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Abstract 

A switched-beam base-station antenna is presented. The antenna is an improvement an the Butler matrix. The input ports of 
the antenna are excited with equal or unequal amplitudes. The feed network is analyzed and presented in a simple manner. 
The antenna comprises the main part of a base station, and is useful for broadband communications. The architecture of the 
base station is described, and the services that can be provided are given. Finally, comments are made about the tradeoffs 
and benefits of the antenna in comparison to the classical Butler-matrix switched-beam and adaptive arrays. 
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1. Introduction 
he requirements of the appropriate quality of service and the T exponentially escalating number of users force the wireless- 

communications indnsby to improve the reliability and capacity of 
their systems. A classical method for increasing capacity is to add 
macro- or micro-base stations, and to extend bandwidth. It is well 
known that new sites create new operational expenses, with 
increased management complexity. One could instead redesign the 
base stations and make them capable of meeting the above 
requirements. The use of "smart antennas" can improve wireless 
performance. 
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Smart antennas may contain switched-beam or fully adaptive 
configurations that electronically steer the pattem toward an indi- 
vidual user. Obviously, the system distinguishes the users that 
stand at different angular positions and, as a result, expands its 
capacity. The space-division multiple access (SDMA) technique 
starts to become highly attractive for wireless systems. A feed 
network that provides the proper excitation to elements of an 
antenna array can steer the beam to the desired direction. The so- 
called "beamforming network" (BFN) is implemented at the RF or 
at the IF stage of the transceiver unit. A switched-beam array cre- 
ates fixed, multiple, and simultaneous beams. An adaptive-beam 
array makes use of beamforming networks that dynamically 
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change the array pattem. This pattem can simultaneously reject the 
interfering signals and receive the desired signals. In the above 
arrays, a multi-polarized capability can also be applied to greatly 
improve the capacity of the system. Adaptive arrays alter the pat- 
tem by utilizing sophisticated signal-processing algorithms. In the 
literature, one can find several textbooks, special issues, and 
research papers in the area of smart antennas [1-7] .  

2. Wideband Asymmetric 
Wireless Networks 

Nowadays, there is an increasing demand for broadband ser- 
vices. Broadcasting or multicasting where there is a point-to- 
multipoint transmission can he used in interactive services. Users 
connected in a narrowband mobile-communications network can 
enter into the appropriate high-speed area and download the 
requested data. Two important issues of hybrid systems are the 
service availability and the scalability [PI. Several projects have 
recently been realized in Europe. Among these are MEMO 
(DABIGSM), SABINA (DVB-TIGSM) and MCP (Multimedia Car 
Platform) [9-I I], specifying network architectures that combine 
broadcast and mobile-communication systems. 

In this paper, a broadband wireless asymmetric system is pre- 
sented. The system makes use of GPSIGSMIDVB-T [Global Posi- 
tioning SystedGlohal System for Mobile Communications1 Digi- 
tal Video Broadcasting-Terrestrial] technologies. A base station, 
called a high-speed station (HSS), transmits information in the 
form of DVB 1121. The transmission direction depends on the 
user’s position. All mobile units are equipped with GPS receivers 
to provide accurate, continuous, worldwide, three-dimensional 
position and velocity information 1131. The information is trans- 
lated and subsequently transmitted to the high-speed station 
through GSM (uplink), in the form of an SMS [short messaging 
service] message. The message also contains the request for the 
data to he transmitted from the high-speed station. After the appro- 
priate processing, the high-speed station transmits the data in the 
form of DVB to the user. The transmitter of the high-speed station 
can work in the ISM band, or in any other appropriate frequency 
hand. The high-speed station contains a “smart antenna,” which 
directs the beams to the users’ positions. In the application layer, 
TCPiIP is used. 

3. The Switched-Beam Smart Antenna 

It is well known that electronically steerable directive anten- 
nas have no moving parts. Due to this, fast beam switching is pos- 
sible, which allows multiheam plus multi-frequency support of the 
communications system. As the antenna beam becomes narrower, 
the carrier-to-interference ratio ( C / I  ) increases. Currently, there 
are more than 1.2 million commercial cell sites worldwide. It is 
expected that this number will increase five times in the next five 
years. Among them, the broadband sites with corresponding 
antennas will share important growth. 
4 

4 
GPS 

2 

Figure 1. An asymmehic broadband wireless network. 

Figure 2. The mobile-unit equipment. The data link is realized according to RFC 3077 [14], while 
the packed encapsulation follows RFC 2784. The physical layer is 
compatible with DVB-T, where EN 301 192 1121 is used. The net- 
work management follows international standards; DVB-T should 
he seen as a complementary technology not only to GSM but also 
to UMTS [15]. The service availability of DVB-T could make the 
Mobile Intemet Package friendly to users. A simple diagram of the 
envisaged network is shown in Figure 1. 

The mobile-unit equipment (Figure 2) includes a GPS 
receiver, a GSM terminal, a DVB receiver, a notebook, and three 
antennas (GPS, GSM, DVB). The high-speed station equipment 
comprises a computer, a GSM terminal, the digital logic and the 
memory unit, the switch drivers, the beamforming network, a 
DVB-T transmitter, a GPS receiver (optional), two omnidirectional 
antennas, and a smart antenna. Figure 3 presents the block diagram 
of the high-speed station. Figure 3. The high-speed station (HSS) equipment. 
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Our work combines a switched-beam broadband antenna 
with a beamformer introduced at the RF stage. A circuit topology 
that provides the specific phase sequences to the antenna elements 
is proposed. This task can be realized by a Butler [I61 or a Blass 
[I71 matrix. A combination of 90' hybrids and suitable phase 
shifters creates the Butler matrix (BM) beamforming network. The 
Butler matrix provides an equal number, N = 2", of inputs and 
outputs. N is also the number of the orthogonally linear independ- 
ent beams coming from the spatial Fourier transform. 

,4n 8 x 8 Butler matrix is presented in Figure 4. The rectan- 
gles of the first and the last column represent the input and the out-- 
put ports, respectively. The X-shaped components correspond to 
ideal 3 dB hybrids, in which the secondary output either leads or 
lags the primary output by 90". The inner rectangles represent the 
phase shifters. Inputs are marked as "iR" or "iL," where 
i = 1,2,3,4. R and L stand for right and left, respectively. Thus, the 
2R input produces excitations that generate the second uniform 
beam to the right. For the 8 x 8 Butler matrix we have eight possi- 
ble orthogonal beams, shown in Figure 5a. The angular coverage is 
ahout 120", and the sidelohe level is less than -11.5dB. For a 
desired sidelobe level less than -20dB, a combination of two 
equal inputs can he implemented. The inputloutput excitations for 
the 8 x 8 Butler matrix are presented in Table 1. Figure 5b shows 
the radiation patterns of seven different excitations. It is noted that 
grating lobes appear in the 0" and 180" directions. This is true only 
for arrays with point sources. For most arrays with actual elements, 
the above lobes disappear. In practice, the elements of the antenna 
could be microstrip patches or dipoles in front of a planar reflector. 

When using the above excitations, the number of simultane- 
ous beams from a given array is typically limited. One could com- 
bine the amplitude at the input ports to increase the number of 
beams. So instead of applying the same excitation to the consecu- 
tive inputs, different excitations can he used. A switch-matrix- 
feeding example is presented in Figure 6 .  2 L ,  I L ,  1R , and 2R are 
the output ports, which are connected to the respective inputs of 
the 4 x 4 Butler matrix. SI, S,, SI, S , ,  S,, S, ,, S , ,  S,, S,, and 
Slo are SPDT switches that combine the inputs. All switches are 
shown in logic state "1". SI and S, are switches for path selec- 
tion. Path S,,S,, AI is a direct path from the input to any single 
output. A second path, Sl ,S , ,A2 ,B , ,  equally divides the input 
power among any pair of outputs. Finally, a third path, 

Figure.4. An 8 x 8 Butler matrix. 
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Figure Sa. Eight independent beams with uniform 
illumination, obtained from a Linear array of eight radiating 
elements fed by an 8 x 8 Butler matrix. The element spacing is 
M2. 

deg".l 

FFgnre Sb. The formation of seven cosine illumination by the 
addition of uniform beams. 

W I  
,.--_ 

Figure 6. The switch matrix feeding the 4 x 4 Butler matrix. 



Table la .  The input amplitudes and resulting output excitations from an 8 X 8 Butler-matrix feed 
network for uniform-illumination beams. 

H I I I I I I I 

3 0 0 0 0 1 0 0 0 
Input 
Port 

6 0.35355 -33.75 0.35355 -123.75 0.35355 -168.75 0.35355 101.25 

7 0.35355 -56.25 0.35355 33.75 0.35355 78.75 0.35355 168.75 

8 10.35355 -78.75 0.35355 -168.75 0.35355 -33.75 0.35355 -123.75 

Input 

-E 
0.35355 I 123.75 1 0.35355 1 33.75 1 0.35355 1 168.75 1 0.35355 1 78.75 
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Table lh. The input amplitudes and resulting output excitations from an 8 x 8 Butler matrix that generates a set of four 
Simultaneous cosine-shaped illuminations. The phase increments of the output-port excitations are +4S0 and +13S0. 

8 

I 

2 

0 0 0 0 0.707107 0 0 0 

0.09755 157.5 0.09755 112.5 0.09755 -157.5 0.09755 -112.5 

0.27779 112.5 0.27779 -22.5 0.27779 -112.5 0.27779 22.5 

output  L 
3 I 0.41573 I 67.5 I 0.41573 I -157.5 0.41573 4 7 . 5  0.41573 157.5 

5 

6 

7 

I 

0.49039 122.5 0.49039 4 7 . 5  0.49039 22.5 0.49039 67.5 

0.41573 4 7 . 5  0.41573 157.5 0.41573 67.5 0.41573 -157.5 

0.27779 -112.5 0.27779 22.5 0.27779 112.5 0.27779 -22.5 

Table le. The input amplitudes and resulting output excitations from an 8 x 8 Butler matrix that generates a second set of three 
Simultaneous cosine-shaped illuminations. The phase increments of the output-port excitations are  Oo and *90°. 

8 I 0.09755 

162 

-157.5 0.09755 -112.5 0.09755 157.5 0.09755 112.5 

2R+3R (+90°) I ZL+3L (-90") I l R + l L  (0") 
Mag I Phase Mag Phase Mag I Phase 

I 1  0 0 0 0 1 0.707106781 I 0 
2 0 0 0 0 0 0 

3 1 0.707106781 I 0 0 0 I n I n 

output  
Poli  

Input 
Port 

2 0.27779 -135 0.27779 135 0.27779 0 

4 0 0 0.707106781 0 0 0 

5 0.707106781 0 0 0 0 0 

6 0 0 0.707106781 0 0 0 

7 0 0 0 0 0 0 

~. . , ,  I . 0.49039 I 45 I ' 0.49039. I o,490j9.: . , i .,,A5 , 
L I~ . 

6 1  0.41573 I -135 I 0.41573 1 135 I 0.41573 I 0 

1 8 1  0 0 0 0 0.707 I0678 1 0 

IEEEAnlennas and Propagation Magazine, Vol. 46, NO. 1, February 2004 

7 0.27779 135 0.27779 -135 0.27779 0 

8 0.09755 45 0.09755 4 5  0.09755 0 



Table 2. A list of the 10-bit control-word settings and the corresponding 4 x 4 Butler-matrix (BM) excitations resulting in the beam 
patterns shown in Figure 7. The rows in gray are  optional settings used only in switch-matrix symmetry measurements. 

4 x 4 BM Active Ports 
Switch Bank B Path Se'ect 

Switches 

S1 1 S2 S3 I S4 I S5 I S6 S7 I S S  I S9 I S10 

Switch Bank A 

SI& A,, B I ,  unequally divides the input power among any pair of 
outputs. S,, S4, S,, S,, S 7 ,  Sa, S,, and S,O select the desired 
outputs and isolate the unused ports. e., i = 1 ,  ..., 10 represent 
Wilkinson-type dividers or combiners. W, performs unequal power 
division between outputs ( P A ]  = 2PBI ). W,, W7, W,, W,, and 
Wlo are typical 3 dB dividers, while W3, W4, W,, and W, are util- 
ized as power combiners. A IO-bit digital word defines which port 
combination is active, and specifies the corresponding excitation 
levels of selected outputs. The switching combinations are given in 
Table 2. Any single port or pair of ports can he selected. The port 
excitations can be either low (-3 dB) or high (0 dB) level. The 10- 
hit word is transferred from a processor that decodes the informa- 
tion about the user's position. If, for example, it is desired to have 
the relative excitations 1R = 0 dB, IL = -3 dB while 2L and 2R 
are open, the digital word will be 

SI 3 s2, s3,s4,s5 3 s6, s7, sa, s9, SI0 1x00 loo 100 : 

where Xdenotes that the bit is not used 

Figure 7 presents the possible patterns obtained by the non- 
uniform addition of the uniformbeams of a 4 x 4 Butler matrix. 
The working linear array consists of four parallel dipoles. The 
inter-element distance is A/2, and the array is positioned 114 
away from a planar reflector. The ratio of the excitations among 
the consecutive inputs is 

1:0,2:1, I : ] ,  and1:2. 
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1 :O corresponds to single-port excitation of the Butler-matrix net- 
work, while 1:l corresponds to a dual-port excitation with equal 
amplitudes. 2:1 and 1:2 are also dual-port excitations, hut with a 
3 dB difference in amplitude levels. Table 2 explains the notation 
used in the diagrams of Figure 7. 

In total, the array can produce 13 beams within a 120' sector. 
An equilateral-trihedral prism, containing the above array in each 
face, constitutes an antenna that is able to scan three 120" sectors. 
The switches presented in Figure 6 and the whole design can be 
based on Mini-Circuits RSW-2-25P or TOSW-230 switches 1201 
or similar components. Details on circuit connections for two 
switches (S,, S,) are shown in Figure 8. 

An 8 x 8 Butler matrix with the same excitations as above 
can also cover a 120" sector. Again, an equilateral-trihedral prism 
containing an eight-parallel-dipole linear array in each face con- 
stitutes an antenna able to scan 360" of sectors. Figure 9 presents a 
diagram of the array, and Figure I O  shows the corresponding pat- 
terns in one face. Table 3 explains the notation in the diagrams of 
Figure 10. 

It is helpful to give a visual presentation of the performance 
of the above two arrays. Figure 11 shows the direction of the main 
lobe versus sidelobe level and half-power beamwidth for a 4 x 4 
and an 8 x 8 parallel-dipole array. A variation of the sidelohe level 
for both arrays is observed from this figure. By applying con- 
straints on the sidelohe level and taking into account the half- 
power beamwidth, it can be concluded that the number of different 
excitations and beams can be reduced. If a sidelobe level of less 
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Figure 7a. The beam patterns obtained by non-uniform 
addition of uniform beams in a 4 x 4 Butler matrix, using the 
right inputs. 

Figure 7b. The  beam patterns obtained by non-uniform 
addition of uniform beams in a 4 x 4 Butler matrix, using the 
left inputs. 

F 

................................................ 

I i 1- 

Figure 9. A diagram of a three-face twenty-four dipole array. 

Figure loa. The beam patterns obtained by non-uniform 
addition of uniform beams in an 8 x 8 Butler matrix, using the 
L inputs. 

Figure lob. The beam patterns obtained by non-uniform 
addition of uniform beams in an 8 x 8 Butler matrix, using the 
R inputs. 
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Figure 8. The details of the Butler-matrix feed design. 
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Table 3. A list of the 18-bit control-word settings and the corresponding 8 x 8 Butler-matrix (BM) 
excitations resulting in the beam patterns shown in Figure 10. 

than -19dB is desired for a 4 x larray, only the 1: 1 excitation can 
he used. In this case, three beams that cover a 90° sector are gener- 
ated. A square tetrahedron containing four dipoles in each face is 
able to scan the whole space. It is noticed that in any case, the half- 
power beamwidth and the sidelobe level (Figure 1 I) define the 
possible number of excitations and the beams. 

4. Narrow-Beam Antenna Performance 

It is well known that in a real environment the effective 
antenna gain is not exactly the same as the free-space value in the 
corresponding direction, due to multipath propagation. The effec- 
tive antenna gain can be defined (181 as the quotient of the power 
received in the narrow beam, P, , and the power received by a 
collocated omnidirectional antenna, Po. The two powers are aver- 
aged over the fast fading ( Ew) ,  and thus 

The effective antenna gain and the difference between the physical 
angle and the angle of arrival from the high-speed station to the 
user show that there is a strong correlation among the above quan- 
tities. The main lobe in a real environment and the dominant 
angles of arrival (DOA) are slightly different compared to the free- 
space case. Obviously, one can assume that the sighting angles 
obtained with the help of the GPS data correspond to real values. 
The angle of arrival (AoA) from the high-speed station to the 
mobile unit in the line-of-sight (Los) case typically follows the 
beam of the antenna pattem. For the non-line-of-sight (NLos) case, 
there is no direct path. However, measurements and model predic- 
tions [I91 show that a significant power percentage still remains in 
the main lohe of the antenna. At the same time, an angular spread 
appears in the high-speed-station antenna beam. 

The performance of the forward channel is considered 
significant, mainly because of its rich content. If the reverse and 
the forward channels operate at the same frequency, an adaptive 
array for the is considered significant could he a suitable choice. 
That happens because adaptive beamfonning avoids the multipath- 
fading problem. For asymmetric wireless networks, the reverse 
channel operates at a frequency different from the forward channel 
and with much less bandwidth. Since the adaptive systems are 
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Figure l la .  The half-power beamwidths and sidelobe levels of 
the beams obtained by the non-uniform addition of uniform 
beams in a 4 x 4 Butler matrix. 

a* -HPBW 

O C  c -so 
15 65 q15 165 

Direction of the main lobe (degrees) 

Figure Itb. The half-power heamwidths and sidelohe levels of 
the beams obtained by the non-uniform addition of uniform 
beams in a 8 x 8 Butler matrix. 

I 

Figure 12. The GPS module. 

based on measurements of the reverse channel, such measurements 
in asymmetric wireless networks do not accurately fit the forward 
channel. There is thus an uncertainty in the system's performance, 
which increases with the frequency difference of the two channels. 
In this case, it seems that a switched-beam array with a GPS sys- 
tem offers an altemative and attractive solution. 

One issue that arises has to do with the interference with 
other mobile units produced by the signal ofthe high-speed station. 
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Let us assume that a 4 x 4 Butler matrix with nonuniform excita- 
tion is used. The targeted mobile user is at 60", while another user 
is at 1 6 1 O .  It is desired that the second user receive the minimum 
possible radiation. To solve this problem, one way is to apply the 
1:l excitation of 1R plus 2 R .  In this case, the interference level 
with respect to the maximum of radiation is -2OdB Another solu- 
tion that can be suggested uses the 2; I excitation, for which we 
have a relative radiation level of -0.83 dB toward the desired 
direction, whereas the level becomes -47.8dB toward the unde- 
sired direction. The second case is obviously much better than the 
first case. It is noted that in practice we do have a lot of undesired 
users, and the choice of the excitation will be realized by taking 
into account their positions. Co-channel interference is one of the 
main reasons for link degradation. In our case, power control in 
conjunction with the beam switch can improve the link perform- 
ance. The power control is adjusted by using the GPS information. 

5. User Monitoring 

The concept of user monitoring is based on the Global Posi- 
tioning System (GPS). Each user is equipped with a GPS receiver, 
which runs under an appropriate controller and calculates its cur- 
rent position. The data required by the receiver are the longitude 
and the latitude at a specific time. Based on the GSM infrastmc- 
ture, a return path from the user back to the high-speed station will 
be required. The position of the user is transmitted in digital form 
by using the sort message service (SMS) of the GSM system. Each 
user transmits an SMS, which is stored at the high-speed station. 

The equipment is powered by an appropriate supply unit at 
the mobile unit (user). The equipment is powered by its generator 
if the user is on a vehicle. The generator charges a 12 volt battery, 
which prevents the voltage from dropping or disconnecting. The 
GPS receiver can he any type available in the market, with a power 
consumption of 1.2 mW at the most. 

The high-speed-station sofiware uses a clientkerver architec- 
ture. It handles one database with the past itineraries and another 
with the users. In addition, the server keeps information about cli- 
ent connections. The server collects data from the users via the 
GSM terminal. The access is achieved through a client-station after 
authentication control. 

The monitoring is based on a fleet system that has recently 
been given [21]. Figure 12 presents the GPS module (receiver and 
GSM terminal) as it was synthesized to be used in the network. 

6. Summary 

In this paper, a switched-beam wideband base station has 
been presented. The station can provide services to both mobile 
and residential subscribers. Additionally, small- and medium-sized 
entelprises (SME), as well as small offcesihome offices (SOHO), 
can be served. The main services can be high-speed Internet 
access, video-streaming services, and IP telephony. Our topology 
makes use of two schemes. One has four sectors, each with 90' 
angular coverage, and the other has three sectors of 120" each. The 
hase-station antenna can produce more switched beams than the 
classical Butler matrix. The number of simultaneous beams 
increases by combining the relative amplitudes of the input ports. 
The circuits, as well as the schematic diagram ofthe feed network, 
have been analyzed and presented. The direction of the user and 

IEEEAnIennas and Propagation Magazine, Vol. 46, No. 1, February 2004 



hisiber distance from base station are found via GPS. Our system 
can be considered to be a hybrid, since it combines benefits and 
tradeoffs of both switched-beam and adaptive arrays. 
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