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Abstract 
 

 

Signal degradation in indoor wireless communication systems is often occurred because of  random changes in 
attenuation within the transmission medium. Such signal perturbations are referred to as fading and it may 
affect the bit error probability (BEP) performance of  the system tremendously. To alleviate this degradation, we 
propose a system, regular low density parity check (LDPC) coded16-ary amplitude phase shift keying (16-APSK) 
with coherent detection assuming the four-ray Rayleigh fading model as well as the effect of  delay spread. 
Simulation results assert that with the aid of  regular LDPC code, the effect of  fading has been considerably 
mitigated, thus the proposed system could easily approach the expedient BEP. Further results of  BEP 
comparisons are also provided between the proposed system and the conventional three-ray fading model. 
 

 

Keywords: BEP,16-APSK with coherent detection, 4-ray Rayleigh fading model, indoor wireless 
communications, multipath signals, regular LDPC code. 

 

1. Introduction 
 

In indoor wireless communication systems, such as device-to-device (D2D) communications, transmitted signals may be 
scattered by surrounding objects that can lead to the signal fading because each transmission signal goes through 
different paths [1-2]. This causes both the constructive and destructive interference that affect the BEP performance at 
large. In the previous works, the spread spectrum techniques [15-16] was utilized to alleviate the problem of  the fading 
resulted from multipath due to its processing gain (PG). This factor is the ratio of  bit duration of  information-bearing 
signal to chip duration of  spreading code. Accordingly, by increasing the PG, the BEP degradation due to fading can be 
compensated, but it requires extra bandwidth [29] for efficient data transmission.    
 

To mitigate the effect of  channel fading without using spread spectrum techniques, we utilize regular LDPC code [3] 
that employs iterative decoding algorithm. Since the BEP performance of  one communication system is also affected by 
the proper selection of  modulation schemes, 16-APSK [4]is selected with coherent detection to maintain the expected 
BEP performance instead of  non-coherent systems, while sufficient bandwidth efficiency is maintained by using bits per 
symbol. The contribution of  this work can be summarized as follows: 

(a) The analytic form of  the BEP of  the proposed scheme over the AWGN and multipath fading channel are derived 
and analyzed. 

(b) By using the measurement data [1], the BEP performance of  the proposed system atf = 2.5 GHz is evaluated, 
which can be used widely in practical indoor wireless communications. 

(c) Both the multiple ray fading models (4 rays) and practical delay spread are discussed and effects of  them are 
evaluated through the BEP performance analysis. 

(d)For the proposed coded system, results of  BEP comparison are provided both for the 4-ray and the conventional 
three-ray model fading. 
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The remainder of  this paper is organized as follows. The proposed coded system model is defined and described in 
Section 2. Section 3 describes on the coherent 16-APSK and the regular LDPC code is discussed in Section 4. Aspect of  
the delay spread is discussed in Section 5.Discussion on the results of  computer simulations can be found in the last 
section of  this paper along with the conclusion.    

2. Proposed Coded 16-APSK Indoor Wireless System Model 
 

Fig. 1 shows the block diagram of  the signal flow in the proposed system model. At the transmitter, the binary data 
sequence is encoded by regular LDPC encoder and is modulated by 16-APSK modulator and transmitted through 4-ray 
Rayleigh fading channel. To evaluate the BEP under practical Rayleigh fading effect at least three rays [25-27] needs to be 
emulated for the multipath propagation. Instead, we utilize four-ray model to possibly yield better signal detection than 
the conventional three-ray model with larger constructive received power. At the receiver, carriers are removed by 
coherent 16-APSK demodulator and decoded by regular LDPC decoder towards the final output data.  

 

 
Fig. 1.Signal flow of  the coded 16-APSK indoor wireless communication system under four-ray Rayleigh fading 

 

For the evaluation of  the error performance of  the considered indoor wireless communication system centered atf  = 
2.5 GHz, we modified the three-ray Rayleigh fading model of  [1] as in Fig.2.In general, the received signal at the receiver 
is considered as the result of  multipath propagation [28].Accordingly, in this paper, the signal route via object 1 is 
referred to as one-ray model with the reflected rayV1, and three-ray model refers to the signal routes scattered via objects 
1, 2 and 3 with the reflected rayV1, V2 and V3 respectively. In addition, all signal paths from the transmitter to the 
receiver will be referred to as the proposed four-ray model with all four reflected rays. Note that each reflected ray can be 
represented by Acos(ωt-θ) [28]. According to Lambert’s cosine law [33], the range of  Ais between 0 and 1. When the 
reflected angle is approached 0○, Ais approached 1. As a result, A of  reflected ray V1, V2, V3, and V4 can be selected as 
0.5, 0.33, 0.66 and 0.85 [28].Finally, θ is related to the effect of  delay spread [28] and its value is usually extreme small with 
center frequency at f  = 2.5 GHz [1]. Hence, θ can be 0○ for simplicity with ω = 2πf.  
 

 
Fig. 2. Proposed 4 rays rack-to-rack Rayleigh fading model used in indoor wireless communications. 

 
3. 16-APSK with Coherent Detection 
 

It is well known that the most significant advantage of  16-APSKwith coherent detection is to have lower 
peak-to-average power ratio (PAPR) along with better BEP performance if  used in multi-carrier system such as 
orthogonal frequency division multiple (OFDM) [31]. In addition, depending on the channel condition, APSK signal 
constellation can be adjustable. Hence, this paper utilizes coherent16-APSK scheme with its circular-based constellation 
as illustrated in Fig. 3. Each symbol is assigned to a specific region denoted by the dotted circle and lines as their decision 
regions [6] for BEP performance analysis. 
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Fig. 3. Proposed signal constellation of  coherent 16-APSK. 

 

Based on Fig. 3, we can define all Euclidean distances between two adjacent symbols as a factor of  d; hence, radii R1 and 
R2 are 1.5d and 3.7d respectively. As a result, all Euclidean distances between symbols of  coherent 16-APSK can be 
defined as Eq.(1). For example, d1,2 denotes the Euclidean distance between symbol S1 and symbol S2.   

 

𝑑1,2 = 𝑑2,3 = 𝑑3,4 = 𝑑4,1 = 2.12𝑑; 
𝑑1,6 = 𝑑2,9 = 𝑑3,12 = 𝑑4,15 = 2.2𝑑; 
𝑑1,7 = 𝑑1,5 = 𝑑4,14 = 𝑑2,10 = 𝑑2,8 = 𝑑3,13 = 𝑑3,11 = 𝑑4,16 = 2.51𝑑; 
𝑑5,6 = 𝑑6,7 = 𝑑7,8 = 𝑑8,9 = 𝑑9,10 = 𝑑10,11 = 𝑑11,12 = 𝑑12,13 = 𝑑13,14 = 𝑑14,15 = 𝑑15,16 = 𝑑16,5 = 1.91𝑑. 

 (1)               
 

Therefore, by using the union bound of  M-ary modulation [7], its symbol error probability (SEP) Pscan be written as  
 

𝑃𝑠 =
1

𝑀
  𝑃(𝑆𝑤 → 𝑆𝑗 )𝑀

𝑗≠1;𝑗≠𝑤
𝑀
𝑤=1 ; 𝑀 = 16,    (2) 

 

where P(Sw→Sj) is the pairwise symbol error probability where symbol Sw can be erroneously decided as symbol Sj. Note 
that P(Sw→Sj) can be expressed using Marcum Q-function [10]; wheredw, j is the Euclidean distance between symbol Sw 

and symbol Sj and it can be selected from Eq.(1).In Eq.(3), N0 is the two-side of  Gaussian noise spectral density. For the 
simulation of  BEP, its value of  10-10 watts per hertz (W/Hz)[10]is used in our paper. 
 

𝑃 𝑆𝑤 → 𝑆𝑗  = 𝑄  
𝑑𝑤,𝑗

 2𝑁0
 .(3) 

 

For the considered Rayleigh fading channel, one-ray model is discussed first andEq.(4) denotes the PDF of  Rayleigh 
fading with envelope r[5, 8] whereσ is the standard deviation of  Rayleigh distribution. Note that r is equal to Acos(ωt-θ). 
 

𝑓 𝑟 =
𝑟

𝜎2 𝑒
−(

𝑟2

2𝜎2)
 ; 𝑟 > 0.(4) 

 

In addition, we also need to know the average symbol energy Es[9] of  coherent 16-APSK and the value is10.83d2by 
Eq.(5), where M=16 is the total number of  symbols;N1=4and N2=12 are the number of  symbols on the inner and outer 
ring respectively according to Fig. 3. 
 

𝐸𝑠 =
1

𝑀
  𝑁1 × 𝑅1

2 + (𝑁2 × 𝑅2
2) = 10.83𝑑2 → 𝑑 = 0.303 𝐸𝑠 . (5) 

 

Hence, the Euclidean distance of  symbol S1and symbol S2, 2.12d, can be identical to 0.642 𝐸𝑠  by the above equation. 

As a result, P(S1→S2) of  symbol S1is shown by the first term of  pairwise symbol error probability and the total symbol 
error probability of  symbol S1 can be shown as Eq.(6).  
 

𝑆1: 𝑃 𝑆1 → 𝑆2 + 𝑃 𝑆1 → 𝑆4 + 𝑃 𝑆1 → 𝑆5 + 𝑃 𝑆1 → 𝑆6 + 𝑃 𝑆1 → 𝑆7  

= 2𝑄  
0.642 𝐸𝑠

 2𝑁0
 + 2𝑄  

0.760 𝐸𝑠

 2𝑁0
 + 𝑄(

0.666 𝐸𝑠

 2𝑁0
).(6) 

 

Likewise, all other symbol error probability of  the remaining symbols are defined as: 
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𝑆2: 𝑃 𝑆2 → 𝑆1 + 𝑃 𝑆2 → 𝑆3 + 𝑃 𝑆2 → 𝑆8 + 𝑃 𝑆2 → 𝑆9 + 𝑃 𝑆2 → 𝑆10  

= 2𝑄  
0.642 𝐸𝑠

 2𝑁0

 + 2𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 𝑄(
0.666 𝐸𝑠

 2𝑁0

); 

 

𝑆3: 𝑃 𝑆3 → 𝑆2 + 𝑃 𝑆3 → 𝑆4 + 𝑃 𝑆3 → 𝑆11 + 𝑃 𝑆3 → 𝑆12 + 𝑃 𝑆3 → 𝑆13  

= 2𝑄  
0.642 𝐸𝑠

 2𝑁0

 + 2𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 𝑄(
0.666 𝐸𝑠

 2𝑁0

); 

 

𝑆4: 𝑃 𝑆4 → 𝑆1 + 𝑃 𝑆4 → 𝑆3 + 𝑃 𝑆4 → 𝑆14 + 𝑃 𝑆4 → 𝑆15 + 𝑃 𝑆4 → 𝑆16  

= 2𝑄  
0.642 𝐸𝑠

 2𝑁0

 + 2𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 𝑄(
0.666 𝐸𝑠

 2𝑁0

); 

 

𝑆5: 𝑃 𝑆5 → 𝑆1 + 𝑃 𝑆5 → 𝑆6 + 𝑃 𝑆5 → 𝑆16  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆6: 𝑃 𝑆6 → 𝑆1 + 𝑃 𝑆6 → 𝑆5 + 𝑃 𝑆6 → 𝑆7  

= 𝑄  
0.666 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆7: 𝑃 𝑆7 → 𝑆1 + 𝑃 𝑆7 → 𝑆6 + 𝑃 𝑆7 → 𝑆8  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆8: 𝑃 𝑆8 → 𝑆2 + 𝑃 𝑆8 → 𝑆7 + 𝑃 𝑆8 → 𝑆9  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆9: 𝑃 𝑆9 → 𝑆2 + 𝑃 𝑆9 → 𝑆8 + 𝑃 𝑆9 → 𝑆10  

= 𝑄  
0.666 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆10: 𝑃 𝑆10 → 𝑆2 + 𝑃 𝑆10 → 𝑆9 + 𝑃 𝑆10 → 𝑆11  

  = 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆11: 𝑃 𝑆11 → 𝑆3 + 𝑃 𝑆11 → 𝑆10 + 𝑃 𝑆11 → 𝑆12  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆12: 𝑃 𝑆12 → 𝑆3 + 𝑃 𝑆12 → 𝑆11 + 𝑃 𝑆12 → 𝑆13  
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= 𝑄  
0.666 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆13: 𝑃 𝑆13 → 𝑆3 + 𝑃 𝑆13 → 𝑆12 + 𝑃 𝑆13 → 𝑆14  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆14: 𝑃 𝑆14 → 𝑆4 + 𝑃 𝑆14 → 𝑆13 + 𝑃 𝑆14 → 𝑆15  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

); 

 

𝑆15: 𝑃 𝑆15 → 𝑆4 + 𝑃 𝑆15 → 𝑆14 + 𝑃 𝑆15 → 𝑆16  

= 𝑄  
0.666 𝐸𝑠

 2𝑁0

 + 2𝑄  
0.578 𝐸𝑠

 2𝑁0

 ; 

 

𝑆16: 𝑃 𝑆16 → 𝑆4 + 𝑃 𝑆16 → 𝑆5 + 𝑃 𝑆16 → 𝑆15  

= 𝑄  
0.760 𝐸𝑠

 2𝑁0

 + 2𝑄(
0.578 𝐸𝑠

 2𝑁0

). 

(7) 
 

Furthermore, the overallaverage symbol error probabilityPscan be defined as 
 

𝑃𝑠 =
1

16
 𝑆1 + 𝑆2 + 𝑆3 + 𝑆4 + 𝑆5 + 𝑆6 + 𝑆7 + 𝑆8 + 𝑆9 + 𝑆10 + 𝑆11 + 𝑆12 + 𝑆13 + 𝑆14 + 𝑆15 + 𝑆16 . 

=
1

16
 8𝑄  

0.642 𝐸𝑠

 2𝑁0
 + 16𝑄  

0.760 𝐸𝑠

 2𝑁0
 + 8𝑄  

0.666 𝐸𝑠

 2𝑁0
 + 24𝑄  

0.578 𝐸𝑠

 2𝑁0
  .(8) 

 
In addition, assuming all symbol errors are equally probable [10], the relationship between Ps and the bit error 
probabilityPb,16-APSK,AWGN of  the un-coded coherent 16-APSKcan be defined as Eq.(9)over AWGN, where M=2k and 
k=4is the number of  bits per symbol. Note that Pb,16-APSK,AWGN is defined with conventional ratio of  bit energy to noise 
power spectral density ratio Eb/N0.  
 

𝑃𝑏,16−𝐴𝑃𝑆𝐾 ,𝐴𝑊𝐺𝑁 =  
𝑀

2

𝑀−1
 𝑃𝑠 =

8

15
 

1

16
 8𝑄  

0.642 𝐸𝑏

 2𝑁0
 + 16𝑄  

0.760 𝐸𝑏

 2𝑁0
 + 8𝑄  

0.666 𝐸𝑏

 2𝑁0
 +

24𝑄0.578𝐸𝑏2𝑁0.     (9) 

 
Then the un-codedbit error probability (BEP) [11] of  coherently detected16-APSK using one-ray Rayleigh fading 
channel model can be defined by using Eq. (9) of  Pb,16-APSK, AWGNand Eq.(4) of  variableras 
 

𝑃𝑏,16−𝐴𝑃𝑆𝐾,𝑅𝑎𝑦𝑙𝑒𝑖𝑔 𝑕 =  (𝑃𝑏,16−𝐴𝑃𝑆𝐾,𝐴𝑊𝐺𝑁 ) × (
𝑟

𝜎2 𝑒
−(

𝑟2

2𝜎2)
) 𝑑𝑟

∞

0
.     (10) 

 

The BEP performance of  the proposed un-coded coherent 16-APSK over AWGN and one-ray Rayleigh fading channel 
is shown in Fig. 4. We can see that there is a tiny gap between the simulated and theoretical BEPs for both channels 
considered due to the inter-symbol interference (ISI) [24]. Furthermore, the proposed coherent 16-APSK needs more 
transmission power over one-ray Rayleigh fading channel when it is compared with the case of  over AWGN for a fixed 
BEP. For example, as the simulation results show, the proposed coherent 16-APSK system requires about 5-7 dB more 
power to achieve the desirable BEP of  10-3 over one-ray Rayleigh fading channel, compared to the case over AWGN. 
Note that the simulated BEP is obtained by using Monte Carlo simulation [12]. 
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Fig. 4.BEP performance of  the proposed un-coded coherent 16-APSK over the considered channel. 

4. Regular LDPC Code 
 

In general, advantages of  regular LDPC code can be summarized as following: (a) Suitable for parallel implementation, 
(b) More amenable to high coding rate, (c) Lower error floor, and (d) Superior error correcting capability. In this paper, 
the proposed regular LDPC code is one kind of  linear block code (LBC) in which each code-word U is equal to the 
product of  the transmitted message m and the generator matrix G as in Eq.(11) [14]. 

 

𝑈 =  𝑚1𝑚2𝑚3 …𝑚𝑘  

𝑔1,1 ⋯ 𝑔1,𝑛

⋮ ⋱ ⋮
𝑔𝑘,1 ⋯ 𝑔𝑘,𝑛

 = 𝑚 ∙ 𝐺.(11) 

 

Wherein, the generator matrix Gof  the systematic is usually a k⨯n matrix (n is larger than k) as Eq.(12).  
 

𝐺 =  

𝑝1,1 ⋯ 𝑝1,𝑛−𝑘

⋮ ⋱ ⋮
𝑝𝑘,1 ⋯ 𝑝𝑘,𝑛−𝑘

1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 1

 = [𝑃𝑘× 𝑛−𝑘 |𝐼𝑘×𝑘]𝑘×𝑛 .(12) 

 

By Eq.(12), the parity check matrix H can be defined as 
 

𝐻 =  𝐼 𝑛−𝑘 × 𝑛−𝑘  𝑃𝑘× 𝑛−𝑘 
𝑇  = [𝐼 𝑛−𝑘 × 𝑛−𝑘 |𝑃(𝑛−𝑘)×𝑘 ](𝑛−𝑘)×𝑛 .(13) 

 

The parity-check matrix H(n-k)⨯nused in the decoding of  regular LDPC code is shown in Eq.(14). This decoder can 
decode each bit simultaneously rather than Meggitt decoder [30] of  conventional code. Note that n and k are 14 and 6 
respectively. As a regular LDPC code, each column and row has the same number of  ‘1’ respectively.  
 

𝐻 𝑛−𝑘 ×𝑛 =

 
 
 
 
 
 
 
 
1 0 1 0 1 0 1 0 1 0 1 0 1 0
0 1 0 1 0 1 0 1 0 1 0 1 0 1
1 0 1 0 1 0 1 0 1 0 1 0 1 0
0 1 0 1 0 1 0 1 0 1 0 1 0 1
1 0 1 0 1 0 1 0 1 0 1 0 1 0
0 1 0 1 0 1 0 1 0 1 0 1 0 1
1 0 1 0 1 0 1 0 1 0 1 0 1 0
0 1 0 1 0 1 0 1 0 1 0 1 0 1 

 
 
 
 
 
 
 

8×14

. (14) 

 

This parity check matrix H8⨯14 has eight rows and fourteen columns so we have 8 parity check nodes for error correction 
and 14 information bit nodes for storage information (or code-word U) in the decoder. It should be noticed that the 
parity check node connects with the information bit node by the number of  ‘1’;otherwise, they do not connect with each 
other by the number of  ‘0’. To decode the message m, each information bit node transmits each code-word U to all 
adjacent parity check nodes for decoding equally. Next, each parity check node transmitted decoded code-word U back 
to all adjacent information bit nodes equally. Finally, repeat these two steps to construct each iterative decoding until 
having the perfect received messagem.  
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Mathematically, this received message m can be expressed by log-likelihood ratio (LLR) [9] [18] [22] over AWGN as in 
Eq.(15). P(y|m) is the conditional pdf  of  the received signal,y, conditioned on the transmitted message m (bit 1 or bit 0). 
If  L(y) is larger than decision threshold of  LLR calculation, the received message m is decoded as bit 1. Otherwise, bit 0 
is assumed. Q is the number of  iteration and the value is 2; it means that each code-word U completes two round trips 
between information bit nodes and parity check nodes for decoding.  
 

𝐿(𝑦)𝐶𝑜𝑑𝑒𝑑  16−𝐴𝑃𝑆𝐾,𝐴𝑊𝐺𝑁 =  (𝑙𝑜𝑔
𝑃 𝑦 𝑚=1 

𝑃 𝑦 𝑚=0 
)𝐼

𝑄
𝐼=0 .(15) 

 
Considering the effect of  Rayleigh fading [20-21], the corresponding BEP can be expressed by using L(y)Coded 16-APSK, 

AWGNand Eq.(4) of  parameter ras 
 

𝑃𝑏,𝐶𝑜𝑑𝑒𝑑  16−𝐴𝑃𝑆𝐾,𝑅𝑎𝑦𝑙𝑒𝑖𝑔 𝑕 =   [𝐿(𝑦)𝐶𝑜𝑑𝑒𝑑  16−𝐴𝑃𝑆𝐾 ,𝐴𝑊𝐺𝑁 ] × (
𝑟

𝜎2 𝑒
−(

𝑟2

2𝜎2)
)𝑑𝑟

∞

0
.(16) 

 

The theoretical BEP of  the proposed regular LDPC coded coherent 16-APSK system is illustrated in Fig. 5. In 
comparison with Fig. 4 of  the un-coded case, at BEP of  10-3, we get coding gain of  3 dB (under AWGN) and 7-9 dB 
under fading (with one-ray model) respectively. At the BEP of  10-6, the proposed coded system required 20 dB of  
Eb/N0 under one-ray Rayleigh fading channel, while it needs 16 dB of  Eb/N0 under AWGN. In other words, with the 
help of  regular LDPC code, the proposed coherent 16-APSK can approach closely to the lower BEP under AWGN at 
the same power constraint compared to one-ray Rayleigh channel, implying that the effect of  fading in one-ray Rayleigh 
channel can be minimized considerably thereby. For example, the system can reach the BEP of  10-6under AWGN at 16 
dB but the BEP of  one-ray Rayleigh channel is only lower than 10-4 slightly at the identical transmission power. The main 
reason is that the signal of  one-ray Rayleigh channel may not have perfect ground reflection due to object 1 in Fig. 1;the 
transmission power of  reflected ray is expected to be reduced that compared with transmitted ray. In Fig. 5, we do not 
show the simulated BEP curve for the regular LDPC coded case due to the higher complexity in the design of  regular 
LDPC code. However, the theoretical BEP shown in Fig. 5 using Eq.(15) and Eq.(16) are often referred to as the upper 
bound of  the BEP performance [24]. 

 

 
Fig. 5.Theoretical BEP curves of  proposed regular LDPC coded coherent 16-APSK in AWGN and one-ray 
Rayleigh channel. 
 

5. Delay Spread 
 

If  the delay spread occurs in the considered Rayleigh fading channel, each transmitted signal goes through different 
signal paths between the transmitter and the receiver. As a result, the time of  arrival for each path of  the transmitted 
signal is different at the receiver. The probability density function (PDF) of  delay spread of  two successive transmitted 
signals is defined as the exponential distribution p(t) together with the delay spread τd and the average delay spread τm in 
Eq.(17) [13]. Note that all parameters are in [sec]. 

𝑝 𝑡 =
1

𝜏𝑚
𝑒
−𝑡

𝜏𝑚 ; 

𝜏𝑑 =    𝑡 − 𝜏𝑚  
2𝑝(𝑡)𝑑𝑡

∞

0
.(17) 

Due to the input binary data sequence, the Eb[17] of  delay spreadτd can be interpreted as Eq.(18) where Tis bit duration 
and assumed to be much greater thanτd. Under the consideration of  reflected ray Acos (ωt-θ),θ is equal to ωτd but it is very 
closed to 0○. 
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𝐸𝑏 =  [𝐴𝑐𝑜𝑠 𝜔𝑡 − 𝜔𝜏𝑑 ]
2𝑑𝑡 = [𝐴𝑐𝑜𝑠 𝜔𝑡 − 𝜔𝜏𝑑 ]

2𝑇
𝑇

0
= [𝐴𝑐𝑜𝑠(2𝜋𝑓(𝑡 − 𝜏𝑑))]2𝑇.         (18)  

 

If  we apply Eq.(18) to Eq.(10), the un-coded BEP of  coherent 16-APSK under the effect of  delay spread in one-ray 
Rayleigh fading channel is shown below. Note that Pb,16-APSK,AWGN is from Eq.(9)whereris the envelope of  Rayleigh faded 
signals andEb is from Eq.(18).  
 

𝑃𝑏,16−𝐴𝑃𝑆𝐾,𝑅𝑎𝑦𝑙𝑒𝑖𝑔 𝑕,𝑑𝑒𝑙𝑎𝑦𝑠𝑝𝑟𝑒𝑎𝑑 =  (𝑃𝑏,16−𝐴𝑃𝑆𝐾,𝐴𝑊𝐺𝑁 ) × (
𝑟

𝜎2 𝑒
−(

𝑟2

2𝜎2)
) 𝑑𝑟

∞

0
;  𝐸𝑏 = [𝐴𝑐𝑜𝑠(2𝜋𝑓(𝑡 − 𝜏𝑑))]2𝑇.  (19)  

 

In this paper, the considered parameters of  the effect of  delay spread for 2.5 GHz indoor wireless communication 
system are:  

(a) The average delay spread 𝜏m is defined as 3.52⨯10-9 [sec] [1]. 

(b) The calculation of  delay spread τd is derived as 1.61⨯10-17 [sec] from Eq.(17) based on (a) and compared with 

2⨯10-8 [sec] from [1]. 
(c) The center frequency fis selected as 2.5 GHz from [1]. 

6. Computer Simulations  
 

6.1 Un-coded BEP of Coherent 16-APSK with Delay Spread using One-ray Model 
 

The effect of  delay spread on the BEP performance of  the un-coded coherent 16-APSK is shown in Fig. 6. We can 
observe that the effect of  delay spread is not significant in one-ray Rayleigh fading channel due to the nature of  very 
small value in practical 2.5 GHz indoor wireless delay spread measurement [1] and this simulation result is very close to 
the result of  [11]. However, the ISI and scattered signals still affect the BEP performance of  the system resulting the gap 
between simulated and theoretical BEP curves of  the cases, with or without delay spread [24]. As a result, we can 
conclude that the effect of  delay spread is negligible in our considered channel compared to the effect of  ISI and 
scattering signal. Note that the reflected ray of  amplitude A is 0.5 from Section 2 and the bit duration T is 10-3 [sec] [17] 
with the Eb of  delay spread from Eq.(18).   
 

 
Fig. 6.BEP curves of  un-coded coherent 16-APSK with different delay spread under one-ray model (Center 
frequency f  =2.5GHz). 
 
6.2 BEP Performance of Un-coded and Coded Coherent 16-APSK System without Delay Spread Using 

One-ray and Four-ray Fading Model 
 

According to results of  Section 4, regular LDPC code with its coding gain is very effective in reducing the effect of  
fading in one-ray Rayleigh fading channel. Since one-ray fading model we used may not properly reflect the practical 
fading channel, we increase the number of  rays to4 and tested the proposed coded system. The theoretical BEP 
performance of  the proposed system using four-ray Rayleigh fading channel is illustrated in Fig. 7 for further discussion. 
From Fig. 7 (a), for the BEP of  10-4, we can observe that the coded BEP curve in Rayleigh fading channel (one-ray) 
moves closely to that of  AWGN, which means that the effect of  fading has been considerably minimized with the 
employment of  regular LDPC code.  
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Whereas, in the un-coded case, the BEP curve in Rayleigh fading channel (one-ray) moves away from that of  AWGN 
significantly on account of  the fading effect. In other words, regular LDPC code can effectively compensate the effect 
of  channel fading. By the result, the coded system under fading yields the almost identical BEP performance in AWGN 
and Rayleigh fading channel. Last but not least, the channel scenario of  Fig. 7 (a) also can be extended to four-ray 
Rayleigh fading channel in Fig. 7 (b). We can observe that coded four-ray Rayleigh fading (Fig. 7 (b)) needs only 8 dB to 
approach BEP of  10-4 but coded Rayleigh fading (Fig. 7(a)) requires 15 dB to arrive the same BEP. This simulation result 
can be explained by central-limit theorem [32]. This theory indicates that the probability density function of  a sum of  N 
independent random variables tends to approach a Gaussian distribution as the number N increases; furthermore, it also 
applied even when each of  individual random variables N is not Gaussian distribution, such as Eq.(4). Once the sum of  
N independent random variables approaches a better Gaussian distribution by larger N, received data can be detected by 
higher correct detection probabilities and in terms of  lower BEP by Marcum Q-function of  Eq. (3) at the identical 
Eb/N0.    

 
  (a)       (b) 

Fig. 7.Theoretical BEPs comparison between un-coded and coded coherent 16-APSK in (a) one-ray Rayleigh 
fading channel and (b) four-ray Rayleigh fading channel without delay spread. 
 

6.3 BEP Performance of Coded Coherent 16-APSK with Delay Spread of 2⨯10-8[sec] and Center Frequency 
of 2.5 GHz under One-ray Model, Three-ray model and Four-ray model 

In the previous section, it was shown that under one-ray fading model, the effect of  delay spread is negligible (using 2.5 
GHz of  center frequency) comparing the adverse effects of  ISI and scattering toward BEP performance of  the 
proposed scheme. Now it is valuable to check the effect of  delay spread under the more practical multi-ray fading model. 
Based on [19], assuming signal paths are independent, Rayleigh distribution of  three-ray model and four-ray fading 
model can be written as below and each r can be represented by reflected ray Acos(ωt-θ) with different A = 0.5, 0.33, 0.66 
and 0.85 and θ = 0○ under f = 2.5GHz. 
 

𝑓 𝑟1, 𝑟2 , 𝑟3 =
𝑟1𝑟2𝑟3

𝜎1
2𝜎2

2𝜎3
2 𝑒

−(
𝑟1

2𝑟2
2𝑟3

2

8𝜎1
2𝜎2

2𝜎3
2)

; 𝑟1 , 𝑟2 , 𝑟3 > 0; (𝑇𝑕𝑟𝑒𝑒 − 𝑟𝑎𝑦) 

 

𝑓 𝑟1 , 𝑟2 , 𝑟3 , 𝑟4 =
𝑟1𝑟2𝑟3𝑟4

𝜎1
2𝜎2

2𝜎3
2𝜎4

2 𝑒
−(

𝑟1
2𝑟2

2𝑟3
2𝑟4

2

16𝜎1
2𝜎2

2𝜎3
2𝜎4

2)
;  𝑟1 , 𝑟2 , 𝑟3 , 𝑟4 > 0. (𝐹𝑜𝑢𝑟 − 𝑟𝑎𝑦)(20) 

 

Fig. 8shows the theoretical BEPperformance of  coded coherent16-APSK system under one-ray, three-ray, four-ray 
Rayleigh fading models and AWGN channel.According to Fig. 6 and [11], the effect of  delay spread is independent on 

our proposed system so we can define all models with the same delay spread: 2⨯10-8 [sec]. 
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Fig. 8.Theoretical BEPs of  coded coherent 16-APSK with delay spread of  2⨯10-8 [sec] using one-ray model, 
three-ray model and four-ray Rayleigh fading model. 
As the theoretical simulation results shown that, for the BEP of  10-6, it requires less power in three-ray and four-ray 
Rayleigh fading channel, whereas it needs more power in one-ray Rayleigh fading channel, when compared with case of  
AWGN channel. In other words, if  Rayleigh fading channel is modeled as multiple-ray model (than one-ray), that is close 
to the practical indoor fading channel; this reasonable result is similar to the results found in [23] without extra 
bandwidth requirement and can also be proven by central-limit theorem. 
 
 

7. Conclusion 
 

In this work, we propose a coherently detected regular LDPC coded 16-APSKas a possible candidate for the wireless 
indoor communication scheme under the adverse effects of  Rayleigh fading. Analytic BEP performance of  the 
proposed scheme as well as the simulation results under multi-ray (up to four rays) model of  indoor Rayleigh fading 
confirm the effectiveness of  the regular LDPC FEC coding by yielding sufficient coding gain to ensure the reasonable 
error performance under AWGN as well as fading. Additional analysis under the delay spread confirms that, at 2.5 GHz 
center frequency, effect of  delay spread is negligible and insignificant towards desired BEPdue to sufficient coding gain 
under fading effect. Changing the fading model from one ray to more practical 4-ray actually enhances the BEP 
performance of  the proposed scheme due to the higher correct detection probabilities by central-limit theorem. 
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