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Abstract 
   The propagation of radio waves inside a typical university building is investigated by simulation and measurements. The Line of sight (LOS) and Obstructed Line of sight (OLOS) propagation scenarios were considered. The received power from a WLAN access point operating at 2.45GHz was determined from the simulations and measurements at various positions, orientations, and heights of the Tx and Rx antennas. The path loss exponents were estimated from the obtained simulation and measurement results of the received power variation with distance. The obtained path loss exponent values were found between 1.15-1.63 for LOS propagation and 2.14-2.55 for OLOS.
Kew word: Indoor propagation, Path Loss Exponents, WLAN. 
1. INTRODUCTION
    The need for using wireless communication systems has been an increasing focus of the attention of researchers and engineers [1]. Following an extensive series of measurements in Tokyo at frequencies up to 1290 MHz, Okumura et al., presented an empirical prediction model in 1968. This has been used for signal strength prediction in outdoor environments. For an easier application of Okumura model, Hata (in 1980) established empirical formulae to describe the graphical information published by Okumura [2]. After that, several indoor propagation models were proposed [3-7]. 
       With the ever-increasing applications for wireless services, the attention is to provide a better prediction of wave propagation inside the buildings. This is because most of the mobile services are used indoors for most of the time. The successful design of wireless services requires sound knowledge about wave propagation in various indoor and outdoor environments. For a better location of the transmitter, it is vital to estimate the path loss inside the building, and how various objects influence the wave propagation. Thus the modern wireless services demand indoor propagation prediction. The propagation inside buildings is highly influenced by many factors like the building layout, the construction materials, the 




by many factors like type the of the building, the furniture and occupying persons [1].
      A review of the path-loss prediction models for the indoor environment was presented in [8]. An approach to optimize the positions and numbers of access points to ensure good radio coverage in an indoor environment was presented in [9]. H. A. Obiedat, et al proposed an indoor path-loss prediction model using factors for wall correction for WLAN and 5G indoor network [10]. The obtained results from the proposed model were compared with other indoor models like one slope model, dual slope model, partitioned model, ITU model, COST231 and direct path model. The results were also compared with measurements and simulations (by Insite software) results.   
     This paper investigates the propagation within buildings by simulation and measurements. In the first part, theoretical analysis is presented, which includes simulations using the Insite™ software package (Remcom Company/ USA). The second part of the paper is the experimental measurements to assess the level of the signal received from an access point working at 2.45 GHz. From the simulation and measurement results, path loss exponent and RMSE values were calculated for various placements of Tx and Rx positions at LOS and OLOS environments.
2. THE LOG-DISTANCE PATH LOSS MODEL 
   In the log-distance path-loss model the loss is assumed to vary exponentially with the distance between the transmitting and receiving antennas. The received power in dB is given by [7]:

                   .. (1)
Where n is the path-loss exponent, d is the separation in meters between Tx-Rx, and d0 is a reference distance in meters. Pr (d0) is the received power at the reference distance d0. The value of d0 is selected such that it is larger than the far-field distance of the transmitting and receiving antennas, but still small relative to any practical distance between them (typically d0 =1m for indoor propagation).

3. THE SIMULATION AND MEASUREMENTS SCENARIO
    For studying radio wave propagation in an indoor environment, the building of the Department of Communication Engineering/ Ninevah University was selected as the study region. The building consists of three similar floors. Each floor contains laboratories, classrooms, corridors, administrative rooms and W.C. as shown in Fig. (1). Table (1) lists the specifications of the building used in the study. Three cases for three different Tx positions were investigated, where the received signal level across the floor was determined.
3.1 Transmitter and Receiver Data
    WLAN access point was chosen to be as the transmitter, which operates at 2.45 GHz. The antennas used for the transmitter and receiver were λ/4 monopoles with a gain of 2dBi. The transmitted power was kept constant at 4.5 dBm. The receiver antenna was placed at a height of 1.2m above the ground (desktop height). 
[image: ]
Fig. 1: Geometry of the 1st floor of the Comm. Eng. Dept. building showing Tx and Rx positions.

Table (1). Specifications of the building of the communication Eng. Dept./ Ninevah University.
	Height of the floor
	4m

	Thickness of  walls
	27cm

	Materials of ceiling
	1cm false ceiling panels+50cm Air gap+15cm concrete +10cm 
mosaic tiles

	Material of floors
	Concrete+ mosaic tiles (30cm*30cm)

	Material of walls
	Concrete blocks covered by plaster 
(εr = 4.44, σ=0.001)

	Material of doors
	PlyWood, Doors of Labs.; two parallel sheets of iron separated by 3cm

	Material of windows
	4mm thick Glass, with iron bar grid of 30cm*30cm



3.1 Computer Simulations
      The simulations of the radio wave propagation have been performed using the Wireless Insite™ software package (Remcom Company/ USA). The building has been reconstructed in the Insite Software according to its dimensions and types of materials. The Tx and Rx data specified in section 4 were used. The ray tracing model was used as the propagation model to predict the received power at various locations on the floor. 
4. EXPERIMENTAL MEASUREMENTS
     The measurements of the received power inside the building of the Dept. of Comm. Eng. was performed and compared with the results obtained from simulations. The surrounding environment was kept stationary during the data acquisition by preventing movements close to the transmitter and receiver. The transmitter used in the indoor propagation is an Access Point (D-link DWL 2100AP) as shown in Fig. (2), which has the same specification mentioned above. A 3GHz spectrum analyzer (Agilent N9320B) was used as the receiver as shown in Fig. (2). The antenna used for the receiver was a λ/4 vertical monopole. The received power was measured by the spectrum analyzer and the results were recorded at sampling intervals of 30 cm along the propagation path under the study.
5. ANALYSIS OF THE RESULTS
    This section presents the results (of simulation and measurements) for several studied scenarios. 
5.1 Received Power along the Corridor (LOS Cases)
     The received power along the 3 m wide corridor in the 1st floor of the building was measured and compared with the simulation results for the three positions of the Tx (see Fig. (1)). The three cases are:
Case one: The Tx was placed at point A and the Rx was moved towards point B.
Case two: The Tx was placed at point C and the Rx was moved towards point B.
Case three: The Tx was placed at point B and the Rx was moved towards point A. 
Figure 3 shows comparisons between the results of the received power along the Tx-Rx path. Tables (2) and (3) show the calculated parameters of the received power results for the three cases. It is clear from Fig. (3) and Tables (2), (3) that there is a substantial convergence in the mean values of the received power for the first and third cases that have almost the same number of data points and Tx-Rx separation (15m). As regards the second case, the measurement and simulation were performed for a small range of (7m), the mean values of the simulated and measured results are smaller than those for case 1 and case 2. This is because case2 has a shorter path and thus a larger portion of the data is near the Tx that lead to higher average value. It can also be noticed that, in spite of the fluctuations in the simulation and measurement data the two fitted lines agree very well indicating similar trends.   
Effect of Height and Orientation of the Antenna on the Received Power:
    To show the effect of changing the height and orientation of the Tx antenna on the received power, simulation and measurements were performed for two Tx antenna heights, 1.2m, and 2.5m for both vertical and horizontal orientation. In these cases, the Tx and Rx antennas were kept parallel to each other thus always measuring the co-polarized component of the received field.
Effect of Tx Antenna Height: 
A. Vertical antenna orientation:
    Figure (4-a,b) shows plots of the received power obtained from the simulation and measurement results for Tx heights of 1.2m and 2.5m for vertical orientation of the antennas. The receiving antenna was kept at a height of 1.2m. The calculated parameters of the received power are listed in Table (4). The figure shows that the fit lines are approximately parallel to each other indicating that the path loss exponent is the same at the two heights for both simulation and measurement as shown in Table (4). It is also seen that the fit line for the case of Tx antenna height 1.2m is higher by 4dB than the fit line for the 2.5m Tx antenna height for both simulation and measurement results. This difference is also indicated in the mean values of the received power as shown in Table (4). 
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Figure (2): The spectrum analyzer used as the receiver, and the antenna on a trolley, which was moved along the corridor. 
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Figure (3): Comparison between the simulated and measured received power along the Tx-Rx path for; (a)1st case (Tx at point A), (b) 2nd case (Tx at point C), (c) 3rd case (Tx at point B).


Table (2): Mean values of the received power for the three cases
of the Tx positions.
	
Case 
No.
	Measurement
	Simulation
(Insite)
	Number 
of data 
points
	



	
	Mean  
(dBm)
	Mean
 (dBm)
	
	

	 Case One
	-46.96
	-46.7
	49

	Case Two
	-43.86
	-43.34
	21

	Case Three
	-45.96
	-46.65
	51



Table (3): Calculated parameters of the received power results for the three cases of the Tx positions.
	Case No.
	Measurements
	Simulation
(Insite)
	Number 
of data 
points

	
	n
	RMSE
(dB)
	N
	RMSE
(dB)
	

	Case One
	1.51
	3.67
	1.43
	3.56
	49

	Case two
	1.53
	3.57
	1.4
	2.96
	21

	Case three
	1.28
	3.39
	1.41
	1.8
	51



Table (4): Calculated parameters of the received power results for different cases of Tx antenna
 height and orientations.



	Simulation
	Measurements

	Mean (dBm)
	RMSE (dBm)
	n
	Mean (dBm)
	RMSE (dBm)
	n
	Antenna Orientation
	Rx Height(m)
	Tx Height(m)

	-46.96
	3.67
	1.51
	-46.7
	3.56
	1.43
	V
	1.2
	1.2

	-43.75
	3.9
	1.15
	-44.45
	4.5
	1.23
	H
	1.2
	1.2

	-50.47
	2.79
	1.51
	-49.27
	2.24
	1.33
	V
	1.2
	2.5

	-44.42
	3.3
	1.63
	-45.32
	3.7
	1.54
	H
	1.2
	2.5
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Figure (4): Variation of the received power along the Tx-Rx path, for vertically oriented antennas at the height of 1.2m and 2.5m; (a) Simulation, (b) Measurements.



These differences are due to two factors. The first is the effect of the radiation patterns of the Tx and Rx antennas which becomes more effective when the antenna heights are far from equal. The pattern of each antenna may be given by the normalized function F(θ)=sin(θ), where θ is measured from the vertical axis of the antenna as shown in Fig.(5-a). The second factor is that the direct-path ray travels a longer distance when increasing the Tx height (i.e. is longer than d). This factor has a higher effect in regions near to the Tx ( while   in far regions) see Fig. (5-a).
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Figure (5): Orientations of Tx and Rx antennas; (a) vertically oriented, (b) horizontally oriented.
B. Horizontal antenna orientation:
      Figure (6-a,b) shows plots of the received power obtained from the simulation and measurements respectively for the heights of Tx 1.2m and 2.5m and horizontal orientation of the antennas. The calculated parameters of the received power are listed in Table (4). Figure (6) shows that there is a difference in the slope of the fit lines. Only the second factor (mentioned above) has an effect on the received power see Fig. (5-b). This gives an indication about the small differences in the mean received power and RMSE values.
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Figure (6): Variations of the received power along the Tx-Rx path, the antennas were horizontally oriented at heights of
1.2m and 2.5m; (a) Simulation, (b) Measurement.

5.2 Received Power for (OLOS) cases:
    The Obstructed Line of Sight (OLOS) path scenario was also investigated. The variation of the received power and path loss exponent at 24 test locations inside the building were determined. Six of these points have LOS rays while the remaining 18 points have OLOS rays. This situation is with respect to Tx position at point A see Fig. (1). The test points were chosen to assess coverage at various rooms placed on the 1st floor of the building. The Tx was located in the corridor at 1.2m height.
     The received power at any test point depends on the separation between Tx and Rx, and the number and type of walls between them. The variation of the received power is plotted in Fig. (7). The results of test points were arranged according to their distances from the Tx in an ascending manner. The test points were classified (according to the number of walls that separate between the Tx and Rx) into 4 sets. These sets are unobstructed sets as well as sets obstructed by 1, 2 and 3 walls respectively as shown in Fig. (7). The path loss exponent and RMSE values for each set of data are listed in Table (5). Figure (7) and Table (5) show that the path loss exponent has increased when the number of obstructing walls increased. The last set of data (for the case of three obstructing walls) comprised 5 test points. Thus, the estimated values of the path loss exponent may not be as accurate as that for the larger number of test points.  However, the estimated values of the path loss exponent were between 2.17 and 2.37 for the simulations and between 2.26 and 2.55 for the measurements for the cases of one to three obstructing walls. This indicates that the obstructing wall effect is exhibited as a slight increase in the path loss exponent as well as an added amount of loss. In a former paper, it was shown that the added path loss due to the obstructing walls is about 3.5dB/ wall [11].
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Figure (7): Variation of the received power with distance for; actual data and fitted lines for the;
 (a) Simulation, and (b) Measurement.

Table (5): Calculated parameters of the received power for each set of data, for simulation and measurements.
	Number
of 
walls
	Number
of test
points
	Simulation

	Measurement


	
	
	  n
	RMSE
(dB)
	n
	RMSE
(dB)

	0
	      6
	 1.5
	    3.3
	1.1
	    3.7

	1
	      6
	 2.17
	    1.97
	2.26
	    3.2

	2
	      7
	 2.35
	    4.8
	2.55
	    3.2

	3
	      5
	 2.37
	    2.2
	2.34
	    2.5


6- COMPARISONS WITH OTHER WORKS 
    Table (6) shows a comparison of the obtained path loss exponents in this work with those that have been reported in recent works. The cases that have similar environments to those investigated in this work are considered in the comparison. The obtained results in this work are comparable to those found for the LOS scenarios. However, the estimated path loss exponents for the OLOS cases in [12,15,16,19] are slightly higher. This can be related to the type and number of walls that sperate between Tx and Rx. Also, this can be related to the existence of metallic obstacles as in [12,15,16]. Whereas in [19] the rooms are busy by humans this leads to more consumption of electromagnetic field and higher path loss exponent.    

Table (6): Comparison of path loss exponent with recent works.
	Environment / Ref.
	Ferq.
 GHz
	n
	Case

	This work (corridor)
	2.45 
	1.15-1.63
	LOS

	This work (corridor+rooms)
	2.45 
	2.14-2.55
	OLOS

	Rooms [12]
	2.5   
	1.56
	LOS

	Corridor [13]
	2.4  
	1.57-1.68
	LOS

	Hallway [14]
	2.45
	1.3
	LOS

	Corridor [15]
	2.6
	1.27
	LOS

	Labrotaory [16]
	2.35
	1.95
	LOS

	Corridor [17]
	2..48
	1.19-1.48
	LOS

	Conference room [18]
	2.45
	1.2-1.7
	LOS

	Corridor+ Open space [19]
	2.45
	1.73-1.92
	LOS

	Obstructed Rooms [12] 
	2.5  
	2.9-3.08
	OLOS

	Rooms+ Hallway [14]
	2.45
	2.5
	OLOS

	Obstructed Rooms[15]
	2.6
	3.34
	OLOS

	Obstructed Labrotaory [16]
	2.35
	2.8
	OLOS

	Busy Rooms[19]
	2.45
	2.67-3.29
	OLOS



7- CONCLUSIONS
     It can be concluded from the performed simulations and measurements that the path loss exponent (n) in WLAN systems depends on the nature of the path between Tx and Rx (either LOS path or OLOS path). Moreover, it depends on the environment (corridor, rooms, type of walls, ….). It was found that the value of the path loss exponent is less than 2 (1.15-1.63) for LOS path in the corridor and larger than 2 for OLOS path. Therefore, the in-building environment slightly enhances the LOS propagation compared to the free-space propagation that is characterized by an exponent of  2. This can be attributed to enhancements due to reflections from walls, ceilings, and floors. However, OLOS scenarios are worse than free space ones. Orientations, heights, and positions of the Tx and Rx antennas must be taken into consideration when installing a WLAN system.
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