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Abstract—Smart antenna and associated technologies are ex-interference mitigation capabilities. Signal processing aspects
pected to play a significant role in enabling broadband wireless for this type of systems have concentrated on the development
communication systems. Smart antennas exploit space diversity 1o ¢ efficient algorithms for direction of arrival (DOA) estimation

help provide high data rates, increased channel capacity, and im- . . . .
proved quality of service at an affordable cost. In this paper we [5] and adaptive beamforming. Algorithms for adaptive beam-

present a new procedure for implementing smart antenna algo- forming have departed from the classical least mean square
rithms. It is a hybrid approach that integrates the features of the (LMS) type algorithm [6] to more sophisticated constant mod-
switched beam method and the adaptive beam forming approach. ylus algorithm (CMA) [7] and the eigen-projection algorithms
Specifically it is shown that by using high gain antenna elements [8]. Other issues that have been examined include analyzing

and combining the switched beam process with the adaptive beam .
forming procedure on a limited number of elements (as low as the effects of mutual coupling between the array elements [9]

two in an eight-element array), a performance close to that of a On adaptive algorithms and combating the effects of fading
more complex eight-element adaptive array may be achieved. The channels on the overall system [10]. Directional elements were

proposed hybrid method, therefore, is fast, is computationally ef- ysed in the adaptive smart antenna design [11], but specific
ficient, and provides a cost effective approach for exploiting space results regarding achieved improvement were not reported.

diversity. Even with the inclusion of interference signals, the pro- Anoth t t imol tai trat
posed hybrid approach out-performed the switched beam method, nother smart anténna implementation strategy uses a

and provided performance similar to that of an adaptive arraywith ~ Switched-beam antenna array consisting of multiple narrow-
less number of elements (three in an eight-element array). Imple- beam directional antennas, along with a beam-selection algo-

mentation of an adaptive array also includes estimations; hence, rithm. The selection of the activated receive beam is based on
reducing the number of elements in an array may lead toimproved  yhq received signal-strength. The same beam is used for both
accuracy, in addition to fast convergence and reduced complexity. reception and transmission. Beam forming is accomplished by
Index Terms—Adaptive array, hybrid smart antenna, Rayleigh  ysing physically directive antenna elements to create aperture
fading, smart antenna, switched beam. efficiency and gain [2], [3]. If the received carrier to interfer-
ence ratio (CIR) falls below some preset level during a call,
|. INTRODUCTION the base station then switches to the best available beam for

. o transmission and reception.
HE DEMAND for increased capacity in wireless commu- In comparing the above two implementation procedures, it

nications networks has motivated recent research activitﬁ%y be noted that adaptive implementations have better per-

toward wireless SVSte”.‘S. that exploit the concept of smart 38imance than switched-beam implementations. This comes at
tenna and space selectivity. The deployment of smart antennag at

- 7 ; . 8 expense of relatively higher implementation cost and com-
existing cellular base station installations has gained enorm éxity constraints, as compared with the switched-beam im-
intere;t because it has the potential FO increase c.ellular sy_s% entation procédure. Furthermore, adaptive algorithms rely
capacity, extend radio coverage, and improve quality of servi St estimations and this may contribute to slow convergence
[1]-[12]. Smart antennas may be used to provide significa, ’

. ) _ &t)mpromise accuracy, and generally, lead to less than optimal
advantages and improved performance in almost all W'reliﬁérformance
communication systems, including t|m_e-_d|_V|5|on ”_’“'t'p'e'a " Dense scattering and cluster angle distribution phenomena of
cess (TDMA) cellular systems, code-division mumple'acce%Smultipath environment [13], [14] are well known and are ex-
(CgMA) ceIILtJIar tsystem_s [Ai]’ as v:e:_l as otth(:rs. (%ected to impact the performance of a smart antenna system.
i ne tsmar an ennahlmp emet:n ? ion s radeg)t/_ uTes ans vould be helpful if a procedure could be developed that will
tlr:/e anhennat a][ray, WI ose puhtpu S arel a a?.twg y C%m r: p evaluate the impact of the propagation environment on the
dr_ou? a fe to ;:omp ex .Wel'g St(S'?”a!trf“gp i et andp stem performance and provide specific smart antenna designs
adjustments) to form a single output with beam steering a different propagation environments. It would also be desir-
able to develop a smart antenna system with sufficient flexibility
_ _ _ in the design arrangements so as to meet varying conditions in
Manuscript received August 7, 2002; revised November 8, 2002. the propagation environments. It is the objective of this paper
The authors are with the Hawaii Center for Advanced Communications, C?I— d ibe the d | f h
lege of Engineering, University of Hawaii at Manoa, Honolulu, HI 96822 USA.C_) escr e.t edeve opment 0 _a_sfmart antenna SyStem that pro-
Digital Object Identifier 10.1109/TAP.2003.818002 vides considerable design flexibility to meet changes in prop-
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Fig. 1. Adaptive smart antenna system diagram.

With the increase in the number of total antenna elements, the
system complexity increases significantly.

Fig. 3 shows a switched-beam smart antenna system formed
by N directional antenna elements. Each antenna covers an
angle range o860°/N. As shown in Fig. 4, the system can
automatically switch to an antenna that has its main beam in the
domain of the desired signal. Because the preformed pattern has
a narrow main beam, most multipath and interference signals
will fall into the side lobe range, resulting in suppression of
these signals and improved system performance. Comparing
this with the adaptive implementation, it may be noted from

Desired Signal g 4 that the switched-beam method cannot make full use of
- . . . _ th multipath signals, and cannot be used to cancel interfer-
ig. 2. Adaptive pattern of one beam-forming block. Desired signals an . .
interferences are denoted by solid arrows and dashed arrows, respectively. ences when located in the main lobe. Thus, the performance of
a switched-beam system is less optimal when compared with
. . . o . an adaptive system. This will also be confirmed in Section IV
agation environment. Accounting for specific and varying as- . : .
. . . . . F) simulation of several representative cases.
pects of the propagation environment will be discussed in a oY > . ;
ture paper. Fig. 5 shows a proposed aIterna’Flve hybnq smart anten_na
system. The proposed system described in this paper combines
the advantages of both switched-beam and adaptive systems.
Il. HYBRID SMART ANTENNA SYSTEM Unlike traditional adaptive antenna arrays, the proposed system
Fig. 1 shows anV element adaptive smart antenna receiverses directional elements to achieve additional antenna gain. It
system. Let us assume that the system is required to supportdoes have beamforming capabilities to cancel interferences but
users. For a signal from any user, due to a multipath environmeises a smaller number of signals than traditional adaptive sys-
and the different positions of the antennas, there will be phasens. Through the proper design of the proposed system, it may
and amplitude differences in the signals received byXhan- be expected that it is possible to achieve a performance sim-
tenna elements. The output signal from any element is a pariies to that of an adaptive system with the advantage of using a
ular combination of allM/ signals and their multipath signals.lesser number of signals in the adaptive process. Similar to the
These signals will first go through RF to IF blocks, and thetraditional switched beam array process, signal selection will be
they will be converted to a digital stream by analog-to-digitddased on combining the strongest signals in the overall array.
converters and sent to the data bus. Therélateeam-forming  As shown in Fig. 5, the proposed system inherits part of the
blocks connected to the data bus. Each of these blocks needshtaracteristics of the switched-beam system, in that it adopts
processV digital streams obtained from the data bus, and gedirectional antenna elements. It will be described in Section IV
erate a pattern to receive the signal from one offheisers.  that different coverage angles should be chosen in different mul-
Fig. 2 shows a pattern formed by a beam-forming blodipath scenarios to obtain the best performance. The arrange-
shown in Fig. 1. Multipath signals and undesired interfernent in Fig. 5 also borrows some digital beamforming tech-
ences are noted by solid-arrow lines and dash-arrow linemlogy used in adaptive systems, but in this case the beam-
respectively. As may be seen, an adaptive implementatifarming will be done more efficiently using a reduced number of
can dynamically point pattern peaks to desired and multipatfgnals. There are additional block o IV S selector) that se-
signals, and adjust the nulls to cancel unwanted interferenclest only theN .S (V.S < N) strongest signal streams from total

Desired Signal (Multipath)

Interference
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Fig. 3. Switched-beam smart antenna system diagram.
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Fig. 4. Pattern of switched-beam smart antenna. Desired signals and interferences denoted by solid and dashed arrows, respectively.
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Fig. 5. Proposed hybrid smart antenna systdhantenna elements are used to recéifesignals. The beam-forming process is performed on a smaller number
(NS < N) of signals.

N streams on the data bus. Considering the slow angle mowet need to be updated in real time. It will be shown that in most
ment of mobile users and the relatively wide beamwidth of thmases when using the arrangement in Fig. 5, performance sim-
radiation pattern of antenna elements, Mo NV S switches do ilar to that of an eight-element adaptive system can be achieved
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by using a value of NS as small as 2. It will also be shown that ¢
NS increases, the performance will continue to improve; but t
system complexities will also increase and ultimately converg
to a fully adaptive antenna array.

I1l. A SSUMPTIONS AND DESCRIPTION OF THE y(t)

SIMULATION MODEL interference __..-——"" :
Fig. 6 shows a block diagram of an N-element beam formin ~~ S1(®
smart antenna system. The baseband sigftareceived by the N
antenna array is given by interference .~ ;
SIi(t) < XN( ) WN
z(t) = Uls? + U's' +n Q)

Fig. 6. Block diagram of aiv-element beam forming smart antenna system.
whereU? andU* are matrices of the channel transfer functions
of the multipath signal and interferences, respectivélands’  tripution CN(0, 1); uﬁ,p andu!, ; also have complex Gaussian
are vectors of the multipath signals and interferences, resp@mstribution CN (0, 1). i
tively. n is the system noise. The channel transfer functions andThe expected input signal-to-noise ratio (SNR) for the de-

the signal vectors are given by sired signal’, and the expected input interference-to-noise ratio
- (INR) for theth interferencd’; are given by
z(t) = (21(t), 22(t), ..., oN (1)) ) .
ufy o ufp r, =5 ((s")"s") ®8)
U’ = “g,,p I'y=F ((st)* s;) . 9)
d . d
YN UNPS NP Operator (x) denotes complex conjugate arfl denotes
f(63) 1 (07) complex conjugate transpose. For omni-directional antenna el-
o : fn (89) (3) ements(f,(-) = 1), the received signal at any antenna element
4 . ., will be the sum of identically distributed Gaussian signals. The
fN (91) In (913) NP magnitude of the received signal will thus have a Rayleigh
wy oy occc uj g distribution. A Rayleigh channel corresponds to a multipath
Ui — . i . environment where all the arrived signals are multipath signals
- : Un,i ' and where there is no-line-of sight propagation path for the
ul T desired signal. When there is a line-of-sight signal, the channel
N, 1 N, I/ NxI _
£ (69) o £ (67) should be modeled as a Rician Channel.
_ I The interference-plus-noise covariance matrix [15] is given
. : fn (62) 4) by
fN (Gi) fN (9}) Nx*I R:Ui (Ui)H—FIN*N (10)
s = (s100), ..., i), . sh(0) 5) . _ |
; ; : ST wherel is an identity matrix. Assuming all propagation vectors
st = (s1(t), ..., si(t), -, 57(1)) (6)  are known, the optimum-combining weights of an adaptive an-
n=(ny, ny, ..., nN)T (7) tennaarray that will result in interference cancellation is given

by
where operators() indicates the dot product. The eIeme{;ﬁgp =
in the multipath channel transfer function represents the prop- Lid 4 .
agation transfer function of theth multipath signal to thesth w= Z UNsp ] R (11)
antenna. The matrix elemed ;, on the other hand, represents p=1
the propagation transfer function of thi interference to the
nth antenna. Both! | andu!, ; are complex Gaussian random
variables. The functiorf,,(-) describes the antenna amplitude y(t) = wx(t). (12)
pattern of thenth antenna elemerﬂg is the angle of arrival of
the pth multipath of the desired signal am{l is the angle of  For performance simulations of a traditional adaptive array,
arrival of theith interferences( (¢) is thepth multipath of the the distance between adjacent elements is assumed to be a half
desired signals(t) is theith interferencen,, is the noise at the wavelength and each antenna is assumed to be omni-directional
nth antenna, and is modeled as a stationary, complex, Gaussiarshown in Fig. 7. As may be seen in Fig. 8, the distance be-
process of zero mean and specially white in the processed fn@een adjacent elements of a hybrid smart antenna array is also
quency band. Without loss of generality, all powers were naassumed to be a half wavelength; but, in this case, each element
malized to noise variance. Thus, has complex Gaussian dis-is assumed to have its own directional pattern.

The optimum-combining output in this case will be given by
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Fig. 7. Planar £, y) layout of a traditional adaptive smart antenna array.. . . .
consisting of omni-directional elements. \élg. 9. Antenna pattern used for the hybrid smart antenna simulations.
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Fig. 9 shows the pattern used in the simulation of the 20 -15 -10 5 0 5 10 15
proposed hybrid smart antenna system. The pattern has a m: SNR (dB)

beam with a¢-degree beamwidth. Neglecting the side lobe

power, the power gain of the main beam may be approxmat@M_ 10. DOA spread versus Smart antenna performance. Simulation assumes
estimated as 360divided by ¢. The pattern has a20 dB nointerference, optimum combining, an eight-element array and five multipath
sidelobe and it should be noted that the initial simulation resuftgnais.

showed no observable difference in the system performance

results when the sidelobe level was varied by as much as IV. SIMULATION RESULTS

+10 dB from the utilized—20 dB value. For the case of an Figs. 10-19 show the simulation results for a TDMA commu-
eight-element array with equal to 45, the main beam of all pjcations system. As mentioned earlier, this means that the smart
the elements will be placed side-by-side to provide the°36@ntenna array will be concerned only with the multipath effect
coverage. If$ is less than 45there will be gaps that cannotand no interference consideration will be included. Figs. 20 and
be covered by the collective main beams of the eight-elemextt are simulation results for a spread-spectrum system, thus
array, and if¢ is larger than 45 there will be an overlap simulation results will include both multipath and inference sig-
between the patterns from the various antenna elements. @ats. The following is a detailed discussion of these results.
thing that needs to be mentioned is thfa(-) in (3) and (4)  Fig. 10 and 11 provide reference data on the performance
is the amplitude pattern instead of the power pattern, herlea traditional adaptive array. When integrating an adaptive
a square root operator is needed to get-) from the power Smart antenna simulation with a propagation model_, there are
pattern normally measured in antenna characterization. ~ many different parameters, such as array type, multipath angle
Two kinds of communication systems, TDMA and CDMA,spread, delay spread, cluster behavior, etc. that need to be con-

were simulated in this paper. For a TDMA system smasfdered. Three variables are inspected in this paper. The first is
j ' IHS number of elements in the array. As expected, more elements

igjprove the system performance; but also increase the system
plexity. Eight-element arrays are widely used and are con-

antennas are only used to overcome multipath fading and
co-channel interference is assumed. For a CDMA system,

users share the same frequency anq channels are distinguis&?g red as a good tradeoff between performance and complexity.
by different code_s. Each user thus interferes with other us &nce. in all the simulations reported in this paper, we will use
who are occupying the same frequency band. In a CDMAqp element arrays. The second and third variables are all re-
system; therefore, a smart antenna is used to overcome gl 5 the propagation models. One is the DOA spread of a
multipath fading and interference. o ~ multipath signal and the other is the number of multipath sig-
Binary phase shift keying (BPSK) modulation is used in aj{ia|s. The impact of each of these parameters on the overall
simulations; therefore, the output of an optimum combining i§ystem performance was simulated. The following represents
(12) can be simplified t&te(y(t)). Also, 500 000 random casessamples of the obtained results.
were simulated for each SNR value and for each operating cas€ig. 10 shows how the performance of an adaptive system
of the proposed antenna structure. is related to the DOA spread of multipath signals. The smart
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Fig. 12. Performance of a hybrid smart antenna system as a function of the

Fig. 11. Multipath number versus Smart antenna performance. SimulatBg@mwidth of the directional elements. Simulation assumes no interference and
assumes no interference, optimum combining, an eight-element array and it the hybrid array selects and combines two signals from an array of eight
DOA spread. elements of directional antennas°3DOA spread was assumed.

The propagation model used in the simulations in both

antenna used in this simulation is a traditional optimum-cor&-lgs 12 and 13 includes five multipath signals witt? Z00A

bining adaptive array with eight omni-directional elements. It /-4 This 30 DOA spread corresponds to a propagation
Wﬁs assumed ;hat there werﬁ five GausIS|an multl%étg;lgng nario for a base station that is installed on top of a building
The.X axis is the SNR at each antenna element and'ta&is ot \here the use is at a moderate distance from the base

is the bit error rate (BER) of coherent demodulation of BPSK {ation. Itis assumed that there are no obstacles around the base

the array output. It is clear that when the DOA spread of MUWsasion antenna and all multipath signals are caused by cluster
tipath signals decreases from 36@ 10, the system perfor- .fiactions around the user

mance decreases and the SNR required for keeping BER Ies,gig_ 12 inspects how a different antenna beamwigiiinpacts

than 10°% has to increase by 7.8 dB, from 4.4 to 12.2 dB. Thg,e harformance of the proposed hybrid smart antenna system. A
BER result of a single antenna is also shown as reference byﬁi rent beamwidth also means a different gain because the ele-
. . nt gain is assumed to B&0 /¢ (see Fig. 9 and neglecting the
the fact that when DOA decreases, multipath S|gnals becog]_ae lobe power). The hybrid/smart antenna used in this simula-
more correlated; and hence, cause a decrease in the ada%‘(?selects and combines the two largest signall§ & 2) out
array performance. of the available ones from the array of eight elements. The dotted
Fig. 11 shows the impact of the number of multipath on thge in Fig. 12 shows the results of a traditional adaptive smart
performance of an adaptive antenna system. The simulatgflenna method (optimum-combining eight elements) and is in-
system is also a traditional optimum-combining array with 8uded here for reference.
omni-directional elements, and the multipath DOA spread wasfrom Fig. 12, it is interesting to note that the $2@amwidth
selected in this case to be3Results in Fig. 11 show that ashybrid array has the best performance, more specifically, that
the number of multipath increases from 2 to 12, the systefie required SNR to keep BER less tharrd@s only 0.67 dB
performance increases and the SNR required for keepiRigher than that for a traditional adaptive antenna system.
BER less than 10* is decreased from 17.1 to 6.9 dB. This Results in F|g 13 confirm the expected performance and
improved performance can be explained in terms of the reducgtbw an improved BER with the increase in the number of
correlation of the signals at each antenna due to the richgements used in the adaptive process. It may also be noted
multipath environment. that results for more than two elements in the proposed hybrid
For the proposed hybrid smart antenna system, there are fiveart antenna array system superpose those for the traditional
variables that need to be inspected in the simulations. Besi@demptive array; hence, the increase in the number of signals is
the three variables mentioned above (number of elemenignecessary and just adds to the complexity of the system.
number of multipath, and DOA spread) which are shared As discussed earlier, a hybrid system takes advantage of
with an adaptive smart antenna system, there are two mah the antenna gain and optimum combining to improve the
variables that need to be considered in this case. These incloderall system performance. Fig. 14 shows a case wheré a 90
beamwidth of the directional antenna element and the numlseramwidth system is used in a°3DOA spread environment.
of elements that will be chosen for the beamforming proceBsfferent amplitudes were only used to clarify the graphical
(VS in Fig. 5). Simulation results show that the first three variflustration. All three antennas were assumed to have the same
ables have similar impact on the performance of the proposgain. In Fig. 14 the second antenna can receive all multipath
hybrid smart antenna design when compared with the adaptsignals, but the first and third antennas can only receive part of
smart antenna system described above. Thus, only the effecthafse multipath signals. The requirement for an optimum-com-
the last two parameters will be presented and discussed herbining array is that each antenna can receive all multipath
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Fig. 13. Performance of a hybrid smart antenna system versus numbe-~

of elements used by the optimum combining adaptive process. Simulatio 10’ —————— 77—
assumes no interference, and the number of signals was changed from one F

five in an eight-element array. Simulations were performed fof I¥amwidth
and 30 DOA spread.
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Fig. 14. Example of a 90beamwidth system used in a 3DOA spread Fig. 16. Performance of hybrid smart antennas of directional elements
environment. with different beamwidths. Simulation assumes no interference, and that the

hybrid array selects and combines two signals from an eight-element array of
directional antennas. $MOA spread was also assumed.
signals with similar amplitude but different phases. Thus,%a 90
beamwidth does not provide an optimum multipath combinirigigs. 12 and 13, but the user is now at a relatively far distance
system. from the base station and hence, thé DDA spread.

Fig. 15 shows a 1Z0beamwidth system used in the samé 30 Fig. 16 shows how the beamwidth of each elementinthe array
DOA spread environment. It is clear that, in this case, there isiatpacts the performance of the hybrid system. Fig. 17, on the
least two antennas that can simultaneously receive all multipatihher hand, illustrates the effect of the number of signals se-
signals within the assumed 3MOA spread. Although a 120 lected for optimum combining (NS) on the performance of the
beamwidth system has lower antenna gain, it achieves a highgbrid system. The results are similar to those shown in Figs. 12
optimum-combining gain and has a better composite gain thand 13 in that the 12beamwidth hybrid array provides the best
a 90 beamwidth system. performance, and that it is possible to select the number of sig-

If the element pattern is too wide; however, the element gamals (NS) to be as small as 2, in order to achieve improvement
will further decrease and the system performance will subse-the performance.
guently decrease. This clarifies the reduction in performanceThere is another common scenario in which multipath sig-
in the 180 beamwidth case shown in Fig. 12. Consideringals have a 360DOA spread that may be of interest to sim-
the fact that a hybrid smart antenna system only requirekate and analyze. This scenario corresponds to a broad distri-
the number of signals to be as small as two (instead of eidghttion of DOA and may occur for the case of a base station in
signals) to achieve almost optimum performance, this preseatsypical Wireless Local Area Network (WLAN) and/or other
a very encouraging observation and testifies to the significantloor applications. In this kind of propagation environment,
performance improvement in the proposed hybrid system. the base station is surrounded by walls, a ceiling, and furni-

Figs. 16 and 17 show simulation results for a propagatigare. All of which will cause multipath signals. Fig. 18 shows
model of five multipath signals with 20DOA spread. It is a how different beamwidths impact the performance of a hybrid
similar propagation scenario to that used in the simulation sfnart antenna system in a multipath environment with°360
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Fig. 17. Performance of hybrid smart antennas versus number of elements

used by optimum combining. Simulation assumes no interference, and thigj. 19. Performance of hybrid smart antennas versus number of elements

the number of signals changes from one to five in an eight-element arrayusled by optimum combining. Simulation assumes no interference, and that

directional antennas. 12®eamwidth and 10DOA spread were also assumed.the number of signals changes from one to five in an eight-element array of
directional antennas. 9®Meamwidth and 360DOA spread were also assumed.

10° —————————————— less than 10% is 1.1 dB higher than that for an adaptive smart
E 3 antenna system. Based on these results, however, one may con-
clude that in a rich multipath environment, gains from narrower

- i beamwidths are sufficiently small, and therefore, the use of om-

3 nidirectional antennas is not only justifiable but also suggested
for practical consideration.
% i Fig. 19 shows how the number of signals chosen for optimum
-2 .. . .
m 10 3 3 combining impact the performance of hybrid smart antennas

in a 360 DOA spread environment. The beamwidth for each

] of the directional elements is chosen a$.90he case of one

- chosen element is included to represent the traditional switched

] 3 beam array. As shown in Fig. 19, to keep BER less thamn’ 10

:—‘— 90° Beamwidth Hybrid Array a switched-beam array requires a SNR 3 dB higher from that of

104 ——— 45 Beamwidth Hybrid Array : two selected signals out of an eight-element array. When five
20 -15 -10 -5 0 5 10 15 signals were selected for optimum combining, results of the hy-

SNR (dB) brid smart array superpose those from an adaptive array system.

Figs. 20 and 21 show simulation results for the case of spread-
spectrum (CDMA) type systems. In this case, it is assumed that
Fig. 18. Performance of hybrid smart antennas of directional elemeffi€re are 20 usersinthe Trequency bf'md be$|de5 the desired user.
with different beamwidths. Simulation assumes no interference, and that #All other users were uniformly distributed in the 36€ange.
hybrid array selects and combines two signals from an eight-element arrayffie expected interference power from each cofrequency band
directional antennas. 36MOA spread was also assumed. user is 1/20 of that of the total noise. Since noise is normalized
to one, the expected power of total interferences will, therefore,

DOA spread. As may be noted, the performance of a hybfa¢ 1, and this means that the expected interference to noise ratio
smart antenna that combines the two largest signals from eighgqual to 1. We also assumed five multipath signals arid 30
elements gradually increases with the decrease in beamwidiltipath DOA spread.

That is different from the situation in the 10 or'3DOA spread Fig. 20 shows how the beamwidth of each elementin the array
multipath environments shown in Figs. 12 and 14. The reasonpacts performance of the hybrid smart antenna system. It is
for this is that the fading that occurs in each element is mosénilar to the simulation results presented earlier without in-
independent in a 360DOA spread environment. Thus the reterference. Once again beamwidth of radiating elements makes
quirement that there should be some overlap among adjacenly a small impact on the overall performance. It may be noted
beam patterns in the 1@r 30° cases to achieve optimum com-that the 120 beamwidth of each element in the proposed hy-
bining is not valid in the 360 DOA case. In this case, (360 brid smart antenna array would provide a slight improvement in
DOA) there is no optimum combining benefits that can be olperformance over other simulated beamwidth values. To keep
tained by broadening the elements beam and hence sacrifidBfR less than 10%, the proposed hybrid antenna needs a SNR
the gain. In a 360 DOA spread environment, higher antennd.95 dB higher than the traditional adaptive smart antenna. This
gain will provide better system performance. For example invalue, however, is higher than the 0.67 dB difference we ob-
45° beamwidth hybrid array, the required SNR to keep BERiined in the earlier simulations without interference. The dotted

o adaptive 8 element Array .
10 |—#— 180° Beamwidth Hybrid Array "
f —@— 120° Beamwidth Hybrid Array
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0 beam smart antenna approach, the proposed method performs
' ' ' ' ' ' ' a beam forming process on a smaller number of elements
within the array. In the simulation results we assumed an
antenna pattern that consists of one main lobe ar®@ dB

10

10"E 3 side lobe arrangement. An eight-element antenna array was

F 3 used throughout this study. Parameters studied include the

o [ ] beam width of the radiation pattern of the array elements, the
% 102k number of multipath signals, the DOA spread, and the number

of elements involved in the beam forming process. In all cases
and even after the inclusion of interference signals, it is shown
that the proposed hybrid process is more efficient as it utilizes
a smaller number of signals (two to three instead of eight) in
the beam forming process while providing BER values similar
to those that can be achieved when using the entire eight
10* L signals in the adaptive array. The reduced number of elements
20 45 10 5 0 5 10 15 also suggests reduced complexity and cost in performing the
SNR (dB) adaptive signal processing, and even possible improvement in
Fig. 20. Performance of hybrid smart antennas as a function of the beamwth‘ﬁrfc"f_man_Ce as the _a_daptlve p_rocess often 'nVOlVFj'S a_number
of the directional elements. Interference was included in this simulation, afdl €stimations. Specific analysis of the role of estimation on
the hybrid array was assumed to choose and combine two signals fromthe performance of an adaptive antenna and the impact of a
eight-directional element antenna array. & 300A spread was also assumed.raquced number of estimations on the possible improvement in
the accuracy and performance will be discussed in a separate
10 ——————1— 11— article. Simulation results also showed a less significant impact
E ] of the antenna element beamwidth on the overall performance
of the proposed hybrid system. For practical consideration,
omnidirectional elements might as well be used. In this study
we used the two or three largest signals from the eight-element
array in the optimum-combining process. This may or may not
be the best selection depending on the multipath environment.
This aspect of the study needs further simulation that will be
reported in a future article. Currently, on-going research efforts
include taking into account the characteristics of the propa-
gation environment, and the possible inclusion of parameters

11 naul

----- adaptive 8 element Array
10°F = 180° Beamwid th Hybrid Array
—e— 120° Beamwidth Hybrid Array
—aA— 90° Beamwidth Hybrid Array
—&— 45° Beamwidth Hybrid Array

™T

T T

-

----- - adaptive 8 element array

10° f —=— choose 1 from 8 elements
F —e— choose 2 from 8 elements such as polarization diversity in evaluating the performance
[ —4A— choose 3 from 8 elements of the proposed hybrid antenna array system. Another area
L[ % cooseSfomBelements of research that is now being pursued is an experimental
10_20 15 -10 -5 ) 5 10 15 verification of some of the reported observations by combining

R (dB the outputs of a set of omni-directional antennas using a Butler
SNR (dB) utputs o .

matrix. This idea was proposed by one of the reviewers. The
Fig. 21. Performance of hybrid smart antennas versus number of elemegigst important outcome from the present study; however, is

used by optimum combining. Interference was included in the simulation, aﬂ% . . .
the hybrid array was assumed to choose one to five signals from eight directio |Iatecl to the pOSS|b|e use of a smaller number of Slgnals In

elements. 120beamwidth and 30DOA spread were also assumed. the Optimum'comb_ining adaptive process Wh”e maintaining
a performance similar to that of a fully adaptive, and, hence,

line in Fig. 20 is for the reference adaptive array. It may be algg)ore complex approach.

noted that with the proposed presence of interferences in the

simulated CDMA system, the performance of the adaptive array

was also degraded. The authors wish to acknowledge the constructive comments
Fig. 21 shows the effect of the number of selected signaiad suggestion provided by the reviewers. Their kind effort cer-

NS on the performance of the proposed hybrid smart antertagnly contributed to the quality of this publication.
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