IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 7, JULY 2000 1017

Diversity Performance of Dual-Antenna Handsets
Near Operator Tissue

Bruce M. Green and Michael A. Jenséiember, IEEE

Abstract—This paper presents a computational and experi- gain patterns from finite-difference time-domain (FDTD) [12]
mental study of the diversity performance of two dual-antenna simulations of handsets placed near realistic models of human
handsets operating indoor in the 902—928 MHz industrial, scien- tissue [13], [14]. Experimental measurements are obtained from

tific, and medical (ISM) band. Of particular interest is the effect ¢ h | . t ted t ot handset
of the operator tissue on the diversity operation. Key indicators & "WO-Channel receiver system connected 1o prototype handse

of diversity gain such as branch mean effective gain (MEG) and Models. It is shown that the computational and experimental
envelope correlation coefficient are obtained from finite-differ- results compare relatively well for MEG observations, while

ence time-domain (FDTD) method simulations as well as from they demonstrate discrepancies for observations of correlation
experimental measurements in three different indoor environ- ., afficients. The study also reveals that while the tissue reduces

ments. Diversity gain for the handsets is also measured directly. . . . .
Reasonable agreement is observed between the experimental anc}he MEG of each branch by 3-5 dB, it exercises little influence

simulated results, with both approaches indicating that while the 0N the correlation coefficient and on the measured dual-antenna
tissue lowers the MEG of individual branches by 3-5 dB, it has diversity gain.
little influence on the handset overall diversity performance.

Index Terms—Diversity methods, multipath interference.
[I. HANDSET ANTENNA DESIGN

|. INTRODUCTION Assessing the diversity performance of realistic dual-antenna

handsets operating near human tissue requires the design,
brication, and testing of different practical antenna/handset
loss during a communications transaction. This is particula eqmetngs. Fig. 1 shpws th? two cgnﬁgura‘uons considered
: ring this study. The first design consists of two quarter-wave-

true for links involving mobile terminals such as handsets 'Igngth monopole antennas, with one mounted on the handset
environments characterized by severe multipath fading effecftg '

X . . . o . p and another lying on a hinged mouthpiece at the bottom
This rapid fading signature can significantly reduce signal relly the handset. The second geometry utilizes the same

ability and therefore impacts system power requirements, d?ﬁ%uthpiece-mounted monopole structure, but replaces the

rates, and frequ_ency utlll_zatlon. . . top-mounted antenna with an integrated planar-inverted F an-
Seve_ral techmques exist for reducmg_ the detnmentgl_ eff_e?g na (PIFA) on the handset back. For simplicity of simulation
of multipath fading. One such strategy involves the UtlllzatloQnd consistency in the data collection, the mouthpiece-mounted

of multiple antenna elements, configured either as a “smart” tennas are positioned to be perpendicular to the handset
tenna or as a simple diversity system to reduce the frequer&(l‘,}/assis as shown in Fig. 1

and severity of fades in the received signal envelope. A larg he FDTD simulation approach [8], [12] was used to aid in
volume of experimental and theoretical research has recently gp- . ' .
. . . e design of the prototype handset antennas. In these simu-
peared demonstrating the effectiveness of two-antenna d|ver?| )
ons, the handset chassis was assumed to be perfectly con-

on mobile handsets [1]-[10]. These research findings generally .. . .
. ) cting and the geometry was modeled using cubical cells of

suggest that considerable performance improvements can be ob-_ . ’ S o
imension 6.56 mm per side. Each individual radiating element

tained using even the S|mplest of dlver5|ty.comb|n|ng schem%vs.s designed to provide a return 1985, | below—10 dB over
Despite the volume of literature appearing on the subject ;
. . . . . e entire 902—928 MHz ISM band.
antenna diversity, very little work has considered the influence ) .
: . . The final antenna designs were mounted on handset cases

of the operator tissue on handset antenna diversity performance .

X : omposed of aluminum and copper. The monopole antenna was
[11]. This paper reports the results of one such study in the . L
indoor propagation environment. The results focus on com f& ricated by stripping the outer conductor away from a quarter-

propag ) Rl velength section of semi-rigid 0.141-in (3.58 mm) coaxial

tational predictions and experimental measurements of braré% le and extending the exposed inner conductor through a hole

mean effec_:tlve_gam .(MEG)’ enve!ope correlation CoeﬁICIeri1|I1[the top plate of the handset chassis. The outer conductor was
(pe) and diversity gain for two unique dual-antenna handSﬁ]

configurations operating in the 902—928 MHz industrial, scien. " soldered to this top plate. The mouthpiece-mounted an-

e ) .~ “tennas were printed on a 0.100-in (2.54 mm) thick layer of un-
tific, and medical (ISM) band. MEG anel are computed using clad printed circuit board material,( = 3.2) and were fed with

a connectorized length of the semi-rigid cable inserted from the

N THE wireless communications industry, a major challen
facing system designers involves the minimization of sign

Manuscript received April 15, 1999; revised January 10, 2000. _ hack of the handset chassis. The PIFA consisted of a thin plate
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Brigham Young University, Provo, UT 84602 USA. copper attached to the han ;et by means o the shorting plate
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z whereS, and Sy represent the average power contained in the
8.5 cm # and ¢ components of the incident field (with respect to the
. 197 cm 131 em antenna coordinate system), respectively, along a random route
656mm | pd of the handset. The ter... refers to the average power re-
¥ I ceived by the antenna along this route. In order to com@yte
1.31cm 1.31cm for a given configuration, we express the received power using
the integral
15.1cm 2r pw
Prec = / / [50G0(97 d))P@(ev ¢)
0 0
hinged 5.25cm 7 + S¢G¢(9, ¢)P¢(9, P)]sinbdbdp (2)
pla“\ifj_ where Gy and G, represent the antenna power gain patterns

for the § and</3 polarizations.F, and Py reter to the angular
density of plane waves polarized in thend¢ directions in the
environment. Substituting (2) into (1) yields the result

x/

@ (®)

1 27 v
Fig. 1. Two dual-antenna diversity handset configurations. (a) MonopoFe;e = 1+ X /0 /0
/mouthpiece monopole. (b) PIFA/mouthpiece monopole. . [XG@(Q </))P0(9 ¢) + G¢(9 ¢)P¢(9 ¢)] sin 0 df dep

plate to provide increased rigidity. The feeding was again ac- 3)

compli_shed USi”Q the semi-rigid cpaxial cable. . where X denotes the cross-polarization discrimination ratio
Testing of the final antenna designs was accomplished USIDPR) defined asy = Se/Se.

a calibrated Hewlett-Packard 8720B network analyzer. In eaCheq, these computations}s andG,, are obtained using the

case, the variation of the measured input impedance with figy 1 approach for the antenna/handset/tissue configurations

quency agreed very well with the simulated predictions with &l} jineq above. The angular densities of incident waves are as-
designs easily satisfying the10-dB return-loss specification. sumed to be uniform in azimuth and Gaussian in elevation, as

discussed in [16]. Under these assumptions, the angular densi-

The first step in assessing the diversity performance of dual- )
antenna handsets involves computation of the antenna MEG and P:(6, ¢) = Ae exp _M 0<n/2 (4)
pe. values. The ability to successfully simulate such parameters 2m 20

allows the designer to investigate diversity performance without

costly prototype fabrication and experimental data collectiofhere = ¢ or ¢ andm, ando, denote the mean and stan-

For these simulations, the FDTD algorithm was used to obta#@d deviation of the elevation angle for thepolarization. In

the radiation pattern for each handset-mounted antenna with #ié work, a value ofne = /2 (horizontal plane) will be as-

second radiator terminated in a matched load. In all cases, gned for all computations. Also, based upon the findings in

frequency was chosen to be at the band center (915 MHz) 4Ab [2] that incident multipath signals arrive at elevation angles

the handset was positioned at an angle of 86m vertical to €SS than 49, we will usecy = o, = 40°. This is also consis-

represent realistic operation. tent with other indoor measurements that indicate that multipath
To evaluate the handset performance when held by tpignals tend to arrive concentrated near the horizontal plane in

operator, detailed models of the human head and hand wHi@ types of buildings considered during our measurement cam-

used within the FDTD simulations. In this case, the conductiRign [17]. The coefficientl. is determined from the property

handset body was located one FDTD cell (6.56 mm) from the o o

user head. The hand model was centered along the handset and / / Pe(0, ¢)sinfdf dp = 1. (6)

was implemented to wrap around the back and sides of the 0 0

chassis. Details concerning the implementation of these tissue

models can be found in [13]. B. Correlation Coefficient

A. Mean Effective Gain The correlation coefficienp, for the signal envelopes at
The MEG [15], [16] of a handset antenna radiating neartge two aqtenn_a terminals provides a measure of the h_andset
: ntenna diversity performance [10]. Unfortunately, no simple
human operator depends on the antenna gain pattern as well as . - . .
. : . : o evelopment exists for obtaining this parameter directly
the multipath propagation environment in which it operates.

. ) btased upon the antenna gain characteristics and the average
is defined as

parameters of the multipath field. Therefore, a commonly used
Prec alternative approach which evaluates tkignal correlation

MEG = G = Se + S¢ (1) coefficient p; will be employed in this study. The envelope
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Dipole PC with
__} ADC
/ +23 dB Amphflers
Antenna #1 LN N
Antenna #2 ) ) m
Oscillator

Spectrum Analyzers

Fig. 2. Data acquisition platform consisting of two-branch receiver and remote transmitter.

correlation coefficient can then be approximated using the

relation [10] (#2: 3rd floor)
pe = |psf. (6) '

The details of this approach are provided in [8]. It has been
shown that this relation is relatively accurate for urban envi- ]
ronments where the multipath received signal is Rayleigh dis-

Transmitter

z
’ %ifﬁ“f’TfTﬂ"f’T‘f’T‘f

tributed. Therefore, itis interesting to compare the results of this T I / ,J A

simple approach to values obtained from the experimental mea- P

surements outlined below for the indoor environments assessed Receiver A
in this work.

Fig. 3. Receiver and transmitter locations for sites 1 and 2 in the Clyde
IV. EXPERIMENTAL ASSESSMENT Engineering Building.

The values of MEG ang. obtained using the simulation pro-
cedures are best validated using measured results from scenarios
that: 1) represent typical indoor propagation environments and
2) reflect realistic handset operation. This section describes the

experimental techniques used to emulate these conditions. =
Receiver

A. Measurement Platform

=

The platform used to acquire measurements of different prop-
agation environments and antenna diversity characteristics is
shown schematically in Fig. 2. The transmitter consists of a L Transmitter N
Hewlett-Packard 8657A sweep oscillator at 915 MHz, which ;
is connected to a vertically polarized, balun-fed dipole antenna.
The receiving subsystem consists of two independent branch@s,. Rreceiver and transmitter locations for site 3in the Crabtree Technology
allowing simultaneous measurement of signals received on théding.
two antennas. Each antenna signal is first pre-amplified using
a low-noise amplifier providing 23 dB of gain. The amplifiedfirst building, the four-story Clyde Engineering Building,
signal is then fed into a Hewlett-Packard 8590B spectrum angmnsists of steel-reinforced concrete structural walls and
lyzer operating in zero-span mode at the transmission frequengyder-block/brick partition walls. Two different measurement
The output voltage from the analyzer is sampled using a twéjtes were used in this building, as shown in Fig. 3. For site 1,
channel analog-to-digital converter (ADC) at a sample rate gfe transmitter and receiver were placed about 50 m apart on the
400 Hz per channel. During the measurement campaign, #@lding fourth floor. For site 2, the transmitter was placed on
system was calibrated by putting a known power level into eagie third floor with the receiver (approximately 40 m away) on
channel and properly weighting the ADC output to accuratetyie fourth floor. The second building, the Crabtree Technology
represent the power level. A test performed by sweeping tBgilding, contains steel-reinforced concrete structural walls
input power from—40 to —70 dBm showed the system powemlnd drywall/steel-stud partition walls. Only one measurement
reading to be linear to within 0.25 dB. site (site 3) was used in this building, with the transmitter
and receiver on the same floor and separated by a distance of
approximately 30 m, as depicted in Fig. 4.

The data for this study were collected in two different The measurements at each site were performed by moving
buildings on the Brigham Young University campus. Thehe transmitter over a circular path with a 3-m diameter. This

B. Measurement Campaign
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pattern was chosen because: 1) it localizes the antenna positidtrereP ;- andP, represent the time-average power received
such that the average signal power remains relatively constagtthe antenna under test and the dipole, respectively. It should
and 2) it lends repeatability to the measurements to allow colye noted that in the computed result for MEG, the value is nor-
parison between operation with and without human tissue. imalized by the computed MEG of a dipole antenna to allow
each case, the handset was moved at a rate of approximatelyo@dmparisons between measured and simulated data.

m/s. In measurements involving human operators, data was col-

lected for two different subjects (adult males). It is noteworthlz. Correlation Coefficient

that recent findings indicate significant variability when mea- g propagation environments where the received signal en-
surements are taken across many different subjects [18] ajglope is Rayleigh distributed and when the antennas are char-
therefore, caution should be taken when using the limited setpfierized by equal MEG, the envelope correlation coefficient
measurements presented here. However, these results do siipys estimation of diversity performance. To measure this pa-
trends indicating the effect of the tissue on the antenna divegmeter, the antennas were simultaneously connected to the re-
sity performance that are useful for planning and estimation piiver system. The handset (rotated 8@m vertical) was ei-

poses. ther mounted on the mast or held by the user. For voltage
velopesV; andV; collected at antennas 1 and 2, respectively,
C. Cross-Polarization Discrimination Ratio the envelope correlation coefficient is given as
To fagllltate comparisons between simulations and measure- B E[(Vi = V)(Va — V)]
ments, it was first necessary to measure the XPR at each site. Pe = — — (8)
To accomplish this, channels 1 and 2 of the data acquisition \/E[(V1 —V1)?2lE[(Va = V2)?]

platform were connected to vertically and horizontally polar- -
ized dipoles, respectively. These antennas were mounted 50wherel’; represents a time average of voltage envelgpe
apart and 2 m above the ground on a cardboard cross member
attached to a styrofoam mast. This structure was then affixedtoDiversity Gain
the cart carrying the receiver. The data from each branch from|n many practica| environments, the received Signa| may not
two 50-s measurement sweeps, each containing 20 000 envelgp®Rayleigh distributed and the branch MEG values may be un-
samples, were then averaged, and ratio of these results was takfial. Furthermore, previous studies have shown [3] that mea-
to obtain XPR values oX; = X, = 5 dB at sites 1 and 2 and syred values 0. can be negative, a possibility that is excluded
X3 = 1.5 dB at site 3. in existing theoretical analyses [2]. In such nonideal circum-
The separation between the antennas was used since it $@fces, accurate determination of achievable diversity gain can
difficult to mechanically mount the two dipoles in a colocate@dnly be performed through direct measurements in a variety of
configuration. Additionally, the 50-cm separation resultsnvironments. In this work, measurement of the diversity gain
in very little interference/mutual coupling between the tw@as accomplished using the received signal envelope data col-
antennas. It should be emphasized that this configuration dggsed for the correlation coefficient determination. This data
not allow measurement of each field polarization at a singlgas used to generate 1000-bin histograms of the received SNR,
location. However, since the XPR is defined as the ratio of thghich were in turn normalized and integrated to produce cumu-
averagepower in the vertical field component to that in the@ative density functions (CDFs) describing the SNR. By creating
horizontal, this measurement should provide a good statistigaich statistical representations for signals received by each indi-
sample of the field in the location under investigation, resultingdual antenna as well as after the diversity combining circuitry,

in accurate estimation of the XPR. a direct assessment of the diversity gain can be performed. We
now consider the formation of these histograms for both selec-
D. Mean Effective Gain tion and equal-gain combining schemes.

To measure the MEG for each element, the handset un%eﬁ}t) Selection CombiningTo determine the statistics for se-

test was mounted on the cardboard cross-member and was |0|n diversity comb_lnlr(;gt,)the d?]ta s;equences repri\f,en(;lr;)g the
ented at 60 from vertical. One of the handset antennas wag < 0P€ POWET TECEIVE Dy €ach anténna are combined Dy Se-

connected to the receiver, while the second was terminatej%ﬁtmg the branch with the highest power. The noise palier

a 5042 load. The second receiver branch was connected t(geeguwed in the determination of SNR was obtained by mea-

vertically polarized half-wave dipole antenna positioned 50 c fing the receiver power with the transmitter off. This proce-

from the handset on the cross member. Following completi ire resu'lted N a"f"".“e“?" - _1(.)4 dBm. The SNR sequence

of these measurements, the handset was removed from the oa{sﬁelectlon combining is then given by

and held by an operator, again at an angle 6f G@xt to the right maxX{ P (t,), Pa(tn)]

ear. The operator walked in front of the cart (approximately 150 Ysel(tn) = N C)

cm from the dipole antenna) during the measurement. P

From the acquired data, the MEG is computed using the fovhere P, and P, represent the power received by antennas 1

mula [19] and 2, respectively, ant, represents the discrete time of the
sample.

% 2) Equal Gain Combining:Determining the SNR CDF for
equal gain combining of the signals must be performed by first

MEG:@
d
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TABLE | TABLE I
MEASURED (Meas)AND SIMULATED (Sim) VALUES oF MEG (dB)FOR MEASURED (Meas)AND SIMULATED (Sim) VALUES OF ENVELOPE
INDIVIDUAL HANDSET ANTENNAS WITH AND WITHOUT THE USERPRESENT CORRELATION COEFFICIENT FOR THEHANDSET BRANCHES WITH AND
WITHOUT THE USERPRESENT
Handset # 1 Handset # 2

Site User Mono Mouth PIFA Mouth Site  User Handset # 1 Handset # 2
1 N Meas | -2.32 290 -2.66 -2.01 1 N Meas 0.1262 -0.0361
Sim | -3.20 -3.26 -347 -4.24 Sim 0.0377 0.1329

Y  Meas | -544  -567 -655 -5.83 Y  Meas 0.0758 0.1246

Sim | -7.63 -7.60 -6.71  -7.52 Sim 0.0006 0.0008

2 N Meas | -1.27 -2.35 -2.00 -0.89 2 N Meas 0.2866 0.0138
Sim | -3.20 -3.26 -347 -4.24 Sim 0.0377 0.1329

Y Meas | -7.17  -5.46 -7.06  -7.33 Y Meas 0.0908 0.0521

Sim | -7.63 -7.60 -6.71  -7.52 Sim 0.0006 0.0008

3 N Meas | -0.82 -0.99 -1.81 -1.61 3 N Meas 0.0965 0.1147
Sim | -1.70  -1.81 -2.12  -241 Sim 0.0614 0.1641

Y Meas | -4.80  -4.10 -561 -595 Y Meas 0.2719 0.2979

Sim | -5.92  -560 -5.36 -5.64 Sim 0.0015 0.0043

adding the signaénvelopesand using this resultant signal toB. Correlation Coefficient
form the SNR. Since the noise is assumed to be uncorrelated, the bi h d and 4 val dbr th
noise power from this combining strategy is simply twice that Table Il shows measured and computed values,dor the

of a single branch. Mathematically, the resulting SNR sequen%o different handsets at the three different measurements sites.
is expressed as ' ’ Three different observations can be made concerning this data.

First, both measurements and simulations show that correlation

coefficients for each handset are very low (generally less than

Pi(t, P(t, L . - -

eoltn) = [\/ () + V(1 )} . (10) 0.2). This implies that both handsets will offer reasonable di-
7 2Ny versity performance. Second, while simulation shows that the

operator tissue always reduces measurements indicate that
the presence of the operator may actualbyreasethe envelope
correlation, likely due to narrowing of the antenna beam in the
The following sections provide results obtained from both thgzimuthal plane because of strong coupling with the high-per-
simulation tools and the experimental platform discussed abowgittivity tissues in the head [11]. Finally, while the simulation
In the results shown, Handsets #1 and #2 refer the configuratiefigproach precludes the possibility of negative correlation coef-

V. RESULTS

in Fig. 1(a) and (b), respectively. ficients, Table Il indicates that measured values.afan be less
) . than zero. However, it is notable that only one negative value ap-
A. Mean Effective Gain pears in this table and that its magnitude is relatively small. It

Table | provides a summary of the computed and measuriedonceivable that this negative value would become positive if
MEG values for each of the different handset antennas in thmre data were used in the computation.
three measurement sites. The results show reasonable agree-
ment betwe_en the two sets pf data. The (_jiscre_pancies most "kél.VDiversity Gain
arise from incorrect modeling assumptions in the MEG simu-
lation model. Additionally, the values provided in Table | are Before assessing the diversity gain achievable with the
similar to values reported in the literature for antenna/handdetndset configurations, it is interesting to determine the
configurations of similar construction [11], [19], [20]. envelope statistics for signals received at each site. Fig. 5
A notable observation concerning the data in Table | is th@ots the CDF for sites 1 and 2 for data measured with the
uniformity of MEG values for antennas on a single handsdop-mounted monopole of Fig. 1(a). The solid lines represent
With few exceptions, the results for different antennas ontle best-fitting Rayleigh CDF for each case. These results show
handset remain within 1.5 dB and are generally within 0.5 dB)at the measured data are approximately Rayleigh distributed,
The similarity of these values is important since both antennaigggesting the possibility of accurate estimation of diversity
must provide approximately equal mean SNR levels to tlggin performance using theoretical analysis coupled with
receiver in order to achieve high-diversity gain. Additionallypbserved values of.. Results for site 3 are very similar to
the data shows that the presence of the user’s tissue redubese observed for site 1.
the MEG by between 3—6 dB. Such values are consistent withThe diversity gain for each handset is assessed by comparing
results from previous studies which indicate that between 50%e CDF of the received SNR for the combined signal with that
and 70% of the power radiated by handsets held by a hunfan a single branch. Because of the large volume of data col-
operator is absorbed in the tissue [13]. Finally, it is noteworthgcted, only representative curves for the actual CDF are in-
that the widest variability in MEG occurs at site 2, most likelgluded. However, averaged diversity gains at the 90, 95, and
due to the multipath structure observed there. 99% reliability levels are tabulated for all cases.
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We first consider the diversity performance of Handset #
Fig. 6(a) and (b) depict representative CDFs at site 1 for ea&&,
branch alone as well as for the two combining strategies consid-
ered. The two figures are for the handset without and with the
tissue, respectively. Diversity gain for this data is defined as the
difference in SNR between the single-branch (highest of the two
branch signals is chosen) and combined signals at a given prob:
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6. CDF for signals received at site 1 for the handset in Fig. 1(a). Plots (a)
(b) represent data taken without and with the tissue, respectively.

TABLE Il
AVERAGED DIVERSITY GAIN VALUES (dB) FOR HANDSET #1

ability level. Table Il contains numerical gain values averaged g yger go%sel;;%mngg% gogqu;;; algg%
from three different measurements for each site. The theoretical 5 N 38 50 0l 47 55 o9
results are taken from curves in [2] for zero branch correlation. 1 4:7 5:6 6:6 5:8 6:7 8:1
This data shows that at the 99% level, equal gain combining 2 43 53 59| 54 64 75
achieves a diversity gain between 9-11 dB, while selectioncom- ™2 N 44 56 84| 55 6.7 97
bining offers a gain of 8-10 dB. It is also noteworthy that while 1 44 54 54| 54 65 7.0
the tissue tends to lower the antenna MEG, it has little impact 2 40 52 64 51 62 1.7
on the system diversity gain. Finally, the results indicate that the 3 N 50 64 98| 57 71 108
theoretical gains obtained from ideal branches are very close to 1 46 55 91) 55 64 100
what has been observed in these measurements. Discrepancie 2 43 59 112) 49 66 117

Theory 56 67 100| 55 7.3 109

in these values may arise from the nonequal effective antenna
gains as well as the nonzero envelope correlation coefficients
characterizing the handset antennas.

Fig. 7(a) and (b) depict representative CDFs for Handset t&ble trend in this data is the variation in diversity gain values
at site 1 without and with tissue, respectively. Table IV tabulatedserved between sites 1 and 2. This may be due to imbalances
the diversity gain at several different reliability levels. One ndn the MEG between the two antenna elements caused by dif-
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VI. CONCLUSION
---- PIFA
g - Flip This paper has presented the results of a computational and
}f 40r ]S;leé“‘_’n ey experimental study of the diversity performance of two dual-
< 60t T T Bq-am e f-{/’ antenna handsets operating in the indoor propagation environ-
A - s . .
& P ment. Particular attention was devoted to the effect of the op-
w80 /,,j;',»’ erator tissue on the handset diversity performance. Computa-
5[:-“ 85¢ ,,/—_';7"' _, tional results from the FDTD approach for MEG and envelope
= 0 P 2 correlation coefficient were shown to agree relatively well with
_ -~ - . . . .
£ 95 o S experimentally obtained data. Additionally, direct measurement
€ /_/-j,f—" % of diversity gain was accomplished using a statistical analysis
; PR ’ of the received signal envelopes. These results showed that the
3 g // MEG of the individual branches were similar implying the po-
& 9917 . tential for high-diversity gain. While the introduction of the
995 7 tissue acted to lower the MEG by 3-5 dB, it did not signifi-
cantly change the similarity o among the branches. Also,
0 5 10 15 20 tly ch th larity of MEG theb hes. Al
SNR (dB) it was shown that the tissue exercised little influence on the en-
() velope correlation coefficients and the achievable diversity gain.
— PIFA Of particular significance was the very low values of correlation
P --- Flip coefficient observed. Experimental measurements of the diver-
£ a0 -+~ Selection sity gain showed that theoretical predictions based upon zero
2 ol -~ Eq. Gain branch correlation offer very good estimations of the gain avail-
2 able from dual-antenna configurations.
% 8ot
5 85k -
£
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