. In
this case, as the communication environment becomes more
decentralized, RLG increases with the increase of the path loss
index.
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Fig. 2. Coverage distance comparison between RIS-aided systems, relaying
systems, and direct link transmission.
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In this section, we analyze the DOR performance of small
data transmission in the flat Rayleigh fading channels. The
DOR can be used as an effective performance indicator for
the design of URLLC transmission schemes.
We assume that the transmitter has the full CSI to achieve
the ideal continuous rate adaptive transmission. According to
[15], the DOR is defined as the probability that the time
required to successfully transmit a certain amount of data in
a wireless channel is greater than a threshold duration Tth ,
which can be expressed as DOR = Pr(DT > Tth ), where
DT = B·log H(1+γ) represents the delivery time, B is the
2
channel bandwidth, and H is the amount of data.
With (6), the DOR for the RIS-aided system can be readily
evaluated as


√

H·ln(2)
exp
−
1
B·Tth
λ
.
√
,
(15)
DORRIS = 1 − Q 12 
σ
γ̄σ
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Moreover, for the direct-link transmission system, DORD
can be exactly expressed as

0.1
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exp

DORD = 1 − e−

H·ln(2)
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H·ln(2)
B·Tth
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Finally, for the relaying system with the DF protocol,
DORR can be written as
exp

5


−1

Fig. 3. Probability of SNR gain for relaying and RIS-aided systems when
L1 = L2 = 6, 9 dB, and N = 4.


−1

.

(17)
1
0.9

In this section, we present some numerical results to verify
our analysis for the coverage distance, the PSG, and the DOR.
In Fig. 2, we plot the curves for the coverage distance
of the RIS-aided systems, relaying systems, and direct link
transmission when N = 4, 6, 8 and γth = 2 dB. We set
Pout = 0.1, which means that the reliability of the system
link can maintain the required received SNR at least 90%
of the time. In Fig. 2, we also plot the curve for the lower
bound obtained from Eq. (8). From Fig. 2, we can see that
the RIS-aided systems can obtain larger coverage distance
in comparison with the relaying systems and the direct-link
transmission. Also, increasing the value of N can improve the
system performance and expand coverage.
In Fig. 3, we plot the curves for the PSG. This figure
shows the perfect match between the analysis and simulation
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VI. N UMERICAL RESULTS
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Fig. 4. Probability of SNR gain comparison for the RIS-aided systems with
the ideal and practical phase shifts when L2 = 9 dB, and N = 4.
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Fig. 5. DOR comparison between RIS-aided systems, relaying systems, and
direct link transmission when H = 5 kbits, B = 2 MHz, and Tth = 0.001s.

results. From Fig. 3, we can observe that the RIS-assisted
system obtains a larger SNR gain than the relaying system,
and it also shows that the SNR gain increases as the average
SNR increases. For different RLGs, the higher RLGs have
the greater PSG, which makes the performance of the system
become better.
In Fig. 4, we present the PSG comparison between the ideal
and practical phase shifts to observe the performance loss.
From [9], $i (φi ) = (1 − ζmin )( sin(φi −κ)+1
)τ + ζmin , where
2
ζmin is the minimum amplitude, κ is the horizontal distance
between − π2 and ζmin , and τ is the steepness of function curve.
Without loss of generality, we set ζmin = 0.8, κ = 0.43π,
and τ = 1.6. From Fig. 4, we can observe that there is a
performance loss between the practical and ideal phase shifts.
However, this performance loss can be improved by reducing
the interval of discrete phase shifts.
Fig. 5 shows the DOR performance of the RIS-aided
system, the relaying system, and the direct link transmission.
From Fig. 5, it can be seen that the DOR performance of
the three different transmission systems has been improved
when increasing the average SNR. Moreover, using RISs can
significantly improve the delay outage rate compared with
other two transmission schemes.
VII. C ONCLUSION
In this paper, we analyzed the coverage, the PSG, and the
DOR for the RIS-aided communication systems. The results
revealed that the number of reflecting meta-surfaces has a great
impact on the system performance, and that the use of RISs
can provide a larger coverage, increase the SNR gain, and
reduce the delay.
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