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ABSTRACT

In this thesis, two techniques which can enhance the performance of an adaptive
array antenna using a constant modulus algorithm (CMA) are proposed. Firstly, a cost-
effective approach for initialization of the CMA adaptive antenna is presented to increase
the convergence rate of CMA. The technique utilizes one-bit phase shifters and a power
detector, which are normally integrated with a multi-beam antenna, to determine the
maximum power beam direction. Consequently, the beam is exploited as an initial beam
for CMA. Development of hardware-assisted initialization is discussed. In addition,
FPGA implementation of a CMA processor and associated control circuitry is presented.
Several simulations are performed to evaluate the performance of the proposed
initialization technique. In addition, the developed prototype is tested with a flat four-
beam phased array antenna designed for the operation at the IMT2000 frequency of 1.95
GHz. Experimental results confirm superiority of the proposed technique. Besides, .a new
antenna, a switched-beam element phased array antenna, is employed instead of a flat
four-beam phased array antenna. It can generate twelve possible initial beams, covering
the service area (360°) by using four one-bit phase shifters and applying forward or
reverse bias to PIN diodes of each element. The simulation results are shown to validate
that the proposed adaptive antenna system with the switched-beam element phased array
antenna has the fastest convergence rate compared to that obtained from other systems,
namely the systems with flat four-beam phased array antenna and without beam-
switching initialization. Secondly, a technique which can improve the speed performance
of a CMA adaptive processing unit is presented by using parallel and pipelining
processing. The original CMA is modified to be a delayed CMA (DCMA) by inserting
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delay units. The effect of inserting delay units and wordlenght on the proposed adaptive
antenna system is investigated via simulations. The proposed pipelined architecture based
on DCMA is implemented by using fixed-point arithmetic on a field programmable gate
array (FPGA) and then tested. In addition, fixed-point multipliers are replaced by power-
of-two multipliers to reduce the use of resource for FPGA implementation. The testing
results show that the proposed adaptive processing unit can operate well with the

proposed adaptive antenna.
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CHAPTER 1
INTRODUCTION

1.1 Background

One of the fastest growing fields in the engineering world is the wireless
communication system because of the rapid increase in the demand for its services. It
was anticipated that people will be able to use a mobile device anywhere on the globe
at all time in the near future. The way to achieve the anticipation is to increase
capacity by mounting antennas on vehicles, ships, aircraft, satellites and basestations.
This is expected to play an important role in fulfilling these services. However, the
limitation to increase capacity was encountered.

The higher demand in wireless communications calls for higher system
capacities. The capacity of a communication system can be increased directly by
enlarging the bandwidth of the existing communications channels or by allocating
new frequencies to the service. However, the electromagnetic spectrum which is a
valuable resource is limited and the electromagnetic environment is increasingly
congested with a proliferation of unintentional and intentional sources of interference.
Thus, the direct method to increase the system capacity by opening the new spectrum
space is not feasible in the future. The use of the frequency resource will be critical.
Other methods to improve the system capacity were introduced by using multiple
access techniques. The techniques refer to the simultaneous transmission by numerous
users through a common receiving point which is normally the basestation. There are
four domains where the users can share the use of the basestation, namely bandwidth,
time, code and space. The examples of the multiple access techniques include
frequency-division multiple access (FDMA), time-division multiple access (TDMA),
code-division multiple access (CDMA), and space-division multiple access (SDMA)
techniques. In the FDMA scheme, the frequency spectrum is divided into segments
that are apportioned among difference users. With the use of digital techniques,
TDMA became a practical access technology. Here, each user is apportioned the
entire transmission resource periodically for a short period of time. Digital techniques
enable another multiple access method which is a CDMA scheme. CDMA utilizes

spread spectrum modulation scheme to spread the digital waveform of each user over



the entire frequency spectrum that is allocated for all users. Each user is separated by
using a unique code. Finally, in order to use the frequency spectrum efficiently, the
same carrier frequency can be reused in the different cells. This is the primitive form
of SDMA. For more advanced forms of SDMA, the 120° sectorial beams at different
carrier frequencies can be used within a cell and each sectorial beam can be used to
serve the same number of users as are served in the ordinary case. The ultimate form
of SDMA, however, is to use independently steered high-gain beams at the same
carrier frequency to provide service to individual users within a cell. The latest form
of SDMA usually employs an adaptive array antenna, which have recently drawn
considerable interest from the communications community [1].

With recent rapid increase in demand for wireless communications as
discussed above, in wireless communication systems, multipath fading effects and
interference among communications clearly become serious problems. Normally, the
severity of each problem depends upon a certain application under consideration. For
example, in a direct sequence-code division multiple access (DS-CDMA) system,
since the path delays for individual users usually span at most a few chips,
intersymbol interference (ISI) due to the propagation delay through the multipath
channel is relatively small and typically ignored [2]. In fact, performance degradation
of the DS-CDMA system is mainly due to multiple access interference (MAI), which
can be mitigated by a smart antenna. In general, one can classify the smart antenna
into three categories, namely diversity, switch beam and adaptive antennas.

An adaptive array antenna is an array of antennas, which is able to change its
antenna pattern dynamically to adjust to noise, interference, and multi-path. It can
adjust its pattern to track portable users. Moreover, it is used to enhance received
signals and may be used to form beams for transmission. Fig. 1.1 depicts the basic
configuration of an adaptive array antenna. The signal received from each antenna
element is multiplied by adjustable weights. The adjustable weights are obtained by
using a specific adaptive algorithm. An adaptive algorithm is a procedure used to deal
with the ability of a system to change its characteristics according with the condition
which relies upon the selected adaptive algorithm. The adaptive algorithm can be
applied into various applications such as adaptive filter, adaptive equalizer, adaptive

antenna, etc.



The adaptive algorithm distinguished by a need for reference signal can be
classified into two categories: non-blind and blind adaptive algorithms [3]. The non-
blind adaptive algorithm is a computational method where its coefficient adjustment
in the adaptive antenna relies upon a reference signal, which is often referred to as a
training sequence. A least mean square (LMS), recursive least squares (RLS) and their
derivatives are among adaptive algorithms commonly employed for the system [4].
They converge to the optimum Wiener solution [4]. In contrast, the blind adaptive
algorithm does not require reference signal.

The first category of the blind algorithms is the Bussgang algorithm, the
derivation of which is based upon maximum a posteri (MAP) estimation of the
transmitted symbol, giveﬂ the certain assumptions on its output. The examples of the
Bussgang algorithm are the decision-directed algorithm, Sato algorithm, and CMA
[3].The basic model of the Bussgang algorithm in an adaptive filter aspect is shown in
Fig. 1.2. The Bussgang algorithm has the property that its autocorrelation function is
equal to the cross-correlation between that process and the output of a zero-memory
nonlinearity produced by the process, with both correlations being measured for the
same lag.

During the last decade, the blind adaptive algorithm has received considerable
interest for their application in wireless communication systems, see e.g. [3], because
of their distinct advantage of not requiring the training sequence. One of the most
popular blind algorithms is a constant modulus algorithm (CMA) [5], which can
eliminate the interference with the condition that the transmitted signal has a constant
envelope, e.g. a frequency- or phase-modulated signal. This is because the
interference signal involves the amplitude fluctuation on the received signal. The
CMA is blind since it employs only priori knowledge of the constant.envelope of the
transmitted signal to suppress the effect due to interference.

The algorithm was originally proposed in the context of blind equalization [5]
and laterally applied to adaptive antenna systems where its performance was widely
investigated, see e.g. [6]-[9]. Implementation of a CMA adaptive antenna for a
Gaussian minimum shift keying (GMSK)-modulated mobile communication system
was presented in [10] and its performance was reported in [11]. In [12]-[13], the CMA
was used to reduce the co-channel interference in digital land mobile
communications. A multistage constant modulus (CM) array comprising a multistage

cascade of signal recovering and cancelling processes was proposed in [14]-[15]



where a sample matrix inversion (SMI) algorithm was applied to adjust the array
weights of the signal cancelling method for bit error rate (BER) improvement. In [16],
the CMA was modified to control a microwave analogue beamformer via a variable
phase shifter. This algorithm was referred to as the M-CMA. In addition to reduction
of co-channel interference, the CMA was exploited for signal recovery in fast fading
environments [17].

So far, the main drawback of applying the CMA to the adaptive antenna
system is its slow convergence property [13]-[19]. It was reported that the
convergence behaviour of CMA heavily depends on its initial condition [18]-[20].
Recently, a solution to resolve this convergence problem was introduced by utilizing a
solution of the SMI to initialize the CMA [21]. Nevertheless, there are two
shortcomings in this approach. Firstly, inversion in the SMI implies a high
computation burden of the algorithm. Secondly, the algorithm is not purely blind
because it needs a reference signal.

In [22], the RLS-CMA algorithm was proposed to enhance the CMA
convergence properties where the original CMA was converted to the new algorithm
based on the analogy to an RLS optimization technique. Though the convergence rate
is improved, there is a trade-off between computation burden and convergence
performance. Therefore, both aforementioned algorithms are not suitable for hardware
implementation.

By the way, in future wireless communication systems, the architecture which
can operate at a high data rate is also expected to play an important role to fulfill its
service. Practically, the recursive algorithm imposes a critical limit on its
implementation. The algorithm can be generally implemented on both digital signal
processor (DSP) and field programmable gate array (FPGA) [10], [13] and [23]. In
these approaches, a multiplier is integrated with an adder such that multiply-
accumulate (MAC) operation can be carried out in one clock cycle. It is noticed that it
usually cannot operate at high clock frequency. To overcome the slow operating clock
speed, two popular approaches namely pipelining and parallel processing were
introduced to increase clock speed or sample speed [24]-[26].

In [27]-[30], pipelining technique was applied for hardware implementation of
the LMS algorithm in order to achieve a high throughput. Modification of the original
LMS algorithm was proposed to make the implementation by using pipelining
technique possible. Two modified algorithms are the relaxed look-ahead pipelined



LMS (RLPLMS) and delayed LMS (DLMS) algorithms [27], [29]. In the DLMS
algorithm, delay units D are inserted between the tap of an adaptive digital filter. This
approach can increase throughput. However, the delay in the adaptation coefficient
results in output latency and degrades the convergence property of DLMS algorithm.
In [31], a high-speed FPGA implementation of the pipelined LMS filter based on the
DLMS algorithm was presented for electronic support measures receivers. Note that
there are no literatures relevant to the aspect of a high-speed hardware implementation
of CMA for an adaptive antenna system.

Besides a high-speed architecture, the efficient arithmetic is required to reduce
the cost and power consumption of the target device. A fixed-point arithmetic has
been widely used to implement an adaptive processing umit. In [10], the CMA
adaptive array was implemented on a DSP device using 16-bit fixed-point operations.
The device can completely perform one sample in 2 ms. It means that the sampling
rate is only 0.5 ksps. The pipelined adaptive LMS predictor proposed in [31] was also
designed based on a fixed-point arithmetic. Another technique presented to reduce the
complexity of multipliers is the power-of-two multiplication. The coefficients of the
digital filter were restricted to power-of-two or the sum of two terms which are
powers of two [31]-[35]. Moreover, a power-of-two quantizer was used at the input of
the multiplier in an adaptive equalizer [36]. In these approaches, the multipliers can

be implemented by simple shifters and adders.

Array output

.. Desired signal

Adaptive
algorithm

Fig. 1.1 Basic configuration of an adaptive array antenna.
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Fig. 1.2 Basic model of the Bussgang algorithm.
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1.2 Research Objective

As aforementioned, the main drawback of applying CMA to an adaptive
antenna is its slow convergence property. There are a number of publications relevant
to the techniques which can resolve the underlying problem. However, they do not
seriously take into account the aspects of implementation.

Currently, there exist a large number of techniques proposed for a multi-beam
antenna, see e.g. [37]. In essence, the antenna elements are spatially arranged and
electrically interconnected to form a phased array. Beam-switching (or beam-
scanning) of the antenna is normally achieved via a phase shifter operating at either
RF or IF.

Among the incoming beams to the receiving antenna, there is always a beam
with maximum power. It is rational to utilize this beam for a CMA initialization.
Demonstrating the concept in simulation [38], the system initially scans its beam and
then determines a maximum received power beam, which is efficiently exploited for
initialization of the adaptive antenna. Subsequently, the CMA can be used for further
adjustment of the antenna beam. It was shown that the approach can significantly
improve the convergence property of the CMA.

One of the goals of this thesis is to present an initialization technique which
can improve convergence property of CMA by maintaining its advantage of not
requiring a reference signal. The implementation aspects of the proposed concept will
be addressed. It will be shown that the underlying initialization technique can easily
be achieved using a simple hardware circuitry which only comprises a power detector
and phase shifters. Furthermore, implementation of an adaptive processor and
associated control unit using a field programmable gate array (FPGA) will be
discussed. The performance of the FPGA implementation of the CMA. adaptive

antenna system with hardware-assisted initialization is investigated.



Despite the potential of CMA, another main drawback is that it has not been
implemented efficiently on the target device. Thus, another goal of this thesis is to
present the efficient architecture for hardware implementation of a CMA adaptive
array antenna. The delayed CMA (DCMA) in context of the adaptive antenna system
will be described while its solution will be determined also. The architecture of the
pipelined CMA based on DCMA will be proposed along with investigation of the
effect of its wordlenght. Fixed-point multipliers for multiplication between input
signals and others are replaced by power-of-two multipliers in order to reduce the
consumed resource for hardware implementation. The performance of the proposed

architecture is evaluated via implementing it on FPGA.

1.3 Organization of the thesis

After introduction, the thesis is organized as follows. Chapter 2 provides the
theoretical background of the circular phased array antenna, CMA array, and FPGA
design. The derivation of update equations of CMA is given along with its illustrative
example via simulations. The conventional CMA array is modified to be a CMA
adaptive phased array by utilizing a simple circuit of phase shifters. The update
equations of the modified CMA are also discussed via simulations with and without
the present of noise. Moreover, pipelining technique used to improve a speed
performance for implementation is addressed. Several ways to pipeline the multiply
and accumulate (MAC) unit are introduced. Since the target hardware used to
implement an adaptive antenna is FPGA, the basic architecture and design of FPGA is
presented.

In Chapter 3, a cost-effective approach for initialization of the adaptive
antenna using CMA is presented. The simulations were conducted to validate the
proposed technique. The additional case studies of the proposed technique are given
such as the case of two interference signals in order to investigate its behavior that the
antenna can be used in the practical environment. Besides, the design of the adaptive
processing unit using CMA is presented. The basic operators including the adders,
subtractors, multipliers, and number converters in the unit are discussed. The unit is
implemented on FPGA. Moreover, the antenna prototype is constructed and shown.

Finally, experimental results with the flat four-beam compact phased array antenna



[37] being designed for the IMT2000 system of 1.95 GHz are also presented in
comparison with the simulation results.

In Chapter 4, a new antenna, a switched-beam element phased array antenna,
is used to replace a flat four-beam phased array antenna. The characteristic of the
switched-beam element phased array antenna will be described in Section 4.2 where
the adaptive antenna system along with the switched-beam element phased array
antenna will be proposed. In Section 4.3, the simulations are conducted to show that
the proposed adaptive antenna with the new antenna has the fasted convergence rate.

In Chapter 5, the DCMA in context of an adaptive array antenna will be
introduced along with its signal model and update equations. The effect of inserting
delay units into CMA is investigated via simulations with 2-element linear antenna.
The characteristics of DCMA-based the proposed adaptive antenna are shown in
Section 5.3.2. The efficient pipelined architecture based on DMCA is proposed in
Section 5.3.3 in which fixed-point and power-of-two operations are utilized to reduce
the consumed resource for hardware implementation.

In Chapter 6, the proposed pipelined architecture based on DCMA adaptive
array is implemented on FPGA by using fixed-point and power-of-two operations.
Fixed-point and power-of-two representations are described in Section 6.2. The basic
component circuits used to implement the proposed pipelined architecture are
discussed in Section 6.3. The testing system for the proposed pipelined architecture
using fixed-point and power-of-two operations is shown. The implemented DCMA-
based architecture is tested. The implementation results of the proposed pipelined
architecture are shown validate that the consumed resource of the proposed DCMA-
based architecture using power-of-two operations is less than that of the proposed
DCMA-based architecture using fixed-point operations.

Finally, the conclusions and discussions are given in Chapter 7.



CHAPTER 2
THEORETICAL BACKGROUND AND

RELATED WORKS

2.1 Introduction

As aforementioned in chapter 1, two efficient techniques for hardware
implementation of an adaptive antenna using CMA will be presented. In this chapter, the
theoretical background of a phased array antenna and CMA array is discussed. The
derivation of CMA is presented along with its analysis through illustrative simulations.
Moreover, the architecture for design of FPGA is also discussed and will be applied for

efficient-hardware implementation in the next chapter.

2.2 Four-element Circular Phased Array

The applications of mobile communication system require that a main beam of the
antenna can be changed or scanned. It can be accomplished by one of the efficient
techniques of array along with fixed phase to its elements, i.e. a phased array. Generally,
the phased array is defined as an array antenna whose main beam maximum direction is
controlled by varying the phase or time delay to the elements. In this section, the concept
of a four-element circular phased array antenna is presented. The parameters of the
antenna are chosen to obtain the desirable pattern characteristic. Then, one-bit phase
shifters applied to scan the beams are discussed.

The circular array comprises antenna elements which are placed on circle ring.
The radiation pattern can be chosen by changing the phased excitation of the antenna

elements. Fig. 2.1 depicts the basic configuration of a circular array.
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Fig. 2.1 Basic configuration of N-element circular array antenna.

Let us consider the array factor of the circular array antenna as seen in Fig. 2.1.
The N isotropic sources are equally placed on an x-y plane with a circular radius a.
Following the derivation in [39], the normalized electric field can be expressed as

e Jkr

E,(r,0,4)=—T/[ AF(6.¢)] 2.1)

r

where k is a propagation constant and AF is an array factor defined by

N P
AF (9, ¢) _ Z aneﬁ[kasm Ocos(¢-¢, )+a,] (22)

n=1

where a, is a excitation coefficient (amplitude) of the nth element, a, is a phase excitation

(relative to the array center) of the nth element, and ¢, = 27:(7’;—) is the angular position

of the nth element on the a x-y plane. N is the number of antenna elements.
Eq. (2.2) indicates that the main beam direction (6,¢y) can be controlled by

choosing the phase excitation to the nth element as given by

a, =—kasin 6, cos(¢, - ¢,) (2.3)
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So far, the array factor in Eq. (2.2) can be rewritten as

N o .
AF(0,¢) = Z Ine+l[kasnn9ws(¢—¢,.)—kasmﬂ,,cos(%-,s")]
3 (2.4)
=21 g*ecosv—eosvo)

n=1

where I, is a current of the nth element.
In [37], the phased array antenna was presented on the basis of the circular array
theory along with the parameter conditions as follows.

1. The antenna was designed to provide the radiation pattern in the azimuthal
plane. The peak beam direction 6y of 30° was defined to tilt the beam of
the antenna for the specific coverage area.

The antenna had the beamwidth of 90° in four different directions.
The number of the antenna elements was selected to be four (V= 4)

The excited amplitude for each element was equal.

DA

To provide the radiation pattern in azimuthal plane and obtain the
desirable front-to-back ratio (F/B =10 dB) characteristic, the array radius
a of the antenna must be considered.

By varying the array radius, Fig. 2.2 shows the radiation patterns of the main
beam direction when ¢ = 45°. The main beam is relatively Wide when a = A¢/4 as seen in
Fig. 2.2 (a). The F/B ratio is less than 3 dB. Fig. 2.2 (b)-(d) respectively illustrate the
radiation pattern when a = 2X¢/4, 3Ao/4 and 4Ay/4. These figures reveal that their half-
power beamwidths are narrower than 90°. Thus, they are not sufficiently wide to cover
the specific area (360°) vs}hen scanning the main beam in four directions. Besides, these
are not suitable to provide the directional antenna because the side lobe is relatively high.
As mentioned above, the main beam obtained from choosing a = Ay/4 is wide. On the
contrary, the main beam obtained from choosing a = 2A/4 is relatively narrow while the
back l;)be is high. Therefore, the array radius of the antenna is chosen to be 31¢/8 in order
to increase the beamwidth as well as reduce the back lobe. The radiation pattern obtained
from choosing a = 3A¢/8 is illustrated in Fig. 2.3. The half-power beamwidth is about
120° which can cover the specific area. The F/B ratio is higher than 10 dB which can

provide the directional radiation pattern.
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(©) (d)
Fig. 2.2 Radiation patterns of the circular array antenna when a = (a) Ay/4 (b) 2A/4
(c) 3rp/4 (d) 4)0o/4.

0 ¢(degree)

Fig. 2.3 Radiation pattern of the circular array antenna when a = 3A¢/8.

In addition, the number of antenna elements was changed and the consequent
radiation pattern was then considered. Fig. 2.4 (a)-(b) show the radiation pattern of the
circular array antenna when N = 2 and 8, respectively. Fig. 2.4 (a) reveals that the main
beam directs to 45° and 135° and the F/B ratio is less than 10 dB. The antenna with N =2

has directional pattern with wide beamwidth and high back lobe and is therefore not
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suitable to be employed for beam-switching. In Fig. 2.4 (b), despite no back lobe, there
are slight differences in the radiation patterns between the cases of N = 4 and 8. The array
with N = 4 is sufficient to obtain the F/B ratio above 10 dB. Thus, it is not necessary to

increase the number of antenna elements because of the expensive cost.

(a) (b

Fig. 2.4 Radiation pattern of the circular array antenna when N is (a) 2 (b) 8.

According to the parameters 1-5, they were substituted into Eq. 2.3 as

——| 27| 3% \sin(30° _m
a, = (;{0 J( 2 )sm(30 )cos(¢0 2 )
= -3T7zsin (30°)cos (¢0 —%’1)

2.5)

Table 2.1: Phase shifters for four different beams

Phase
Element | Element | Element | Element

Beam 1 2 3 4
Direction
(40

45° -47.7° 47.7° 47.7° -47.7°

135° -47.7° -47.7° 47.7° 47.7°

225° 47.7° -47.7° -47.7° 47.7°

315° 47.7° 47.7° -47.7° -47.7°

By using Eq. (2.5), the phase excitations to obtain four different main beam

directions of ¢y = 45°, 135°, 225°, and 315° can be calculated. Table 2.1 lists phases for
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realizing each beam. Note that the phase excitation can be achieved by four one-bit phase

shifters of +47.7° offering a cost-effective solution [37].

0¢(degree) 130

0¢(degree)

0¢ (degree)

(© (d)
Fig. 2.5 Four different main beams direct to (a) 45° (b) 135° (¢) 215° (d) 315°.

2.3 CMA Adaptive Array

The CMA was originally proposed to eliminate interference due to fluctuation in
transmitted signal [5]. This algorithm does not require a training sequence and therefore is
referred to as a blind adaptive algorithm. To eliminate interference, CMA exploits a
known property of transmitted signal, i.e. its constant envelope. Examples of this type of
signal include FM, QPSK, etc.

W1 fl
X1

S]—» -

H wy Y
XN
S AM—P

q >

Fig. 2.6 The multi-input multi-output model.
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2.3.1 The model and functional form
Constant modulus (CM) receiver can be applied into an adaptive antenna system.
In this section, let us consider the estimation problem in the multiple-input multiple-

output model shown in Fig 2.6. The received signal vector for CM receiver is given by
x=Hs+w, (2.6)

where x = [x, x,..., xN]T eV He IV*M i the (unknown) array respond matrix, s = [s1,
§25...5 SM] € 3M is the vector of source signals, and w = [w),Wa,..., Wy] € 3V is the

additive noise. The linear estimate output y of CM receiver can be obtained by
y=fo=qHs+wa, 2.7

where £ = [f, fo,..., fv e 3V is the estimator response vector, and q = Hf ¢ 3 is the
(conjugate) total system response.

In [5], the constant modulus criterion was proposed to minimize dispersion
function defined by

J@E) = E{(y I -r)"} = E{(f"x " -r)"} (2.8)

where r=E{|s,|'}/ E{|s, |’} is the dispersion constant. The signal s; is to be estimated

(desired signal). Similarly, the minimization can approximate to that of mean-squared
error. Conventionally, when there is no noise, the CM receiver converges globally to the
channel inverse which is the Wiener receiver.

Practically, a CM receiver is usually obtained from the stochastic gradient

algorithm used as an iterative minimization of J(f). That is

f(k+1) = f(k)— ,u%.](f) 2.9)
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where 1 is a small step size governing convergence rate and Eaf_'] (f) is an unbiased

estimate of the gradient of the cost function with respect to f(k). The gradient of J(f) is
given by

-aa—f-J(f) = 2E{(|f¥x P -r)*y'x} (2.10)

By substituting Eq. (2.10) into Eq. (2.9) and removing the expectation operation, it is

easily verified that
f(k+1) = £(k) - ux(k)y" (k)| y(B) " =) 2.11)

Considering the general case, the following assumptions can be applied.

Al: H e 3V*¥has full column rank.

A2: w is Gaussian with zero mean and covariance of’, and independent from s.
A3: Source vector s is sub-Gaussian with independent components.

A source is super- (sub-) Gaussian when x; < &, (& > &) and it satisfies kurtosis

x; defined by

2 B{sY
*TE(IsPY

(2.12)
where the kurtosis of a real-valued Gaussian random process is x; = 3 and that of a proper
complex-valued Gaussian random process is &x; = 2. Assumption Al implies that the
number of antennas is no less than that of sources and there are no sources propagating in
the same path. In case of no additive channel noise, assumption Al can pertain to the
channel equalizer pair’s ability to achieve perfect equalization [40]-[41]. Assumptions A3

pertain to only blind equalization based on the CM receiver.
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2.3.2 Illustrative examples of CM dispersion function and its solution

Referring to Eq. (2.8), the CM dispersion function can be illustrated in Fig. 2.7 as
a function of the output signal space in the real and imaginary components. Here, r is
defined to be one. As seen in the figure, the function J is minimized to be zero on a unit-
radius circle with center at origin. The contour of [y| = 1 is desired for convergence of
CMA. When the algorithm converges to this situation, its adaptation will be stopped. This
results from the algorithm which is based on the gradient method as defined in Eq. (2.11).
Note that the zero-gradient condition can be occurred when ly] = 0. However, [42]
mentioned that this is not a practical solution with two given reasons. Firstly, with the
present of noise or other inducements, f will be moved away from the zero-gradient point.
Thus, the point of [y| = 0 is an unstable equilibrium. Secondly, since the input signal x(k)
normally has a nonzero bandwidth, f = 0 is only condition to give a zero-gradient point.
Note that f = 0 is realized when only starting up an adaptation of the algorithm.
Traditionally, all-zero initial vector of f should not be employed. In addition, they showed
that CMA which is initialized by using unit-spike initialization (N-1 zeros and one unity

gain) provide an initial all-pass response.

Fig. 2.7 CM dispersion function as a function of the output signal space.
In [43], it was shown that all CM local minima inverse the channel matrix for the
equalization problem. When H is square and full rank (assumption A1), the optimization

of f e 3" is in general equivalent to the optimization of the system response defined by

q=H"f (2.13)

00186



18

Thus, most existing analyses transform the optimization of receiver coefficients to the
optimization of q [44]. The system responses of q=[+1 0 orq=[0 +I]' will be
occurred for the zero-forcing (ZF) system [3].

To study convergence of CMA to its solution, let us first consider the array
antenna comprising two omni-directional antennas (N = 2) with half-wavelength spacing.
Moreover, desired and interference (M = 2) signals are independently n/4-QPSK-
modulated and their incident angles are 30° and 120°, respectively. With the reference to

the model, the array respond matrix H is

1 1
. . (2.14)
-0.91+0.41i - 1.00i

Simulations were conducted to determine CMA behaviors. The power of the desired
signal was set to be equal to that of the interference. The step size and the initial weight
vector for performing CMA were 2”° and [1 O]T, respectively. The simulations were

divided into two cases: noiseless and noise cases.

Noiseless case:

There was no noise in this case. CMA was performed along with the condition as
mentioned above. The weight vectors after convergence (at 35,000 iterations) of the
antenna was [0.57+0.16i -0.16+0.57i]". This results in the overall response vector q being
[0.95+0.30i 0.00+0.00i]". Equivalently, it corresponds to q being [1¢*% 0¢] in polar
form and clearly implies that the desired signal is perfectly captured with the overall
phase offset being 17.7°. Fig. 2.8 illustrates the antenna pattern obtained from CMA after
convergence. As seen in the figure, the direction of main beam directs to ¢ = 60° and the
nullity appears at ¢ = 120°. The figure reveals that interference is completely eliminated

and the system respond is almost occurred for ZF system [3].

0 ¢ (degrec)

Fig. 2.8 Antenna pattern obtained from CMA after convergence with no noise.
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Noise case:

In this case, the additive Gaussian noise of 20 dB of SNR was presented. The
antenna parameters were identical to that in noiseless case. The weight vectors after
convergence (at 80,000 iterations) of the antenna was [0.60+0.01i 0.55-0.23i]”, resulting
in q=[0.00+0.00i 0.83-0.56i] corresponding to q=[0e’° 1¢™/°*] in polar form. The
overall phase offset was -33.98°. In this case, the antenna captures interference rather than
desired signal. The antenna pattern obtained from CMA after convergence is shown in
Fig. 2.9. The direction of main beam directs to ¢ = 226° and the nullity appears at the
desired signal direction of 30° as seen in Fig. 2.9. This implies that the present of noise
will disturb CMA behavior.

0# (degree)

Fig. 2.9 Antenna pattern obtained from CMA after convergence when noise is presented.

2.4 CMA Adaptive Phased Array

Array output
>

CMA Aduptive
Processing

Fig. 2.10 Basic architecture of CMA adaptive phased array.
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In this section, the concept of CMA adaptive phased array are discussed and then
validated through simulations. Fig. 2.10 depicts a basic architecture of CMA adaptive
phased array. A complex signal received by the i" element of the antenna array is phase-
excited. After phase excitation, an effective input of the CMA antenna system xj(k) is then
multiplied by an adjustable complex weight 7i(k), where k denotes the time index. The
antenna output y(k) is constructed by combining the product F(k)xi(k) as

y®) =Y F,(0)%(k), 2.15)

or more compactly
Y0 =T'(k) %(k) (2.16)

where T(k) = [fo(k), 7ik),..., Fna(B)]" and (k) = [y (K), #1(K),..., £ wa(R)]" denotes a
weight and effective input vector, respectively. Besides, N is the number of antenna
elements. Without loss of generality, let us assume that the transmitted signal amplitude
is unity, CMA adjusts f(k) in a way that the constant modulus (CM) cost function defined

as
JE®) = {[FRRBT1, (2.17)

is minimised. This results in the weight vector being recursive?y adjusted according to [5]
T(k+1) = 1K) - &k (YR - 1) (2.18)

where pisa step-size.

Notice that the architecture described above slightly differs from the conventional
CM array, in which the complex baseband signal x(k) is directly fed to the adjustable gain
element fi(k).

In [44], the constant modulus (CM) cost function was analyzed for array signal
processing. It was shown that, when there is no noise and all sources are sub-Gaussian, all

local minima of CM cost function are global and they perfectly estimate all the sources.
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However, there is a main problem of the approaches when CMA is applied into beam-
forming context. The extracted signal depends upon the initialization of CMA. Usually,
the signal is unknown and extraction of signals is not certain. Thus, the appropriate
initialization is necessary.

The relationship between the phased array antenna and CMA is illustrated by the
following example. Here, the array antenna comprising two omni-directional antennas (N
= 2) with half-wavelength spacing is considered. Moreover, desired and interference
signals are n/4-QPSK-modulated. Fig. 2.11 shows the optimal pattern in Mean Square
Error (MSE) sense obtained from the Wiener solution [45]

Wopt = R''s” (2.19)

where " denotes conjugate, R is a covariance matrix and s is an invariant vector.

The example is distinguished into two cases. In case 1, desired and interference
signals arrived in the direction of ¢; = 50° and ¢, = 80°, respectively. By using eq. (2.19),
the optimal pattern is shown in Fig. 2.11 (a) in which the nullity appears at the
interference direction of 80°. In case 2, the incident angles of desired and interference
signals were 80° and 50°, respectively. Fig. 2.11 (b) shows the pattern obtained from the
Wiener solution. It is seen that now the nullity appears at the interference direction of
50e.

For adaptive algorithm scenarios, a main beam direction (¢) was switched to 50°
for CMA beam initialization. This is attended by choosing a progressive phase of § =
-115.7°. Fig. 2.12 (a) shows the pattern obtained from CMA beam-forming for case 1
after convergence. The nullity appears in the interference direction. Note that the pattern
attained by the Wiener solution is in a perfect agreement with CMA beam-forming
depicted in Fig. 2.11 (a). By switching the initial beam to ¢ = 80° (choosing f=-31.3°),
the pattern of Fig 2.12 (b) is obtained. This again agrees with the beam achieved from
Wiener solution shown in Fig. 2.11 (b).

Further investigation reveals that, if the CMA is arbitrarily initialized (without
beam-switching), an identical receiver is obtained for both cases. In other words, while
one receiver can correctly capture the desired signal, the other receiver will rather capture
the interference. This simple example confirms the need for appropriate CMA

initialization.
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(2) (b

Fig.2.11 Antenna patterns obtained from Wiener solution when (a) ¢; = 50° and ¢, = 80°
and (b) ¢z = 80° and ¢ = 50°.

(a) (b)
Fig.2.12 Antenna patterns obtained from CMA with beam-switching when (a) ¢; = 50°

and ¢ = 80° (b) ¢y = 80° and ¢ = 50°.

2.5 Pipelining

In real-time applications, the adaptive antenna system requires a high-throughput
rate. To achieve a high-throughput rate, the critical path (the minimum time required for
processing a new sample) should be reduced. It can be achieved by parallel processing or
pipelining. Parallel processing is a technique for implementation to increase the sampling
rate by replicating hardware so that several inputs can be processed in parallel and several
outputs can be produced at the same time. Pipelining is used to reduce the effective

critical path by introducing pipelining latches along the critical data path.
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In chapter 4, the pipelining will be introduced to improve the performance of the
CMA processing unit. To explain the idea of pipelining technique, let us consider the
multiply and accumulate (MAC) operations which is in general used to be a main
function unit in an operation for the adaptive filter and antenna. Pipelining of the MAC is
not only limited to tﬁe adder and multiplier but also extended to the interconnect delay
between these two components. The various ways to pipeline the MAC unit is shown in
Fig. 2.13. Here, it is assumed that T,, = 3T, and T; = 1.5T, [31] where T,, and T, is
respectively the processing time for a multiplier and adder. Ty is the interconnect delay
between two components. The MAC unit without pipelining as seen in Fig. 2.13 (a)
indicates that the critical path is equal to T, + T, + Tz = 5.5T,. With pipelining, the MAC
unit is shown in Fig. 2.13 (b)-(e). For example, the register is inserted between a
multiplier and an adder as seen in Fig. 2.13 (b) and then the critical path is T,, = 3T,. This
results in one of latency. Despite the advantage, there are two main drawbacks in
applying pipelining technique. Firstly, pipelining technique produces the latency in the
designed circuit. Secondly, inserting the delay unit implies that number of delay elements

(registers/latchs) in the critical path is increased.

(a) Critical path = 5.5T,; Latency =0
| |

| MAC

(b) Critical path =3T,; Latency = 1
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Fig. 2.13 Pipelined MAC structure.

2.6 FPGA Technology

The programmable logic array was introduced in- 1970. Subsequently, in 1985,
Xilinx first introduced field programmable gate array (FPGA) defined as high density
application specific integrated circuits (ASIC). Currently, FPGA devices, one of the
modern technologies, are changing the electronic industry. They are now common in low

and mid volume embedded products where they offer the following advantages:
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-Fast time to market.

-Better integration.

-In system programmability.

-FPGAs tend to have long life cycles and are usually replaced by pin compatible
parts.

-Cores such as PCI are available and able to integrate with relative ease.
FPFA can combine the logic integration of custom very large scale integration (VLSI)
with the time of marketing and cost benefits of stand products.

As growing of semiconductor industry in the last decade, FPGAs such as Xilinx
Virtex II family have grown in capacity up to 10 millions system gates. Moreover, Speed
and function is also improved. The advantages of FPGA encourage designers to
implement digital signal processing for operation in real-time. With these merits, FPGA is

widely employed for design and implementation of adaptive algorithms.

2.6.1 FPGA architecture based on Xilinx Virtex-E family

In this section, the fundamental architecture of FPGA is described in order to
comprehend a designed basic unit of an adaptive processor. Nowadays, FPGAs in the
market are classified into two categories: SRAM-based FPGAs and antifuse-based
FPGAs. Xilinx and Altera are leaders to produce FPGAs for the first category. For
antifuse-based products which include Actel, Quicklogic and Cypress, and Xilinx offer to
release their products into the competition. Here, SRAM-based FPGA which is the Xilinx
Virtex-E family is discussed and then applied to design the CMA processing unit which is
discussed in chapter 4 and 5.

The basic structure of Xilinx FPGA based on array is depicted in Fig. 2.14,
comprising a two-dimensional array of logic blocks interconnected via horizontal and
vertical routing channels using the programmable interconnections. Logic blocks provide
the functional elements to construct the designer’s logic. Input/ Output (I/O) blocks are
employed to provide the interface between package pins and the logic blocks.

A logic block called a configurable logic block (CLB) of Xilinx Virtex-E family is
shown in Fig. 2.15 [46]. A CLB is consisted of a four-input function generator, carry
logic, and storage element. The function generators of Xilinx Virtex-E family are
implemented as 4-input look-up tables (LUTs). Each LUT can provide a 16 x 1-bit
synchronous RAM. Furthermore, the two LUTs within a slice can be combined to create a
16 x 2-bit or 32 x 1-bit synchronous RAM, or a 16 x 1-bit dual-port synchronous RAM.
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The Virtex-E LUT can also provide a 16-bit shift register that is ideal for capturing high-
speed or burst-mode data. This mode can also be used to store data in applications such as
digital signal processing.

The storage elements in the Virtex-E slice can be configured either as edge-
triggered D-type flip-flops or level-sensitive latches. The D inputs can be driven either by
function generators within the slice or directly from slice inputs, bypassing the function
generators. In addition to clock and clock enable signals, each slice has synchronous set
and reset signals (SR and BY). The SR forces a storage element into the initialization
state specified for it in the configuration. The BY forces it into the opposite state.
Alternatively, these signals may be configured to operate asynchronously. All control
signals are independently invertible and shared by the two flip-flops within the slice.

The F5 multiplexer in each slice combines the function generator outputs. This
combination provides either a function generator that can implement any 5-input function,
a 4:1 multiplexer, or selected functions of up to nine inputs. Similarly, the F6 multiplexer
combines the outputs of all four function generators in the CLB by selecting one of the
F5-multiplexer outputs. This permits the implementation of any 6-input function, an 8:1
multiplexer, or selected functions of up to 19 inputs. Each CLB has four direct feed
through paths, one per LC. These paths provide extra data input lines or additional local

routing that does not consume logic resources.
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Fig. 2.14 Basic structure of Xilinx FPGAs based on array.
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Fig. 2.15 CLB of Xilinx Virtex-E family.

2.6.2 FPGA design

This section shows the design methodology used to implement the FPGA-based
adaptive antenna from algorithmic specifications. The methodology is divided into two
domains: an algorithmic domain and an architectural domain. In this thesis, two
techniques which can improve the convergence property and designed architecture of
CMA are presented. To improve convergence, initialization technique utilizing beam-
switching of the antenna will be introduced in the next chapter. To improve the designed
architecture of the CMA processing unit, it is optimized to achieve the hardware which
can operate at a high frequency clock and will be then discussed in chapter 4 and 5.

So far, let us consider the design flow of the adaptive algorithm. After specifying
what the adaptive algorithm is, it was simulated along with the specified environment
under our consideration. Using floating-point operation, this was conducted to determine
the key parameters such as step size and the number of antenna elements. Those
parameters were varied to achieve the desirable characteristic of the algorithm. The
pipelined version of the algorithm can be re-simulated under the same environment to
investigate the impact of pipelining to the algorithm. The floating-point operation was
then converted to fixed-point operation to reduce the resource which was required for

hardware implementation. The numbers of bits of input and output are chosen based on



28

their application. The wordlength of weights of the algorithm was minimized. The
simulation results obtained from a high language description are used to validate the post-
layout simulation obtained from the FPGA implementation process.

After simulating the algorithm with its key parameters, the architectural version of
the algorithm should be carefully chosen or designed to reduce the critical path, hardware
resources and output latency of the system. A very high description language (VHDL),
based on the knowledge of the component size, performance, and the predictable speed
and area of the optimized operator, is used to design the architecture of the algorithm. Fig.

2.16 shows the general flow for the HDL-based design.

Functional HDL Place & s.m'ic Test in
Code Simulati " Synthesi * R Timing > S
imulation ynthesis oute Analysis ystem

Fig. 2.16 Digital design flow.

There are a number of papers which were introduced to implement the hardware
of the adaptive antenna, equalizer and filter. In [13] and [23], a digital beam forming
(DBF) and beam space using CMA were presented to reduce interference and then
implemented on FPGA. The processing unit of CMA was based on a MAC operation. All
of functions for performing CMA require 10 FPGAs and can run at the frequency of 7.04
MHz. Note that with limited gate capacity, the unit cannot operate at the high frequency
clock. In [10]-[11], the CMA adaptive antenna of a four-element antenna was proposed
by using DBF concept for GMSK mobile communications. CMA was performed by two
digital signal processors (DSP) with high computational burden.

In addition to CMA, LMS was widely used in scenario of the adaptive antenna
and filter. In [47], the complexity for implementation of LMS was reduced by using a
switched architecture. Following the LMS update equation and the approach [47], the
computational complexity can be decreased to two complex multiples and one complex
addition. In this approach, despite an additional switch, only a single analog-to-digital
converter is required instead of one at each element. However, the main drawback of this
approach is its decreased convergence rate.

To realize the adaptive antenna, it is noticed that not only the specific algorithm
which should be efficient is necessary but also the signal processor with high

performance make the adaptive antenna possible.
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2.7 Summary

In this chapter, the theoretical background and related works have been discussed.
The key parameters of the four-element circular phased array were investigated and
chosen to obtain the directional pattern. The CMA adaptive array was discussed along
with its model and derivation. The examples of CMA function in case of the presence of
noise and noiseless were illustrated via simulations to investigate its behaviors. The
pipelining technique which can improve the speed performance was explained because it
will be applied to propose the efficient architecture introduced in Chapter 4. Moreover,

FPGA which is a target device of this thesis was discussed.



CHAPTER 3
HARDWARE-ASSISTED INITIALIZATION FOR
CMA ADAPTIVE ARRAY ANTENNA

3.1 Introduction

This chapter presents a cost-effective approach for initialization of the
adaptive antenna using the constant modulus algorithm (CMA). The technique
restores to one-bit phase shifters and a power detector which are normally integrated
with a multi-beam antenna to determine a beam with maximum received power.
Consequently, the beam is exploited as an initial beam for CMA. Development of
hardware-assisted initialization is discussed. In addition, FPGA implementation of a
CMA processor and associated control circuitry is presented. Simulations are shown
to evaluate the performance of the proposed initialization technique. Besides, the
developed prototype is tested with a phase array antenna designed for operation at
IMT2000 frequency. Experimental results confirm superiority of the proposed
technique.

3.2 A Flat Four-beam Phased Array Antenna

In [37], a flat four-beam compact phased array antenna was proposed for
DCS-1800 at the frequency of 1.8 GHz. In this paper, the antenna was modified for
operation at the frequency of 1.95 GHz suitable for indoor base statioﬁ of the
IMT2000 systems [48]. Fig. 3.1 shows a configuration of the flat four-beam compact
phased array antenna. Beam-switching of the antenna can be achieved by utilizing
one-bit phase shifters offering a cost-effective solution. Following the derivation in
[37] and the previous chapter, the array radius “r,;” of a four-element circular array

was chosen as 0.375A in order to obtain the desirable characteristics.
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The effect of other interference directions on the proposed method is also
examined. In the simulations, the direction of the desired signal is fixed at 30° while
the incident angle of the interference signal is varied from 80° to 30°. Fig. 3.10 (a)
and (b) respectively show SINRs obtained from the proposed adaptive antenna at
2,000 and 40,000 iterations against the angle space between the desired and
interference signals. The results imply that the convergence rate of the proposed
method depends on the angle space. Moreover, if the direction of the interference
signal is identical to that of the desired signal, the CMA as same as other algorithms

fail to recover the desired signal.
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Fig. 3.10 SINR obtained from the proposed adaptive antenna at (a) 2,000 iterations

(b) 40,000 iterations.
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3.4.2 Additional case studies of the proposed adaptive antenna

So far, the additional case studies of the proposed antenna were presented with
two cases. First, in simulations, there is an interference and desired signal. Second, the
number of interference is increased to be two to investigate the convergence behavior
of CMA.

34.2.1 One interference and one desired signals

In the first case, the convergence property of CMA was investigated to realize
the initialization of CMA for the proposed adaptive antenna with the different initial
main beam. To ensure that the total received power at the signal processing unit has
an impact on the convergence property of CMA, the power of desired signal is set to
be equal to that of interference one. Thus, the power of received signals relies on the
antenna pattern and the direction of arrival. In the simulations, the desired and
interference signals were n/4-QPSK modulated and propagated through an AWGN
channel with 20 dB. The step size is set to be 2”°. The simulations were distinguished
into two cases. In case 1, incident angles of desired and interference signals were 80°
and 30°, respectively. With the initial main beam being ¢y = 45°, this was conducted
to show the convergence behavior of CMA when the interference signal is closer to
the initial main beam direction than the desired signal. In this situation, the initial
SINR is -0.9 dB. Fig. 3.11 illustrates SINR trajectories of CMA when employing the
proposed adaptive antenna. The figure reveals that CMA has misconvergence. The
antenna captures interference rather than the desired signal. Then, the initial main
beam direction was changed to be ¢ = 135° to resolve the problem of
misconvergence. The initial SINR is 6.5 dB. According to Fig. 3.11, the SINR
obtained from performing CMA is more than 0 dB at all. Fig. 3.12 illustrates the
antenna pattern obtained from CMA after convergence.

Another matrix to determine the behavior of CMA is a signal constellation
diagram. The signal constellations of output of CMA after 2,000 iterations with initial
main beams being ¢ = 45° and 135° are shown in Fig. 3.13 (a) and (b), respectively.
The phase offsets of signals are about -51.3° and 9.6° for ¢ = 45° and 135°,
respectively. These results imply that the output signals obtained from CMA

processing should be rotated or encoded before decision for the signals.
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Fig. 3.11 SINR trajectories of CMA with two different initial beams.

0¢ (degree)

270
~—*— initial main beam direction of 45 degree
—o— injtial main beam direction of 135 degree

Fig. 3.12 Antenna pattern of CMA after convergence.

(a) (b)
Fig. 3.13 Signal constellation of CMA after 2,000 iterations with ¢y = (a) 45° (b) 135°

For case 1, the incident angles of interference and desired signals are close to
the forth and second quadrants, respectively. To guarantee that the antenna captures

the desired signal, the beam whose main beam direction is closest to the desired signal



41

should be selected as the initial beam. In case 2, the investigation of CMA behaviour
was conducted in the same way of case 1 but the incident angles of interference and
desired signals were changed to be 10° and 55°, respectively. With ¢ = 45° and 315°,
the initial SINRs are -1.0 dB 5.6 dB, respectively. The SINR trajectories obtained
from performing CMA were illustrated in Fig. 3.14. In the figure, the CMA adaptive
antenna with the initial main beam of 45° captures interference while the antenna with
the initial main beam of 315° can capture desired signal. Fig. 3.15 shows the final
antenna pattern of the adaptive antenna using CMA after convergence. In this case,
miscapturing of CMA can be resolved by switching the initial main beam to be 315°.

Fig. 3.16 shows the signal constellation diagram of output of CMA after 2,000
iterations. The signal constellation of output of CMA with the initial main beam being
¢ = 45° and 315° respectively reveals the phase offset of -27.6° and 3.4°,

According to simulations of case 1 and 2, it is clear that the CMA will capture
the desired signal if the initial SINR is positive. On the other hand, CMA will capture
interference if the initial SINR is negative. Note that the initial beam for CMA is
definitely necessary.
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Fig. 3.14 SINR trajectories of CMA with two different initial beams.
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Fig. 3.15 Antenna pattern of CMA after convergence.
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(a) (b)
Fig. 3.16 Signal constellation of CMA after 2,000 iterations with ¢y = (a) 45° (b) 315°

3422  Two interference and one desired signals

In this case, the convergence property of the proposed adaptive antenna was
investigated via the simulation to realize that the proposed adaptive antenna can
eliminate more than one interference signal. The simulation was conducted in the
similar way of that with one interference signal. The incident angles of the desired
and two interference signals were 30°, 80° and 120°, respectively. Fig. 3.17 illustrates
the SINR trajectory obtained from the simulation. In the figure, the SINR is increased
and reveals that the proposed adaptive antenna can eliminate two interference signals.
The antenna pattern obtained from performing CMA after convergence -(at 20,000
iterations) is shown in Fig. 3.18. In the figure, the nullity appears at 80° and 120°

which agree with the directions of the interference signals.
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Fig. 3.17 SINR trajectory of CMA when two interference and one desired signals.
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Fig. 3.18 Antenna pattern obtained from performing CMA with two interference
signals at 20,000 iterations.

3.4.3 Effect of step size on the proposed adaptive antenna

The effect of step size on the proposed adaptive antenna was investigated via
simulations. Simulations were conducted to guarantee that the proposed adaptive
antenna should capture the desired signal (not interference). The desired and
interference signals were n/4-QPSK modulated and propagated through an AWGN
channel. The incident angles of desired and interference signals were 30° and 80°,
respectively. The initial main beam direction was set to be 45° to carry out the
optimal solution for CMA. The convergence behavior of CMA was considered when
varying the step size and the level of noise.

Fig 3.19 illustrates the SINR trajectories of CMA with different values of step
size 4 when there is no noise. In the figure, when x = 27, the proposed adaptive
antenna has misconvergence. The antenna does not converge at all when u is more
than 27. This means that the SINR trajectories in those cases are not stable. In
contrast, the antenna can converge to capture the desired signal after decreasing u to
be less than 2. The proposed adaptive antenna using CMA with gz = 2% 27 and 271°
respectively converge at around 7,000, 13,000 and 17,000 iterations as shown in the
figure. Subsequently, noise was added into the system under our consideration and its
level in term of signal-to-noise ratio (SNR) was varied. Fig. 3.20 to Fig. 3.22 show
SINR trajectories of the proposed antenna in case of the presence of noise. Comparing

to the case of the absence of noise, the trajectories in case of the present of noise has
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more fluctuations. As seen in the figures, when the SNR was decreased, the antenna
with low SNR will converge to the optimal solution faster than that with high SNR.
However, the SINR obtained from the proposed adaptive antenna using CMA after
convergence was significantly decreased. For example, with u = 2%, although the
antenna in case of the absence and presence of noise respectively converge at around
7,000 and 1,200 iterations, the resulting SINR are 297 dB and 49 dB as seen in Fig.
3.19 and 3.20, respectively.
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Fig. 3.19 SINR trajectories in case of the absence of noise.
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3.4.4 Multipath Fading Reduction
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Fig. 3.23 Output DUR versus correlation coefficient.
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In [50], the behavior of the LMS adaptive antenna in the presence of
correlated signals was considered. They found that the ability of multipath fading
reduction of LMS adaptive antenna relies upon the correlation coefficient between the
desired (di(f)) and undesired (u(f)) signal. When the correlation coefficient is small,
the antenna can suppress the undesired signal. Although the antenna fails to reduce
the undesired signal when the correlation coefficient is close to one, the mean-square
error is less than the thermal noise power. Thus, the signal fluctuation is negligible. In
this section, we investigate the multipath fading effect on the proposed adaptive
antenna. In our simulation, antenna parameters are almost identical to the previous
section. The desired (30°) and undesired (120°) signals with the same power was 7/4-
QPSK-modulated and propagated through an AWGN (20 dB) channel. The power of
the desired, undesired signals and thermal noise on each antenna element are
represented by D; U; and N,, respectively. The multipath signals are in general
correlated with one another. Let Ce? be the correlation coefficient of the desired and

undesired signals defined as

<4 @) >
o0, (3.1)

where * and <> denote the complex conjugate and ensemble average. Here, b is set to

Ce

be zero. Fig. 3.23 shows the desired-to-undesired signal power ratio (DUR) at the
array output after CMA converges. The figure reveals that the ability of multipath
fading reduction of the adaptive antenna depends upon the correlation coefficient
between the desired and undesired signals. When C is close to 1, the CMA adaptive
antenna with conventional initialization fails to reduce the undesired signal. However,
the antenna with the proposed initialization (an initial main beam being ¢y = 45°) still
can mitigate the multipath fading effect. This is because the initial power of the desire
signal is stronger than that of the undesired signal. Despite the limitation of multipath
fading reduction due to correlated signals, it does not have an impact on operation in
an IMT2000 system since the transmitted signals must be spread by pseudo noise
(PN) sequences. The correlation between two versions of the PN sequence delayed by
one or more chips is almost zero. Thus, CMA adaptive antenna can be in fact applied

for multipath fading reduction in IMT2000 communication system.
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3.5 CMA Adaptive Processor

The processing unit of the proposed adaptive antenna using CMA was
implemented on FPGA. The main operations in CMA processing include addition,
subtraction and multiplication. In this section, the floating-point arithmetic was
utilized to design the operators. The floating-point arithmetic represents the number in
such a way that its binary-point is not fixed. Although hardware implementation of
floating-point arithmetic is complicated, its accuracy makes itself attractive to CMA

adaptive processor.

3.5.1 Floating-point representation

The floating-point arithmetic operation was designed based upon IEEE
standard 754 with single precision. Floating-point numbers usually comprise a
multiple of size of a word. The representation of a floating-point number is shown in
Fig. 3.24, where s is the sign of the floating-point number (1 means negative),
exponent is the value of the 8-bit exponent field (including the sign of the exponent),
and significand (mantissa) is 23-bit number in the fraction. This representation is
called sign and magnitude, since the sign has a separate bit from the rest of the

number. In general, floating-point numbers are of the form [51]
(-1)*x(1+significand)x2 ExporertBiz) (3.2)

where exponent bias for single precision is 127.

[s] Exponent | Significand |
Fig. 3.24 Floating-point representation.

3.5.2 Floating-point addition and subtraction
Addition and subtraction of floating-point numbers can be divided into four
consecutive parts: check for zero, align the significand, add or subtract the significand
and normalize result. Fig. 3.25 and Fig. 3.26 respectively show a flow chart and block
diagram of an arithmetic unit dedicated to floating-point addition and subtraction. A
floating point number that is zero can not be normalized. If this number is used during

the computation, the result may also be zero. Therefore, zero-check during the
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normalization process is used to eliminate the problem. In the significand alignment
process, the exponent of one operand is subtracted from the other using ALU to
determine the larger one and the difference between each number. Then, a significand
of the smaller number is right-shifted, and its exponent is increased accordingly. The
significand is added or subtracted depending on the operation and the signs of the two
significands. The exponent is increased or decreased and the significand is shifted left
for normalization.

The adder and subtractor were designed to be combinational logic circuits
along with a register as seen in Fig. 3.27. The register was placed after combinational
logic circuit to reduce the critical path of the adder and subtractor. It is also used to

synchronize to other operators.

A
a<b e>b
a=b
AC+BR
A A
hr A shr B
Add 0 ai-:nl be-btl
Sub ¥
Sub Add

As+As

-~

R

EA+A+B+1 FA«eA+B

shl A
A«E
a+a-1

AC 0

h h Y A 4

C END )

Fig. 3.25 Flow chart of floating-point addition and subtraction.
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Fig. 3.26 Arithmetic of Floating-point addition and subtraction.

~—* Combinational

— Logic Reg

clock

Fig. 3.27 Architecture of combinational logic circuit along with registers.

3.5.3 Floating-point multiplication

Multiplication of two floating-point numbers requires sinificand multiplication
and exponent addition as shown in the flow chart of Fig. 3.28. As opposed to addition
or subtraction, comparison of exponents or alignment of significand is not necessary.
Multiplication of floating-point numbers can be subdivided into four parts: check for
zero, add the exponents, multiply the significand and normalize the product. If either
operand is equal to zero, the product is zero. Both exponents of two numbers are
added. The exponent sum will have double bias. The correct biased exponent for the
product is obtained by subtracting the bias number from the sum. The multiplication
of the significand is performed as similar to the fixed-point case. The block diagram

of an arithmetic unit dedicated to floating-point multiplication is shown in Fig. 3.29.
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Similar to the adder and subtractor, the multiplier was designed and implemented to

be combinational logic circuits along with a register.

Multiplicand in BR
Multiplier in QR

Multiply
significand

shl AQ
aea-l

4
C END (product is in AC) )

Fig. 3.28 Flow chart of floating-point multiplication.

[sign | Exponent |  sSignificand |  [sign [ Exponent |  Sigpificand |
I

decrement [

Zero
l Exponent ] Significand J I Exponent l Significand _]
Selector
[sign ] E t | Significand |

Fig. 3.29 Arithmetic of Floating-point multiplication.

3.5.4 Floating-point conversion
Conversion between fixed-point and floating-point numbers is required, as

most commercial data converters are fixed-point devices. Fig. 3.30 shows a block
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diagram of conversion from a signed integer (fixed-point) number to the
corresponding floating-point number. Fig. 3.31 shows the method of conversion from

floating-point output of the CMA processor to signed integer number for D/A.

l sign l Magnitude I Zero
I exponent addition l
Y Y
bias ‘—“——’GD @ shift left |
Y
I sign I Exponent | Significand J

Fig. 3.30 Arithmetic of conversion fix-point number to floating-point number.

[si ;nl Exponent | Significand j

MSB="T'

shift right

Y
I sign [ Magnitude l

Fig. 3.31 Arithmetic of conversion floating-point number to fix-point number.

3.5.5 CMA processor based on MAC operation

Fig. 3.32 depicts the structure of a signal processing unit for adaptation of
CMA according to Eq. (2.18). Essentially, it includes a floating-point “multiply and
accumulate” (MAC) processor together with multiplexers, demultiplexers and latch.
Although hardware implementation of floating-point arithmetic is complicated, its
accuracy makes itself attractive to CMA adaptive processor realization. More
specifically, floating-point operation can reduce problems of truncation and
computation of small step-size u governing convergence rate of CMA. Control
circuitry is required since the CMA processor must be reused for each input sample
received from each antenna element.

Referring to Fig. 3.32, two 8-channel multiplexers are used to select each i

element of the vector X(k) and W(k), i.e. xXi(k) and Wi(k) required for computation of
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Eq. (2.18). Eight channels are required because the element of each vector is complex.
One multiplexer output is fed to the number conversion unit to convert xi(k) from a
fixed-point to a floating-point format. Two 4-channel multiplexers are used to select
signals for the MAC processors. Demultiplexing is necessary after the MAC operation
for decomposing the real and imaginary parts of y(k). An additional 8-channel
demultiplexer is employed for monitoring the weight vector w(k). The processor
operates in real-time at 16 MHz master clock. The FPGA implementation of 29,878
gates consumes 1,504 slices, parts of which are 2,078 look-up tables (LUTS).

l%’ : . .
MUX Number
nput a1 l conversion l * ":L,flx

APy : [ ]
ﬁ'(k) Muttipfier K hgx —n-o Accumulator [~ Dfl';"‘ i ) })(k)
f o4 Nmrb?r Q
weigf?l.' 81 - ‘"’ u}:{lx . A 52
1.1 > :
W(k)
1 Laten D‘:“;‘”‘ welg.t'n

Fig. 3.32 CMA adaptive processor architecture.

3.6 Antenna Prototype

Based upon the concept described above, a hardware prototype was realized as
shown in Fig. 3.33 and its specification is summarized in Table 3.1. In general, the
system comprises RF chain, power detector, analog to digital converters (ADCs), and
signal processing unit. Basically, it takes the RF signal from each element of a
received antenna. Then the RF signal is converted from 1.95 GHz down to IF signals
of 50 kHz through four I and Q down converters (MAX2102) and analog filters. Each
I and Q IF signal is amplified by the OPA842 op-amp, digitized by ADS831 ADCs at
a sampling rate of 250 kHz and is fed to the signal processing unit, which effectively

operates at [F.
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between input signals x(k) and others were replaced by the power-of-two multipliers.
Fig. 6.9-6.10 show the trajectories of real and imaginary parts of weights obtained
from simulation and test of the unit. Because of the limited resource for implementing
RAMs, the testing results have 2,048 samples while the simulation results have 8,000
samples. In the figure, weights obtain from test of FPGA agree with that obtained
from simulation. The antenna pattern obtained from multiplication of a weight vector
w(k) and array response matrix H is illustrated in Fig. 6.11 in which k = 2,047. The
nullity of the antenna appears at 127° and main beam directs to 37°. The SINRs which
are calculated from the antenna patterns obtained from the simulation and testing were
18.4 dB. At k = 2,047, the adaptive antenna doest not converge as seen in weight
trajectories in Fig. 6.9-6.10. Comparing with the unit using fixed-point operations, the

convergence rate of the adaptive antenna with the unit using power-of-two operations

is faster.
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Fig. 6.9 Trajectories of real part of weights (— and o denote simulation

and test, respectively).
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Fig. 6.11 Antenna pattern obtained from the proposed adaptive antenna with

the proposed unit using power-of-two operations (at 2,047 iterations).
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The output of the DCMA adaptive array processing unit using power-of-two
operations obtained from the simulation and testing was considered. Fig. 6.12
illustrates the output constellation of the proposed unit with the proposed architecture
using power-of-two operators between 0-2,047 iterations. Note that the eye-pattern
obtained from simulation as seen in Fig. 6.12 (a) is almost identical to that obtained
from testing as seen in Fig. 6.12 (b). These eye-patterns are closed. The output
constellation of the proposed unit using power-of-two operators between 1,001-2,047
iterations is shown in Fig. 6.13 in which it implies that the eye-pattern is opened. It is
also noticed that the output constellation obtained from test is almost identical to that

obtained from the test.
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Fig. 6.12 Output constellation of the proposed unit using power-of-two operators

between 0-2,047 iterations obtained from (a) simulation (b) testing of FPGA.
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Fig. 6.13 Output constellation of the proposed unit using power-of-two operators

between 1,001-2,047 iterations obtained from (a) simulation (b) testing of FPGA.

6.4.4. Resource and Cost of FPGA
The pipelined 5D CMA was implemented on the Xilinx Virtex-E XCV400E
FPGA device. Based on the design by using fixed-point operations, the maximum
operating clock frequency of FPGA was 69.1 MHz. In total, the equivalent gates of
63,614 were used. By replacing fixed-point multipliers by power-of-two multipliers,
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the maximum operating clock frequency of FPGA decreases to 65.2 MHz. The total
equivalent gates of 46,514 were used. Note that after replacing the multipliers, it can
reduce 26.9 percent of the use of resource for FPGA implementation. The percentage
of the reduced resource will increase when the more accuracy of CMA is required.
The maximum clock operating frequency of FPGA designed by using power-of-two
multipliers slightly reduces. This is because its critical path which is about 3T, or T,,
increases. Generally, T, and T,, depend on the wordlength of either an adder or a
multiplier, respectively. The critical path limited by 3 adders or 1 multiplier
proportionally increase with their wordlenghts. In this thesis, by replacing fixed-point
multipliers by power-of-two multipliers, the wordlenght of weights for adaptation is
increased from 10 bits to be 12. Thus, the critical path in whole architecture of
DCMA will increase. This problem of increasing the critical path can be resolved by

increasing the number of delay units.

6.5 Summary

The adaptive array processing unit implemented on FPGA with the proposed DCMA-
based pipelined architecture was tested. The testing results show that the implemented
unit using fixed-point and power-of-two operations can operate accurately in parallel.
The implemented unit using fixed-point and power-of-two operations utilizes the total
equivalent gates of 63,614 and 46,514, respectively. This reveals that replacing fixed-
point multipliers by power-of-two multipliers can significantly reduce the use of
resource for implementation of FPGA with the percentage of 26.9. The unit
implemented in FPGA using fixed-point and power-of-two operations can be run at
the maximum clock frequency of 69.1 and 65.2 MHz, respectively. This is sufficient

for operation in the IMT2000 communication system.



CHAPTER 7
CONCLUSIONS AND DISCUSSIONS

Since the demand of the service from mobile communication systems has
decreased rapidly, enlarging the system bandwidth is an alternative to make the
requirement possible. However, the electromagnetic spectrum which is a valuable
resource is limited. Thus, the direct method to increase the system capacity by opening
the new spectrum space is not feasible in the future.

Another way to increase the capacity of mobile communication system is to
reduce interference effect in the systems. Recently, the adaptive antenna has been
received considerable interests to resolve the underlying problem. Therefore, one of the
goals of this thesis is to present an adaptive array antenna which can reduce interference.
The adaptive array antenna employs CMA to adjust its weights for adaptation because it
is easy to implement CMA. However, an important drawback of applying CMA is its
slow convergence.

In chapter 3, the low-cost initialization technique for CMA is presented to
improve the convergence property of CMA. The technique exploits a switched beam of
the flat four-beam phased array antenna with maximum received power to initial CMA.
There are four main beams in different directions namely 45°, 135°, 225°, and 315°. The
simulation results have shown that the proposed technique can significantly improve the
convergence property of CMA. In addition, the proposed adaptive antenna system was
implemented and then experimented to confirm the feasibility of the proposed low-cost
hardware-assisted initialization technique.

In chapter 4, the new antenna, a switched-beam element phased array antenna,
replaces the proposed previous one. It can generate more possible initial beams for CMA
by four one-bit phase shifters and applying forward or reverse bias to PIN diodes. Twelve
initial beams for CMA were selected to cover the service area of 360°. The directions of
those initial main beams are in 21°, 45°, 69°, 111°, 135°, 159, 201°, 225°, 249°, 291°,
315°, and 339°. The proposed adaptive antenna system with the new antenna has the
similar process to that with the previous one to select an initial beam with maximum
received power. The simulation results showed that the proposed adaptive antenna system
with the switched-beam element phased array antenna has the fastest convergence rate

compared to the convergence rate obtained from other systems, i.e. the system with the
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flat four-beam phased array antenna and the system without beam-switching
initialization. _

Although the proposed adaptive antenna system can resolve the main problem of
the slow convergence of CMA, the implemented adaptive processor with MAC
architecture cannot operate at the high-frequency clock. Another goal of this thesis is to
propose the architecture of the CMA adaptive processing unit which can operate at high-
frequency clock. The efficient architecture of the CMA array processing unit was
proposed in Chapter 5. The technique utilizes the ability of pipelining to increase the
speed performance of FPGA which is a target device. The unit runs in parallel.
Practically, fixed-point operations were used to implement the unit. In this thesis, fixed-
point multipliers were also replaced by power-of-two multipliers for multiplication
between input signals and other to reduce the use of resource of FPGA implementation.
The 10 and 12-bit weights of fixed-point and power-of-two operations were chosen,
respectively in accordance with the resulting SINR above 20 dB. After replacing fixed-
point multipliers by power-of-two multipliers, the use of resource for FPGA
implementation can be reduced with the percentage of 26.9 as shown in Chapter 6. The
results obtained from testing implemented FPGA have a good agreement with that
obtained from simulations. The testing results reveal that the implemented FPGA can
eliminate interference. The maximum operating clock frequencies of the implemented
FPGA with fixed-point operations and power-of-two operations are 69.1 MHz 65.2 MHz
sufficient for operation in the high-speed communication system. Note that with the
proposed pipelined architecture, the implemented CMA array processing unit can operate
in real time.

Althought one-bit phase shifters can offer to as a cost effective solution to switch
the radiation pattern of an antenna in order to improve the convergence property of CMA,
some additional associated hardwares i.e. RF detector , PIN diodes are required. With
similar concept to the proposed technique, digital beam synthesis should be employed
instead of the RF phase shifters to form beams in digital domain. The beams obtained
from the technique of digital beam synthesis can be used to initial CMA. The initial beam
should be selected through a digital power detector achieved by FPGA. Both digital beam
synthesis and power detector can be implemented on only FPGA, Thus, this can be

referred to as a compact system by omitting RF phase shifters and RF power detector.
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