TEKNILLINEN KORKEAKOULU
Sihko- ja tietolitkennetekniikan osasto

Kimmo Kalliola

TESTBED FOR ADAPTIVE ARRAY ANTENNAS

Diplomityd, joka on jitetty opinnédytteend tarkastettavaksi
diplomi-insinoorin tutkintoa varten Espoossa 2/, 2 7

Tyon valvoja ; . I/éllﬂ/l/léﬁ/’r/\/—

Apulaisprofessori Pertti Vainikainen

-} -03- 1997

m!g?ﬂkfg@igniikm kirjast®
Otalkazri 5 A
02150 ESPOQ

20163



HELSINKI UNIVERSITY OF TECHNOLOGY ABSTRACT OF THE

MASTER’S THESIS
Author: Kimmo Kalliola
Name of the thesis: Testbed for adaptive array antennas
Date: February 21, 1997 Number of pages: 87
Department: Department of Electrical and Communications Engineering
Professorship: Radio Engineering
Supervisor: Associate Professor Pertti Vainikainen
Instructor: M.Sc. Veli Voipio

In this master’s thesis adaptive array antennas like those used at base stations of cellular
networks are studied. Adaptive base station antennas provide advantages compared to
the existing sectored or omnidirectional antenna solutions in terms of enhanced capac-
ity, decreased transmission power levels, and increased coverage.

At first the benefits of adaptivity as well as possible approaches to the implementation
are discussed. Introduction to array antennas and radiation properties of different array
geometries are presented next. Also techniques of pattern optimization v. number of ar-
ray elements and size and geometry of the array are investigated.

A testbed has been built to investigate different array configurations. It is based on a
complex wideband radio channel sounder and a fast RF switch. The testbed provides
both the incidence angle and delay information of the received signal component and
thus allows two-dimensional characterization of the radio channel in realistic environ-
ments. The built device can be used in the analysis of antenna arrays and radio channels
in various radio systems. As an example, the testbed allows measuring of complex im-
pulse responses for a 16-element array with 17 ns delay resolution, and a delay range of

4.3 us for 26 m/s mobile speed. The performance of the system has been studied by test
measurements.

The testbed has also been evaluated with practical channel measurements with an 8-
element prototype array. The results indicate that the system works well and the compo-
nents of the received signal with different directions of arrival and time delays can be

separated with 13° angular resolution. The developed system provides a novel approach
to the two-dimensional analysis of the radio channel.

Keywords:  Adaptive antenna, array antenna, channel sounding, mobile communica-
tions
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Tissd diplomitydssd tutkitaan esim. solukkoradioverkkojen tukiasemille soveltuvia

adaptiivisia ryhméantenneja. Adaptiivisilla tukiasema-antenneilla saavutetaan monia
etuja nyKyisten jirjestelmien antenniratkaisuihin verrattuna. Saavutettavia parannuksia
ovat mm. suurempi kapasiteetti, matalammat ldhetystehot ja laajempi peittoalue.

Aluksi tarkastellaan adaptiivisten antennien mahdollisia toteutustapoja ja niiden tar-
joamia etuja. Seuraavaksi kisitelldéin ryhméantennien teoriaa ja ryhmin geometrian
vaikutusta antennin séteilyominaisuuksiin. My0s siteilykuvion optimointia elementtien
lukuméirin sekéd ryhmin koon ja geometrian suhteen tarkastellaan.

Erilaisten antenniryhmien tutkimiseksi on rakennettu testausjirjestelmi. Jirjestelmi
koostuu kompleksisesta laajakaistaisesta radiokanavaluotaimesta ja RF-kytkimesti.
Laitteen avulla voidaan vastaanotetusta signaalikomponentista laskea seki tulokulma
ettd viive. Tdmd tarjoaa mahdollisuuden radiokanavan kaksiulotteiseen mallintamiseen
todellisissa ympiristoissd. Rakennettua laitteistoa voidaan kdyttdd antenniryhmien ja
radiokanavien analysointiin erilaisissa radiojdrjestelmissd. Laitteiston avulla voidaan
mitata kompleksiset impulssivasteet esimerkiksi 16-elementtisestd antenniryhmistd 17

ns viiveresoluutiolla ja 4,3 us maksimiviiveelld mobiiliaseman nopeudella 26 m/s.
Laitteiston suorituskykyi on tutkittu testimittausten avulla.

Laitteiston toimintaa kdytdnnossd on testattu todellisilla kanavamittauksilla 8-element-
tisen antenniryhmén prototyypin avulla. Tulokset osoittavat, ettéd jdrjestelmid toimii hy-
vin, ja eri suunnista eri aikaviiveilld vastaanotetut signaalit voidaan erottaa toisistaan
13° kulmaresoluutiolla. Kehitetty menetelmid tarjoaa uusia mahdollisuuksia radioka-
navan kaksiulotteiseen mallintamiseen.

Avainsanat: Adaptiivinen antenni, ryhméantenni, kanavaluotaus, siirtyvi tietoliikenne
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1 Introduction

The need for mobile telecommunication is increasing rapidly and the existing systems
are meeting their capacity limits. Reducing cell sizes and building additional cell sites
and base stations is time consuming and expensive. Besides, as cells become small, the
number of handovers required for serving a moving mobile becomes impractically large

causing degradation of service quality.

This has lead to a search for new system solutions capable of serving the growing num-

ber of users. One interesting candidate is the spatial separation of users by the employ-
ment of adaptive antennas at the base stations of networks. Adaptive or smart antenna is

an array antenna capable of modifying its radiation pattern, frequency response, or other

parameters while the antenna is operating.

In cellular networks adaptive base station antennas provide advantages compared to the
existing sectored or omnidirectional antenna solutions in terms of enhanced capacity,
decreased transmission power levels, and increased coverage. The users in different an-
gular positions from the base station can be served in the same traffic channel, which
significantly increases the spectral efficiency of the system. In complex multipath envi-
ronments the time dispersion and co-channel interference can be decreased by receiving
only the strongest signal path from a specific mobile user. The narrow antenna beams
provide additional gain making it possible to lower the transmission levels in mobile-to-

base direction and thus increase the critical battery lifetime of handportable devices.
Alternatively the range of one base station can be increased without increasing the

transmission power levels.
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The purpose of this work is to determine the issues related to adaptive antennas and to

develop and evaluate a test system for studying the requirements of the antenna imple-
mentation. The effects of antenna parameters such as the number of array elements, the

spacing between the elements, and the array geometry on the performance of adaptive

antennas are of interest.

A testbed will be developed for the analysis of different array configurations as well as
signal propagation in mobile environments. The testbed will be based on a 2.154 GHz

complex wideband radio channel sounder and a fast RF switch. The system will be evalu-

ated with test measurements and practical experiments in real environments.

The thesis is organized as follows. Chapter 2 presents the topics related to antenna adap-
tivity from the radio system point of view. Theory of array antennas is given in Chapter 3
as well as possible implementation strategies of adaptive arrays. Chapter 4 describes the
built antenna testbed. The performance of the testbed is investigated in terms of maxi-
mum mobile speed and accuracy of the direction of the received signals. First practical
measurements using a prototype array are presented in Chapter 5. Finally, the conclu-

sions are drawn in Chapter 6.
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2 Adaptive antennas in mobile communication systems

2.1 ADAPTIVE ANTENNA

The operation of adaptive antennas relies basically on steering the main beam towards
the wanted signal and the pattern nulls towards the interferers. The idea of antenna
adaptivity is not new. Adaptive self-phased arrays have been applied to radars for over
thirty years [1]. Until today, the lack of fast adaptive signal processing techniques has
prevented the more general use of adaptive antennas. The recent progress in the fields of
integrated circuit technology and digital computing is making it possible to implement

very complex systems with moderate cost.

2.2 ADVANTAGES OF ADAPTIVITY

When compared to the existing systems, the adaptive base station (BS) antennas in cel-
lular networks provide advantages in several areas. The most important of the presumed

benefits are

e enhanced system capacity

e increased radio coverage

e decreased transmission power
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Of these three, the first one is often considered the most important because of the
growing number of users. The second offers the possibility to reduce costs by enlarging
the cell sizes in low traffic density areas. The last is favored by the mobile equipment
designers trying to maximize the battery lifetimes of the devices. The following sections

cover each of these subjects in more detail.

2.2.1 Capacity

The main purpose of using adaptive array antennas at base stations of cellular networks
is to increase the system capacity by increasing the spectral efficiency. The frequency
band allocated for mobile communication is limited. This means that the number of ra-
dio channels and users per area is also limited. To use the available radio spectrum effi-
ciently, several modulation and access methods have been developed. In digital systems
these consist of e.g. time-division multiple access (TDMA), code-division multiple ac-
cess (CDMA), and orthogonal frequency-division multiple access (OFDMA) [2,3]. Still,
there is a growing need for more capacity in high traffic areas where the networks are

interference limited. New modulation and access methods are constantly being sought.

In mobile cellular systems the traffic channels allocated for one cell are used again in
another cell. The reuse distance is chosen so that the co-channel interference is small
enough not to disturb the signal. System capacity can be increased by reducing the cell
sizes and lowering the transmission power levels. This is however costly, because new
base stations have to be built. The increase of capacity obtained by the use of adaptive
antennas comes from reducing the interference (co- and adjacent channel) from other

users. The techniques to implement this in both directions are described in the next two

sections.

Uplink

In the mobile (MS) - BS direction (uplink) the interference from other users can be re-
jected by using an array of antenna elements accompanied by powerful signal process-
ing. The desired signal can be received and the interfering signals rejected by optimally

combining different signal paths having different propagation statistics due to differ-
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ences in direction of arrival, polarization and antenna position (see Sec. 2.4). This can
be thought as pointing antenna beams in the desired directions and pattern nulls in the
directions of interferers. Figure 2.1 shows a schematic figure of a cellular network with
base stations in the center of each cell. The signals transmitted by mobiles in one cell are
received also in the BS of the adjacent cell, supposing the frequencies are the same, or
close to each other (Fig. 2.1(a)). If the base station can produce narrow beams and deep
nulls in the radiation pattern, the’interference level can be substantially reduced (Fig.

2.1(b)).

(b)

Figure 2.1. Co- and adjacent channel interference in cellular system. (a) omnidirec-
tional BS antennas. (b) adaptive BS antennas.

In a micro-cellular environment, where scatterers exist close to the base station, the re-
flections cause the multipath components of the transmitted signal to be received from
different angles (o), as presented in Fig. 2.2. Because of the differences in the lengths
of the propagation paths and dissimilar reflections, diffractions, and path loss (L), the

components also have different time delays (7) and amplitudes.
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Figure 2.2. Multipath propagation.

If an adaptive BS antenna can be used to receive only the strongest multipath and to re-
ject the others, the signal delay spread is reduced. This reduces the intersymbol interfer-

ence particularly detrimental in the case of high data-rate transmission. Smaller time
dispersion offers the possibility to use mobile systems with high bit-rates in difficult en-

vironments where it otherwise might not be possible [4]. The critical factor is the chan-

nel delay spread v. symbol length. In addition to the multipath rejection, also combining

of multipath components is possible.

Downlink

In the BS - MS direction (downlink) the user separation can be accomplished by direct-
ing the antenna beam towards one specific user or a group of users at a time. Focusing
the radio energy to narrow beams and creating radiation nulls towards undesired mo-
biles reduce the total interference level of the system. The use of directional beam
forming techniques in the downlink enables either smaller channel reuse distances be-
tween cells (Fig. 2.1), or alternatively reuse within one cell often referred to as space-

division multiple access (SDMA). The two approaches with Global System for Mobile

communications (GSM) system are simulated in [5]. It is stated that the former applying
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inter-cell nulling performs better provided that efficient uplink power control is avail-
able. This is due to the potentiality of the BS to identify the mobiles in adjacent cells
suffering from its interference. In the existing frequency-division duplex (FDD) systems
the downlink beamforming is somewhat more difficult than the uplink adaptation. This
is because the radio channel properties are frequency dependent. The difference between
two received signal frequencies having some correlation level is defined as the coher-
ence bandwidth (W,,;). It is inversely proportional to the signal delay spread in the
channel. In typical mobile channels W, is considerably smaller than the duplex separa-

tion.

An important advantage of adaptive antennas is that the spatial separation of the users
can be added to the existing multiple access methods. The implementation and benefits

may however become different in different systems and also different radio environ-

ments (see Sec. 2.6).

2.2.2 Coverage

In low traffic density areas adaptive base station antennas with narrow directive beams
can increase the network coverage. In other words, an equivalent user capacity com-
pared to existing schemes can be achieved with fewer cell sites. This reduces the net-

work infrastructure costs.

2.2.3 Power

Due to the higher antenna gains provided by narrow beams the mobile transmission

power levels can be decreased to achieve equal coverage. This results in longer battery
lifetimes. Of course the choice between the power and the range is always a compro-

mise.

Several studies exist e.g. [4,6,7] where simulations and experiments have shown good

agreement in the aspects discussed above.
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2.3 DIFFERENT ADAPTATION STRATEGIES

Adaptive antennas can be divided into three categories depending on the amount of sig-

nal processing power employed. The actual radiating part can be the same in each of the
three. The difference is in the antenna control system. From the simplest one to the most

complex the antenna types are

e switched-beam antenna
e beamforming antenna

e adaptive array

The first two types can be used in both uplink and downlink provided that the radio

channel is reciprocal and that directional information of the mobile distribution is avail-
able. They also require the response of the antenna (directional, frequency) to be known.
The last can be considered as an array of sensor elements more than an array antenna in

its conventional meaning. The different types of adaptive antennas are presented in the

following sections.

2.3.1 Switched-beam antenna

The switched-beam antenna (SB-antenna) has a radiation pattern consisting of a set of
beams with fixed pointing directions. It uses a switching network and a beamforming

matrix to form beams in radiation pattern each corresponding to one output port of the
matrix. One or more beams can be chosen at a time by switching between the output

ports. Figure 2.3 presents the operation of the switched-beam antenna.
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Figure 2.3. Switched-beam antenna.

The SB-antenna is less complex than the adaptive array but still useful for the spatial

separation of users. Experimental tests in heavy and light urban environments [8] have

shown that average system gain improvements of 3 and 5 dB compared to a conven-

tional three sector BS antenna can be achieved by a directional array with 12 and 24
fixed beams, respectively. Another significant benefit over the adaptive array is the ca-
pability of operating in both up- and downlink directions. This however requires recip-
rocal radio channel, which in FDD systems typically means line-of-sight (LOS) channel.
This is due to the multipath radio channel with scattering and reflections being fre-
quency dependent. The operation of the SB-antenna is based on the knowledge of an-

gular locations of the users relative to the base station. The information can be obtained

e.g. from a higher system level [9].

2.3.2 Beamforming antenna

The beamforming antenna presented in Fig. 2.4 can be thought as an extension of the

SB-antenna. It is capable of producing multiple beams and/or nulls.
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MS,

Figure 2.4. Beamforming antenna.

The beamforming can be realized by adjusting the amplitudes and phases of the element
signals in the RF by controlling the beamforming matrix, or using digital signal proc-
essing (DSP) in the baseband. The RF approach leads to less hardware and thus sub-
stantial savings in manufacturing costs since only one up- / downconverting unit is
needed. If, in turn, the beamforming is made by DSP, direction of arrival (DOA) esti-
mation techniques can be exploited. The beamforming antenna has the benefits of the
SB-antenna plus an additional degree of freedom in radiation pattern creation. The fol-

lowing two sections describe the basic beamforming techniques related to the cellular

system.

Beam steering

At first, the most obvious adaptation strategy seems to be directing narrow beams to-
wards desired users. In reception, the most important efficiency measure, signal-to-
interference and noise ratio (SINR), would however be maximized only if no interferers
existed and the only noise present were due to the receiver’s circuit noise. The received

signal power would be maximized, the noise power remaining constant [10]. This is due

10
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to the most harmful interference being caused by the other mobiles and thus received

from narrow angles in a typical cellular environment.

Null steering

The SINR is calculated through dividing the received signal power by the received inter-

ference and noise power:

S S

SINR = P&
n 2]‘+Pn
i=1

(2.1)

where S is the desired signal power, I; is the interference power caused by the i inter-
fering mobile, iy is the number of interferers, and P, is the spatially white noise power.
When several interfering sources exist, the best improvement in SINR is achieved by
decreasing the denominator in (2.1). This can be done by placing nulls in the directions

of the interferers. An array of N elements can produce (N-1) nulls and thus in theory
cancel (N-1) interfering signals. The null steering however causes other also pattern de-

formations, which have to be considered.

2.3.3 Adaptive array

The adaptive array can be defined as an antenna that modifies its radiation pattern, fre-

quency response, or other parameters, by means of internal feedback control while the
antenna is operating [11]. It is the most complex one of the three presented antenna
types and limited to reception only. The adaptive array can be thought as an optimal

combining antenna, i.e. a group of sensor elements each receiving the same signal with
different phase, amplitude, polarization, and noise characteristics depending on the di-
rection of arrival and path loss due to the radio channel. An optimal combination of the
sensor signals is computed containing all the information of the desired signal present in
the antenna input. The optimal combining of element signals can be thought as forming
unique radiation patterns (amplitude, phase and polarization patterns) to serve each mo-
bile user. It ideally corresponds to maximizing the gain in the desired directions and

placing nulls in the directions of interference. This type of antenna is defined as ‘the

11
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smart antenna’ [12]. When digital signal processing is added behind the antenna, the
traditional concept of antenna radiation pattern is loosing its meaning. The measure of
the signal quality used for the optimal signal combining is the SINR. The gain in signal-
to-interference ratio (SIR) achieved by an adaptive array using the recursive least

squares (RLS) algorithm has been simulated in [12]. It is shown through ray tracing

simulations that the gain due to the adaptive array is from 10 to 15 dB for original SIR

values of 29 dB to 2 dB, respectively.

An adaptive array consists of an array of antenna elements and a real-time signal proc-
essing unit for setting the phase and amplitude characteristics of different element sig-
nals i.e. multiplying the signals by complex coefficients. One receiver is needed for each
antenna element because the adaptive signal processor weighting the signals operates in

baseband. Figure 2.5 presents the operation of the adaptive array.

ADAPTIVE SIGNAL PROCESSING

S(MS,)

S(MSz)i ¢« o o e S(MS,,)J
Y

Figure 2.5. Adaptive array.

Adaptive algorithms

The phase and amplitude shifts in signals for different elements are determined by a sig-

nal processor. Three types of methods exist for this task: steering vector based methods,

12
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reference signal based methods and blind algorithms [13]. The main difference between

these algorithms is that the first exploits array response information and thus requires
precise knowledge of the array properties. The last two are insensitive to the imperfec-

tions in the array geometry or to the mutual coupling effects between elements.

The steering vector based methods require either the employment of a DOA estimation

procedure or other a priori information about the mobile transmitter locations (useful if
LOS exists). One example of a method of this kind is the Howells-Applebaum beam-
former [14]. The reference signal based methods consist of the least mean-square (LMS)
algorithm and its variants: (RLS,QRLS,NMLS,SQRLS) [15]. They are based on the
minimization of the mean-square of the difference between the received signal and the
reference signal. Thus, a reference signal having a high correlation with the desired sig-
nal has to be generated. In digital systems a training sequence can be applied in each

transmitting mobile. The different least squares algorithms in CDMA system are com-
pared in [16] by ray tracing channel simulations. It is reported that the rapid conver-

gence of the RLS - SQRLS makes them the most attractive choices in mobile communi-
cation applications. The blind algorithms generate the reference signal from the array

output signal. The initialization of the weights is random and thus the algorithms may

not converge to the desired solution.

2.3.4 Comparison of approaches

Figure 2.6 shows the simulated bit error rate (BER) v. signal-to-noise ratio (SNR) in a
TDMA system for two adaptation strategies: the switched-beam antenna and the adap-
tive array using RLS algorithm with various numbers of antenna elements (M). Two us-

ers are served in the same traffic channel, and the angular user separation resolution of
the adaptive array is 10°. [7]. The element spacing in the array is 0.5 A, where A is the

signal free-space wavelength.

13
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Figure 2.6. BER versus SNR for a two-user system in TDMA [7]. The solid line repre-
sents the adaptive array, the dashed line the switched-beam antenna.

The figure demonstrates that the performance of the switched-beam antenna is worse
compared to the adaptive array, especially at high SNR conditions. This is due to fixed
beams that can not point their maximum towards the wanted user and a zero in the inter-

fering direction.

The advantages of adaptive arrays and SB-antennas in Digital European Cordless Tele-
phone (DECT) system for indoor environments have been compared through ray tracing
simulations in [4]. It is reported that the number of signal propagation paths are most
often limited to just the direct path and the floor reflection path. In such conditions
similar capacity increase was achieved with a switched sectored antenna as with an
adaptive array. Thus, the amount of antenna complexity and price is dictated by the op-

erating environment.

2.4 DIVERSITY SCHEMES FOR ADAPTIVE ARRAYS

Typically, there is no LOS between the transmitting and receiving antennas of a cellular
system. The received signal is therefore a sum of multiple reflections of the original sig-

nal. Diversity in reception means receiving the same signal from different paths. These

paths may vary in place, time, polarization, etc. The implementation of the diversity

14
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scheme and the obtainable improvement in signal statistics relies on the availability of
two or more independently fading signals with comparable mean signal levels [17]. In
the following, some diversity schemes are considered that could be exploited by adap-

tive arrays.

2.4.1 Space diversity

Space diversity antennas are commonly used at base stations of cellular networks today.
Reasonable improvement in received signal statistics can be achieved with the use of a
horizontally spaced diversity antenna if the distance between the elements is about 5 A
in urban and at least 20 A in suburban areas. This corresponds to correlation coefficient
less than 0.6 which gives 8 dB improvement of carrier-to-noise ratio (CNR) with 99 %
probability in a Rayleigh channel [18]. The presence of local scatterers degrades the per-

formance.

Typically, in an antenna array the element separation is about one half of a wavelength,

which is small considering space diversity. However, the distance between the end ele-
ments of a typical array is several wavelengths and with low coupling between antenna

elements adaptive arrays could be able to provide space diversity. In addition, space di-
versity can be achieved by element spacing of 0.5 ... 1 A whenever scatterers exist in the

immediate vicinity of the BS antenna causing angular spreading of the signal such as in

indoor environments [19,20].

2.4.2 Polarization diversity

The mobile systems usually use vertical linear polarization. When the transmitted wave

propagates through the environment, it undergoes random changes in polarization. This
is due to diffraction and scattering by objects. Also, the mobile antenna orientation de-

pends on how the user is holding the handset. The changes in the plane of polarization
result in fading of the received signal. According to [17] signals transmitted on two or-

thogonal polarizations exhibit uncorrelated fading statistics in the mobile radio envi-

ronment.

15
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If the antenna were capable of receiving two orthogonally polarized waves, it could take
advantage of polarization diversity. The reception of any arbitrary polarization is possi-
ble, if the received signals from two antenna elements having different polarizations can
be suitably weighted by a smart antenna. The applicability of polarization diversity leans
on sufficiently small cross polarization discrimination (XPD) which describes the level
difference of different polarization branches. Signal combining is not feasible if the dif-

ference in values exceeds 10 dB [21].

Because implementation of polarization diversity does not require physical separation of
antennas, it is more easily implemented in antenna arrays than space diversity. By com-
bining space and polarization diversity the physical size of the array may be reduced
while maintaining the same overall number of diversity paths. It has been shown [22]
that angular beam steering and polarization agility controls are independent. Because of
the difference between the average powers received at the two polarizations, the polari-

zation diversity is stated not to offer as large improvement in received signal as the other

diversity schemes [18]. However, in mobile systems using hand-portable devices the

mobile antenna orientation is random (often almost horizontal), and experiments have

shown that in such situation polarization diversity may outperform space diversity [23].

2.4.3 Angular diversity

In some cases, e.g. if there are scatterers near the BS antenna, adaptive arrays can be
used to provide angular diversity to the system. In such scheme, the multipath compo-

nents of the same signal are received from different directions separated more from each

other than the angular spread of one path. Greater part of the total radio energy can be

collected and added together constructively in an optimal combiner [24]. This is an op-

posite point of view to the delay spread rejection presented in Sec. 2.2.1. The choice de-

pends on the situation, mainly the environment.

2.4.4 Phase diversity

Except the amplitude patterns, adaptive arrays can form different phase patterns, even

for nearly omnidirectional amplitude patterns. The channel fading is due to the multi-
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path signal components canceling each other in the array input. By suitable phasing of
the radiation pattern the antenna could prevent the signal cancellation in the array out-

put. The phase diversity can be considered as a form of angular diversity.

2.4.5 Jitter diversity

Jitter diversity is a diversity scheme, where a beam, formed by an antenna array, is
pointed at the main reception direction and then jittered around this direction to avoid
deep angular fades [25]. The jittering is accomplished simply by changing the phasing
of the array elements, which turns the beam. After detecting the direction of the maxi-
mum signal strength, the antenna starts to jitter around this maximum by turning the
beam in the direction of the gradient to find the nearest local maximum. The global
maximum has to be updated at some stage. In [25] diversity gains as high as 10 dB have

been simulated with antenna beamwidth of 11.3° and 20° signal angular spread.

2.5 DIMENSIONS OF ADAPTIVITY

To describe an antenna radiation pattern in the spherical coordinate system, two angle
variables are needed: azimuth and elevation. A phased antenna array can be adaptive in
both or only one of the two dimensions. In a one-dimensional adaptive antenna the beam
can be steered only in azimuth or elevation angle, whereas in a two-dimensional adap-

tive antenna beams can be pointed in any arbitrary angle in both directions.

In a cellular system with an adaptive array serving as a BS antenna, the need for dimen-

sions of adaptivity is heavily dependent on the environment. In a typical macrocell in
rural or suburban environment there are no scatterers near the antenna and most users

can be assumed to be on ground level. In this case the main beam must be horizontal or
slightly tilted downwards to serve users near the antenna. Azimuth angle adaptation

alone is thus sufficient in this case.

17
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In urban environment, especially when the BS antenna is situated under the roof-top
level, the situation can be assumed different because of the reflectors near the antenna.
The most crucial in this point of view is the indoor, or picocell environment where the
radio channel is heavily affected by the echoes of the transmitted signal. Furthermore, in
small urban cells the mobile is not always on the same vertical level with the BS (e.g. in
high buildings). In such case two-dimensional adaptivity in the BS antenna might be

useful.

2.6 ENVIRONMENT REQUIREMENTS

Different environments provide different propagation conditions. Therefore, the antenna
applications will also become different. For example, beams must be wider in dense ur-
ban and indoor environments than rural because of the wider angular spread of the sig-

nal. Therefore it is expected that the isolation of the users and the capacity increase is
not as good with small cells as it is with large cells [21]. Also different antenna geome-

tries can be used to meet different environment requirements. Large macrocells benefit

from arrays producing vertically narrow beams whereas wall-mounted planar arrays are

appropriate for indoor picocells.

2.6.1 Rural and suburban environment

In rural environment the radiowave propagation is quite straight-forward. The most
scatterers are close to the mobile resulting in fairly small path angular spread of the re-
ceived signal, and well defined directions of arrival. In suburban environment with
about one kilometer cell diameters the measured 3 dB signal path angular spread has
been in the range of 5 - 6° [21]. This indicates that the optimum antenna 3 dB beam-
width in cellular SDMA applications is between 5 and 10° [21]. Narrower beams would
improve the SINR and system efficiency only in very large rural cells. The angular
spreading of the signal also suggests that adaptive null steering might not be efficient
strategy in mobile communication systems. Placing nulls in the radiation pattern has

been the basic type of operation in adaptive arrays applied in radars. In radar systems
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LOS typically exists and the path angular spread is very small. In such case, a null in
radiation pattern, although being narrow, is able to cancel the interfering signal. Pro-

ducing multiple closely spaced nulls, in turn, is not feasible unless the number of array

elements is very large (an N-element array can produce (N-1) nulls).

The high antenna gains due to arrays producing narrow beams can be exploited in lower
density environments, where no scatterers exist near the antenna. In the case where co-

channel interference in adjacent cells is not critical, high-gain downlink beams are use-

less. This is due to the available transmission power in the base station.

2.6.2 Urban and indoor environment

In [8] the measured gain improvement offered by multibeam BS antennas has been
slightly better in light urban than in heavy urban environments. In a microcellular envi-

ronment the closer proximity of scatterers cause increase in the angular spread of the
signal. The measured indoor angular spread is reported to be up to 16° [21]. In [26] the
ray tracing simulation technique is used to determine the effects of adaptive arrays to the
signal delay spread at high bit rates (10 - 20 Mbit/s) in indoor environment. It is reported

that substantial decrease in BER can be achieved by using adaptive arrays.

2.7 ERROR EFFECTS

As mentioned in Sec. 2.3.3, adaptive arrays based on the provision of a reference signal
are insensitive to the imperfections in the array geometry or to the mutual coupling ef-
fects between array elements. Decorrelation effects due to frequency errors in the re-

ceived signal can however cause problems in some systems [20]. This, of course, can

not be compensated by antenna design.

In contrast, the implementation of beamforming techniques or adaptive algorithms
based on directional information requires precise knowledge of the antenna properties.

This kind of adaptive antennas are sensitive to the electromagnetic characteristics of the

radiators. Changes in those characteristics due to environmental effects can cause severe

19



Testbed for adaptive array antennas Adaptive antennas in mobile communication systems

deterioration in the antenna operation. Therefore, the possible effects have to be pre-
dicted and prevented. The nonideal radio environment is another source of uncertainty if

transmission is considered in beamforming applications. The next two sections describe

the possible error effects related to such systems.

2.7.1 Nonidealities in array

The simulated capacity improvement achieved by adaptive antennas has shown sub-

stantial decrease for beam mispointing exceeding 2° [12]. The beam mispointing can be
caused by coupling between the elements or by scatterers in the immediate vicinity of
the antenna. The effects of the surroundings of the BS should be minimized and the an-

tenna should be calibrated in its mounting place if close proximity scatterers exist.

Base station antennas are often used in places exposed to different weather conditions,
which has to be taken into account in the design of the antennas. If a radome is needed,
it must not perturb the radiation pattern. If large microstrip arrays are used, the thermal
expansion effect due to heating in direct sunlight has to be considered. Changes in the
array dimensions can affect the frequency response as well as the directional response of

the array.

2.7.2 Nonidealities in radio environment

The operating environment of a BS antenna hardly ever completely corresponds to free
propagation conditions. This means that the real antenna radiation pattern differs sig-
nificantly from the theoretical pattern, or the pattern measured in laboratory conditions.

For example the sidelobe levels of the antennas in a reflection-free environment experi-
ence substantial increase when the antenna is brought to operate in a typical cellular ra-

dio environment. The measured effective sidelobe levels in suburban environments have

been as poor as -10 dB [21]. The effective antenna gain also depends on the environ-
ment. For wide angular spreads narrow high-gain beams reject part of the desired signal.
Thus, in harsh environment, the performance of the antenna is not dictated solely by the

antenna design.
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3 Antenna arrays

In point-to-point communication applications (radio links), single antenna elements do
not often provide required directivity and gain values. One convenient method to
achieve narrow beams and high gains is to use an array composed of several antenna
elements. This approach is similar to constructing an antenna with a large aperture. If
the elements are uniformly distributed at the aperture and excited in phase, the result is a
narrow directive beam perpendicular to the aperture surface. In theory, the beam can be
made as narrow as necessary by increasing the size of the array. The radiation properties

of the element may be simple, because the operation is based on the array effect.

A very important characteristic of array antennas is that beams and nulls can be created

in arbitrary directions by suitable weighting of the element signals. Also, optimal radia-
tion patterns with e.g. lower sidelobes may be obtained through pattern synthesis. These
particular properties are the ones that form the basis of beamforming antennas and

adaptive arrays.

3.1 INTRODUCTION TO ANTENNA ARRAYS

The traditional concept of an antenna array is defined as a system of identical and iden-

tically oriented antennas with similar current distributions [27]. It can be shown that the

radiated field from such an array may be written as a product of two terms
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F(6.0)= £(6.0)-¢(6.9) (3.1)

where f(6,¢) is the array factor, e(6,¢) is the element pattern, and F(6,¢) is the total ra-
diation pattern of the array. The element pattern is the radiation pattern of one element
i.e. the far field it radiates. The array factor depends on the geometrical distribution and
the excitation of the elements. If the element pattern is broad, the array factor defines the
radiation characteristics of the array. Similarly, narrow element patterns contribute to
high gain and low sidelobes, if wide scanning is not required. Equation (3.1) is also
known as the principle of pattern multiplication. It does not exactly hold true in practice,
because the radiation pattern of a single antenna element changes from its isolated value

when surrounded by other elements. Therefore, the elements near the edges of an array
have different radiation patterns than the center elements. The reason for this is the mu-

tual coupling between the elements.

Based on the definition above, the elements of an array can be specified by two quanti-
ties: the position from a reference element placed at the origin and the excitation am-
plitude and phase relative to the reference element. The array factor of an arbitrary an-

tenna array can be written as [28]:

. N ku,. -r
i, )= B e T (3.2)
n=I
2w
e 3.3
k . (3.3)

where k is wave number, A is free-space wavelength, a, is complex excitation coeffi-
cient of n™ element, r, is position vector of the element from the origin, and u, is unit

vector pointing to the radiation direction.
If the orientation of the element currents is not similar, the concept of the array does not

hold. The array factor and the element pattern of such quasi-arrays [27] are not separa-

ble. However, in the case of adaptive arrays employing reference signal based algo-
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rithms (see Sec. 2.3.3) the approach differs from that of traditional arrays, and such an-

tennas are possible candidates for the implementation.

3.1.1 Basic antenna array parameters

Some of the definitions commonly used with antenna arrays are presented briefly in the
following. Most of them are defined in terms of transmitting antennas, but they are ap-

plicable to receiving antennas as well by reciprocity.

Main beam

The main beam of the radiation pattern of an antenna is the lobe containing the direction

of maximum radiation power.

Sidelobes

Sidelobes are the lobes in an array radiation pattern pointing towards other directions
than the main direction. For example, the level of the first sidelobes (next to the main
beam) of a linear array with uniform amplitude illumination is about 13 dB below the

peak of the main beam.

Grating lobe

Grating lobes are extra main beams in the radiation pattern of an array. They are caused
by too large element spacing, so that several directions exist in which the fields radiated

by different elements sum in phase.

Beamwidth

The beamwidth of an array is the angular width of the main beam in its radiation pattern.
The half-power beamwidth (HPBW), or 3 dB beamwidth is measured between the points
on the main beam that are 3 dB below the peak of the beam. The beamwidth depends on

the largest dimension of the antenna aperture.
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Directive gain
The directive gain is defined as the ratio of the radiation intensity per unit solid angle

W(6,¢) in a particular angular direction in space to the total radiation power of the an-

tenna

w(6.¢)  4aW(6,9)
D(6,6)= 4 - 3.4
0= =, We.0) 34

Directivity

Directivity is the maximum value of directive gain.

Antenna gain

The gain of an antenna is the ratio of the radiation intensity per unit solid angle to the

total input power to the antenna. It is the product of the directive gain and antenna effi-

ciency.

3.1.2 Element spacing

An antenna array can be considered as a sampled aperture. When an array is illuminated
by a source, the field at the aperture is sampled at the element locations. For this reason,

the spacing of the array elements plays a significant role in the array theory.

The Nyquist criterion states that at least two samples per wavelength must be taken to

correctly ‘record’ the radiation in all directions (assuming that the mirror beam is sup-
pressed, refer to Sec. 3.2.1). If the element spacing d is larger than A/2, grating lobes be-
gin to rise due to spatial aliasing. If the spacing exceeds one wavelength, the pattern be-
comes ambiguous because the grating lobes are as high as the main beam. In such situa-
tion several directions exist from where the waves sum in phase at the elements. The

grating lobes occur to angles 6, such that

sinf, =sin¢90+p—d/1 ‘ p

+12,..) (3.5)
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for values of p that define an angle with real sine [29], when 6 is the main beam direc-

tion.

If the antenna operates at a limited field of view, the spacing can be chosen larger than
A/2 to cover larger aperture and thus obtain narrower beam. Element spacing smaller
than A/2 wastes elements because smaller aperture is covered with the same number of
elements. It also contributes to coupling between the elements. However, according to
[29], the impedance mismatch due to array scanning is smaller for small element spac-
ing (see Sec. 3.5.2). The usual choice for the spacing is A/2. The spatial aliasing phe-
nomenon occurs when the operating frequency increases; the wavelength decreases and
the distance between elements relative to wavelength increases. This limits the band-

width of the array. Figure 3.1 shows the spatial aliasing in the array factor of an 8-

element linear array. The narrower beam in Fig. 3.1 (b) is due to the larger aperture.
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Figure 3.1. Effect of element spacing in the array factor of 8-element linear array. (a) d

=AM2.(b)d = A

The grating lobes due to spatial aliasing limit the interference rejection capability of
macrocell antennas with large field of view. Instead, in micro- or picocells, the BS loca-
tion may be such that only small angular sectors are of interest and grating lobes ap-
pearing in wider angles can be suppressed e.g. by choosing a suitable element pattern.

The effect of the grating lobes depends also on the operational target of the array, e.g.

interference rejection or delay spread reduction.
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The effect of the element spacing in the array on the performance of adaptive arrays has

been studied in [30]. It is reported that the user separation potential of adaptive antennas
increases along with increasing element spacing in the array, if the number of elements
is kept constant. This is due to the narrower beam. Furthermore, it is stated that the dis-

advantage of spatial aliasing in the pattern is outweighed by the narrower beam.

In [26] a ray tracing simulation of circular adaptive arrays inside an office building is
conducted, and the effects of the circle radius on the performance of arrays for inter-
symbol interference reduction have been studied. The results indicate that the presence

of grating lobes does not affect the delay spread rejection performance. If the radius is

0.5 A, increasing the element number from 4 to 16 does not significantly improve the

BER. This is due to the small aperture incapable of providing a narrow beam. If the ra-
dius is increased to 2 A, the improvement is remarkable. One can assume that this is
caused by the small probability of the grating lobes to appear in the random directions of

the echoes of the signals.

3.2 ARRAY GEOMETRIES

Different antenna array geometries result in different radiation characteristics, and when

scanning is considered, required scan direction characteristics can be obtained by suit-

able design geometry. A few common array geometries are presented in the following

sections.

3.2.1 Linear array

The simplest array configuration is an array consisting of N elements placed along a line
with equal spacing d from each other. The first element is placed at the origin. The ge-

ometry of this configuration is shown in Figure 3.2.
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Figure 3.2. Uniformly spaced linear array.

If a plane wave arrives at the array from angle 6 ( > 0) with respect to the array normal,

it reaches element n + 1 sooner than element n. This is because the differential distance
along the two ray paths is dsin@ (see Fig. 3.2). If the phase of the first element is set to
zero, the phase of the n™ element is

0, =nkdsin@ (3.6)

If the elements are omnidirectional and each element signal is weighted with complex

coefficient w,, the resulting signals are

Sp = w,,eja" = w,,ejnkdsm9 (3.7

The array factor of the array is written as the sum of the element signals

N-1 ] ;
f(g): zwnejnkdsme (3.8)
n=0

If the weights of the elements are chosen as

W, = a,e (3.9)
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where a, is the real amplitude coefficient and & = -kdsin@ is the phase difference between

adjacent elements, the array factor will become

N-1 2 .
f0)=3 ane]n(kdsnn6+a) (3.10)
0

n=

From (3.10) it can be seen that by setting the phase shift to o = -kdsin6, the maximum
of the array factor is steered towards angle 6,. The array factor of the linear array de-
pends in space only on 6 thus being rotationally symmetric about the array axis. If the
elements are omnidirectional, a ground screen can be used to eliminate the mirror image

beam.

In the maximum direction the waves from different antenna elements sum in phase.
Similarly, no energy is radiated towards the directions where the waves cancel each
other, called pattern nulls. If & is set to zero the main beam will occur at the direction
perpendicular to the array axis (6 = 0°) called broadside direction. Setting o = kd alter-
natively turns the main beam parallel to the array axis (6 = 90°) called end-fire direction.
Figure 3.3 presents two examples of array factors for linear arrays. The pattern is shown
only for values of 6 from -90° to 90°. If the elements were isotropic, the same pattern

would occur also in the other half-space.

o

°
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Amplitude [dB]
1
&
Amplitude [dB]
1
o

201 201

AL TAN

0
Angle [degrees]

0 20 40 60 80
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(a) (b)
Figure 3.3. Examples of array factors of linear arrays (d=A/2). (a) N = 16, 6, = 0°. (b)
N=38 6=45°
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Figure 3.3 shows that - with the same spacing between elements - additional elements
make the main beam narrower. This is due to the increase of the aperture. Narrow beam
means high directivity and gain. The beamwidth also determines the angular resolution

of the adaptive array and thus its capability to separate spatially the users in the same

traffic channel.

The minimum beamwidth of a linear array is achieved with uniform amplitude and
phase illumination (beam steered to broadside). In this case, the 3 dB beamwidth in ra-
dians is

0,886

HPBW,,i, = (3.11)

where L is length of the array [29]. The main beam widens from its broadside value

when scanned to end-fire due to the visible aperture diminishing. For an 8-element array
with 6, = 45° (Fig. 3.3 (b)) the 3 dB beamwidth is about 18.5°, while in broadside it is

about 13°. The array directivity of a broadside linear array is approximately

(3.12)

[28]. If d = A/2 the directivity is simply &, and does not change with the array scan angle
[28]. This is also the maximum directivity achieved with any illumination (except for

superdirectivity, see Sec. 3.4.4). The disadvantage of the uniform amplitude illumina-

tion is the high resulting sidelobe level, which is about 13 dB below the peak of the

main beam (see Fig. 3.3).

By using more complex excitation coefficients different radiation patterns can be ob-
tained for the same array. Different methods are developed to synthesize radiation pat-
terns with low sidelobes or nulls pointing at certain directions. These are e.g. Dolph-
Chebyshev’s, Schelkunoff’s, and Taylor’s method [29,31]. Desired properties are nar-

row beam, low sidelobe level, and small number of elements. These conditions are,
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however, contradictory, and if the pattern is optimized with respect to one parameter,

the other parameters will suffer.

The Chebyshev amplitude illumination provides the lowest sidelobes for a given maxi-

mum beamwidth and given number of elements, or vice versa. Figure 3.4 shows the ar-

ray factor of an 8-element linear array (d = A/2) with uniform phase illumination and
Chebyshev amplitude weighting to achieve -30 dB sidelobes. The 3 dB beamwidth is

increased to 16° from the 13° obtained with uniform illumination.

Amplitude [dB]
o
=]

!
n
w

T

-30r

Angle [degrees]

Figure 3.4. Array factor of 8-element linear array with Chebyshev weighting for -30 dB
sidelobes.

3.2.2 Planar array

The two-dimensional planar array consists of radiators arranged on a plane. On each

side of the array plane, the radiation pattern has one beam which can be steered towards
any angle (6, ¢p) in the half space. Figure 3.5 shows the rectangular array, which is a

linear array of elements, each of which is a linear array.
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Figure 3.5. Geometry of rectangular array.

According to the principle of pattern multiplication, the element factor is independent of

the array factor, which means that the element may be an array as well. Thus, the array
factor of the rectangular array can be written as the product of the array factors of two

linear arrays

£(6.0)= fi(w)- £2(v) (3.13)

where

N-1 . ;
file)= 3 a,elkdxsinu+na) u=sinBcosd (3.14)
J1 5 n

n=

and

M-1 -
: Jj(mkd., sinv+mp)
f2("): L bye ’
m=0

y=sinOsing (3.15)

[32]. N and M represent the numbers of elements in each dimension of the array (see

jna

Fig. 3.5). d, and d, are the corresponding element spacings. Coefficients a,e and

b,,,ef’”ﬂ are the complex weights of the element signals. To steer the main beam towards

the direction (6, ¢o), the element phases have to be & =—kd, sinuy and f=kd,sinvy. If

scanning is not required in both dimensions, the linear arrays at the other dimension may
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be excited in phase. The result is a higher gain compared to the case of a linear array of

single elements.

For most practical illuminations the directivity of a planar array can be written as [33]

ml 32,400

S, Qy (radsz) 5 Qy (degreesz)

(3.16)

where Q, is a beam solid angle defined as the product of the half-power beamwidth in

the yz-plane (®s4p) and in the xy-plane (Piqg) [33]

Q, =0, Vi (3:.17)

The beamwidths in both dimensions are given approximately as

1
O = - = S (3.18)
cos 90[(9_\,0 cos” ¢, +O , " sin ¢0]
and
1
Vi = = ~ (3.19)
e \/G)_\,O “sin” @, +E-)“,0 2 cos’ 0,

where 0,9 and ©, represent the half-power beamwidths of the linear arrays along x- and

y-axis (see Fig. 3.5) scanned to broadside [33].

The radiation pattern of a broadside rectangular array of 8 x 8 elements with d, = d, =

A/2 is given in Figure 3.6.
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Figure 3.6. Three-dimensional radiation pattern of 8 x 8 rectangular array with d, = d,
= A2. Angle 0 is the distance from origin in xy-plane, ¢ circles around the

z-axis (see Fig. 3.5).

3.2.3 Circular array

One interesting form of planar array configuration is the circular, or ring array, in which

the elements are placed along the circumference of a circle. Figure 3.7 shows the ge-

ometry of a circular array with evenly spaced elements on xy-plane.

Figure 3.7. Geometry of circular array.
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The array factor for a circular array of N equally spaced elements is given as [32]

j[a" kR cos(p—9,, sm@]

f(6,9)= Z ame (3.20)
n=0
where a,¢/™ is the complex weight of the " element, ¢, is the azimuth angle of the n"

element, and R is the radius of the circle. To have the main beam directed at the angle

(6, @), the phases of the weights must be chosen as

a, =kRcos(¢g — 9, )sin6 . (3.21)

Pattern synthesis for circular arrays is given e.g. in [34,35]. If beam steering is required
only in the horizontal plane, the gain can be increased by using vertical linear arrays as

array elements.

Figure 3.8 shows the array pattern of a circular array of 24 elements with the main beam

steered towards 8y = 0. The diameter of the circle is 3.5A..

/

ST "'\\ t’ “‘;v ""“‘ .'; l'lo io " "
S N A\ _“ ,'}l‘ \ ll/,,,‘ ,"'l,,,
ew\» \\\v’fﬂ i \\\ m\\\\\ N z,l 2

Ao A lf"n'nm “‘i\\ e 0

/”" /// ///ll/ Illll' V) \\\\ ///// /S

/ / /“e‘\\\

& N '\Z,” h;hfl: N'm ’3 ""’ \ \\.\....\\L\;%«‘)\“*““
\\\\\\\\\\ \\' S L/’
“‘\“““mewc

Figure 3.8. Three-dimensional radiation pattern of 24-element circular array, R=1.75A.

34



Testbed for adaptive array antennas Antenna arrays

In BS antenna applications, the principal plane radiation pattern (6 = 90°) is of interest.

Figure 3.9 presents the horizontal radiation pattern of a 24-element circular array with R

= 1.75A. Beam is steered towards ¢ = 0. Only one half of the pattern is shown.
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Figure 3.9. Horizontal radiation pattern of 24-element circular array with R = 1.75A.

One drawback of the circular array - its high sidelobe level - shows clearly in Fig. 3.9.
For uniform amplitude illumination and equal element spacing the lowest achievable

level is about -8 dB compared to the main beam [32]. One advantage is, on the other
hand, that because of the symmetry, the beamwidth does not change with azimuth scan-

ning, like is the case with linear arrays. Linear and planar arrays are usually limited to
scan angles of about £70° from broadside because of gain reductions and aperture mis-

match losses [36].

When adaptive BS arrays are considered, there is a choice to be made between a circular
array and a sectored structure of several linear arrays. Table 3.1 compares the properties

of both configurations with the same number of elements. The sectored antenna consists

of three linear arrays with d = A/2. The diameter of the circle is the same as the length of

the linear array. Both have uniform amplitude illumination.
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Table 3.1. Comparison of two base station array configurations.

35A 35\
12° 13°
12* 29°
-7.9 dB -13.5dB
+ beamwidth does not - beam broadens with
change with scan angle scan angle

+ no switching network - requires switching
- high side lobes + lower side lobes

For uniform illumination, the circular array has narrower mean beamwidth, but higher
sidelobes. The sidelobes can be lowered by tapering the amplitude, which widens the
beam. The sectored array suffers from the beam widening with increasing scan angle
(the maximum beamwidth corresponds to +60° scan). It also requires a switching net-
work to correctly perform the ‘handover’ to the adjacent array, when the beam is steered
beyond the limit. One considerable limitation of the circular array is, that if the elements

are omnidirectional, the array bandwidth is very narrow. This is due to cancellation ef-

fects between the elements at opposite sides of the ring [29]. The bandwidth criterion is

approximately
% _ é (3.22)
JO

[29]. This leads to only 7 % bandwidth for the circular array of Table 3.1. On the other
hand, a circular array of omnidirectional elements provides vertical directivity not

achieved with linear arrays.

It should be noted, that in Table 3.1 the antenna elements are presumed isotropic, and
the properties will become different for real elements. For example, with wide scan an-
gles, the gain of a linear array is limited by the element pattern. Therefore, the choice of

the element depends on the array geometry.
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3.2.4 Thinned arrays

With thinned arrays the number of elements required to achieve wanted resolution is
minimized by removing elements from the array. The subject of thinned arrays is tradi-
tionally associated with radio astronomy applications. In [37], a S-element thinned linear
array for earth remote sensing is presented. The elements are spaced at certain integer
multiplies of A/2 so that every half-wavelength spacing up to 4 A is available. Figure

3.10 presents the configuration.

d 3d 2d 2
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Figure 3.10. 5-element thinned linear array, d=A/2.

By cross-correlating all ten possible pairs of antenna signals one is able to get the same
resolution as if the array was filled with 9 elements spaced A2 apart. This technique is
known as aperture synthesis, and an array employing it is a minimum redundancy array

(MRA) [38]. The savings in system complexity and costs compared to filled array are

evident, because of the fewer required receiver front-ends.

Examples of using thinned adaptive arrays in CDMA system are proposed in [39,40].
The concept is based on replacing some of the antenna elements by virtual elements to
get larger aperture for a given number of elements. Virtual elements are needed to avoid
spatial aliasing. The virtual element signals are estimated by appropriate signal proc-
essing methods. The increased element spacing results in reduced coupling effects and
narrowed beams due to the wider antenna aperture. Also, according to [19], whenever

scatterers exist in the immediate vicinity of the base station antenna such as in the in-
door environments, the element spacing farther than A/2 provides spatial diversity to

combat fading.
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3.2.5 Other geometries

In addition to the previous, some other array configurations worth mentioning are the
three-dimensional conformal arrays, namely cylindrical, conical, and spherical array
[36]. With these, the antenna elements are positioned on a 3D surface offering addi-

tional options in pattern shaping.

3.3 ANTENNA ELEMENTS

If the antenna elements were isotropic, the radiation pattern of the array would coincide
with the pattern defined by the array factor. However, isotropic antenna elements do not
exist in real life. Instead, all practical antenna elements have nonuniform radiation pat-
terns that affect the pattern of an array composed of the elements. The wire elements
including dipoles and monopoles are the most common used types in applications of
wireless communications. The attractive properties of printed elements are making them
more and more popular. Horns and waveguide slots are traditionally the most common

used elements in military applications of phased radar arrays. They would however be-

come impractically big at 2 GHz frequencies, which are considered in this work.

3.3.1 Dipoles and monopoles
The A/2-dipole and A/4-monopole are typical antenna elements. The radiation pattern of
a vertical dipole or monopole is omnidirectional in horizontal plane (H-plane). The pat-

tern of the A/2-dipole has a shape of a donut, i.e. its cross-section has two symmetrical

beams in the vertical plane. The A/2-dipole has 78° 3 dB beamwidth, and 2.1 dB direc-
tivity. The A/4-monopole over an infinitely large perfectly conducting ground plane has
similar radiation characteristics than a A/2-dipole except for the missing lower half-

space. The gain is 3 dB higher because of the ground plane. In practice the ground plane

is not ideal and the beam is slightly tilted upwards from horizontal direction. This must

be considered in the design of arrays. In base stations of small cells monopole arrays

might be placed upside-down to exploit the pattern tilting. The A/4-monopole has 5.1 dB
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theoretical directivity and its E-plane beamwidth is one half of the beamwidth of a cor-

responding dipole.

3.3.2 Printed elements

If the number of array elements is large, printed antenna elements are the most conven-
ient at 2 GHz frequency. The printed elements have many attractive properties. They are
planar, simple, lightweight, low cost, easy to manufacture and easily integrated to other
circuitry. Dipoles and monopoles have traditionally been constructed of metal wires. At

low frequencies this is the only reasonable way to build elements that are of the order of
the wavelength. At higher frequencies, however, dipoles printed on substrate may be
easier to manufacture. Also the balun required by the dipole can easily be implemented

on the same substrate, as well as feed networks for arrays.

Another printed element is the microstrip patch, of which the most common types are
the rectangular and circular patch. Though the many convenient properties, patches have
some disadvantages. They are resonators and thus have narrow frequency bandwidths by
nature. Recently, great effort has been made in order to develop patch structures with
wider bandwidths [41,42]. Other drawbacks include poor polarization purity, low effi-
ciency, and surface-wave excitation. The last is particularly harmful with adaptive arrays

since it can cause blind spots at some scan angles. Patch antenna designs concentrating

on surface-wave rejection are studied in [43]. The microstrip patch antenna has broad
beam (HPBW of the order of 100° in H-plane and a little less in E-plane depending on
the dimensions of the antenna). The radiation is mainly concentrated in the upper half-

space only due to the ground plane under the patch. This affects the design of the array.

3.3.3 Arraying of elements
The array definition limits the geometry of an antenna array. The adaptive array, how-

ever, can be considered as a group of sensor elements rather than a conventional array.

Polarization adaptivity, for example does not fit into the array definition because of the
current orientation requirement. The geometry of arrays of this kind is limited merely by

ones imagination. The element positioning and orienting in an array depend heavily on
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the required radiating directions of the antenna. If, e.g. whole 360° azimuth scanning is
required, a single linear array of patches is not suitable. Instead, a sectored configuration
of three linear arrays placed on sides of a triangle might meet the specifications. One
possible choice is also a cylindrical array of patches. It does not satisfy the array defini-
tion because the element patterns need to be rotated, but is a suitable candidate for an

adaptive array application. Some array geometries using different elements are presented

in Figs. 3.11 - 3.14.

Figure 3.11. Linear array of monopoles. Figure 3.12. Ring array of monopoles.
Back plane is used to alle-
viate cancellation effects.

Figure 3.13. Planar array of circular Figure 3.14. Cylindrical array of rectan-
patches. gular patches.
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3.4 BEAMFORMING

3.4.1 Phased arrays

The radiation pattern of an antenna array depends on the weighting of the element sig-
nals. If the phase of the signal is changed, the main beam of the antenna is turned. Con-
trolling also the amplitudes of the elements allows more sophisticated pattern control.
Phased arrays have traditionally been used in radars. Compared to mechanical antenna
rotation the phasing is a very useful method for tracking many moving targets. The

beam can be pointed to a new direction and also widened or narrowed very fast. For the
same reasons, scanned arrays are appropriate also for mobile communication systems.

The concept is however far more complex because of the larger number of necessary

beams and the difficult, ever changing propagation environment.

If the transmission and reception are on the same frequency, the signal weights for both
directions are also the same. Radar arrays applying this property are called retrodirective
arrays [44]. Most mobile systems, however, use FDD and can not thus exploit this prop-
erty, because of the fading due to multipath propagation, which is frequency dependent.
At least the signal weights obtained from received data have to be transformed to the

transmission frequency. This requires accurate knowledge of the directional response of

the array [45].

3.4.2 Analog beamforming

Analog beamforming means controlling of the element signals by passive devices: phase
shifters, power dividers and attenuators. A beamforming network is required to produce
one or multiple beams at the same time. Analog beamforming can be carried out either
at RF or intermediate frequencies (IF). The latter requires a receiver behind each ele-

ment, but losses in the beamforming network are less important. A beamforming net-
work producing more than one beam is called a beamforming matrix, the best known

type of which is the Butler matrix [29,46]. An N x N Butler matrix consists of N 90° hy-
brids and fixed phase shifters between the hybrids. It produces N orthogonal beams. At

the crossover point of two beams the gain has reduced 3.9 dB, which is the minimum
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achievable number with passive circuits. The price to be paid is the high sidelobe level

(-13 dB). Figure 3.15 shows four orthogonal beams produced by a 4 x 4 Butler matrix.
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Figure 3.15. Orthogonal beams produced by 4 X 4 Butler matrix (after [32]).

If the phase shifts performed by the beamforming matrix are fixed, the antenna is of
switched-beam type (see Sec. 2.3.1) and the radiation pattern consists of a set of beams

with fixed pointing directions. Instead, if the beamforming network consists of

(digitally) controlled phase shifters and attenuators, the pattern control is more flexible.
Because the network operates at high frequencies, the error tolerances of the compo-

nents are small, which may make them costly.

3.4.3 Digital beamforming

Digital beamforming (DBF) is based on the conversion of the RF signal from each an-
tenna element into two binary baseband signals, representing the in-phase (I) and quad-
rature (Q) component channels. The conversion is accomplished using matched analog
receivers and analog-to-digital converters (ADCs) in each element channel. The match-

ing does not need to be performed with hardware, because the digital data can be cor-

rected with pre-measured calibration data before the beamforming procedure.
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After the conversion, the digital baseband signals contain as much of the information
available at the antenna aperture as possible, depending on the number of bits in the
ADCs. This information containing both amplitude and phase is then available for proc-
essing in the DBF computer. DBF allows more efficient control on the antenna parame-
ters than conventional beamforming. In fact, a unique radiation pattern may be gener-
ated for each user. Figure 3.16 shows an example of uplink DBF implementation in a

CDMA system.

1 N
Receiver Receiver
module module

Demodulator #1 <«—C, C,—*Demodulator #M
[l oo |N 1| oo [N
RBDF #1 ® ° ° RBDF #M
| eeo |P [ e [P
S,(1) S,(P) S,(1) S,,(P)

Figure 3.16. Uplink DBF configuration for CDMA system (after [32]).

After the A/D conversion the signals from N receivers are divided into M demodulators.
The N demodulated signals are then fed to M DBF networks each producing P combi-

nations corresponding to P beams in space. Unless superresolution is considered, the

maximum value of P is equal to N. The number of simultaneous users can be up to M X

P instead of M in the unadapted case.
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Digital beamforming is a very attractive technique, but also costly. For this reason a
trade-off should be made between the system efficiency and cost. A combination of

analog and digital beamforming might be an optimum solution.

3.4.4 Superdirectivity

For arrays with element spacing greater than A/2 the maximum directivity is achieved
with uniform excitation (constant amplitude and linear phase). Superdirectivity is de-

fined as directivity higher than that and applies to arrays with element spacing below

A/2. For example, uniform illumination results in directivity of N for spacing of both 4/2
and A/4. However, at A/4 spacing the optimum amplitude and phase excitation leads to
directivity of N2 [47]. Still, the optimum directivity is not achieved without any cost.
The radiation quality factor Q, increases exponentially when the directivity is higher
than the conventional maximum. This leads to a very narrow bandwidth and extreme
sensitivity to errors, as well as low efficiency, if optimum directivity is desired. Table
3.2 shows the element spacing, directivity and radiation quality factor for a linear array

with L = 2 A and designed sidelobe level of -20 dB.

Table 3.2. Element spacing, directivity and radiation quality factor of linear array with
L = 2 A Designed sidelobe level is -20 dB (after [47]).

0.500 4.69 1.7
7 0.333 5.18 7.0
9 0.250 6.21 1.2:10°
11 0.200 7.36 5.8:10
13 0.167 8.54 | 5.5.10"

As can be seen in Table 3.2, some increase in directivity can be achieved with reason-
able values of Q,. In [48], a suboptimum constrained superdirective design is carried out

to produce the lowest Q, for a given directivity.
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With digital beamforming superdirectivity could be employed to some extent, but the

benefits in BS arrays can be questioned because the variable is the size of the array, not
the number of antenna elements. Instead, if adaptive, or diversity antennas are consid-

ered in mobile equipment, the small element separation is essential.

3.4.5 Superresolution

The Rayleigh criterion states that two sources can not be resolved if their angular sepa-
ration is less than the beamwidth of the receiving array. The HPBW of an 8-element lin-
ear array with d = A/2 is about 13°. However, the same array can produce closely spaced
nulls that are sharp in space. By calculating the inverse of the radiation pattern with
suitable processing of the element signals one is able to generate two closely spaced
beams [49]. Figure 3.17 presents the conventional beam pattern and the superresolution

pattern for an 8-element linear array with A/2 spacing. Two equally strong sources with

SNR =30 dB exist at 18° and 22°.
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Figure 3.17. Conventional scanned beam and superresolution pattern for 8-element lin-
ear array. Sources at 18° and 22° [49].

The superresolution is sensitive to noise, which may be a significant limitation when
mobile system applications are considered. The fundamental limit for superresolution

with two equal sources can be written as [47]
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SNR = HPBWRuyleigh (3 23)
HPBW, '

superresolution

3.5 LIMITATIONS AND EFFECTS OF ERRORS ON ADAPTIVE ARRAYS

3.5.1 Bandwidth

Because the main beam of a phased array is turned by changing the relative phases of
the elements, it turns also when the frequency changes. This limits the bandwidth of
phased arrays. The bandwidth of a linear array defined by the frequency limits where the

gain towards the desired direction has reduced 3 dB, is

Af _ 0.8864
f Lsinf

(3.24)

where L is the length of the linear array and 6, is the scan angle from broadside [29].
The bandwidth is smallest for large arrays and wide scan angles. For example, an array

of length L = 10 A gives a maximum scan angle of + 62° for 10 % relative bandwidth.

The bandwidth of an array is limited also by the rise of grating lobes when the frequency

increases. This is due to spatial aliasing presented in Sec. 3.1.2. Of course, also the
bandwidths of single elements as well as other components of adaptive arrays: phase

shifters, power dividers etc. affect the bandwidth of the system.

3.5.2 Mutual Coupling

The theory of phased array antennas is based on the pattern multiplication principle.

This assumes that all elements have similar patterns in the array. In reality, the patterns

of similar elements become different depending on the location of the element in the

array, and the array scan angle. This is caused by the coupling of fields from other ra-

diators in the array.
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The mutual coupling of an N-element array can be presented through an N X N scatter-
ing matrix that relates the transmitted and reflected waves between each element pair. In
an isolated case, the excitation of an element with amplitude a,, gives a value A,, for the
amplitude of the electrical field in the element aperture. When the element is surrounded
by other elements, the field depends also on the excitation of the other elements, and

will become

Alll = K(a"l + 2 Smnan) (3‘25)

where S,,, is coupling coefficient between elements m and n [29]. Proportionality coeftfi-
cient K relates voltages to corresponding electrical fields. The coupling can be viewed
from two alternative perspectives: the perspective of mutual impedances and the per-
spective of active element patterns. From the perspective of mutual impedances, the
elements are considered as separate radiators with identical element patterns. Because of
the mutual coupling, the impedances of the elements change when the array is scanned.
In this case, the correct excitation amplitudes to obtain desired field amplitudes can be
resolved from the measured scattering matrix. From the perspective of active element
patterns, the complex radiation pattern of each element in the array environment is

identified by exciting the element with all other elements terminated in matched loads.

The scan-dependent radiation of the whole array can then be computed from the known
patterns radiated by individual elements, assumed that the aperture fields have the same
distributions on each element (single mode excitation) [29,50]. For most elements the

higher order modes are negligible. The radiation of one element in a linear array can be

expressed with the isolated element pattern e;(6) as

N : .
2,(6)= €;(6) X.Cpppe/cmdsin® (3.26)

m=1

where C,,, is coupling coefficient relating the signals at the n™ element to the signals at

the m™ element [29]. The coefficients C,,, can be solved from the measured patterns.
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If the mutual coupling is not compensated, it can lead to severe distortions in the radia-
tion pattern. These distortions are angle and frequency dependent and consist of in-
creased sidelobe levels, main beam squint, filled or shifted nulls, grating lobes and array
blindness at some scan angles. Therefore, the mutual coupling should be measured and
taken into account in order to correctly control the radiation of the array. The compen-
sation of the pre-measured mutual impedances requires precise amplitude and phase

control [29], but should be easily implemented with DBF.

The array blindness at some scan angles is due to surface wave excitation in dielectric

materials, or other low loss modes of electric fields that may appear in periodic metal

structures [29]. With suitable element phasing, the structure may be resonant causing the
reflection coefficients to equal to unity, and the antenna radiates no energy. In [29] it is
stated that scan blindness can be avoided by keeping the element spacing a few percent
less than A/2. This tunes the resonance off from the center frequency. Another means of
scan blindness compensation is the usage of suitable dielectric radome, or metallic
fences between the elements [29]. In the case of adaptive base station antennas, the scan
blindness is a detrimental phenomenon, and has to be considered in the design of anten-
nas. The use of two polarizations is also one possibility to avoid blind angles, since the

blindness seldom occurs at the same angles in E-, and H-plane.

The effects of mutual coupling on the performance of an adaptive linear array of six A/2-
dipoles without coupling compensation have been studied in [51]. It is shown that the
output SINR of an adaptive array depends on the angle of arrival of the desired signal in
the presence of mutual coupling and decreases with increasing scan angle. The calcula-
tions indicate that the coupling degrades the performance of the array only for rather
small interelement spacing. Compared to an array without mutual coupling, the drop in
SINR is about 3 dB, when the interelement spacing is reduced to A/4. For A/2 spacing,
the SINR is the same as without coupling. Beyond this point, the dependence of the

SINR on the spacing is periodical so that the maximum drop is about 2 dB correspond-

ing to element spacing of 1.1 A.
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3.5.3 Random errors in adaptive arrays

The theoretical antenna characteristics are not valid with practical system realizations.

This is due to the finite accuracy of the weighting coefficients and the element positions.
The root-mean-square (rms) error of the signal can be written in terms of its amplitude

and phase error

o=o,+ o (3.27)

where g, is rms amplitude error and o), is rms phase error. The effects of rms amplitude

and phase errors on the properties of large two-dimensional arrays are presented in [52].

Main beam direction

The error in the main beam direction of an N-element array is [52]

A |3 ©
HPBW VN 088-

where the rms mispointing angle A and the half-power beamwidth are in radians.

Sidelobe level
The sidelobe level (SLL) in dB is written as [52]

SLL,

2-0
SLL =20lo 10 20 + 3.29)
glo( mj (

where SLLy is the sidelobe level of the array without errors, and &7 is taper efficiency

defined as [29]
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Directivity

The directivity in presence of amplitude and phase errors is [52]

1

147 (£)7 o’
4 \A

where Dy is the directivity of the array without errors, and d is element spacing.

D
D _ (3.31)
D()

The error effects on several antenna parameters are studied in [21]. The simulations

were made for linear arrays of 8,10 and 16 elements with d = A/2. The errors in different

elements were assumed mutually independent and uniformly distributed. The results in-
dicate that the most severe effects on array radiation patterns were due to inaccuracies in

element phases. The sidelobe level, that turned out to be the most sensitive parameter,
increased several decibels when the maximum phase errors were more than 10 degrees.
Beam mispointing and reduced directivity seem to be of minor concern. Even maximum
phase errors of 45° do not turn the main beam more than 1°. Amplitude errors and errors

in element positions had very little effect on the radiation characteristics.
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4 Array measurement system

In this work an antenna array testbed for antenna design and testing, and radio channel
modeling purposes is investigated. The testbed is based on the wideband radio channel

sounder developed at Institute of Radio Communications (IRC), Helsinki University of
Technology (HUT). An extension of the system for array measurements is implemented
in this work. During the channel measurements the transmitter of the sounder is moved
around, and the array simulating a BS antenna is connected to the receiver. The angular
distribution of the received signal components can be solved by comparing the relative
phases of the element signals. Furthermore, the wideband sounding also provides the

delay information, and thus a two-dimensional characterization of the propagation chan-
nel is possible. The testbed also provides the possibility to study the effects of different

array geometries on the operation of adaptive arrays. The purpose of the work is to

identify the advantages and limitations of the system.

4.1 WIDEBAND RADIO CHANNEL SOUNDER

The complex impulse response (IR) of the radio channel can be computed as a cross-
correlation of the transmitted and received signals. The impulse response contains a lot
of valuable information of the channel: delay spread, Doppler spread, etc. The channel

sounder consists of one transmitter and one receiver accompanied by a control computer
[53,54]. The carrier frequency is 2.154 GHz with 100 MHz bandwidth (upper UMTS

band). Maximum transmission power is limited to 10 W. A simplified block diagram of

the system is given in Figure 4.1.
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Figure 4.1. Simplified block diagram of the channel sounder [55].

In the transmitter the carrier frequency is modulated with a periodically repeated pseudo
noise (PN) -code. In the receiver the downconverted signal is either correlated with a
locally generated replica of the PN-code, or it is sampled directly and the correlation is
calculated with post processing. Depending on the current setup, either the sampled IRs,
or the samples of the signal are stored to the hard disk of a PC. The receiver is equipped

with Automatic Gain Control (AGC) to keep the signal level inside the input range of

the ADCs. The AGC values are stored together with the IR/signal samples.

The transmitter and receiver are synchronized by separate 10 MHz rubidium standards

to preserve the phase information. The reported Allan variance of the clock frequency is
3.107'1 /4 , for 1s <1 <100s . The stability is 2-107'!" /day and 2-107 / year. The tem-
perature drift is +3-107'%Hz in the range of -5°C...+50°C. Before every measurement,
the clocks have to be tuned to minimize the difference in the frequencies in the trans-

mitter and the receiver. According to [55] the practically achievable frequency offset is

about 30 mHz. In short-range indoor measurements (e.g. in an anechoic chamber) the
tuning is not necessary, because the transmitter and receiver can be synchronized by

using a cable to connect the transmitter clock also to the receiver.
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4.1.1 Sliding correlator receiver

In this work the measurements were performed with the sliding correlator receiver

[53,55]. In the sliding correlator the 300 MHz IF-signal is correlated with another 300
MHz IF-signal up-converted from a local PN-code generator. The output of the sliding
correlator is sampled using two 12-bit ADCs with a maximum sample rate f; = 500 kHz
before storing to hard disk. The chip frequency of the PN-code is f. = 53.85 MHz, and
the length of the code sequence is L. = 1023 bits. The nominal delay resolution is Ty, =
I/f.=18.6 ns. The delay range, i.e. the maximum value of an unambiguous delay is 19.0

us, which is in practice a lot longer than required. In the measurements a time window of
1.9 us was used to limit the amount of the data. The nominal measurement rate f,, for the

sliding correlator receiver is written as

Je
KL

€

Jm = 4.1)

where K is a scaling factor, that compresses the bandwidth of the output waveform of
the sliding correlator. The value of the scaling factor used in the measurements was K =
1077. With the values above the theoretical measurement rate is 48.9 Hz. In practice, the

maximum achievable frequency is 24 Hz, when only 10 % of the code is sampled with a
sampling frequency of 200 kHz. The resulting delay range is 2 ps. The reason is the lim-
ited speed in transferring data to the hard disk. Respectively, if a 4 us delay range is de-

sired, the measurement rate becomes 12 Hz. Due to the principle of operation of the
sliding correlator, it produces self noise. The level of the self noise is approximately 23
dB below the peak of the main signal component [56], and it has to be cut out from the

results.

4.1.2 Direct sampling receiver

If the receiver is used in the direct sampling (DS) mode, no PN-code generation is re-
quired in the receiver. Instead, the IF is I/Q-demodulated and the I- and Q-channels are

sampled directly using two 8-bit ADCs with a maximum sample rate f; = 100 MHz. The

IRs are calculated with post processing. Because the codes in the transmitter and re-

ceiver are no synchronized, at least 3 successive IRs have to be recorded from each ele-
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ment. This also compensates the differing propagation delays. Because of the very high-

rate sampling, the samples of the signals are not directly transferred to hard disk, but
stored in fast memory buffers. Currently the size of the memory buffer is 2 Mbytes for
both channels. With the highest possible sampling rate this leads to only 20 ms continu-
ous measurement time. After this the measurement has to be paused while the data is
transferred to hard disk. In DS-mode the code length and the chip frequency can be cho-
sen more freely, thus allowing the optimization of the measurement rate with respect to
the maximum Doppler frequency, or required delay resolution (see Sec. 4.2.2). This is
essential because of the limited data storage capability. The nominal measurement rate of

the DS receiver is

_Je
fm - 3 (42)

€

The maximum measurement rate is achieved with f, = 60 MHz and L. = 31 bits, and is
1.94 MHz. The minimum delay resolution is 16.7 ns corresponding to the highest chip

frequency. The delay range is the inverse of the measurement rate.

In addition to direct sampling, matched surface acoustic wave (SAW) filters can be used
before the I/Q demodulation. The two existing filters are matched to two codes: a 13-
chip 2.5 MHz Barker code and a 127-chip 10 MHz m-sequence. In this case the de-

modulated signals give the complex IRs.

The available options for measurement parameters with the sliding correlator receiver

and the direct sampling receiver are summarized in Table 4.1.

Table 4.1. Available options for measurement parameters.

31-2047

53.85 2.5-60
19 0.5-819
18.6 16.7-400
0.5 100
49 1.94-10°
30 30
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4.1.3 Sounder extension for array measurements

In order to measure multiple antenna elements with a single receiver, a fast RF switch-

ing unit is required behind the antenna. The used switching unit [57] is based on a TTL-
controlled GaAs switch (Mini-Circuits VSW 2-50 DR) has 8 channels and a switching
time of 3 ns. The input ports of the switching unit are matched to 50 €. The return loss
is more than 10 dB over the whole frequency band of the transmitted signal, no matter
whether the channel is selected or not. The matching is important if mutual coupling
effects in an array are to be measured. The minimum isolation between the channels of
the switching unit is as poor as 20 dB, and is mainly caused by the used switching com-
ponent. The isolation limits the capability of the system to measure mutual coupling ef-

fects. A better switch will be designed in the future, and the system will be extended for

measuring larger arrays.

The switching unit is controlled by a 3-bit TTL-signal. The control signal is generated
from a pulse-per-sequence (PPS) -signal triggered by the sampling card of the receiver.
The number of subsequent IRs measured from each element before switching to the next
can be selected in the range of 2...16. In addition to the PPS, another signal is required

for correct timing when the measurement is started. This RESET-signal is triggered by

the PPS.

In array measurements the concept of measurement rate becomes ambiguous. To clarify

the terminology, Table 4.2. describes some terms and corresponding symbols that are

frequently used in the following sections.

Table 4.2. Terminology related to measurement rates in array measurements.

The nominal measurement rate, i.e. the inverse of the time between two measured

consecutive impulse responses.

Achieved practical rate of measuring IRs from successive elements. Equals to the

maximum switching frequency of the array.

Achieved practical rate of measuring IRs from each element of the whole array.

55




Testbed for adaptive array antennas Array measurement system

4.2 PERFORMANCE CONSIDERATIONS

To evaluate the performance of the testbed its inherent error sources have to be identi-
fied. The sensitivity of radiation patterns of uniformly illuminated arrays to random
phase and amplitude errors in element signals are investigated in [21] (see Sec. 3.5.3).
The main conclusions were that phase errors are the most severe ones and the most sen-
sitive characteristics are the sidelobe level and the directivity. The effect is stronger for
smaller number of elements. Random rms amplitude variations up to 3 dB had almost
no effect on the radiation pattern. Respectively, random rms phase errors smaller than
10° turned out to have small effect. The rise in the sidelobe level was less than 1 dB.
These values are considered as references when evaluating the performance of the test-
bed. It must be noticed, however, that the error tolerances become smaller if optimized

patterns with e.g. lower sidelobe levels are desired.

If the phase errors are not random, but all of the same size and to the same direction, the
result is a shifted beam pointing angle. Errors of this kind are here called cumulative
phase errors. In this case the relative error is stronger for larger arrays because of the

narrower beam. The relative beam mispointing can be written as a function of the cu-

mulative phase error A¢ by

A LA
HPBW ~ 0.886-d 360°

(4.3)
for

d (o]
Ag << =360

If the desired maximum beam mispointing is 10 % of the 3 dB beamwidth, the maxi-

mum cumulative phase error becomes

d
Aq)mzlx = Z ’ 3 1'90= (44)

N -1

which gives 4.6° for an 8-element array.
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4.2.1 Phase accuracy of clocks
The frequency offset between the clocks in transmitter and receiver can be tuned down
to 30 mHz. The resulting phase rotation (~11°/s) is quite linear and can thus be re-

moved, if necessary, by comparing two subsequent IRs from one element. Assuming
that the array has 8 elements and no correction is done, the maximum measurement rate
fme must be as slow as 2.4 Hz in order to achieve 10 % accuracy in beam pointing di-

rection.

Also the phase noise of the clocks in transmitter and receiver limits the accuracy of the
measured phase. The measured rms phase error for different configurations is presented
in Table 4.3. In the measurement, 5000 IRs were recorded with the sliding correlator
receiver. The measurement rate was 24 IRs/s. The transmitter and receiver were con-
nected together with a cable. The slow phase variation due to the frequency offset has

been filtered out.

Table 4.3. Measured root-mean-square phase error of the sounder.

—_ . N

Table 4.3 indicates that the rms phase error increases with increasing time between

measurements. Averaging improves the performance if the time between the measured

IRs is long enough. Instead, if closely measured IRs are averaged, the increased time

between IRs outweighs the gain due to averaging.

The measured frequency spectrum of the oscillator of the receiver [58] is shown in Fig.

4.2.
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Figure 4.2. Phase noise of oscillator of receiver.

The noise variance can be written approximately as [59]

dBc; f A
I+

10 f,log=t — x =1

hj
0-"2 s z dBc;

x+1 (45)
" T10 o i [i—‘} ~1|—>x%-1

x+1ll I

where

dB¢,,, —dBe¢;
x - ——
10(log f,,, —log f;)

The rms uncertainty is the same as the standard deviation ¢;. Equation (4.5) gives a sin-

gle sideband (SSB) value that has to be multiplied by V2 to get the DSB value. Assum-

ing that the uncertainties in transmitter and receiver are independent, the total phase er-

ror in the measurement is obtained by multiplying again by 2. Thus, the rms value of

the phase uncertainty becomes
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A¢rms = 2 ’ O-n (46)

Calculating the noise variance 0,” from the measured frequency spectrum gives Ay =

1.34°. This is slightly smaller than that in Table 4.3 for two subsequent measurements.

The difference may be caused by the noise added e.g. in the sliding correlator. Alto-

gether, the values are negligible when considering radiation pattern distortions.

4.2.2 Effect of feed network
In the existing configuration the array elements are connected to the switching unit by

semi-rigid coaxial cables. The cables are not equally long, which changes the relative
phases of the element signals. Therefore, the phase increments added by the cables have

to be removed from the results to get the phases correct. The small transmission loss of
the cables is fixed over the frequency band. It can thus be corrected simply by adding

the loss to the measured IRs.
Also the different channels of the switching unit have different transmission character-

istics that affect the recorded signals. Figure 4.3 presents the frequency responses of the

transmission loss of different channels measured with a network analyzer.
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Figure 4.3. Frequency responses of transmission loss of different channels in switching
unit.
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As can be seen the frequency responses are not identical. For example, channels 5 and 6
have a 0.7 dB resonance dip at 2.19 GHz. It can be compensated by correcting the re-
sults with the measured transmission properties. Because of the wideband signal, the

correction should be done over the whole frequency band to get results that are exactly

correct. This can be done using Fourier transform

F{r(0)}

r(T)=7_l{ H .. (f)

}’ (fo-fo) < f < (fo+f) 4.7)

where rp,(7) is the measured impulse response and H.q(f) is transmission function of the
feed network containing both the switching unit and the feed cables. SZand SZ' repre-

sent Fourier transform and inverse Fourier transform, respectively.

In the practical measurement examples of this work the results are corrected only at the
carrier frequency fy (2.154 GHz) for simplicity. To test the effect of the different channel

characteristics, a measurement was performed in an anechoic chamber with the trans-
mitter antenna at broadside direction. Figure 4.4 shows the average of 40 measured im-
pulse responses from channels 1 and 5 without correction. Figure 4.5 shows the same

IRs corrected at the center frequency.

Amplitude [dB]

0 20 40 60 80 100 120 140 160 180 200
Time [ns]

Figure 4.4. Measured IRs. Solid line represents channel 1, dashed line channel 5.
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Figure 4.5. IRs corrected at center frequency. Solid line represents channel 1, dashed
line channel 5.

Without correction the peak level of the signal received from channel 5 is about 0.7 dB
higher than that from channel 1. This can not be caused by the switching unit, because
channel | has smaller transmission loss at center frequency (see Fig. 4.3). Consequently,
the difference is even larger after the correction, approximately 1 dB. The reason for the
difference in signal levels is so far unknown. It may be caused by mismatches between
the components, or overcoupling either in the array or in the switching unit. The reason

will be further investigated in the future. As mentioned in the beginning of this section,
amplitude errors of this order (1 dB) should not affect the measured angular distribu-

tions of received signals. However, the error tolerances are smaller for optimized radia-

tion patterns. The shapes of the impulse responses are very similar. This indicates that

the frequency dependent transmission loss of channel 5 has little effect on the results.

4.2.3 Effect of Doppler spectrum

The impulse responses of the radio channel are not measured exactly at the same time
from each element of the array. This means that some assumptions of the rate of change
of the channel have to be made. In practice, the type of the environment and the speed of

the mobile determine the width of the Doppler spectrum. If LOS exists and reflections
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can be neglected, the Doppler spectrum consists of only one single spectral line. This
Doppler shift can be resolved by comparing the phase difference between IRs from sub-
sequent sweeps in one element of the array. Because of the single frequency component,
the phase rotation is linear between the ends of the array. One can thus remove the Dop-
pler phase rotation from the element signals to solve the DOAs. In such case, the re-
quired array measurement rate f,,, is twice the maximum Doppler frequency. In more
practical case the signal experiences multiple reflections from moving objects which
causes spreading of the Doppler spectrum. In this case, the phase rotation is not linear
and can not be separated from the phase difference that depends on the DOA of the sig-

nal. Figure 4.6 shows the misalignment of the measured impulse responses in the time

domain.
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Figure 4.6. Misalignment of IRs in time domain.

The accuracy of the measured phases of the signals depends on the measurement rate.

The maximum possible phase shift between the first and last element of the array is

_ fD.mux

A tot,max ’ 3600 (48)
¢ ' flﬂ.d

where f,, , 1s array measurement rate and fp max 1S maximum Doppler frequency written

das

Fomax = (N +1) =58 = (Ng +1)- fo -~ (4.9)
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where v,y 1s the maximum speed of the mobile, f; is carrier frequency, and c is speed of
light. Coefficient N is the number of reflections from other objects moving at the same
speed as the mobile. In practice, the maximum value of Ny is 1...2, while the most

common value is N = 0.

The maximum phase shift between two array elements becomes

Ay == (4.10)

To get the element measurement rate f,, ., the array measurement rate has to be multi-
plied by the number of elements. Thus, the required element measurement frequency to

achieve desired accuracy becomes

Fre=(Ng+1)- fo -2 4.11)

The phase error leads to inaccurate DOA information. The maximum cumulative phase
error for a given beam pointing accuracy can be calculated using Eq. (4.4). For an 8-
element array, to achieve a maximum of 10 % beam pointing error, the maximum cu-
mulative phase error becomes A@max = 4.6°. The requirement is alleviated for random

CITorIS.

With the sliding correlator receiver, the maximum practical measurement rate f,, . is
about 24 Hz. According to Eq. (4.11), the maximum mobile speed is 0.017 m/s, assum-
ing that Ng = 1.5 and Ay, = 4.6°. In practice, only static array measurements are possi-
ble with the sliding correlator. Instead, the direct sampling receiver allows fast channel
sounding with the cost of a short continuous measurement time. Table 4.4 presents the
maximum mobile speed vpay, delay range 7., and the resulting continuous measure-
ment time 7,, for a given system configuration, when 3 successive IRs are recorded from

each element. The maximum allowed beam mispointing error is 10 % of the HPBW, the

array has 16 elements, and Ng = 1.5.
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Table 4.4. Delay resolution, delay range, maximum mobile speed, and continuous
measurement time for different configurations of the DS receiver.

2.5 MHz

31-255 SMHz | 400 12.4-102 | 8.85-1.08 | 400
[0MHz | 31-1023 | 20MHz| 100 3.10-102 | 35.4-1.07 | 100
30 MHz [31-2047 | 60MHz| 333 1.03-682 | 106- 1.6l 33
60 MHz | 31-2047 | 100MHz | 167 0.52-34.1 | 212-3.22 20

As shown in Table 4.4, the maximum mobile speeds can be very high. The correspond-
ing delay ranges are, however, infeasibly short. Also, the continuous measurement times
are very short because of the limited memory buffer. Therefore, the IRs are recorded in
sets. This means that after measuring 3 IRs from every element, there is a short break
before recording the next set. By this way, the measurement time can be increased. Of
course the maximum mobile speed decreases at the same time. The desired measure-

ment characteristics have to be determined very carefully for every measurement setup

to maximize the measurement time and minimize the amount of data.

4.3 ADVANTAGES OF MULTI-ELEMENT SOUNDING

The possibility to measure complex impulse responses separately from each element of
an array provides insight in multipath radio channels and serves as a tool for developing
adaptive BS antennas. The measurement data is available for post processing and can be
used for various purposes. Radio engineers obtain real information of the functionality
of their hardware, DSP engineers can test adaptive algorithms, and system designers in-

crease their knowledge about radiowave propagation in difficult environments.

4.3.1 Antenna development

The main purpose of an adaptive base station antenna is to produce a large number of
narrow beams with as few elements as possible. If digital beamforming is considered,
the number of required tranceivers is the same as the number of array elements. There-
fore, it is important to find array geometries that do not waste elements. The testbed al-
lows the possibility to study different geometries and element numbers. Also the effects

of mutual coupling can be investigated. For example, blind angles can be found by ro-
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tating the receiving array in front of a known source. Furthermore, the benefits of the
polarization adaptivity / diversity as well as the usefulness of thinned receiving arrays
can be analyzed. In addition to BS antenna measurements, also adaptive mobile anten-

nas can be studied in the future.

4.3.2 Adaptive antenna simulations

An adaptive antenna is mainly a signal processing system. It requires a great deal of
computational power and efficient signal processing algorithms to be implemented effi-
ciently. With the multi-element measurement system, the functionality of adaptive
beamforming algorithms can be tested in practice, because the data produced by the
sounder is real radio channel data. To simulate a multi-user situation one can record
short sequences of data at different mobile locations and then combine all sequences.
One signal source is treated as the desired user, and the others as interferers. The real

SINR can be calculated for each user before and after the beamforming. In addition to

one BS, also whole networks employing adaptive BS antennas can be simulated.

4.3.3 Channel modeling

The multi-element sounding allows the possibility to study the signal propagation char-
acteristics in different environments. For example, the angular spreading of the signal
can be measured. The results can be used to determine the minimum practical beam-
width of the array in various environments. Because the data is post processed numeri-
cally, the same freedom in radiation pattern synthesis is available as with DBF. For ex-
ample low-sidelobe patterns can be produced separately for each user. The main limita-

tion is the size of the antenna used in the measurements (unless superresolution is con-

sidered).

Due to the wideband sounding (BW = 100 MHz), the correlation between signals in dif-
ferent frequencies can be studied. By filtering the sampled signal with two narrow-band
filters with center frequencies separated e.g. 50 MHz, the fading characteristics of the
signals at different frequencies can be studied separately. This can be used to find out

the correlation properties of the up- and downlink signals in FDD systems.
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5 Measurements

5.1 PROTOTYPE ARRAY

A prototype array has been designed and built for first measurements and testbed

evaluation. The array has 16 elements in two horizontal rows. The element spacing in
both rows is A/2 but the rows are horizontally shifted by A/4 relative to each other. This
allows more options for selecting the element spacing. The vertical spacing between the
rows is about A/2, which is assumed to be small enough to get correlated signals. The

polarization is vertical and the array will thus be scanned in H-plane.

The element used is a probe-fed short-circuited quarter-wave microstrip patch with air
substrate. It was selected because it is fairly easy to manufacture and has moderately
wide bandwidth. The dimensions of the element are: height 10 mm, width 25 mm, and
length 33 mm. The array is made of 0.5 mm thick copper plate, to the edges of which
the elements are shorted. The size of the array is 150 mm X 645 mm. The elements are
fed with SMA coaxial connectors from behind the ground plane, and connected to the

switching unit by semi-rigid coaxial cables. The array and the switch are both mounted

on an aluminum support. Figures 5.1 and 5.2 present the configuration.
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S

Figure 5.2. Array feed network and switching unit.
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The resonant frequency of the elements was tuned by adjusting the length of the patches.
The input impedance was matched by changing the distance of the connection point of
the coaxial probe from the short circuit. Figure 5.3 shows the input reflection coeffi-

cients measured with a network analyzer from 4 different elements in the array.

S11 [dB]

14 1.6 1.8 2 22 24 2.6 238 3
Frequency [GHz]

Figure 5.3. Measured input reflection coefficient of different elements.

As shown in Fig. 5.3 the return loss is more than 15 dB over the 100 MHz measurement

bandwidth (2154 + 50 MHz). The radiation patterns of some of the array elements were
measured in the anechoic chamber at HUT Radio Laboratory. The H-plane radiation
pattern of both a center element and an edge element at 2.154 GHz frequency are shown
in Figures 5.4 and 5.5. The edge element has wider beam than the center element. This

is caused by the coupling from surrounding elements. The 3 dB beamwidth of the edge

element is about 91°, while in the center element it is only 83°.
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Figure 5.4. Radiation pattern of center element of the array at 2.154 GHz. Solid line
represents the main polarization, dashed line the cross polarization

Normalized power [dB]

Angle [degrees]

Figure 5.5. Radiation pattern of edge element of the array at 2.154 GHz. Solid line rep-
resents the main polarization, dashed line the cross polarization
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As can be observed the cross polarization is considerably higher at certain directions
than the main polarization. This is assumed to be caused by the relatively high element
and the coaxial feed probe of the element that behaves as a horizontal monopole. The
monopole has a pattern null in the direction of its axis, which explains the shape of the
cross polarization pattern. Because of the poor polarization characteristics, the data

measured with the prototype array does not correspond completely to the real situation.

Although the prototype can be used for testing of the measurement system, a better array

will be developed in the future.

5.2 MEASUREMENT SETUP

During the testbed measurements only the elements at the upper edge of the array were

connected to the switch. In other words, the antenna was used as an 8-element linear ar-
ray with A/2 element spacing. The elements in the other row were terminated with

matched 50 Q loads. The measurements were performed with the sliding correlator re-

ceiver. The parameters used are presented in Table 5.1.

Table 5.1. Parameters used in the measurements.

1023
1077
18.6 ns
1.9 us
1.5 Hz

The array measurement rate in Table 5.1 results from an element measurement rate of
24 Hz, when recording two successive IRs from every element before switching to the

next. In practice, only static measurements are possible with this configuration.
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5.3 ARRAY PATTERN MEASUREMENT

The first measurements were performed in the anechoic chamber to check the opera-
tionality of the system. The receiving array was turned a certain angle for every meas-
urement with respect to the transmitting monopole. A total number of 20 impulse re-
sponses were averaged at each angle point from all elements. The self noise of the re-

ceiver (see Fig. 4.4) was cut out from the results with a threshold of 25 dB below the
peak of the main, and the IRs were averaged using Matlab. The transmission loss and
phase shifts due to the feed network were compensated as described in the previous sec-
tion. The result was one complex number from each element, i.e. the weight w, (see
Sec. 3.2.1). The corresponding array factor was synthesized by scanning the phase dif-
ference o = -kdsin® (in Eq. (3.9)) over the corresponding angle -90° < 6 < +90°. The
resulting array patterns are presented in Figure 5.6. Angle 6 is presented on the hori-

zontal axis. The transmitter was at direction 6y with respect to the receiver.

0

Amplitude [dB]
Amplitude (dB]
,

n A s
20 40 60 80

-20

0
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(b)

Amplitude [dB]

Amplitude [dB]

L
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20 40
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20 40 60 80 -80 -60 -40 -20

L L L L
-80 -60 -40 -20

Figure 5.6. Array patterns generated from measured element signals. (a) 6, = 0°. (b) 6y
= 30° (c) 6p =45°. (d) 6y = 60°.
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The patterns are normalized to the maximum value of the pattern corresponding to 6 =

0° in Fig. 5.6. The drop in gain at wide scan angles (approximately 10 dB at 60°)
matches fairly well with the measured element patterns in Figs. 5.4 and 5.5 (about -8
dB). The rest can be caused e.g. by scan-dependent impedance mismatches due to mu-
tual coupling. The reason for the pattern distortion in the right sidelobes of Fig 5.6 (a) is

not known. In Fig. 5.6 (b) the level of the first sidelobes is very close to the theoretical

value (-13 dB below the main beam). Also the beamwidths match well the calculated

ones. The 3 dB beamwidth of the array is about 13° at broadside and increases to 33° for

6y = 60°. The theoretical values are 13° and 29°, respectively. The results indicate that
the system is working as desired and the information is reliable up to scan angles of ap-

proximately +60°, where the beam widening begins to limit the resolution.

The effects of amplitude and phase errors in the recorded signals were studied by
weighting the signal amplitudes by Chebyshev coefficients to achieve low sidelobe pat-
terns. The Chebyshev coefficients for both -25 dB and -30 dB sidelobes are presented in

Table 5.2. The corresponding taper efficiencies are & = 0.896 and &r = 0.842, respec-

tively (see Eq. (3.30)).

Table 5.2. Amplitude coefficients to obtain Chebyshev patterns.

The resulting patterns for 20 averaged IRs from each element are shown in Figure 5.7.
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Figure 5.7. Chebyshev patterns synthesized from measured signals. (a) SLL =-25 dB.
(b) SLL = -30 dB.

It can be seen that the sidelobes are higher than desired. This is caused by errors in the

received signals caused by the feed network. The levels of the highest sidelobes are

about -20.3 dB and -22.4 dB. Solving Eq. (3.29) gives ¢ = 0.054 and o = 0.057 for the
rms error, respectively. This corresponds to 0.5 dB pure rms amplitude error, or 3.3°

pure rms phase error. The amplitude and phase errors can not, however, be solved sepa-
rately. The values are close to those obtained by test measurements in Chapter 4, al-

though Eq. (3.29) is meant for large arrays.

5.4 EXAMPLES OF PRACTICAL MEASUREMENTS

After verifying that the system works it was tested in a more complex environment. The
practical measurements were performed in the campus area of Helsinki University of
Technology, in Otaniemi, Espoo, Finland. The receiving array was located on the roof of
the main building of Department of Electrical and Communications Engineering, ap-

proximately 10 meters above ground level. The transmitter was positioned in various

locations on ground level within the radius of a few hundred meters. The transmitter
power level was 24 dBm. The environment type in the campus area is suburban. The
buildings have a maximum of 3 stories, and their surroundings consists mainly of lawns

and small forest areas. The impulse responses were recorded using the configurations
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presented in Table 5.1. No Doppler compensation was used. Therefore, only two conse-

quent IRs were averaged from each element during one sweep over the array.

The recorded element signals were weighted to obtain lower sidelobes. Chebyshev pat-
tern with -25 dB nominal sidelobe level was used. This is a compromise between the
narrower beam and lower sidelobes. Figure 5.8 shows the resulting array pattern of ideal
array for two scan angles. The real broadside pattern looks more like that of Fig. 5.7 (a).

The difference is in the sidelobe level, while the obtained beamwidth is close to the

ideal one.

- : ~ - : . . . o—
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-35}4 4 L
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Figure 5.8. Ideal Chebyshev beam pattern. (a) 6y = 0°. (b) 6y = 60°.

At broadside direction the resulting 3 dB beamwidth is about 15°. Instead, at 60° scan,
the beam almost covers the whole sector up to 90°. Therefore, the signals received

above +60° are not reliable.

The location of the transmitter and a short description of the radio path from the trans-
mitter to receiver are given in Table 5.3. The transmitter locations and the strongest sig-

nal propagation paths are shown in Appendix A.
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Table 5.3. Description of transmitter locations during measurements.

X

LOS. 3;story b.l.l.il"(iing at left.

No LOS. Behind corner of a 2-story building. 190 m
No LOS. Several 3-story buildings between transmitter and 450 m
receiver.

No LOS. High building at right. 70 m

The measured signals for various transmitter locations are shown in Figures 5.9 (a) - (d).
The horizontal axis is the azimuth angle seen at the receiving array. The vertical axis is
the time delay of the received signals. Because the system does not provide the absolute
delays, the delays have been corrected to match the real situation. The maximum delay
of 1900 ns corresponds to 570 meters. The measured signals presented are best under-
stood when comparing to the physical situations in Appendix A. Transmitter locations
1-3 are shown in Figure A-1, location 4 in Fig. A-2. The position of the receiving array
is the same for locations 1-3. The signals look like horizontal lines in Fig. 5.9 which
limits the accuracy of resolving the directions. This is caused by the relatively wide
beam of the 8-element array. Also the amplitude weighting widens the beam. Table 5.4
presents the approximate values of the peak directions of the measured signal compo-

nents.

Table 5.4. DOAs of peaks of received signal components.
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In location 1, Fig. 5.9 (a), the reflection from the building at left from the transmitter is

clearly seen (the component at +27°). The reflected signal is about 5 dB weaker than the
straight component. The delay between the straight and reflected component is ap-
proximately 100 ns which corresponds to 30 meters. In addition, there is a weak back

reflection component.

In location 2, Fig. 5.9. (b), the situation can be seen to be more complex. The delay

spread is large and several signal paths exist. The possible propagation paths consist of

e.g. the wall and roof-top diffraction from the building.

In location 3, Fig. 5.9 (c), the SNR is only 5 dB, and the noise level is notably higher

than in the other locations. The weak component at -34° direction is received at almost

the same time and seems to be an error.

In location 4, Fig 5.9 (d) the reflection from the wall at -6° is 10 dB stronger than the
first component propagated through a roof-top diffraction or a straight path through the

building.

As a conclusion it can be stated that the measured signals match very well the real

situations and the testbed is working as desired. The developed system provides a novel
approach to the two-dimensional analysis of the mobile radio channel in various envi-

ronments.
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Figure 5.9. Measured angle and delay distributions of received signals.
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6 Conclusions

Adaptive array antennas like those used at base stations of cellular networks were stud-
ied in this master’s thesis. The effects of the size and geometry of the array on adaptive

antennas were considered. A testbed was built to investigate these effects, and the per-

formance of the testbed was evaluated.

At first the benefits of adaptivity as well as possible approaches to the implementation
were discussed. An introduction to array antennas and radiation properties of different

array geometries were presented next. Also techniques of pattern optimization v. number
of array elements and size of the array were investigated. For example, thinned arrays
and array superresolution might provide significant capacity increase compared to the

existing systems with moderate cost.

The built testbed is based on a complex wideband radio channel sounder and a fast RF
switch. It provides both the incidence angle and delay information of the received signal
component and thus allows two-dimensional characterization of the radio channel in re-
alistic environments. The built device can be used in the analysis of antenna arrays and

radio channels in various radio systems.

The performance of the testbed was studied by test measurements. The inaccuracy of the

measured signal amplitudes was as large as =1 dB. This is caused by mismatches between
the different components of the system including the RF switching unit, feed cables, and

antenna elements. One error source is also the overcoupling between the channels of the

switch. The internal phase errors of the system consist mainly of the phase noise of the

79



Testbed for adaptive array antennas Conclusions

oscillators and inaccuracy of the calibration of the feed network. The phase errors are
less than 3° rms. The phase and amplitude errors limit the capability of the testbed to
measure weak effects, such as mutual coupling, in an array under test. Also the synthesis
of optimized radiation patterns with low sidelobes requires accurate signal recording.
Because of the errors in the feed network, the lowest sidelobe levels achieved with am-

plitude tapering were of the order of -22 dB.

In addition to the internal errors, the dynamic radio channel causes uncertainty, because

the element signals are not measured exactly at the same time. For a maximum beam

mispointing of 10 % of the half-power beamwidth, the testbed allows measuring of com-

plex impulse responses for a 16-element array with a delay range of 4.3 us and 26 m/s

mobile speed. The delay resolution can be as good as 17 ns.

The system was tested by practical channel measurements with an 8-element prototype
array. The results indicate that the system works well and the components of the re-
ceived signal with different directions of arrival and time delays can be separated with
13° angular resolution. The developed system provides a novel approach to the two-

dimensional analysis of the radio channel.

The main problem with the current setup is that the sliding correlator receiver allows
only static measurements. Dynamic measurements will be performed in the future with
the direct sampling receiver. Also the accuracy of the testbed will be improved in the fu-
ture. The errors in the feed network will be reduced by building a better RF switching
unit. The system will also be extended for larger numbers of elements. A new array with
independent reception of two polarizations is under development. Interesting topics for
further studies include e.g. the aperture synthesis technique and adaptive antennas in mo-

bile equipment.
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Appendix A

Appendix A: Transmitter locations in practical measurements

Array normal

Figure A-1. Transmitter locations 1-3.
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Figure A-2. Transmitter location 4.
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