
 

 

 

 

A HARDWARE BASED RICEAN FADING  

 

RADIO CHANNEL SIMULATOR  

 

 

 

by 

 

Ahmed Mohamed H. Badawy 

 

 

 

 

 

 

 

A thesis submitted in partial fulfillment 

of the requirements for the degree 

 

 

of 

 

Master of Science 

 

in 

 

Electrical Engineering 

 

 

 

MONTANA STATE UNIVERSITY 

Bozeman, Montana 

 

 

 

April 2010



 

 

 

 

 

 

 

 

 

©COPYRIGHT 

 

by 

 

Ahmed Mohamed H. Badawy 

 

2010 

 

All Rights Reserved 



 

 

ii 

APPROVAL 

 

 

of a thesis submitted by 

 

Ahmed Mohamed H. Badawy 

 

 

This thesis has been read by each member of the thesis committee and has been 

found to be satisfactory regarding content, English usage, format, citation, bibliographic 

style, and consistency and is ready for submission to the Division of Graduate Education. 

 

 

Dr. Richard Wolff 

 

 

Approved for the Department of Electrical Engineering 

 

 

Dr. Robert C. Maher 

 

 

Approved for the Division of Graduate Education 

 

 

Dr. Carl A. Fox 



 

 

iii 

STATEMENT OF PERMISSION TO USE  

 

 

In presenting this thesis in partial fulfillment of the requirements for a  

master’s degree at Montana State University, I agree that the Library shall make it  

available to borrowers under rules of the Library.  

If I have indicated my intention to copyright this thesis by including a  

copyright notice page, copying is allowable only for scholarly purposes, consistent with  

“fair use” as prescribed in the U.S. Copyright Law. Requests for permission for extended  

quotation from or reproduction of this thesis in whole or in parts may be granted  

only by the copyright holder.  

 

Ahmed Mohamed H. Badawy 

 

April 2010 

  



 

 

iv 

ACKNOWLEDGEMENTS 

 

 

 I would like to thank Prof. Richard Wolff for giving me the opportunity to be a 

part of an extraordinary team that made working at The Department of Electrical and 

Computer Engineering an amazing and wonderful research experience. It was a great 

honor to work under his supervision. I learned a lot about problem solving, management 

and leadership skills from him in addition to of course the academic knowledge. I would 

like to thank Mr. Andy Olson who was always there for me when I had a technical 

problem. I also gained a lot of technical experience from him. I would like to thank Mr. 

Aaron Traxinger for his help in the experimental set up.  

 I would like to thank my father, Mohamed Badawy, whose constant support made 

it possible for me to always succeed in both my personal and academic lives. I also would 

like to thank and dedicate this thesis my mother’s soul whom I know would have been so 

proud of me. I would like to thank my brother, Sameh, and sister, Nilly, for their constant 

support. 

Most of all, I would like to thank God, for the blessings and sound belief in Him, 

health, and sanity and for putting me in a path that allowed me to meet people that have 

been kind to me and allowing me the opportunity to reciprocate. 

 

 

 

 

 

 

 

 

 



 

 

v 

TABLE OF CONTENTS 

 

 

1. INTRODUCTION .......................................................................................................... 1 

 

2. BACKGROUND INFORMTION .................................................................................. 3 

 

Propagation Mechanisms ............................................................................................... 3 
Reflection: ............................................................................................................... 3 
Diffraction: .............................................................................................................. 3 

Scattering: ............................................................................................................... 4 
Large Scale Fading: ................................................................................................ 5 

Log-distance Path Loss Model ........................................................................ 5 

Log-normal Shadowing. .................................................................................. 6 
Small Scale Fading ................................................................................................. 8 

Multipath Propagation. .................................................................................... 8 
Speed of the Mobile. ........................................................................................ 8 
Speed of Surrounding Objects. ........................................................................ 9 

The Transmission Bandwidth of the Signal. .................................................... 9 
Coherence Bandwidth (BC). ............................................................................ 9 

Coherence Time (TC). ..................................................................................... 9 

Maximum Excess Delay (Tm)(X dB). ............................................................ 10 

RMS Delay Spread ............................................................................................... 10 
Doppler Spread (BD). ..................................................................................... 10 

Fading Due to Time Spreading of the Signal ....................................................... 11 
Flat Fading. .................................................................................................... 12 
Frequency Selective Fading ........................................................................... 13 

Fading Due to Time Variance of the Channel ...................................................... 14 
Fast Fading..................................................................................................... 14 

Slow Fading. .................................................................................................. 15 

 

3. REVIEW OF THE LITERATURE AND RESEARCH ............................................... 16 

 

Ricean Fading............................................................................................................... 16 
Ricean Distribution ............................................................................................... 17 
Estimation of the K Paramter ................................................................................ 20 
Moment Method Estimation of the Ricean K-Factor. .......................................... 21 
K Model ................................................................................................................ 23 

Over-Water Path........................................................................................................... 26 
Summary ............................................................................................................... 33 

Previous Fade Simulators ............................................................................................. 33 
A Multipath Fading Simulator for Mobile Radio ................................................. 34 
A Simple Digital Fading Simulator for Mobile Radio ......................................... 37 

 



 

 

vi 

TABLE OF CONTENTS – CONTINUED 

 

Ricean Fading within a Packet Simulator ............................................................. 40 

 

4. EXPERIMENTAL PROCEDURE ............................................................................... 43 

 

How does the Ricean Fade Simulator Work? .............................................................. 43 

Fade Simulator in the Transmitting Mode ............................................................ 44 
Fade Simulator in the Receiving mode ................................................................. 45 

Software Development ................................................................................................. 45 

Step 1: Generating the Serial Bit Stream .............................................................. 49 
Step 2: DAQ card .................................................................................................. 50 
Step 3: FPGA ........................................................................................................ 52 

Hardware ...................................................................................................................... 52 
Beamformer Board ............................................................................................... 53 

Cables .................................................................................................................... 54 
Signal Normalizers ............................................................................................... 56 

Uni-directional Amplifier. ............................................................................. 57 

Bi-directional Amplifier. ............................................................................... 58 
       Attenuators (only). ......................................................................................... 60 

Signal Combiner/Divider ...................................................................................... 61 

Experimental Setup ...................................................................................................... 61 

Coherence Time Measurement ............................................................................. 62 
Troubleshooting Codes ......................................................................................... 63 

MATLAB GUI ..................................................................................................... 64 
Collecting the Results ........................................................................................... 66 

 

5. RESULTS AND DISCUSSION ................................................................................... 67 

 

Validating the Results .................................................................................................. 69 
Estimating the Value of K ..................................................................................... 69 

PDF and CDF ........................................................................................................ 70 

Level Crossing Rate .............................................................................................. 75 

Summary ...................................................................................................................... 77 
6. EVALUATING THE PERFORMANCE OF BROADBAND RADIOS ..................... 78 

Test Setup ..................................................................................................................... 79 
Airspan Radios ...................................................................................................... 79 

Hardware Setup. ............................................................................................ 79 

IP Configuration. ........................................................................................... 81 
Frequency Setup. ........................................................................................... 82 

Harris Radios ........................................................................................................ 83 
Jperf .............................................................................................................................. 85 
Results .......................................................................................................................... 87 

Airspan Radio Results .......................................................................................... 87 



 

 

vii 

TABLE OF CONTENTS – CONTINUED 

 

Harris Radios Results ............................................................................................ 92 

 

7. CONCLUSION AND FUTURE WORK ..................................................................... 99 

 

REFERNCES CITED ………………………………………………………………… 104 

 

APPENDICES ................................................................................................................ 106 

 

APPENDIX A: MATLAB Code ................................................................................ 107 
APPENDIX B: Datasheets ......................................................................................... 129 
APPENDIX C: LabView Program............................................................................. 145 

APPENDIX D: Collected Data Processing ................................................................ 147 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

viii 

LIST OF TABLES 

 
Table  Page 

 

1. Path Loss Exponents for Different Environments [1] ............................................. 6 

 

2. Summary of the four experiments [3] ................................................................... 25 

 

3. Propagation parameters for PI-LH and PI-LT links [8] ........................................ 29 

 

4. Cable lengths and associated time delays .............................................................. 55 

 

5. The measured characteristics of the cables at 5.8 GHz ........................................ 56 

 

6. Required attenuators with the uni-directional amplifier. ...................................... 57 

 

7. Attenuators required to normalize the signals (attenuators only) ......................... 61 

 

8. Beamformer board’s attenuators range ................................................................. 64 

 

9. Maximum, minimum and range of power fluctuation for the five K values for the             

five runs ................................................................................................................ 68 

 

10. Estimated K values .............................................................................................. 70 

 

11. Airspan radios measured throughput for both downlink and uplink for different K 

values for SNR = 30 and 15 dB ........................................................................... 89 

 

12. Harris radios measured throughput for both downlink and uplink for different K 

values for SNR = 30 and 15 dB ........................................................................... 92 



 

 

ix 

LIST OF FIGURES 

 

 

Figure Page 

 

1. Multipath effect due to reflection, diffraction and scattering. ................................ 4 

 

2. Flat fading channel characteristics [1] .................................................................. 13 

 

3. Frequency selective fading channel characteristics [1] ........................................ 14 

 

4. The Ricean probability density function (PDF) for different K values ................ 19 

 

5. The Ricean cumulative distribution function (CDF) for different K values ......... 19 

 

6. Ricean PDF of the received power for different K values .................................... 20 

 

7. The CDF for the measured data (solid curves) and the Ricean simulated data 

(dashed curves) for different values of K. Greenstein [4]. .................................... 23 

 

8.  Relative variation of the refractivity index for the four sites and corresponding 

meteorological data [7] ......................................................................................... 28 

 

9. Cumulative fade distribution for the Pi-LH and PI-LT [8] ................................... 30 

 

10. Monthly cumulative fade distribution [8] ............................................................. 30 

 

11. Cumulative fade distribution for four contiguous 6-hour time slots [8] ............... 31 

 

12. Recorded sustained deep fades during the period of March 15
th

 to March 17
th

, 

1990 [8] ................................................................................................................. 31 

 

13. The annual and worst month cumulative fade distribution for the T-G link [9] ... 32 

 

14. Analog Rayleigh fade simulator design (1973) [12] ............................................. 34 

 

15. Low frequency Zener diode noise source [12] ..................................................... 35 

 

16. The noise source shaping filter [12]...................................................................... 35 

 

17. The theoretical and simulated spectral densities [12] ........................................... 36 

 

18. Closeness of fit to Rayleigh statistics [12] ............................................................ 37 

 



 

 

x 

LIST OF FIGURES – CONTINUED 
Figure  Page 

 

 

19. Level cross rate (Solid: theoretical) and (points: measured) [12] ......................... 37 

 

20. Rayleigh digital fade simulator [13] ..................................................................... 38 

 

21. Generation of the control signals [13] .................................................................. 39 

 

22. Measured and Rayleigh CDF for three Doppler rates [13] ................................... 39 

 

23. Comparison of theoretical and measured level crossing rate [13] ........................ 40 

 

24. CDF for simulated Ricean and Rayleigh fading using the packet simulator [14] 41 

 

25. Level crossing rate for simulated Ricean and Rayleigh fading using the packet 

simulator [14] ........................................................................................................ 42 

 

26. Block diagram of the Ricean fade simulator......................................................... 43 

 

27. Software flow of the Ricean fade simulator ......................................................... 46 

 

28. Timing diagram for the four serial bit streams ..................................................... 52 

 

29. The beamformer board schematic ......................................................................... 55 

 

30. Bi-directional amplifier schematic ........................................................................ 58 

 

31. Detailed schematic of the bi-directional amplifier. ............................................... 59 

 

32. Bi-directional amplifier layout .............................................................................. 60 

 

33. MATLAB GUI to control the fade simulator ....................................................... 65 

 

34. The collected power vs. time measurements for 5 different K values for Run 1 .. 68 

 

35. PDF of the received power for different K value for the first run. ....................... 71 

 

36. CDF of the received power for different K values for the first run ...................... 71 

 

37. CDF Ricean fit for the collected received power for K = 1 of the first run .......... 72 

 

 



 

 

xi 

LIST OF FIGURES – CONTINUED 

 

 
Figure Page 

 

38. CDF Ricean fit for the collected received power for K = 6 of the first run .......... 73 

 

39. CDF Ricean fit for the collected received power for K = 10 of the first run ........ 73 

 

40. CDF Ricean fit for the collected received power for K = 16 of the first run ........ 74 

 

41. CDF Ricean fit for the collected received power for K = 24 of the first run ........ 74 

 

42. LCR of the received power for the five different K values for the first run. ........ 76 

 

43. Theoretical LCR for different K values [16]......................................................... 76 

 

44. The Airspan radios test hardware setup ................................................................ 80 

 

45. The Harris radios test hardware setup ................................................................... 83 

 

46. Jperf screenshot ..................................................................................................... 86 

 

47. Jperf uplink and downlink configuration for both radios ..................................... 86 

 

48. Throughput ratio for Airspan radios downlink for SNR = 30 for all K values ..... 90 

 

49. Throughput ratio for Airspan radios downlink for SNR = 15 for all K values ..... 90 

 

50. Throughput ratio for Airspan radios uplink for SNR = 30 for all K values .......... 91 

 

51. Throughput ratio for Airspan radios uplink for SNR = 15 for all K values .......... 91 

 

52. Throughput ratio for Harris radios downlink for SNR = 30 for all K values........ 94 

 

53. Throughput ratio for Harris radios downlink for SNR = 15 for all K values........ 94 

 

54. 5Throughput ratio for Harris radios uplink for SNR = 30 for all K values .......... 95 

 

55. Throughput ratio for Harris radios uplink for SNR = 15 for all K values ............ 95 

 

56. Airspan downlink percentage of maximum throughput for different K values .... 97 

 

 



 

 

xii 

LIST OF FIGURES – CONTINUED 

 

 
Figure Page 

 

57. Harris downlink percentage of maximum throughput for different K values ....... 97 

 

58. Airspan uplink percentage of maximum throughput for different K values ......... 98 

 

59. Harris uplink percentage of maximum throughput for different K values............ 98 

 

  



 

 

xiii 

ABSTRACT 

 As the signal propagates from the transmitter to the receiver, it is subjected to 

fading. One of the fading distributions is Ricean distribution that assumes a line of sight 

signal and an infinite number of multipath signals between the transmitter and the 

receiver. The key parameter in the Ricean distribution is the K factor which is a measure 

of the severity of fading; the lower the K value, the more severe the fading. The problem 

was to develop a hardware based fading simulator that is based on the Ricean 

distribution. The key component of the hardware is an eight channel beamformer board; 

each channel has a 6-bit attenuator and a 6-bit phase shifter controlled by a on board 

FPGA for beamforming purpose. To approximate the Ricean fading, one of the eight 

channels was designated the line of sight signal, and the seven other channels were used 

to emulate the multipath signals. Cables with different lengths were used as delay lines to 

emulate the actual delays that occur to the multipath signals. The signals were then 

normalized to account for the cable losses. The fade simulator was controlled using a 

MATLAB program that sent a serial bit stream to the attenuators and phase shifters on 

the beamformer board. The MATLAB program generated random attenuations and phase 

shifts according to the Ricean distribution for the inputted K value.  For a constant 

amplitude input RF signal, as K was increased, the fluctuation in the signal at the output 

of the fade simulator decreased. The estimated K values from the collected data were 

close to the inputted K values.  The probability density functions (PDFs), the cumulative 

density functions (CDFs) and the level crossing rates (LCRs) of the collected data 

compared closely to the theoretical Ricean fading distribution PDFs, CDFs and LCRs, 

which showed that the fade simulator provides an accurate simulation of Ricean fading.  

The fade simulator was used to evaluate the performance of Airspan and Harris radios. 

The throughput of the radios was tested under different K values and for different SNR. 

As K increased, the fluctuation in the signal decreased which led to higher throughput.  
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CHAPTER ONE 

INTRODUCTION 

In today’s telecommunication networks, both wireless and wired communications 

equipments are deployed to serve different applications. Both wireless and wired 

communications have advantages and disadvantages. One of the main advantages of 

wireless communications over wired communication is cost. For users in rural areas, 

wireless communication becomes a favorable solution. One of the main advantages of 

wired communication over wireless communication is privacy and security. In wireless 

communication, the transmitted signal could be received by unwanted users.  

 Another main issue with wireless communication is fading. Fading causes the 

received signal strength to fluctuate such that this received signal might go below the 

receiver’s sensitivity. The fading statistics are highly related to the environment where 

the signal propagates. In contrast to wired communication, loss in wireless systems is 

temporally and spatially variable.  

 A study of the fading statistics is very important for an efficient transceiver design 

as well as link budget calculations.  

 It’s highly desirable to be able to reproduce the environment conditions in the lab 

to be able to evaluate the performance of different radios and to ensure a successful 

communication instead of field tests, which are time consuming, expensive and difficult 

to control. 

 The goal of this research was to develop a Ricean fading channel simulator to 

evaluate the performance of different radios under controllable fading conditions. My 
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contribution to this research was to assemble the simulator, develop the software needed 

to run the fade simulator, design hardware to normalize the signals, collect and analyze 

data and to validate the results. 
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CHAPTER TWO 

BACKGROUND INFORMTION 

In wireless communications, as the signal travels from the transmitter to the 

receiver, the environment or the channel between the transmitter and the receiver plays an 

important role in the success of the communication. The attenuation in the signal is 

related to the separation between the transmitter and the receiver and other factors.  

Propagation Mechanisms 

As the signal propagates through the channel, it’s subjected to: 

Reflection 

When a smooth surface with dimensions much greater than signal’s wavelength 

obstructs the travelling signal path, the signal is reflected. Parameters such as the angle of 

incidence and the surface material determine the percentage of the signal energy that gets 

reflected and the percentage that gets absorbed. 

Diffraction 

When a dense body with dimensions much greater than signal’s wavelength 

obstructs the travelling signal, a secondary signal is formed behind the body. The 

secondary signal is formed in what’s called the shadowed region, which is a function of 

the obstruction dimension and the radio signal frequency.  

 



 

 

4 

Scattering 

When a rough surface with dimensions much greater than the signal’s wavelength 

or a surface with dimensions comparable to the signal’s wavelength obstructs the 

travelling signal, the signal’s energy spreads out causing scattered signals. The scattered 

signals arrive at the receiver with different strengths and different phase shifts. At the 

receiver end, the scattered signals might add up or cancel out. 

 Figure 1 shows the multipath effect due to reflection, diffraction and scattering. The 

transmitter in this case is a fixed base station and the receiver is a mobile subscriber 

station. 

 

Figure 1: Multipath effect due to reflection, diffraction and scattering. 
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Attenuation due to distance, along with the propagation mechanisms explained 

above, cause the transmitted signal to fade. This fading can be categorized into two main 

categories: 

Large Scale Fading 

Large scale fading or large scale path loss is mainly due to attenuation to the 

propagating signal due to distance. Knowledge of path loss is a key to calculating the link 

budget. A communication between a transmitter and a receiver is considered successful if 

the received signal is higher than the receiver’s sensitivity. Therefore, a careful link 

budget calculation plays a significant role in estimating the success of the 

communication. There are two main path loss models described in [1]: 

Log-distance Path Loss Model.  In this model, the received signal strength 

depends only on the distance between the transmitter and the receiver. The average 

received signal strength decreases logarithmically with distance (d) as shown in Equation 

(1). 

n

d

d
dPL 











0

  )(                (1) 













0

0  log10  )(  )(
d

d
ndPLdPL            (2) 

Where n is the path loss exponent, d0 is the reference distance. The path loss exponent 

depends on the environment or the channel between the transmitter and the receiver. 

Table 1 shows the path loss exponent for different environments. The path loss calculated 

using the free space model is considered the reference path loss. The free space model 
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treats the environment between the transmitter and the receiver as being free of all 

obstacles that might reflect or diffract the signal. In the free space model, the effect of 

atmospheric absorption is neglected. The propagating signal is also considered far away 

from the earth’s surface. Table 1 also indicates that the more obstacles the environment 

has the higher the path loss exponent. The higher the path loss exponent the more path 

loss introduced for a fixed distance. The reference distance (d0) differs based on the 

environment; for large coverage area d0 is 1 km, for microcell systems d0 is 100 m, and 

for indoor propagation d0 is 1 m. d0  must always be in the antenna’s far field to avoid 

near field effects.  

Table 1: Path Loss Exponents for Different Environments [1] 

Environment Path Loss Exponent, n 

Free Space 2 

Urban area cellular radio 2.7 to 3.5 

Shadowed urban cellular radio 3 to 5 

In building line-of-sight 1.6 to 1.8 

Obstructed in building 4 to 6 

Obstructed in factories 2 to 3 

 

Log-normal Shadowing. The received signal strength at two different locations 

having the same distance (d) between the transmitter and the receiver might be vastly 

different from the calculated average using Equation (1) because of the differences in the 

environment. For any particular d, at a particular location, the path loss is random and 

log-normally distributed about the mean distance dependant value.  

 X
d

d
ndPLXdPLdBdPL    log10  )(    )(  ])[(

0

00 









              (3) 
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Equation (3) states that the path loss at a particular distance d equals to the 

average path loss calculated using Equation (1) plus a random variable Xσ. Xσ is a zero 

mean Gaussian random variable in dB with a standard deviation σ also in dB.  The 

received signal strength (Pr (d)) in dBm is given by 

])[(  ][  ])[( dBdPLdBmPdBmdP tr      (4) 

Where Pt (d) is the transmitted power in dBm. 

 

From the actual measurements and using linear regression methods, the values of 

n and σ are adjusted so that the estimated path loss using Equation (3) is as close as 

possible to the actual measured path loss.  

The Q-function or the error function (erf) can be used to determine the probability 

that received signal level will be above or below a particular given level for lognormal 

distribution. The Q-function is given by 


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The probability that the received signal will be above a particular given level γ is given 

by 

 

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


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
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dP r
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The probability that the received signal will be below a particular given level γ is given 

by  
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 
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
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






 
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




)(
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dP
dP r
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Small Scale Fading 

As explained at the beginning of the chapter, as the signal propagates, it is 

subjected to reflection, diffraction and scattering. The transmitted signal is scattered into 

a large number of signals travelling in different paths and arriving at the receiver at 

different times with different attenuations and phase shifts. The scattered signals are 

called the multipath waves. The received signal is a voltage summation of all the 

multipath waves. The multipath waves with different phase shifts can cancel each other 

out causing fading. 

As explained in [1], the physical factors that can affect the small scale fading 

are: 

Multipath Propagation. As explained before, the transmitted signal is scattered 

into a large number of signals with different amplitudes and phase shifts arriving at the 

receiver at slightly different times. The summation of these time variable multipath 

signals cause a rapid fluctuation in the received signal strength. Multipath propagation 

can also cause intersymbol interference since it causes a spread in the arrival time of a 

pulse into the next pulse’s time interval.  

Speed of the Mobile. When either the transmitter or the receiver moves, the 

motion causes a Doppler shift which results in frequency modulation. The Doppler shifts 

are positive in the case the motion is in direction toward the other end. But if either the 
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transmitter or the receiver is moving away from the other end, the Doppler shift is 

negative. 

Speed of Surrounding Objects.  If the motion of the objects in the environment 

between the transmitter and the receiver is at a greater rate than the motion of the 

transmitter or the receiver themselves, then this motion causes a time varying Doppler 

shift which dominates the effect of the small scale fading. Otherwise, the effect of the 

motion of the surrounding objects can be neglected. 

The Transmission Bandwidth of the Signal. If the signal’s bandwidth is smaller 

than the channel’s bandwidth, distortion to the propagating signal will occur as discussed 

later in this chapter. 

Before looking into the types of small scale fading, it’s necessary to look at the 

meaning of coherence bandwidth, coherence time, maximum excess delay, rms delay 

spread and Doppler spread.  

Coherence Bandwidth (BC). The coherence bandwidth is a measure of the 

maximum frequency difference for which signals are still strongly correlated in 

amplitude. Bc is a measure of the range of frequencies that pass through the channel with 

approximately equal gain and linear phase.  

Coherence Time (TC). The coherence time is the period of time over which the 

response of the channel is invariant. Meaning that for this period of time, the channel 

behaves the same and that signals passing through the channel are subjected to the same 

attenuation and phase changes.  
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Maximum Excess Delay (Tm)(X dB). Maximum excess delay is the time between 

the arrival of the first multipath wave and the arrival of the multipath wave at which the 

received signal strength is X dB below the maximum.  

RMS Delay Spread. Delay spread is the period of time between the arrival of the 

first multipath wave arriving at the receiver and the last one. The rms delay spread is 

given by Equation (9) where   is the mean excess delay which is calculated from the 

power delay profile.  

 
22 )(     

(9) 

Doppler Spread (BD). Doppler spread is defined in [1] as the range of frequencies 

over which the received Doppler spectrum is essentially non-zero. It’s a measure of the 

spectral broadening caused by the time rate of change of the mobile radio channel. The 

Doppler spectrum is the received signal power spectrum, which is range of frequencies 

between fc – fd and fc + fd, where fc is the carrier frequency and fd is the Doppler shift. 

The relation between the coherence time and the Doppler shift is given by  

 

 

 

m

C
f

T
1

  
(10) 

where fm is the maximum Doppler shift. If the coherence time is defined as the time 

where the time coherence function is above 0.5 then 

 

m

C
f

T
16

9
  

(11) 

 

The most commonly used equation for the coherence time is the geometric mean of 

Equations (10) and (11) which yields to  
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mm

C
ff

T
423.0

)(16

9
2



 

(12) 

 

 

The relation between the coherence bandwidth and the rms delay spread depends on the 

structure of the multipath waves. An exact equation that relates them does not exist, 

although an approximation based on the frequency correlation function could be given by 

Equation (13) if the correlation function is above 0.9 and by Equation (14) if the 

correlation function is above 0.5. 

 

50

1
cB  

(13) 
 

 



276.0
cB  

(14) 
 

An exact relation that relates the coherence bandwidth with the maximum excess delay is 

given in [2] by  

 

m

c
T

B
1

  

 

(15) 

Equation (15) is not widely used because the maximum excess delay is not a good 

indicator of how the channel behaves since the same signal could propagate through two 

different channels and still have the same maximum excess delay. 

 Small scale fading is categorized into two main categories: fading due to the time 

spreading of the signal and fading due to time variance of the channel. 

Fading Due to Time Spreading of the Signal  

The transmitted signal is scattered into a large number of scattered signals 

arriving at the receiver at slightly different time causing time spreading of the received 
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power signal. Fading due to time spreading of the signal is categorized into two main 

categories: 

Flat Fading. Flat fading means that the channel passes all the multipath waves 

with the same gain and with a linear phase. The time domain explanation for flat fading is 

that the propagating signal is subjected to flat fading when the signal’s delay spread is 

smaller than the symbol time (Equation (16)). The frequency domain explanation of flat 

fading is that the propagating signal is subjected to flat fading when the signal’s 

bandwidth (Bs) is smaller than the channel’s coherence bandwidth (Equation (17)). Flat 

fading channels are also called narrowband channels. Flat fading causes fluctuations in 

the received signal of 20-30 dB which must be accounted for to assure successful 

communication. Flat fading does not cause intersymbol interference. Figure 2 shows the 

flat fading channel characteristics both in time and frequency domains. In the time 

domain, the channels induces a small delay as compared to the symbol time, which 

minimizes the chance that the received pulse will spread into the next pulse’s time 

interval. In the frequency domain, the frequency components of the signal are subjected 

to the same gain.  

 

 
ST  (16) 
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Figure 2: Flat fading channel characteristics [1] 

Frequency Selective Fading. The time domain explanation for frequency selective 

fading is that the propagating signal is subjected to frequency selective fading when the 

signal’s delay spread is larger than the symbol time (Equation (18)). The frequency 

domain explanation of frequency selective fading is that the propagating signal is 

subjected to frequency selective fading when the signal’s bandwidth is larger than the 

channel’s coherence bandwidth (Equation (19)). Frequency selective fading channels are 

also called wideband channels. Figure 3 shows the frequency selective fading channel 

characteristics in both the time and frequency domains. In the time domain, the channels 

induces a large delay as compared to the symbol time which causes intersymbol 

interference because the received pulse spread into the next pulse’s time interval. In the 

frequency domain, the frequency components of the signal are subjected to different 

gains.  

 
ST  (18) 
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CS BB   (19) 

 
Figure 3: Frequency selective fading channel characteristics [1] 

 

Fading Due to Time Variance of the Channel 

 As the objects in the channel environment move or change, the behavior of the 

channel changes causing the channel to be time variant. This type of fading is categorized 

into fast fading and slow fading depending on how fast the propagating signal changes 

compared to channel’s rate of change. 

Fast Fading. The time domain explanation of fast fading is that the channel is 

considered a fast fading channel if the channel’s coherence time is smaller than the 

signal’s symbol time (Equation (20)). The frequency domain explanation of fast fading is 

that the channel is considered a fast fading channel if the signal’s bandwidth is smaller 

than the channel’s Doppler spread (Equation 21).  

 
sC TT   (20) 
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Slow Fading. The time domain explanation of slow fading is that the channel is 

considered a slow fading channel if the channel’s coherence time is longer than the 

signal’s symbol time (Equation (22)). The frequency domain explanation of slow fading 

is that the channel is considered a slow fading channel if the signal’s bandwidth is larger 

than the channel’s Doppler spread (Equation (23)).   

 
sC TT   (22) 

 

 
DS BB   (23) 

 

Flat or frequency selective fading is not correlated to fast or slow fading. Hence 

knowing if the signal is subjected to a flat or frequency selective fading does not tell if 

the channel is considered a fast or slow fading channel. 
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CHAPTER THREE 

REVIEW OF THE LITERATURE AND RESEARCH 

 This chapter gives a detailed background about the literature which the research I 

conducted is based on. This chapter covers three different aspects. The first is a study of 

Ricean fading, which is the basis for the simulator implementation. The second is a study 

of over water path propagation, which is of particular interest for our current research. 

The last aspect is a study of different fade simulators designed and tested by researchers. 

Ricean Fading 

When a direct line of sight path between the transmitter and the receiver exists, 

the fading follows a Ricean distribution. Weaker multipath signals arrive at the receiver 

with different phase shifts and are superimposed on the line of sight dominant signal. 

When there is no line of sight signal, the fading follows a Rayleigh distribution. The 

parameter K is the main factor in Ricean fading that relates the line of sight signal power 

and the total power of the multipath signals The following is a discussion of the Ricean 

distribution based on a method developed by Greenstein [3] and [4] to estimate the value 

of K from actual received power versus time measurements. A Greenstein [3] model to 

estimate K is based on the season, antenna height, antenna beamwidth and distance is 

then presented. 
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Ricean Distribution 

When the complex path gain consists of a constant component plus a zero-mean 

Gaussian fluctuating component, the resulting time varying envelope follows a Ricean 

distribution. The probability density function (PDF) of the Ricean distribution is given by 

Equation (24) as shown in [1] where A is the amplitude of the dominant signal, r is the 

received signal envelope voltage, σ
2
 is the variance of the multipath signals and I0(*) is 

the modified Bessel function of the first kind and zero-order. The cumulative distribution 

function (CDF) of the Ricean distribution is given by Equation (25) where Q1(*,*) is the 

Marcum Q function. The Ricean PDF of the signal power is given by Equation (26) 

where P is the received voltage and 


P  is the local mean power. The Ricean K parameter 

is the ratio between the power of the line of sight signal and the summation of power of 

the multipath signals (Equations (27), (28), and (29)). K is the defining parameter of the 

Ricean distribution and it is a measure of the severity of the fade.  
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A function that plots the PDF and CDF of the Ricean distribution (Equations (24) 

and (25)) for different values of K was programmed into MATLAB. The MATLAB 

function code is shown in appendix A. The function’s input parameters are r, K and σ. 

The PDF and CDF plots shown in Figure 4 and Figure 5 use σ = 2 and r as the vector 

[0:01:25]. When K = 0, the Ricean distribution degenerates to a Rayleigh distribution. 

Figure 4 and Figure 5 indicate that as the value of K increases, the Ricean distribution is 

distributed at a higher mean received signal envelope voltage. This confirms the idea 

shown in Equation (28) which indicates that as the value of K increases the peak 

amplitude of the LOS signal increases, which results in a higher received signal envelope 

voltage. Note also that as K increases, the PDF approaches a Gaussian distribution. 

Equation (26) was programmed into MATLAB to plot the Ricean PDF of the received 

power for different K values. The MATLAB code is shown in Appendix A. Figure 6 

shows that as K increases the Ricean PDF of the received power gets narrower and 

sharper, which indicates that as K increases the fluctuation in the signal decreases. The 

reason for that is that as K increases the power of the constant line of sight signal 

increases as compared to the fluctuating multipath signals.  
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Figure 4: The Ricean probability density function (PDF) for different K values 

 
Figure 5: The Ricean cumulative distribution function (CDF) for different K values 
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Figure 6: Ricean PDF of the received power for different K values 

 

Estimation of the K Parameter 

 Different methods have been derived to the estimate the value of K for various 

channel environments. Some of these methods are based on the measured received power 

versus time data and some are based on the field strength data. A maximum likelihood 

estimator (MLE) using an expectation/maximization algorithm was derived by Marzetta 

[5]. This method was developed by Chen [6] to use samples from the fading envelope 

along with samples from the fading phase. The MLE method is complicated and time 

consuming. The collected data from a spectrum analyzer is power versus time data, 

making use of Chen method or the field strength method unfeasible.  

 An easy and rapid way (moment method estimation) developed by Greenstein [4] 

that is based on the received power versus time measurements is chosen to estimate the 

-50 -45 -40 -35 -30 -25 -20
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Received Power (dBm)

P
ro

b
a
b
ili

ty
 D

e
n
s
it
y

Ricean PDF of the Received Power for Different K Values

 

 

K = 1

K = 6

K = 10

K = 16

K = 24



 

 

21 

value of K from the collected data. Greenstein and his group conducted extensive 

measurements in four different locations in New Jersey on Ricean fading. The theoretical 

moment based estimation method that he developed was compared to actual 

measurements and showed good agreement. Greenstein and his group also came up with 

a K-model that is discussed later.  

Moment Method Estimation of the Ricean K-Factor. This method uses the first 

and second moments of the received power envelope [4]. The formulation of the method 

is as follows: 

The complex path gain of a narrowband wireless channel is characterized by a frequency-

flat response 

 v( t)Vtg    )(   (30) 

where V is a complex constant (line of sight) and v(t) is a complex zero-mean random 

time variation (multipath signals). The corresponding power gain G is given by 

 2
)(tgG   (31) 

The first moment or the time average of G is  

 
)(V Re 2    *22

(t)vv(t)VGa   
(32) 

Since v(t) is a zero-mean random process, the last term reduces to zero. Defining 

 22 v(t)  
(33) 

v(t)  can be written as 

 22
    VGa  (34) 

The second moment or the rms value of the fluctuation of G about Ga is  
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(36) 

Knowing that v(t) is a zero-mean complex Gaussian, Ga can be written as 

   2/1
224 2  VGv   

(37) 

Solving Equations (34) and (37) for 
2

V  and 2  yields 

   2/1222

va GGV   
(38) 

And 

   2/1222

vaa GGG   (39) 

 

K is defined by 

 

2

2



V
K   

(40) 

Where 2  is twice the RF power of the fluctuating term. That’s why the factor of 2 in the 

denominator is not present. 

To verify that the derived K estimation method is valid, Greenstein and his group 

compared the CDF of the extensive data they collected at four different locations in New 

Jersey for over paths with Ricean fading with a simulated ideal Ricean distribution 

(Figure 7). The simulated results used the K value estimated via their moments method. 

The comparison shows that their method works appropriately. 
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Figure 7: The CDF for the measured data (solid curves) and the Ricean simulated data 

(dashed curves) for different values of K. Greenstein [4]. 

 

K Model 

 To derive a model for K, Greenstein and his group used the extensive 

measurements they collected in four different locations (Table 2). The experiment 

parameters are antenna heights, antenna beamwidth, season and distance. the results 

collected from the first location are the richest in terms of parameter variation. The model 

represented is mainly based on the data collected from location1. The model was 

validated by checking these results with the results from the other three locations. For 

location 1, the measurment duration was 280 seconds and the data was collected every 

0.4 second. Hence 750 snapshots of power versus frequency at 100 frequencies spaced by 

100 kHz to cover 10 MHz bandwith were taken. The measurements were taken for 12 
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combinations of two seasons (summer and winter), two antenna heights (3 and 10 meters) 

and three beamwidths (17°, 30° and 65°).  

 The strength of the scattered signal increases in the summer over the winter due to 

the existence of leaves in the summer that cause more reflections and therefore the 

strength of the scattered signals increases. This means that the value of K in the winter is 

higher than the value of K in the summer. Greenstein and his group recorded a consistent 

increase in the value of K in winter by 3.5 to 4.5 dB with an average of 4.0 dB. 

As the base station antenna height increases, the chance of having a direct line of 

sight will increase, the diffraction angle will decrease, the strength of the line of sight 

signal will increase, and the scattered components will vary less. This all means that the 

value of K increases as the antenna height increases. Greenstein and his group recorded a 

constant increase in the value of K of 2.0 to 3.0 dB with an average of 2.4 dB as the 

antenna height increased from 3m to 10m. If the power law relationship is assumed 

(
hK  ), then α = 0.46.  

As the beamwidth of the receiving antenna decreases, less scattered signals are 

received. This means that the value of K increases as the beamwidth decreases. 

Greenstein and his group recorded a consistent increase in the value of K of 3.0 to 4.0 dB 

as the beamwidth changed from 65° to 17°. If the power law relationship is assumed 

( bK  ) then β = -0.62. This law was then applied to the results of the 30° beamwidth 

data and the agreement was within 1dB. 
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 As the distance between the transmitter and the receiver decreases, the strength of 

the line of sight signal increases. This means that as the distance decreases, the value of K 

increases. This follows the power law relationship dK  . 

 

Table 2: Summary of the four experiments [3] 

 
 

The derived formulation for K by Greenstein is: 

 dKFFFK obhs  (41) 

 

where the factors are 
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1- Fs is the seasonal factor  

 
 

Leaves) inter(No         W5.2

ves)Summer(Lea         0.1





sF  
(42) 

2- Fh is antenna height factor 

 

 
3

   

0.46











h
Fh  

(43) 

 

3- Fb is the beamwidth factor 
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Ko and γ are constants to be optimized via regression fitting.  

Over-Water Path 

 If the communication between the transmitter and the receiver involves an over-

water path, the signal might be subjected to sustained deep fades. The water surface 

functions as a mirror causing the reflected signals to be stronger than reflection from 

rough surfaces. The strong reflected signals when added with the line of sight signal 

could cause deeper fades than that caused by reflections from the earth’s surface or 

objects in the channel environment. The water refractive index varies over time due to 

tidal effects, wave heights, ducting, temperature, pressure and humidity. An experiment 

that was performed by Norland [7] at the Norwegian coast, that studied the variation of 

the refractive index of the sea surface showed that the weather parameters cause the 

refractive index to change rapidly over time. The experiment sent an interferometric radar 

signal at 9.6 GHz over a 2.9 km over-water link to monitor unstable mountain blocks. 
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The measurements were taken for two different sites, each with two corner reflectors. 

Norland used the measured change in the received signal’s phase (∆φ) (Equation (45)) to 

estimate the change in the refractivity index N. 

 
n

R







4
 

(45) 
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λ is the wavelength, T0 is the travel time of the electromagnetic wave, C0 is the velocity 

of light in vacuum and ),( trn


is the spatial and temporal index of refraction.  
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where P is the pressure (mbar), T is the temperature (°K) and e is the partial water vapor 

pressure (mbar). The estimated refractivity index along with the recorded temperature, 

pressure, humidity and precipitation for a period of 45 days are shown in Figure 8. The 

four plots shown on the left of Figure 8 for the refractivity index N versus days (abscissa) 

show that N changes over days. The two main factors causing the change in N are the 

temperature and humidity (Figure 8 - right). More detailed measurements of N versus 

hours or minutes rather than days could have revealed a closer look at the effect of the 

weather factors as well as the variation of N over shorter periods of time.  
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Figure 8: Relative variation of the refractivity index for the four sites and corresponding 

meteorological data [7] 

 

Another reason for the increase of the refractive index which leads to sustained 

deep fades (SDF) was mentioned by Dockery [8] who examined advection of moist warm 

air over the cooler water. This creates an increase of the water temperature lapse rate and 

at the same time an increase of the saturation water vapor pressure with altitude. The 

resulted increase in the vapor pressure with altitude causes an increase of refractivity. 

Dockery and his group recorded extensive measurements for the signal fading statistics 

for two over water link with a line of sight in the mid-Atlantic coast of the United States 

for a one year period. A 4.7 GHz CW signal was sent from the transmitting tower at 

Parramore Island (PI), Virginia, to two receiving towers, lighthouse (LH) and lookout 

(LT) on Assateague Beach, Virginia, at distances of 44 and 39 km, respectively. The 
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weather conditions were recorded simultaneously along with the measured refractive 

profile. The propagation parameters for the PI-LH and PI-LT links are shown in Table 3.  

Table 3: Propagation parameters for PI-LH and PI-LT links [8] 

Parameter Value 

Antenna Transmit  Power at PI, dBm 37.8 

Gain of transmit antenna dB 25.0 

Gain of receiver antenna dB 25.6 

Nominal gaseous attenuation dB 0.26,0.23 

Transmit antenna gain reduction in direction of PI-LY, 

dB 2.5 

Estimated free space power -50.7, -52.0 

Diffraction losses for standard propagation, dB 2.0, 13.4 

Standard power received, dBm -52.7, -65.4 

Multipath grazing angles, deg 0.0325, 0.0045 

Reflection coefficient magnitudes 1.0, 1.0 

Reflection coefficient phases, deg 180, 180 

 

 

The fade is calculated relative to the free space power. The cumulative fade 

distribution for the two locations for the 1989-1990 year (Figure 9) shows that the 

received signal fluctuates over a 65 dB range. A SDF of 49 and 54 dB for the LH and LT 

links occurred less than 0.1% of the annual operating time. 
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Figure 9: Cumulative fade distribution for the Pi-LH and PI-LT [8] 

 

A monthly cumulative fade distribution for the two locations shown in Figure 10 

(LH left and LT right) shows that the weaker fades occur during the fall and summer 

months and the deeper fades occur during the winter and spring months when the water is 

coldest.  

 
Figure 10: Monthly cumulative fade distribution [8] 
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Figure 11 shows the cumulative fade distribution for four contiguous 6-hour time 

slots corresponding to the period from June 1, 1989, to May 31, 1990 (LH right and LT 

left). It shows that there is no diurnal variation in the distribution of the fade. Analysis of 

synoptic meteorological conditions and wind speed data confirmed that sustained deep 

fades (example shown in Figure 12) occurred when warm, moist air over cold water 

existed causing a rise to positive lapse rates of refractivity with altitude. 

 

 
Figure 11: Cumulative fade distribution for four contiguous 6-hour time slots [8] 

 

 

 
Figure 12: Recorded sustained deep fades during the period of March 15

th
 to March 17

th
, 

1990 [8] 
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A similar experiment to Dockery’s was performed by Ong [9] through the year of 

December 1996 to November 1997. The link was 32.7 km over water with a line of sight 

path  and operated at 8 GHz. The signal was transmitted from site T to site G. The 

antenna heights at the G location are 147 and 133 m. The antenna heights at the T 

locations were 76 and 61 m. The higher antennas were used as regular channels and the 

lower antennas were used as protection channels. The annual and worst month 

cumulative fade distributions for the T-G link are shown in Figure 13. The recorded deep 

fades fluctuated up to 40 dB relative to free space power. 

 
Figure 13: The annual and worst month cumulative fade distribution for the T-G link [9] 

 

Ong stated in [10] that the deep fades were recorded at night during the inter-moon 

seasons when there was low wind activity and high humidity. The low wind activity was 

favorable for the formation of radio ducts. Also, under such conditions the sea surface 

was smooth which caused the reflected signals to be stronger.  
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Jin and his group [11] studied the correlation of the fading and weather conditions 

on an over-water digital microwave link. The link was 115 km and operated at 4 GHz. 

During December 1992, they recorded the fade statistics along with marine wave height, 

temperature, humidity, wind speed, wind direction and wind gust. They found that fading 

activities were related to low marine wave height, low wind speed, low wind gusts and 

low relative humidity. The reason is that the stated conditions cause the refractive index 

to increase which caused the reflected signals to be stronger.  

Summary 

The overwater path literature study showed that the over water link can suffer a 

SDF in the range of 40 dB. The water refractive index varies over time due to tidal 

effects, wave heights, ducting, temperature, pressure and humidity. Low wind activity 

causes the surface of the water to be smoother which results in stronger reflected signals. 

The advection of moist warm air over the cooler water causes an increase of water 

refractivity index which leads to higher SDF. The deeper fades occur during the winter 

and spring months when the water is coldest.  

Previous Fade Simulators 

We conducted a literature survey to study how researchers implemented fade 

simulators. A study of three different fade simulators is covered in this section. The first 

two are hardware-based and the third one is software-based. The three fade simulators 

studied show the developments made to the hardware and software associated with fade 

simulators from 1973 to 2000.  
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A Multipath Fading Simulator for Mobile Radio 

 This fade simulator was developed in 1973 by Gaston Arredondo and William 

Chriss [12]. They developed an analog hardware based fade simulator, and their goal was 

to simulate the Rayleigh distributed fast fading encountered in mobile radio. A schematic 

of their fade simulator design is shown in Figure 14. To simulate the Rayleigh fading that 

causes the received signal to fluctuate, two independent Gaussian low-pass noise sources 

with identical spectra are added to signal components in quadrature.  

 
Figure 14: Analog Rayleigh fade simulator design (1973) [12] 

The Gaussian noise source is a noisy Zener diode operating near cutoff shown in Figure 

15. The output of the Zener diode is then passed through a shaping filter shown in Figure 

16. 
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Figure 15: Low frequency Zener diode noise source [12] 

 

 
Figure 16: The noise source shaping filter [12] 

 

The shaping filter is used to shape the spectrum of the noise source to match the 

theoretical spectral density of the complex envelope of the received signal, which is given 

by: 
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 where E is the rms value of the signal envelope and fD is the Doppler shift given by: 
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where V is the vehicle speed and λ is the carrier wavelength. Figure 17 shows the 

theoretical spectral density (left) and the simulated spectral density (right). A set of 

shaping filters were designed to be switched in to allow simulation of several vehicle 

speeds. 

 
Figure 17: The theoretical and simulated spectral densities [12] 

 

The statistics of the simulator output were evaluated to compare their fit to the Rayleigh 

distribution shown in Figure 18, where the Rayleigh variant R and the measured variant 

^

R are plotted. The simulated results fit closely with the theoretical predictions. To 

validate the fading envelope characteristics, the level cross rate, which is the rate at which 

the envelope makes crossing of a specified level, was plotted. Figure 19 shows that the 

simulated level cross rate (points) matches the theoretical prediction (solid). 



 

 

37 

 
Figure 18: Closeness of fit to Rayleigh statistics [12] 

 
Figure 19: Level cross rate (Solid: theoretical) and (points: measured) [12] 

A Simple Digital Fading Simulator for Mobile Radio 

 This fade simulator, which was developed in 1990 by Eduardo Casas and Cyril 

Leung [13], is the digital version of the analog fade simulator presented above. The basic 

theory that was implemented is Rayleigh fading for mobile radio, which is the same idea 

used in the analog version. The RF input signal is divided into in-phase and quadrature 
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phase components and then modulated with independent low-pass Gaussian random 

signals, as shown in Figure 20. 

 
Figure 20: Rayleigh digital fade simulator [13] 

 

The analog noise sources and analog filters were used to control the signal in the 

previous analog fade simulator. Casas and Leung used an Intel 8088 microprocessor 

instead of analog components to generate the two control signals. As shown in Figure 21, 

the control signals are the weighted sums of the outputs from nine sinusoidal oscillators. 

The amplitudes and frequencies of the sinusoids are chosen to give uncorrelated signals 

with power spectra approximating S(f). An 8088 assembly language program was used to 

generate the control signals. Doppler rates between 2 and 126 Hz in steps of two could be 

simulated. 
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Figure 21: Generation of the control signals [13] 

 

To validate the results, Casas and Leung plotted a comparison of a measured CDF 

for three different Doppler rates of 2, 20 and 120 Hz with an ideal Rayleigh CDF as 

shown in Figure 22. The measured CDFs are Rayleigh to within about 1 dB in the range 

from -40 to +10 dB. They also plotted a comparison of the measured level crossing rate 

for the three Doppler rates with the corresponding theoretical ones as shown in Figure 23. 

The measured results for their Rayleigh digital fade simulator showed good agreement 

with the theoretical results.  

 
Figure 22: Measured and Rayleigh CDF for three Doppler rates [13] 
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Figure 23: Comparison of theoretical and measured level crossing rate [13] 

 

Ricean Fading within a Packet Simulator 

 In [14] Punnoose and Nikitin introduced work that has been done to model the 

effect of small scale fading (Rayleigh and Ricean) within a network simulator. The 

simulator they developed models Rayleigh fading as a special case of Ricean fading 

when K = 0. A dataset containing the in-phase and quadrature phase components, which 

are then combined with the appropriate K value, is pre-computed. The pre-computed 

dataset is considered a lookup table that could be used to model a wide range of 

parameters such as the time averaged power, the maximum Doppler frequency and the 

Ricean K factor.  The steps used to generate the dataset are:  

1- Specify the number of points, maximum Doppler frequency and the frequency 

spacing of the points. 

2- Generate complex Gaussian random numbers for each of the frequency components. 

3- Evaluate the fading spectrum at the frequency pointed selected above. 

4- Multiply the frequency domain component with the fading spectrum. 



 

 

41 

5- Perform an IFFT on this data to yield a time series data. 

 

6- Repeat steps 2, 3, 4 and 5 to generate a second dataset. The two generated datasets are 

the in-phase and quadrature phase datasets. 

To validate the results of their packet fade simulator, Punnoose and Nikitin plotted 

the CDF and the level crossing rate for their results and the theoretical predictions, as 

shown in Figure 24 and Figure 25, respectively. The packet simulator results for the CDF 

and the level crossing rate for both the Rayleigh fading and the Ricean fading for K = 6 

dB showed good agreement with the theoretical predictions.  

 

 

 

 

 

 
Figure 24: CDF for simulated Ricean and Rayleigh fading using the packet simulator [14] 
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Figure 25: Level crossing rate for simulated Ricean and Rayleigh fading using the packet 

simulator [14] 

 

The first two fade simulators presented above are hardware based, and were 

designed to simulate a Rayleigh fading for mobile radio where there is no line of sight 

signal. Instead of building analog hardware circuits to be switched in to simulate different 

Doppler frequencies, the digital version of the Rayleigh fade simulator introduced an 

easy and quick way to simulate a range of Doppler shifts. The third fade simulator 

presented above is a software-based and can simulate both Rayleigh and Ricean fading. 

An extensive literature review showed that a hardware based Ricean fade simulator for 

static radios has not been developed prior to the work reported here. 
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CHAPTER FOUR 

EXPERIMENTAL PROCEDURE 

 The Ricean fade simulator developed here is hardware-based and is controlled 

with a MATLAB program. Figure 26 shows a block diagram of the Ricean fade 

simulator. The key component in the fade simulator is the beamformer board that was 

designed and built for antenna beamforming and directional of arrival estimation research 

conducted by Dr. Wolff’s group. The beamformer board was designed to operate at 5.8 

GHz and has eight channels, each with digital attenuators and phase shifters. 

 

 

Figure 26: Block diagram of the Ricean fade simulator 

How does the Ricean Fade Simulator Work? 

The Ricean distribution theory assumes a line of sight signal and an infinite 

number of random time variant multipath signals superimposed on the line of sight 

signal. It is not practical to simulate an infinite number of signals. The approximated 

simulation for the theory is to use a line of sight signal and seven multipath signals since 
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the beamformer board has only eight channels. This means that one of the channels is 

assigned to be the fixed line of sight signal while the seven other channels are the varying 

multipath signals. A MATLAB program that generates a serial bit stream of random 

attenuations and phase shifts weights according to the Ricean distribution is first run. The 

serial bit stream is sent from MATLAB to the Field-Programmable Gate Array (FPGA) 

on the beamformer board through the Data Acquisition (DAQ) card. The FPGA then 

sends the serial bit stream to the 6-bit attenuators and 6-bit phase shifters. The fade 

simulator can work in either the transmitting or the receiving mode. The Tx/Rx signal 

assigns the beamformer to work in either the transmitting mode or the receiving mode by 

triggering the switches on each channel.  

Fade Simulator in the Transmitting Mode 

The 5.8 GHz input signal is divided into eight signals using the beamformer’s 

microstrip line power divider/combiner. At the same time, the serial bit stream is sent to 

the attenuators and phase shifters so the eight signals can be attenuated and phase shifted 

to emulate a time variable Ricean channel. The eight signals are passed through eight 

cables with different lengths to be delayed. The eight signals are then passed through 

signal normalizers. The signal normalizers are required to normalize the signals to a 

specific level since the signals are subjected to different attenuations as they propagate 

through the cables. The eight signals are then combined using an eight channel signal 

combiner/divider.  
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Fade Simulator in the Receiving mode 

The 5.8 GHz signal is first divided into eight signals using the eight channel 

signal combiner/divider. The eight signals are then normalized, delayed and passed 

through the beamformer board to be attenuated and phase shifted. The eight signals are 

then combined using the beamformer board microstrip line combiner/divider.  

The development of the fade simulator proceeding two steps: developing the 

software to run the fade simulator according to the Ricean distribution and constructing 

the hardware.  

Software Development   

The software associated with the Ricean fade simulator controls the digital 

attenuators and phase shifters on the beamformer board by sending a serial bit stream 

from the computer running MATLAB to the FPGA, which controls the attenuators and 

phase shifters. The Ricean fade simulator software development requires three main 

steps: 

1. Generating the serial bit stream of the random attenuations and phase shifts according 

to the Ricean fading ditstribution. 

2. Using the DAQ card to send the serial bit stream to the FPGA on the beamformer 

board 

3. Programming the FPGA to receive the serial bit stream and then sending it to the 

attenuators and the phase shifters.  
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Figure 27 shows a detailed block diagram of the three main steps of the software 

development of the Ricean fade simulator.  

 

Figure 27: Software flow of the Ricean fade simulator 

Since the beamformer board has only 8 channels; one for the line of sight signal 

and seven others for the multipath signals, Equation (27) is first rewritten as 
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Where PLOS is the received line of sight signal power and Pi  is the average received 

multipath signal power. Equation (50) is then rewritten as 
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Converting Equation (51) into dB 
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Defining  

 
 )log(10)( LOSdBLOS PP   (53) 

 
 )log(10)( idBi PP   (54) 

 
  KK dB 7log10)7(   (55) 

Equation (52) is then rewritten as  

 
 

dBdBidBLOS KPP )7()()(   (56) 

The received signal in (dB) is the difference of the transmitted signal in (dB) and the 

paths loss in (dB). Therefore, 

 
 

dBLOStdBLOS APP )()(   (57) 

and 

 
 )()( itdBi APP   (58) 

where Pt is the transmitted signal power, ALOS is the attenuation in the line of sight path 

and Ai is the attenuation in one of the multipath paths. Equation (56) is rewritten as 

 
dBitdBLOSt KAPAP )7()()(   (59) 

 

which leads to 

 
 

dBLOSi KAA )7(  (60) 
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The attenuators have a maximum attenuation of 31.5 dB which leads to 

 
 

dBLOSi Kxx )7(5.31 . 5.31 . 

 

(61) 
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)7( dB
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K
xx   

(62) 

 

where xi and xLOS are the attenuation weights in the multipath paths and the line of sight 

path, respectively. Both xi and xLOS are between 0 and 1. Defining 

 

5.31

)7( dBK
ratio   

(63) 

 

gives 

 
 ratioxx LOSi   (64) 

Assume the line of sight path has a fixed xLOS = 0.15 to have some attenuation in the line 

of sight path 

 ratioxi  15.0  (65) 

The idea is to generate seven xi weights that fluctuate between 

 (0.15 + ratio) ± constant (66) 

 

The K value is chosen to be in the range of 

 0 <  K  ≤ 24 (67) 

 

K = 24 indicates that the line of sight signal is very dominant as compared to the 

summation of the multipath signals. Simulating Rayleigh fading (K = 0) using this 

procedure is not possible because substituting K = 0 in Equation (63) gives (ratio = 

infinity). Substituting K = 24 in Equation (63) leads to (ratio = 0.7).  

 0 ≤ (0.15 + 0.7)  ±  constant  ≤ 1 
 

(68) 



 

 

49 

The constant is then equal to 0.15, which gives a range of multipath attenuations of 10 dB 

(± 0.15 → 0.3 * 31.5 ≈ 10 dB). Note that 10 dB is one tenth of the power.  

Step 1: Generating the Serial Bit Stream  

 The key parameter in the Ricean distribution is the K factor, which is the first 

input for the MATLAB code. The number of rows (n) (each row consists of eight 

different attenuations and eight different phase shifts) is the second input for the 

MATLAB code. The first step of the MATLAB code is to use K to calculate (ratio) and 

then generate seven random weights for n number of rows that fluctuate in the range of

115.0)(  ratioxLOS .  xLOS is assigned a fixed value of 0.15. The MATLAB function 

(rand) is used to generate the random weights for the n rows. This generates a matrix of a 

size (n * 8). The eight weights in each row are then multiplied by 31.5 to generate the 

actual attenuation values. Since the attenuators attenuate the signals in steps of 0.5 dB, 

the generated attenuations are rounded to the nearest zero or 0.5 dB value. So if the 

attenuation value is between X.0 to X.24, it is rounded to X.0 and if the attenuation value 

is between X.25 to X.5, it’s rounded to X.5 because X.25 is used as the threshold. Also if 

the attenuation value is between X.51 to X.74, it is rounded to X.5 and if the attenuation 

value is between X.75 to X.99, it’s rounded to X.0 + 1 because X.75 is used as the 

margin. The attenuators are controlled by a 6 bit binary word corresponding to 

attenuators ranging from 0 to 31.5 dB. The 6-bit binary number gives a decimal range of 

0 to 63. The attenuation range is 31.5, which is equal to 63 doubled. The attenuators have 

the left bit as the most significant bit (MSB), which means that the attenuation numbers 

to be converted to serial bit stream are  
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 on values)(attenuati * 2  63  numbersn attenuatio   (69) 

The attenuation numbers matrix still has the size of (n * 8). The 6-bit phase shifters have 

a 360° coverage range in steps of 5.6° (5.6° * 63 ≈ 360°). The MATLAB (rand) function 

is used to generate seven random phase shift numbers for n number of rows between 0 

and 63. The line of sight channel is assigned a fixed phase shift value for all the (n) rows. 

The phase shift number matrix size is (n * 8). The attenuation and phase shift numbers 

are then combined such that for each row the 16 attenuation and phase shift numbers are 

arranged in the order of attenuation then phase shift then attenuation then phase shift,… 

etc. the combined matrix has a size of (n * 16). Each attenuation and phase shift pair is 

assigned to a channel on the beamformer board. The first pair is assigned to channel one 

which is designated as the line of sight signal. The MATLAB (dec2binvec) function is 

then used to convert the attenuation and phase shift numbers to 6-bits binary numbers. 

The bits are then flipped left to right to have the MSB the left bit. The binary matrix has a 

size of (n * 96) where 96 is the 16 numbers multiplied by 6, yielding the number of bits. 

The matrix is then converted to the size of ((n*96) * 1 ) which is the serial bit stream. The 

MATLAB code that was written to generate the serial bit stream is shown in Appendix A. 

Step 2: DAQ card 

A DAQ card is used to send the serial bit stream from MATLAB to the FPGA. 

The first step is to install the DAQ card driver and the MATLAB data DAQ tool box on 

the computer running MATLAB. The serial bit stream is sent from MATLAB to the 

DAQ tool box, to the DAQ card driver, and then to the DAQ card. The first step in this 

MATLAB code is to set up the DAQ card. The set up process includes selecting whether 
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the DAQ card used is digital or an analog, if it is used as an input or an output, and the 

name of the DAQ card. The set up process also includes defining the DAQ vendor, e.g. 

Advantech, Agilent Technologies or National Instrument. The National Instruments NI 

USB-6501 DAQ card was used. After installing the DAQ card driver and connecting the 

DAQ to the computer, the DAQ card driver interface enables checking on the devices 

that are connected to the computer and the name of each one. The name of the DAQ card 

can be changed if desired. The second step is to select which ports and which lines in 

these ports are to be used to output the data. The beamformer FPGA requires four inputs: 

the clock bit stream, the serial data bit stream, the serial enable bit stream and the register 

enable bit stream. The clock signal is used to synchronize the FPGA, enabling it to read 

the serial data bit stream. The serial data bit stream is the transferred data from MATLAB 

to the FPGA that contains the controlling bits for the attenuators and the phase shifters. 

The serial enable bit stream informs the FPGA to save the serial data bit stream in a 

register as long as the serial enable bit is high. The register enable bit stream informs the 

FPGA to send the serial data bit stream saved in the register to the attenuators and the 

phase shifters when it becomes high. Four lines at one of the DAQ card’s port are needed. 

The last step is to start sending the four bit streams simultaneously by sending a 

continuous clock signal, the generated serial data bit stream, the serial enable bit stream 

which is high during the transfer of each 96 bits then becomes low for one clock cycle 

then back high again and the register enable serial bit stream which is low during the 

transfer of each 96 bits and then becomes high for one clock cycle and back low again.  
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The MATLAB code that was written to transfer the data from MATLAB to the FPGA is 

shown in Appendix A. 

Step 3: FPGA 

 A VHDL (VHSIC hardware description language, VHSIC: very high speed 

integrated circuit) program was written and installed on the beamformer FPGA. The 

VHDL program contains all the information about which pins of the FPGA are connected 

to the attenuators and the phase shifters. The VHDL program enables the FPGA to save 

the serial data bit stream in a register as long as the serial enable bit stream is high and 

the register enable bit stream is low. When the FPGA receives 96 bits, the serial enable 

bit goes low and the register enable bit goes high which triggers the FPGA to send the 

saved 96 bits from the register to the attenuators and the phase shifters. This is all 

synchronized with the input clock signal sent from MATLAB. Figure 28 shows the 

timing diagram for the four serial bit streams.  

…...

……

Clock Signal

Data’s Serial Bit Stream

Serial Enable Bit Stream

Register Enable Bit Stream

1 2 3 4 97

 
 

Figure 28: Timing diagram for the four serial bit streams 

 

Hardware 

 The Ricean fade simulator’s hardware components are: the beamformer board, 

cables, signal normalizers and signal combiner/divider.  
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Beamformer Board 

 Figure 29 shows the schematic of the beamformer board. The beamformer board 

has two inputs (Tx/Rx signal and serial bit streams), one input/output (5.8 GHz signal) 

and eight identical input/output channels (5.8 GHz signal). The board’s input/output is 

the 5.8 GHz signal that is either divided into eight signals if the board is in the 

transmitting mode or combined from the eight channels if the board is in the receiving 

mode, using an eight way microstrip line power divider/combiner. The two inputs are the 

serial data bit stream that is sent from the FPGA to the phase shifters and attenuators and 

the Tx/Rx signal that instructs the beamformer to work in either the transmitting or the 

receiving mode. The Tx/Rx signal is either driven from a radio if the input signal is 

coming from a radio or from a DC power supply if the input signal is coming from the 

network analyzer or other CW RF signal source. The beamformer board is in the 

transmitting mode if the Tx/Rx signal is low and in the receiving mode if the Tx/Rx 

signal is high. Each of the eight channels has an attenuator, a phase shifter, two switches, 

a power amplifier, a low-noise amplifier and a band-pass filter. When the board is in the 

transmitting mode, which means that the two switches on each channel are triggered to 

enable the signal to propagate towards the cables, the 5.8 GHz input signal is divided to 

eight signals. The signal propagating through each channel is first attenuated with the 

appropriate attenuation using the 6-bit attenuator then phase shifted with the appropriate 

phase shifter using a 6-bit phase shifter and finally amplified. The attenuators and phase 

shifters used on the beamformer board are HMC425LP3 and MAPCGM0002, 

respectively. The datasheets for the attenuators and phase shifters are shown in Appendix 



 

 

54 

B. The HMC425LP3 is a 6-bit attenuator that operates at 2.4 to 8 GHz and has an 

attenuation range between 0 and 31.5 dB in steps of 0.5 dB. The MAPCGM0002 is a 6-

bit phase shifter that operates at 2.4 to 8 GHz and has a phase shifting range of 360° in 

steps of 5.6°.  When the board is in the receiving mode which means that the two 

switches on each channel are triggered to enable the signal to propagate towards the 

attenuators and phase shifters, the eight 5.8 GHz input signals are band-pass filtered, 

amplified, phase shifted, attenuated and then combined using the beamformer’s eight 

channel microstrip line power combiner. 

Cables 

 The cables are used as delay lines to simulate the actual delay that occurs to the 

multipath signals as they propagate from a transmitter to a receiver. The cables used are 

LMR-400, low attenuation at 5.8 GHz. The LMR-400 cable datasheet is shown in 

Appendix B. From the datasheet, for a 100 ft cable, the typical attenuation at 5.8 GHz is 

10.8 dB. The propagation velocity of the LMR-400 cables is 85 % of the free space 

propagation velocity. This gives a time delay of 1.2 ns/ft. There is no delay cable 

associated with the line of sight path. The seven multipath signal paths have seven 

different length cables to simulate different delays. Table 4 shows the cable lengths and 

the associated time delays.  
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Figure 29: The beamformer board schematic 

Table 4: Cable lengths and associated time delays 

Cable lengths Time Delay (ns) 

100 ft 120 

90 ft 108 

75 ft 90 

60 ft 72 

45 ft 54 

30 ft 36 

15 ft 18 
 

 

After the cables were cut to the appropriate lengths, SMA connectors were attached to the 

two ends of each cable. The cables were tested using the network analyzer to measure the 

return loss (S11 and S22 in dB) to assure that the SMA connectors were connected 

appropriately and the insertion loss (S21 in dB) to measure the exact attenuation in each 
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cable. Table 5 shows the measured characteristics of the cables at 5.8 GHz. The highest 

return loss measured is (-12.5) dB which means that associated reflection coefficient is 

0.237. A (0.237) reflection coefficient means that ((1 - (0.237)
2 

 ) * 100 = 94.37 % ) of 

the incident power is transmitted while 5.6% of the incident power is reflected. The 

measured insertion for the 100 ft cable at 5.8 GHz is 11.35 dB, which is within a 1-dB 

range of the value given in the datasheet of 10.8 dB. Table 5 also shows the measured 

voltage standing wave ratio (VSWR) for the cables. 

Table 5: The measured characteristics of the cables at 5.8 GHz 

Cables S11 (dB) S22 (dB) S21 (dB) VSWR 

100 ft -24.5 -12.5 -11.35 1:1.6 

90 ft -16.76 -19.9 -9.76 1:1.2 

75 ft -19 -21 -8.7 1:1.2 

60 ft -17.38 -18.87 -6.65 1:1.1 

45 ft -23 -21.7 -5.65 1:1.2 

30ft -13 -13 -3.7 1:1.6 

15 ft -23.79 -24.6 -1.8 1:1.1 
 

Signal Normalizers 

 The signals are attenuated by the attenuators on the beamformer board to the 

appropriate levels derived from the Ricean distribution. Signals normalizers are required 

to normalize the signal after they are attenuated in the cables to a specific level so the 

cables function as lossless delay lines. Two levels were chosen to normalize the signals; 

either the high level of the line of sight path that has no cables and hence no attenuation, 

or the low level of the 100 ft cable. The high level would require uni-directional or bi-

directional amplifiers to amplify the signals, and the latter would require attenuators to 

attenuate the signals on all but the longest path channel. The use of amplifiers enables the 
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fade simulator to have a higher dynamic range than the use of attenuators, but at the same 

time it’s a more expensive solution, and also requires a DC power supply to drive the 

amplifiers. It is necessary to ensure that the amplifiers operate in the linear region below 

the 1-dB compression point.  

Uni-directional Amplifier. When the 5.8 GHz input signal is drived from the 

function generator or the network analyzer, the beamformer board operated in either the 

transmitting or the receiving mode. Uni-directional amplifiers can be used to normalize 

the signals. The first version of the fade simulator used a ZX60-6013E+. The datasheet 

for this amplifier is shown in Appendix B. The ZX60-6013E+ operates between 20 MHz 

to 6 GHz with a noise figure of 3.3 dB. The typical gain at 5.8 GHz is 12 dB. The 

measured gain is 11.55 dB. For different cable lengths, different attenuations are 

associated which means the different gains are required to normalize the signals. The 

ZX60-6013E+ amplifiers are used along with attenuators to get different gains. Table 6 

shows the values of the required attenuators that were used with the ZX60-6013E+ 

amplifiers to achieve different gains. The values of the attenuators are the amplifier gain 

subtracted from the cable losses rounded to the nearest integer. 

Table 6: Required attenuators with the uni-directional amplifier. 

Cable lengths Cable loss (dB) Amplifier gain (dB) Attenuator (dB) 

100 ft 11.35 11.55 0 

90 ft 9.76 11.55 2 

75 ft 8.7 11.55 3 

60 ft 6.65 11.55 5 

45 ft 5.65 11.55 6 

30 ft 3.7 11.55 8 

15 ft 1.8 11.55 10 
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 Bi-directional Amplifier. When the 5.8 GHz input signal is derived from a radio 

transceiver, bi-directional amplifiers that enable the signals to be amplified in the two 

directions are required to normalize the signals. A complete design of a bi-directional 

amplifier that operates between 5 to 6 GHz and has a typical gain of 12 dB was 

completed. Figure 30 shows a schematic of the designed bi-directional amplifier.  

HMC320MS8G
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Amplifier

HMC336MS8G
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HMC336MS8G
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LT1086-5 Regulator

LT1086-3.3 Regulator
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SN54HC04 Inverter

Tx/Rx Signal CTL A

CTL B

 
Figure 30: Bi-directional amplifier schematic 

The components of the bi-directional amplifier are: two HMC336MS8G switches, 

two HMC320MS8G amplifiers, a LT1086-5 voltage regulator, a LT1086-3.3 voltage 

regulator and an SN54HC04 inverter. The datasheets for all the components are shown in 

Appendix B. The HMC336MS8G switch is an eight lead MSOP8G surface mount 

package that operates from DC up to 6 GHz with a typical insertion loss of 1.6 dB and a 

typical isolation of 42 dB. The switch operates with a control voltage of 5V. The switch 

is triggered using two control signals, CTL A and CTL B. The HMC320MS8G amplifier 

is an eight lead MSOP ground base surface mount package that operates between 5 to 6 

GHz. It is a low noise amplifier that has a noise figure of 2.5 dB, a typical gain of 12 dB 

at 3V bias and a typical return loss of 10 dB. The SN54HC04 inverter has 6 inverters and 
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operates using a bias voltage between 2V to 6V. The LT1086 is a series of voltage 

regulator that can provide up to 1.5A. It is a 3-pin T0-220 package.  

The Tx/Rx signal is first converted into CTL A and CTL B signals using the 

SN54HC04. The CTL A and CTL B signals trigger the switches to operate either in the 

transmitting mode or the receiving mode. The 5.8 GHz signal is passed through the first 

switch, amplified and then passed through the second switch. The input voltage (Vin) is 

inputted to the two voltage regulators LT1086-5 and LT1086-3.3. The LT1086-5 

generates 5V that drives the switches and the inverter. The LT1086-3.3 generates a 3.3V 

that drives the amplifiers. AppCAD was used to calculate the width of the RF signal 

transmission line. The inputs for the AppCAD tool are the operating frequency and the 

substance prosperities information. At 5.8 GHz and with RF-4 material, the calculated 

width of the transmission line is 23 mils. Figure 31 shows a detailed schematic of the bi-

directional amplifier.  

 
Figure 31: Detailed schematic of the bi-directional amplifier. 
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Figure 32 shows the layout of the bi-directional amplifier. The layout has two layers with 

dimensions of (2.6  * 2.1) inches.  

Attenuators (only). The second solution of normalizing the signals is attenuating 

all the signals to the level of the 100 ft cable. The attenuators are bi-directional and do not 

require power to operate making them an easier and quicker solution. The main drawback 

is that adding attenuators reduces the fade simulator’s dynamic range. Table 7 shows the 

attenuators required to normalize the signals in the seven multipath paths and the line of 

sight path. The current implementation of the fade simulator uses attenuators to 

normalize the signals.  

 

Figure 32: Bi-directional amplifier layout 
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Table 7: Attenuators required to normalize the signals (attenuators only) 

Cable lengths Cable loss (dB) Attenuator (dB) 

100 ft 11.35 0 

90 ft 9.76 2 

75 ft 8.7 3 

60 ft 6.65 5 

45 ft 5.65 6 

30 ft 3.7 8 

15 ft 1.8 10 

LOS Path 0 12 
 

Signal Combiner/Divider 

 An eight channel combiner/divider is used to combine the eight signals in case the 

fade simulator is used in the transmitting mode or to divide the input signal to eight 

signals in case the fade simulator is used in the receiving mode. The combiner/divider 

used is the ZBP8PD-6.4 that operates between 5.6 to 6.4 GHz. It has a typical insertion 

loss of 9.8 dB and a typical isolation of 23 dB. The datasheet of the combiner/divider is 

shown in Appendix B.  

Experimental Setup 

The first experiment was to use the fade simulator in the transmitting mode or the 

receiving mode and collect power versus time measurements to study the fading 

characteristics of the fade simulator and to test their agreement with the Ricean fading 

distribution. The second experiment was to use the fade simulator in the bi-directional 

mode to evaluate the performance of broadband radios. Chapter Six details the second 

experiment. 
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 To perform the first experiment, a 5.8 GHz input signal generated by either a 

vector network analyzer or a synthesized signal generator was used. The lab HP 870D 

vector network analyzer was typically used as the signal source. The network analyzer 

870 D was set in the CW mode at 5.8 GHz. The output of the fade simulator was then fed 

to the lab’s Advantest R3273 spectrum analyzer. The center frequency of the spectrum 

analyzer was set to 5.8 GHz. The spectrum analyzer was used in the zero-span mode to 

collect power versus time measurements.  

Coherence Time Measurement 

It was important to measure the simulated channel coherence time, which is the 

time it takes the fade simulator to move from one set of fade values to the next one. The 

coherence time is determined by the time it takes MATLAB to send the 96 attenuators 

and phase shifter controlling bits. The time it takes the FPGA to send the 96 bits to the 

beamformer board is in the microseconds range which could be neglected. To measure 

the coherence time, the MATLAB program was run to generate the serial bit streams and 

then send them to the DAQ card. The register enable line of the DAQ card was observed 

on the oscilloscope. The time between two consecutive peaks is the measured coherence 

time. The measured coherence time depends on the speed of the processor of the 

computer used as well as the speed of the DAQ card. The measured coherence time is 

between 1.4 to 1.5 seconds. The fade simulator measured coherence time is in agreement 

with the measured coherence time of actual Ricean channel measurements. Greenstein [3] 

stated that relatively shallow fluctuation occurred on a time scale of 1 or 2 seconds. In 

[15], Feick and his group collected field results for fading characteristics at 3.5 GHz and 
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5.8 GHz for line of sight and non-line of sight urban fixed wireless channels. They stated 

that the measured coherence time was 0.1 to 2 seconds.  

Troubleshooting Codes 

To measure the attenuation range of each channel of the beamformer board, a MATLAB 

code (shown in Appendix A) was written. The MATLAB code sends consecutive 

combinations of a series of 96 ones followed by a series of 96 zeros to measure the range 

between the minimum and maximum fluctuations of the signals. The 5.8 GHz signal with 

0 dBm power was inputted from the network analyzer and the output of each beamformer 

board’s channel was observed on the spectrum analyzer. The Tx/Rx input was grounded 

to enable the fade simulator to work in the transmitting mode.  

Table 8 shows the measured maximum and minimum powers as well as the 

attenuation range for each channel of the beamformer board. It shows that the 

beamformer board’s channels are not consistent since they output different maximum and 

minimum powers and that the attenuation range is different from one channel to another. 

The minimum output powers for the channel ranged between -28.55 dBm for channel 2 

to 36.66 dBm for channel 6, which is a range of 8.11 dB. The maximum output powers 

ranged between -2.79 dBm for channel 2 to -7.65 dBm for channel 4 which is a range of 

4.86 dB. The typical attenuator range is 31.5 dB. The measured attenuator range was 

between 24.67 dB for channel 5 to 31.96 dBm for channel 6, which is a range of 7.29 dB. 

The differences in the maximum and minimum channel powers are due to the variability 

in the channel amplifiers gains plus the variability in the attenuators and phase shifters 

insertion and return losses.  
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 Other MATLAB codes were written to troubleshoot the beamformer board. Some 

of these codes send all ones or all zeros or a combination of ones and zeros. The inputted 

series of bits is then tested at the attenuators and phase shifter control bits input using the 

logic analyzer to ensure that what is being sent is what the attenuators and phase shifters 

are actually reading and in the right order. 

Table 8: Beamformer board’s attenuators range 
Channels 
 

Minimum Power 
(dBm) 

Maximum Power  
(dBm) 

Range (dB) 
 

Channel 1 -35.7 -5.37 30.33 

Channel 2 -28.52 -2.79 25.73 

Channel 3 -32.91 -7.48 25.43 

Channel 4 -35.64 -7.65 27.99 

Channel 5 -28.42 -3.66 24.67 

Channel 6 -36.66 -4.7 31.96 

Channel 7  -31 -5.26 25.74 

Channel 8 -34.38 -3.42 30.96 

 

MATLAB GUI  

A MATLAB graphical user interface (GUI) was designed to control the fade 

simulator. The GUI is shown in Figure 33. The GUI was designed to run the fade 

simulator using the Greenstein K-model explained in Chapter Three or using a specific K 

value. The inputs for the Greenstein model are the season factor, the antenna height, the 

antenna beamwidth, the separation between the transmitter and the receiver, Ko and γ. 

The GUI first runs the K-model and presents the estimated K value. The K value should 

not exceed 24 as explained before. If the calculated K value exceeded 24, the GUI will 

display an error message informing the user that the value of K cannot exceed 24. If the K 

value is less than 24, the (n) value is then inputted and the Run (the fade simulator 



 

 

65 

Greenstein model) button is then pushed to run the fade simulator. The second option is 

to input a specific K value and the value of (n) and push the Run (the fade simulator with 

specific K value) button to run the fade simulator. Running the fade simulator include 

generating the serial bit stream and sending it to the FPGA. The GUI then presents Time1 

which is the time MATLAB took to generate the serial bit stream, Total time which is the 

time MATLAB took to send the serial bit stream and Coherence Time, which is the Total 

time divided by (n). The GUI has hints for the user for easier usage.  

 
Figure 33: MATLAB GUI to control the fade simulator 
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Collecting the Results 

A Labview interface program that was written by Raymond Weber, a Montana 

State University graduate student, was used to collect the power versus time 

measurements from the spectrum analyzer and save it as an Excel sheet. The Labview 

program parameters are the center frequency, the span time and the name of the Excel 

sheet and where to save it. The Labview interface program details are shown in Appendix 

C.  
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CHAPTER FIVE 

RESULTS AND DISCUSSION 

 The first experiment was performed to study the characteristics of the fade 

simulator. The fade simulator was set in the transmitting mode by grounding the Tx/Rx 

signal. The 5.8 GHz signal was provided from the network analyzer. The MATLAB 

program was run for n = 100 which covers a time span of 150 seconds, since the 

measured coherence time is 1.4 to 1.5 seconds. The MATLAB program was run for five 

K values that cover the range between 0 and 24. The five K values are: K = 1, K = 6, K = 

10, K =16 and K = 24. For each K value, the power versus time measurements were 

collected five times each with different random attenuations and phase shifts. Figure 34 

shows the collected power vs. time measurements for five different K values for Run 1. 

The power vs. time plots for the other four runs are shown in Appendix D. Table 9 shows 

the measured minimum, maximum and range of fluctuation of the received power for the 

five K values for the five runs.  

 Both Figure 34 and Table 9 show that the fluctuation occurred to the received 

signal decreases as K increases. The fluctuation for K = 1 ranged between 28 to 30 dB for 

four runs and a deeper fade of 40 dB for run3. The fluctuation for K = 6 ranged between 

13 to 20 dB. The fluctuation for K = 10 ranged between 10 to 15 dB. The fluctuation for 

K = 16 ranged 8 to 10 dB. The fluctuation for K = 24 was equal to 7 dB. The results 

matched the expectations since K is a measure of the severity of fade which means that 

the higher the K value the stronger the constant line of sight the signal as compared to the 
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summation of the fluctuating multipath signals and the less fluctuating the received signal 

power becomes. 

 
Figure 34: The collected power vs. time measurements for 5 different K values for Run 1 

 

 

Table 9: Maximum, minimum and range of power fluctuation for the five K values for the 

five runs 

 Run 1 Run 2 Run 3 Run 4 Run 5 

K = 1 
Min (dBm) -47 -47 -59 -47 -49 

Max (dBm) -19 -18 -19 -29 -29 

Range (dB) 28 29 40 28 30 

K = 6 
Min (dBm) -38 -42 -42 -42 -44 

Max (dBm) -25 -25 -25 -25 -25 

Range (dB) 13 17 16 17 20 

K = 10 
Min (dBm) -41 -39 -36 -39 -37 

Max (dBm) -26 -27 -25 -26 -26 

Range (dB) 15 13 10 13 12 

K = 16 
Min (dBm) -34 -36 -36 -37 -35 

Max (dBm) -26 -26 -27 -27 -26 

Range (dB) 8 9 9 10 9 
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K = 24 
Min (dBm) -34 -34 -34 -34 -34 

Max (dBm) -27 -27 -27 -27 -27 

Range (dB) 7 7 7 7 7 

Validating the Results 

It was important to validate that the collected data are in agreement with the 

Ricean fading distribution. Validation was accomplished by estimating the K value from 

the collected data, plotting their PDFs and CDFs, and plotting the level crossing rates. 

Estimating the Value of K 

 The moment method estimation developed by Greenstein explained in Chapter 

Three was used to estimate the value of K from the collected power vs. time 

measurements. The Greenstein method was coded into MALAB to process the collected 

data to estimate the value of K. The MATLAB code is shown in Appendix A. Table 10 

shows the estimated values of K for the five inputted values of K = 1, 6, 10, 16 and 24 for 

the five runs as well as their means and standard deviations. The calculated means for the 

five runs are 9%, 7%, 3%, 7% and 11% less than the inputted value for K = 1, 6, 10, 16 

and 24, respectively. The estimated K value is smaller than the inputted K value because 

the measured attenuators range of attenuation was between 24.67 dB to 31.96 dB. The 

MATLAB program was written under the assumption that the attenuators have a range of 

attenuation of 31.5 dB as stated in the attenuators datasheet. The measured low 

attenuation range means that the signals are stronger than they should be which leads to 

higher fluctuation range in the received signal; the higher the signal fluctuation the lower 

the estimated K value. The lower the standard deviation values as compared to the mean, 
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the better the results. This means that the results are closer to the mean value and less 

spread which makes them closer to the inputted values. For K = 1, the results showed a 

relatively higher standard deviation than for high K values. One standard deviation means 

that around 68% of the estimated values are within the range of (mean ± standard 

deviation). One standard deviation represents 40%, 10.5%, 10%, 6.8% and 10% of the 

means for the results of K = 1, 6, 10, 16 and 24, respectively.  

Table 10: Estimated K values 

Inputted 
(K) 

Run 1 
 

Run 2 
 

Run 3 
 

Run 4 
 

Run 5 
 

Mean 
 

Standard 
Deviation 

K = 1 0.594 1.2051 0.5387 1.3766 0.8301 0.9089 0.37044 

K = 6 5.3482 5.6539 6.5153 4.9608 5.3577 5.5672 0.5844 

K = 10 9.7866 10.0574 8.4987 11.1522 9.3454 9.7681 0.9732 

K = 16 13.733 16.2358 15.7351 15.1319 13.8917 14.9455 1.0172 

K = 24 19.9727 22.0759 19.6114 20.5008 24.6249 21.3571 2.055 
 

PDF and CDF 

 MATLAB was used to plot the PDF and CDF of the collected data. Figure 35 

shows the PDF of the received power for different K values for the first run. The PDF 

plots of the received power for the other four runs are shown in Appendix D. The 

measured PDF plots for the five runs show good agreement with the simulated results 

shown in Figure 6. The measured and simulated PDFs indicate that as the value of K 

increases, the PDF gets narrower and sharper which indicates that the signal fluctuates 

less. This is in agreement with Table 9 that showed the measured fluctuation in the 

received signal for the five K values. Figure 36 shows the CDF of the measured received 

power for different K values for the first run. The CDF plots for the other four runs are 

shown in Appendix D.   
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Figure 35: PDF of the received power for different K value for the first run. 

 
Figure 36: CDF of the received power for different K values for the first run 
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A MATLAB distribution fit tool (dfittool) was used to fit the CDF of the collected data to 

an ideal Ricean CDF. Figure 37, Figure 38, Figure 39, Figure 40 and Figure 41 show the 

CDF Ricean fit for the collected received power for the first run for K = 1, 6, 10, 16 and 

24, respectively. The CDF Ricean fit for the collected received power for the other four 

runs for all K values is shown in Appendix D. The presented fitted data show that the 

collected results are in a good agreement with the Ricean distribution.  

 
Figure 37: CDF Ricean fit for the collected received power for K = 1 of the first run 
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Figure 38: CDF Ricean fit for the collected received power for K = 6 of the first run 

 

 
Figure 39: CDF Ricean fit for the collected received power for K = 10 of the first run 
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Figure 40: CDF Ricean fit for the collected received power for K = 16 of the first run 

 
Figure 41: CDF Ricean fit for the collected received power for K = 24 of the first run 
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Level Crossing Rate 

 The level crossing rate (LCR) is defined as the number of crossings in a given 

interval of 1 second at which the power envelope crosses a specified level in the positive 

or negative going direction. A MATLAB program (shown in Appendix A) was written 

process the collected power vs. time measurement to plot the level crossing rate for the 

five K values for the five runs. Figure 42 shows a plot of the LCR of the received power 

for the five different K values for the first run. The LCR plots for the other four runs are 

shown in Appendix D. The LCR provides useful information on how many times a 

second the signal’s fading envelope passes through a specific level. The MATLAB code 

that was written to plot the LCR divided the fluctuation range into 2 dB levels. The LCR 

plot shows that as the value of K increases, the curve gets sharper and narrower which 

indicates that for a specific level (L) the LCR decreases as K increases. The reason for 

that is that as K increases, less fluctuation occurs to the fading envelope. The measured 

LCR plot is in good agreement with the LCR plot presented by Xiao in [16]. Xiao and his 

group presented a novel statistical simulation model for Ricean fading channels. To 

validate their results, Xiao and his group plotted the LCR (Figure 43) for their simulated 

results along with the theoretical results for different values of K. The LCR plot presented 

by Xiao verifies the same idea presented in the measured LCR plot that as the value of K 

increases, the LCR curve gets narrower which indicates that for a specific level (L) the 

LCR decreases as K increases due to less fluctuation occurs to the fading envelope 
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Figure 42: LCR of the received power for the five different K values for the first run.  

 
Figure 43: Theoretical LCR for different K values [16] 
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Summary 

 We conclude that the fade simulator provides an accurate simulation of the Ricean 

fading over the range of K = 1 to K = 24 with a systematic bias of about 8% due to the 

difference in the measured attenuators range (24.67 dB to 31.96 dB) from the value given 

in the datasheet of 31.5 dB.   
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CHAPTER SIX 

EVALUATING THE PERFORMANCE  

OF BROADBAND RADIOS 

 After studying the fading characteristics produced by the fade simulator and 

validating that it yields a Ricean fading distribution, the fade simulator was then used to 

evaluate the performance of broadband radios under different varying fading conditions. 

The radios under test were Airspan (MicroMAX 5.8 GHz TDD Ext base station (BS) and 

ProST 5.8 GHz TDD Ext subscriber station (SS)) radios and Harris (SeaLancet RT-

1944/U) radios.  

The Airspan radios have a web-interface which is used to fully control all the 

parameters of the radios such as the transmitted power, the operating frequency, the 

channel bandwidth, and the IP configuration as well as monitoring in real time 

parameters such as received signal to noise ratio (SNR) and received signal strength 

indicator (RSSI). The Airspan base station manages the communication between itself 

and any subscriber station or any two subscriber stations. Meaning that, in order for two 

subscriber stations to communicate with each other, the base station has to be the 

intermediate mode. 

The Harris (SeaLancet RT1944/U) radios are still under development. The 

interface program used to control the radios does not provide access to many parameters. 

The parameters that can be changed using the interface program are input power, 

operating frequency and which of the two antennas ports is used. The only parameter that 
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can be monitored is the received SNR. To monitor the SNR, the refresh button has be 

pushed manually whenever a SNR measurement is needed. Each Harris radio can be 

configured as either a master or a slave. The master is considered the base station and the 

slave is considered the subscriber station.  

 The fade simulator was used between the radios (base station and subscriber 

station or master and slave) to simulate Ricean fading for different values of K. The 

throughput of the radios under different varying fading condition was tested using Jperf 

which is a network performance measurement tool explained later in the chapter. 

Test Setup  

Airspan Radios 

 The setup procedure for the Airspan radios involves four steps: hardware setup, 

internet protocol (IP) configuration, frequency setup and Jperf setup. 

 Hardware Setup. Figure 44 shows the Airspan radios test hardware setup. The 

fade simulator was run for different values of K. The beamformer’s 5.8 GHz RF input 

signal and the Tx/Rx signal were driven from the Airspan’s base station. The base station 

used was the Airspan MicroMAX 5.8 GHz TDD Ext. The base station has two 

input/output ports, which are the antenna port and the power/data port. The base station 

operates in the 5.8 GHz band and employs the WiMAX technology that uses orthogonal 

frequency division multiplexing (OFDM) as the physical layer. The maximum 

transmitted power for the base station is 28 dBm and the receiver sensitivity is -103 dBm. 

The available channel bandwidths are 1.75 MHz, 3.5 MHz, 5 MHz and 10 MHz. The 
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supported modulation schemes are binary phase shift keying (BPSK), quadrature phase 

shift keying (QPSK), 16 quadrature amplitude modulation (16 QAM) and 64 QAM. The 

duplex method is time division duplex (TDD) with 50 % for the downlink and 50 % for 

the uplink. The base station can support four scheduling schemes which are the 

unsolicited grant service (UGS), the real time polling (RTP), non-real time polling 

(nRTP) and best effort (BE).  

Airspan

Base Station

Router

The Ricean

Fade Simulator
Attenuators

Airspan

Subscriber

Station

Power Adapter

Tx/Rx Signal

 

Figure 44: The Airspan radios test hardware setup 

 

 The subscriber station used was the Airspan ProST 5.8 GHz TDD Ext. The 

subscriber station’s maximum transmitted power is 24 dBm and its receiver sensitivity is 

-103 dBm. The subscriber station employs TDD as the duplex method. The available 

channel bandwidths are the same as the base station.  

 The router was used to provide 12 voltages to the BS to power it up and to set up 

the network.  The base station laptop was connected to the router through an Ethernet 

cable. The Airspan SDA-1 Type 1 power adapter (PA) was used. The PA has two 
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input/output ports; one of them is for the radio and the second one is for LAN/PC 

connection. The power adapter supplies 12 V to the subscriber station as well as 

connecting a laptop to the subscriber station through an Ethernet cable. The laptops are 

used to monitor and control the BS and the SS as well as for running Jperf. The 

attenuators are used to attenuate the signal to a reasonable level so the received signal 

will not harm the radios. 

 IP Configuration. The next step was to setup the network through configuring the 

IP addresses. The BS, the SS, and each laptop should have a unique IP address that does 

not conflict with any other IP address in the network. The IP addresses of the BS and the 

SS were unknown and therefore, the internal factory-set IP address is used to access each 

SS and the BS. The internal IP address for the SS is: 

IP address 10.0.0.1 

Subnet address 255.255.240.0 

The laptop connected to the SS IP address had to be changed to: 

IP address 10.0.0.X 

Subnet address 255.255.240.0 

Where X is {0, 9} except 1. After changing the IP addresses of the laptop connected to 

the SS to the factory-set network, the laptops can access the SS through the web-

interface. To access the BS or the SS through the web-interface, a web-browser should be 

opened and the IP address of the BS or the SS (which is 10.0.0.1) is typed in the URL.  
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After accessing the SS through the web-interface, the IP address of the SS can be 

changed to the BS network. The following steps used to change the SS IP addresses from 

the factory-set to the selected network address: 

1- Open a web-browser 

2- Type 10.0.0.1 

3- Go to advance 

4- Go to IP Mode 

5- Change IP mode to “static” 

6- Type in the new IP address, which is: 

IP address 192.168.215.xxx 

Subnet address 255.255.255.0 

Where xxx {0,255} 

7- Click submit.  

The laptops IP addresses must then be changed to the network addresses. 

Frequency Setup. After configuring the IP addreses of the BS, the SS and the 

laptops and ensuring that each device has a unique IP address that does not conflict with 

any other IP address in the network, the next step is to ensure that the BS and the SS 

operate at the same frequency. To check the operational frequency, the following steps 

are performed at the SS and the BS: 

1- Open a web-browser from each laptop  

2- Type the IP address of the device connected to the laptop whether it’s a SS or a BS. 

3- Check the signal parameters and find out what the operational frequency 
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4- The selected operating frequency should be 5.8 GHz. If the frequency does not match 

at any SS or the BS, the following steps are to be followed to change the frequency: 

a. Go to advance 

b. Channel setting 

c. Pick 5.8 GHz from the channel table 

d. Click submit 

e. Click restart 

Harris Radios 

 Figure 45 shows the Harris radios test hardware setup. The SeaLancet RT1944/U 

radios were designed for severe maritime applications and were optimized for the ocean 

environment. They employ a proprietary Wi-Fi based technology and can provide a 

throughput of up to 54 Mbps. They support all IP traffic such as video, file transfer, voice 

over IP (VoIP) and email. They have a wide operating frequency band selection. The 

radios are powered using an external 12 V DC power supply. They are connected directly 

to the laptops using an Ethernet cable. The beamformer’s Tx/Rx signal is provided from 

the radio connected to the beamformer board whether it’s a master or a slave.  
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Figure 45: The Harris radios test hardware setup 
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The SeaLancet RT1944/U radios are controlled using a simple interface program. 

The parameters that can be controlled are the operating frequency, input power and which 

path is used. The frequency was set to 5.8 GHz and the input power to -10 dBm. The path 

that was used is path 1. The interface program does not provide information regarding the 

channel bandwidth. The radio output was connected to the spectrum analyzer to measure 

the channel’s bandwidth, which was measured to be 20 MHz.  

 The interface program enables the user to configure the IP address of the radio 

connected to the laptop running the interface program. The IP address is configured by 

simply entering the IP address of the radio connected to the laptop. The IP address of the 

radio is  

IP address 192.168.1.xx 

Subnet address 255.255.255.0 

where xx is the radio’s serial number which is found on the top of the radios. The IP 

address of the laptop connected to the radio must be changed to the same network address   

 IP address 192.168.1.xxx 

Subnet address 255.255.255.0 

where xxx is between {0,255}.  

 Both Airspan and Harris radio throughput was tested under varying fading 

conditions. The parameters that affect the throughput are the channel bandwidth, the 

SNR, and the K factor. The higher either or both the channel bandwidth and SNR the 

higher the throughput. The Airspan radio channel bandwidth is changeable but can go up 

to 10 MHz. The Harris radios have a fixed channel bandwidth of 20 MHz. Under 
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different varying fading conditions, the signal strength changes which means that the 

SNR changes. Both Airspan and Harris radios can adapt to the change in SNR by 

adapting their modulation schemes. As the modulation index increases from BPSK, 

QPSK, 16-QAM and 64-QAM, higher SNR is required to achieve the same bit error rate 

(BER). When the SNR drops, the radios adapt by reducing the modulating index to 

achieve the same BER. This reduces the throughput since the lower the modulation index 

the lower the throughput. Both Airspan and Harris radios can adapt to the environment 

which means that they can change their gains automatically to minimize the fluctuation in 

the received signal. The tests were performed at three SNR ranges, which were SNR = 30 

dB, SNR = 15 dB and SNR = 5 dB.   

Jperf 

 Jperf is the GUI front end of Iperf. Figure 46 shows the Jperf GUI. Iperf is a tool 

to measure the bandwidth and the quality of a network link. Jperf has to be installed on 

two machines; one serves as the Jperf server and the second one as the client. For the 

radio tests, Jperf is first installed on the two laptops connected to the radios. Jperf’s client 

sends random packets to the Jperf server. Both the rate of the inputted load as well as the 

period can be controlled. The Jperf server collects the packets and measures the 

throughput, jitter and datagram loss. Figure 47 shows the configuration of Jperf to 

measure the throughput of both the uplink and the downlink for the two radios. To 

measure the downlink, the master or the base station should be sending the packets and 

the slave or base station should be receiving. Since in Jperf the client sends the packets, 
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the master or the base station should be configured as the client and the slave or the base 

station should be configured as the server and vice versa for the uplink.  

 

 
Figure 46: Jperf screenshot 

 

 
 

 
Figure 47: Jperf uplink and downlink configuration for both radios 

 

In Jperf, the user can select between transmission control protocol (TCP) or user 

datagram protocol (UDP). TCP requires setting up the connection before sending the 

packets but ensures that the packets are correctly sent to the receiver, whereas UDP just 

sends the packets without checks. UDP is faster than TCP. For the radio tests, UDP was 
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used as the transmission protocol. The load, or the number of packets sent from the client 

to the server, was increased gradually and the throughput was measured at the server. 

There is an option in Jperf to enable use of a specific file to generate the packets instead 

of generating random packets each time it is run. A picture file on the laptop running 

Jperf was used to generate the packets throughout the entire radio testing. Jperf was run 

for 150 seconds which is the time the fade simulator was run for n = 100. Jperf was set to 

measure the throughput every second.  

Results 

 For each value of K, the fade simulator was run simultaneously with Jperf, the 

load was increased in steps until the radios reached throughput saturation at which point 

increasing the load does not increase the throughput. The collected data is the average 

throughput for the 150 seconds for both the uplink and downlink for different values of K 

as the load increased for both radios, for the three SNR ranges. The throughput was 

measured without the fade simulator to measure the maximum throughput the radios can 

achieve. 

Airspan Radio Results 

 Table 11 shows the measured throughput for the Airspan radios for both the 

downlink and the uplink for SNR = 30 and 15 dB for different values of K. As the value 

of K increases, the fluctuation in the signal decreases. The deeper the fades the less the 

SNR which leads to less throughput. The Airspan radios adapt to the signal fluctuations 

by increasing the gain. SNR = 30 dB is considered a high SNR at which the radios can 
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achieve the highest throughput since it enables the radios to transmit at the highest 

modulation index of 64-QAM. For a lower SNR of 15 dB, the throughput is expected to 

drop. For SNR = 30 dB, the measured Airpsan radio maximum throughput without the 

fade simulator is 25.7 Mbps for the downlink and 20.8 Mbps for the uplink. For SNR = 

30 dB, the lowest measured throughput with the fade simulator connected between the 

transmitter and the receiver for the lowest K value (maximum fluctuation) of 1 is 22.8 

Mbps for the downlink and 16.4 Mbps for the uplink. For K = 1, the signal passed 

through the fade simulate fluctuates in the range of 30 dB. The Airspan radio interface 

provides data to plot the measured SNR in real time. The measured fluctuation in the 

SNR for K = 1 is 9 to 10 dB, which means for the high SNR of 30 dB, the throughput is 

not affected much since the SNR remains in the twenties range.  

For SNR = 15 dB, the measured Airpsan radio maximum throughput without the 

fade simulator is 8.59 Mbps for the downlink and 9.43 Mbps for the uplink. For SNR = 

15 dB the lowest measured throughput with the fade simulator connected between the 

transmitter and the receiver for the lowest K value of 1 is 2.82 Mbps for the downlink and 

5.19 Mbps for the uplink. 

 For SNR less than 5 dB, the radios could not communicate. The lowest measured 

SNR at which the radios can communicate is 7 dB.  
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Table 11: Airspan radios measured throughput for both downlink and uplink for different 

K values for SNR = 30 and 15 dB 

Aispan Radios Downlink 

 
Load (Mbps) 

Throughput (Mbps) 

K =1 K = 6 K = 10 K = 16 K = 24 w/o FS 

SNR = 30 dB 

10 9.58 6.64 9.7 9.76 9.8 9.86 

20 17.2 17.1 17.1 19.3 19.3 19.4 

30 22.6 25.5 24.1 25.6 25.7 25.7 

40 22.8 25.5 25.6 25.5 25.5 25.7 

SNR = 15 dB 
5 2.76 2.8 2.76 2.76 3.88 4.91 

10 2.8 5.66 5.76 6.2 6.4 8.62 

15 2.82 5.7 5.8 6.44 7.66 8.59 

Airspan Radios Uplink 

SNR = 30 dB 

10 8.1 9.2 9.3 9.3 9.4 9.72 

20 14.4 18.7 18.4 18.4 18.6 19.2 

30 16.7 19.7 19.4 20.3 20.7 20.9 

40 16.4 20 20.2 20.3 20.9 20.8 

SNR = 15 dB 
5 3.83 4.5 4.56 4.83 4.82 4.8 

10 5.72 5.72 6.28 6.63 6.9 9.39 

15 5.19 5.95 6.44 6.59 6.85 9.43 
 

The collected throughput was processed using MATLAB. The measured 

throughput was divided by the maximum achievable throughput without the fade 

simulator for each SNR to estimate the range of throughput ratio as K changes. The 

MATLAB code is shown in Appendix A. Figure 48 and Figure 49 show the throughput 

ratio for different values of K for the downlink as the load increases. Figure 50 and 

Figure 51 show the throughput ratio for different values of K for the uplink as the load 

increases. For the high SNR of 30 dB, for K = 1, the achieved throughput was 90 % for 

the downlink and 80% for the uplink of the maximum throughput. As K increases the 

throughput increases to get closer to the maximum achievable throughput. For the SNR 

of 15 dB, for K = 1, the achieved throughput was 30 % for the downlink and 55% for the 
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uplink of the maximum throughput. As K increases the throughput increases to 80% for 

the downlink 75 % of the maximum throughput for K = 24. 

 
Figure 48: Throughput ratio for Airspan radios downlink for SNR = 30 for all K values 

 
Figure 49: Throughput ratio for Airspan radios downlink for SNR = 15 for all K values 
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Figure 50: Throughput ratio for Airspan radios uplink for SNR = 30 for all K values 

 
Figure 51: Throughput ratio for Airspan radios uplink for SNR = 15 for all K values 
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Harris Radios Results 

 Table 12 shows the measured throughput for the Harris radios for both the 

downlink and the uplink for SNR = 30 and 15 dB for different values of K. For SNR = 30 

dB, the measured Harris radio maximum throughput without the fade simulator is 35 

Mbps for the downlink and 32.7 Mbps for the uplink. For SNR = 30 dB the lowest 

measured throughput with the fade simulator connected between the transmitter and the 

receiver for the lowest K value of 1 is 29.5 Mbps for the downlink and 21.7 Mbps for the 

uplink. 

For SNR = 15 dB, the measured Harris radios maximum throughput without the 

fade simulator is 17.4 Mbps for the downlink and 15.6 Mbps for the uplink. For SNR = 

15 dB the lowest measured throughput with the fade simulator connected between the 

transmitter and the receiver for the lowest K value of 1 is 9.64 Mbps for the downlink and 

4.02 Mbps for the uplink. For SNR less than 5 dB, the radios could not communicate. As 

with the Airspan radios, the Harris radios can adapt to the fluctuation in the received 

signal by increasing the gain. Unlike Airspan, the Harris radios interface program does 

not enable a real time measurement of the received SNR.  

 

Table 12: Harris radios measured throughput for both downlink and uplink for different K 

values for SNR = 30 and 15 dB 

Harris Radios Downlink 

 
Load (Mbps) 

Throughput (Mbps) 

K =1 K = 6 K = 10 K = 16 K = 24 w/o FS 

SNR = 30 dB 

10 9.68 9.69 9.67 9.8 9.65 9.73 

20 19.8 19.3 19.4 19.4 19.4 19.3 

30 28.4 28.9 28.9 28.8 28 29 

40 29.2 34.5 34.7 34.5 34.8 34.4 

50 29.5 34.2 34.8 34.8 35 35 
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SNR = 15 dB 
10 9.26 9.73 9.7 9.73 9.73 9.69 

20 10.4 12.7 17.3 16.7 16.5 16.8 

30 9.64 13 17.4 16.7 16.5 17.4 

Harris Radios Uplink 

SNR = 30 dB 

10 9.71 9.55 9.59 9.55 9.58 9.58 

20 19.2 19.3 19.2 19.2 19.3 19.5 

30 21.6 25.6 23.9 26.9 25.7 28.7 

40 21.7 23.9 25.3 25.6 26.9 32.7 

50 21.7 23.9 25.3 25.6 26.9 32.7 

SNR = 15 dB 
10 3.57 4.24 6.26 6.11 6.57 9.75 

20 3.9 4.23 6.09 6.1 5.91 15.8 

30 4.02 4.22 6.14 6.01 6.44 15.6 
 

The measured throughput was processed using MATLAB to plot the throughput 

ratio for different values of K. The MATLAB code is shown in Appendix A. Figure 52 

and Figure 53 show the throughput ratio for different values of K for the downlink as the 

load increases. Figure 54 and Figure 55 show the throughput ratio for different values of 

K for the uplink as the load increases. For the high SNR of 30 dB, for K = 1, the achieved 

throughput was 85 % for the downlink and 65% for the uplink of the maximum 

throughput. As K increases the throughput increases to get closer to the maximum 

achievable throughput. For the SNR of 15 dB, for K = 1, the achieved throughput was 55 

% for the downlink and 25% for the uplink of the maximum throughput. As K increases 

the throughput increases to 98% for the downlink 40 % of the maximum throughput for K 

= 24. 
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Figure 52: Throughput ratio for Harris radios downlink for SNR = 30 for all K values 

 
Figure 53: Throughput ratio for Harris radios downlink for SNR = 15 for all K values 
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Figure 54: Throughput ratio for Harris radios uplink for SNR = 30 for all K values 

 
Figure 55: Throughput ratio for Harris radios uplink for SNR = 15 for all K values 
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 The measured maximum throughput for different values of K was divided by the 

maximum throughput the radios can achieve (without the fade simulator) for different 

SNR to examine the radios robustness to Ricean fading. Figure 56 shows the Airspan 

radio downlink percentage of maximum throughput for different K values for SNR = 30 

dB and 15 dB. Figure 57 shows the Harris radio downlink percentage of maximum 

throughput for different K values for SNR = 30 dB and 15 dB. Figure 58 shows the 

Airspan radio uplink percentage of maximum throughput for different K values for SNR 

= 30 dB and 15 dB. Figure 59 shows the Harris radio uplink percentage of maximum 

throughput for different K values for SNR = 30 dB and 15 dB.  

 At SNR = 30, both radios (for both uplink and downlink) achieved almost the 

maximum throughput the radios can achieve for K = 6 to 24. For K = 1, the measured 

throughput was 90% of the maximum throughput. At SNR = 15 dB, for the downlink, the 

Harris radio achieved higher percentage of throughput than the Airspan radio. For each K 

run, the measured throughput of the Harris radio was fluctuating, which led to higher 

average throughput. Unlike Harris, the Airspan radio showed a stable throughput but with 

a lower average. At SNR = 15 dB, for the uplink, both Harris and Airspan radios showed 

almost the same percentage of the maximum throughput.  The Airspan radio was more 

robust with respect to decrease in throughput at low K values. While the Harris radio 

throughput began to decline for K less than ten, the Airspan radio throughput was almost 

unchanged until K fell below five. 
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Figure 56: Airspan downlink percentage of maximum throughput for different K values 

 

 
Figure 57: Harris downlink percentage of maximum throughput for different K values 
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Figure 58: Airspan uplink percentage of maximum throughput for different K values 

 

 
Figure 59: Harris uplink percentage of maximum throughput for different K values 
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CHAPTER SEVEN 

CONCLUSION AND FUTURE WORK 

 This thesis introduced a detailed description of a digital hardware based Ricean 

fading channel simulator. The fade simulator was run using a MATLAB program that 

sends a serial bit stream to the attenuators and phase shifters on the beamfomer board. 

The serial bit stream was generated according to the Ricean fading distribution. The first 

experiment was to run the fade simulator for different values of K. The input signal was 

driven from the vector network analyzer and the output signal was received by the 

spectrum analyzer in the zero span mode to collect power versus time measurements. The 

collected power versus time measurements showed that as K increased the fluctuation in 

the received signal decreased which is in agreement with the Ricean distribution since K 

is a measure of the severity of the fade and as K increases the ratio of the constant line of 

sight signal to the fluctuating multipath signal increases. To validate that the fading 

characteristics produced by the fade simulator are Ricean, the collected power versus 

time measurements were processed using MATLAB. The estimated value of K was close 

to the inputted K value and in most of the cases was in an average of 10% lower than the 

inputted value. The plotted PDF, CDF and LCR showed a good agreement with the 

theoretical PDF, CDF and LCR of the Ricean distribution.  

 The second experiment was to use the fade simulator to evaluate the performance 

of broadband radios under different varying fading conditions. The tested radios were the 

Airspan (MicroMAX 5.8 GHz TDD Ext base station (BS) and ProST 5.8 GHz TDD Ext 

subscriber station (SS)) and Harris SeaLancet RT1944/U. The fade simulator was 
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connected between the BS and the SS and the master and the slave. The Tx/Rx signal was 

derived from the radio connected to the beamformer board. Jperf was used to measure the 

throughput for the radios. The throughput was measured for different SNR and for 

different K values as the load increased for both the uplink and the downlink. The 

throughput of the two radios showed that as K increased, the throughput increased due to 

less fluctuation that occurred to the signal. Both radios utilize adaptive modulation and 

adaptive gain to minimize the fluctuation and increase the throughput. For higher SNR, 

the throughput increased due to higher modulation index. The Airspan radios showed a 

more stable (less fluctuating) throughput than the Harris radios but with less average 

throughput.  

The GUI was designed to use the K-model developed by Greenstein and his group 

and can be used to control the fade simulator. The radios can be tested under different 

antenna heights, antenna beamwidths, separations between the transmitter and the 

receiver and seasons. This will enable to test of the performance of the radios under 

different conditions in the laboratory environment instead of real life tests that can be 

expensive and hard to control. The model has a constant to be optimized via regression 

fitting. This constant should be in the around 1.1 since the estimated K value in most 

cases was 10% lower than the inputted K value.  

The overwater path fading literature study showed that an over water path can 

have deep fading in the range of 30-40 dB. For K = 1, the fade simulator can introduce a 

fluctuation in the same range which means that the fade simulator can be used to test 

radios under maritime conditions.  
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The fade simulator can be modified to simulate Rayleigh fading. The MATLAB 

code used to generarte the serial bit stream can be modified for Rayleigh fading. The key 

parameter in Rayleigh fading is the Doppler shift which is related to the coherence time. 

The current fade simulator has a coherence time of 1.4 to 1.5 seconds (depends on the 

speed of the computer used), which is in a good agreement with the measured coherence 

time for Ricean fading. To change the coherence time (different Doppler shifts) the serial 

bit stream can be sent all at once to the FPGA memory. The FPGA can be programmed to 

send the serial bit stream to the attenuators and the phase shifters at the selected 

coherence time (Doppler shift). 

 The massive amount of Ricean fading data collected by Greenstein group showed 

that K changes log-normally overtime. The MATLAB program can be modified to 

generate random values of K between (1 and 24) according to the lognormal distribution 

and use them to run the fade simulator instead of one constant value throughout the entire 

run.   

 The range of attenuation of each channel of the beamformer board was measured. 

The measurement showed that there is up to 6-7 dB difference in the attenuation between 

the channels. Calibrating the beamformer board before running the fade simulator should 

give better results.  

 It will be desirable to integrate the Labview program that collects the data from 

the spectrum analyzer with the GUI that runs the fade simulator and then to add the code 

that estimates K, plots the PDF, CDF and LCR to the GUI. This will make the fade 

simulator more powerful since the user can use the GUI to run the fade simulator and to 
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observe the power versus time measurements in real time as well as studying the fading 

characteristics.  

 The bi-directional amplifier should be used instead of attenuators to normalize the 

signals. The use of the bi-directional amplifier will increase the dynamic range of the 

fade simulator as well as improving the SNR.  
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APPENDIX A 

 

MATLAB CODE 
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MATLAB code to plot the PDF and CDF of the received voltage 

 
%%%%%% PDF FUNCTION 
A_square= 2*K*sigma^2; 
A=sqrt(A_square); 

  
omega=A_square + sigma^2; 
x1 = r./(sigma)^2; 
x2= exp(-((r.^2 + A^2)/(2*sigma^2))); 
bessel_input = (A.*r)/sigma^2; 
bessel_eq= besseli(0, bessel_input); 
PDF = x1.*x2.*bessel_eq; 

  

  
%%% CDF FUNCTION 
x3=A/sigma;              %%% First input argument 
x4=r./sigma;             %%% Second input argument 
Q=marcumq(x3,x4);        %%% Marcum Q-Function 
CDF=1-Q; 
%%% PLOTTING THE PDF AND CDF 
 figure (1) 
 plot(r,PDF,'k','linewidth',1.5),grid on 
 figure (2) 
 plot(r,CDF,'k','linewidth',1.5),grid on 
 %%%%%%% 

 

 

MATLAB code to plot the PDF of the received power 

 

 
% MATLAB code to plot the Ricean PDF of the received power 
K = 10;      % Input K Value 
p=[.01:.01:10]; % power 
p_mean=mean(p)/10;% mean of the power 

  
y1 = ((1+KK)/p_mean)*exp(-KK-((KK+1)/p_mean).*p); 

  
bessel_input2=sqrt(((4*KK*(1+KK))/p_mean).*p); 
bessel_eq2= besseli(0, bessel_input2); 
PDF2 = y1.*bessel_eq2; % Ricean PDF power formula 

  
plot(10*log10(p./1000),PDF2/10,'k','linewidth',2),grid on 

 

 

MATLAB code to generate the serial bit stream 

 

 
% FDS program 
% The idea is to generate a number of phase shifts and attenuation 
% values such that the receiver will see 8 signals 
% one of them is the LOS signal and 7 other signals. 
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% The LOS signal's power equals K * the summation of all 7 multipath 
% signals 

  
% Step 1 :    generate the LOS signal attenuation value 
%             The maximum percenatge should be used for the  
%             LOS signal depends on the maximum K value used 
%             xi = xo + ratio where xi is the average attenuation  
%             for the multipath signals and xo is the LOS attenuatio 
%             ratio = 10 log (7*k)/31.5 
%             ratio + xo + .15 < 1 
%             for k =20, (xo)max = 1 - ratio - .15 
k = 1; 
tic; 
n=100;  
log = 10*log10 (7*k); 
ratio = log/31.5; 
LOS =.15*ones(1,n); 
c=LOS(1)-0.15; d=LOS(1)+0.15; 
    for m = 1:n; 
        per(m,:)= ratio + c + (d-c) * rand(1,7); 
    end 
     for m =1:n 
        perc(m,:) = sort(per(m,:)); 
     end 
    percent=[LOS' perc]; 
    percent; 
    magnitude = percent.*31.5; 

    
  %  phase = 360.*rand(n,8)-180; 
    ratio 
    for i =1 :n 
    test (i)= (sum(percent(i,:))-percent(i,1))/7 - percent(i,1); 
    end 
    testavg=sum(test)/n 
 % -------------- Step 2:   Magnitude and Phase decoders ------ 
 % 
 %              The attenuation values that will be downloaded to 
 %              the FBGA can not exceed 31.5 and in steps of .5 dB  
 %              The phase shifts values are in between -180 to 180 

degrees 
 %              in steps of 5.625 degress 

  

  
 % ---------- Mag decoder 

  
 ro=round(magnitude); 
 xo=ro-magnitude; 
 xp=abs(xo); 
 for i=1:n 
    for h=1:8 
    if xp(i,h)<.25 
     magnitude(i,h)= ro(i,h); 
    end 
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        if xp(i,h)>.25 
            if xp(i,h)<.75 
              if xo(i,h)>0 
                magnitude(i,h)=ro(i,h)-.5; 
              else 
                 magnitude(i,h)=ro(i,h)+.5;  
              end 
            end 
        end 
        if xp(i,h)>.75 
         magnitude(i,h)=ceil(magnitude(i,h)); 
        end 
     end 
 end 
magnitude; 

  

  
 %------- Phase decoder 
outputp=[22*ones(n,1) round(63.*rand(n,7))]; 

  
%%%%%%%%%%%%%  Step 3 Clutster & Array 
for i=1:n 
comb(i,2:2:16)=outputp(i,:); 
comb(i,1:2:16)=outputm(i,:); 
end 
comb; 
da=comb'; 
da=da(:); 

  
%%%%%%%%%%%% step 4 (a) converting the decimal number into 6 bit binar 

number 

  
for ff=1:length(da) 
    dat(ff,:)= fliplr(dec2binvec(da(ff),6)); 
end 
dat; 
adf=dat'; 
data=adf(:); 
ti=toc 

 

 

MATLAB code to send the serial bit stream to the DAQ card 

 

 
%%%%%%%%%%%% step 5 setting up the daq card and sending the data 
tic; 
dio=digitalio('nidaq','Dev5');   % setting up the daq card, Dev1 is the 

name of the daq card used, 
%%    **check on the device name befor running the code** 
hline = addline(dio,1:4,'out',{'data';'Reg_en';'Ser_en';'clk'}); % 

adding lines to port 0 to be used as 
%%%% (port0.1 as data; port0.2 as register enable; port0.3 as serial 
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%%%% enable; port0.4 as clk)  

  
for ii=1:96*n 

   
        putvalue(dio,[data(ii) 0 1 0]); 
        putvalue(dio,[data(ii) 0 1 1]); 

         

  
                if rem(ii,96)== 0 

             
                putvalue(dio.line([2 3 4]),[1 0 0]); 
                putvalue(dio.line(4),1) 
                end 

        

                 
end 
toc; 

 
 

  

MATLAB code to send ones and zeros to the beamformer board 

 

 
%%%%%%%%%%%% FCS getting started 
%%%%%%%% all the attenuators and phase shifters are set to zero 

  
c=[zeros(8,1) ones(8,1) ]; 
zros_ones=[c c c c c c c c ]; 
zros_ones=zros_ones(:) 
tic; 
dio=digitalio('nidaq','Dev2');   % setting up the daq card, Dev1 is the 

name of the daq card used, 
%%    **check on the device name befor running the code** 
hline = addline(dio,1:4,'out',{'data';'Reg_en';'Ser_en';'clk'}); % 

adding lines to port 0 to be used as 
%%%% (port0.1 as data; port0.2 as register enable; port0.3 as serial 
%%%% enable; port0.4 as clk)  

  
for g=1:96 

   
        putvalue(dio,[zros_ones(g) 0 1 0]); 
        putvalue(dio,[zros(g) 0 1 1]); 
end 
putvalue(dio.line([2 3 4]),[1 0 0]); 
putvalue(dio.line(4),1) 
toc; 
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MATLAB code to estimate the value of   K  

 

 
a=k1_2; 
G_db=a/270-65; 
% Greenstein paper 
G=(1e-3)*(10.^((a/270-65)/10)); % linear power 
Gm=mean(G);                     % First Moment 
                                % mean value of the collected data 

                                 
Gv=sqrt(sum((G-Gm).^2)/length(G));% second moment 
V_sqr=sqrt((Gm^2)-(Gv^2)); 
sigma_sqr=Gm-V_sqr; 
K=V_sqr/sigma_sqr                % K value 

 

MATLAB code to plot the LCR 

 
%%% To plot the LCR 

  
no_levels=round((range(G_db))/2); % number of levels 
levels=min(G_db):2:max(G_db);     % 2 db is the difference between  
                                  % consective levels 

  
for i= 1:no_levels 
    counter=0; 
    counter1=0; 
    n=0; 
    for ii=1:(length(G_db))-1 
        if G_db(ii)> levels(i) 
            if G_db(ii+1) < levels(i) 
                counter=counter+1; 
                n=n+1; 
            end 
        end 
         if G_db(ii) < levels(i) 
            if G_db(ii+1) > levels(i) 
                counter=counter+1; 
            else 
                counter1 = counter1 + 1; 
            end 
         end 
    end 
    LCR(i)=counter/150; 

     
end 

  
mn=round(min(G_db)) 
mx=round(max(G_db)) 
rng=round(range(G_db)) 

  
    plot(LCR,'b','linewidth',2),grid on 

  



 

 

113 

   plot(levels(1:length(LCR)),LCR,'k','linewidth',2),grid on,hold on 
    figure() 
    plot(levels(1:length(AFD)),AFD,'r'),grid on             
    title('Level Cross Rate for Different K Values (Run 5)') 
     xlabel('Received Power (dBm)') 
     ylabel('Level Cross Rate (1/sec)') 

 

MATLAB GUI Code 

 
function varargout = FS(varargin) 
% FS M-file for FS.fig 
%      FS, by itself, creates a new FS or raises the existing 
%      singleton*. 
% 
%      H = FS returns the handle to a new FS or the handle to 
%      the existing singleton*. 
% 
%      FS('CALLBACK',hObject,eventData,handles,...) calls the local 
%      function named CALLBACK in FS.M with the given input arguments. 
% 
%      FS('Property','Value',...) creates a new FS or raises the 
%      existing singleton*.  Starting from the left, property value 

pairs are 
%      applied to the GUI before FS_OpeningFcn gets called.  An 
%      unrecognized property name or invalid value makes property 

application 
%      stop.  All inputs are passed to FS_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only 

one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 

  
% Edit the above text to modify the response to help FS 

  
% Last Modified by GUIDE v2.5 27-Jan-2010 15:05:51 

  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @FS_OpeningFcn, ... 
                   'gui_OutputFcn',  @FS_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 

  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
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    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 

  

  
% --- Executes just before FS is made visible. 
function FS_OpeningFcn(hObject, eventdata, handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to FS (see VARARGIN) 

  
% Choose default command line output for FS 
handles.output = hObject; 

  
% Update handles structure 
guidata(hObject, handles); 

  
% UIWAIT makes FS wait for user response (see UIRESUME) 
% uiwait(handles.figure1); 

  

  
% --- Outputs from this function are returned to the command line. 
function varargout = FS_OutputFcn(hObject, eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Get default command line output from handles structure 
varargout{1} = handles.output; 

  

  

  
function edit7_Callback(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit7 as text 
%        str2double(get(hObject,'String')) returns contents of edit7 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit7_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 
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% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
function edit8_Callback(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit8 as text 
%        str2double(get(hObject,'String')) returns contents of edit8 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit8_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
function edit1_Callback(hObject, eventdata, handles) 
% hObject    handle to edit1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit1 as text 
%        str2double(get(hObject,'String')) returns contents of edit1 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
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% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
function edit3_Callback(hObject, eventdata, handles) 
% hObject    handle to edit3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit3 as text 
%        str2double(get(hObject,'String')) returns contents of edit3 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit3_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
function edit4_Callback(hObject, eventdata, handles) 
% hObject    handle to edit4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit4 as text 
%        str2double(get(hObject,'String')) returns contents of edit4 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit4_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit4 (see GCBO) 
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% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
function edit5_Callback(hObject, eventdata, handles) 
% hObject    handle to edit5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit5 as text 
%        str2double(get(hObject,'String')) returns contents of edit5 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit5_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
function edit6_Callback(hObject, eventdata, handles) 
% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit6 as text 
%        str2double(get(hObject,'String')) returns contents of edit6 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit6_CreateFcn(hObject, eventdata, handles) 
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% hObject    handle to edit6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  
% --- Executes on button press in togglebutton1. 
function togglebutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to togglebutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hint: get(hObject,'Value') returns toggle state of togglebutton1 

  

  

  
function edit9_Callback(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit9 as text 
%        str2double(get(hObject,'String')) returns contents of edit9 as 

a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit9_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  

  
% --- Executes on button press in pushbutton2. 
function pushbutton2_Callback(hObject, eventdata, handles) 
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% hObject    handle to pushbutton2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
season_factor = str2double(get(handles.edit1,'String')); 
antenna_height= str2double(get(handles.edit3,'String')); 
antenna_beamwidth= str2double(get(handles.edit4,'String')); 
distance= str2double(get(handles.edit10,'String')); 
Gamma = str2double(get(handles.edit5,'String')); 
ko= str2double(get(handles.edit6,'String')); 

  
K = 

K_model(season_factor,antenna_height,antenna_beamwidth,distance,ko,Gamm

a); 

  
K_val_db = 10*log10(K); 

  
set(handles.text15,'String',num2str(K)); 
set(handles.text16,'String',num2str(K_val_db)); 
if K > 24 
    errordlg('K has to be in the range of 0.5 to 24','ERROR','error') 
end 
if K < .24 
    errordlg('K has to be in the range of 0.5 to 24','ERROR','error') 
end 

  
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
n = str2double(get(handles.edit9,'String')); 

  

  
season_factor = str2double(get(handles.edit1,'String')); 
antenna_height= str2double(get(handles.edit3,'String')); 
antenna_beamwidth= str2double(get(handles.edit4,'String')); 
distance= str2double(get(handles.edit10,'String')); 
Gamma = str2double(get(handles.edit5,'String')); 
ko= str2double(get(handles.edit6,'String')); 

  
K = 

K_model(season_factor,antenna_height,antenna_beamwidth,distance,ko,Gamm

a); 
[data,ti] = Fade_simulator_serial_bitstream (K,n); 
set(handles.text23,'String',num2str(ti)); 
[Tim,Tc] = send_bits(data,n); 
set(handles.text14,'String',num2str(Tim)); 
set(handles.text13,'String',num2str(Tc)); 
msgbox('The serial bit stream was sent to the DAQ card','Success') 
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function edit10_Callback(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit10 as text 
%        str2double(get(hObject,'String')) returns contents of edit10 

as a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit10_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit10 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

  

  
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
K = str2double(get(handles.edit1,'String')); 
n = str2double(get(handles.edit9,'String')); 
[data,ti] = Fade_simulator_serial_bitstream (K,n); 
set(handles.text23,'String',num2str(ti)); 
[Tim,Tc] = send_bits(data,n); 
set(handles.text14,'String',num2str(Tim)); 
set(handles.text13,'String',num2str(Tc)); 
msgbox('The serial bit stream was sent to the DAQ card','Success') 

  
function edit12_Callback(hObject, eventdata, handles) 
% hObject    handle to edit12 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 

  
% Hints: get(hObject,'String') returns contents of edit12 as text 
%        str2double(get(hObject,'String')) returns contents of edit12 

as a double 

  

  
% --- Executes during object creation, after setting all properties. 
function edit12_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to edit12 (see GCBO) 
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% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 

called 

  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), 

get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 

 

 

 

  MATLAB code to plot the throughput for the Airspan Radio downlink and uplink 

 

 

 
% Airspan Radios downlink data 
% To measure the downlink the throughput 
% The BS is the client 
% The SS is the server 

  
input_SNR30=[0 10 20 30 40]; 
input_SNR15=[0 5 10 15]; 
% Without fade simulator at SNR = 30 
thrput_max_SNR30_DL=[0 9.86 19.4 25.7 25.7]; 
% Without fade simulator at SNR = 15 
thrput_max_SNR15_DL=[0 4.91 8.62 8.59]; 
%%% With fade simulator at SNR = 30dB 
k1_SNR30_DL=[0 9.58 17.2 22.6 22.8]; 
k6_SNR30_DL=[0 9.64 17.1 25.5 25.5]; 
k10_SNR30_DL=[0 9.7 17.1 24.1 25.6]; 
k16_SNR30_DL=[0 9.76 19.3 25.6 25.5]; 
k24_SNR30_DL=[0 9.8 19.3 25.7 25.5]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
% SNR =15 dB 
k1_SNR15_DL=[0 2.76 2.8 2.82]; 
k6_SNR15_DL=[0 2.8 5.66 5.7]; 
k10_SNR15_DL=[0 2.76 5.76 5.8]; 
k16_SNR15_DL=[0 2.78 6.2 6.44]; 
k24_SNR15_DL=[0 3.88 6.4 7.66]; 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure(1) 
plot(input_SNR30,k1_SNR30_DL,'linewidth',2) 
hold on 
plot(input_SNR30,k6_SNR30_DL,'r','linewidth',2) 
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hold on 
plot(input_SNR30,k10_SNR30_DL,'g','linewidth',2) 
hold on 
plot(input_SNR30,k16_SNR30_DL,'c','linewidth',2) 
hold on 
plot(input_SNR30,k24_SNR30_DL,'k','linewidth',2) 
hold on 
plot(input_SNR30,thrput_max_SNR30_DL,'m','linewidth',2),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure (2) 
plot(input_SNR15,k1_SNR15_DL,'linewidth',2) 
hold on 
plot(input_SNR15,k6_SNR15_DL,'r','linewidth',2) 
hold on 
plot(input_SNR15,k10_SNR15_DL,'g','linewidth',2) 
hold on 
plot(input_SNR15,k16_SNR15_DL,'c','linewidth',2) 
hold on 
plot(input_SNR15,k24_SNR15_DL,'k','linewidth',2) 
hold on 
plot(input_SNR15,thrput_max_SNR15_DL,'m','linewidth',2),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure(3) 
plot(input_SNR30,k1_SNR30_DL/max(thrput_max_SNR30_DL),'linewidth',2) 
hold on 
plot(input_SNR30,k6_SNR30_DL/max(thrput_max_SNR30_DL),'r','linewidth',2) 
hold on 
plot(input_SNR30,k10_SNR30_DL/max(thrput_max_SNR30_DL),'g','linewidth',

2) 
hold on 
plot(input_SNR30,k16_SNR30_DL/max(thrput_max_SNR30_DL),'c','linewidth',

2) 
hold on 
plot(input_SNR30,k24_SNR30_DL/max(thrput_max_SNR30_DL),'k','linewidth',

2),grid on 
xlabel('Load') 
ylabel('Throughput Ratio') 
title('Airspan Downlink, SNR = 30') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(4) 
plot(input_SNR15,k1_SNR15_DL/max(thrput_max_SNR15_DL),'linewidth',2) 
hold on 
plot(input_SNR15,k6_SNR15_DL/max(thrput_max_SNR15_DL),'r','linewidth',2) 
hold on 
plot(input_SNR15,k10_SNR15_DL/max(thrput_max_SNR15_DL),'g','linewidth',

2) 
hold on 
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plot(input_SNR15,k16_SNR15_DL/max(thrput_max_SNR15_DL),'c','linewidth',

2) 
hold on 
plot(input_SNR15,k24_SNR15_DL/max(thrput_max_SNR15_DL),'k','linewidth',

2),grid on 
xlabel('Load') 
ylabel('Throughput Ratio') 
title('Airspan Downlink, SNR = 15') 

  

 
% Airspan Radios uplink data 
% To measure the downlink the throughput 
% The BS is the server 
% The SS is the client 

  
input_SNR30=[0 10 20 30 40]; 
input_SNR15=[0 5 10 15]; 
% Without fade simulator at SNR = 30 
thrput_max_SNR30_UL=[0 9.72 19.2 20.9 20.8]; 
% Without fade simulator at SNR = 15 
thrput_max_SNR15_UL=[0 4.8 9.39 9.43]; 

  
%%% With fade simulator at SNR = 30dB 
k1_SNR30_UL=[0 8.1 14.4 16.7 16.4]; 
k6_SNR30_UL=[0 9.2 18.7 19.7 20]; 
k10_SNR30_UL=[0 9.3 18.4 19.4 20.2]; 
k16_SNR30_UL=[0 9.3 18.4 20.3 20.3]; 
k24_SNR30_UL=[0 9.4 18.6 20.7 20.9]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
% SNR =15 dB 
k1_SNR15_UL=[0 3.83 5.72 5.19]; 
k6_SNR15_UL=[0 4.5 5.72 5.95]; 
k10_SNR15_UL=[0 4.56 6.28 6.44]; 
k16_SNR15_UL=[0 4.83 6.63 6.59]; 
k24_SNR15_UL=[0 4.82 6.9 6.85]; 
figure(1) 
plot(input_SNR30,k1_SNR30_UL) 
hold on 
plot(input_SNR30,k6_SNR30_UL,'r') 
hold on 
plot(input_SNR30,k10_SNR30_UL,'g') 
hold on 
plot(input_SNR30,k16_SNR30_UL,'y') 
hold on 
plot(input_SNR30,k24_SNR30_UL,'m') 
hold on 
plot(input_SNR30,thrput_max_SNR30_UL,'k'),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure (2) 
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plot(input_SNR15,k1_SNR15_UL) 
hold on 
plot(input_SNR15,k6_SNR15_UL,'r') 
hold on 
plot(input_SNR15,k10_SNR15_UL,'g') 
hold on 
plot(input_SNR15,k16_SNR15_UL,'y') 
hold on 
plot(input_SNR15,k24_SNR15_UL,'m') 
hold on 
plot(input_SNR15,thrput_max_SNR15_UL,'k'),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(3) 
plot(input_SNR30,k1_SNR30_UL/max(thrput_max_SNR30_UL),'linewidth',2) 
hold on 
plot(input_SNR30,k6_SNR30_UL/max(thrput_max_SNR30_UL),'r','linewidth',2) 
hold on 
plot(input_SNR30,k10_SNR30_UL/max(thrput_max_SNR30_UL),'g','linewidth',

2) 
hold on 
plot(input_SNR30,k16_SNR30_UL/max(thrput_max_SNR30_UL),'c','linewidth',

2) 
hold on 
plot(input_SNR30,k24_SNR30_UL/max(thrput_max_SNR30_UL),'k','linewidth',

2),grid on 
xlabel('Load (Mbps)') 
ylabel('Throughput Ratio') 
title('Airspan Uplink, SNR = 30') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(4) 
plot(input_SNR15,k1_SNR15_UL/max(thrput_max_SNR15_UL),'linewidth',2) 
hold on 
plot(input_SNR15,k6_SNR15_UL/max(thrput_max_SNR15_UL),'r','linewidth',2) 
hold on 
plot(input_SNR15,k10_SNR15_UL/max(thrput_max_SNR15_UL),'g','linewidth',

2) 
hold on 
plot(input_SNR15,k16_SNR15_UL/max(thrput_max_SNR15_UL),'c','linewidth',

2) 
hold on 
plot(input_SNR15,k24_SNR15_UL/max(thrput_max_SNR15_UL),'k','linewidth',

2),grid on 
xlabel('Load (Mbps)') 
ylabel('Throughput Ratio') 
title('Airspan Uplink, SNR = 15') 

  

  

MATLAB code to plot the throughput for the Harris Radio downlink and uplink 
 
% Harris Radios downlink data 
% To measure the downlink the throughput 
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% The Master is the client 
% The Slave is the server 

  
input=[0 10 20 30 40 50]; 
input15=[0 10 20 30 40] 
% Without fade simulator at SNR = 30 
thrput_max_SNR30_DL=[0 9.73 19.3 29 34.4 34.5]; 
% Without fade simulator at SNR = 15 
thrput_max_SNR15_DL=[0 9.69 16.8 17.4 17 17.2]; 

  
%%% With fade simulator at SNR = 30dB 
k1_SNR30_DL=[0 9.68 19.8 28.4 29.2 29.5]; 
k6_SNR30_DL=[0 9.69 19.3 28.9 34.5 34.2]; 
k10_SNR30_DL=[0 9.67 19.4 28.9 34.7 34.8]; 
k16_SNR30_DL=[0 9.8 19.4 28.8 34.5 34.8]; 
k24_SNR30_DL=[0 9.65 19.4 28 34.9 35]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% SNR =15 dB 
k1_SNR15_DL=[0 9.26 10.4 9.64 9.76]; 
k6_SNR15_DL=[0 9.73 12.7 13 13.2]; 
k10_SNR15_DL=[0 9.7 17.3 17.4 17]; 
k16_SNR15_DL=[0 9.73 16.7 16.1 17]; 
k24_SNR15_DL=[0 9.73 16.5 16.9 16.9]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(1) 
plot(input,k1_SNR30_DL) 
hold on 
plot(input,k6_SNR30_DL,'r') 
hold on 
plot(input,k10_SNR30_DL,'g') 
hold on 
plot(input,k16_SNR30_DL,'y') 
hold on 
plot(input,k24_SNR30_DL,'m') 
hold on 
plot(input,thrput_max_SNR30_DL,'k'),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure (2) 
plot(input15,k1_SNR15_DL) 
hold on 
plot(input15,k6_SNR15_DL,'r') 
hold on 
plot(input15,k10_SNR15_DL,'g') 
hold on 
plot(input15,k16_SNR15_DL,'y') 
hold on 
plot(input15,k24_SNR15_DL,'m') 
hold on 
plot(input,thrput_max_SNR15_DL,'k'),grid on 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
figure(3) 
plot(input,k1_SNR30_DL/max(thrput_max_SNR30_DL),'linewidth',2) 
hold on 
plot(input,k6_SNR30_DL/max(thrput_max_SNR30_DL),'r','linewidth',2) 
hold on 
plot(input,k10_SNR30_DL/max(thrput_max_SNR30_DL),'g','linewidth',2) 
hold on 
plot(input,k16_SNR30_DL/max(thrput_max_SNR30_DL),'c','linewidth',2) 
hold on 
plot(input,k24_SNR30_DL/max(thrput_max_SNR30_DL),'k','linewidth',2),gri

d on 
xlabel('Load (Mbps)') 
ylabel('Throughput Ratio') 
title('Harris Downlink, SNR = 30') 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(4) 
plot(input15,k1_SNR15_DL/max(thrput_max_SNR15_DL),'linewidth',2) 
hold on 
plot(input15,k6_SNR15_DL/max(thrput_max_SNR15_DL),'r','linewidth',2) 
hold on 
plot(input15,k10_SNR15_DL/max(thrput_max_SNR15_DL),'g','linewidth',2) 
hold on 
plot(input15,k16_SNR15_DL/max(thrput_max_SNR15_DL),'c','linewidth',2) 
hold on 
plot(input15,k24_SNR15_DL/max(thrput_max_SNR15_DL),'k','linewidth',2),g

rid on 
xlabel('Load (Mbps)') 
ylabel('Throughput Ratio') 
title('Harris Downlink, SNR = 15') 

 
% Harris Radios uplink data 
% To measure the downlink the throughput 
% The Master is the server 
% The Slave is the client 

  
input=[0 10 20 30 40 50]; 
input15=[0 10 20 30 40]; 
% Without fade simulator at SNR = 30 
thrput_max_SNR30_UL=[0 9.58 19.5 28.7 32.7 32.7]; 
% Without fade simulator at SNR = 15 
thrput_max_SNR15_UL=[0 9.75 15.8 15.6 15.8]; 
%%% With fade simulator at SNR = 30dB 
k1_SNR30_UL=[0 9.71 19.2 21.6 21.7 21.7]; 
k6_SNR30_UL=[0 9.55 19.3 25.6 23.9 23.9]; 
k10_SNR30_UL=[0 9.59 19.2 23.9 25.3 25.3 ]; 
k16_SNR30_UL=[0 9.55 19.2 26.9 25.6 25.6]; 
k24_SNR30_UL=[0 9.58 19.3 25.7 26.9 26.9]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
% SNR =15 dB 
k1_SNR15_UL=[0 3.57 3.9 4 4.02]; 
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k6_SNR15_UL=[0 4.24 4.23 4.22 4.37]; 
k10_SNR15_UL=[0 6.26 6.09 6.14 6.14]; 
k16_SNR15_UL=[0 6.11 6.1 6.01 6.2]; 
k24_SNR15_UL=[0 6.57 5.91 6.44 6.35]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(1) 
plot(input,k1_SNR30_UL) 
hold on 
plot(input,k6_SNR30_UL,'r') 
hold on 
plot(input,k10_SNR30_UL,'g') 
hold on 
plot(input,k16_SNR30_UL,'y') 
hold on 
plot(input,k24_SNR30_UL,'m') 
hold on 
plot(input,thrput_max_SNR30_UL,'k'),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure (2) 
plot(input15,k1_SNR15_UL) 
hold on 
plot(input15,k6_SNR15_UL,'r') 
hold on 
plot(input15,k10_SNR15_UL,'g') 
hold on 
plot(input15,k16_SNR15_UL,'y') 
hold on 
plot(input15,k24_SNR15_UL,'m') 
hold on 
plot(input15,thrput_max_SNR15_UL,'k'),grid on 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure(3) 
plot(input,k1_SNR30_UL/max(thrput_max_SNR30_UL),'linewidth',2) 
hold on 
plot(input,k6_SNR30_UL/max(thrput_max_SNR30_UL),'r','linewidth',2) 
hold on 
plot(input,k10_SNR30_UL/max(thrput_max_SNR30_UL),'g','linewidth',2) 
hold on 
plot(input,k16_SNR30_UL/max(thrput_max_SNR30_UL),'c','linewidth',2) 
hold on 
plot(input,k24_SNR30_UL/max(thrput_max_SNR30_UL),'k','linewidth',2),gri

d on 
xlabel('Load (Mbps)') 
ylabel('Throughput Ratio') 
title('Harris Uplink, SNR = 30') 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
figure(4) 
plot(input15,k1_SNR15_UL/max(thrput_max_SNR15_UL),'linewidth',2) 
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hold on 
plot(input15,k6_SNR15_UL/max(thrput_max_SNR15_UL),'r','linewidth',2) 
hold on 
plot(input15,k10_SNR15_UL/max(thrput_max_SNR15_UL),'g','linewidth',2) 
hold on 
plot(input15,k16_SNR15_UL/max(thrput_max_SNR15_UL),'c','linewidth',2) 
hold on 
plot(input15,k24_SNR15_UL/max(thrput_max_SNR15_UL),'k','linewidth',2),g

rid on 
xlabel('Load (Mbps)') 
ylabel('Throughput Ratio') 
title('Harris Uplink, SNR = 15') 
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APPENDIX B 

 

DATASHEETS 
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Datasheets for HMC425LP03 Attenuator 
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Datasheets for MAPCGM002 Phase Shifter 
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Datasheets for LMR-400 Cable 
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Datasheets for ZX60-6013E+ Amplifier 
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Datasheets for SN54HC04 Inverter 
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Datasheets for HMC336 MS8G Switch 
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Datasheets for ZB8PD-6.4 Power Combiner/Divider 
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APPENDIX C 

 

LABVIEW PROGRAM TO COLLECT THE  

 

MEASUREMENTS FROM THE SPECTRUM ANALYZER 
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Figure C-1: LabView program used to collect the spectrum analyzer measurements 

 

 
Figure C-2: frontend LabView program used to collect the spectrum analyzer 

measurements 
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APPENDIX D 

 

COLLECTED DATA PRCOESSING 
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Power versus time measurements for different K values for the other four runs 

 

 
Figure D-1: Collected power versus time measurements for different K values (Run 2)  

 
Figure D-2: Collected power versus time measurements for different K values (Run 3)  
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Figure D-3: Collected power versus time measurements for different K values (Run 4)  

 

 
Figure D-4: Collected power versus time measurements for different K values (Run 5)  
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PDF of the received power for different K values for the other four runs 

 
Figure D-5: PDF of the received power for different K values (Run 2) 

 

 
Figure D-6: PDF of the received power for different K values (Run 3) 
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Figure D-7: PDF of the received power for different K values (Run 4) 

 

 
Figure D-8: PDF of the received power for different K values (Run 5) 
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CDF of the received power for different K values for the other four runs 

 
Figure D-9: CDF of the received power for different K values (Run 2) 

 

 
Figure D-10: CDF of the received power for different K values (Run 3) 
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Figure D-10: CDF of the received power for different K values (Run 4) 

 

 
Figure D-11: CDF of the received power for different K values (Run 5) 
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Ricean Fit of the CDF of the received power versus time measurements for the other four 

runs 

 
Figure D-12: CDF Ricean fit of the received power for K = 1 (Run 2) 

 

 
Figure D-13: CDF Ricean fit of the received power for K = 6 (Run 2) 
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Figure D-14: CDF Ricean fit of the received power for K = 10 (Run 2) 

 

 
Figure D-15: CDF Ricean fit of the received power for K = 16 (Run 2) 
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Figure D-16: CDF Ricean fit of the received power for K = 24 (Run 2) 

 

 
Figure D-17: CDF Ricean fit of the received power for K = 1 (Run 3) 
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Figure D-18: CDF Ricean fit of the received power for K = 6 (Run 3) 

 

 
Figure D-19: CDF Ricean fit of the received power for K = 10 (Run 3) 
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Figure D-20: CDF Ricean fit of the received power for K = 16 (Run 3) 

 

 
Figure D-21: CDF Ricean fit of the received power for K = 24 (Run 3) 
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Figure D-22: CDF Ricean fit of the received power for K = 1 (Run 4) 

 

 
Figure D-23: CDF Ricean fit of the received power for K = 6 (Run 4) 
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Figure D-24: CDF Ricean fit of the received power for K = 10 (Run 4) 

 

 
Figure D-25: CDF Ricean fit of the received power for K = 24 (Run 4) 
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Figure D-26: CDF Ricean fit of the received power for K = 1 (Run 5) 

 

 
Figure D-27: CDF Ricean fit of the received power for K = 6 (Run 5) 
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Figure D-28: CDF Ricean fit of the received power for K = 10 (Run 5) 

 

 
Figure D-29: CDF Ricean fit of the received power for K = 16 (Run 5) 
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Figure D-30: CDF Ricean fit of the received power for K = 24 (Run 5) 
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Figure D-31: LCR for different K values (Run 2) 
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Figure D-32: LCR for different K values (Run 3) 

 

 
Figure D-33: LCR for different K values (Run 4) 
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Figure D-34: LCR for different K values (Run 5) 
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