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Abstract
In this paper, we propose to extend the coverage of millimeter-wave (mmwave) communications using Reconfigurable
Intelligent Surfaces (RIS). The first hop between the source and the relay node uses millimeter-wave communications. The
received signal at relay node R is affected by P interferers. The relay node decodes the transmitted packet by the source.
Then, the relay node transmits the decoded packet to the destination. A RIS is placed between relay R and destination D. RIS
is implemented as a reflector to reflect signals from R to D. All reflected signals have the same phase so that the throughput
is significantly enhanced. RIS is also implemented as a transmitter and illuminated with the antenna of relay node R. We
show that RIS allows up 19, 25, 31, 37 dB gain with respect to conventional millimeter-wave communication without RIS
for a number of reflectors N = 16, 32, 64, 128. We also propose RIS for mmwave communications using Non Orthogonal
Multiple Access (NOMA). A set of RIS reflectors is dedicated to each NOMA user. The proposed NOMA system using RIS
offers 10, 13, 16, 20, 24, 27 and 30 dB gain with respect to conventional NOMA using millimeter-wave communications
without RIS for a number of reflector per user N = N1 = N2 = 8, 16, 32, 64, 128, 256, 512.

Keywords RIS · Millimeter-wave communications · Nakagami channels · Throughput analysis

1 Introduction

Millimeter wave communications (mmwave) have been sug-
gested for future 6G networks to enhance the throughput of
wireless communications and reach data rates of multiple
Gb/s [1–3]. Millimeter-wave operates on a large bandwidth
going from30 to 300Ghz [5–7]. Relay nodes can be deployed
to improve the throughput of millimeter-wave communi-
cations to benefit from cooperative diversity and improve
the throughput [7–10]. However, relaying techniques are
complex to implement and require orthogonal channels to
avoid interference between relayed signals [7–10]. Using
orthogonal channels will reduce the throughput and spectral
efficiency. Another solution is to use relay selection tech-
niques formillimeter-wave communications. Relay selection
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techniques are complex to implement and require a cen-
tral node to select the best relay. Relay selection techniques
require extra-signalization to activate the relay and to send
their SNRs to a central node. Besides, the number of relays is
limited and cannot be around a hundred relays. Relaying con-
sumes power at relay nodes and requires extra-processing.

To avoid these drawbacks, we suggest extending the
coverage of millimeter-wave communications using RIS
implemented as a reflector or a transmitter [11–15]. The link
between source and relay node usesmillimeterwave commu-
nications. The signals received at the relay node are affected
by P interferers. The relay decodes the received packet and
forwards it to the destination. RIS is placed between the relay
node and destination. RIS contains a large number of reflec-
tors N = 16, 32, 64, 128 with phase shifts optimized so
that all N reflections have the same phase at the destina-
tion. The phase of kth reflector compensates the phase shift
of channel gains between relay/kth RIS reflector and kth RIS
reflector/destination [16–20]. The receiver output at the des-
tination is similar to that of a Maximum Ratio Combiner
(MRC) with a number of branches equal to the number of
reflectors N [20–24]. We propose a second implementation
of RIS as a transmitter in which RIS is illuminated with the
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antenna of relay R. When RIS is implemented as a transmit-
ter,the phase shift of kth RIS reflector depends on the phase
of channel gain between relay node and destination. Some
experimental results of RIS are discussed in [24].

Millimeter wave communications for NOMA systems
using multiple antennas was suggested in [25,26]. User
assisted cooperative relaying for millimeter wave commu-
nications using NOMA was proposed in [27]. The coverage
probability ofmillimeter wave communication usingNOMA
was derived in [28]. Hybrid precoding/combining techniques
for millimeter wave communications was suggested in [29].
Deep learning assisted calibrated beam training was used in
[30] for millimeter wave communications. A high gain res-
onant cavity antenna was proposed in [31] to improve the
performance of millimeter wave communications.

The contributions of the paper are:

• We suggest enhancing the throughput of millimeter wave
communications using RIS. RIS is implemented as a
reflector or a transmitter. We show that RIS allows up
19, 25, 31, 37 dB gain with respect to conventional mil-
limeter wave communication without RIS for a number
of reflectors N = 16, 32, 64, 128.

• The use of RIS to extend the coverage of millimeter wave
communications has not been yet proposed in [1–10].
Previous papers implemented multiple relay nodes for
millimeter wave communications [1–10].

• We derive the throughput of millimeter wave commu-
nications using RIS as a reflector or a transmitter for
Nakagami channels. We compare the obtained theoreti-
cal results to computer simulations.

• We study the performance of wireless communications
using RIS in the presence of interferers. In previous
papers, there is no interference on RIS link [11–24].

• The derived results evaluate the throughput at the packet
level and are valid for any number of interferers at relay
node and destination. Besides, the results are valid for
any position of the source, relay node and RIS.

• We propose the use of RIS for mmwave communications
using NOMA. The proposed NOMA system using RIS
offers 10, 13, 16, 20, 24, 27 and 30 dB gain with respect
to conventional NOMA using millimeter wave commu-
nications without RIS [25–28] for a number of reflector
per user N = N1 = N2 = 8, 16, 32, 64, 128, 256, 512.

The paper contains five sections. The next section studies
the millimeter wave and RIS links when there is a single
destination. RIS has been implemented as a reflector or a
transmitter to enhance the throughput at the destination. Sec-
tion 3 extends the systemmodel toNOMAsystems. Section 4
provides some theoretical and computer simulation results.
Conclusions and perspectives are provided in last section.

Fig. 1 RIS deployed as a reflector

2 Performance analysis of millimeter wave
communications using RIS

2.1 Single destination

2.1.1 Millimeter wave link

The system model depicted in Fig. 1 is composed of a
source S, a relay node R, and a destination D. We assume
that the received signal at R is affected by P interferers. In
interference-limited millimeter-wave communications, the
SINR at R is equal to [1–5]

�S R,mmwave = ES| f |2
I

(1)

in which ES is the symbol energy S, f is the channel coef-
ficient between S and R, I is the interference term at R
composed of P interferers:

I =
P∑

q=1

Eq |iq |2 (2)

in which Eq is the transmitted energy per symbol of qth
interferer, iq is the channel gain between qth interferer and
R.

For Nakagami fading channels, X = ES| f |2 follows a
Gamma distribution Gamma(M, β) defined as

fX(x) = x M e− x
β

�(M)βM
(3)
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M > 0.5 is the m-fading figure of Nakagami channel,

β = ES E(| f |2)
M

(4)

E(.) is the expectation operator.
The interference I at the relay node is expressed as

I =
P∑

q=1

Iq (5)

in which Iq = Eq |iq |2
We assume that I is the sum of independent and identi-

cally distributed (i.i.d) Gamma random variables (r.v) Iq that
follows a Gamma(M, α)

α = E(Iq)

M
(6)

The sum of P i.i.d Gamma r.v. Iq is a Gamma r.v.
G(P M, α). We deduce that �S R,m is the quotient of two
Gamma r.v. that has a general prime distribution and Proba-
bility Density Function (PDF) [32]:

f�SR,m (x) =
�(M + P M)αM x M−1

(
1 + xα

β

)−P M−M

βM�(M)�(P M)
(7)

inwhich subscriptm refers tommwave.Theproof is provided
in “Appendix 1”.

We have [33]

2F1(A,B;C;z) = �(C)

�(B)�(C − B)

×
∫ 1

0
x B−1(1 − x)C−B−1(1 − zx)−Adx (8)

in which B > 0, C > 0, 2F1(A, B; C; Z) is the hyper-
geometric function. We use (8) to write the Cumulative
Distribution Function (CDF) of SINR as

F�SR,m (x) = 2F1

(
P M + M, M; M + 1,

−xα

β

)

×�(M + P M)(xα)M

�(M)�(P M)βM
(9)

Fig. 2 RIS deployed as a transmitter

Fig. 3 Millimeter wave communications using RIS and NOMA

2.1.2 RIS link

2.1.2.1 RIS implemented as a reflector
To extend the coverage of millimeter-wave communica-

tions, a RIS is placed between relay node R and destination
D. We define hk as the channel coefficient between R and
kth RIS reflector with average power E(|hk |2) = 1

d P L E
1

in

which E(.) is the expectation operator, P L E is the path loss
exponent and d1 is the distance between R and RIS. We
define gk as the channel coefficient between kth reflector of
RIS and destination D with average power E(|gk |2) = 1

d P L E
2

in which d2 is the distance between RIS and D. RIS are
nearly-passive devices with very low complexity [11] made
of electromagnetic material that can be deployed on sev-
eral structures including but not limited to building facades,
walls... Therefore, the use of RIS does not increase too much
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the overall computational complexity of the proposed system
[11].

Let ak and bk be the absolute value and phase of hk =
ake− jbk . For Nakagami channels, ak has a Gamma dis-
tribution with E(ak) = �(M+0.5)

�(M)

√
1

Md P L E
1

and E(a2
k ) =

E(|hk |2) = 1
d P L E
1

[34]. Let ck and dk be the absolute and

phase of gk = cke− jdk . We have E(ck) = �(M+0.5)
�(M)

√
1

Md P L E
2

and E(c2k ) = E(|gk |2) = 1
d P L E
2

[34].

RIS optimizes the phase φk of kth reflector as follows

φk = bk + dk . (10)

During pth symbol period, the received signal at D is
equal to

rp = sp

√
ER

N∑

q=1

hq gqe jφq + n p (11)

inwhich N is the number ofRIS reflectors, sp is the pth trans-
mitted symbol, n p is zero-mean Gaussian r.v. with variance
N0 and ER is the symbol energy of R.

Using (9–10), we obtain

rp = √
ERsp A + n p, (12)

in which

A =
N∑

q=1

aqcq . (13)

where aq = |hq | and cq = |gq |.
The Signal to Noise Ratio (SNR) at D is expressed as

�R D,r = ER A2

N0
. (14)

in which subscript r refers to RIS.
aq and aq ′ are assumed to be independent for q �= q ′ as

they correspond to channel coefficient between R and qth,
q ′th RIS reflector. cq and cq ′ are assumed to be independent
for q �= q ′ as they correspond to channel coefficient between
qth,q ′thRIS reflector and destination.aq and cq ′ are assumed
to be independent ∀q∀q ′ as they correspond to channel coef-
ficient of different links (relay to RIS and RIS to destination.
Therefore, aqcq and aq ′cq ′ are independent q �= q ′. Using
the Central Limit Theorem (CLT), A can be approximated

Fig. 4 RIS deployed as a reflector in the presence of Q interferers at
D

Fig. 5 RIS deployed as a transmitter in the presence of Q interferers at
D

by a Gaussian r.v. with mean m A = N�(M+0.5)2

M�(M)2d P L E/2
1 d P L E/2

2

and

variance σ 2
A = N

d P L E
2 d P L E

1
[1 − �(M+0.5)4

M2�(M)4
].

To obtain the values of m A and σ 2
A, we used the following

results for Nakagami channels with fading figure M [34]:
E(a2

k ) = 1
d P L E
1

= �1 and E(an
k ) = �(M+0.5n)

�(M)
(�1

M )0.5n∀n ≥
1. We deduce E(ak) = �(M+0.5)√

M�(M)d P L E/2
1

. Similarly, we have

E(c2k ) = 1
d P L E
2

and E(ck) = �(M+0.5)√
M�(M)d P L E/2

2

. As aq and

cq are independent, we deduce m A = ∑N
q=1 E(aqcq) =

N E(aq)E(cq) = N �(M+0.5)2

M�(M)2d P L E/2
1 d P L E/2

2

.

123



Throughput enhancement for millimeter wave communications using reconfigurable intelligent… 373

Fig. 6 Millimeter wave communications using RIS in the presence of
Pi interferers at user Ui

Since aqcq and aq ′cq ′ are independent q �= q ′, V ar(A) =
σ 2

A = ∑N
q=1 V ar(aqcq) = N V ar(aqcq) = N [E(a2

qc2q) −
E(aqcq)2.] Since aq and cq are independent, we obtain
V ar(A) = N [E(a2

q)E(c2q) − E(aq)2E(cq)2] =
N [ 1

d P L E
1 d P L E

2
− �(M+0.5)4

M2�(M)4d P L E
1 d P L E

2
.]

The CDF of SNR at D is written as

F�RD,r (x) = P

(
ER A2

N0
≤ x

)
= P

(
−

√
x N0

ER

≤ A ≤
√

x N0

ER

)

� 0.5er f c

⎛

⎝
−

√
x N0
ER

− m A√
2σA

⎞

⎠ − 0.5er f c

⎛

⎝

√
x N0
ER

− m A√
2σA

⎞

⎠

(15)

2.1.2.2 RIS implemented as a transmitter
In Fig. 2, a RIS is placed at relay R. As explained in

section V of [11], RIS can be deployed as a transmitter at
relay node R. It is used as a transmitter and illuminated with
an antenna of R. We define qk as the channel gain between
RIS and destination D. Let ek and ζk be the absolute value and
phase of qk = eke− jζk . ForNakagami channels, ek isGamma
distributed with mean E(ek) = �(M+0.5)

�(M)

√
1

Md P L E
3

[34] and

average power E(e2k ) = E(|qk |2) = 1
d P L E
3

in which d3 is the

distance between relay R and D. RIS can be implemented

Fig. 7 Throughput of mmWave
using RIS as a reflector: QPSK
modulation
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Fig. 8 Throughput of mmWave
using RIS as a reflector: 16QAM
modulation, weak turbulence

using Q Phase Shift Keying (PSK) modulation. Let μk be
the phase of kth reflector of RIS:

μk = ζk + zm, (16)

in which zm = 2π(n−1)
M is the phase of PSK symbol.

The received signal at D is written as

rp = √
ER

N∑

l=1

qle
jμl + nk = √

ERe jzm

N∑

l=1

el + n p, (17)

The SNR at D is expressed as

�R D,r = ER B2

N0
, (18)

in which subscript r refers to RIS and

B =
N∑

l=1

el . (19)

el and el ′ are independent ∀l �= l ′ as they correspond to
absolute value of channel coefficient between lth, l ′th RIS
reflector and destination. Using the CLT, B is approximated
by a Gaussian r.v. with mean m B = N �(M+0.5)

�(M)

√
Md P L E

3

and

variance σ 2
B = N (1− �(M+0.5)2

�(M)2M
)

d P L E
3

, d3 is the distance between R

equipped with RIS and D.
We use [34] E(el) = �(M+0.5)√

M�(M)d P L E/2
3

to compute m B =
∑N

l=1 E(el) = N �(M+0.5)√
M�(M)d P L E/2

3

. Since el and el ′ are inde-

pendent ∀l �= l ′, we deduce σ 2
B = ∑N

l=1 V ar(el) =
N V ar(el) = N [E(e2l )−E(el)

2] = N [ 1
d P L E
3

− �(M+0.5)2

M�(M)2d P L E
3

].
The CDF of SNR is given by

F�RD,r(x) = P(
ER B2

N0
≤ x) = P(−

√
x N0

ER
≤ B ≤

√
x N0

ER
)

� 0.5er f c

⎛

⎝
−

√
x N0
ER

− m B√
2σB

⎞

⎠ − 0.5er f c

⎛

⎝

√
x N0
ER

− m B√
2σB

⎞

⎠

(20)
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Fig. 9 Throughput of mmWave
using RIS as a reflector:
64QAM modulation

2.2 RIS for mmwave communications using NOMA

2.2.1 Millimeter wave link

The system model of Fig. 3 shows a source S, a relay R
and K NOMA users Ui , i = 1, . . . K . Ui is the i th strong
user. The source transmits a combination of K symbols si ,
i = 1, 2, . . . K dedicated to K users:

s = √
ES

K∑

i=1

√
Hi si (21)

in which 0 < Hi < 1 is the fraction of power allocated to
userUi . More power is allocated to the weak user: 0 < H1 <

H2 < · · · < HK . We have

K∑

i=1

Hi = 1. (22)

It is assumed that the received signal at relay node R is
affected by P interferers: [1–5]

r = f s + I = f

[
√

ES

K∑

i=1

√
Hi si

]
+ I . (23)

in which f is the channel coefficient between S and R, I is
the interference term at R:

I =
P∑

q=1

Eq |iq |2 (24)

Eq is the TES of qth interferer, iq is the channel coefficient
between qth interferer and R.

Relay node detects the symbol of userUK since HK > Hi .
The SINR is given by

�R,K = HK ES| f |2
I + ES| f |2 ∑K−1

i=1 Hi
(25)
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Fig. 10 Throughput of
mmWave using RIS as a
reflector: 256QAM modulation

Then, relay R removes the contribution of sK and detects
sK−1 with SINR

�R,K−1 = HK−1ES| f |2
I + ES| f |2 ∑K−2

i=1 Hi
(26)

R will detect sp p = K , K − 1, . . . , 1 with SINR

�R,p = Hp ES| f |2
I + ES| f |2 ∑p−1

i=1 Hi

(27)

The Cumulative Distribution Function (CDF) of �R,p is
given by

F�R,p(x) = P

(
Hp ES| f |2

I + ES| f |2 ∑p−1
i=1 Hi

≤ x

)

= P

(
HpU

1 + U
∑p−1

i=1 Hi

≤ x

)

= F�SR,m (
x

Hp − x
∑p−1

i=1 Hi

) (28)

in which F�SR,m (x) is the CDF of �S R,m (9).
There is no outage at R when SINR �R,1, �R,2, …,�R,K

are higher than x :

Poutage,R(x) = 1 − P(�R,1 > x, . . . , �R,K > x)

= F�S R,m

(
max

1≤p≤K

(
x

Hp − x
∑p−1

i=1 Hi

))
(29)

2.2.2 RIS link

RIS is located between relay node R and usersU1,U2,…,UK .
In Fig. 5, the red (respectively blue and yellow) reflectors are
dedicated to user U1 (respectively U2 and UK ). A set Oi

of reflectors are dedicated to user Ui . We define hk as the
channel coefficient between R and kth RIS reflector such
that E(|hk |2) = 1

DP L E and D is the distance between R and
RIS. We define gk ∈ Oi as the channel coefficient between
kth reflector of RIS and user Ui such that E(|gk |2) = 1

DP L E
i

,

Di is the distance between RIS and Ui . Oi is the set of RIS
reflectors dedicated to user Ui .

Let ak and bk be the absolute value and phase of hk =
ake− jbk . For Nakagami channels, ak has a Gamma dis-
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Fig. 11 Throughput of
mmWave using RIS as a
transmitter: 8PSK modulation

tribution with E(ak) = �(M+0.5)
�(M)

√
1

M DP L E and E(a2
k ) =

E(|hk |2) = 1
DP L E [34]. Let ck and dk be the absolute and

phase of gk = cke− jdk .Wehave E(ck) = �(M+0.5)
�(M)

√
1

M DP L E
i

and E(c2k ) = E(|gk |2) = 1
DP L E

i
[34].

RIS uses the following phase φk of kth reflector

φk = bk + dk . (30)

The received signal at Ui is written as

r = S
√

ER

∑

q∈Oi

hq gqe jφq + n (31)

in which Oi is the set of reflectors dedicated to Ui , S is the
transmitted NOMA symbol by relay node R, n is zero-mean
Gaussian r.v. with variance N0 and ER is the TES of R.

Let ŝi the i th detected symbol at relay node R. When the
detection is successful at the relay ŝi = si . The transmitted
NOMA symbol S by relay R is written as

S =
K∑

l=1

√
Gl ŝl (32)

Gl is the fraction of power dedicated at Ul at relay R. More
power is dedicated toweakuser: 0 < G1 < G2 < · · · < G K .
We have

∑K
l=1 Gl = 1.

Using (31–32), we have

r = √
ER

[
K∑

l=1

√
Gl ŝl

]
∑

q∈Oi

hq gqe jφq + n (33)

Using (30), we obtain

r = √
ER Ai

[
K∑

l=1

√
Gl ŝl

]
+ n, (34)

in which

Ai =
∑

q∈Oi

aqcq . (35)
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Fig. 12 Throughput of
mmWave using RIS as a
transmitter: 16PSK

Using the Central Limit Theorem (CLT), Ai can be
approximated by a Gaussian r.v. with mean

m Ai = Ni �(M+0.5)2

M�(M)2d P L E/2d P L E/2
i

and variance σ 2
Ai

= Ni

d P L E
i d P L E

[1 − �(M+0.5)4

M2�(M)4
], Ni = |Oi | is the number of RIS reflectors

dedicated to Ui ,.
The CDF of A2

i is written as

FA2
i
(x) = P(A2

i ≤ x) = P(−√
x ≤ Ai ≤ √

x)

� 0.5erfc

(
−√

x − m Ai√
2σAi

)
− 0.5erfc

(√
x − m Ai√
2σAi

)
(36)

User Ui detects first the symbol of user UK as G K > Gi

∀i �= K with SINR

�Ui ,K = ER A2
i G K

N0 + ER A2
i

∑K−1
l=1 Gl

(37)

User Ui removes the signal of UK using SIC and detect the
symbol of UK−1 with SINR

�Ui ,K−1 = ER A2
i G K−1

N0 + ER A2
i

∑K−2
l=1 Gl

(38)

User Ui detects the symbols of users Up p = K , K −
1, . . . , i with SINR

�Ui ,p = ER A2
i G p

N0 + ER A2
i

∑p−1
l=1 Gl

(39)

There is no outage at Ui when all SINR are larger than x :

Poutage,Ui (x) = 1 − P(�Ui ,K > x, �Ui ,K−1 > x, . . . ,

�Ui ,i > x) = FA2
i

(
max

i≤p≤K

(
N0x

ER G p − x ER
∑p−1

l=1 Gl

))
(40)

123



Throughput enhancement for millimeter wave communications using reconfigurable intelligent… 379

Fig. 13 Exact and asymptotic
PEP using RIS as a reflector:
QPSK

3 Throughput analysis in the presence of
interferers

3.1 RIS link analysis in the presence of interferers
and a single destination

Figures 4 and 5 depict the system model in the presence of
Q interferers at the destination. The SINR at D is expressed
as

�R D,r = ERC2

N0 + J
(41)

in whichC = A (13) when RIS is implemented as a reflector,
C = B (19) when RIS is implemented as a transmitter and
J is the interference at D expressed as

J =
Q∑

q=1

Jq (42)

Jq = E ′
q | jq |2, E ′

q is the transmitted energy per symbol of
qth interferer and jq is the channel coefficient between qth
interferer and D. Jq are assumed to be i.i.d so that the J

follows a Gamma distribution Gamma(QM, ζ ) written as

fJ(y) = yQM−1e− y
ζ

�(M Q)ζ M Q
(43)

in which ζ = E(Jq )

M .
In the presence of Q interferers at D, the CDF of SNR is

computed numerically as follows

F�RD,r(x) =
∫ +∞

0
P(ERC2 ≤ (N0 + y)x) f J (y)dy (44)

in which P(ERC2 ≤ (N0 + y)) is written as (15) and (20)
by replacing x by (N0 + y)x and N0 by 1:

P(ERC2 ≤ (N0 + y)x) � 0.5er f c

⎛

⎝
−

√
(N0+y)x

ER
− mC√

2σC

⎞

⎠

−0.5er f c

⎛

⎝

√
(N0+y)x

ER
− mC√

2σC

⎞

⎠ (45)
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Fig. 14 PEP using RIS or
antenna selection at the
destination: QPSK

mC = m A, σC = σA when RIS is implemented as a reflector
and mC = m B , σC = σB when RIS is implemented as a
transmitter.

3.2 Throughput analysis in the presence of a single
destination

To avoid an outage at D, we should not have an outage on
millimeter wave and RIS links. Therefore, the outage proba-
bility at D is written as

Poutage,m,r(x) = 1 − [1 − F�SR,m(x)][1 − F�RD,r(x)] (46)

in which subscript m, r refers to a system where the first
hop uses conventional mmwave communications while the
second one uses RIS.

When RIS is used as a reflector and at a high average SNR
of RIS link, the asymptotic CDF is given by

F�S R,m (x) ≈
√

N02x

π ER

e
− m2

A
2σ2A

σA
(47)

When RIS is used as a transmitter and at a high average SNR
of RIS link, the asymptotic CDF is given by

F�S R,m (x) ≈
√

N02x

π ER

e
− m2

B
2σ2B

σB
(48)

The asymptotic CDF is proportional to
√

N0
ER

. It decays expo-
nentially in N and can be minimized by increasing the
number of reflectors N . Using (46-48), we can deduce the
asymptotic outage probability.

The Packet Error Probability (PEP) at D is upper bounded
by the outage probability taken at waterfall threshold WT H

[35]

P E PD < Poutage,m,r(WT H ) (49)

in which WT H is a waterfall threshold defined as [35]

WT H =
∫ +∞

0
PEP(y)dy, (50)
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Fig. 15 Total throughput for
16QAM modulation : : 2 users

ForQuadratureAmplitudeModulationof size Q, P E P(y)

is defined as

PEP(y) = 1 − [1 − 2

(
1 − 1√

Q

)
er f c(

√
3y

Q − 1
)]L (51)

For PSK modulation of size Q, PEP(y) is defined as

pep(y) = 1 − [1 − erfc(
√

ysin2(
π

Q
))]L (52)

in which L is packet length in symbols.
To compute the PEP in (51), we used equation (7) of [28]

where the left term is the PEP and the right term is the outage
probability at WT H .

Using (49 and 50), we can deduce the asymptotic PEP.
The throughput at D is evaluated as

ThrD = 0.5log2(Q)[1 − PEPD] (53)

3.3 RIS link analysis in the presence of Pi interferers
at NOMA user Ui

Figure 6 depicts the system model in the presence of Pi

interferers user Ui . User Ui detects the symbols of users Up

p = K , K − 1, . . . , i with SINR

�Ui ,p = ER A2
i G p

N0 + Ji + ER A2
i

∑p−1
l=1 Gl

(54)

in which Ji is the interference at Ui expressed as

Ji =
Pi∑

q=1

Ji,q (55)

Jq = E ′
q | jq |2, E ′

q is the TES of qth interferer and jq is
the channel coefficient between qth interferer and D. Jq are
assumed tobe i.i.d so that the Ji follows aGammadistribution
Gamma(Pi M, ζi ) written as

fJi(y) = y Pi M−1e
− y

ζi

�(M Pi )ζ
M Pi
i

(56)
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Fig. 16 Total throughput for
16QAM modulation:
:N = 64, 128, 256, 512

in which ζi = E(Ji,q )

M .
In the presence of Pi interferers at Ui , the outage proba-

bility at Ui is computed numerically as follows

Poutage,Ui (x) =
∫ +∞

0
FA2

i

(
max

i≤p≤K

(
(N0 + y)x

ER G p − x ER
∑p−1

l=1 Gl

))

f Ji (y)dy, (57)

in which f Ji (y) is the PDF of interference at Ui (56) and
FA2

i
(x) is provided in (36).

3.4 Throughput optimization in the presence of K
NOMA users

The end-to-end (e2e) outage probability at user Ui is given
by

Poutage,e2e,Ui (x) = 1 − [1 − Poutage,Ui (x)][1 − Poutage,R(x)].
(58)

An upper bound of PEP is expressed as [35]

PEPi(G1, G2, . . . , G K , H1, H2, . . . , HK )

< Poutage,e2e,Ui(WT H ) (59)

in which WT H is defined in (50).
We deduce the throughput at user Ui :

Thri(G1, G2, . . . , G K , H1, H2, . . . , HK ) = 0.5log2(Q)

[1 − PEPi(G1, G2, . . . , G K , H1, H2, . . . , HK )] (60)

The total throughput is given by

Thr(G1, G2, . . . , G K , H1, H2, . . . , HK )

=
K∑

i=1

Thri(G1, G2, . . . , G K , H1, H2, . . . , HK ) (61)

We optimize the fraction of powers allocated to users at
the source (Hi ) and relay (Gi ) to enhance the total throughput

T hrmax = max
0<G1<G2<···<G K <1,0<H1<H2<···<HK <1

Thr

(G1, G2, . . . , G K , H1, H2, . . . , HK ) (62)

under constraints
∑K

i=1 Hi = 1 and
∑K

i=1 Gi = 1.
The alternating maximization algorithm [36] was used to

maximize the throughput in (62).

123



Throughput enhancement for millimeter wave communications using reconfigurable intelligent… 383

4 Theoretical and simulation results

4.1 Single destination

Figures 7, 8, 9 and 10 depict the throughput when RIS is
deployed as a reflector to extend the millimeter wave link.
These results correspond to fading figure M = 2, QPSK,
16QAM, 64QAM, and 256QAMmodulations. Packet length
is L = 400 symbols. The distance between S and R isd4 = 2.
The distance between R and RIS is d1 = 1. The distance
between RIS and D is d2 = 1. The path loss exponent is
P L E = 3. The number of interferers at R is P = 4, the
number of interferers at D is Q = 2 and the average SINR at
R is 20 dB. The transmitted energy per symbol of interferers
are Eq = E ′

q = 0.01. Figure 5 shows that RIS allows 19,
25, 31, 37 dB gain with respect to conventional millimeter
wave communication without RIS for a number of reflectors
N = 16, 32, 64, 128. Significant throughput enhancement is
observed in Figs. 6, 7 and 8 when RIS is used as a reflector
for 16,64 and 256 QAMmodulations. Theoretical curves are
close to computer simulation results obtainedwithMATLAB
software.

Figures 11 and 12 depict the throughput when RIS is
deployed as a transmitter for 8PSK and 16 PSK modula-
tion. The distance between relay and destination is d3 = 2.5
and the other parameter are those of Fig. 7. Figure 11 shows
that RIS allows 13, 19, 25, 31 dB gain with respect to con-
ventional millimeter wave communication without RIS for a
number of reflectors N = 16, 32, 64, 128.

For the same parameters as Fig. 7, Fig. 13 depicts the
exact and asymptotic PEP when RIS is used as a reflector
for QPSK modulation. To plot the asymptotic PEP, we used
equations (26 and 27) and (29–31). At high average SNR, we
observe that the asymptotic PEP is close to the exact PEP for
a number of reflectors N = 8, 16, 32.

The throughput of millimeter wave communications can
be improved using antenna selection at the destination [37].
For the same parameters as Fig. 13, Fig. 14 compares the PEP
at the destination using RIS to antenna selection. When RIS
uses N = 32, 16, 8 reflectors, we obtained 26.6, 19.6 and
12.3 dB gain with respect to antenna selection for nr = 2
antennas [37]. When RIS uses N = 32, 16, 8 reflectors, we
obtained 23.2 16.2 and 8.9 dB gain with respect to antenna
selection for nr = 3 antennas [37].

4.2 Results for NOMA systems

We did some simulations using Matlab when there are two
NOMA users. The distance between S and R is 1.5 and the
distance between R and RIS is 2. The distance between RIS
and users are D1 = 1, D2 = 1.5. The number of interferers
at R is P = 3. The number of interferers at users is P1 = 2,
P2 = 3 . The m-fading figure is M = 2.

Figure 15 shows the total throughput for 16QAM modu-
lation, H1 = 0.4 = 1− H2 and G1 = 0.4 = 1−G2. NOMA
system using RIS offers 10,13,16 dB gain with respect to
conventionalNOMAusingmillimeterwave communications
without RIS [25–28] for a number of reflectors per user
N = N1 = N2 = 8, 16, 32. For an Optimal Power Allo-
cation (OPA), the proposed NOMA using RIS offers 19 dB
gain with respect to the absence of RIS [25–28] for a number
of reflectors per user N = N1 = N2 = 32.

Figure 16 depicts the total throughput when there are two
NOMA users for 16QAMmodulation and N = N1 = N2 =
64, 128, 256, 512 reflectors per user. The proposed NOMA
system using RIS offers 20, 24, 27 and 30 dB gain with
respect to conventional NOMA using millimeter wave com-
munications without RIS [25–28] for N = N1 = N2 =
64, 128, 256, 512.

5 Conclusions and perspectives

In this paper, we suggested extending the coverage of
millimeter-wave communications usingReconfigurable Intel-
ligent Surfaces (RIS). The first link between the source and
relay node uses millimeter wave communications. In the
second link, a RIS is placed between relay node and des-
tination. We suggested implementing RIS as a reflector or a
transmitter. The throughput at the destination was derived.
Theoretical and simulation results have shown significant
throughput enhancement when RIS is implemented as a
transmitter or reflector. For QPSK modulation, RIS allows
19, 25, 31, 37 dB gain with respect to conventional mil-
limeter wave communication without RIS for a number of
reflectors N = 16, 32, 64, 128. We also implemented RIS
in mmwave communications using Non Orthogonal Mul-
tiple Access (NOMA). Different sets of RIS reflectors are
dedicated to the served NOMA users. The proposed NOMA
system using RIS offers 10, 13, 16, 20, 24, 27 and 30 dB gain
with respect to conventional NOMA using millimeter wave
communications without RIS for a number of reflector per
user N = N1 = N2 = 8, 16, 32, 64, 128, 256, 512. One of
the limitations of the paper is that the source and relay must
have a battery that should be recharged or changed. As a per-
spective, we can study mmwave using RIS where the source
and relay harvest energy using radio frequency signals, solar
energy or wind.
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Appendix A

Let X = ES| f |2 and I = ∑P
q=1 Iq . The SNR at R is

expressed as�S R,mmwave = X
I . X and I are two independent

Gamma r.v. with joint PDF [34]

fX ,I (x, y) = x M−1y P M−1e− x
β e− y

α

�(M)�(M P)βMαM P
(63)

Let �S R,mmwave = U = X
I and V = X + I , the determi-

nant of Jacobian matrix is

|J | =
∣∣∣∣
∂U
∂ X

∂U
∂ I

∂V
∂ X

∂V
∂ I

∣∣∣∣ =
∣∣∣∣
1
I

−X
I 2

1 1

∣∣∣∣ = X + I

I 2
= (1 + U )2

V
(64)

We can write I = V
1+U and X = U V

1+U . We deduce the
joint PDF of (U , V )

fU ,V (u, v) = fX ,I (x, y)

|J | = v

(1 + u)2

(
v

1 + u

)P M−1

(
vu

1 + u

)M−1

× e− vu
(1+u)β e− v

(1+u)α

�(M)�(M P)βMαM P
(65)

The PDF of U = �S R,mmwave is computed as

fU (u) =
∫ +∞

0
fU ,V (u, v)dv. (66)

We have [33]

∫ +∞

0
e−AvvBdv = �(B + 1)

AB+1 (67)

Equations (65–67) give

f�S R,mmwave(u) = �(M + P M)αM uM−1

βM�(M)�(P M)
(
1 + uα

β

)−P M−M

(68)
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