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 ABSTRACT

This  paper  explores  the  design  and  development  of  a  test  bed  to  analyze
feasibility of utilizing adaptive smart antennas in conjunction with high bandwidth
WiMAX radio systems to achieve improved performance for mobile nodes and to
suppress potential interference from unwanted signals.  Although the new WiMAX
standard offers the potential for using smart, adaptive antennas, this functionality has not
been implemented.  This design serves as a common platform for testing adaptive array
algorithms including direction of arrival (DOA) estimation, beamforming, and adaptive
tracking, as well as complete wireless communication with a WiMAX radio.  Heavy
emphasis will be placed on ease of implementation in a multi-channel / multi-user
environment.  Detailed here, is the design and development of an 8-channel adaptive
smart antenna test bed for WiMAX radio systems.  The test bed consists of an 8-element
circular  antenna  array,  a  PC  running  a  software  interface,  and  RF  receiver  and
transmission boards which enable DOA estimation and beamforming to take place.  We
have developed a LabVIEW interface for a PC controlled smart antenna test bed
supporting two mobile targets.  The main system has three components, DOA estimation
and signal validation, beamforming (null steering or multi-beam), and target tracking.
The interface is implemented in a modular fashion so that a maximum amount of
flexibility is available to test bed users.  The test bed was used in conjunction with
MATLAB simulations to analyze DOA estimation, beamforming, and nullsteering
algorithms necessary to realize a smart antenna system capable of handling multiple users
and suppressing nearby strong interference. The results of tests run using the test bed
showed that communication delay and hardware limitations on the RF transmission board
were a limiting factor in the performance of the smart antenna system.
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CHAPTER ONE

 INTRODUCTION

In the past decade, wireless communication technologies have seen tremendous

growth.  Demand in heavily populated areas has driven the development of a huge

number of new wireless technologies which help provide customers with a variety of

services including high speed internet and reliable cell phone service.  Due to the fact that

the largest customer bases are in heavily populated areas, most emerging technologies are

focusing on maximizing data rates for short range communication tasks in heavily

congested environments.  However, new technologies such as the IEEE 802.16d

(WiMAX) radio standard, which supports increased range and mobile network nodes [1]

[2], are opening up new possibilities in more sparsely populated areas.  The issues that

affect wireless communications in rural areas are different than those in more densely

populated areas.  The lower user density means that the communication environment is

less noisy, but larger distances mean that higher power transmitters must be used.

Additionally, node mobility is harder to support in rural areas due to lower node

densities. These issues make the problem of high speed communication in rural areas a

good application for a smart antenna system which has the ability to locate and track

mobile users as well as reducing the effect of strong interferences.

Project Definition

The focus of this thesis was to create a smart antenna test bed that could be used

to evaluate performance in realistic environments.  There were four major constraints on
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the  system.   First,  it  had  to  have  the  ability  to  locate  nearby  signals  while  in  receiving

mode.  Second, it had to be able to isolate desired signals from interference in order to

provide reliable communication.  The third constraint was that the system had to be able

to track mobile targets while maintaining consistent coverage.  Lastly, the test bed had to

be compatible with an IEEE 802.16 WiMAX radio.

A smart antenna system is commonly defined as an array of antennas which uses

smart signal processing algorithms to determine incoming signal characteristics, such as

Direction-of-Arrival (DOA), and uses them to create a vector of weights for adaptive

beamforming.  In addition to estimating DOA, smart antenna systems may also have the

capability to apply adaptive beamforming and nullsteering algorithms and can also track

mobile users [6].

Motivation

The  motivation  for  this  work  has  two  parts.   One  ambition  of  the  project  is  to

improve the quality and availability of wireless service in remote and rural areas.  Smart

antenna techniques such as adaptive beamforming and nullsteering can improve the

signal quality and coverage area and can be compatible with emerging WiMAX radio

systems to allow greater range and higher speed connections.  These improvements, in

addition to support for highly mobile nodes, will hopefully result in additional

commercialization opportunities for these rural areas.  Also, smart antennas are proving

themselves to be attractive alternatives to more costly traditional communication

infrastructures  because  they  can  potentially  deliver  comparable  performance  at  a  much

lower cost [3]. This objective is supported by the Montana Board of Research and
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Commercialization Technology (MBRCT) which has co-sponsored this project through

research grant MBRCT#07-11.

The other sponsor of this work is Advanced Acoustic Concepts (AAC).  This

smart antenna system will be used to improve communication between highly mobile

Navy vessels.  In addition to improving the range and signal quality for this application,

the system offers some security advantages.  The ability to use nullsteering makes it

easier to keep transmitted signals out of the hands of enemies when transmitting and

gives the radio system some protection from hostile jamming signals when in receiving

mode.

Overview

The focus of this thesis is the development of a software interface designed to

explore the feasibility of using smart antennas with a high bandwidth radio system to

facilitate good quality communication with highly mobile nodes.  Additionally, the

interface had to have the ability to suppress unwanted interference from nearby and

potentially strong sources.  In order to meet these goals, the interface was conceived by

combining well known and cutting edge smart antenna algorithms in a novel manner

compatible with the WiMAX (802.16d-2004) standard.

This thesis is organized into six chapters.  Chapter 2 discusses background

material pertinent to the interface design.  It includes sections on array geometry, signal

processing, and basic smart antenna concepts.  Chapter 3 contains a description of the

MATLAB simulations used to compare several different algorithms and the results of

those simulations.  Chapter 4 deals with the PC interface design.  This chapter details the
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function and operation of the system including descriptions of inputs and outputs. It also

discusses which algorithms were implemented, and some of the challenges involved with

their implementations.  The hardware necessary to operate the test bed is discussed in

Chapter 5.  Chapter 6 describes the procedures used to test the PC interface’s

performance with the hardware and the results generated by these tests.  The conclusions

drawn from the results are presented in the last chapter.
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CHAPTER TWO

 SYSTEM DESIGN

Many different considerations were taken into account when designing the test

bed.   The  overall  goal  was  to  create  an  environment  that  would  allow  different  smart

antenna techniques to be evaluated in order to determine how to best implement a system

which would meet the specifications for both the rural communication and naval

applications.  This chapter discusses the different smart antenna types and techniques and

gives an outline of which ones were chosen for this system.

Array Geometry

Most arrays consist of monopoles or dipoles arranged in an equally spaced and

symmetrical fashion.  The simplest array geometry is linear, where the elements are

arranged in a straight line.  The strengths of linear arrays are that they are easiest to

design and implement [7], the equations used to model their behavior are simpler and

more straightforward, and there are some techniques available to linear arrays that aren’t

always compatible with other geometries.  Linear array weaknesses are that they can only

cover a limited amount of angular space, the beams they form suffer shape distortion

when the pointing angle is not orthogonal to the array, and ambiguities occur when

estimating DOA because incident waves from either side of the array result in identical

element excitation [7].

Some  of  the  disadvantages  of  using  linear  arrays  can  be  mitigated  by  using

multiple linear arrays arranged to form polygonal geometries.  Three linear arrays can
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make a triangular array, and four can form a rectangular array [8].  Using a polygonal

array can eliminate DOA ambiguity, and allow more space to be covered, but there are

still issues with beam distortion, and there will still be areas at the corners of the polygon

which the array cannot cover.

The most complex geometry is circular.  Circular arrays are slightly more difficult

to implement and model than linear arrays due to the fact that the equations involved are

more complex.  The advantages to circular arrays are: no beam distortion at any azimuth

angle, 360º can be covered using fewer elements, and there is no ambiguity when

estimating DOA [8] [9].

For this system an 8-element circular array was chosen for multiple reasons. First

and most importantly, it was absolutely necessary for the system to detect and accurately

detect signals from any azimuthal direction.  Another reason was that because this work

is partly sponsored for its naval applications, it was necessary to support particular size,

weight, and functionality constraints for which the circular array was uniquely suited.

Array Signal Processing

To understand the operation of a smart antenna system, it is first necessary to

have a basic understanding of the concepts of array signal processing.  Consider the

circular array in Figure 1.
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Figure 1: Eight element circular array

The incoming plane wave impinges on the array.  The changing electric field induces

currents in the array elements.  Because the wave reaches each element at a different

time, an inherent phase delay is seen when these currents are compared with each other.

Collectively, these phase delays are known as spatial signature, denoted a( ).

T

m
)(m--

m
-

,...,e,e)(
21cos2cos

1a (1)

The first value in a ) is 1 because it corresponds to the element which is excited first by

the propagating wave.  The other values are the phase differences caused by the delay in

the wave reaching the other elements.  The variable m is the number of elements in the
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array, and  is the wave number for the array elements’ resonant frequency.  The spatial

signature is used to find the overall system input, x(t).

(t)(t))s((t)
d

k
kk nax

1
 (2)

The variable d is the number of signals that can be received by the array, n(t) is the noise

vector, sk(t) is  the  kth impinging signal, and k is the direction from which the signal

arrives. Once the input is known, it can be used to determine the system output

(t)y(t) H xw (3)

This output is made up of the input scaled by a steering vector, w, and the system input.

The steering vector is a set of weights used for beamforming and the superscript H

denotes a conjugate transpose operator sometimes called the Hermitian transpose.

Of these characteristics, the spatial signature is the most important. If the spatial

signature of an incoming wave can be found, it can be used to estimate the DOA of the

wave.  Once DOA is known, beamforming can be used to greatly increase the

transmission power and receiving sensitivity in that direction [10] [11].

Smart Antenna Parameters

There are many variables to consider when developing a smart antenna system.

Two  important  decisions  are  whether  to  use  a  switched  beam  or  and  adaptive  array

system, and what type of adaptive algorithms should be used.  Each implementation has

strengths and limitations with regard to cost, complexity, and performance

Phased antenna systems fall into two main categories.  Fixed beam systems have

multiple pre-defined patterns which can be used together to realize either omnidirectional
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or sectional coverage. These systems require very little processing and are relatively low

cost and easy to implement.  Very often, a Butler matrix, as shown in Figure 2a, is used

to create the beam patterns.

Figure 2a: An 8-element Butler matrix [6] Figure 2b: Beam pattern [6]

Butler matrices consist of multiple fixed phase shifters connected through 4-port hybrid

couplers to implement the spatial equivalent of a Fourier transform.  When a signal is

applied to one of the inputs, it propagates through the couplers and phase shifters in a

way which results in each element having the necessary phase delay to form the beam

[6].  Though inexpensive and easy to implement, switched beam systems lack flexibility.

The predetermined nature of the system means that the number of directions covered is

limited and fixed. These limitations make it impossible for a switched beam system to

implement advanced features such as nullsteering.

Adaptive array systems are arrays that utilize processing algorithms to increase

gain and suppress interference to increase signal quality.  They require a large amount of

processing and tend to be more costly and complicated in their implementation.
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Advantages to adaptive arrays include their ability to continuously adapt to rapidly

changing environments to provide optimal performance.  The more complex algorithms

used by adaptive arrays enable them to perform more advanced tasks such as nullsteering

and closed loop beamforming.  The largest strength an adaptive array has over a switched

beam system is that there is no limit on the number of possible beam directions and

shapes which can be formed [10].

Open Loop Versus Closed Loop Algorithms

There are different methods that are applicable to use in adaptive array systems.

Closed loop algorithms such as least mean squares, sample matrix inversion, and

minimum variance are all iterative algorithms which continually refine the beamforming

weights over a set number of iterations.  These algorithms are fairly simple to implement,

but because they rely on an iterative process, the final set of weights may not be a truly

optimal setting.  An example of this is the local minimum issue where an adaptive

algorithm will converge to a result that is not the truly optimal solution because it gets

‘trapped’ in a local minimum [11].  Also, while the algorithm is running through the loop,

the system may be pointing in an unintended direction which can present signal security

concerns if the system is operating in transmission mode.

Open loop systems use multiple algorithms to perform DOA estimation,

beamforming, and target tracking.  Open loop systems update the beamforming weights

independently with respect to previous beamforming weights.  These systems tend to be

more complicated in their implementations, but update faster giving them better

performance and flexibility when implementing beamforming.
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Test Bed Design

The design decisions were driven by the need to maximize the flexibility of the

test bed.  As described above, there are many variables to consider when designing a

smart  antenna  system.   The  test  bed  allowed  some  of  the  different  options  to  be

compared.  To find the best possible solution capable of handling multiple targets as well

as nullsteering, choices were made which reflected those priorities.

As  the  ability  to  handle  and  mitigate  strong  interference  was  such  an

important constraint, and adaptive approach was chosen.  This decision necessitated the

inclusion of a processor in the design, which was trivial due to the fact that the test bed

includes a PC.  An open loop approach was taken because it provides faster operation and

better flexibility than the closed loop algorithms.

The final system design consists of four parts. One block receives signals

incoming from the antenna array and estimates the targets’ DOAs.  The second block

uses a cross correlation comparison to determine whether each target is a desired signal

or  an  interference  source.   The  third  block  uses  the  results  of  the  first  two  blocks  to

determine whether the system should use beamforming to support one or two desired

targets, or nullsteering to support one desired target while suppressing nearby

interference. This block then calculates the necessary weights for the appropriate mode of

operation. The fourth and final block tracks the mobile targets and updates the DOAs.

Figure 3 shows a block diagram of this basic program flow.
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Figure 3: Conceptual diagram of software

The advantages of this system are its superior flexibility and support for the main

constraints.  There are some disadvantages to this approach. First, it requires the test bed

operator to be familiar with smart antenna concepts, LabView and MATLAB. Second, it

is costly to implement and requires custom hardware.

The test bed was designed to be compatible with a WiMAX radio system.  Figure

4 is a simplified diagram of the system.
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Figure 4: Smart antenna test bed

The design consists of an 8-element antenna array which is connected to the radio system

through an RF board which holds digitally controlled analog phase shifters and

attenuators.  The array is also connected to a receiver board which uses IQ mixers to

convert the 5.8 GHz WiMAX pilot tones to 1 MHz signals.  The signals from the receiver

board are read to the PC via a National Instruments Data AcQuizition (DAQ) card. The

software interface on the PC calculates the targets’ DOAs or updates them using the

tracking algorithm, classifies the targets as desired or undesired, and calculates the

correct weights for beamforming or nullsteering.  These weights are translated into phase

and magnitude settings which are then transmitted through another DAQ card to a Xilinx

Complex  Programmable  Logic  Device  (CPLD)  on  the  RF  board.  The  CPLD  sends  the

settings to the phase shifters and attenuators which modulate the WiMAX incoming and

outgoing signals to form the desired beam.
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CHAPTER THREE

 SIMULATION STUDY

In order to ensure that each part of the system would have the best possible

performance, multiple algorithms were tested for each system block.  Due to the

flexibility of the test bed, it is possible for users to actually test the performance of

multiple algorithms in operation.  The first step, however, was to compare the algorithms

under ideal conditions.  This was achieved by modeling the algorithms in MATLAB and

observing their performance in various scenarios.  Graphical results from these

simulations drove the decision of which algorithms to implement in the final design.

Direction of Arrival (DOA) Estimation Algorithms

Three different approaches to DOA estimation were compared.  One was the

spatial signature or Bartlett power spectrum method [12] which is not actually classified

as  a  ‘true’  DOA  method,  but  is  commonly  used  as  such.   The  second  was  the  Capon

inverse power spectrum method [13] [14], and the third was the MUltiple SIgnal

Classification (MUSIC) method [15] [16]. The main criterion used to evaluate these

algorithms was  how well  they  estimated  DOA for  two targets.   For  simplicity,  the  two

targets were assumed to have the same received power at the array.  The algorithm of

choice  was  the  one  that  could  correctly  identify  the  sources  when  they  were  angularly

close.

The Bartlett power spectrum method relies on the idea that the power of an

impinging  wave  shows up  as  excited  current  on  the  elements  of  the  antenna  array.   By
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measuring the phase delays inherent in those currents, the impinging power spectrum can

be reconstructed.  Recall the equation for the system output:

(t)y(t) H xw (4)

Using equation (4), the power output of the system can be defined as:

wRwyP xx
H(t)E 2 (5)

Rxx denotes the covariance of x(t) defined as x(k1)· x(k1)H.   If  the  method  is  operating

over the entire azimuthal plane (360º), the steering vector w, becomes a( ),  the  spatial

signature over all possible values of  [12].  The resulting power spectrum is expressed in

equation (6).

)()( xx
H aRaP (6)

A  simple  peak  search  then  can  reveal  the  direction  from  which  the  power  came.   This

method works fairly well for one source, but when the angle separating the multiple

sources becomes small, they appear to be a single source.

The Capon method utilizes beamforming theory to apply constraints which

minimize the noise contribution to power spectrum while suppressing the signals as little

as possible.  Equation 7 illustrates this [13] [14].

)()(
1

1H aRa
P

xx

(7)

This method can detect individual sources with greater resolution than Bartlett, but

simulations showed that for an 8 element array, it starts to break down when the targets

come within 75º of each other.
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Rather than relying on the power spectrum for DOA, the MUSIC algorithm uses a

subspace  based  approach.   This  method relies  on  the  fact  that  all  of  the  signals’  power

information is contained in Rxx [15]. An Eigen value decomposition of Rxx results in an

Eigen matrix and Eigen vector V such that the main diagonal of  consists of the Eigen

values for V.  These results can be split into two parts representing the signal subspace

and the noise subspace.  To compare the results of this algorithm with the other two

approaches, a ‘power’ estimation function shown as equation (8) was used [16].

)()(
1

H aa
P HVV

(8)

Simulation results showed that MUSIC performed far better than either Bartlett or Capon.

This algorithm was found in simulation to have the ability to accurately detect the two

sources with as little as 5º separation.  Figure 5 shows a performance comparison for the

three algorithms.  Figure 5 depicts the simulation results for two sources located at 120º

and 124º with an overall Signal-toNoise Ratio (SNR) of 20dB.

Figure 5a: DOA estimation simulation           Figure 5b: Close view of rectangle in 5a
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Based upon these results, the MUSIC algorithm is superior because of its ability to detect

multiple sources even with very little spatial separation.  The price of this performance is

that since MUSIC requires matrix decomposition, its computational cost is much greater

than either Bartlett or Capon.  This can be a serious issue because the running time of this

algorithm grows exponentially as the number of array elements increases.  Recently,

some researchers have made progress in reducing this computational load.  A novel

algorithm known as Spatial Selective MUSIC [17] uses a spatial sectoring method to

narrow down the general direction of a source, and then use MUSIC with a limited

number  of  array  elements  which  reduces  the  size  of  the  covariance  matrix.   This

algorithm greatly reduces the computation time, but sacrifices no performance.

Beamforming Algorithms

Once  a  target’s  DOA is  known,  the  system needs  to  form a  beam in  the  proper

direction.  There are a few different ways to accomplish this.  Two different approaches

were simulated: cophasal excitation and window filter beamforming.  The beam shapes

were analyzed for width and shape.  The most important characteristics were the height

of their sidelobes and the depth of their nulls.  Narrow beam width, low sidelobes, and

deep nulls are the most desirable.

Cophasal excitation is the simplest method of beamforming.  The weights consist

of relative phase delays calculated to guarantee that the signals transmitted or received by

the array will reach the target or receiver at exactly the same time.  Equation (9) shows

cophasal beamforming weights.
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where m is the number of array elements, is the antenna elements’ wave number,  is

the array radius, I0 is  a DC current offset  (often set  to 1), 0 is  the desired direction for

beamforming, and 0 is the elevation angle measured from the positive y axis (often set to

90º).  This produces an m-element vector of phase corrections which will create the

desired beam [18].  The advantage to cophasal excitation consists of its implementation

simplicity since it only requires phase manipulation.  It also achieves nulls at around

50dB.  The major weakness to this method relate to the fact that the sidelobe levels are

relatively high (around -8dB).  Figure 6 shows MATLAB simulation results for this

method.
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Figure 6: Beamforming simulation using cophasal excitation

A more complex method of beamforming which yields greater flexibility and

better sidelobes is the window filter method.  This method modifies the elements’

magnitudes as well as their phases.  It uses polynomial window functions to form spatial

filters in the same manner as frequency domain filters [19].  For an m-element array,

filter weights B are computed using a window function. The simulation examined

Chebyshev, Blackman, Hanning, Hamming, and triangle filters.  These coefficients were

then used to directly get beamforming weights. The magnitude correction is derived from

equation (10).
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)sin( 0k
k

kk

Jj
Bw

(10)

The value k is defined as m+1, and Jk is  the  kth order  Bessel  function.   The  complete

weights are shown in equation (11)

0
2exp i
m

jk(k)(k)
i ww (11)

Figure 7 depicts a beam formed using Chebyshev coefficients.  Beams for other window

functions can be found in Appendix B.

Figure 7: Beamforming simulation using Chebyshev window
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The advantages of window beamforming are that different window functions can be

chosen to create the desired beam shape. If beam width is a primary concern, the triangle

window gives a very narrow beam, if low sidelobes are the priority, Chebyshev

coefficients will give -20dB sidelobes or better.  The main disadvantages are that they

require extra processing time to compute the coefficients, and since they modify the

element current magnitudes as well as phases, additional hardware is necessary.

Based upon the simulation results, a window beamforming approach was chosen

ultimately because of the lower sidelobes and increased flexibility available.  The

additional computation required does not have much impact in a test bed design such as

this, and since attenuators are present on the RF board, magnitude weighting was

possible.

Nullsteering Algorithms

Three different nullsteering algorithms were investigated.  One method simply

defines weights using spatial signatures modified to maximize the desired direction while

minimizing the interference.  The second method uses matrix subspace algebra to

separate the signal space from the interference space and uses a vector null space to

achieve the maximum signal minimum noise criteria.  The third method uses a

beamforming approach where a weighted version of the beam weights for the

interference direction is subtracted from the beam weights for the desired signal.

Performance comparisons were made based on the beam shape, the null depth, and the

sidelobe height.
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The first algorithm relies on a very simple, straight forward approach.  It uses

spatial signatures representing the directions of the desired signal and applies three

constraints.   First,  the  power  toward  the  interference  must  be  minimized.   Second,  the

power toward the desired signal must be maximized.  Last, the total system power must

remain constant [20].  This approach uses one equation.

1

int0
1

a

a
w sig (12)

Figure 8 shows a beam pattern formed using this method.  For this simulation, the desired

target was at 200º and the interference was at 130º.

Figure 8a: A common nullsteering pattern                  Figure 8b: Polar power pattern

These results show that while this approach does create a very deep null in the

interference direction, the beam shape is very poor with large sidelobes relative to the

main beam.

The second algorithm is based on the matrix subspace approach.  In matrix

algebra, a null space is defined as follows: for a matrix A, the null space is the set of



23

vectors x for which A·x = 0.  The first step in this algorithm is to find a null space for the

interference, defined in equation 13 as:

HH
ll I int

1
intintint aaaa (13)

Il is an m×m identity matrix, and aint is the spatial signature for the interference.  This null

space can be used to determine beamforming weights (shown in equation (14)) that

minimize the power towards aint.

sig
H

l aaw int (14)

Based on the definition of a null space, this guarantees that maximum amount of power

will go toward asig [21] [22].  Figure 9 shows a beam pattern using this approach.

Figure 9a: Subspace nullsteering pattern                    Figure 9b: Polar power pattern

Simple inspection shows that the shape of the beam created by this method is much better

than the first one.  The desired signal gets a much better maximum and the interference

gets a very deep null (although it was never expected that actual nulls in a real

implementation would be -300 dB).  There is still a slight problem with large sidelobes,

but this algorithm compares very well against the first one.
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The last nullsteering approach examined was the method of perturbation.  This

method makes use of element current phase and magnitude perturbation.  The algorithm

starts with independent beamforming weights for both the desired signal and interference.

The weights for nullsteering are calculated by taking the linear difference of the two sets

of weights [23].

intwww csig (15)

The constant c is defined as the linear difference in power between the beams formed by

wint and wsig at the location int.

Figure 10a: Perturbation nullsteering pattern          Figure 10b: Polar power pattern

As shown in Figure 10, the perturbation method resulted in the best performance.  The

main beam was narrower and the sidelobes were low.  A true maximum was observed in

the direction of the desired target, and the interference direction had a deep null.  The

main weakness for this algorithm is that it relies on real power measurements to find c,

which could degrade the time performance of the system.
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Tracking Algorithms

Three different approaches to tracking were considered.  One thought was to use a closed

loop adaptive algorithm for tracking.  It was rejected because that approach calculated its

own beamforming weights which would have made nullsteering impossible.  The second

idea consisted of running the MUSIC algorithm periodically to make sure that the signal

DOA estimations were current.  This approach worked, but added to the necessary

computation.  The final approach was to use the previous signal locations as a starting

point and only run MUSIC on ten degree windows centered on each previous signal

location.   This  approach  is  valid  assuming  that  a  target  will  not  move  more  than  five

degrees in one update period.
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CHAPTER FOUR

PC INTERFACE DESIGN

When work on this design began, the implementation of the test bed was planned

to be written in C.  As development progressed, it became clear that this approach was

not  best  suited  for  this  application.   One  thing  that  made  C  less  attractive  was  the

increased complexity of implementing some of the more complicated algorithms such as

the Eigen value decomposition necessary to run MUSIC.  Additionally, one of the desired

characteristics for this design was flexibility, which is sometimes difficult to do when

working in C.  The main reason, however, that C was discarded, was because this PC test

bed needed to interface with the receiver board and the RF board using National

Instruments  Data  DAQ  cards.   For  these  reasons,  LabView  was  selected  as  the

implementation  medium.   In  addition  to  working  seamlessly  with  the  DAQ  cards,

LabView is fairly easy to learn, and integrates well with MATLAB which simplified the

process of converting the MATLAB code used in the simulations to working algorithms

for  the  test  bed.   This  chapter  focuses  on  the  LabView  implementation  of  the  PC

interface.
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The Front Panel

Figure 11: PC interface front panel

Figure 11 illustrates the Labview interface front panel.  The inputs start on the left

and include the System Characteristics, Channel Signal, Beamforming Parameters, and

Calibration File sections.   These  inputs  facilitate  the  system’s  flexibility.   The Output

Array and Beam Angle system outputs are on the right.

The System Characteristics section takes in information about the array, and some

basic system parameters.  The Number of Sectors field controls the desired granularity for

DOA and tracking.  Higher numbers mean increased detail in DOA and tracking.  The

default value of 360 corresponds to a resolution of one degree. Number of Elements

refers to the number of elements in the antenna array. The default value is 8 to match the
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number in the actual array being used. Electrical Size refers  to  the  dimension  of  the

array. This value is defined as  where 1 and  is the radius of the smallest sphere

completely surrounding the array. In this case the electrical size is 3.05.  The # Beams

input takes in the number of beams present in the calibration file (more on this in Chapter

6).

The Channel Signal input takes in an 8-by-X array where X is the number of

samples collected through the DAQ card.  The default number of samples is 1000, but

this parameter may be altered at will by the test bed operator.  The Channel Signal

contains complex numbers which correspond to magnitude and phase differences

measured on the 8 channels from the antenna elements.  This information is used for

DOA estimation, tracking, and signal validation which is used for the dynamic mode

selection between beamforming and nullsteering.

The Beamforming Parameters section contains inputs which affect the

beamforming weights and communication with the RF board.  The Tx/Rx button

determines whether transmission or receiving weights should be used for beamforming.

The Reset button  is  not  vital  to  the  test  bed  performance.   It  simply  clears  the

beamforming weights on the RF board.  The Loop Iterations and Duty Cycle inputs are

used for the multi beam operation mode.  These values are intended to mimic an actual

radio system which wants to guarantee communication with a desired target for a given

amount of time, and then switch to another.  The Loop Iterations value is used to specify

a ‘period length’ for one cycle between two targets.  The Duty Cycle dictates how time is

split between the two targets for example a Duty Cycle of  50  would  result  in  an  even
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split.  When the test bed is integrated with the WiMAX radio system, these controls will

be disabled, because the radio will control this aspect of communication.

The Calibration File input  takes  in  the  path  where  calibrated  values  are  stored.

These calibrated values are used for both the multi-target beamforming and nullsteering

modes.

The Output Array contains the actual 6-bit settings (0-63) for the attenuators and

phase shifters on the RF board.  The Beam Angle field shows the pointing angle in multi-

target beamforming mode.  These are only displayed for verification purposes.

Block Diagram

In LabView, the system functionality is defined in the block diagram.  The system

was developed using a modular approach to maximize the flexibility of the design. A

modular approach allows users to easily change algorithms for one part of the system

without  affecting  the  operation  of  the  rest  of  the  system.   This  chapter  contains  small

screen shots of parts of the block diagram. For a view of the entire block, see Appendix

A.

The DOA estimation block collects the necessary input information and uses it to

execute a MATLAB script which implements the MUSIC algorithm.  This setup

facilitates flexibility because if a user wishes to try a different algorithm, they can simply

replace the MATLAB script with one containing the desired algorithm.  As mentioned in

Chapter 3, the MUSIC algorithm uses Eigen value decomposition on the signal

covariance matrix, Rxx to separate the signal subspace from the noise subspace, and then

uses the Eigen vectors to create a pseudo power spectrum which isolates the sources even
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when spatially close.  A small amount of processing is necessary to make the received

signals compatible with the MATLAB script which performs the DOA estimation.  The

data received through the DAQ card consist of digital samples of the analog waveforms.

The MUSIC algorithm, implemented in MATLAB, requires complex vectors in a+jb

form (representing magnitude and phase of the received signals).  The data conversion

was achieved by calculating the Hilbert transform of the input signals to gather the phase

information, and then combining this with the sample values (magnitude) to get the

correct data vectors.

After the targets’ DOAs are found, they are passed into the validation block which

uses the estimated DOA values and the incoming channel signal to determine whether

each signal represents a desired target, or an interferer.
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Figure 12: Validation algorithm flow diagram
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As depicted in Figure 12, the validation scheme isolates the energy in x(t) using spatial

signature.  Then the signals are each compared with a known reference signal (stored in

the system) and the correlation coefficients are calculated for the received signals.  This

block controls the dynamic mode selection of the system.  The correlation coefficients for

both signals are compared with a default threshold value of 0.75.  The default value was

chosen because it produced reliable signal validation with a SNR of 20dB.  This

threshold guarantees that the signal has a strong correlation, but still leaves room for

noise.   If  the  test  bed  user  desires,  the  threshold  may be  modified  to  compensate  for  a

greater amount of noise.  If both coefficients pass the threshold, then multi-target

beamforming is activated.  If neither coefficient passes, nothing is activated and the

system  returns  to  the  DOA  block.   If  only  one  coefficient  passes  the  threshold,

nullsteering is activated and that signal becomes the desired target and the other signal is

identified as interference.  This algorithm is very simple, but it is the keystone of the

interface.

The next block in the system is beam control.  This block depends strongly upon

the validation results.  When both targets are desired, the multi-target beamforming block

is activated.  In the first version of this design, this block used window filter

beamforming to create beam weights which were processed through a correction matrix

intended to compensate for cross talk and other errors in the output system, then

transmitted to the RF board via a DAQ card.  The correction matrix was created by

comparing two sets of ideal values with two sets of measured values.  The values are
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compared to obtain error vectors which are extrapolated to create an m×m matrix.  When

ideal weights needed for a specific beam and the correction matrix are multiplied

together, the product is calibrated weights for that beam. Hardware limitations (discussed

in Chapter 6) prevented this approach from performing well.  As a result, a simpler

switched beam approach which uses pre-calibrated beams was adopted.  With this

method, phase shifter and attenuator settings are calibrated ahead of time for 16 or 32

beams equally spaced around the array.  The targets’ DOA angles are rounded to the

nearest beam location and the weights for that beam are read from the calibration file and

transmitted to the RF board.  While this approach does not actually guarantee that a target

will receive the maximum possible power, but with 32 beams, every direction can be

covered within 2 dB of peak power.  The multiple desired target scenario is mimicked

using the session length and Duty Cycle inputs from the front panel.  A simple loop

counter starts at 0 and counts up to the value of the session length variable.  The duty

cycle is used to control how much of the session is spent on each target.  A duty cycle of

50 means that the time is evenly split between the two targets while a duty cycle of 90

gives more time to the first target.  While this implementation is useful to observe the

concept of this kind of system, it is impractical and unsuited to actual operation with a

radio system because the loop processes so slowly that the beams do not shift very fast.

In the final design the duty cycle and beam switching will most likely be controlled by

the radio system or a quicker method of switching the beams would have to be

implemented.
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When one  target  is  determined  to  be  interference  and  the  other  a  desired  target,

the nullsteering block is activated.  This block uses the matrix null space [21] [22]

method of nullsteering discussed in Chapter 3.  This block uses results of the DOA and

validation blocks with equations 13 and 14 to create a set of weight for beam nullsteering.

The weights are then corrected to match calibrated settings using a correction matrix, and

the final settings are transmitted to the RF board via a DAQ card.

The last block in the interface is tracking.  Two identical tracking blocks are used.

Each block takes in the 8-channel signal as well as the previous DOA value for one of the

targets.  The tracking block simply runs MUSIC on a ten degree window centered on the

previous DOA.  This approach makes the tracking and updating time for the system as

small as possible.  This method relies on the assumption that a moving target will not

move more than five degrees in the time it takes to do one update.  In the event that a

signal disappears, or does actually move more than five degrees, the system reverts back

to full DOA until a signal or interference source is detected again.

The main strength of this interface is flexibility.  A small amount of LabView

knowledge is necessary to make modifications.  Making the changes discussed above in

the multi-beam and nullsteering approaches took very little time.  Using MATLAB for

the algorithmic parts contributed to this flexibility.  Changing the algorithms in the test

bed can be as simple as copying the desired algorithm, and pasting it into the correct

LabView  block.   The  main  disadvantage  to  the  system  is  that  it  does  not  give  a  good

representation  of  the  real  time  operation  of  the  system.   As  this  is  just  a  test  bed



34

environment, the operation speed issue is mitigated a little bit although it would be nice

to have the ability to test the system’s timing.
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CHAPTER FIVE

TEST BED HARDWARE

The hardware used for this test bed consists of a circular antenna array, a receiver

board, an RF board, two PCs, and two DAQ cards.  The system tests were conducted in

MSU’s  anechoic  chamber  and  required  a  DC  power  supply,  an  RF  signal  generator,  a

spectrum analyzer, and a multitude of cables and connectors.  The antenna array and RF

board were developed and fabricated as part of a previous joint project between AAC and

MSU.  The receiver board was designed for this project and is in the process of being

fabricated,  but  was  not  complete  soon  enough  to  be  included  in  tests.   As  a  result

additional signal generators were required for the DOA tests.

The antenna array, seen below in Figure 13 consists of eight equally spaced

monopole elements arranged circularly on a copper ground skirt.  This array was

designed to operate in the 5.8 GHz band with a bandwidth of 200 MHz.  The ground skirt

serves  to  mimic  the  effect  of  an  infinite  ground  plane  which  causes  the  monopole

elements to behave like dipoles.  Connectors for each element allow it to be connected to

the receiver and RF board with coaxial cables.
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Figure 13: 8-element antenna array

The purpose of the RF board is to apply the PC generated beamforming weights

to the RF signal coming from either the array or radio system so that the directional beam

is formed.  The eight channel board contains eight analog phase shifters

(MAPCGM0002) and eight attenuators (HMC425LP3).  The phase shifters are each

digitally controlled by 6 lines and can produce phase changes between -180º and +180º in

5.625º  increments.   The  attenuators  are  each  controlled  by  6  digital  lines  as  well.   The

attenuation range is 0 to -31.5dB in increments of 0.5dB.  The RF board also contains

power amplifiers (SZA-5033) and low noise amplifiers (HMC320MS8G) as well as

switches which toggle the channels between transmission and receiving modes.  At the

heart  of  this  board  is  a  Xilinx  CoolRunnerII  CPLD.   The  CPLD  receives  the  control

information from the PC and uses it to directly control the phase shifters and attenuators.

The device was programmed to implement a shift register which acquires serial data from

the PC and latches it out to the individual channels in parallel.  Observation using an

oscilloscope revealed that it takes 65ms to change the beamforming weights in this
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manner when the beamforming weights were stored locally on the board.  Figure 14

depicts a simplified block diagram for two channels on the board.

Figure 14: RF board 2-channel block diagram

Two National Instruments DAQ cards were used for the test bed (one more was

used by the anechoic chamber to control the stepper motor). A model PCI-6133 card

acquires the incoming signals (from the receiver board eventually), while another card, a

model USB-6501 was used to communicate with the RF board.  The input card is a very

large, high performance card.  It has eight analog inputs and can simultaneously sample

them  at  a  rate  of  2.2  Msamples  per  second  which  is  just  over  the  Nyquist  rate  for  the

1MHz signals that will come from the receiver board.  This card uses a differential

sampling mode which allows for the measurement of channel phases and magnitudes

relative to one channel.  This is very useful when converting the sampled channel signals

into the complex vectors used in the PC software interface.  The output DAQ card is a

very small, simple card.  It has no analog capabilities and simply uses a digital channel to
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transfer data from the PC to the CPLD on the RF board.  This card has a very small form

factor and fits in the anechoic chamber fairly well.

The beam patterns of the array were measured in the anechoic chamber at MSU.

The chamber size is 41.74" 79.5" 51.5" (W L H).  The frequency range is 2GHz-

30GHz and the microwave absorber thickness: 5 inch (-42dB) & 8 inch(-52dB).  A 5.8

GHz resonant horn antenna (WR159 f=4.9-7.05GHz) is located at one end of the

chamber.   The  other  end  of  the  chamber  has  a  rotating  pedestal  with  a  stepper  motor

attached.  The antenna array is mounted on the rotating pedestal, which is controlled by

the step motor control with a PC through another DAQ card, allows it to collect a full 360

degree power spectrum.  The pedestal is built to hold the complete antenna array system.

Additional pieces of equipment attached to the chamber are an Anritsu  68369A RF

signal generator and an Advantest R3272 spectrum analyzer. These devices are controlled

by PC via a General Purpose Interface Bus (GPIB).  A DC power source is also used to

power the RF board which requires 5V, 3.3V, and ground connections.

Ideally, the test bed can run using a single PC.  The test environment, however,

dictated the use of different PCs for the beamforming and DOA performance tests.  The

number  of  PCI  slots  available  in  each  PC  was  insufficient  to  house  the  input  DAQ  in

addition to the GPIB cards necessary to run the signal generator and spectrum analyzer.

Both PCs used were generic systems built using standard components.  Both systems run

the software interface in LabView which relies on MATLAB for the algorithms

processing.  There were no special requirements for the PCs except that the cases needed

to be large enough to house the DAQ and GPIB cards.
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The last piece of hardware necessary to the full functionality of the system is the

receiver board.  This board will use Image Rejection (IR) mixers to down-convert the

incoming  signals  from  5.8  GHz  to  1  MHz.   Process  uses  a  combination  of  filters,

amplifiers, and a local oscillator to sample the higher frequency incoming signal at the

lower desired frequency rate.  Figure 15 shows a schematic of one channel on the board.

Figure 15: Receiver channel schematic

Unfortunately, ordering and development delays prevented this board from being ready at

the time of this writing.  An alternative solution consisted of using four extra signal

generators to simulate the output of this board for the PC interface tests.  The coming

chapter will demonstrate how the alternative solution was implemented.
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CHAPTER SIX

TEST PROCEDURE AND RESULTS

A series of tests was conducted, using the anechoic chamber and test equipment

described  in  Chapter  5,  to  verify  the  performance  of  the  system.   The  testing  had  two

parts. The two PCs, each running the same LabView interface, were configured

separately.  One setup was designated the DOA estimation test station, and the other was

used to test the beamforming algorithms including nullsteering.  The tracking algorithm

tests were split between the two systems and then integrated.  The different parts of the

system had different performance measures.  For DOA and tracking, the important

characteristics were how fast they ran and how closely they estimated the direction of

arrival.  For the beamforming and nullsteering tests, the items of interest were the

accuracy of the pointing angle, the shape of the beams including the width of the main

beam, heights of sidelobes, and depths of the nulls.

DOA Estimation Tests

To measure the performance of the DOA algorithm, the software interface was

run in LabView on the PC which had the National Instruments PCI-6133 DAQ card

installed.  Because the receiver board was unavailable, four Agilent dual output signal

generators were used to emulate the 1 MHz signals that would otherwise be recieved

from  the  receiver  board.   A  simple  LabView  interface  was  used  to  control  the  relative

phase on each output channel.   The phases were set to mimic the phase delays seen when

a propagating plane wave impinges on the antenna array.  These signals were received by
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the DAQ card through its analog connector block.  The signals were read from the card

into LabView using the SignalExpress toolbox.  This gave the PC software the complex

vectors  it  needed  to  perform  DOA  estimation.   The  accuracy  of  a  DOA  algorithm  is

typically measured by calculating the Root Mean Squared Error (RMSE) between the

estimated DOA and the value set for the signal generators.

N

2
measured0RMSE (15)

where  N is  an  arbitrary  number  of  trials,  and 0 is  the  actual  DOA angle.  Because  this

implementation of the MUSIC algorithm produced extremely dramatic results (the RMSE

was  either  0º  or  >90º),  a  characteristic  known  as  system  resolution  was  used.   The

system’s  resolution  was  defined  as  the  minimum  necessary  angular  separation  distance

between the two targets for accurate DOA estimation. This was measured by observing

RMSE for each of the two targets’ estimated DOAs as their actual locations became very

close.   This  characteristic  is  greatly  affected  by  SNR.   The  test  setup  had  a  significant

weakness in that it was very difficult to add noise to the test.  The only noise available

was the small amount of background noise inherent to the connections in the system.  The

SNR observed for this case was about 70 dB.  The performance of a DOA algorithm is

very dependant on the number of signal samples collected. To measure this algorithm’s

performance,  the  system  resolution  was  measured  for  different  numbers  of  collected

samples.  Table 1 shows the results of the angle accuracy tests.
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Table1. MSE analysis for DOA with low noise
# Samples System Resolution (º)

10,000 5
1,000 5
100 5
47 5

The  results  showed  that  the  MUSIC  algorithm  is  accurate  to  a  system  resolution  of  5º

down to as few as 47 samples with this noise level.

The other characteristic of interest for DOA is the time it takes to run.  A simple

LabView timing template was used to run time trials of the DOA estimation.  This

allowed  different  parts  of  the  process  to  be  timed  independently.   The  timing  structure

uses an iterative loop to run the procedure under test a set number of times, then divides

the total elapsed time by the number of iterations to obtain an average running time.

Table 2 shows the time requirements for DOA estimation broken down into three parts:

sampling and signal acquisition in the DAQ card, conversion into complex vectors, and

running the MUSIC algorithm.  The DOA execution time is also strongly dependent on

the number of samples taken.  To measure the execution time, a LabView template was

used which uses a for loop to run the specified block a set number of times.  Time stamps

are used to measure how long the loop ran for.  This time was divided by the number of

loop iterations to give an average execution time for the block being tested.

Table 2. Execution time for DOA
Time (ms)

#Samples Sampling Conversion MUSIC Total
10,000 4.55 17 27 40.55
1,000 0.45 10 27 37.45
100 0.045 9 26 35.05
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The results in Table 2 show that it takes 41 milliseconds at most to first acquire DOAs for

the targets.  The largest components to this are the time to convert the samples collected

by the DAQ into the complex vectors used by the MUSIC algorithm and the actual time it

takes to run MUSIC.  The conversion time can be decreased by finding a faster method

than the Hilbert transform to find the phase information. The execution time for MUSIC

depends chiefly upon the size of the covariance matrix it decomposes to find the desired

subspaces.  This can be reduced either by using a smaller array, or using a modified

version of the algorithm such as Spatial Selective MUSIC [17].

Beamforming Tests

The performance of the beamforming portion of the test bed was based upon the

shape of the beams formed, including how accurate the pointing angle was, how high the

sidelobes were and how deep the nulls were.  It was also important to measure the time it

took to send the weights to the RF board.

As mentioned above, the first approach to beamforming for this system used

beamforming weights derived using a Chebyshev window filter.  Testing revealed

significant problems with this approach.  The beamforming weights generated by the

Chebyshev window require attenuation accurate to 0.04 dB and phase shifts accurate to

0.01 degrees.  The attenuators on the RF board are only accurate to 0.5 dB and the phase

shifters were only accurate to 5.625 degrees.  This made it virtually impossible to

implement Chebyshev beamforming at this time.  As a result, it was determined that

cophasal excitation was the most viable approach currently available.
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It is important to note that the beamforming weights generated by the algorithms

are not the settings that actually produce the desired beam when applied to the phase

shifters and attenuators.  The reason for this is crosstalk on the RF board.  As a result, a

calibration system was developed which first sets the ideal weights for beamforming,

then  measures  the  actual  result  of  setting  those  weights.   An  iterative  process  goes

through all 8 channels on the RF board, updating the weights until the result is the actual

settings necessary to form the desired beam.  This calibration procedure takes an average

of ten minutes to calibrate a single beam.  This makes it impractical to calibrate beam

weights for 360 different beams.  In an attempt to overcome this limitation, a correction

matrix was constructed which compared two sets of calibrated weights to their ideal

counterparts and uses difference equations to construct the correction matrix.  Further

inspection, however, showed that it was unnecessary.

Figure 16: Cophasal pattern measured at 180 degrees
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Notice the data values highlighted in Figure 16.  The pointing angle for the beam is 180º.

The highlighted data points illustrate that the received power is within 1 dB of the

maximum as long as the target is within 12º of the beam’s peak.  This means that each

beam  effectively  covers  a  24º  section  of  the  circle.   The  360º  circle  could  thus  be

theoretically split into fifteen equal 24º segments.  Due to the nature of the circular

antenna array, the beams formed tend to have better shapes and sidelobes when the

pointing  angle  is  oriented  symmetrically  on  or  between  the  array  elements.   For  this

reason, 16 beams were calibrated rather than 15.

To test the beamforming part of the system, the PC interface was running in

LabView on the PC connected to the RF board through the USB-6525 DAQ card.  It was

also  connected  to  the  signal  generator  and  spectrum  analyzer  by  GPIB.   The  test

procedure involved having the interface set the beamforming weights while another

LabView interface controlled the signal generator, stepper motor, and spectrum analyzer.

A horn antenna at the far end of the anechoic chamber transmitted or received the signal

to or from the antenna array depending on the mode of operation.  When in receiving

mode, the signal generator was connected to the horn and the spectrum analyzer was

connected to the RF board.  When in transmission mode, the connections were switched

so that the signal generator was connected to the RF board and the spectrum analyzer was

connected to the horn.  The stepper motor rotated the pedestal with the array 360º while

the spectrum analyzer collected power samples every four degrees.  After the power

versus angle data was collected for the whole 360º, it was saved to a .mat file so that it

could be opened in MATLAB and compared with simulated values.
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Figure 17a: Polar pattern comparison                 Figure 17b: Enlarged view of beam peak
                    location

Figure 17a shows the polar power pattern comparison between the measured beam and

the MATLAB simulation.  The measured beam is very close to the simulated result.

Figure 17b shows an enlargement of the peak area.  Notice that there is a 1º degree

difference between the ideal and measured pointing angles.  This has been examined and

was found to be due to a peculiarity with the stepper motor.  It was observed that every

step the motor takes is a little larger than four degrees.  The power collection routine

collects a sample each time, and plots it as if the motor moved exactly four degrees.  This

was verified by recording the same beam in both clockwise and counterclockwise

directions.   When  the  peak  locations  were  averaged  together,  the  result  was  within  0.1

degree of the ideal location.  Comparison plots for all 16 cophasal beams are included in

the Appendix B.

The time required to update the RF board was measured using the same timing

template outline above for DOA.  Due to the arbitrary nature of the multi-beam

implementation, it was not possible to measure a switching time for the multi-beam



47

system, however, if the radio is controlling when the system switches, then the most

important time consideration is the amount of time it takes the system to update the

weights and transfer them to the RF board.  This time was measured to be 606

milliseconds.  The largest contributor to this delay is the time it takes to transfer the data

to the RF board through the DAQ card.  This part of the process accounted for 596

milliseconds.  The ways to decrease this would be to decrease the amount of data being

transmitted, to localize the entire software interface on the RF board, or to possibly

attempt to implement a higher speed connection between the PC and RF board..

Nullsteering Tests

The most important information for evaluating the performance of the nullsteering

algorithms was the pointing angle, null location, and null depth.  The nullsteering tests

were performed in exactly the same manner as the beamforming tests.  The same issues

with  calibration  and  the  resolution  of  the  phase  shifters  and  attenuators  apply  to

nullsteering.  Recall that the nullsteering method used here computes ideal weights which

are passed through the correction matrix to obtain actual settings for the RF board.

The results of the nullsteering test showed some limited success.  Figure 18 shows

a comparison for a nullsteering pattern with a desired target at 90º and interference at

180º.
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Figure 18: Nullsteering pattern comparison

Notice that the null in the measured pattern is 3º away from the interference location, and

goes down to -22 dB.  Every detail of the system was examined in an attempt to improve

these results.  A special calibration was performed to specifically create the nullsteering

beams.  Figure 18 shows the best result gained from this effort. Eventually, the

conclusion was reached that these results were the best that could be achieved given the

resolution of the phase shifters and attenuators.  This was verified by comparing the

theoretical phase and magnitude settings required to the actual values measured on those

channels using a Vector Network Analyzer (VNA).
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Timing analysis of nullsteering was carried out the same way as the beamforming

tests.  The observed delay was the same as for beamforming, this further reinforces that

the limiting factor in this part of the system is the communication between the PC and the

RF board.

Tracking Tests

The tracking system uses a modified MUSIC algorithm with a small segment of

space to minimize processing time.  Due to the fact that the receiver board was not

available, there was no way to evaluate the real time performance of the tracking

algorithm, but it was possible to gather performance date similar to what was measured

for  DOA.   The  angular  accuracy  (RMSE)  performance  and  system  resolution  of  the

tracking was identical to that of the DOA (refer to Table 1), while the execution time was

significantly shorter.

Table 3. Execution time for Tracking
Time (ms)

#Samples Sampling Conversion Tracking Total
10,000 4.55 17 26 39.55
1,000 0.45 10 7 17.45
100 0.045 9 6 15.05

Again this time could potentially be improved by using a more efficient DOA algorithm,

or an array with fewer elements.
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CHAPTER SEVEN

CONCLUSIONS AND IMPLICATIONS FOR FUTURE WORK

The primary goal of this thesis was realized.  A flexible test bed environment was

developed and used to analyze the performance of a smart antenna system.  Test results

were collected and used to analyze the performance of DOA estimation, beamforming,

nullsteering, and tracking algorithms.

The results of the smart antenna system tests lead to two distinct conclusions.

The first conclusion is that the measured execution time of the system is fairly good

considering all of the functionality implemented.  Unless very high data rates are desired

or targets are moving extremely fast, the DOA, beamforming, and tracking should not be

a significant part of the overall communication overhead.  Also, in a low noise

environment, performance can be improved by using Spatial Selective MUSIC or by

reducing the number of samples collected.  It should be noted that while the MUSIC

DOA algorithm performed very well in the tests, there is still an unanswered question as

to how well it will perform in noisier environments.

The next conclusion concerns the RF board.  Although it contains all of the

necessary hardware for beamforming and interfacing with the radio system, it has some

very severe limitations.  The most noticeable, obviously, is the resolution of the

attenuator and phase shifter settings.  It became very clear, that while this board is

sufficient for cophasal beamforming, and to a small extent, basic nullsteering, more

advanced techniques require finer resolution than the current hardware provides.

Additionally,  this  system  would  benefit  greatly  from  a  more  advanced  (real-time  if
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possible) calibration scheme.  While the current system works well, it definitely limits the

flexibility of the design when any desired beam shape must be calibrated in advance

including nullsteering patterns.

Future Work

There are several areas where this project can be pushed ahead.  First, it is

obvious  that  tests  need  to  be  run  using  the  receiver  board.   These  tests  can  include  the

whole system and statistics such as the overall system execution speed, multi target beam

switching speed, and analysis of the tracking algorithm.  Once the entire system is ready,

it can be connected to a WiMAX radio system for chamber and field tests.  When these

tests are complete, more information will become available as to what improvements

might be pursued.

One key improvement would be a new RF board.  There are two possible design

alternatives.   The  first  would  be  to  make  a  new  RF  board  with  phase  shifters  and

attenuators with better resolution.  This option, however, would likely be cost prohibitive

given the price of 8-bit and higher phase shifters and attenuators.  The more attractive

alternative, is to implement digital beamforming rather than using attenuators and phase

shifters.  This approach would take much more time, but would be less expensive.

Further work could also be done with the radio interface, learning how and what

capabilities are available and using that knowledge to optimize the system to work with a

specific  radio  system,  or  fit  it  to  the  IEEE  802.16  standard  so  that  any  WiMAX  radio

could use it.  Also, frequency agility could be added to the system allowing it to further

increase coverage and signal quality to customers.
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The focus of this work was to develop a flexible test bed, which would allow

multiple algorithms and approaches to different parts of the system could be examined.

The next step in this process would be to implement the system as a stand alone module

without  the  PC  and  DAQ  cards.   The  end  result  would  be  an  antenna  with  some

electronics attached that would connect to a WiMAX radio system, and would work as a

stand alone smart antenna.
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APPENDIX A

PC INTERFACE BLOCK DIAGRAM
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This appendix contains screenshots of the PC interface block diagram.

Figure A
1: PC

 interface block diagram
 w

hen operating in m
ulti-beam

 (top)
 and nullsteering (bottom

) m
odes.
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APPENDIX B

BEAM PATTERN PLOTS
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This appendix contains plots of measured data compared with simulated values for the

same beam.  The first set of figures are for cophasal beams.

Figure B1: Cophasal comparison at 337º

Figure B 2: Cophasal comparison at 23º
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Figure B 3: Cophasal comparison at 45º

Figure B 4: Cophasal comparison at 68º

Figure B 5: Cophasal comparison at 90º
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Figure B 6: Cophasal comparison at 113º

Figure B 7: Cophasal comparison at 135º

Figure B 8: Cophasal comparison at 158º
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Figure B 9: Cophasal comparison at 180º

Figure B 10: Cophasal comparison at 203º

Figure B 11: Cophasal comparison at 225º
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Figure B 12: Cophasal comparison at 248º

Figure B 13: Cophasal comparison at 270º

Figure B 14: Cophasal comparison at 293º
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Figure B 15: Cophasal comparison at 315º

The next set of patterns are nullsteering patterns with the interference fixed at

180º.

Figure B 16: Nullsteering comparison with desired target at 337º
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Figure B 17: Nullsteering comparison with desired target at 23º

Figure B 18: Nullsteering comparison with desired target at 45º

Figure B 19: Nullsteering comparison with desired target at 68º
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Figure B 20: Nullsteering comparison with desired target at 90º

Figure B 21: Nullsteering comparison with desired target at 113º

Figure B 22: Nullsteering comparison with desired target at 158º
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Figure B 23: Nullsteering comparison with desired target at 203º

Figure B 24: Nullsteering comparison with desired target at 225º

Figure B 25: Nullsteering comparison with desired target at 248º
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Figure B 26: Nullsteering comparison with desired target at 270º

Figure B 27: Nullsteering comparison with desired target at 315º


