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ABSTRACT 

 

In this paper, the error performance of the Alamouti space-time coding (STC) scheme is investigated 

for vehicle-to-vehicle (V2V) communication systems over imperfect cascaded fading channels. In 

vehicular communication systems, perfect knowledge of the channel state information is not available 

to the users at all times due to the rapid movement of communicating vehicles and fast change of the 

rich scattering environment which makes the fading effects in wireless channels more severe. 

Therefore, in the analysis, we consider the erroneous estimation of the channel gain, which is more 

realistic for practical scenarios. For this purpose, we first derive the moment-generation function 

(MGF) of the channel fading coefficient with estimation error in the case of the cascaded Nakagami-

𝑚 fading conditions. Then, using the MGF, we obtain the closed-form symbol-error-rate (SER) 

expressions of Alamouti STC with two transmitting and 𝐿 receiving antennas for the M-PSK and M-

QAM modulation schemes. Then, the exact ergodic capacity expression is derived for the proposed 

system. Furthermore, the analytical results are verified through Monte-Carlo simulations. Numerical 

results show that the SER performance of V2V communication systems can be improved significantly 

by using Alamouti STC even in case of harsh fading conditions and full channel-state information is 

not available due to estimation errors. 

 

Keywords: Alamouti Space-Time Coding, Cascaded Fading Channels, Channel Estimation Error, 

Ergodic Capacity, Symbol-Error Rate, Vehicular Communications 

 

1. INTRODUCTION 

 

Vehicular communication is a rapidly growing research field of wireless communication applications 

with the potential to sustain safety, efficiency, and reliability in high-mobility environments in 5G 

networks. The focus on communications among vehicles or between vehicles and the infrastructure 

has been achieving high data rates, besides lower energy consumption and lower latency in 5G 

networks [1-3]. With the ultra-connectivity objective of 6G communications, seamless and secure 

communications is also aimed for intelligent transportation systems. Thus the internet of vehicles 

(IoV) is emerging as an advanced vehicular networking technology [4-6]. Moreover, the presence of 

dense and high-speed vehicles and the need for reliable and secure communication of a very high 
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number and density of communication nodes will increase the effective usage of artificial intelligence 

techniques in next-generation vehicular communication systems [7-8].  

 

As the number of connected autonomous vehicles grows, vehicle-to-everything (V2X) communication 

technologies including vehicle-to-infrastructure communications (V2I), vehicle-to-vehicle (V2V) 

communications, vehicle-to-pedestrian (V2P) communications present intrinsic challenges for 

ensuring continuous and seamless connectivity [9]. The main challenge is the severe fading channel 

effects limiting the channel capacity. The channel effects become much more challenging in V2X 

systems as the receivers and transmitters are almost always in motion [10-11]. In addition, the 

presence of tall buildings and structures in urban areas or natural elevations and tall trees in rural areas 

cause shading effects. On the other hand, frequency spread due to Doppler shift at high speeds is 

another disturbance factor in V2X systems [12]. 

 

The channel fading effect in vehicular communication systems is modelled as cascaded channel 

models including Nakagami-m fading model because the channel gains resulting from independent 

scattering fields are multiplied by each other to characterize the relevant statistical properties [13-14]. 

Several studies have been done to enhance the performance of V2V systems under Nakagami-m 

fading. Two-way half-duplex amplify-and-forward (AF) relaying in vehicular communications was 

analysed in [15]. The fixed-gain AF relaying over cascaded Nakagami-m channels with physical layer 

network coding was introduced in [16]. The performance analysis of full-duplex AF relaying over 

cascaded Nakagami-m fading channels incorporating self-interference (SI) at the relay is studied in 

[17] for V2V communications.  

 

In vehicular communications, due to the high-speed environment and insufficient pilot subcarriers in 

the symbols, channel estimation becomes a challenging task in practice for fast time-varying channels. 

Conventional channel estimation methods may not overcome error propagation problems and new 

compensation schemes are designed [18]. Moreover, channel estimation for high mobility systems is 

considered in [19] to extensively analyse the channel estimation performance where reconfigurable 

intelligent surfaces (RISs) are incorporated into the environment. 

 

Moreover, space-time coding (STC) is a powerful technique used in wireless networks with multiple 

transmit antennas to improve the reliability of data transmission under severe channel conditions. 

Alamouti space-time coding has been extensively studied for wireless communication systems in 

urban environments [20]. The performance analysis on symbol-error-probability (SEP) in a multiple-

relay AF cooperative communication system with Alamouti-type orthogonal STC at the transmitter 

and Alamouti’s space-time-decoder at the receiver is investigated in [21] with imperfect channel-state-

information (CSI). In [22], a new differential space-time block coded spatial modulation (STBC-SM) 

technique is introduced for multi-user massive multiple-input multiple-output (MIMO) 

communications in the uplink, where STBC-SM and differential coding is combined to strengthen the 

diversity gains in the absence of the CSI.  

 

Hence, to fill in the gap in the investigation of how channel estimation errors affect the system 

performance of vehicular communication systems and to advance the error performance of V2V 

communication systems over cascaded fading channels in the presence of channel estimation errors, 
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we propose to use the Alamouti STBC technique using M-ary modulation schemes, then examine the 

performance of the proposed systems. The contributions of this paper are listed as follows. 

 

• The MGF of erroneously estimated fading gain in the cascaded Nakagami-𝑚 channels is derived 

in the closed form. Thus, for the first time in literature, we investigate the performance analysis 

of the V2V communication system subject to imperfect cascaded fading channels, which is more 

suitable for realistic wireless vehicular communication scenarios.  

 

• A closed-form expression for the symbol-error-rate (SER) of Alamouti STC for M-PSK 

modulation over imprecise cascaded Nakagami-𝑚 fading channels is obtained.  

 

• The closed-form SER formulation of Alamouti STC for M-QAM modulation over imprecise 

cascaded Nakagami-𝑚 fading channels is obtained.  

 

• The closed-form average capacity expression of Alamouti STC over imprecise cascaded 

Nakagami-𝑚 fading channels is obtained.  

  

The rest of the paper is organized as follows. Section 2 introduces the proposed V2V communication 

system model. Section 3 presents the imperfect cascaded Nakagami-𝑚 fading channel model. In 

Section 4, the derivation of the MGF of the channel gain with estimation errors and the MGF of the 

end-to-end SNR over imperfect cascaded Nakagami-𝑚 fading channels are performed. Then, using 

these MGFs, SER expressions for the M-PSK and M-QAM modulation schemes are provided. In 

Section 5, ergodic capacity analysis is given. Section 6 represents the numerical and Monte-Carlo 

simulation results to verify the analytical derivations and discusses the performance of the proposed 

system. Finally, the contributions and findings of the paper are summarized in Section 7.  

 

2. SYSTEM MODEL 

 

Due to reasons such that the rapidly changing physical environment which consists of too many 

scattering obstacles, high mobility of the communicating nodes, and their lower antenna heights, 

fading conditions in V2V communication systems are much more severe compared to the classical 

wireless communication systems. Therefore, to enhance the error performance of these systems, the 

usage of diversity techniques is inevitable in designing the V2V communication infrastructures. At 

this point, as there is no space limitation on the vehicles, using the space-time diversity techniques by 

deploying multi-antennas on the nodes is a very reasonable choice. Providing full-rate and full 

diversity gain, no need for CSI or knowledge of channel coefficients at the transmitter, and having low 

implementation complexity with a simple decoding scheme, Alamouti STC can be very useful from a 

practical point of view to be used in vehicular communication systems illustrated in Figure 1. 

Additionally, since it requires just two consecutive time slots to transmit the source’s signals, it also 

offers an adequate solution against the changeable characteristics of the vehicular channels. Thus, we 

examine a V2V communication system in Figure-1 where the 2 × 𝐿 Alamouti STC is employed 

between the source with two transmitting antennas and the destination with 𝐿 receiving antennas. 

Hence the source transmits two symbols 𝑠1 and 𝑠2 in the form of Alamouti code at time 𝑡 and 𝑡 + 𝑇 

by using two antennas as 
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Figure 1. V2V communication system employing 2 × 𝐿 Alamouti Space-Time Coding scheme, 

where VS is the source vehicle, VD is the destination vehicle, and H is the channel gain matrix. 

 

𝑺 = [
𝑠1 𝑠2

−𝑠2
∗ 𝑠1

∗],                                                       (1) 

 

where 𝑺 is the code matrix for STC of Alamouti type and * denotes the complex conjugate operator. 

In 𝑺, row indices indicate the transmitting time interval while column indices indicate which antenna 

is used to transmit the corresponding symbol in a given time interval [23]. Since the number of 

transmitting antennas 𝑛𝑇 is 2 and receiving antennas 𝑛𝑅 is 𝐿, the channel gain matrix, 𝑯, becomes  

 

𝑯 = [
ℎ1,1 . . . ℎ1,𝐿

ℎ2,1 . . . ℎ2,𝐿
],                                                       (2) 

 

where ℎ𝑖,𝑙 is the channel’s fading coefficient between the 𝑖𝑡ℎ transmitting antenna of the source and 

the 𝑙𝑡ℎ receiving antenna of the destination, where 𝑖 = 1,2 and 𝑙 = 1, . . . , 𝐿. Therefore, after the 

transmission phase, signals received by the 𝑙𝑡ℎ antenna of the destination node at time 𝑡 and 𝑡 + 𝑇 

become 

 

𝑟1
𝑙 = ℎ1,𝑙𝑠1 + ℎ2,𝑙𝑠2 + 𝑛1

𝑙 ,                                                                                 (3a) 

 

𝑟2
𝑙 = −ℎ1,𝑙𝑠2

∗ + ℎ2,𝑙𝑠1
∗ + 𝑛2

𝑙 ,                                                    (3b) 

 

respectively, where 𝑛1
𝑙  and 𝑛2

𝑙  denote the additive white Gaussian noise (AWGN) modelled as 

Gaussian random variables with zero mean and double-sided power spectral density of 𝑁0/2. Then the 

receiver constructs two decision statistics 𝑠̃1 and 𝑠̃2 by combining the received signals with channels 

state information as [23] 

 

𝑠̃1 = ∑  𝐿
𝑙=1 ℎ1,𝑙

∗ 𝑟1
𝑙 + ℎ2,𝑙(𝑟2

𝑙)∗ = ∑  𝐿
𝑙=1 ∑  2

𝑘=1 |ℎ𝑘,𝑙|
2𝑠1 + ∑  𝐿

𝑙=1 ℎ1,𝑙
∗ 𝑛1

𝑙 + ℎ2,𝑙(𝑛2
𝑙 )∗,        (4) 

 

𝑠̃2 = ∑  𝐿
𝑙=1 ℎ2,𝑙

∗ 𝑟1
𝑙 − ℎ1,𝑙(𝑟2

𝑙)∗ = ∑  𝐿
𝑙=1 ∑  2

𝑘=1 |ℎ𝑘,𝑙|
2𝑠2 + ∑  𝐿

𝑙=1 ℎ2,𝑙
∗ 𝑛1

𝑙 − ℎ1,𝑙(𝑛2
𝑙 )∗.                                 (5) 
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After applying the maximum-combining-ratio (MRC) scheme to the received symbols, the 

instantaneous SNR per symbol becomes 

 

𝛾 = ∑  𝐿
𝑙=1 𝛾𝑙 = ∑  𝐿

𝑙=1 𝛾1,𝑙 + 𝛾2,𝑙 =
𝑃𝑠

2𝑁0
∑  𝐿

𝑙=1 |ℎ1,𝑙|
2 + |ℎ2,𝑙|

2,                                 (6) 

 

where 𝑃𝑠 is the total transmitting power of the source node. 

 

3. CHANNEL MODEL 

 

In cascaded fading channel models, the channel gain ℎ is modeled as the multiplication of several 

random variables  {ℎ𝑛}𝑛=1
𝑁 , which correspond to the multiple scattering effects in the medium as [13] 

 

ℎ = ∏  𝑁
𝑛=1 ℎ𝑛,                                                       (7) 

 

where 𝑁 denotes the cascading degree of the wireless channel. For the case of ℎ𝑛 being a Nakagami-

𝑚 distributed random variable with the fading parameter of 𝑚𝑛, it is called as N*Nakagami-m fading 

channel and probability density function (PDF) besides cumulative distribution function (CDF) of ℎ 

are given as [13] 

 

𝑓ℎ(ℎ) = 2ℎ−1𝛿𝐺0,𝑁
𝑁,0 [ℎ2𝛥 | (𝑚1,…,𝑚𝑁),   (−)

(−),   (−)
],                                                    (8a) 

 

𝐹ℎ(ℎ) = 𝛿𝐺1,𝑁+1
𝑁,1 [ℎ2𝛥 | (𝑚1,…,𝑚𝑁),   (0)

(1),   (−)
],                                                    (8b) 

 

where 𝛿 = ∏  𝑁
𝑛=1 (1/Γ(𝑚𝑛)) and Δ = ∏  𝑁

𝑛=1 (𝑚𝑛/Ω𝑛) while {Ω}𝑛=1
𝑁  is the average power of the 

corresponding multiplicative channel gain as Ω𝑛 = 𝐸[ℎ𝑛
2], where 𝐸[. ] denotes the expectation 

operator. Here Γ(. ) is Gamma function [24, 8.310] and 𝐺𝑣,𝑢
𝑠,𝑡 [. | 𝑏𝑠 ,𝑏𝑢

 𝑎𝑡 ,𝑎𝑣] is the Meijer’s G function [24, 

9.301], where 𝑎𝑡 =
△

(𝑎1, . . . , 𝑎𝑡), 𝑎𝑣 =
△

(𝑎𝑡+1, . . . , 𝑎𝑣), 𝑏𝑠 =
△

(𝑏1, . . . , 𝑏𝑠), and 𝑏𝑢 =
△

(𝑏𝑠+1, . . . , 𝑏𝑢). 

  
In vehicular communications, due to the rapid movement of the communicating nodes and rich 

scattering environment, fading characteristics of the wireless channels may vary fast in time and 

therefore the perfect estimation of the channel statistics may not be possible. For these reasons, 

assuming imperfect channel estimation is much more reasonable in practical V2V application 

scenarios. In that case, the erroneously estimated channel gain ℎ̂ can be modelled as a summation of 

the perfectly estimated channel gain ℎ and an error term 𝑛ℎ, and mathematically given as [21] 

 

ℎ̂ = 𝜌ℎ + √1 − 𝜌2𝑛ℎ,                                        (9) 

 

where 𝜌 is the correlation coefficient between ℎ and ℎ̂, holding 0 ≤ 𝜌 ≤ 1, which determines the 

accuracy of the estimation. Furthermore, the estimation error 𝑛ℎ is normally distributed with zero 

mean and 𝜎ℎ
2 variance, 𝑛ℎ ∼ 𝑁(0, 𝜎ℎ

2). 
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4. PERFORMANCE EVALUATION 

 

In the letter, the performance analysis of the proposed system is evaluated by exploiting the moment 

generation function (MGF) approach. With the definitions of 𝛼 =
△

𝜌ℎ and 𝛽 =
△

√1 − 𝜌2𝑛ℎ, then 

ℎ̂ = 𝛼 + 𝛽, it can be written that 

 

𝛶 =
△

ℎ̂2 = 𝛼2 + 2𝛼𝛽 + 𝛽2.                                                    (10) 

 

Thus, the MGF of Υ, which is denoted by ℳΥ(𝑠), becomes 

 

ℳ𝛶(𝑠) = 𝐸[𝑒−𝑠𝛶] = 𝐸[𝑒−𝑠𝛼2
𝑒−𝑠𝛽2

𝑒−2𝑠𝛼𝛽].                                                    (11) 

 

By using the 𝐾 − 𝑡ℎ order Taylor expansion of the term 𝑒−2𝑠𝛼𝛽, 𝑀Υ(𝑠) can be written as 

 

ℳ𝛶(𝑠) = 𝐸 [𝑒−𝑠𝛼2
𝑒−𝑠𝛽2

∑  𝐾
𝑘=0

(−2𝑠)𝑘

𝑘!
𝛼𝑘𝛽𝑘]                                         

            = ∑  𝐾
𝑘=0

(−2𝑠)𝑘

𝑘!
𝐸[𝑒−𝑠𝛼2

𝛼𝑘]𝐸[𝑒−𝑠𝛽2
𝛽𝑘] 

            = ∑  𝐾
𝑘=0

(−2𝑠)𝑘

𝑘!
𝐼𝛼(𝑠)𝐼𝛽(𝑠),                                                                  (12) 

where 

 

𝐼𝛼(𝑠) = 𝐸[𝑒−𝑠𝛼2
𝛼𝑘] = ∫  

∞

0
𝑒−𝑠𝛼2

𝛼𝑘𝑓𝛼(𝛼)𝑑𝛼                                                    (13) 

 

and 

 

𝐼𝛽(𝑠) = 𝐸[𝑒−𝑠𝛽2
𝛽𝑘] = ∫  

∞

−∞
𝑒−𝑠𝛽2

𝛽𝑘𝑓𝛽(𝛽)𝑑𝛽.                                                    (14) 

 

Since 𝑓𝛼(𝛼) = 𝜌−1𝑓ℎ(𝛼/𝜌), by using (8a), 𝐼𝛼(𝑠) can be written as 

 

𝐼𝛼(𝑠) = 2𝛿 ∫  
∞

0
𝑒−𝑠𝛼2

𝛼𝑘−1𝐺0,𝑁
𝑁,0 [𝛼2 𝛥

𝜌2  | (𝑚1,…,𝑚𝑁),(−)
(−),(−)

] 𝑑𝛼.                               (15) 

 

Then, by applying 𝑧 = 𝛼2 transformation, this integral can take the form of 

 

𝐼𝛼(𝑠) = 𝛿 ∫  
∞

0
𝑒−𝑠𝑧𝑧

𝑘

2
−1𝐺0,𝑁

𝑁,0 [𝑧
𝛥

𝜌2  | (𝑚1,...,𝑚𝑁),(−)
(−),(−)

] 𝑑𝑧                                                    (16) 

 

and exploiting the integral property of Meijer’s G function [25, 2.24.3.1], 𝐼𝛼(𝑠) is obtained as 

 

𝐼𝛼(𝑠) = 𝛿𝑠
𝑘

2𝐺1,𝑁
𝑁,1 [

Δ

𝑠𝜌2  | (𝑚1,…,𝑚𝑁),(−)

(1−
𝑘

2
),(−)

].                                                    (17) 
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After that, by following a similar approach, using the relation of 𝑓𝛽(𝛽) = 𝑓𝑛ℎ
(𝛽/√1 − 𝜌2)/√1 − 𝜌2 

and after several algebraic manipulations, 𝐼𝛽(𝑠) may be reformulated as 

 

𝐼𝛽(𝑠) = 𝜉 ∫  
∞

−∞
𝑒−(𝑠+Ξ)𝛽2

𝛽𝑘𝑑𝛽,                                                    (18) 

 

where 𝜉 = 1/√2𝜋𝜎2(1 − 𝜌2) and Ξ = (2𝜎2(1 − 𝜌2))
−1

. Then, with the help of [24, 3.383.11], 𝐼𝛽(𝑠) 

is obtained as 

 

𝐼𝛽(𝑠) =
𝜉

(𝑠+Ξ)
𝑘+1

2

Γ (
𝑘+1

2
).                                                           (19) 

 

Hence, by substituting (17) and (19) into (12), 𝑀Υ(𝑠) is obtained as 

 

ℳΥ(𝑠) = 𝜉𝛿 ∑  𝐾
𝑘=0

(−2𝑠)𝑘

𝑘!

Γ(
𝑘+1

2
)

(𝑠+Ξ)
𝑘+1

2

𝑠
𝑘

2𝐺1,𝑁
𝑁,1 [

Δ

𝑠𝜌2  | (𝑚1,…,𝑚𝑁),(−)

(1−
𝑘

2
),(−)

].                               (20) 

 

Now, by defining the instantaneous SNR in the imperfect cascaded fading channel as 𝛾 =
△

𝛾̅Υ, it holds 

that 

 

ℳ𝛾(𝑠) = 𝐸[𝑒−𝑠𝛾] = 𝐸[𝑒−𝑠𝛾̅Υ] = ℳΥ(𝑠𝛾̅),                                                           (21) 

 

where 𝛾̅ is denoting the average SNR at a fading channel and defined as 𝛾̅ = 𝑃/2𝑁0, while 𝑃 is the 

total transmitting power of the source node. Hence, by substituting 𝑠𝛾̅ into (20), the MGF of 𝛾 is 

obtained as 

 

ℳ𝛾(𝑠) = 𝜉𝛿 ∑  𝐾
𝑘=0

(−2)𝑘Γ(
𝑘+1

2
)

𝑘!

(𝑠𝛾̅)
3𝑘
2

(𝑠𝛾̅+Ξ)
𝑘+1

2

𝐺1,𝑁
𝑁,1 [

Δ

𝑠𝛾̅𝜌2  | 
(𝑚1,...,𝑚𝑁),(−)

(1−
𝑘

2
),(−)

].                                           (22) 

 

4.1. 𝟐 × 𝟏 Alamouti STC Scheme 

In the case of the systems consisting of a source with two transmitting antennas and a destination with 

a single receiving antenna, 𝐿 = 1, end-to-end SNR denoted by 𝛾𝑇 at the destination is 

 

𝛾𝑇 = 𝛾1 + 𝛾2,                                                                   (23) 

 

therefore, the MGF of 𝛾𝑇 becomes 

 

ℳ𝛾𝑇
(𝑠) = ℳ𝛾1

(𝑠)ℳ𝛾2
(𝑠),                                                    (24) 

 

where the ℳ𝛾𝑖
(𝑠), for 𝑖 ∈ {1, 2}, is calculated with the help of (22) by using the corresponding 

channel parameters as (𝜌, 𝑁, 𝑚𝑛, Ω𝑛 , 𝜎, 𝜉, 𝛿, Ξ, Δ) → (𝜌𝑖 , 𝑁𝑖 , 𝑚𝑛,𝑖 , Ω𝑛,𝑖 , 𝜎𝑖 , 𝜉𝑖 , 𝛿𝑖 , Ξ𝑖 , Δ𝑖). 
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4.2. 𝟐 × 𝑳 Alamouti STC Scheme 

In case of 𝐿 receiving antennas installed at the destination vehicle, the instantaneous SNR at the 𝑙𝑡ℎ 

antenna is 

 

𝛾𝑙 = 𝛾𝑙,1 + 𝛾𝑙,2                                                                   (25) 

 

and the corresponding MGF becomes 

 

ℳ𝛾𝑙
(𝑠) = ℳ𝛾𝑙,1

(𝑠)ℳ𝛾𝑙,2
(𝑠).                                                    (26) 

 

Thus, the end-to-end SNR acquired by the destination after employing the MRC scheme is obtained as 

 

𝛾𝑇 = ∑  𝐿
𝑙=1 𝛾𝑙                                                                   (27) 

 

and the MGF of 𝛾𝑇 can be calculated as 

 

ℳ𝛾𝑇
(𝑠) = ∏  𝐿

𝑙=1 ℳ𝛾𝑙
(𝑠).                                                    (28) 

 

Yet again, while evaluating (28) via (26), calculation of ℳ𝛾𝑙,𝑖
(𝑠), for 𝑖 ∈ {1, 2} is performed by using 

(22) with the corresponding channel parameters as 

(𝜌, 𝑁, 𝑚𝑛, Ω𝑛 , 𝜎, 𝜉, 𝛿, Ξ, Δ) → (𝜌𝑖
𝑙 , 𝑁𝑖

𝑙 , 𝑚𝑛,𝑖
𝑙 , Ω𝑛,𝑖

𝑙 , 𝜎𝑖
𝑙, 𝜉𝑖

𝑙 , 𝛿𝑖
𝑙, Ξ𝑖

𝑙 , Δ𝑖
𝑙 ) between the 𝑖𝑡ℎ transmitting and the 

𝑙𝑡ℎ receiving antennas. 

 

4.3. Symbol-Error-Rate for M-PSK Modulation 

When considering an 𝐿-branch MRC receiver, the average SER for M-PSK modulation over 

generalized fading channels is given by 

𝑃𝑒
𝑀−𝑃𝑆𝐾 =

1

𝜋
∫  

𝜋−𝜋/𝑀

0
ℳ𝛾𝑇

(𝜃𝑀)𝑑𝜃 =
1

𝜋
∫  

𝜋−𝜋/𝑀

0
∏  𝐿

𝑙=1 ℳ𝛾𝑙
(𝜃𝑀)𝑑𝜃,                              (29) 

where 𝜃𝑀 =
sin2(𝜋/𝑀)

sin2𝜃
 [26]. Even though an explicit solution of (29) in terms of elementary functions 

has not been derived due to the integral expression of the multiplication  of 𝐿 Meijer’s G functions, 

which is not tabulated in the current literature, a tight approximation for SER of the M-PSK 

modulation can be effectively calculated as [27] 

 

𝑃𝑒
𝑀−𝑃𝑆𝐾 ≈ (

1

3
−

1

2𝑀
) ℳ𝛾𝑇

(sin2 (
𝜋

𝑀
)) +

1

4
ℳ𝛾𝑇

(
4

3
sin2 (

𝜋

𝑀
)) + (

1

4
−

1

2𝑀
) ℳ𝛾𝑇

(
sin2(

𝜋

𝑀
)

sin2(𝜋−
𝜋

𝑀
)
).              (30) 

 

Thus, by substituting (28) into (30) and using the MGF expression of the instantaneous SNR in 

cascaded fading channels with estimation errors in (22), the average symbol error rate of Alamouti 

STC using M-PSK modulation is obtained for V2V communication systems over N*Nakagami-𝑚 

fading channels with channel estimation error. 
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4.4. Symbol-Error-Rate for M-QAM Modulation 

The average SER for a coherent M-QAM modulation scheme with multi-channel reception is given as 

 

𝑃𝑒
𝑀−𝑄𝐴𝑀 =

4𝛼

𝜋
∫  

𝜋/2

0
ℳ𝛾𝑇

(𝜙𝑀)𝑑𝜙 −
4𝛼2

𝜋
∫  

𝜋/4

0
ℳ𝛾𝑇

(𝜙𝑀)𝑑𝜙,                                            (31) 

 

where 𝛼 = (1 −
1

𝑀
) and 𝜙𝑀 =

3/(2(𝑀−1))

sin2𝜙
 [26]. Using the relation between the expectation operation 

and the MGF function, (31) can be written as 

 

𝑃𝑒
𝑀−𝑄𝐴𝑀 = 𝐸[𝐼1] − 𝐸[𝐼2],                                                    (32) 

 

where 𝐼1 and 𝐼2 are the integral expressions of 

 

𝐼1 =
4𝛼

𝜋
∫  

𝜋/2

0
𝑒−𝜙𝑀𝛾𝑇𝑑𝜙,                                                  (33a) 

 

𝐼2 =
4𝛼2

𝜋
∫  

𝜋/4

0
𝑒−𝜙𝑀𝛾𝑇𝑑𝜙,                                                  (33b) 

 

respectively. With the help of [27, Eq.8], 𝐼1 can be approximated as 

 

𝐼1 ≈ 4𝛼 (
1

12
𝑒−𝜙𝑀𝛾𝑇 +

1

4
𝑒−

4

3
𝜙𝑀𝛾𝑇) =

𝛼

3
𝑒−𝜙𝑀𝛾𝑇 + 𝛼𝑒−

4

3
𝜙𝑀𝛾𝑇 ,                                            (34) 

 

therefore 𝐸[𝐼1] becomes 

 

𝐸[𝐼1] ≈
𝛼

3
ℳ𝛾𝑇

(
3

2(𝑀−1)
) + 𝛼ℳ𝛾𝑇

(
2

𝑀−1
).                                                    (35) 

 

For the derivation of 𝐸[𝐼2], we can write 

 

𝐸[𝐼2] = 𝐸[𝐼21] − 𝐸[𝐼22],                                                    (36) 

where 

 

𝐼21 =
4𝛼2

𝜋
∫  

𝜋/2

0
𝑒−𝜙𝑀𝛾𝑇𝑑𝜙,                                                  (37a) 

 

𝐼22 =
4𝛼2

𝜋
∫  

𝜋/2

𝜋/4
𝑒−𝜙𝑀𝛾𝑇𝑑𝜙.                                                  (37b) 

 

Similarly, with the help of [27, Eq.8], 𝐼21 can be approximated as 

 

𝐼21 ≈ 4𝛼2 (
1

12
𝑒−𝜙𝑀𝛾𝑇 +

1

4
𝑒−

4

3
𝜙𝑀𝛾𝑇) =

𝛼2

3
𝑒−𝜙𝑀𝛾𝑇 + 𝛼2𝑒−

4

3
𝜙𝑀𝛾𝑇 ,                                           (38) 

 

then 
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𝐸[𝐼21] ≈
𝛼2

3
ℳ𝛾𝑇

(
3

2(𝑀−1)
) + 𝛼2ℳ𝛾𝑇

(
2

𝑀−1
).                                                    (39) 

 

In the evaluation of 𝐸[𝐼22], by following the similar approach in [27] and using the trapezoid rule of 

the definite integrals, the integral expression of 𝐼22 can be approximated to the (
4𝛼2

𝜋
) times the area of 

a trapezoid having parallel sides of length with 𝑒−
3

2

𝛾𝑇
𝑀−1 and 𝑒−3

𝛾𝑇
𝑀−1, and height with (

𝜋

4
) as 

 

𝐼22 ≈
4𝛼2

𝜋
(𝑒−

3

2

𝛾𝑇
𝑀−1 + 𝑒−3

𝛾𝑇
𝑀−1)

𝜋

8
=

𝛼2

2
(𝑒−

3

2

𝛾𝑇
𝑀−1 + 𝑒−3

𝛾𝑇
𝑀−1)                                                  (40) 

 

and therefore 𝐸[𝐼22] is obtained as 

 

𝐸[𝐼22] ≈
𝛼2

2
ℳ𝛾𝑇

(
3

2(𝑀−1)
) +

𝛼2

2
ℳ𝛾𝑇

(
3

𝑀−1
).                                                    (41) 

 

By substituting (39) and (41) , 𝐸[𝐼2] becomes 

 

𝐸[𝐼2] ≈ 𝛼2ℳ𝛾𝑇
(

2

𝑀−1
) −

𝛼2

2
ℳ𝛾𝑇

(
3

𝑀−1
) −

𝛼2

6
ℳ𝛾𝑇

(
3

2(𝑀−1)
).                                                  (42) 

 

Finally, substituting (35) and (42) in (31), the average SER for a coherent M-QAM modulation 

scheme with multi-channel reception is obtained as 

 

𝑃𝑒
𝑀−𝑄𝐴𝑀 ≈ (

1

2
+

1

6𝑀2) ℳ𝛾𝑇
(

3

2(𝑀−1)
) +

(𝑀−1)2

2𝑀2 ℳ𝛾𝑇
(

3

𝑀−1
) + (

𝑀−1

𝑀2 ) ℳ𝛾𝑇
(

2

𝑀−1
).                             (43) 

 

Hence, by substituting (28) into (43) and then using (22), the average SER of Alamouti STC using M-

QAM modulation is obtained for V2V communication systems that are subject to cascaded 

Nakagami-𝑚 fading channels with channel estimation errors. 

 

5. ERGODIC CAPACITY ANALYSIS 

 

The exact ergodic capacity of 𝐿-branch diversity combiner over mutually not-necessarily independent 

or identically distributed fading channels is given by [28] 

 

𝐶𝑎𝑣𝑔 =
𝑊

log(2)
∑  𝑁

𝑛=1 𝑤𝑛𝐶1(𝑠𝑛)
𝑑

𝑑𝑠
ℳ𝛾𝑇

(𝑠)|𝑠→𝑠𝑛
,                                                                        (44) 

 

where W is the channel’s bandwidth, 𝑠𝑛 = tan (
𝜋

4
cos (

2𝑛−1

2𝑁
𝜋) +

𝜋

4
), and 𝑤𝑛 =

𝜋2sin(
2𝑛−1

2𝑁
𝜋)

4𝑁cos2(
𝜋

4
cos(

2𝑛−1

2𝑁
𝜋)+

𝜋

4
)
. 

Using (26) and (28), it may be written that 
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𝑑

𝑑𝑠
ℳ𝛾𝑇

(𝑠) = ∑  𝐿
𝑙=1 ∏  𝐿

𝑗=1,𝑗≠𝑙 ℳ𝛾𝑗
(𝑠)

𝑑

𝑑𝑠
ℳ𝛾𝑙

(𝑠)                                         

 

                  = ∑  𝐿
𝑙=1 ∏  𝐿

𝑗=1,𝑗≠𝑙 ℳ𝛾𝑗
(𝑠) × (ℳ𝛾𝑙,2

(𝑠)
𝑑

𝑑𝑠
ℳ𝛾𝑙,1

(𝑠) + ℳ𝛾𝑙,1
(𝑠)

𝑑

𝑑𝑠
ℳ𝛾𝑙,2

(𝑠)).                    (45) 

 

By using (21), it may be written that 
𝑑

𝑑𝑠
ℳ𝛾𝑙,𝑖

(𝑠) = 𝛾̅
𝑑

𝑑𝑠
ℳΥ(𝑠𝛾̅) where 𝛾̅ = 𝐸[𝛾𝑙,𝑖] for 𝑖 ∈ 1,2. 

Therefore, 
𝑑

𝑑𝑠
ℳΥ(𝑠) should be derived to calculate (45). Hence, by using (21) 

 
𝑑

𝑑𝑠
ℳΥ(𝑠) = ∑  𝐾

𝑘=0
(−2𝑠)𝑘

𝑘!
𝐼𝛼(𝑠)𝐼𝛽(𝑠)                                         

                 = ∑  𝐾
𝑘=0

(−2)𝑘

𝑘!
𝑠𝑘−1 (𝑘𝐼𝛼(𝑠)𝐼𝛽(𝑠) + 𝑠𝐼𝛽(𝑠)

𝑑

𝑑𝑠
𝐼𝛼(𝑠) + 𝑠𝐼𝛼(𝑠)

𝑑

𝑑𝑠
𝐼𝛽(𝑠)),                              (46) 

 

where 𝐼𝛼(𝑠) and 𝐼𝛽(𝑠) are given by (16) and (19), respectively. By using (16) it may be written as 

 
𝑑

𝑑𝑠
𝐼𝛼(𝑠) =

𝑑

𝑑𝑠
𝛿 ∫  

∞

0
𝑒−𝑠𝑧𝑧

𝑘

2
−1𝐺0,𝑁

𝑁,0 [𝑧
Δ

𝜌2  | (𝑚1,...,𝑚𝑁),(−)
(−),(−)

] 𝑑𝑧  

              = −𝛿 ∫  
∞

0
𝑒−𝑠𝑧𝑧

𝑘

2𝐺0,𝑁
𝑁,0 [𝑧

Δ

𝜌2  | (𝑚1,…,𝑚𝑁),(−)
(−),(−)

] 𝑑𝑧.                                                                      (47) 

 

Hence, with the help of the integral property of Meijer’s G function [25, 2.24.3.1], (47) is obtained as 

 

𝑑

𝑑𝑠
𝐼𝛼(𝑠) = −𝛿𝑠

𝑘

2
+1𝐺1,𝑁

𝑁,1 [
Δ

𝑠𝜌2  | 
(𝑚1,...,𝑚𝑁),(−)

(−
𝑘

2
),(−)

].                                                              (48) 

 

After that, by using (19) 
𝑑

𝑑𝑠
𝐼𝛽(𝑠) may be derived as 

 
𝑑

𝑑𝑠
𝐼𝛽(𝑠) = 𝜉Γ (

𝑘+1

2
)

𝑑

𝑑𝑠
(𝑠 + Ξ)−

𝑘+1

2 = −
𝑘+1

2
𝜉Γ (

𝑘+1

2
) (𝑠 + Ξ)−

𝑘+3

2 .                                                   (49) 
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Figure 2. Performance of 2x1 Alamouti STBC over imprecise 2*Nakagami-𝑚 fading channels with 

𝑚1 = 𝑚2 = 2.5 for 𝜌 = 0.2, 0.6, and 1. 
 

Thus, by substituting (48) and (49) into (46), then by calculating (45) with the help of (46) and 

substituting it into (44), the average capacity of the Alamouti STBC errors is obtained in the closed-

form for MIMO V2V communication systems over cascaded fading channels with the channel 

estimation. 

 

6. NUMERICAL RESULTS AND SIMULATIONS 

 

Throughout this section, numerical results and simulations are provided comparatively to validate the 

analytic results derived in the paper. During calculations, it is assumed that the transmitter transmits 

the symbols with unit power per antenna. Also, the fading coefficients for the cascaded channels have 

unit power as Ω = 𝐸[ℎ2]. In figures, the analytic plots are represented by solid lines while the 

simulation results are marked by circles.  

 

In Figure 2, the SER performance of 2x1 Alamouti STBC using 4-PSK modulation over cascaded 

Nakagami-𝑚 fading channels is presented for the miscellaneous degrees of channel estimation errors. 

For this figure, the cascading degree and the related fading parameters are set as 𝑁 = 2 and 𝑚1 =
𝑚2 = 2.5, respectively. The correlation coefficient between a channel gain ℎ and its erroneous 

estimation ℎ̂ is chosen as 𝜌 ∈ {0.2, 0.6, 1}. As is seen from the figure, the presence of channel 
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estimation errors significantly worsens the SER performance of the system. For example, to achieve 

10−3 error rate, an extra 7𝑑𝐵 SNR is required for 𝜌 = 0.6 in comparison with the perfect estimation 

of the channel statistics which corresponds to 𝜌 = 1. 

 

 

Figure 3. SER performances of vehicular communication systems employing Alamouti STC scheme 

with B/Q/8-PSK modulations over 3*Nakagami-𝑚 channels with 𝑚1 = 1.5, 𝑚2 = 3 and 𝑚3 = 2.5 in 

the presence of channel estimation errors for 𝜌 = 0.4. 
 

Figure 3 represents the effect of modulation order on the SER performance of Alamouti STC scheme 

over cascaded fading channels. The plots are given for the BPSK, QPSK, and 8-PSK modulation 

schemes over 3*Nakagami-𝑚 fading channels, N=3, with 𝑚1 = 1.5, 𝑚2 = 3, and 𝑚3 = 2.5. The 

correlation coefficient related to the estimation error is set as 𝜌 = 0.4. As seen from the figure, the 

SER performance of the system decreases by increasing modulation order, which makes the 

maximum-likelihood decision-making process becomes more vulnerable to estimation errors since the 

distances among the symbols in the constellation are getting closer. For example, the figure shows that 

the SNR gap between BPSK and QPSK modulations is approximately 5𝑑𝐵 at 10−3 SER value. It is 

also seen that the 8-PSK modulation scheme requires extra 8𝑑𝐵 SNR to provide the same SER value 

for the proposed system when compared with using BPSK modulation. 
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In Figure 4, the effect of the channel’s cascading degree on the SER performances is presented when 

the cascading degree is as 𝑁 = 1, 2, and 4, which are corresponding to Rayleigh, 2*Rayleigh, and 

4*Rayleigh fading channels, respectively, in V2V communication systems employing Alamouti’s 

space-time coding scheme using 8-PSK modulation. Here, the correlation coefficient between ℎ and ℎ̂ 

is set as 𝜌 = 0.3. The figure reveals that the increasing cascading degree of the fading channels 

significantly degrades the SER performance of the system. For example, the SNR gap between 𝑁 = 1 

and 𝑁 = 2 (Rayleigh and 2*Rayleigh channels) is approximately 5𝑑𝐵 while it is about 8𝑑𝐵 in the 

case of 𝑁 = 2 and 𝑁 = 4 (2*Rayleigh and 4*Rayleigh channels) to reach the 10−3 SER value. 

 

Figure 4. SER performances of vehicular communication systems employing Alamouti STBC using 

8-PSK modulation for different vehicular fading channel models for 𝜌 = 0.3. 
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Figure 5. Performances of Alamouti STC scheme using 16-QAM modulation over 2*Nakagami-m 

and 4*Nakagami-m fading channels for 𝜌 = 0.6, 0.8, and 1. 
 

Additionally, Figure 4 represents the SER performance comparison for SIMO (2x1) and MIMO (2x2) 

configurations of Alamouti STBC over the imprecise cascaded Nakagami-𝑚 fading channels. The 

figure reveals that the system performance may be significantly enhanced by using multiple receiving 

antennas. For example, an extra receiving antenna provides 10 times better SER at 30𝑑𝐵 SNR. 

 

The performance of Alamouti STC scheme using 16-QAM modulation for V2V communication 

systems is presented in Figure 5. The plots are given for 2*Nakagami-𝑚 with 𝑚1 = 2, 𝑚2 = 3.5, and 

4*Nakagami-𝑚 with 𝑚1 = 2, 𝑚2 = 3.5, 𝑚3 = 1.5, 𝑚4 = 2 fading channels and 𝜌 = 0.6, 0.8, 1 values 

of the correlation coefficient between ℎ and its erroneous estimation ℎ̂. The figure reveals that the 

presence of channel estimation errors severely worsens the SER performance of vehicular 

communication systems. For example, to achieve the error rate of 10−3 over 2*Rayleigh fading 

channels, extra 13𝑑𝐵 SNR is required for 𝜌 = 0.6 in comparison with the perfect estimation case in 

which 𝜌 = 1. It is also seen that the PSK modulation provides better SER performance than the QAM 

modulation does in V2V communication systems employing Alamouti STBC over imprecise cascaded 

fading channels. Finally, it is shown by the figures that the analytical and simulation results tightly 

match, which is because of the analytical SER expressions are approximations to the exact ones. 
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7. CONCLUSIONS 

 

In this letter, we proposed to use the Alamouti STC to enhance the SER performance of V2V 

communication systems over cascaded fading channels where the perfect knowledge of the channel 

state information is not available to the users all the time due to the rapid movement of the 

communicating vehicles and fast-changing characteristics of the rich scattering environment which 

makes the fading effects in wireless channels more severe. Therefore, in investigating the SER profile 

of the proposed system, we consider the erroneous estimation of the fading channels’ gains which is 

much more realistic for the practical scenarios. During the analysis, we first derive the moment-

generation function (MGF) of the erroneously estimated channel fading coefficient in the case of the 

cascaded Nakagami-𝑚 fading conditions. Then, using this MGF, SER expressions of Alamouti STC 

with two transmitting and 𝐿 receiving antennas for the M-PSK and M-QAM modulation schemes are 

obtained. After that the ergodic capacity analysis for the proposed system is examined and a closed-

form expression of it is derived. Furthermore, the analytical results are verified by Monte-Carlo 

simulations. The results reveal that the SER performance of V2V communication systems is severely 

degraded in case of full channel-state information is not available due to estimation errors but it can be 

improved significantly by using the Alamouti STC method. It is also presented that using PSK 

modulation provides better SER performance than using QAM modulation in the vehicular 

communication systems employing Alamouti STC over imprecise cascaded fading channels. 
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