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ABSTRACT

Diffuse wireless optical communication offers more robust optical links in terms of coverage and shadowing 

than line-of-sight links. However, traditional diffuse wireless infrared (IR) transceiver systems are more 

susceptible to multi-path distortion and great power decrease, which results in limiting high-speed performance. 

Multi-beam is an effective technique to compensate for multi-path distortion in a wireless infrared environment. 

The goal of this paper is to analyze the transmission characteristics by replacing traditional diffuse system (TDS) 

which contains single wide angle transmitter and single element receiver by system consisting of three-beam 

transmitter and non-imaging receiver (TNS) attached with compound parabolic concentrator (CPC). In the 

simulation, we use the recursive model developed by Barry and Kahn and build the scenario based on 10 

different cases which have been listed in Table 1. Moreover, we also check the reliability of the TNS diffuse 

link channel by BER test on the basis of different receiver positions and room sizes. The simulation results not 

only show the basic transmission characteristics of TNS diffuse link, but also are references to design more 

efficient and reliable indoor infrared transmission systems.    
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Ⅰ. INTRODUCTION

The popularity of using convenient wireless 

communication devices such as laptop computers, 

office equipments, and personal digital assistants 

and the fashion of indoor mobile multimedia 

communication such as voice, data and video, have 

been prevalent all over the world
[1]. This results in 

growing demands for broadband service and 

wireless access. As for the wireless 

communication, the technique for radio frequency 

(RF) wireless link is developed rapidly and data 

rate available with RF is also rising
[2]. However, 

compared with wireless optical system RF has 

many disadvantages such as limited bandwidth, 

one-mile problem, insecurity, and large spread 

angle. The drawbacks of RF can be conquered by 

wireless optical links. Wireless optical link 

outweighs itself for its flexibility, cost 

effectiveness, and mobility.

Generally speaking, the wireless optical links 

can be classified into two types according to 

distance. They are called long distance systems 

and short distance systems. The long distance 

systems are usually employed by outdoor wireless 

links where the connections between receivers and 

transmitters are more than 100 meters. The short 

distance systems are usually used in indoor optical 

links such as connections in the office and in the 

personal room (Fig. 1).

The characteristics of indoor wireless optical 

links would change importantly based on the 

topology type of channels. As a whole, there are 

two main channel configurations which are line-
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Fig. 1. Demonstration of indoor wireless optical link
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(b) Traditional Diffuse 
System(TDS)

(c) Three-beam Transmitter 
Diffuse  System(TNS)
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Fig. 2. Wireless optical communication channel configuration

of-sight (LOS) type and diffuse type (Fig. 2). A 

LOS link is usually used in an ambience where 

power efficiency and very-high-speed data 

transmission is required. Nevertheless, Because of 

its face to face topology, it tends to be blocked. 

A diffuse link utilizes diffuse reflections from the 

ceiling or other reflectors. On the other hand, a 

diffuse link is immune to shading problem and 

provide wider area of coverage[3].
Here, the analysis is focused on the indoor 

wireless optical communication. As far as TDS 

link, the basic performance characteristics have 

been researched in detail
[4]. In this paper, we 

analyze channel transmission characteristics by 

proposing an alternative to TDS link based on the 

employment of TNS link. The basic channel 

configuration of TNS is shown in Fig. 2 (c). We 

present simulation results for some channel 

parameters clearly show the transmission 

characteristics and performance improvements in 

terms of impulse response, received power ratio 

and BER.

This paper is organized as follows: firstly, in 

section II we discuss simulation model such as 

transmitter model, receiver model and reflect 

recursive model for optical power computation in 

detail. Section III emphasizes TNS diffuse link 

channel analysis. Here, in order to find the 

channel transmission characteristics, we build and 

analyze the scenario based on 10 different 

situations, then, obtain and plot the BER 

performances due to different receiver positions 

and room sizes. Finally, section IV describes the 

conclusions.

Ⅱ. INDOOR CHANNEL PROPAGATION 
MODEL

The recursive model for the indoor optical 

channel developed by Barry and Kahn (1993) is 

used primarily to find the transmission 

characteristics. The channel propagation model 

includes the transmitter model, receiver model and 

reflect recursive model.

2.1  Transmitter model
Fig. 3 shows the optical transmitter that is 

modeled as a generalized Lambertian source. The 

radiant intensity that is a direction at an angle ϕ 
with the normal of the emitting surface is given 

by

 


   ∈

 



 


     (1)

where  


 

             (2)

PT is the total transmitted power and HPA is the 

half power angle of the transmitter. n is the mode 

number of the radiation lobe, which specifies the 

directionality of the transmitter
[5]. 

PT

normal P

Ф

 

Fig. 3. Transmitter model
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Simply, A point transmitter that emits a unit 

impulse of optical intensity at time zero will be 

denoted by three parameters: { rS , ˆSn , n} 

where rS is its position, ˆSn is the direction 

vector, and n is the mode number[6].

2.2 Receiver model
Similarly, a receiving element R with position rR, 

orientation area AR, and field of view (FOV) will be 

denoted by an ordered four-tuple: R={rR,
ˆRn , AR, 

FOV}. The scalar angle FOV is defined such that a 

receiver only detects light whose angle of incidence 

(with respect to the detector normal ˆRn ) is less 

than FOV (Fig. 4). A limited field of view may be 

an inadvertent  effect of detector packaging, or it may 

be used intentionally to reduce unwanted reflections 

or noise
[6].

The receiver uses an ideal optical concentrator
[7], 

which provides gain at the expense of a narrow 

FOV. The effective area at the angle α of an 

optical detector of area Adet with an ideal optical 

concentrator of reflective index N and cutoff angle 

αc is given by

  

 
       (3)

One implementation of a nearly ideal optical 

concentrator is a CPC, which provides an effective 

area at an angle α that is well modeled by 

equation[8]:

  

 




 
        (4)

Fig. 4. Receiver model

2.3  Reflect recursive model
Fig. 5 shows the reflect recursive model. 

Considering that surfaces are completely irregular 

and reflect infrared signal without privileging any 

particular direction. These surfaces look equally 

bright when observed from different directions. 

The reflection patterns of these surfaces are 

completely diffuse and can be correctly 

approximated using Lambertian model. In the 

model, the differential reflectors are seen as the 

transmitters. The receiver is characterized by its 

FOV. The reflector model considers that all the 

surfaces are Lambertian reflectors. It means that 

the reflected signal is independent from the 

incident signal. So, the channel transfer function 

could be expressed as follows 

 


  










     (5)

where R is the distance between transmitter and 

receiver. AR is the detector size. n is the mode 

number.

The received signal is then a delayed δ(t) 
function, the delay is proportional to the distance 

R and the light speed c. For the bounces after the 

first reflection, we use the recursive model 

proposed by Barry
[6]:  

 



  






  
       (6)

where ρj is the reflectivity coefficient of the cell.

Fig. 5. Reflect recursive model
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Table 1. Parameters for evaluation

1mFOVθb

Half power 
angle
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Floor

Fig. 6. Scenario of non-directed diffuse optical wireless 
communication system with proposed TNS link

Ⅲ. TRANSMISSION CHARACTERISTICS 
EVALUATION

In this section, the transmission characteristics 

of the channel formed by a three-beam transmitter 

and non-imagining receiver are considered. The 

transmitted signal propagates to the receiver 

through multiple reflections from room surfaces. 

Propagation simulations were carried out in an 

empty room with floor dimensions of 8 m × 6 m 

(length × width), and ceiling height of 3 m. Up 

to the third order reflections were taken into 

account. Walls (including ceiling) and floor were 

modeled as Lambertian reflectors with reflection 

coefficients 0.6 and 0.3 (Table 1) respectively. 

Reflections from doors and windows are 

considered completely the same as reflections from 

walls. 

Fig. 6 shows the scenario of non-directed 

diffuse optical wireless communication system with 

proposed TNS link. The transmitter and the 

receiver are assumed to be put on the same 

transmission platform of the room, whose height is 

1 m. The transmitter has one optical beam 

pointing the ceiling vertically and two optical 

beams arranged with uniformly distributed angle. 

Therefore the transmitter has 3 beams. Total 

radiating power is 1 W which is the sum of three 

optical beams. Angle θb formed by direction 

vector of two adjacent beams is 60 degree. 

Although the transmitter can take other forms, we 

use the form described here because of possibility 

of realization and simplicity of analysis. As the 

Table 1 shown, these parameters list in it 

dominate transmission characteristics of TDS 
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Fig. 7. Impulse response of TNS Link
Fig. 8. Evaluation of power ratio based on different 
reflection coefficients 

diffuse link-based channel. The receiver has only 

one photo detector pointing at the ceiling vertically 

with CPC, and its receiving area is 1 cm2. Each 

optical beam of the transmitter is diffusively 

reflected at a surface (spot area) and the 

distribution of reflected power of optical beam has 

its peak in each spot area. As the transmitter has 

3 beams, the number of spots is 3. If any spot 

area is included in receiver's FOV, the receiver 

can receive diffusively reflected signal. In the 

following analysis, in order to simplify the  

analysis, we only consider transmitter with three 

beams and single non-imaging receiver.

3.1 Scenario performances evaluation
Here, in order to understand the behavior of 

TNS link, we investigate the performance of TNS 

in terms of ten evaluations in Table 1. 

Additionally, BER test simulation is carried out to 

check the reliability of TNS link compared with 

TDS in an AWGN channel.

In evaluation 1, for comparison purposes, a 

TDS link has been simulated to generate channel 

impulse responses. Here, the receiver points 

straight up and its position is chosen at the room 

corner (x = 0.5 m, y = 0.5 m, z= 1 m). Since 

the transmitter is usually placed in the center of 

the room, this is to examine the worst receiver 

position case. Because the distance between the 

transmitter and the receiver becomes large, the 

power of the collected optical signal decreases.

In contrast to the traditional diffuse link, from 

Fig. 7, it is clearly seen that the TNS structures 

are better than TDS. This is due to the fact that 

the impulse response of these configurations 

contains more peaks corresponding to the direct 

LOS components between the diffusing spots and 

the receiver. Furthermore, the impulse response 

results have further confirmed the findings that 

most of the collected signal is in the first-order 

reflection, concentrated within a very short time 

period due to the contribution of the many direct 

LOS components.

Consider the scenario in the second column of 

Table 1, entitled evaluation 2. Unlike evaluation 1, 

the transmitter and receiver both have been moved 

in the center of the room. In order to evaluate the 

effect of reflection coefficients, we refer to nine 

reflection coefficients from 0.05 to 0.8. Fig. 8 

compares the performance of TNS diffuse link and 

TDS link. The curves in the figure show that the 

received power ratios become larger with the 

increase of reflection coefficient values. It is easy 

to understand that higher reflection coefficient 

value means less optical power is absorbed by the 

reflector in the reflection. Compared with results 

obtained by employing TDS link, the received 

power ratio of TNS is at least 60 dB better.

In the case of Evaluation 3, to show how HPA 

affect power ratios, performances of TNS link 

have been simulated on condition of different 

HPA. The power ratio as a function of the HPA 

is depicted in Fig. 9, which shows that when the 

HPA is around 10
o, the received power ratio is 

the largest. However, after 15o the received power 
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Fig. 9. Evaluation of power ratio based on different 
half power semi-angles

Fig. 10. Evaluation of power ratio based on different 
azimuth angles

Table 2. Simulation results of evaluation 4

ratios decrease rapidly with the increase of HPA. 

The reason is that when HPA is larger than 15 

degree, incident angles of some reflected beams 

are bigger than receiver cutoff angle, and some 

beams experienced more than one reflection order 

which greatly decreases the optical power.

In Evaluation 4, in order to cover more possible 

channel characteristics of proposed TNS diffuse 

link, the transmitter is placed at various locations 

along the two diagonals of the room on the 

platform as listed in Table 2. For each transmitter 

movement, simulation computations are carried out 

when receiver position is in center of the 

transmission platform. Observing Table 2, we find 

that the power is greatly decreased in positions 

near the corner ( (x, y, z) = (5.5 m, 1.5 m, 1 m) 

and (2.5 m, 4 m, 1 m) ), compared with other 

positions. This is owing to two factors, the peak 

correspondences are decreased since more optical 

beams experiences multi-reflection from the floor 

and walls when the transmitter approaches the 

corner and the distance between transmitter and 

receiver is larger. Especially in the position (5.5 

m, 1.5 m, 1 m), where two side beam spots on 

the ceiling is very close to the side walls oriented 

at right angles with each other, which leads to a 

great power decrease to the transmission channel. 

In the situation here, the strongest power ratio 

could be obtained when transmitter position is in 

the center of the room.

As for evaluation 5, to simulate the TNS 

diffuse link under the azimuth angel effect, the 

transmitter is placed at different azimuth angles. 

The azimuth angle at position r is defined as the 

angle between x̂  and the projection of r onto the 

x-y plane, with a sign defined so that ŷ  has an 

azimuth of 90
o. The simulations are carried out 

when the transmitter azimuth angle is fixed at 

values labeled on x axis shown in Fig. 10 

respectively. Moreover, Fig. 10 shows that the 

strongest power ratios are obtained with an 

azimuth angle between 30
o and 50o and the 

weakest ones are found at 0o  and 90o. This is 

due to the fact that two side beam spots  become 

closer to two opposite side walls with transmitter 

azimuth angle at 0
o and 90o. It results in high 

order multi-reflection correspondences in contrast to 

other cases. Therefore, the received power ratios 

are greatly decreased.

In comparison with preceding evaluations, where 

a receiver in center is employed, in evaluation 6 
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Fig. 12. Evaluation of power ratio based on different field 
of view

Fig. 13. Evaluation of power ratio based on different 
elevation angle

Fig. 11. Evaluation of power ratio based on different 
receiver positions

Fig. 14. Evaluation of power ratio based on different 
height of receiver

the receiver place is altered. Fig. 11 represents the 

simulation results as a function of the spatial 

arrangement of receiver locations which are chosen 

along one diagonal of the room. Fig. 11 also 

shows the largest received power ratio is obtained 

as the receiver is fixed in the center.

As shown in Fig. 12, for evaluation 7, in order 

to investigate the effect of FOV of the 

non-imagining receiver on the performances of 

TNS diffuse link, the FOV of the receiver is 

increased from 20
o to 90o. The system 

performances are evaluated for the case when the 

transmitter is at the center of the transmission 

platform. The results show an increase in received 

power ratio with large field of view. 

Evaluation 8, similar to evaluation 7, is an 

investigation of receiver angle with the transmitter 

mounted in the center of the room on the 

transmission platform. Nevertheless, the receiver is 

pointed not always straight up owing to various 

elevation angles from 20
o to 90o. Fig. 13 presents 

curves of received power ratio vs. elevation angle. 

The figure clearly demonstrates that increasing the 

elevation angle within 90
o improves received 

power ratio. 

In contrast to the evaluations considered so far, 

evaluation 9 and evaluation 10 of the ninth and 

tenth column of the Table 1, represent TNS 

diffuse links, with the transmitter in the center of 

the room, 1 m above the floor, and aimed towards 

the ceiling, but different receiver height and room 

size. It is found that, in Fig. 14 which plots the 

simulation results, the higher receiver positions 

offer better received power ratios, since higher 

positions are closer to the beam spots on the 

ceiling which contains more peaks corresponding. 

In order to observe the influences of room size on 
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Fig. 15. Evaluation of power ratio based on different 
room size

performance of TNS diffuse link, in evaluation 10, 

the room sizes are fixed as (x, y, z) = (6 m, 4 

m, 3 m), (8 m, 6m, 3m), (9 m, 7m, 3m), (10 m, 

8m, 3m) and (10, 10, 3) respectively. The 

received power ratio over the room size is 

illustrated in Fig. 15. Simulation results show that 

the smaller the room size is, the bigger the power 

ratio becomes.

3.2  Error estimation 
In order to evaluate the reliability of TNS 

diffuse link compared with TDS link, we evaluate 

the BER using binary pulse position modulation 

(BPPM) which is an orthogonal modulation 

scheme offering a decrease in average power 

requirement to achieve a desired BER compared 

with on-off keying (OOK). The measurements 

encompass the comparison between TDS link and 

TNS link. The simulations are conducted in an 

AWGN channel. The probability of a symbol error 

could be calculated by equations which are derived 

from Barry
[6]:

       

 
 

      (7)

  


   

≈
 

      (8)

where, noises n are Gaussian random variables 

with zero mean and variance N0, L is the level of 

pulse-position modulation, (L/2)/(L-1) represents the 

average number of bit errors per symbol error.

In the simulation, the transmitter has been 

located in the center of the room. We choose 

positions (5.2 m, 2 m, 1m), (4.5 m, 2.5 m, 1 m) 

and (4.2 m, 2.8 m, 1 m) of evaluation 6 as the 

locations of receiver. Furthermore, calculations are 

considered under the constraints of background 

noise (AWGN channel). The BER performances 

are obtained based on these different receiver 

positions respectively. Simulation results shown in 

Fig. 16 quoted for TNS diffuse link versus those 

obtained with a TDS link. Fig. 16 also shows that 

in both cases when the receiver position is near 

the center (4.2 m, 2.8 m, 1 m), the BER is the 

best. This is attributed to the fact that the distance 

between the transmitter and receiver is minimum 

compared to other locations, resulting in a strong 

received signal power. Besides, it is seen that the 

use of TNS link produces enhancement in the 

performance of the signal-to-noise ratio (SNR), 

since TNS reaches the same BER levels with 

lower SNR levels than TDS link. For instance, we 

note that in the position near the center (4.2 m, 

2.8 m, 1 m), to achieve the same BER level of 

10
-5, TNS diffuse link performs about 2.7 dB 

better than TDS link. Therefore, in contrast to 

TDS diffuse link, obviously, TNS link is more 

efficient.

In comparing to the optical power efficiency of 

TDS diffuse link in transmission at a given room 

size ( (6 m, 4 m, 3m), (8 m, 6 m, 3 m), (9 m, 7 

m, 3 m) respectively ), we compare the SNR 

required to achieve at the same BER employing 

BPPM modulation scheme through an AWGN 

channel. The simulation results plotted in Fig. 17 

present the BER as a function of SNR per bit, 

Eb/N0.  Note that the smaller the room size is, the 

better the BER performances are obtained. This is 

due to small room size could lower the reflection 

order of beams reaching the detector, in other 

words, small room size decreases the optical path 

loss. The simulation results of TDS link are also 

illustrated in Fig. 17 for comparison purposes. The 

curves of TNS link and TDS link in the same 

situation are in stark contrast. Similarly, as 
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Fig. 16. Simulation results of BER based on different 
receiver position

Fig. 17. Simulation results of BER based on different 
room size

compare to TDS link on the AWGN channel at 

10-5 BER, we find that the SNR gains of TNS 

diffuse link versus TDS, in order of room size 

such as (6 m, 4 m, 3 m), (8 m, 6 m, 3 m) and 

(9 m, 7 m, 3 m),  are 2.6 dB, 2.8 dB and 3.1 

dB respectively. Obviously, TNS has absolute 

advantages in optical power efficiency.

Ⅳ. CONCLUSION

In this paper, the channel transmission 

characteristics of three-beam transmitters and 

non-imaging receivers attached with CPC are 

analyzed by evaluating the channel performances 

on the basis of 10 different situations (Table 1) 

and BER test based on varied receiver position 

and room size.

In conclusion, numerical results obtained through 

considering various parameters have very clearly 

shown the basic transmission characteristics of 

TNS link. Moreover, while keeping the total 

power constant, a remarkable performance 

improvement is achieved by employing TNS 

diffuse link over TDS link. In the meanwhile, 

through the simulation results, we have found that 

the impulse response has significantly increased 

compared to the TDS link (Evaluation 1). This is 

due to two major factors: the contributions of the 

diffusing spots produced by a three-beam 

transmitter and the use of a CPC attached 

non-imaging receiver. When received power ratio 

is calculated by considering nine reflection 

coefficients from 0.05 to 0.8 (Evaluation 2), we 

note that the received power ratio of TNS is at 

least 60 dB better than TDS. Additionally, in the 

error estimation, in the position near the room 

center (4.2 m, 2.8 m, 1 m), to achieve the same 

BER level of 10
-5, TNS diffuse link performs 

about 2.7 dB better than TDS  link. Also, in 

contrast to TDS link at 10
-5 BER on the AWGN 

channel, we find that the SNR gains of TNS 

diffuse link versus TDS, in order of room size 

such as (6 m,4 m,3 m), (8 m, 6 m, 3 m) and (9 

m, 7 m, 3 m), are 2.6 dB, 2.8 dB and 3.1 dB 

respectively. The results described in this paper 

not only show the transmission performances of 

TNS link, but also are valuable references to 

design more efficient and reliable indoor infrared 

transmission systems.
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