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Abstract—The main concern of this paper is to study the some proposed antennas ib Biultipath environments includ-
presence of a cascaded Butler network in diversity ant(_anna |ng Coup”ng among nearby radiating elements. In addition
systems. The advantages of a cascaded Butler network in 2Dyq these, we analyze the behavior of the proposed multiport

multipath environments have been already shown. These adwua ¢ in th d ab f 2 Butl twork
tages are limited to either correlated or nonuniform multipath antennas In the presence and absence of a butler networ

environments with a line-of-sight component. In the frame 6 IN two distinct multipath environmentsa) a rich multipath
this paper, for the first time, we show a further advantage environment wherein the received signals at differentgoft

of a cascaded Butler network in 3D multipath environments, the antennas have converged joint probability densitytfanc
including the effects of coupling. This advantage is assated 514 () a multipath environment with finite number of incident

with an improved convergence in received signals’ covariare hich is. h forth. ref dt ichmultinath
matrix in a multipath environment wherein the number of waves which IS, hencetorth, referred to asam-richmuitipa

independent incoming waves is limited, i.e., non-rich mulpath ~ €nvironment [5].
environment. For this purpose, we use a simulation tool in with In general, the advantages of a cascaded Butler network can

a multipath scenario with certain number of incoming waves § pe viewed from two perspectives. From the first standpoint, a
emulated and some selected multiport antennas are exposed t advantage is linked to an improved mean effective gsiieG).

it. Afterwards, the simulated random received signals are ged to This advant is likel | lizable i tai fani
yield different performance metrics like spatial correlation. This IS advantage Is likely only realizabie In certain nontarm

advantage achieves considerable practical interest sin@etypical Multipath environments with limited angular spread, relggss
actual multipath scenario is most likely a non-rich multipath  of the number of incident waves [4]. On the contrary, in this

environment. paper, we reveal a further advantage of a Butler network in
Index Terms—Multiport antennas, Butler network, beam- diversity antenna systems, which to the best of our knovdedg
forming, multiport matching efficiency, effective diversity gain, has not been appreciated before. In brief, it is clarified tha
richness threshold. in general the spatial correlation between the receivedaan
signals depends also on the number of incident waves. We
I. INTRODUCTION reveal that a Butler network facilitates the convergencthef
spatial correlation and thus can potentially enhance tlegadiv

ISCRETE Fourier transformation is a contemporary CORiversity performance in a non-rich multipath environment

cern for |ts_ advantages n mglhple-mput and muIt_|pIe- Throughout this paper we restrict ourselves to uniform
output MIMO) wireless communication systems. In praciice, ﬁ"nultipath environments in order to focus on the effects of a

discrete Fourier transformation over spatially receivigghals cascaded Butler network solely upon correlation convergen

clan Fb.e trlea_llzeld tlrr: tththoma}[md_b)g ?R |d$fal tButI;a_r netw?rk and notMEG enhancement. Even so, the extracted conclusions
[1]. Firstly, in [1] the authors studied the effects of implent- are general and hold for non-uniform multipath environreent

ing a Butler network in MIMO communication system in bOthtoo. This study ultimately leads to a fundamental conclusio

correlated and uncorrelated multipath environments. mesaying that, as long as the diversity gain is concerned, the

communication engineers point of view, they showed th§hape of the embedded patterns plays more critical role than

ben.efits of a cascaded Butler netwprk in.correlated muhipaﬁqe element separation in non-rich multipath environments
environments. Later, A. G_raet al. mvesﬂgated the matter \ve stress that our study is limited to random received signal
from an antenna standpoint and highlighted the advantaglﬁ,?lch have converged Rayleigh distributions

mh:rent In using a %l:jﬂter n?t\évorkl[Z]-[4].t f the af The structure of the paper is as follows. Section |l develops
i o(\;veverlé somes tiona (favle gpments 0 tf\ aonlatr_ne “general compact formula to calculate the total embedded
|onde | Wordstmay ?Ctonzﬁ Usetu .It orins gce, t\(/?/ mu 'Paficiencies in the presence of an arbitrary microwave ngtwo
model used 10 simulate their results IS iD,&.9. & WO-TING e (413 embedded efficiencies are used to normalize the

gilotd_ebl I?c;lted_fat thle t_ra?s mntgrart]: rtlacewezr W't3h t:/?sm associated embedded patterns, which play an important role
istributed unitormly in the azimuth p ane [2], [3]. Or&&V i Jater sections. A general description of the microwave
the developments appear to be limited to cases of negllglkglg

i diati | ts | trast Ul mponent under study as well as the simulation approach
coupling among radiating elements. In contrast, we Sirau "’}E presented in Section Ill. Section IV addresses the effect
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The matrixI denotes the identity matrix. The dagger sigwhereinQ,, is defined as
T stands for Hermitian transpose while the superscript 1 4

for transpose. The incident and reflected wave vectors ar Qm = [(I+ L)@ -T) " A -T)I+Ty) +I] )
normalized such that their square is the associated mea@rpowith

[6, pp. 182]. T, = (Zs+Zo) H(Zs — Zo) (5)

in which Z, is an n x n diagonal matrix of the characteristic
. . _ impedance of the system. The matfix can best be called
In order to normalize the far field patterns used in oupe source transmission matrixMoreover, the reflection co-

simulations we need to know the total embedded elemesfticient matrices at both ends of the microwave network are
efficiencies. In lossless structures, the total embeddedeit obtained by

efficiencies equate the multiport matching efficiencies. [7]

II. MULTIPORT MATCHING EFFICIENCY FORMULATION

Thus, the main goal in this section is to derive a compact Ti = Si+812S.(I—S228.)" 'S
formula for multiport matching efficiency in amport antenna Ty = Soo+ Syl (I—-SiT) 'Sy
system in the presence of an arbitrary passive microwave (6)

network. Indeed, the details presented here are the base for _ _ _
generalization of multiport matching efficiency in the rese  NOw, by virtue of (3), the input power to the microwave
of two or more number of cascaded networks [8]. We stdtetwork, denoted by, is achieved by
with .brlefly reviewing the antenna modeling upon which the P = ata, _bb, —al (I _ F1TI‘1) i
required formulations are developed. m m m

= at o, (I - 1“1*1“1) T, a,
A. Antenna Modeling: Background (7)

Assqme an@—port antenna syste’m chara_cterlzed . by 'tan the other hand, the incident waves at the antenna ports are
scattering matrix,S.... The antenna’s scattering matrix can

be divided into four submatrices, as shown in (1) [9], [10]S_h°Wn to be

SubmatrixS, contains the input reflection coefficients as well dq = (I —S2284)7So1 (8)
as the coupling among different element ports. Regardiag thh ‘ h q b )
other submatrices, which are all functions of angular dieeg | "eréfore, the accepted power can be written as

S, and S. link the element ports with the two orthogonal Poo = al (I— SaTSa) dy
radiation ports, whereas submatfy describes the structural ¢

antenna scattering with the element ports being matched- = ai T, (If SaTSa) T, a.
terminated.

€)

(1)  wherein, by use of (8) and (3), the total transmission coeffi-
cient of the cascaded system;, is defined as

To construct a general formula for the multiport matching _ _ _

efficiency, we are solely concerned about thpe input ports’ Ty = (1-828,) 'Su I+T1) " Qu ' (10)

scattering matrixS,. In a similar way, the middle microwave To achieve the multiport matching efficiency, we also need

network in Fig. 1 is characterized by its S-matri,. The to obtain the maximum available power from the source. For

sub-blocks of this matrix are identified as this purpose, we recall that the accepted power in (7) equals

S _ Sa (nxn) Sb (nx2)
ant — S S
c (2xn) d (2x2) (n+2)x (n+2)

S [Su (nxn) Stz (an)} @ the maximum available power as long Bs=T'.f. That is
" SQI (nxn) S22 (nxmn) (2nx2n) P = P, ,
r=r,t
B. Derivation of Multiport Matching Efficiencies = al Tp' (I - I‘SFST) Ty, as
Multiport matching efficiency is the ratio between the ac- (12)

cepted power by a multiport antenma,., and the maximum
available power from the source exciting ... [7]. The
primary target is to derive both of them in terms of thep _ I+T,)I-T,) '(I-T T)Jr I+T T)}_l (12)
source voltages. The necessary parameters in the foIIowingm ’ ° ° °

derivations are shown in Fig. 1. First, we need to derive dtaving obtained all the required parameters, now we can
expression for the accepted power. To this end, let us syart\rite an expression for the multiport matching efficiency.
expressing the incident waves at the input of the microwat®@r a certain excitation schema,, the multiport matching
network, a,, in terms of the sources’ normalized voltagefficiency becomes

vector,as. Using the voltage division rule in the fundamental

o ) _ ¥ + _
circuit theorem, we can write al T, (I —Sa Sa) T; as
€mp| = (13)

U = (I + 1—‘1>71me1 as = Ts ag 3) s @Z TmJr (I - I‘sI‘sT) T, as

where
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Fig. 1. Microwave circuit model of a multiport antenna systeonnected to a set of sources through an arbitrary micrewatwork.

with T, and T,, defined in (10) and (12), respectively. The
definition given above is quite general and can be applied
to any arbitrary excitation schema,. Since the diversity
characterization of multiport antennas in receive modeuis o
main concern, the excitation vector of a single non-zeroyent
is of particular interest.

As an example, assume we wish to design a matching
network for maximizing the multiport matching efficiency,
emp- FOr this purpose, the ultimate goal is to simultaneously
achiever’; = I';7 andT; = S,'. Note that, under these
constraints, th&,; andS2. in (6) have to be determined such
that the associated expressions hold.

Il. SIMULATION DESCRIPTION Fig. 2. Four equidistani, /4 monopoles (4MP) above a PEC plane.

The goal in this section is to describe and motivate differen
presumptions in the upcoming simulations upon which we
carry out our study. In the first part, the configurations ob tw
multiport antennas, which are chosen arbitrarily, are cegi
In the second subsection, the characteristics of an idetiBu
network are highlighted. Later, we briefly explain the way we
obtain different desired parameters from the derived fdasu
in Section Il. A review of the approach used to calculate the
received random signals and the associated metrics fisalize
this section.

A. Multiport Antennas under Study

In this study, we arbitrarily choose two different four-por
antennas. Firstly, a case of four parallel equidistant rpofes
(4MP) above a perfect electric conductoPHQ plane is Fig 3. Four equidistanh, /2 dipoles (4HD) above a PEC plane.
investigated. The schematic of this structure is depiatdeig.

2 in which an arbitrary element separatiai,is chosen. The
resonance frequency of these identical elements in isaolati
state is slightly more tham, ~ 1 GHz (\o ~ 0.3m). B. Ideal Butler Network

The second structure under study is four equidistant hori-
zontal parallel dipoles#fHiD) ath = 0.15), height above ®EC ~ To focus solely on the effects of beam-forming upon the
plane. The resonance frequency of these similar dipolekewHdiversity gain performance, we presume an ideal Butler net-
isolated is around that of the preceding counterpart stract work throughout this paper. The Butler network is a lossless
The 4HD radiating elements present higher directivity (e.greciprocal and transparent network (i.e., it is matchedaodh b
around7 — 9 dBi dependent on the element separation and thefds) within the desired bandwidth. Being matched at both
whether the elements are internal or lateral) in comparisefds means that the submatri®es andS.. in S, (Equation
with 4MP. (2)) are both zero matrices. The S-matrix of this network is

All simulations are performed using a method of moment1]
full-wave simulator. Note that, although in these figures th
PEC plane is shown to be finite, it extents to infinity in our S, = { 0 T} (14)
simulations. s
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wherein
exp () -1 exp (—j7) J

1 1 B j j 3
ol L ewUE) i epUF) m

2 |exp () j exp (j§) 1 S

i en(=iE) -1 e () 3

For simplicity, we set the following terminology: In constao -%
the ports at the antenna system, which are called the elemer E !

. —15+ y |
ports, the ports at the input of the cascaded Butler netwark ( , etor @ lateral element ports
its left hand side in Fig. 1) are called theam ports Similar ! =~ ~€tor @ internal element ports

he el t ports, the beam ports are also numbered fron 20 “ "7 etor @ lateral beam ports
to the Qemen ports, p A TR Y etot @ internal -beam ports
left to right. AMP (d = 0.2\0)
Rs 0.9 1 11 12 13
C. Total Embedded Efficiencies frequencyGHz

Furthermore, to focus on _the effects of beam-forming, V‘ﬁg. 4. Total embedded efficiencies versus frequency at elemetg por
also need to abandon the influence of non-matched sougg@ beam ports for four collinear monopoles above a PEC plane

impedances, i.e., we requige = Z.. In order to calculate the
total embedded efficiency, one has to use a single non-zero
entry excitation vector in (13) rendering the correspogdirwherein the ternrich shall soon be clarified. In this paper,
multiport matching efficiency. As a reminder, since the struwe study the square root of received powers’ correlation and
ture is assumed lossless, the multiport matching efficeancrefer to it simply ascorrelation It is known that the latter
equal the total embedded element efficiencies. To obtasethenetric approximately equals the absolute value of complex
efficiencies at the element ports, it is sufficient to repleige correlation between the received voltage signals in a rich
and Sz; in (2) by I, and the associatefl;; and Sx: by 0, Rayleigh multipath environment [14], [15, Chapter 2].
and consequently substitute the resultant into (13). Aftene As an example, Fig. 5 illustrates the correlations versus
simplifications, the desired parameters at the elements pdtiequency for the4MP antenna withd = 0.2).. In this figure,
become the diagonal entries in the correlations at the element ports are denoteg, yhereas
. i those at the beam ports are shown by In addition to
eor = diag (I —Sa Sa) (element ports  (15) discrepancies in the total embedded efficiencies as seerehef

In a similar way, the total embedded efficiencies at the bedhf differences between the corresponding correlatiornseat
ports are achieved. Inserting the corresponding termsigive €lément and beam ports are noticeable.
(14) into (13) and after some algebra, the required effidéenc

at the beam ports become the diagonal entries in E. Effective Diversity Gain
eor = diag (I _ I‘1TF1) (beam port} (16)  In amultiport diversity antenna system used in a multipath
environment, different performance metrics are deriveunfr
where random received signals at its ports. In particular, theatiffe
r=TSs, T’ diversity gain is calculated through the cumulative digttion

Using the above expression, the total embedded efficien furs1ct|on (COF) of the received random power signals [16]

! erefore, throughout this section, we are concerned aheut
of 4MP antenna versus frequency achieved from (15) and (1SI ulation of received random power vectors. For this psepo
are plotted in Fig. 4. These results belong to the casg-of b ) PEep

0.2X.. Note that at this element separation, the neighborirﬁ’ée use a classic approach in which a random multipath
. ) . i’ emulated and then the embedded patterns of antennas
elements present a fair amount of coupling, which is thees®ur

of their deviations from those in an isolated state. AltHotlge are exposed to it. Consequently, the random received power

L . oo signals are calculated, which are accordingly used to yield
efficiencies at the element and beam ports differ signiflgant™. ) ) . . . .
. X R different metrics such as the effective diversity gain bein
the arithmetic mean efficiencies in both cases are the sam

ﬁ'enceforth referred to ativersity gain The method has been
) ) used in [17] and later generalized and further detailed ) [1
D. Spatial Correlation Chapter 4], [5]. Therefore, we avoid detailing it again aefir
Recall that we have restricted ourselves to lossless singllee interested readers to these references. Neverthéiess,
mode radiation structures. This restriction allows us tostmoare a few points that need to be cleared.
conveniently calculate the spatial correlation in a umfor Concerning the angle of arrival (AoA) distribution, since a
multipath environment at the element ports through the tinpmoving multiport antenna can have any arbitrary orientatio
network parameters [12]. To obtain the corresponding can space, the effective distribution of AoA camn average
relations at the beam ports, we use the expressions in [b&, presumably uniform. The same kind of reasoning is ap-
Equations 20 & 31]. One can show that the equations in (1plied equally to the effective polarization of the incoming
and (16) also yield similar results. Note that these cotiia waves. Thus, a uniform multipath environment of balanced
are credible irrich isotropic Rayleigh multipath environmentspolarization (i.e., isotropic multipath) stands as a gener
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(b) Correlations at the beam ports.

Fig. 5. Correlations versus frequency for four monopoles above

PEC plane withd = 0.2),.

Fig. 6. A sample realization in which embedded far field fioret of four
monopoles (4MP) above a PE@ = 0.5\,) with a cascaded Butler
network are exposed t80 random incoming waves with uniform

AoA within 6 € [0, 7/2] and € [0, 27].

representation of the actual multipath scenarios beirained

the choice of uniform AoA will also nullify the impact oiEG
variations caused by a cascaded Butler network. This serves
our purpose best in the frame of the current study.

Furthermore, the number of random incoming waves in each
realization indicates thechnessof the multipath environment.
This metric plays a central role in the remainder of this pape
In Fig. 6, a sample of such a scenario is depicted wherein
80 uncorrelated uniform random waves are incident upon the
embedded patterns @fMP antenna with a cascaded Butler
network. In addition to this, the total number of realizasds
associated with the accuracy of the results. Here, this mamb
exceeds a million rendering a relative error of less thabdB
accordingly to [18, Table 1].

As a final point, note that in parallel with the proposed radi-
ation elements, we also need to expose an arbitrary referenc
antenna to the same set of incident waves at each scenatio, an
use its received average power for normalization purpase. |
this study, we used an ideal isotropic antenna as the referen

IV. DIVERSITY PERFORMANCE INRICH MULTIPATH
ENVIRONMENTS

A rich multipath environment is an environment in which
random received signals present a converged joint prababil
density function. In arich isotropic Rayleigh environment,
the diversity gain is a complex function of the correlation
and the total embedded element efficiencies at differertspor
[18]. Figs. 4 and 5 illustrate the total embedded efficiencie
and correlations versus frequency fékP antenna with a
specific element separation. Apparently,fat 1050 MHz the
4MP structure presents an optimum mean radiation efficiency.
Hence, we choos¢ = 1050 MHz and study both radiation
éfficiencies and correlations versus element separatiofhe
results are shown in Figs. 7 and 8, respectively. Once more,
we observe significant differences between the associated
metrics at the two sets of ports. Despite all these conditkera
discrepancies, since the rows and columngroin (16) are
orthogonal, the eigenvalues of the resultant covariandeima
is identical to those of (15). This requires the associated
diversity gains be similar at the element and beam ports. In
fact, our simulations verify this requirement. Thus, reliess
of the amount of coupling among the radiation elements, in a
rich isotropic environment, the ultimate diversity perf@nces
at the element and beam ports are the same. This is also
known from measurements in [19]. Nevertheless, in non-rich
multipath environment, the results are in general differen
which is the subject of the next section.

V. ADVANTAGES OF ABUTLER NETWORK IN NON-RICH
MULTIPATH ENVIRONMENTS

Up to now we have concluded that in a rich multipath
environment the presence of a Butler network does not prove
beneficial. However, the performance of the aforementioned
network should also be examined in a non-rich scattering
environment, where the number of random incident waves is
finite.

To this end, and for a fair comparison between performances

for all simulations conducted in this paper. More imporgnt at the element and beam ports, we make some presumptions.
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(b) Correlations at the beam ports.

Recall that in a non-rich multipath environment, the joig-d
tributions of random received signals do not converge. €env
gence in joint distribution functions is linked to convenge in
distributions of signals at different ports as well as cageace

in their covariance matrix. To focus on the antenna charac-
terization and alleviate its complexity, we assume that the
distribution of the received signals at different portsasnplex
Gaussian. This assumption holds regardless of the number of
incident waves in each realization. Thus, convergenceén th
joint distribution function will solely depend on converge in

the received signals’ covariance matrix. The latter patame
depends on the shapes of the embedded patterns as well as
the array configuration which are antenna engineers’ concer
Bear in mind that the aforementioned constraint minimizes
the least number of independent incoming waves yielding a
converged joint distribution for the received signals. & relax

this restriction, a larger number of incident waves is neaps
té'cause convergence. This number is thus dependent not only
on the antenna properties, but also on the distribution ef th
incoming waves which is beyond the intended scope.

To perform the simulation, we first choose a certain separa-
tion between the elements and a frequency of operation e.g.,
d = 0.5\, and f = 1050 MHz. The 500 embedded patterns and
the input parameters are achieved by the method of moment
for both structures under study. It is known that proporion
to the dimension of the Butler network, the directivity oeth
embedded patterns increases at the beam ports compared with
those of the element ports [1]. Here, the variable is the rermb
of incident waves in each realization. As an interestingtsta
let us study theCDFs of the simulated received signals by
the 4MP antenna { = 0.2),) for two different numbers of
incident waves, e.gK =5 and K = 30. Fig 9 illustrates the
results. Since the number of incident waves does not affiect t
normalized average received power, under the assumption of
Rayleigh distributed received signals, th®Fs of the signals
at different ports are independent of this number. Furtloeem
due to the symmetry of the structure, the two lateral and
internal ports have simila€DF curves. Nevertheless, tlgDF
curve of the maximum ratio combininyRC) diversity signal
depends on the number of incident waves. While with- 30
number of incident waves, theDFs of the diversity signals at
both element and beam ports are almost the samegfers
the CDF of the diversity signal associated with the beam ports
shows better performance compared to that of the element
ports. Fig. 10, shows th®IRC diversity gain at thel% CDF
level for this particular case af= 0.2), versus the number of
incident waves in each realization. Similar results asgedi
with 4HD antennasd = 0.5),) are shown in Fig. 11.

It is important to stress that the corresponding total embed
ded efficiencies simulated in this study are independertief t
number of independent incident waves. But, the covariance
matrix of the received signals varies with respect to this
variable. Fig. 12 shows convergence in correlations at e@m
and beam ports fo#HD antennas atl = 0.5\, and f = 1050
MHz. An identical observation can be made for correlations

Spatial correlations for four monopoles above a PEC planﬁ,\ 4MP antennas which is neglected here for the sake of

conciseness.
From a diversity performance point of view, in these sim-



IEEE TRANSACTIONS ON ANTENNAS & PROPAGATION, JULY 2012 7

TABLE |
RICHNESS THRESHOLD VERSUS ELEMENT SEPARATION A¥-0.5 dB 10° | : : :
LEVEL FOR4HD ANTENNAS (f = 1050 MHZ). -~ Lateral Element ports
—— Internal Element ports
Richness Threshold (waves) —— Diversity K =5
. - = Diversity K = 30
Element separation  Element ports  Beam ports 10| - - - 1deal Reference |
0.05)¢ 15 13
0.10)0 19 6 o
0.15)¢ 26 7 o
0.20)0 25 10
0.25)0 27 13 102 |
0.30)¢ 32 13
0.40)0 31 7
) ) ) ) ) ) 10° : :
ulations the optimum diversity gain cannot be realized ssile %0 =25 20 SNE?SNP;lOdB -5 0 5
the covariance matrix of the received signals convergeis Th °
occurs when the number of incident waves exceeds a threshold (2) CDF curves at the element ports for 4MP antenna.
As the number of the incident wave increases beyond this 10
threshold, no extra diversity gain can be achieved. In our -~ Lateral'Beam ports
preliminary work, we referred to this novel performancemcet — Internal Beam ports
as therichness thresholgb]. If the distribution of the incoming - g;zgg;g RN
waves is complex Gaussian, rlc_hness threshold becomes ¢ 1| __ _geal Referenge’
unigue measure rendering some information about the dveral EHA. o
performance of a multiport diversity antenna system. As a &
criterion, the less the richness threshold, the better itrergity ©
system performance. w2 A
In order to quantify the enhancement caused by the Butler ,«‘d SRR
network, we study the richness threshold. For this purpetse | Y f; 1'050 M
us choose the threshold as the number of independent iriciden
waves by which the diversity gain exceeds.5 dB level from 10‘330' s 0 15 <10 s 5 s
its asymptotic (or converged) value. Fig. 13 illustrates th SNR/SNR, dB

metric versus element separation #MP antenna af = 1050
MHz. There is no doubt that the Butler network reduces the
richness threshold considerably. Based on this figure, éisé brig. 9. CDFs of the received signals and diversity signals for four
performance belongs to the casesdef 0.4\, — 0.5\, where monopoles above a PEC plank. is the number of incident waves
only four independent incident waves are sufficient for tA"d SNR. is the average received power by the reference antenna.
antenna to realize0% of its optimum performance. For the
sake of comparison, similar results féHD antenna are sum-

(b) CDF curves at the beam ports for 4MP antenna.

marized in Table I. Regardless of the element separatiofinand
the absence of a Butler network, apparently 4k® antenna o
requires more number of independent waves to represent ar ©
effective diversity antenna. =

In general, the significance of richness threshold may be O ! — 4MP @ Element ports
understood more when one recalls that in a typical multipath 2 10{ - T jmg g Eleemr?togjns 1
environment, the frequently reported number of incoming g Y 4HD @ Beam ports
waves at an outdoor receiving antenna is five or six [20],,[21] -5 8 ‘
[22]. A number of20 incoming waves in an indoor scattering 61' |
environment seems also presumably acceptable [23]. But, fo d =02\
numerous available multiport antennas, this number ol 4} f =1050 MHz :
waves is insufficient to realize the best diversity perfonoea o 20 30 10 0 e 70
Therefore, in practice, most of the multiport antennas are Number of Incident Waves
working below their richness threshold and thus cannotzeal
their Optimum performance_ Fig. 10. MRC Effective diversity gain at th&% CDF level versus the

number of incident waves for the two antennas under test &ith0.2)\,.

VI. CONCLUSION

This paper provides a general - yet compact - expression &fficiencies. These efficiencies are used for normalizatibn
calculation of multiport matching efficiencies in the pmese the embedded pattern in the presence of an arbitrary cascade
of a microwave network. In a lossless structure, the muitipanetwork. The main purpose of this paper is to investigate the
matching efficiencies equal the corresponding total emb@ddmpacts of a cascaded Butler network in a diversity antenna
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Fig. 11. MRC Effective diversity gain at th&% CDF level versus the
number of incident waves for the 4HD antenna under test With 0.5\,.
The labels and the legends of the internal figure are the sartteoae in the
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signifies correlations at the element ports, where#isose of the beam ports.
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Fig. 13. Richness threshold for 4AMP antenna-at5 dB level versus element
separation at the element port and beam pofts-(1050 MHz).

system. Limiting ourselves to lossless structures in aoumif
multipath environment, for four monopoles aboveECplane,

we present a study of correlation and total embedded element
efficiencies both in the presence and absence of a cascaded
Butler network. The results show considerable differences
between the aforementioned metrics. Nevertheless, inha ric
isotropic multipath, regardless of the frequency of operat
and the amount of coupling between different elements, we
have an identical diversity performance at both element and
beam ports. In contrast, in a non-rich multipath environinen
which represents actual scenarios better, the two proposed
multiport antennas show a reduced performance. The dete-
riorated performance in the non-rich multipath is linkedhwi

the convergence in covariance matrix of the received signal
at different ports. We show by numerical simulation thatemd
this circumstance the cascaded Butler network to the aatenn
system proves beneficial. To quantify the advantage of the
cascaded Butler network, we study the richness threshold at
the element and beam ports, which is a novel performance
metric. In general, the lower the richness threshold, thtebe
the antenna’s overall diversity performance. In this rdgar
the cascaded Butler network decreases the richness thdesho
and is thus quite advantageous in most practical envirotsnen
wherein the typical number of incident waves is less than
twenty. We emphasize that the results presented in thig pgpe
under presumption of received signals of Rayleigh distidny
regardless of the number of incident waves. A further stgdy i
required to reveal the impact of a cascaded Butler network
upon convergence in distribution of the random received
signals.
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