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Abstract—Reconfigurable intelligent surface (RIS) can provide
stable connectivity for vehicular communications when direct
transmission becomes significantly weaker with dynamic channel
conditions between an access point and a moving vehicle. In this
paper, we analyze the performance of a RIS-assisted vehicular
network by coherently combining received signals reflected by
RIS elements and direct transmissions from the source terminal
over double generalized Gamma (dGG) fading channels. We
present analytical expressions on the outage probability and
average bit-error rate (BER) performance of the considered
system by deriving exact density and distribution functions for
the end-to-end signal-to-noise ratio (SNR) resulted from the finite
sum of the direct link and product of channel coefficients each
distributed according to the dGG. We also develop asymptotic
analysis on the outage probability and average BER to derive
diversity order for a better insight into the system performance at
high SNR. We validate the derived analytical expressions through
numerical and simulation results and demonstrate scaling of
the system performance with RIS elements and a comparison
to the conventional relaying techniques and direct transmissions
considering various practically relevant scenarios.

Index Terms—Bit error rate, ergodic rate, Fox’s H-function,
outage probability, reconfigurable intelligent surface, vehicular
networks.

I. INTRODUCTION

The upcoming 6G wireless system envisions to cater ex-
ceedingly higher requirements of network throughput, lower
latency of transmission, and stable connectivity for au-
tonomous vehicular communications [1]. However, dynamic
channel conditions between an access point to a vehicle
in motion may be a bottleneck for the desired quality of
service. The use of reconfigurable intelligent surface (RIS)
can be a promising technology to create a strong line-of-sight
(LOS) transmissions by artificially controlling the character-
istics of propagating signals for vehicular communications
[1]-[3]. An RIS is a planar metasurface made up of a large
number of inexpensive passive reflective elements that can
be electronically programmed to customize the phase of the
incoming electromagnetic wave for enhanced signal quality
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and transmission coverage. As is for other wireless networks,
it is desirable to analyze the applicability of RIS for vehicular
communications as a proof of concept considering generalized
deployment scenarios.

Recently, there has been an extensive study exploring the
benefits of the RIS approach for variety of wireless com-
munication networks such as radio-frequency (RF) [4]-[10],
free-space optics (FSO) [11], [12], and terahertz (THz) [13],
[14]. More specifically, the authors analyzed the performance
of RIS-assisted RF systems over Rayleigh fading model in
[4], Rician fading in [5], Nakagami-m channel model in [6],
[7] and fluctuating two rays (FTR) fading model for RIS-
assisted mmWave communications in [10]. The authors in [9]
presented an exact performance analysis for RIS-assisted wire-
less transmissions over generalized Fox’s H fading channels.
In [12], an unified performance analysis for a FSO system
was presented considering different atmospheric turbulence
models and pointing errors. The authors in [13], [14] analyzed
RIS-aided THz communications over different fading channel
models combined with antenna misalignment and hardware
impairments.

Considering the benefits for conventional wireless trans-
missions, the use of RIS has been recently proposed for
connected autonomous vehicles and vehicular networks [15]—
[20]. The authors in [15] used series expansion and the central
limit theorem (CLT) to approximate the outage probability
of RIS-assisted vehicular networks over Rayleigh and Rician
fading channels. In [16], the authors analyzed the outage
probability, average bit-error rate (BER), and ergodic capacity
of a RIS-enabled mobile network with random user mobility.
The authors [17] developed an iterative algorithm to optimize
the RIS phase shifts for the data rate maximization of a RIS-
assisted mmWave vehicular communication network. In [18],
the authors studied the RIS-enabled vehicle-to-vehicle (V2V)
communications using the Fox’s H-function distribution. In
[19], the placement of multiple RIS is optimized for vehicle-
to-everything (V2X) communications. In [21], we analyzed the
performance of multiple RIS-based vehicular communications
over double Generalized-Gamma (dGG) fading model. In the
aforementioned research, the direct signal received from the



source is ignored. It should be noted that there can be a
direct transmission link from the source to the destination
in addition to the reflected signal through RIS elements,
which has been studied in [7], [8] [17], [19]. However, the
performance analysis is limited to asymptotic bounds and
approximations considering simpler fading models. To the
best of authors’ knowledge an exact analysis for RIS-aided
transmissions with direct link over double generalized (dGG)
fading that accurately models the vehicular communications
has not been reported in the literature [22]. It should be
mentioned that deriving the statistics of the end-to-end SNR
for the finite sum of the direct link and product of channel
coefficients each distributed according to the dGG is quite
involved.

In this paper, we analyze the performance of a RIS-assisted
transmission scheme by coherently combining received signals
reflected by RIS elements and direct transmissions from the
source terminal for an enhanced connectivity in vehicular
communications. We present analytical expressions on the
outage probability and average BER performance by deriving
exact density and distribution functions for the end-to-end
SNR of the considered system. We also develop diversity order
of the system by deriving asymptotic expressions on the outage
probability and average BER for better Engineering insights
on the system performance at high SNR. We demonstrate
scaling of the system performance with RIS elements and
a comparison to the conventional relaying techniques and
direct transmissions considering various practically relevant
scenarios.

Notations: T'(t) = [;°s'"te *ds denotes the Gamma func-
tion, I'(a,t) = [°s*"le~*ds denotes the incomplete Gamma

: m,n (a11A1)7"'(aP7Ap) ’
function, H,; ( T | (b By (b BYY ) denotes the Fox’s

H function, a notation for {a;}Y = {ai,---,an}, and
denotes the imaginary number.

II. SYSTEM MODEL

We consider a transmission model where a single-antenna
source (S) communicates to a single-antenna destination (D)
through an RIS with NV reflecting elements, as shown in Fig. 1.
We also consider direct transmission link which may be useful
for an enhanced vehicular connectivity. We consider that the
elements of RIS are spaced half of the wavelength and assume
independent channels at the RIS [3], [10]. Assuming perfect
knowledge of channel phase at each RIS element, the signal
received at the destination is given as [7]:

N

y=v/Pes(hu,,, Y |hiallhizl + hlhal) + v
=1

(1

where P; is the transmit power, s is the unit power information
bearing signal, |h; 1| and |h; 2| are channel fading coefficients
between the source to the i-th RIS element and between the
i-th RIS element to the destination, respectively, |hg| is the
flat fading coefficient between source and destination, and v
is the additive Gaussian noise with zero mean and variance
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Fig. 1: System Model.

The path loss h;,,, of the cascaded link can be mod-

eled using the free-space channel modeling of RIS-assisted
ot _ G:G.c?

communications [13], [23] as h;,,, = Torfod.dy where Gy,
G, represent transmit and receive antenna gains, c¢ is speed
of the light, f is frequency of operation, d; and ds are
the distances from source to RIS and RIS to destination
respectively. The path loss component of direct transmission is

iven as h; = —YCtGrc_ We ignore the heights of source and
& TR s

destination to compute the path loss for direct link. We assume
short-term fading coefficients |h; 1|, |hi 2|, and |hg| to be
independent but non-identical distributed according to the dGG
[22]. The Fox’s H representation of the probability density
function (PDF) for a dGG random variable X (a1, f1, g, B2)
is given by [21]:
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B1, aog, ﬂ22 are Gamma distribution shaping parameters and
_ (ERCIT(B:) yi/2
% = (53 12/a0)

where ¢ =

, ©=1,2 is the a;-root mean value.

III. PERFORMANCE ANALYSIS

To facilitate performance analysis, the distribution
function of Z = hgris + hg = Ef\iﬂhi,l |hi 2|+ hal
is required, where |h;1| ~ dGG(ai1,Bi1,062,082),

| hi 2|~ dGG (a3, Bi3, g, Bia) and  |hgl ~
dGG(aa, Ba1, a2, Baz2). We denote  {a;}Y =
{a1,--- ,ay} and imaginary number by j.

In what follows, we derive PDF and cumulative distribution
function (CDF) of the sum of the product of dGG random
variables (in Theorem 1) to develop statistical results of the
end-to-end SNR of the considered system (in Theorem 2).

Theorem 1. If |h; 1], |hi2| are ini.d random variables and
distributed according to (2) and h; = |h;1||hi 2|, then the
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PDF and CDF of hris = va | hi are given as
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Proof: See Appendix A. m

Applying maximal ratio combining (MRC) at the destina-
tion for the received signals from RIS and direct transmissions,

an expression for the resultant SNR is given as v = yrrs +
Py

h} ¢
. where v9 rrs = —=%— and
v

Ya = Yo,rishfis + Y0,dlhal?

_ hiP
2

Yo,d = represents average SNR for RIS and direct
transmissions, respectively.

Theorem 2. The PDF and CDF of the resultant SNR v =
YRIS + Y4 are given as

- -1y i 14,1554, 152,
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{(Bi2, 1), {(Bigs 52 }i=13.ahi05 (Ba2 1), (Ban, 553) )
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Proof: See Appendix B. ]
In what follows, we use the statistical results of Theorem
2 to analyze the system performance using outage probability
and average BER.

A. Outage Probability

The outage probability P,,; is defined as the probability
of SNR failing to reach a threshold value, v;,. An exact
expression for the outage probability is given as Py, =
Pr(v < vn) = Fy(vn). We use [24, eq. 30] to express
outage probability asymptotically at high SNR as

P = 4wd¢d6d2 1_[z lA 13’Hd2 Hz— (’Yth )p1/2

L(Bin — Z)0(Bi2 — 250 (Bis — F5)T(Bia — 275)
D (picvi,o) (22 )P4/2T (Ba1 — )l (Baz — E5)
F(Pdad 2) F(Zf\r 1 Pic 27 2) (7)

F(“‘Z —1 Pity, 2+Pdd, 2) F(E

where p; = min{o;15i1, 0202, @i30i3, ®iafia} and
pa = min{og 1841, 042042} The outage diversity Gy _out

L, Diqi,2)

is obtained by expressing PSS o< 7 FGaout o get

G out ZN mln{allﬁll 0412512 a13ﬁ13 a14514} +
_ou i=1 ’ 2

min{ 241041 @d2Bd2) 1 g clear that the diversity order
depends on RIS elements and channel fading parameters of

reflected and direct transmission links.

B. Average BER

Using the CDF, the average BER for various modulation
schemes (parameterized through a and b) is given as

P, :a\/i/ eIy TR R (7)dy (8)
47T 0

We substitute F,(y) from (6) in (8), use the definition of
multivariate Fox’s H-function, and interchange the order of
integration to get

P = (af L) b d»ﬁ“

Q5 2
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where a = 5 . We solve the integral as
JoS ety tdy = (%)af(a) and use the definition of
N-multivariate Fox’s H-function [25, A.1] to get eq. (10), as
shown at the top of the next page, where U(vo,r1S,70,d) =

{{B; " (vo,rrsb) 72}, da(v0,ab) 2 1,

Vi = {(1 aj, 2);\[1,(1 g 2)} Va =

{Bize D (B 22)} o1 2.4} (Ba, 1), (B, 222)).
Similar to outage probability, we can use [24, eq.

31] to express average BER asymptotically at high

SNR to derive the diversity of the system as Gg per =
N (111,311 1 ai2Bi2—1 @i3Biz—1 aiafia—13
Z =1 mlrﬁl{ ) ﬁ 12 ) 2 ) 2 } +
7 Oé
mln{ d12d1 , d22d2 }
Note that ergodic capacity of the proposed system can be

similarly derived and has been left for longer version of the
paper.

TABLE I: dGG fading parameters

Scenario  RIS:{(a1, B1).(2, B2)}, DT:{(a,1, Ba,1). (a2, Ba,2)}
FPI 2.D.22T. {15.15), (LI5)]
FP2 {(L.D,(1.2)}, {2.1.5), 2,1.5)}
FP3 L1525}, {221, 22D}

IV. SIMULATION AND NUMERICAL RESULTS

In this section, we validate the derived analytical expres-
sions through Monte-Carlo simulations (averaged over 10%
channel realizations) and numerical results. We consider car-
rier frequency f = 6GHz, antenna gains Gp = 10dBi,
Gr = 0dBi, distance from source to RIS, d; = 50m and
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(b) Average BER.

Fig. 2: Performance scaling of the RIS-assisted link compared with the DT and relaying systems.

RIS to destination, do = 100m. A noise floor of —74dBm
is considered over a 20MHz channel bandwidth. We assume
identical dGG parameters for both the hops involving RIS and
for each RIS elementi.e., ;1 = a3 = 1 and a2 = v 4 =
ag Vi. We use 3 different sets of dGG fading parameters (FP)
summarized in table I with € = 1.5793,Qy = 0.9671. For
numerical analysis, we used Python code implementation of
multivariable Fox’s H-function [26].

We demonstrate the performance scaling of RIS-assisted
link (without considering signal from direct transmission
(DT)) with number of RIS elements to achieve the perfor-
mance of stable direct transmission (if available) and decode-
and-forward (DF) relaying system for FP1 scenario, as shown
in Fig. 2. The plots in Fig. 2(a) and Fig. 2(b) clearly indicate
the number of RIS elements required to achieve DT and
relaying performance for a given transmit power. Fig. 2(a)
shows that the outage performance at a lower transmit power is
not better due to the multiplicative effect of path loss and short-
term fading of the RIS-assisted transmission when compared
with DT and relaying systems. However, with an increase in
transmit power, the RIS performance surpasses the DT and
relaying system for a given IN. The figure shows the direct
link performance is better at low transmit powers, and the RIS-
system enhances the reliability of the overall system at a higher
transmit power. It can be seen that NV = 50 RIS elements are
required to achieve DT performance at P, = 15dBm and just
N = 20 RIS elements at transmit power of 25dBm. Similarly,
Fig. 2(b) shows the average BER performance of the RIS-
system for a DPBSK modulation scheme with ¢ = 1 and
b = 1 such that the RIS performance becomes better than the
DT and relaying for a given transmit power for a large RIS.
Further, slope of the plots in Fig. 2(a) and Fig. 2(b) verify the

diversity order of the system.

Finally, we demonstrate the performance of RIS-assisted
vehicular communications supplemented by the signal from
direct transmissions, as depicted in Fig. 3. We consider a
higher channel fading scenario (FP1) for the direct link and
three different fading scenarios (FP1, FP2, and FP3) for the
RIS-assisted link. It can be seen that the combined effect
of RIS and direct transmission significantly improves the
performance at a high transmit power and with a large RIS.
As such, for N = 10 and transmit power less than 15 dBm,
the performance is dictated by the direct link. However, there
is a gain of 15 dBm to achieve an outage probability of 104
when N is increased from 10 to 50. Comparing FP2 and
FP3 scenarios, the performance improves with the increase in
shape parameter due to reduction in fading severity: a saving
of 5dBm transmit power when (37 is changed from 1 to 1.5 and
(B2 from 2 to 2.5. Fig. 3(b) also demonstrates that the BER per-
formance of the combined system is significantly better than
the direct transmission at a high transmit power by harnessing
the line-of-sight signal from the RIS elements. Moreover,
the performance of RIS combined with direct transmission
is always better than RIS alone (without DT) even at low
SNR. Hence, it is clear that combined system performance is
better than individual systems thereby exploiting the presence
of DT at low SNRs and the signal received through RIS at
high SNRs. It can be seen that the diversity order depends on
fading parameters and RIS-elements N.

V. CONCLUSION

In this paper, we analyzed the performance of a RIS-assisted
wireless system that coherently combines the received signals
from direct transmission and reflected signals from the RIS
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Fig. 3: Performance of RIS-assisted system with direct transmissions.

module. We derived exact closed-form expressions of PDF and
CDF of the end-to-end SNR considering dGG fading channel
models. We presented outage and average BER performance
of the considered system in terms of multivariate Fox’s H-
function. We also derived simplified expressions at high SNR
in terms of gamma functions to compute the diversity order
of the system. We used computer simulations to deduce the
scaling of RIS-assisted performance compared with the direct
transmissions and the conventional relaying system. Further,
harnessing the signal from direct link improves significantly
the performance of RIS-assisted vehicular network. Our anal-
ysis demonstrates the effectiveness of the coherent combining
of reflected signals from RIS and the signal from direct link to
achieve reliable performance for a wide SNR range compared
with individual systems.

It would be interesting to analyze the system performance
considering a mobility model for the vehicular network. Fur-
ther, the impact of correlated channels and imperfect phase
compensation can be investigated as a future scope of the
proposed work.

APPENDIX A: PDF AND CDF OF hgig

Using f, (2 f Finsa (W) fin, 2‘< ) Ldu with identity [

[25] ,2.3], we get the PDF of product of two random variables
hi = |hiallhiz| as

fni(2) = AzmﬁI“H‘”{ B;'zevz | } (an
1%

Next, we use the definition of moment generating function

(MGF) My, (s fo e %% f,(z)dz and use the identity [
[25],2.3] to get
Mh,; (8) — Aisfaigﬁi,z
1o, 1 — a;208i2, a4
Hyy| Bilsie | ( %/1 2 2)} (12)

Using the product of MGF functions with the inverse Laplace
transform, we get the PDF of hris = Zf\il hi as frps(2) =

L1 Hf;l My, (s). Thus, we use (12), expand the definition
of Fox’s H-function, and interchange the order of integration
to get

N

1 —s; Q2
S = [T Aigs [ BT - 22y
Q.2 az 2 Q5 2
D(=s)T(Bia — Bz .45i)r(ﬁi,3 - o, 51 2= 5 S;)
1
F(ai,Zﬂi,Q + 0”251,) (T SZil *mzﬁi,zfm,zsl'eszdt) ds;
i Jo

13)
We apply [27, 8.315.1] to solve the inner integral in (13) as

27-‘-]'2,25]:1 a; 2Bi2+0g28;—1

SZ?’:] —041:‘257:,2—017:,287‘,682d

. T(X0, aipfBin + qigs;)
(14)

We use (14) in (13) and apply the definition of N-
multivariate Fox’s H-function in [25, A.1] to get (3). We
use similar steps to compute the CDF as Fj. . (2) =

N
Lo =20 g e ().

APPENDIX B: PDF AND CDF OF v = Yrrs + Vd

To derive the PDF of v = ygrg + 74, we first compute the
MGEF of vrrs and 74 and apply the inverse Laplace transform
to find the PDF. For MGF of vr;s, we use its PDF and expand
the definition of multivariate Fox’s H-function and interchange
the order of integration to get

Bi,
Mwms( ): 2]._[1 1AB 2 2m fL
I'(ov,28:)T(Bin — zbfsz) (

F(B,ﬂ 781‘) o0 I,V;
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ajos

. . . N 95,285
The inner integral is solved as f0°° 721:1 . le=57dy =

(%) j-\;l (yj,225j F(Z;\le aj)zgsj )




Similarly, to get MGF of SNR of direct transmission, we
express e~ *7 in terms of Fox’s H-function and use the identity
[ [25],2.3]

Sd%d,2

M, (s ):27/’ ‘;sdﬁ“z}r f ¢d (570,a) " 2
L(Ba2 — sa)T'( 25q)0(*4574 )dsq

(16)

We solve the inner integral of PDF, f,(y) =

aigsi  sga
4,255 4 *d%d,2
+— 1

N
27rj7 g=172

gdad 2

E_I(M'YRIS (S)M'Yd(s)) as
eSTds :
3255 d2d,2)

/L ST e
a7

Finally, we apply the definition of /N-multivariate Fox’s H-
function in [25, A.1], to get (5) To compute the CDF of
SNR, we use eq. (5) in () = [ fy(z)dz and expand
N-multivariate Fox’s H- functlon in terms of Mellin-Barnes
integrals to get

(8]

[9]

[10]

(1]

[12]

[13]

[14]

B Bi, e
Fy () = jvady dsz— AiB; " ( 1 fL ’YORIS ]
[ai2s)T(Bin — 522si)0 (Bis — 522 Sz) (@4 — arasi) (6]
s _ Sd%d,2
L(Bi2 — Si)%ﬂ] de i) I'(Ba,2 — sa)
INCIRE R sa)[(ZL22)p(oN | 202
=, %+M>F<ZL aj.25)) i
(f D I d2_1dx)dsidsd (18§18

Now, the inner integral can be solved as
+ Sd%d,2

T N_ i 2s; EJN:l 5.2°5 4 Pd%d.2
I = (Ejil 2 N a; zij )rysdad 2 (19)
F(Zj:l ’ + T + 1)
We substitute (19) in (18) and apply the definition of N-
multivariate Fox’s H-function to get (6).
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