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ABSTRACT

This paper proposes an algorithm to im-
prove the correlation between giga-hertz
transverse electromagnetic (GTEM) cell and
open area test site (OATS). It is based on
the dipole modeling process of an un-
known source objectina GTEM cell and on
the evaluation of the approximate far field
equations correlated with measured GTEM
powers at output port of the GTEM cell.
In this algorithm, the relative phase differ-
ences between dipole moments play an im-
portant part in modeling the test object as
a set of dipoles and offer stable calcula-
tion of emission values. The radiated emis-
sion test using this algorithm requires fif-
teen orientations of equipment under test,
but the increased orientations as compared
with the previous method have little effect
on the time needed for testing. Radiation
from a notebook computer has been tested
for statistical analysis of the correlation be-
tween GTEM data and OATS data. The
emission test results of the notebook com-
puter show that the mean, the standard de-
viation, and the correlation coefficient are
—0.62, 1.99, and +0.85, respectively. These
figures indicate that this algorithm provides
improved accuracy in the measurement of
electromagnetic emissions over the previ-
ous method.
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I. INTRODUCTION

Anopenareatest site(OATS) iswell suited
for measurement of electromagnetic interfer-
ence (EMI) but constructionof asitewithalow
noi se environment isgetting more difficult and
expensive as electronic and electric industry
progresses. A semi-anechoic chamber (SAC)
offers good performances at high frequencies
becauseit has almost no reflections, and atten-
uates most of the ambient noise. But it does
not have good low frequency performance and
cannot eliminate resonance completely. Both
an OATS and an SAC require much time to
measure radiation from a test object because
of direct measurements by antennas. A giga
hertz transverse electromagnetic (GTEM) cell
isserviceableand valuableasasubstitutefacil -
ity for either an OATSor an SAC. It hasthefol-
lowing advantages. (1) it makes efficient use
of space; (2) itwill not cost afortuneto buy and
maintain; (3) it offers good frequency perfor-
mance and good ambient shielding; and (4) it
is applicableto both radiated emission and ra-
diated susceptibility measurements.

Radiated susceptibility testing using a
GTEM cdl isperformed asinaTEM cell. But
radiated emission testing with a GTEM cell
needs its own specific GTEM agorithm, that
is, a measurement method and formulation
which yield equivaent results to other types
of facilities, either an OATS or an SAC. A
radiated emission test in a GTEM céll isto
simulate OATS emission measurements by
modeling the radiation from the equipment
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under test (EUT) or atest object as that from
an equivalent set of electric and magnetic
dipoles. Recently, the Federa Communica-
tions Commission (FCC) announced that they
will accept for compliance demonstration
purposes, radiated emission measurements
taken using a GTEM cel under the some
conditions. Various studies of correlation are
underway [1]-[6].

Correlation agorithms have been devel-
opedfor TEM cellsand GTEM cellsby several
researchers [1], [6]-[8]. Though all the phases
and amplitudes of the dipole moment compo-
nents are available using a TEM cell, TEM
cells cannot be used for radiated emission test-
ing for a general EUT owing to the limita-
tion of the frequency bandwidth [9], [10]. A
GTEM cell is a one port device as compared
with astandard TEM cell. Therefore one can-
not obtain the perfect information on dipole
moments.

The previous algorithm [2] assumes that
the six components of electric and magnetic
dipole moments are basicaly in phase, but it
hasbeen experienced that all of thesix moment
componentsare not in phaseat anumber of fre-
guency points when dipole moments are com-
puted with GTEM measured powers. For most
EUTSs, it may beimpossiblefor all momentsto
bein phase at all measuring frequencies.

This paper proposes a new agorithm for
more efficient and accurate radiation emis-
sion testing. The proposed agorithm requires
only the relative phase differences, not abso-
lute phase values of dipole moment compo-
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nents, through fifteen EUT orientations. It of-
fers more stable emission evaluationsthan the
previous algorithm [1], [6] and alows one to
save time and test costs. This paper describes
how thefifteen measured powersat the GTEM
output port may be related to OATS emission
measurement results, compares the GTEM re-
sults with the OATS data and shows a strong
correlation between GTEM and OATS data.

1. CORRELATION
ALGORITHM

Since the radiation from an electrically
small source in a waveguide is well docu-
mented [8], [10], [11], only summarized theory
will be described in Appendix A.

RF Absorber

=

1 !
Inner Conductor  EUT  Shielding Wind:

Coaxia Connector

Fig. 1. GTEM call.

Theconfiguration of astandard GTEM cdll
is atetrahedral shape with an inner conductor
asshowninFig. 1. The apex will be chosen as
lying in theforward direction, +z.

Themeasured power at GTEM output port,
normalized by %16<)y(0)2 where epy (0) iselec-
tric field y component of the fundamental
mode at EUT location o when unit power is
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flowing across GTEM cdll, is
jB* =[P — oM™, (1)

where Py and v,y are theamplitude and phase
of y component of electric dipole moment P,
and My and ymx have similar meanings for
magnetic dipole moment M. We know that
the measured GTEM power, |89/, isrelated to
the current source, i.e., the electric and mag-
netic dipolemoments. Differential EUT orien-
tation in the GTEM cell will couple to differ-
entia dipole components and the TEM mode
field ey (0).

Themeasured GTEM power of (1) hasthe
electrical information asto the EUT emissions
inthe GTEM cell. But full information, al the
amplitudesand phasesof e ectric and magnetic
dipole moments, can not be obtained. So we
have to devise theoreticaly the most suitable
terms composed of amplitudes and phases of
the dipole components required for the OATS
emission simulation. The objective of OATS
emissiontestisto measuretheradiated vertical
and horizonta electric field froman EUT ina
far field zone over aground screen and to com-
pare the measured electric field with the spec-
ification limits. For afar field of free space,
the approximate radiated electric fields from
an EUT, as represented by a set of electric and
magnetic dipoles, are asfollows:

Ex—jwA 2

g lkor :
[P ko2 x M],

~—jouo

where, P= PcelVrxay+ Pyelvmay + Pelvra,,
M = Myel¥ma,+MyelVmay+M,e¥ma,, and
ar, ay, ay and a; are unit vectors of each axis.
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Fig. 2. (a) OATS radiated measurement configuration
and (b) application of image theory to (a).

Theregion of our interest is over aground
screen as shown in Fig. 2, where both electric
and magnetic sources and their image sources
are to be included. The three components of
the radiated electric field over a ground plane
can be written as follows:

e R ) )
| Ex| >~ ’(%) Tl[_ P’
nko\ € R T )
Y P, eJ"/fpx
+ ( 471) R |7
+|(0 ( M ell/fmy_}_ Ry M eJ"/fmz)}’ ,
(3-1)
nko e R ) o
|Eyl = ’(E) R | ! Pyl
Z )
+|(0 ( M eli/fmz _ E];L Mxell/fmx):|

e R ) )
+<%) Ro [prewpy
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+k0 - M eJ"/fmZ — E Mxej"/fmx ,
R>

R>
(3-2)
r’ko e kR
| () SR | e
+|(0 (l MXvemx M ell/fmy):|
Ri 1
— jko Ra
+<%) € R I:_JPeJ"/sz
2
l J¥mx i M J Yy
+ko (RzM e R ye
(3-3)

where subscripts 1 and 2 represent the real
source and the image source respectively, ng
and kg are the free space wave impedance
and the propagation constant, respectively, and
zy=2z—h, z=z+h.

The amplitude of vertical electric field,
|Ey|, is|Ez|, and that of the horizontal electric
field, |Epl, is {/|Ex|?+|Ey|. Unfortunately
severa termsin expansionsof (3) are not avail-
able from the GTEM agorithm. But they are
negligible for the case that measurement dis-
tanceismuch greater than the height of receiv-
ing antenna.  The simulated equation over a
ground screen for the correlation algorithmis
asfollows:

= (2 e (2)

2
X
+(PZ 415 (ﬁl)
—2%%Mxmycmxy
+2k0( Mx S — _Pz ySzy):|

g FErvD (4 )2
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X
—Rlz P M, S+ EZwalzsﬂ)

1 \2
+200s[Ko(R1 — R2)] (R R )

 [KS[MyM;Crry, (Y21 — y22)

+MxMzCrz (X2 — X22)]

+ko (R1Z2 — Rpz1) (PcMy Sy — Py M Spy)

+(R1+ Ra) (YPM; S, — XPy Mzsya} }
©)

where, Chap = COS(Yma — ¥imp) and Sp=
SIN(Y pa — ¥mb) Which subscriptsa and b may
be either x, y or z

The absolute phase values of dipole mo-
ments, Vox, Ypys ¥Ypzr Y Yy, ad Ymy
can not be obtained using GTEM cell but
the terms including the relative phase differ-
ences of dipole moment components such as
PcMy S,y and MyM,Cpy, can be obtained by
the presented algorithm. From (4) and (5), the
number of the least and the most suitableterms
isfifteen and thus fifteen independent orienta-
tionsof the EUT in GTEM cell are required to
obtain the equivalent OATS results. The cor-
relation algorithmisto find the fifteen orienta-
tions of the EUT and link the fifteen measured
GTEM powers and the OATS emission via (4)
and (5). The following two sections will de-
scribe these two procedures respectively.

1. Determining the Test Object
Orientations

A coordinate system (X, Y, z) and aprimed
coordinate system (X, ¥/, Z') are referenced to
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GTEM cdll and EUT, respectively. The EUT
positionsin a GTEM cell must be devised to
obtain the electric field of (4) and (5).

Five measurements, with the axis dign-
ment, (xxX', yy', zZ), are needed to determine
thevertical radiated field of (4). Theaxisaign-
ment, (xx', yy', zZ), means that the measure-
ments start with conforming the EUT coordi-
nate axes X', y and Z to GTEM coordinate
axes X, y and z respectively. Then the five
counterclockwise rotations about y axis are
performed with the five angles set at 0°, 45°,
90°, 180°, and 270°, and the powers at the out-
put port of GTEM cell for eachrotated EUT are
measured. Thus, the measured GTEM powers
are related to the rotation angles as shown in
Table 1 (a).

The procedure to get the horizontal elec-
tricfield requirestwo axisalignments(xy’, yz,
zX') and (xZ, yX, zy'). The first axis align-
ment, (xy', yZ, zx'), means placing the y’ axis
of the EUT aong the x axis of the GTEM cdll,
the Z axis dong the y axis, and the X' axis
along the z axis. Similarly, the second axis
alignment, (xZ, yx', zy’), means placing the
axisof the EUT aong the x axis of the GTEM
cell, the X' axis adong the y axis, and the y’
axisalong the zaxis. Then, the samefiverota-
tionsand themeasurementsfor each axisaign-
ment are performed with the total measure-
ment number of ten. The five counterclock-
wise rotation angles about the y axis are 0°,
45°,90°, 180° and 270°. Therelation between
EUT rotations and measured powers for the
horizonta field is shown in Table 1 (b). The
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symbol Q, represents the normalized power
when an EUT has been rotated counterclock-
wise about the y axis through an angle ¢,.

The full fifteen equations are described
in Appendix B. The fifteen GTEM measured
powers @, Q¥ and Q¢ (n=1, 2, ---, 5)
are correlated with the OATS emission of (4)
and (5) in the following section.

2. Relating Measured Quantities to
the Radiated Field

As shown in Figs. 1 and 2, the coordi-
nate system of the OATSis defined differently
from that of GTEM cell, and the relationship
between GTEM quantities and OATS quanti-
tiesaregivenin Appendix C.

The fifteen terms of the radiated electric
field equations, (4) and (5), over the ground
plane are expressed in the form of the mea-
sured GTEM powers.

Thevertica eectricfield equation, (4), can
be expressed with thefive GTEM powers, P,1,
P2, - -, and P,5 composed of Q, Q¥¥, -,
and Q¥*, asfollows:

2.0 noKo 211 y 2
&l —(H) {E;[PUZ(E)

2
X Xy
+Pi (=) —22P
“1(R1) R2 v

X
+2(Rllpv4—ﬁlpv3)}
1 y 2 x \?
_ 2 P, =
+R§[PUZ(R2) " UI(RZ)

X
_2% Pv5 +2 (Rlz Pv4 - EZ Pv3):|
2
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Table 1. EUT rotations for determining () the vertical electric field, and (b) the horizontal electric field.

@

axis alignment xx', yy', zZ)
/
relation of the two coordinate systems § B Cg:” Cl) Sgn ;
(GTEM & EUT) 7 —Spn 0 Con 7

moment component
derivation from rotation

P,elVpy

Pyej‘ﬂpy =Py elVpy

MyelVm

MyelVm

MX’ ejwmx’ C¢n + MZ, ejwmz’ %n

X< = P2 +K3[MZ C?n + M2 S

. +2|V|z Mx’szx’C¢n S¢n]
normalized power
—2ko[ Py My Sy x Cépn
+Py Mz Sy 7 Spn]
*  C¢n=cos¢n and Spn=sin¢gy,
(b)
axis alignment xy, yz, zx) xZ, yX, zy)
relation of the two X Con 0Py y X Con 0SSy zZ
coordinate systems y|= 0 10 (|7 y|l= 0 10 (-|X
(GTEM & EUT) z —S$,0Con | | X z —S$0C¢n | LY
moment pyeilﬂpy Pyeilﬂ v = P, elVp Pyejwpy = P el
component
derivation Myl ¥ M, el ¥mx
from MyelVmx = My elm Coy, — M, elVmz Cop,
rotation +My elvm S, +My eVm Sy,
v =P Qi =P

+KGIMZ C2n + MZ S +KG[MZC2¢n + MZ Sy
normalized power +2My My Crey Copn Spn] +2My Mz Cry 7 Copn Sn]

—Zko[Pz My SzyC¢n _ZkO[Px’ Mz S«zC¢n

+Pz Mx’szx’s¢n] +Px’ M)/ S(’)/SQSn]
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1 2
+2cos[ko(R1 — Rp)] (R R )
X [ Pvzyz + F)v]_X2 — 2xva5
+(Rl+ RZ)(va4 _XPv3)]}a (6'1)

where
b Qf(‘i‘Qﬁ)(
vl 2 s
p,— X +E
V. 2 9
XX _ XX
Pia= 4 4 L >
XX _ X
Pua= L 4 2 s
and po—gy - L TE T+
v5 = 4
VA - Q)
4 .
(6-2)

As expected, the horizontal electric field
equation, (5), can be expressed in the form of
the ten GTEM powers, B, (m=1, ---, 10),
composed of Q¥ and Q¢ (n=1,---,5), as
follows:

(2 3 (2) o (2)
+Pn1( Xl) +pn7( yl)
(e ne)es ()
x (Pn4—Pns)——Pn3+ER;g)]
raalme (%) +me(3)
+Pn1( XZ) +pn7(g2)2
2o +2((%)
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xy' xy'
+
F’nl=7Ql 2Q4 ,
xy' xy'
+
pnz=¥,
Y Y
Pns=7Q4 4Ql ,
Y _ oY
H14=7Q5 4Q3 ,
QXY+QXY+QXY+QXY
F’ns=Q§y— 1 3 - 4 5
V2 + QY - QY - Q)
4
xi+Qxi
— =1 ' ~4
|:%‘IG_ 2 ’
xi+ XZ
H17=3TQS’
=3 =ﬁ
8 4 P
Ao &~
9 4 P
xi+ xi+ xi+ XZ
and Po= xi_ 1 Q3 4Q4 QS
_V2(QF + i — §f>.

(7-2)

The above procedure compl etes the equiv-
alent equations, (6) and (7), in accordancewith
the OATS emissions composed of the fifteen
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GTEM powers. From (6) and (7), we can see
that thisagorithm does not need to find dl the
amplitudes of dipole moment components dif-
ferently from the previous method [1].

It has been assumedinthe previousGTEM
algorithm [1] that the six components of elec-
tric and magnetic dipolemomentsare basically
in phase and the moments squared are given as
in(8-1) and (8-2). Theseareintheform of sub-
tractions between the measured powers at the
output port of aGTEM cell asfollows:

M2 — (P —Py)(Ps — Ps)
X ka(Po—Pi2)
_ (Fs—PFs)(Po—P12)

M2 = ,

Y k5(P2— Pu)

2_ (Po—P)(P—F) i
Mz = K(Po—Ps) &1

P? = Po—kGMZ = Pi1 — kg My,
P2 =P —KGM; = Ps—IGMZ,
P2=R—IGMZ =P —IGMZ, (82

where B (i=1, .-, 12) isthe measured power
at GTEM output port. All six moment compo-
nents of (8-1) and (8-2) should have the same
signs, whether they are plus or minus because
it is assumed that they are in phase. But in
the measurements of a notebook computer,
we have experienced that the phases of the six
moment components in (8) are out of accord
with one another at a number of frequency
points and the denominators of (8-1) were
partially zero at some frequency points. We
could not calculate the emission value from
EUT at these frequency points. The reason for
thislack of stability isthat (8) isin theform of
subtractions between powers when the dipole
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moments, are evaluated. The correlation algo-
rithm proposed here removes these problems
and offers a stable calculation at all frequency
pointsas shownin (6) and (7).

A notebook computer istested by thisa go-
rithm and the results are compared with OATS
datain the following chapter.

I1l. CORRELATION ANALYSIS
AND DISCUSSION

Weknow from Fig. 3 that distributedresis-
tor board and RF absorber within the GTEM
cell minimize reflections and resonances but
cannot remove them completely. The voltage
standingwaveratio (V SWR) of the GTEM cell
used here is less than 1.75 at the critical fre-
guency and better than 1.5 at other frequencies
for radiated emissiontestingasshowninFig. 3
and it issimilar to others commonly used.

TheVSWR isnot considered herefor radi-
ated emission results becauseit is too slight to
have an effect on the measured power.

1. Comparison of GTEM and OATS
Data

A notebook computer is selected as asam-
ple EUT. The radiated emission results for a
notebook computer are compared with OATS
data.

A notebook computer is tested under the
condition of reading data—"“H" strings—from
itsfloppy disk and hard disk and writing them
on the display unit unceasingly by software.
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Fig. 3. VSWR of the GTEM cell used.
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Fig. 4. Radiated emission measuring system using the
GTEM cell.

Figures 5 (a) and (b) are vertical and hor-
izontal radiated emission distributions from a
notebook computer with power line. The num-
ber of total data points are 2002, 1001 points
30~300 MHz and 1001 points at 300~1000
MHz. The power receiver holdsthe maximum
values at each EUT position. These datafrom
GTEM cdl are transmitted to computer sys-
tem via general purpose interface bus (GPIB)
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Fig. 5. Radiated emission results from a notebook com-
puter (486SX GNC425C, Gold Star) as deter-
mined from GTEM cell measurements; (a) verti-
cal electric field strength (dB V/m) and (b) hori-
zontal electric field strength (dB V/m).

cable and computed by a program written in
Quick BASIC and Fortran languages . There-
quired time for the measurement of all these
performancesislessthan one hour. The source
height was 0.8 m and measuring distance was
3 m for both the simulation by GTEM cell
and measurement at an OATS. Two receiving
antennas, a biconical antenna for the band of
30~300 MHz and alog-periodic array antenna
for the band of 300~1000 MHz, were used
at the OATS. The antenna height was varied
from 1 m to 4 m with 20 cm steps and the
turn table is remotely controlled and continu-
ously rotated at about 1.7 rpm. In the calcula
tion, the rotation step is set at intervals of 10
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mum values for each antenna setting. This pro-
cedure is repeated four times, that is, vertical
and horizontal arrangements of both biconical
and log-periodic array antennas. Figure 5 is
the GTEM emission simulated results for the
entire frequencies. Table 2 makes a compari-
son between GTEM data and OATS data for all
the bounding values within about 10 dB of the
maximum emission peak value.

One of the advantages of radiated emission
testing using a GTEM cell is to offer three di-
mensional field views at any frequency point
and this is useful for considering electromag-
netic interference (EMI) countermeasures for
the EUT. An enormous amount of time may
be required to get three dimensional field dis-
tribution information at an OATS. As an ex-
ample, Figure 6 shows the simulated vertical
(649.30 MHz) and horizontal (250.32 MHz)
electric field distributions, when the measuring
distance is 3 m.

2. Statistical Analysis of GTEM to
OATS Correlation

For a statistical correlation analysis be-
tween GTEM and OATS, the mean x and the
standard deviation o as the statistics of the dif-
ferences and the linear correlation coefficient r
(also called Pearson’s ) are calculated for each
tables of the above section [12], [13]. This sta-
tistical analysis is one of the several steps that
must be accomplished to obtain the FCC per-
mission to use GTEM data for formal compli-
ance testing. The linear correlation coefficient
is most widely used and is given by the for-
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Fig. 6. 3-dimensional views of electric field radiation

from the notebook computer; (a) the radiated ver-
tical component (f = 649.30 MHz), and (b)
the radiated horizontal component (f = 250.32
MHz).

mula
e XN —x)(yi—y)
VEi(x — %)%/ Ti(yi — §)2

©)
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Table 2(a). Comparison of vertical electric fields radiated from a notebook computer (486SX GNC425C, Gold Star).

Frequency | GTEM data | OATSdata | Difference(dB) Frequency | GTEM data | OATS data | Difference(dB)
(MHz) (dBuvim) | (dBuV/m) | (GTEM-OATS) (MHz) (dBuVim) | (dBuV/m) | (GTEM-OATS)
34.86 39.84 44.98 -5.14 301.40 36.93 36.62 +0.31
38.64 38.43 41.06 -2.63 308.40 36.24 35.36 +0.88
41.88 34.76 36.90 -2.14 325.20 36.62 35.23 -1.39
45.66 36.97 39.13 -2.16 350.40 40.69 37.65 +3.04
48.90 35.35 38.63 -3.28 364.40 39.24 36.73 +2.51
52.68 29.77 33.64 -3.87 392.40 38.35 35.34 +3.01
55.92 37.25 40.37 -3.12 399.40 40.08 37.23 +2.85
59.43 30.70 34.47 -3.77 499.80 39.27 38.50 +0.77
62.94 36.07 37.24 -1.17 500.20 40.18 38.60 +1.58
66.72 34.85 34.86 -0.01 549.90 38.96 38.05 +0.91
69.96 32.96 31.01 +1.95 555.50 37.18 37.53 -0.35
73.74 33.49 31.63 +1.86 600.30 40.51 39.59 +0.92
77.52 33.69 32.66 +1.03 637.40 39.18 39.24 -0.06
84.00 32.36 35.25 -2.89 649.30 44.02 39.99 +4.03

100.20 33.83 34.29 -0.46 750.80 41.20 41.44 -0.24
112.62 32.05 35.53 -3.48 773.90 40.77 41.64 -0.87
140.70 33.08 35.55 -2.47 799.80 41.37 41.14 +0.23
150.42 32.61 35.72 -3.12 864.20 41.14 42.71 +1.57
168.78 36.52 36.87 -0.35 892.90 41.44 42.31 -0.87
196.86 32.80 37.65 -4.85 907.06 41.04 42.93 -1.89
224.40 38.11 40.05 -1.94 918.80 42.89 42.82 +0.07
242.22 36.26 38.06 -1.80 925.80 42.31 42.59 -0.28
245.46 36.51 37.68 -1.17 937.70 42.00 43.19 -1.19
249.78 43.38 42.13 +1.25 953.80 42.66 43.76 -1.10
27354 39.76 39.11 +0.65 961.50 42.12 43.57 -145
275.70 39.41 38.94 +0.47 979.00 42.24 43.81 -1.57
300.00 38.30 40.15 -1.85 982.50 42.35 4341 -1.06

* |n Table 2, the OATS data were collected by biconial antenna (BBA 9106 in VHA 9103 holder, made by Schwartzbeck Mess-
Electronik) at 30~300 MHz, and by log-periodic array antenna (Model 3146, made by EMCO) at 300 MHz~1 GHz.
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Table 2(b). Comparison of horizontal electric fields radiated from a notebook computer (486SX GNC425C, Gold Star).

Frequency | GTEM data | OATSdata | Difference(dB) Frequency | GTEM data | OATS data | Difference(dB)
(MHz) | (dBuV/m) | (dBuV/m) | (GTEM-OATS) (MHz) | (dBuV/m) | (dBuV/m) | (GTEM-OATS)
34.86 36.75 38.63 -1.88 392.40 36.97 36.69 +0.28
38.64 36.01 35.36 +0.65 399.40 37.32 37.74 -0.42
41.88 33.25 33.50 -0.25 448.40 38.06 38.87 -0.81
45.66 34.89 33.39 +1.50 500.20 39.57 39.80 -0.23
438.90 3343 32.49 +0.94 547.80 38.91 39.61 -0.70
62.94 34.81 30.30 +4.51 601.00 39.08 39.24 -0.16
84.54 34.12 31.24 +2.88 650.70 39.64 40.08 -0.44
91.02 31.89 29.75 +2.14 700.40 42.99 41.55 +1.44
94.80 31.06 29.79 +1.27 728.40 39.25 41.39 -2.14
105.60 29.78 31.65 -1.87 770.40 40.11 41.99 -1.88
245.46 34.25 38.33 -4.08 800.50 40.28 41.55 -1.27
250.32 39.94 43.78 -3.84 841.10 40.72 42.32 -1.60
325.20 34.00 35.83 -1.83 845.30 40.02 42.45 -2.43
350.40 35.09 36.55 -1.46 848.80 40.32 42.73 -241
353.20 34.04 35.30 -1.26 854.40 40.15 42.59 -2.44
363.70 35.40 36.28 -0.88

mula tions for the differences between GTEM data
=i —X) (Vi — V) and OATS data, and Pearson’sr’sfor all cases

(9)

NSNS
where, X isGTEM dataindBuV/mand y; is
OAT Sdataat each frequency point, and x isthe
mean of x'sand yisthemean of y;s. Thevalue
of r liesbetween —1and 41, inclusive. It takes
onavaueof 1, termed “compl ete positive cor-
relation.” The means and the standard devia-

are presented at the Table 3.

The power line contribution of EUT in
the GTEM cell differs much from that at the
OATS. That is not considered in this study.
Nonetheless, the mean and standard devia
tion average of al differences (GTEM-OATS)
written at table 2 are -0.62 dB and 1.99 dB re-



58  Ae-kyoung Lee

ETRI Journal, volume 17, number 3, October 1995

Table 3. GTEM to OATS Correlation.

mean(u) | standard deviation (o) | Pearson’sr
(dB) (dB)
Vertical 30~300 MHz -1.65 1.98 +0.81
Component | 300~1000 MHz | +0.37 1.63 +0.89
Horizontal | 30~300 MHz +1.64 2.64 +0.82
Component | 300~1000 MHz 1.09 1.03 +0.90

spectively. And the correlation coefficient is
+0.85. If Pearson’sr is+0.7 or higher, thisin-
dicatesthat thereisavery strong correl ativere-
|ationship between the two sets of data[5].

Tables 4 (a) and (b) are results extracted
from [3] and [5], respectively.

Table 4. (a) Correlation coefficients for phones (ROLM
Company) [3], (b) comparison of GTEM to
OATS(EMCO) [5].

@

model 1 | modd 2
GTEM 1-OATS | +0.70 +0.62
GTEM 2-OATS | +0.74 +0.67

(b)

mean +1.70
standard deviation 3.19
correl ation coefficient +0.43

Although it is unreasonable to compare the

statistical results directly with others because
EUTSs, the numbers of data and the frequency
bands are mutually different from each other.
Table 3 shows a trend that the present results
are better when compared with others.

IV. CONCLUSION

This paper proposes a new agorithm for
improved correlation of radiated emission be-
tween OATS and GTEM cell and shows that
thisal gorithm offers enough accuracy to over-
come not only the limits of space, time, cost
and ambient noise of OATS but al so the short-
comings of the previous GTEM method.

Itisnormally considered impossibletofind
thefull dipoleinformation of an EUT because
a GTEM cdll is a single port device. Thus
this algorithm approximately evaluates the far
field equations composed of phases as well as
amplitudes of dipole momentswhich are elec-
trical quantities of the EUT. It has been sup-
posed that the measurement distance is much
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greater than the height of receiving antenna.
The optimum EUT orientationsin GTEM cell
then have been tracked to determine unknown
terms composed of amplitudes and phases of
the dipole moments in equations. The total
number of orientationsis fifteen and the same
number of powers at output port of the GTEM
cell for the EUT orientations could be corre-
lated with the unknown terms of the approx-
imate far field equations, that is, the OATS
emission equations.

For an experimental study, the measure-
ments of radiated emission from a notebook
computer over the OATS were performed at 3
m distance and the measured OATS datawere
compared with GTEM calculated ones for the
same measuring distance. As aresult, for al
datawithin about 10 dB of the maximum emis-
sion peak value, aset of datafor the OATSand
the GTEM cell showed significantly high cor-
relation coefficient of +0.85. The correlation
coefficient, or Pearson’sr, isone of the statis-
tical evaluation parameters of the FCC. For a
complex or large system and a specia test ob-
ject such as a microwave oven, this algorithm
istobefurther refined becauseitisnot trivial to
tilt in a steep slope. This aspect needs further
study.

APPENDIX A: MULTI-POLE
MODELING OF MEASURED
POWER AT GTEM PORT

Electrically small radiator may be charac-
terized by three equivalent orthogona elec-
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tric dipole moments and three equivaent or-
thogonal magnetic dipole moments. When an
unknown source object is placed at the cen-
ter in a waveguide (GTEM cell) whose cross
section is similar to an asymmetric TEM cell
as shown in Fig. 1, its radiated energy cou-
ples into the fundamental transmission mode
and propagates toward the output port of the
GTEM cell. The eectric and magnetic fields
excited in the waveguide may be expressed
as

an

E® — Z E,®, (Al1-1)
n bn
an

H®=%" Hn ™, (A1-2)
n bn

where, E,® and H,® are respectively the
vector orthogonal electric and magnetic basis
functions describing the field structure for the
n" mode in the waveguide, and a, and by, are
the expansion coefficients. But the only fields
inforward direction (+2), E," and H," are
available, sincea GTEM cell isaone port de-
vice, so the field radiated in the positive z di-
rectionis

E(+)=ZaﬂEﬂ(+)s (A2-1)
n

H® = "aHa ™. (A2-2)

n

Let the field structure functions for the nth
mode propagated in the positive z direction be
represented as follows:

En™ = (en+&m)e 7, (A3-1)
Hn(+)= (hn‘f‘hzn)e_jknz (A3'2)
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where k, is the propagation constant of the n"
mode, and e, and h,, arethetransverse vector func-
tions of the rectangular coordinates. It will be as-
sumed that the transverse vector functionsare nor-
malized and orthogonal, so that

/ [6m X hn] - ZdS= 8rm, (A4)
S

where the integration is over the guide cross
section Sand 8y, IS the Kronecker delta func-
tion.

The expansion coefficient a,, is obtained,
with an application of the Lorentz reciprocity
principle [11],

an=—%/3<r’>~Eé‘)<r’>dv” (A5)

whereJ(r") isthe current density. If the modes
of interest are nearly uniform over the source
volume and the current sourceisplaced at z=
0, a, can be obtained as follows:

anz—% {E;(o)~/J(r’)dv’

+/[r’-VE;(o)]-J(r’)dv’}. (AB)
Since the current sourceis electrically small,

a0=—3 {ES©)-P — jkuoH{ (@) M

+3VED ©:9), (A7

where P istheelectric dipolemoment, M isthe
magnetic dipole moment, (5 isthedyadicelec-
tric quadrupolemoment and thedoubledot, “:”
means the double inner product between the
two dyadic components, VES™ (0), and Q. Q
can be neglected for a perfectly uniform field
over the eectrically small source[12].
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In genera, the six components of the
dipole moments, i.e., Py, Py, P,, My, My, and
M, would be independent of phase, so let
them be represented as follows:

P=PeVra,+ Pela,

+PelVrg, (A8-1)
M = Mye/V™a,+ MyelV™a,
+M,elVma,. (A8-2)

If the TEM modeis primarily dominant in
aGTEM cell, thewaveimpedanceisng and the
X component of the transverse vector function
for the TEM mode, egy(0) iszero at the center
of aGTEM cell, so that,

1 . . .
B=-3 (Pyel"» — jkoMyel¥™)egy(0).  (A9)

where subscript, 0 of ag and epy signifiesTEM
mode. Because the eyy(0) is a vertical elec-
tric field strength at origin, o for 1 watt input
power, from (A3),

va
h

wherehisaheight from thefloor to the septum
at the location of current source in the GTEM
cell and Zg is the characteristic impedance of
the GTEM cell, 5052 [6].

The measured power at GTEM output port
normalized by eoy(0)? is

eoy(0) = (A10)

&2 =|[Pe’™ — koM™ (1)

APPENDIX B: POWERS VIA EUT
ROTATIONS

From three axis alignments and five rota-
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Tablel. Relation of GTEM to OATS quantities (a) for vertical field and (b) for horizontal field.

kEMy M, COS(Wimy — Yz

@
OATS quantities GTEM quantities measured GTEM powers
P2 +IgM? P IGM2 A
z y X vl —
X X
P24+ IEMZ P2 +1GM2 po= X T
z X v

xxX _ X

kOPzMVSin(wpz_wmy) kOPy Mx’ Sin(wpy _wmx’) R)3:%

xX X

KoP, My SIN(Yrpz —¥mx) | KoPy Mz Sin(Yrpy — Yoz ) Pv4=5#3
b _on . QAR+

5 — N2 T
2M, M, cos — 2My My COS(Yimye —
ko x Vly (wmx 1pmy) ko X’ 7 (wmx 1pmz‘) ~ N/E(Qf( + ng _ Z% _ Qé%)
4
(b)
OATS quantities GTEM quantities measured GTEM powers

Xy’ Xy’

P2 +IEM? P2 +kEMS Fu = %

Xy’ Xy

P2 +HEM P2 +iMS Ro= 275

. . QY -

Ko P«M, sin(vpy — ¥ KoPy My SiN(¥rpz — Yy ) Ph3=f

. . QY -y

koPXMysn(wpx_wmy) kon Mx’ Sm(wpi _wmx’) PhA: - A

k(Z)MV Mx’ COS(¢my - 1pmx’)

4
a gy L +QY+QY
5 — N2 T

4
VA +QY QY -QY)

4
XZ XZ
P2 +kM2 P2 KoM Po= 2+
XZ XZ
P2 +ICM2 P2 +IEM2 =2 tO5 ;Qs
sz’ _sz’
koPyMySIN(Wpy — o) | koPe My SIN(Wpe — i) g =~ ——~1-
Q- Q¥
koPyM; SIN(Yrpy — Vi) | KoPe My SN(Y e — Vi) Pro = ==~
2 _ 2 _ 4
K3 My M COS(/my — Vi) | KMy Mz COS(Yrmy — Yir ) VAQE QY S or— o)

4
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tion angles for each axis alignment in Table
1, we obtain the following fifteen normalized
powers at GTEM port. From Table 1 (a) and
(b), (B1) and (B2) are obtained respectively.
The subscripts 1, 2, -- -, and 5 mean the posi-
tionsof EUT for fiverotationsand superscripts
xx', Xy’ and xZ' are axis alignments as stated
above.

Qf( = P)% —}—kéM)% —2ko Py My Sin(vfpy’ —Vmx ),
1

1
Q' = PG +1¢ (M2 + M2

+ My My COS(Yrme = Ve ))

—v/2ko (Py My SIN(Yrpy — Yy

+Py Mz sin(rpy —¥imz ),
5 = P+ Kk MZ — 2ko Py Mz SIN(Yrpy — Yz ).
i = PZ 4+ Kk MZ + 2k Py My SIN(Yrpy — e ).

and Q¥ = P2 + kM2 +2ko Py My SIN(Ypy — Yimz )

(B1)
QY = P2 +K3M2 — 2ko Py My SN(Ypz — Yy ),
1 1

+My My COS(imy — Ve

—/2ko (P, My SIN(Ypz — Yy )

+Pz My sin(Yrpz —Yrmy ),
QY = P2 +KEM2 — 2ko P; My SIN(Yrpz — Yy ),
QY = P2+ kM2 +2ko Py My SIN(rpz — Yy ),
QY = P2+ kM2 +2ko Py My SN(Yrpz — Yy ),

ii = P)% —}—kéM; —2ko Py My Sin(l/fpx’ —Ymz ),

1 1
=R (M + M2

+My My' COS(Yrmz — 1/fmy))
—v/2ko (P Mz SIN(Ypxe — Yz )
+Py My Sin(¥px — Yimy ),
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;Z, = P)% —}—kéMS/ —ZkOP)(’ My’ Sin(l/fpx’ _WW)’

ZZ’ = P)% —}—kéM; + 2kg Py My Sin(l,/fpx’ —Ymz ),

and Q¥ = P2 +k5M3 +2ko Pe My SIN(W e — Yy ).
(B2)

APPENDIX C: RELATION OF
GTEM TO OATS QUANTITIES

From comparison of Figs. 1 and 2, we
know that the axes x, y and z of OATS coordi-
nate system correspond to the axes z, x and y
of GTEM coordinate system respectively. As
shown in Table I, the OATS dipole moment
quantitiesin (4) and (5) for emission have re-
lation with GTEM quantities which are also
composed of measured GTEM powers.
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