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ABSTRACT 

The technology of smart or adaptive antennas for mobile communications,has,Teceived,enor­
mous interest worldwide in recent years. The purpose of this article is to give an overview of 

the technology and of the different ways in which it is foreseen to influence mobile communica­
tions systems. A broad definition of smart antennas is used in this article, namely base station 

antennas with a pattern that is not fixed, but adapts to the current radio conditions. The article 
starts with an explanation of the basic principles of smart antennas. Different levels of intelli­
gence are introduced, ranging from simple switching between predefined beams to optimum 

beamforming. Also, an evolutionary path for the development of smart antennas is suggested. 
A discussion of the consequences for mobile systems is given. The principle reason for intro­
ducing smart antennas is the possibility for a large increase in capacity: an increase of three 

times for TDMA systems and five times for CDMA systems has been reported. Other advan-
tages include increased range and the potential to introduce new services. Major drawbacks and 
cost factors include increased transceiver complexity and more complex radio resource manage­

ment. The basic principles for implementation of smart antennas at the base stations are 
explained. First. the general principles for beamforming using array antennas are explored, 

then the special cases of different smart antenna implementations are discussed. Also, the fun­
damental difference between performing beamforming on uplink (base station receiving) and 
downlink (base station transmitting) is dealt with. Special attention is given to the critical fac­
tors and technological challenges, including achieving equal performance on uplink and down­

link as well as real-time calibration of the receiver and transmitter chains. The article concludes 
with a short description of some of the trials and testbeds that have been implemented. In the 
autumn of 1998 Ericsson, in cooperation with Mannesmann Mobilfunk in Germany, became 

the first to allow commercial traffic through a base station employing smart antennas. 

I 
t is foreseen that in the future an enormous increase in 
traffic will be experienced for mobile and personal com­
munications systems. This is due both to an increased 
number of users as wen as new high bit rate data services 

being introduced. This trend is observed for second-genera­
tion systems and will most certainly continue for third-genera­
tion systems being introduced worldwide within a few years.1 

The increase in traffic will put a demand on both manufactur­
ers and operators to provide enough capacity in the networks. 
Presently, one of the most promising techniques for increasing 
the capacity in cellular systems by the amount necessary is 
smart or adaptive antennas. 

This article will describe the basic principles behind the 
technology as wen as provide a discussion about the advan­
tages and technical challenges. Although it is feasible to also 
use these techniques in, for example, satellite systems and 
high frequency wireless local area networks, the discussion 
here is limited to cenular systems in the frequency range 1-2 
GHz. At these frequencies it is difficult to introduce smart 
antennas into the mobile stations due to the limited size of 
the terminal in terms of wavelengths. 

CAPACITY ASPECTS 

1 While the data calls in the GSM network are in the order of 4 percent of 
the total trafllc, data calls contribute to more than 50 percent of the total 
trafllc in the flxed network {1998). It is expected that in the future a similar 
trend will be visible for cellular networks. 

In a cellular system the radio communication is between the 
user and a base station, which provides radio coverage within a 
certain area, which is called a cell. Capacity in such a system 
can be defined as the total bit rate per unit bandwidth per 
unit area, or bit/s/Hz/m2. Because the available frequency 
band is limited, the capacity is given by the cell densHy, the Ire -
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• FIGURE 1. Illustration of the difference between a traditional 
base station radiation pattern and a smart antenna base station. 

quency reuse distance and the number of users that can be 
served simultaneously by each base station. Techniques for 
increasing capacity in cellular systems have included using 
smaller cells, so-called microcells, and frequency hopping, a 
technique that disperses interference and averages the fading 
rate. 

WHAT ARE SMART ANTENNAS? 

Base station antennas have up till now been omnidirectional 
or sectored. This can be regarded as a "waste" of power as 
most of it will be radiated in other directions than toward the 
user. In addition, the power radiated in other directions will 
be experienced as interference by other users. The idea of 
smart antennas is to use base station antenna patterns that are 
not fixed, but adapt to the current radio conditions. This can 
be visualized as the antenna directing a beam toward the com­
munication partner only. The difference between the fixed 
and the smart antenna concept is illustrated in Fig. 1. Smart 
antennas will lead to a much more efficient use of the power 
and spectrum, increasing the useful received power as well as 
reducing interference. 

SHARING THE RADIO SPECTRUM 

Traditionally, users communicating via the same base station 
have been separated by frequency, as in FDMA (frequency 
division multiple access); by time, as in TDMA (time division 
multiple access); or by code, as in CDMA (code division mul­
tiple access). Smart antennas add a new way of sepa­
rating users, namely by space, through SDMA (space 
division multiple access). As will be explained later, 
SDMA, which means that users in the same cell can 
use the same physical communication channel, Is the 
final step in an evolutionary path toward increasingly 
more advanced utilization. The physical communication 
channelis defined as a combination of carrier frequen­
cy. time slot and spreading code. 

WHvNow? 

trum efficiency. Also, as will be apparent later on, if the 
base station is to track a large number of users simultane­
ously, the computational cost will be large. Only recently 
are processors with sufficient power becoming available. In 
addition to increased capacity, smart antennas also intro­
duce a number of other advantages to cellular networks, 
including increased range, a higher level of security, and the 
possibility for new services. This will be discussed in more 
detail later. 

OUTLINE 

This article consists mainly of four parts. In the next section 
definitions of terms and descriptions of the basic principles 
are given. There is a discussion of the consequences of intro­
ducing the new technology into mobile communications net­
works. Later, implementation issues are discussed in more 
detail. We also describe some of the field trials and testbeds 
for smart antennas that have been carried out. 

The general principles are valid for both TDMA systems 
(e.g., GSM) and CDMA systems (e.g., IS-95 and UMTS). In 
this article, most reported techniques and test results stem 
from TDMA-based testbeds, so the discussion is somewhat 
limited to this case. A comprehensive treatment of smart 
antennas applied to CDMA is, however, given by Liberti and 
Rappaport in [1]. 

BASIC PRINCIPlES 

What do we mean by the term "smart antenna?" The theo­
ry behind smart antennas is not new. The technique has for 
many years been used in electronic warfare (EWF) as a 
countermeasure to electronic jamming. In military radar 
systems similar techniques were already used during World 
War II. There are in principle a number of ways in which 
an adaptively adjustable antenna beam can be generated, 
for instance by mechanically steered antennas. However, 
the technology almost exclusively suggested for land-based 
mobile and personal communications systems is array 
anJennas. This technology will be explained in more detail 
later. 

The main philosophy is that interferers rarely have the 
same geographical location as the user. By maximizing the 
antenna gain in the desired direction and simultaneously plac­
ing minimal radiation pattern in the directions of the interfer­
ers, the quality of the communication link can be significantly 
improved. In personal and mobile communications, the inter­
ferers are other users than the user being addressed. 

In the last couple of years smart antennas for mobile 
communications have received enormous interest 
worldwide. So why is the interest appearing now, and 
not five or ten years ago? The answer probably lies 
with the fact that for most operators there has not 
been much reason to worry about capacity and spec- • FIGURE 2. Principle of a smart antenna. 
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CONCEPTS 

Several different definitions for smart antennas are used in 
the literature. One useful and consistent definition can be that 
the difference between a smart/adaptive antenna and a 
"dumb"lfixed antenna is the property of having an adaptive 
and fixed lobe-pattern, respectively. This is the definition to 
be used in this article. Figure 2 illustrates the concept of a 
smart antenna. 

Normally, the term "antenna" comprises only the mechani­
cal construction transforming free electromagnetic (EM) 
waves into radio frequency (RF) signals traveling on a shield­
ed cable and vice versa. We may call it the radiating element. 
In the context of smart antennas, the term "antenna" has an 
extended meaning. It consists of a number of radiating ele­
ments, a combining/dividing network and a control unit. The 
control unit can be called the smart antenna's intelligence, 
normally realized using a digital signal processor (DSP). The 
processor controls feeder parameters of the antenna, based on 
several inputs, in order to optimize the communications link. 
Different optimization criteria can be used, as will be 
explained in the next section. This shows that smart antennas 
are more than just the "antenna," but rather a complete 
transceiver concept. 

lEVELS OF INTELLIGENCE 

Based on the definition above, one can define ''levels of intel­
ligence." One set of definitions often used are described 
below and illustrated in Fig. 3. 
• Switched lobe (SL): This is also called switched beam. It 

is the simplest technique, and comprises only a basic 
switching function between separate directive antennas 
or predefined beams of an array. The setting that gives 
the best performance, usually in terms of received power, 
is chosen. Because of the higher directivity compared to 
a conventional antenna, some gain is achieved. Such an 
antenna will be easier to implement in existing cell struc­
tures than the more sophisticated adaptive arrays, but it 
gives a limited improvement. 

• Dynamically phased array (PA): By including a direction of 
arrival (DoA) algorithm for the signal received from the 
user, continuous tracking can be achieved and it can be 
viewed as a generalization of the switched lobe concept. 
In this case also, the received power is maximized. 

B fiGURE 3. Different smart antenna concepts. 

• Adaptive array (AA): In this case, a DoA algorithm for 
determining the direction toward interference sources 
(e.g., other users) is added. The radiation pattern can then 
be adjusted to null out the interferers. In addition, by 
using special algorithms and space diversity techniques, 
the radiation pattern can be adapted to receive multipath 
signals which can be combined. These techniques will 
maximize the signal to interference ratio (SIR) (or signal to 
interference and noise ratio (SINR)). 
Conventional mobile systems usually employ some sort 

of antenna diversity (e.g., space or polarization diversity). 
Adaptive antennas can be regarded as an extended diversity 
scheme, having more than two diversity branches. In this 
context, phased arrays will have a greater gain potential 
than switched lobe antennas because all elements can be 
used for diversity combining [2, 3]. 

All these concepts are analyzed in more detail later. 

EVOLUTIONARY PATH 

All the levels of intelligence described in the previous section 
are technologically realizable today. However, in the domain 
of personal and mobile communications, an evolution can be 
foreseen in the utilization of smart antennas toward gradually 
more advanced solutions. The evolution can be divided into 
three phases [4]: 
• Smart antennas are used on uplink only (uplink means 

that the user is transmitting and the base station is 
receiving). By using a smart antenna to increase the gain 
at the base station, both the sensitivity and range are 
increased. This concept is called high sensitivity receiver 
(HSR) and is in principle not different from the diversity 
techniques implemented in today's mobile communica­
tions systems. 

• In the second phase, directed antenna beams are used on 
the downlink direction (base station transmitting and user 
receiving) in addition to HSR. In this way, the antenna 
gain is increased both on uplink and downlink, which 
implies a spatial filtering in both directions. Frequencies 
can be more closely reused, thus the system capacity 
jncreases. The method is called spatial filtering for inter -
ference reduction (SFIR). It is possible to introduce this 
in second-generation systems. 

• The last stage in the development will be full space divi -
slon multiple access (SDMA). This 
implies that more than one user can be 
allocated to the same physical communi­
cations channel simultaneously in the 
same cell, only separated by angle. In a 
TDMA system, two users will be allocat­
ed to the same time slot and carrier fre­
quency at the same time and in the same 
cell. 
In phase 2, the capacity is Increased due to 

closer frequency reuse allowing more carriers 
per base station. In phase 3, an additional 
increase in capacity is achieved by allowing 
more users per carrier. Introducing SDMA in 
second-generation TDMA systems will be dif­
ficult and maybe undesirable [5]. but it may 
become a natural component in third-genera­
tion systems. 

The "levels of intelligence" in the previ­
ous section describe the level of technologi­
cal development, while the steps described 
here can be regarded as part of a system evo­
lution. 
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CONSEQUENCES 

The introduction of smart antennas will have a large 
impact on the performance of cellular networks. It 
will also affect many aspects of both the planning 
and deployment of mobile systems. This chapter will 
discuss the potential benefits and cost factors, and 
will also briefly describe the implications on radio 
planning. 

IMPROVEMENTS AND BENEFITS 

Capacity Increase - The principle reason for the 
growing interest in smart antennas is the capacity 

• FIGURE 4. Illustration of reduced frequency reuse distance: a) Traditional 
7-cell cluster; b) cluster enabled by interference reduction like e.g. smart 
antennas. 

increase. In densely populated areas mobile systems are nor­
mally interference-limited, meaning that interference from 
other users is the main source of noise in the system. This 
means that the signal to interference ratio, SIR, is much larg­
er than the signal to thermal noise-ratio, SNR. Smart anten­
nas will on average, by simultaneously increasing the useful 
received signal level and lowering the interference level, 
increase the SIR. Especially, the adaptive array will give a sig­
nificant improvement. Experimental results report up to 10 
dB increases in average SIR in urban areas [6). 

In TDMA systems, the implication of the increased SIR is 
the possibility for reduced frequency reuse distance. An exam­
ple is shown in Fig. 4, where the traditional seven-cell cluster 
has been reduced to a three-cell cluster. This will lead to a 
capacity increase of 7/3 as all the cells can be allocated this 
amount more carriers. 

Simulations performed on a FH-GSM network with 1/3 
reuse distance utilizing SFIR reports that a capacity increase 
of 300 percent can be expected [5). 

CDMA systems, such as IS-95 or UMTS, are more inher­
ently interference-limited than TDMA systems. The main 
source of noise in the system is the interference from other 
users due to the spreading codes being non-ideally orthogo­
nal. This means that the expected capacity gain is even larger 
for CDMA than for TDMA. A fivefold capacity gain has been 
reported for CDMA in [7]. 

Range Increase - In rural and sparsely populated areas 
radio coverage rather than capacity will give the premises 
for base station deployment. Because smart antennas will 
be more directive than traditional sector or omnidirectional 
antennas, a range increase potential is available. This 
means that base stations can be placed further apart, 
potentially leading to a more cost-efficient deployment. 
The antenna gain compared to a single element antenna 
can be increased by an amount equal to the number of 
array elements, e.g., an eight-element array can provide a 
gain of eight (9 dB). 

New Services- When using smart antennas the network will 
have access to spatial information about the users. This infor­
mation can be used to estimate the positions of the users 
much more accurately than in existing networks. Positioning 
can be used in services such as emergency calls and location­
specific billing. The FCC (Federal Communications Commis­
sion) in the United States has decided that by October 2001 
user location information with an accuracy of 125 meters 
RMS error must be provided [8). 

Security- It is more difficult to tap a connection when 
smart antennas are used. To successfully tap a connection the 
intruder must be positioned in the same direction as the user 
as seen from the base station. 

Reduced Multipath Propagation- By using a narrow 
antenna beam at the base station the multipath propagation 
can be somewhat reduced. The actual reduction depends on 
the scenario, and is not always significant. Although channel 
equalizers and RAKE receivers most often will handle and 
even exploit the multipath components, on very high-speed 
connections this may not be the case. Potentially, the reduc­
tion of multipath propagation can be used to ease the require­
ment on future modem design. 

COST FACTORS 

Although the benefits of using smart antennas are many. 
there are also drawbacks and cost factors. The gain should 
always be evaluated against the cost. 

Transceiver Complexity- It is obvious that a smart anten­
na transceiver is much more complex than a traditional base 
station transceiver. The antenna will need separate transceiver 
chains for each of the array antenna elements and accurate 
real-time calibration of each of them. In addition, the antenna 
beamforming is a computationally intensive process, especially 
if adaptive arrays are to be used (see earlier section). This 
means that the smart antenna base station must include very 
powerful numeric processors and control systems. There will 
be" a growing need for the development of efficient algorithms 
for real-time optimizing and signal tracking. Smart antenna 
base stations will no doubt be much more expensive than con­
ventional base stations. 

Resource Management- Smart antennas are mainly a 
radio technology. but they will also put new demands on net­
work functions such as resource and mobility management. 
When a new connection is to be set up or the existing connec­
tion is to be handed over to a new base station, no angular 
information is available to the new base station and some 
means to "find" the mobile station is necessary. This can be 
handled by letting the base station continuously sweep through 
the cell with a "search" beam looking for candidates for a new 
connection or a han dover. Another possibility is to use an 
external system for positioning, e.g., CPS. As far as handover 
is concerned, a third possibility is available: directional infor­
mation from the existing cell can be used by the network to 
provide an "educated guess" about which cell to hand the 
connection over to. 

As was explained earlier, SDMA involves different users 
using the same physical communication channel in the same 
cell, separated only by angle. When angular collisions between 
these users occur. one of them must quickly switch to another 
channel so that the connection is not broken. This means that 
in systems providing full SDMA, there will be much more 
intracell handovers than in conventional TDMA or CDMA 
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• FIGURE 5. Picture of an 8-element array antenna at 1.8 GHz. 
(Antenna property of Telia Research AB, Sweden). 

systems, and more monitoring by the network is necessary. 
The animation in Fig. 1 shows what is meant by an angular 
collision. 

Physical Size- For the smart antenna to obtain a reason­
able gain, an array antenna with several elements is necessary. 
Typically arrays consisting of six to 10 horizontally separated 
elements have been suggested for outdoor mobile environ­
ments [9-11]. The necessary element spacing is 0.4-0.5 wave­
lengths. This means that an eight-element antenna would be 
approximately 1.2 meters wide at 900 MHz and 60 em at 2 
GHz. With a growing public demand for less visible base sta­
tions, this size, although not excessive, could provide a prob­
lem. Figure 5 shows a picture of an eight-element antenna 
array at 1.8 GHz. 

RADIO PLANNING 

For the smart antennas to have the desired gain the 
base stations must be able to separate the users in 
the angular domain. This means that some of the 
current strategies for radio planning need to be 
modified. In existing networks base stations are 
often positioned along highways and railway lines. 
From a smart antenna point of view it is much more 
efficient to position the base station away from the 
road or railway. In this way the spatial dimension is 
better exploited. This strategy is illustrated in Fig. 6. 

Another difficult point is small urban cells with 
base stations positioned below rooftop level. In 
these cases the signal from both the desired users 
and from the interferers will tend to arrive along the 
street canyons, making it difficult to separate them 
in the angular domain. Figure 7 shows an example 
of an average power azimuth spectrum (PAS) 2 mea­
sured in urban area microcells in Oslo [12] and 
shows that the signal tends to arrive from two per­
pendicular directions given by the street grid. 

Radio channel models and radio planning tools 
need renewed attention upon the introduction of 
smart antennas. Statistical radio channel models are 
used in performance testing and design of radio sys­
tems. However, existing models do not describe the 
channel in the angular domain and can therefore 

not be used in the evaluation of systems employing smart 
antennas. Work is currently ongoing to provide statistical 
radio channel models describing the directional domain. 

Similarly, existing commercial radio planning tools are nor­
mally only concerned with estimating the signal level and pos­
sibly the time dispersion on the link. However, in the future it 
will be beneficial for the tools to predict the angular disper­
sion as well. Some analytical radio prediction methods, such 
as ray tracing, have the possibility for estimation of angular 
information inherent. 

IMPLEMENTATION 

This section explains some of the underlying technology 
employed in order to implement smart antennas. The treat­
ment given here is not comprehensive, but should give an 
impression of the basic ideas. The technology is based on 
array antennas where the radiation pattern is altered by 
adjusting the amplitude and relative phase on the different 
array elements. Next we explain the fundamental principles of 
array beamforming. Then we explain how this is exploited in 
smart antennas. Even though the reception and transmission 
parts most often are integrated, and much of the same hard­
ware normally will be used, they will be explained separately. 
This is because conceptually the uplink and downlink are 
quite different in terms of smart antennas. 

ARRAY ANTENNAS 

Electronically steerable antenna patterns are most often gen­
erated using array antennas. These are antennas consisting of 
a number of antenna elements on which the signal is divided 
or combined in both phase and amplitude. Generally, any 
combination of elements can form an array. However, usually 
equal elements in a regular geometry are used. 

Arrays can be one-, two- and three-dimensional, depending 

2 An average power azimuth spectrum shows an area average 
of the power received from the azimuth antenna view angles. 

• FIGURE 6. Illustration of base station positioning along roads and railways: 
a) Traditional deployment; b) Possible smart antenna deployment. 
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• FIGURE 7. Example of average power azimuth spectrum (PAS), 
recorded in Oslo. 

on the dimension of the space one wants to access. Figure 13 
shows some examples of array geometries. Using regular 
geometries simplifies both analysis and synthesis of the array. 
In this section, the linear array principle will be worked 
through as an example. The mathematics can be extended to 
more dimensions and other geometries, but the principle is 
the same. 

The total radiation pattern is given by the element type, the 
relative positions and the excitation (amplitude and phase). 
Using an array antenna, it is possible to obtain a very good 
control of the radiation pattern, e.g., the shape of the main 
lobe and the side lobe level (SLL). The radiation pattern is 
uniquely given by the aforementioned parameters. 

Linear Equidistant Arrays- The "simplest" geometry is 
the one-dimensional linear equidistant array. All the array ele­
ments are placed along a line with equal distance between 
them, as shown in Fig. 8. The figure also shows which parame­
ters are available. 

The far-field expression of the electrical field from a single 
array element is given by Eq. 1: 

_ e- jkr _ 

En(r,8,cp)= In·- ·e(8,q>) (1) 
r 

• FIGURE 9. Using the phase angle of each element to steer the 
lobe. 

where In is the complex element current and e(8, q>) is the ele­
ment antenna pattern, usually called the element factor, and r, 
8 and <1> are the spherical coordinates of the observation point. 

The total field from an array consisting of N elements is 
the superposition of the element contributions as expressed in 
Eq. 2: 

- N-! e-jkr 'kr'cos -
E(r,8,cp)= l.Jn·-·£1" IJ', ·e(8,cp) 

n=O r 
(2) 

where 

r~cOS'Ifn = ZnCOS8 = ndcose (3) 

is the difference in distance for element n compared to ele­
ment Otoward the observation point in the direction 8 due to 
the spatial separation in the array. The element spacing is d. 
(r~ is the distance between the coordinate systems origin and 
element n, 'I' n Is the corresponding angle, and z'no the distance 
along the array axis.) In the case of an array with equal ele­
ments, the far-field expression becomes 

- e-jkr - N-l kndcose 
E(r,8,cp)=- ·e(8,cp) LJn .£1 . (4) 

r n=O 

The sum expression in Eq. 4 is the array factor which is 
independent of both the element type and the distance from 
the antenna. It is only dependent on the array geometry and 
the element excitation. Thus, the total far field is given by the 
pr9duct of the element factor and the array factor. The array 

• FIGURE 10. The resulting array factor with uniform exicitation 
(a= 0). 

IEEE Communications Surveys • http://www.comsoc.org/pubs/surveys • Fourth Quarter 1999, vol. 2 no. 4 7 

 Exhibit 1020
Page 06 of 12

Ubiquiti Inc. v. XR. Comm. 
IPR2024-00148 



• FIGURE 11. Examples of non-unjform excHailon and resulang far-field 

factor can be understood as the radiation pattern from an 
array antenna consisting of isotropic elements. 

As the radiation pattern is uniquely given by the excitation 
parameters, a careful choice can give us the required effect. 
Consider, for example, that it is desired to steer the main lobe 
of the antenna in a certain direction, <p. Thus, we want the far­
field signals from all the elements of the array to be added jn 
phase in the wanted direction. Figure 9 shows what this 
means. If element number 0 is given the reference phase 
angle 0, then the phase angle of element number 1 must be 
shifted (in this case negatively) with a value of kdcos<p, where 
k = 21t/J... is the wave constant. We can call this angle a.. Thus 
element number 2 must be shifted 2 a., element 3 must be 
shifted 3a., and so on. In order to obtain maximum gain in the 

• FIGURE 12. Receptjon part of a smart antenna. 

' 

direction of <p, the amplitudes of all the elements must be 
equal. This example is called unjform excitaaon (I /0 I = I /1 I = 
... = llnl = ... = liN-II). Figure lOshows the resulting array 
factor in this case. 

A drawback of the linear array is the front-back ambiguity. 
A mirror of the antenna pattern will appear around the anten­
na axis, i.e., in the direction -<p (cos<p = cos(-<p)). Most often 
we want only to have one main lobe, and this is usually 
obtained by using directive elements. It is also worth noting 
that for skew angles, the gain decreases and the main lobe 
width increases, because the element separation appears 
smaller in the maximum direction of the main lobe (apparent 
distance: a!;in<p). In practice, the linear array is only useful in a 
sector of at most 120°. 

Using uniform excitation gives the highest gain but 
also the highest sidelobe level (SLL) of -3.2 dB. From 
the expression for the array factor one sees that the 
far-field is given as the Fourier-transform of the cur­
rent distribution along the array. Thus, main lobe 
width and width of the current distribution are inverse. 
Using a non-uniform excitation with an amplitude roll­
off toward the end of the array results in both a wider 
main lobe and a lower SLL. Figure 11 shows some 
examples. 

Practical Considerations- Above we have anticipat­
ed that the element patterns are all identical and "per­
fect." In implementing an array antenna, this is not the 
case. The different elements of the antenna will have 
slightly different patterns due to production tolerances 
and so on. Additionally, when mounting several ele­
ments close together (typically less than /J2) they influ­
ence each other. This mutual coupling gives changes 
both to the element patterns and the impedance match. 
This means that the array performance will be some­
what degraded. 

RECEIVER 

Figure 12 shows schematically the elements of the 
reception part of a smart antenna. The antenna array 
contains Nelements. The Nsignals are being com­
bined into one signal, which is the input to the rest of 
the receiver (channel decoding, etc.). 

As the figure shows, the smart antenna reception 
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part consists of four units. In addition 
to the antenna itself it contains a 
radio unit,. a lobe forming unit, and a 
signal processing unit [13]. 

The array will often have a rela­
tively low number of elements in 
order to avoid unnecessarily high 
complexity in the signal processing. 
Figure 13 shows four examples of dif­
ferent array geometries. The first two 
structures are used for beamforming 
in the horizontal plane (azimuth) 
only. This will normally be sufficient 
for outdoor environments, at least in 
large cells. The first example (a) 
shows a one-dimensional linear array 
with uniform element spacing of dX. 
This structure can perform beam­
forming in azimuth angle within an 
angular sector. This is the most com­
mon structure due to its low complex­
ity. The second example (b) shows a 
birds eye view of a circular array with 
angular element spacing of MP=2rrlN. 
This structure can perform beam­
forming in all azimuth angles. The 
last two structures are used for per­
forming two-dimensional beamform­
ing, in both azimuth and elevation 
angles. This may be desirable for 
indoor or dense urban environments. 
Figure 13c is the front view of a two-

• FIGURE 13. Different array geometries for smart antennas: a) uniform linear array; b) cir­
cular array; c) 2 dimensional grid array; d) 3 dimensioanl grid array. 

dimensional linear array with hori-
zontal element spacing of d x and vertical element spacing of 
d z. This structure can perform beamforming within a solid 
angle. Beamforming in the entire space, within all solid 
angles, requires some sort of cubic or spherical structure. Fig­
ure 13d shows an example of a cubic structure with element 
separations of d x, d y and d z. 

The radio unit consists of down-conversion chains and 
(complex) analog-to-digital conversion (A/D). There must be 
N down-conversion chains, one for each of the array elements. 

• FIGURE 14. Resulling antenna patterns for SL, PA, and AA for 
measured signal and interference channels. The figure also 
shows a so-called "fixed lobe" (FL) convenlional antenna pat­
tern for comparison. 

The signal processing unit will, based on the received sig­
nal, calculate the complex weights w1- WN with which the 
received signal from each of the array elements is multiplied. 
These weights wlll decide the antenna pattern in the uplink 
direction as descrtbed in the previous section. The weights can 
be optimized from two main types of criteria: maximization of 
received signal from the desired user (e.g., switched lobe or 
phased array) or maximization of the SIR by suppressing the 
sigflal from interference sources (adaptive array). In theory, 
with M antenna elements one can "null out" M-1 interfer­
ence sources, but due to multipath propagation this number 
will normally be lower. 

The method for calculating the weights will differ depend­
ing on the type of optimization criterion. When switched lobe 
(SL) is used the receiver will test all the pre-defined weight 
vectors (corresponding to the lobe set) and choose the one 
giving the strongest received signal level. If the phased array 
approach (PA) is used, which consists of directing a maximum 
gain beam toward the strongest signal component, the direc -
lion-of-arrival (DoA) is first estimated and then the weights 
are calculated as described in the previous section with uni­
form amplitude and phase in accordance with the desired 
steering angle. A number of well documented methods exist 
for estimating the DoA, for instance, MUSIC, ESPRIT, or 
SAGE [4, 14]. 

If maximization of SIR is to be done (AA), the optimum 
weight vector (of dimension N) Wapt is given by the dominant 
generalized eigenvector of the matrix pair [Rk, Qkl where Rk 
is the N•N correlation matrix of the total received signal and 
Qk is the N•N correlation matrix of the total interference. 
This is called optimum combining [15]. Figure 14 shows an 
example of the resulting antenna patterns for PA, SL, and AA 
in a case where both the signal and interference are measured 
in a real channel. Note how the AA directs nulls toward the 
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strongest interference sources. Other techniques are also pos­
sible, for example, well documented diversity algorithms such 
maximum-ratio in multiple dimensions [16]. 

For the· base station to be able to estimate the radio chan­
nel, a reference or training sequence is normally necessary, 
i.e., a known bit sequence must be transmitted periodically. 
The methods that maximize the SIR do in principle require 
knowledge of the instantaneous channel response from both 
the desired user and all the interference sources, which means 
the training sequence must be unique for each user. 

In the lobe forming unit the actual weighting of the 
received signal from each of the array elements is done. In the 
most advanced case this unit will be an integration of the 
channel equalizer/RAKE receiver and the smart antenna. In 
this case N• D weights will be required, where Dis the number 
of symbol periods (depth) in the channel equalizer or number 
of fingers in the RAKE receiver. This is called a spatia-tempo -
raJ fllter [17, 18], because it removes the undesired signal com­
ponents and keeps the desired ones both in time and space 
domains. Such a lobe forming unit is shown schematically in 
Fig. 15 [ 19]. In this example the number of weights is N•3, 
showing that the depth of the equalizer is 3. The time between 
the taps on each antenna element is T. In a RAKE receiver, 
the time delay between the taps is not uniform. 

When the lobe forming is done digitally (after A/D) the 
lobe forming and signal processing units will normally be inte­
grated in the same unit, namely the DSP. The separation in 
Fig. 12 is done to clarify the functionality. It is also possible to 
perform the lobe forming in hardware at radio frequency (RF) 
or intermediate frequency (IF) [20]. 

The three aforementioned methods (SL, PA, and AA) dif-

fer in complexity and computational burden. However, a 
detailed analysis of this is out of the scope of this article 
because many parameters and assumptions must be defined in 
order to quantify this difference. Generally, SL is less complex 
than P A, which in turn is less complex than AA. Conditions 
that influence this are, for example, the required accuracy and 
performance in terms of power or C/I-gain. It is also expected 
that the radio access method makes a difference, i.e., TDMA 
vs. CDMA. 

TRANSMITIER 

The transmission part of the smart antenna will be schemati­
cally very similar to the reception part. An illustration is 
shown in Fig. 16. The signal is split into Nbranches, which are 
weighted by the complex weights z1- ZN in the lobe forming 
unit. The weights, which decide the radiation pattern in the 
downlink direction, are calculated by the signal processing 
unit. The radio unit consists of D/ A converters and the up 
converter chains. In practice, some components, such as the 
antennas themselves and the DSP, will of course be the same 
as on reception. 

The principal difference between uplink and downlink is 
that since there are no smart antennas applied to the user ter­
minals (mobile stations) no knowledge of the spatial channel 
response is available on downlink. In a time division duplex 
(TDD) system the mobile station and base station use the 
same carrier frequency only separated in time. In this case the 
weights calculated on uplink will be optimal on downlink if 
the channel does not change during the period from uplink to 
downlink transmission. However, this can not be assumed to 

be the case in general, at least not in systems where 
the users are expected to move at high speed. If fre­
quency division duplex (FDD) is used, the uplink 
and downlink are separated in frequency. In this 
case the optimal weights will generally not be the 
same because of the channel response dependency 
on frequency. 

Thus optimum beamforming (i.e., AA) on down­
link is difficult, and the technique most frequently 
suggested is the geometrical approach of estimating 
the direction-of-arrival (DoA). The assumption is 
directional reciprocity, i.e., the direction from which 
the signal arrived on the uplink is the direction in 
which the signal should be transmitted to reach the 
user on downlink. This assumption has been 
strengthened by recent experimental results [21]. 
The strategy used by the base station is to estimate 
the DoA of the direction (or directions) from which 
the main part of the user signal is received. This 
direction is used on downlink by choosing the 
weights z1- ZN so that the radiation pattern is a lobe 
(or lobes) directed toward the desired user. This is 
similar to P A. In addition, it is possible to position 
zeros in the direction toward other users so that the 
interference suffered by these users is minimized. 
Due to fading on the different signal paths, it has 
been suggested to choose the downlink direction 
based on averaging the uplink channel over a peri­
od of time [11]. This will, however, be sub-optimum 
compared to the uplink situation where knowledge 
about the instantaneous radio channel is available. 

B FIGURE 15. Illustration of the lobe forming unit in the case of a spatia-tem­
poral filter with three time bins and N antenna elements. 

It should be stressed that in the discussion above 
it is assumed that the interferers observed by the 
base stations are mobile stations and that the inter­
ferers observed by the mobile stations are base sta­
tions. This means that when the base station on 
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B FIGURE 16. Transmission part of a smart antenna. 

transmission positions zeros in the direction toward other 
mobile stations than the desired one, it will reduce the inter­
ference suffered by these mobiles. If, however, the interferers 
observed by mobiles are other mobiles, as may be the case, for 
instance, in UTRA TDD [22], there will be a much more fun­
damental limitation in the possibility for interference reduc­
tion at the mobile. 

CRITICAL FACTORS AND CHALLENGES 

A number of technical challenges remain to be solved for 
smart antennas to reach their full potential. These are aspects 
on both modem implementation as well as the algorithms for 
beamforming. 

As mentioned in the previous section, beamforming on the 
downlink is made more difficult by the lack of knowledge 
about the instantaneous channel response. The strategy of 
directing the lobe (or lobes) in the direction(s) of the user sig-

nal DoA is often used, but this makes the downlink perfor­
mance very dependent on the radio channel and its rate of 
change. If the channel suffers from much angular spread, i.e., 
the signal arrives from many directions, directing a single lobe 
in the direction of maximum reception is far from optimum in 
terms of maximizing the power transfer to the user. Directing 
zeros toward other users to minimize the interference suffered 
by these is difficult for the same reason. When the channel is 
changing rapidly, which will be the case for fast moving 
mobiles and for very dense, complicated environments, the 
difficulties on downlink will be worsened. Figure 17 shows a 
recording of an angular radio channel from a suburban micro­
cellular environment. The distance between each channel 
measurement was 2 em corresponding to 10 ms between mea­
surements at a speed of 2 m/s (walking speed). 

Another critical factor is the linearity in reception and 
transmission chains. The transfer functions of all the up- and 
down-converter chains need to be perfectly known for the 
beamforming to be accurate. However, since there are active 
components involved the responses will change with time and 
temperature. This means that for the smart antenna to func­
tion properly frequent on-line calibration of the radio units 
needs to be performed [20]. 

The requirements on linearity in transceiver chains can 
possibly be relaxed by performing the AID (and D/A) conver­
sion as close to the array element as possible, that is sampling 
on RF or IF. This requires very fast and specialized hardware. 

The complexity of the smart antenna is a great challenge 
because the most advanced smart antenna implementations 
involve simultaneously maximizing the useful signal and nulling 
out the interference sources. In addition, this beamforming 
needs to be done for each user communicating via the base sta­
tion in question. Even with the powerful signal processing units 
available today it is a very challenging task to perform this in 
real time. Much work will need to be done on optimizing code 
and developing efficient algorithms for this to work properly. 
However, developments in computer technology over the past 
few years have undoubtedly made it possible to perform even 
more complex processing in real time. In the last three years 
processor speed has increased more than five times, and if this 
trend continues, there will be processors with 2-3 GHz clock 
frequency available when UMTS is to be introduced. 

B FIGURE 17. Recording of an angular radio channel in a surburban microcellualr environment. The distance beetween measurmens is 2 
em.: a) Power azimuth spectrum (PAS); b) Power delay prome (PDP). 
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STATUS: TRIALS AND TESTBEDS 

Smart antennas for mobile communications are not yet avail­
able commercially. But it is a well known fact that many 
manufacturers are working on solutions for both second­
generation systems and third-generation systems. This sec­
tion will give a short overview of some of the documented 
trials and testbeds, but should not be considered as a com­
plete list. 

ERICSSON/MANNESMANN TRIAL IN GIESSEN, GERMANY 

Ericsson has performed a trial in cooperation with the Ger­
man GSM1800 operator Mannesmann in the city of Giessen. 
Detailed results from the trial have not yet been published, 
but preliminary results are promising [9]. Three base stations 
were equipped with smart antennas. The base stations were 
placed at high positions, giving a large coverage. In the 
autumn of 1998 the Ericsson/Mannesmann trial became the 
first trial to demonstrate commercial traffic through base sta­
tions equipped with smart antennas. 

Physically, the smart antennas were six-element stacked 
dipoles. Each element was dual polarized, with ±455 polar­
ized elements. The combining on uplink was based on maxi­
mal ratio combining, while the downlink beam forming was 
based on switching between eight lobes. 

TSUNAMI II TRIAL IN BRISTOL, UK 

TSUNAMI II is a project in the European 4th framework pro­
gram ACTS3 dealing with the development of a smart anten­
na testbed and the implementation of a smart antenna base 
station. Some of the participants in this project have been the 
University of Aalborg (DK), Bosch Telekom (D), Orange 
(UK), and the University of Bristol (UK). 

The project has finished and performed trials near Bristol 
(UK) in both urban and rural environments. Even though not 
all data analyses have been published yet, the trials confirm 
the capacity increase of a smart antenna. In the rural environ­
ment (macrocell) an extension of the range of up to 54 per­
cent was reported, using the HSR principle. Interference 
reduction was better than 30 dB, which is much higher than 
expected. However, only one interferer was used, which in 
addition was placed more than 10 degrees away from the 
transmitter system [10, 23]. 

The antenna was eight-element dual polarized. Different 
strategies for combining were tested. It was shown that the 
adaptive array-based combining techniques, which included 
some sort of interference rejection, showed the best results 
[10]. 

OTHER 

The U.S. company Arraycomm has developed smart antenna 
solutions for the GSM standard and for the Japanese Personal 
Handyphone System (PHS). In June 1997 a smart antenna 
wireless local loop (WLL) solution based on using PHS was 
commercially available [24]. Field trials have been performed 
in several countries, including the U.S., Brazil, and Malaysia. 
The Canadian company Norte! also claims to have been the 
first to implement a smart antenna for GSM [25]. 

Other manufacturers and research institutions are also 
developing testbeds and trials. Alcatel, in cooperation with the 
University of Vienna, is planning a testbed [11]. Much work 
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has also been performed in the U.S., including at Telcordia 
[26] and Virginia Tech [27]. Other test results have been 
reported from Korea [28] and Japan [29]. 

CONCLUSIONS 

The main goal of this article has been to provide an overview 
of smart antenna technologies with respect to third-genera­
tion land mobile systems, i.e., IMT2000 and UMTS. It is 
obvious that smart antennas at the base stations will be an 
important technology to provide the necessary capacity and 
coverage. It also helps to realize new services, e.g., based on 
user location. 

From a technology point of view, smart antennas can be 
seen as an extension of the "conventional" resource allocation 
schemes used in radio communications. In addition to divid­
ing the space into cells, it will now also be possible to employ 
space division inside each cell. Different degrees of utilization 
of the spatial dimension are possible, and different steps have 
been described here. 

Smart antenna technology is a broad concept and imple­
mentations range from simple techniques that involve switch­
ing between lobes to advanced algorithms maximizing the 
received signal-to-interference ratio. Implementation of smart 
antennas is done using array antennas. The techniques for 
beamforming with array antennas are well known, and must 
be employed in both duplex directions for the improvements 
to be substantial. However, with rapid channel variations it is 
not a trivial task to provide optimum beamforming, especially 
for the downlink direction. 

The use of smart antennas is not purely a radio transmis­
sion issue. It also influences network services such as han­
dover and connection setup. Introducing the spatial domain in 
the resource management system makes this more complex. 

Several smart antenna testbeds and field trials have been 
set up and run by manufacturers and research institutions. 
The first tests allowing commercial traffic over a base sta­
tion employing smart antennas were performed by Ericsson 
an.d Mannesmann Mobilfunk in Germany in the autumn of 
1998. 
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