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Abstract

Following the procedures developed at the University of Coiorado and
the National Bureau of Standards, U.S.A., the GTEM-1500 developed at
BBC-KLR has been evaluated for its ability to measure the emission
characteristics of electrically short monopoles. Given the fact that
the design of GTEM-1500 is substantially different from the conventional
NBS TEM cells, it was considered useful to do this chafacterization of the
GTEM-1500. The usefulness of this work 1ies in being abie to relate the
emissions from an electrically small device in GTEM-1500 to free space
emissions, by making use of calibration curves deve1opéd in this note.
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I. Introduction

Past work at the National Bureau of Standards (NBS) and the
University of Colorado in the U.S. [1, 2 and 3] has established the
possibility of making accurate emission measurements in TEM cells under
certain specialized conditions. One such situation is when the practical
devica under test can be modelled by an equivalent dipole of the electric
or magnetic type. The consequent restrictions are that the device
dimensions as well as the cross sectional dimensions of the cell be small
comparad to the operating wavelength. A large device in the cell would

" devizte significantly' from the dipole approximation in its emission

charzczeristics, reguiring higher multipole analyses.

The work done in this area at NBS consisted of measuring the emissions
from an electrically short monopole into the cell and comparing the radia-
tion resistances of the monopole in the cell with its value in free space.
The present work follows along the same lines as before, while explicitely
measuring and plotting coupled power in to the BBC developed TEM cell
(GTEM-1500) and comparing it with calculated emissions in the cell and
calculated free space emissions as well. In essence, a set calibration
curves are developed for the BBC's GTEM-1500, which can relate the
emission measurements in the GTEM-1500- to free space emissions for certain
electrically small devices. Since GTEM-1500 differs considerably from
the conventional TEM cell, it was considered useful to undertake these
experimental measurements resulting in calibration curves for the GTEM-1500,
following the procedure developed at NBS, USA.

In Section 11, a brief descriptioh of the GTEM-1500 is presented,
followed by a review of monopole emissions in frée’spéée;zin Section III.
Section IV compares emissions in GTEM-1500 with calculations, resulting in
the required calibration curves. The report is concluded with a summarizing

Section V followed by a 1ist of references.



.11. Brief Description of the TEM Cell (GTEM-1500)

A conventional TEM cell illustrated in figures 1 and 2 consists of
a central rectangular metallic box with a symmetrically placed inner
septum. It also has two tapering sections on either side which terminate
in coaxial connectors at both ends [4]. A modification of this device
consists of a vertically offset septum [5], with a view to increase the
test volume available for device placement, with an associated loss of
"some amount of field uniformity. Both of these two-part devices are
useful in mMeasuring electromagnetic susceptibilities and, emissions under
specialized‘conditions. ’

GTEM-1500 differs considerably from the conventional cell design, as
may be seen in figure 3. It is essentially a one-port device with:

a) coaxial connector at the input

b} a vertically offset inner conductor

c) no central parallel region

d) no output tapering transmission line

e) an absorbing medium at the end of the input taper followed

by lumped element load in specially shaped septum ter-
minating-in a back 'plate’ made up of a wire mesh.

The overall dimensions are indicated in figure 4.

By examining figures 3 and 4 and comparing them with the conventional
designs of figures 1 and 2, the differences become obvious. In the
GTEM-lSOO,'oné has a spherical TEM mode with Er=H;=O where r is the radial
coordinate of a spherical coordinate (r,0,4) system with its origin at the
theoretical apex of the device. The angle 0, of the input taper is seen
to be ~20°. This implies that at least to a first order approximation, the
analyses available for the cell with an offset septum [5], should apply
because of the relatively low valug of 6,

For the problem of monopole emissions at hand, it is essential that
the STEM-1500 should have acceptably good VSWR characteristics
(VSWR<1.2 over the entire frequency band of interest) so that nearly all
of the emitted power is coupled to the transmission Tine. In reality,
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half the emitted power is carried to the measurement port at the input
while the other half is absorbed by the terminator. The VSWR or
equ1va1ent1y the return loss in dB measured at the 1nput port of GTEM-1500
prior to the emission measurements are shown in f1gure 5. The two curves
in figure 5 are for the two cases of an empty cell and with a metallic box
of about (1/3) the cross sectional dimensions and an axial length of about
(1/6)th the overall length. It is observed that even in the presence of the
metallic box, the return loss is better than 17 dB (“VSWR of 1.3) over a
frequeny range of dc to 1 GHz. In comparison, the short monopoie is of
length =22.5 cm which will have no impact on the VSWR/ return loss of the
cell. So, the VSWR of the cell with the monopole is essentially the same
as that of an empty cell which is recorded in figure 5 and is acceptable
for enission measurements of up to about a GHz. Although, the VSWR is
accepiable even at frequencies above 1 GHz, the emission measurements were
performed until 1 GHz to ensure electrically short monopole criterion for
the 2.5 cm long antenna.

in the following section, a brief review of the monopole emissions in
free space is presented before considering the emission measurements in
the GTEM-1500. '
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III. Monopole Radiation in Free Space

The monopole geometry and its dimensions are shown in figure 6. The
equivalent circuit of the generator system feeding the monopole is shown
in figure 7. The monopole is 2.5 cm long and is fed by & generator set at
1 V rms output. The measurement is done over a frequency range of 1 MHz to
1 GHz. At the highest frequency of interest (1 GHz), the monopole is
(2.5/3C) = (1/12)th the wavelength and hence is electrically short over the
entirs range of frequencies. Consequently, we can approximate the antenna
feed current distribution to be triangular. In other words, the antenna
current I (amps) at the feed point goes linearly to zero at the free end
of the antenna. In addition, the short monopole antenna is capacitive

with an antenna capacitance of Ca’ shown in figure 7. C_ is the stray

S
capacitance in the experiment measured independently to be = 1.5 pF.

1t is also observed that the voltage measured in the experiment is at
“Node Bl

antenna) in order to estimate the antenna current Ia from a calculated value

in fjgure 7, where as we need voltage at Node 8 (i.e., across the

of Ca and knowing C- The value of ¢, is determined from the following

expression
h_
y =._L1 - |_602n (1.15x 2a) (1)
a wCa tan (2vh/x}
where
X, = capacitive reactance of the monopole antenna (Q)
w = radian frequency = 2n f (radians/s)
f = frequency (Hz) (2)
h = height of the monopole (m} = 0.025 m
a = radius of the monopole (m) = 0.0004 m
A = operating wavelength (m) '

10
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The radiation resistance Ra of the monopole can be evaluated from {6]
- 2, (h2
R, = 40 x 7° x (A) i (3)

Over the frequency range of interest i.e., 1 MHz to 1 GHz, the value of
antenna capacitance from equation (1) is evaluated to be 0.4 pF. A
measured value of antenna capacitance is 0.5 pF, resulting in the following
two possibilities

1
il
n

Case 1. C

a 0.4 pF ; C 1.5pF 3 € 1.9 pF

S tot

(4)

Case 2. C

a 0.5pF ;5 C

1.5pF ; C 2.0 pF

S tot

It s also possible to compute the Node voltage 81 using hybrid (lumped +
distributed elements) circuit analysis code, Electromagnetic Transient
Progrzm (EMTP) [7] end compare it with measured voltage at node B, . Once
this comparison is established to be acceptable, then EMTP could be used

to compute the antenna voitage V, at node B. Note that all voltage,current and

power quantities are rms values. The total rms current I is then given by,

v, jm(Ca + CS) =V (at node B) x jw(Ca + CS)

-
il

I [if the stray cap. C, = 0] (5)

Once the total current is known from a knowledge of Va’ Ca’ CS and w, the

antenna current is determined from

I =1 x| =>—nr amps (6)
a Ca + CS

. Ca .
I, = Vg JulCy + Co) T, +C, = Vg by (7)

In the above expressions, Va js the antenna voltage and is the same as the

voltage at node B evaluated by EMTP. The calculation of power radiated by’

12
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the monopole in free space has several steps as summarized below.

Step 1)

Step 2)

W
«t
)
w

Let us

Step 1)

Step 2)

Step 3)

estimate antenna capacitance Ca; use of equation (1) gave

0.4 pF while measured value is 0.5 pF

measure stray capacitancg CS; this was found to be 1.5 pF from
measurement

measure the voltage at node B1 since node B is inaccessible and
compare with calculated voltage at node B1 using EMTP code

step 3 should validate the values of Ca and Cs

using EMTP, compute the node voltage at B, which is the same aSAVa
estimate the rms antenna current using

L
= a =V (ija) (8)

|

Pewer radiated Pa by the monopole in free space is then given By

2
. v
X
2 @
= ( mcgval) R, watts ‘ (9)
. ' 3
(in @Bm) = 10 f_oglO(Pa x 107 ) (10)

carry out the above outlined steps for our cases.

C. = 0.4 pF from equation (1)

a
Ca = 0.5 pF from measurement -
Cs = 1.5 pF from measurement

+C, =

Ca + CS = 1.9 pF or 2 pF

' (C, + C.) is varied, taking values of 1 pF, 2 pF and 3 pF; the
measured voltage at node Bl is compared in phase and magnitude
with calculated voltage at node Bl.in figure 8, 9 and 10; it is
observed that a total capacitance of 2 pF yields the best fit,
of the three values considered. The results of figure 9 with Ca=0.5 pF
and CS=1.5 pF led us to obtain good agreement between measured and
calculated powers, as is seen later in this report.

13



1.00E+‘03 r Y LABRAR JuA LN St SAL A 3 T LZANDRL N AL A AL — T YT TTrTY

9.00E+02 |- o : ' e -
8.00E+02 ' - . .
'~ . X
= o . .
27.00&02 - . u — X

T 6.00E+02 -

(e8]
Os5.00E+02 |
o .
— node B2 :
SUL00E*02 0 A aode( | MedeBR
- -
[ < y
£3.00E+02 [ T e G P 1% a
o . - hode D L o = ==
e so2 Sos<L. ‘
2.00E+02 l (::) Z N
N\ s
‘ le
1.00E+02 & = antenna .
0.00E+00 e e
168 T 10° 10°
30, 00 — ,
80.00 |-
. i nedeB2
70.00 - ‘node A nod C__ J "odeBd node B
66.00 | - Seq. &= - v
50.00 - I 1 e I i B A
40.00 b @ sen| | P —E':"
—36.00 |
320'00 | __L_ mo{hopol&
o 10.00 L . . antenna,
._-‘ g.00 = b x )
¥ _y0.00- : mg\““k\a
[¥2] . -2
S -20. 00~ _ R
g .
= -30.00- .
-40.00- 5
-50. 06~
~60.00- . ~
" . n '
-70.0 | " .
-Bo.oc}— —
"90.00,5 " L P 1;9-117 L — PRSI ST U ST | L 1 E,Iy14-
10 10 10° :

frequency [Hz]}

Figure 8. Amplitude and phase of voltage at Node B; -
calculated; © o o measured; (C; + C) = 1 pF

14




1.00€E+03

——— ! ‘ .
.00E+02 - -
.00E+02 |- -

"7 7.00E+02 = B ]

W B

3.00E+02 -

o

- 5.00E+02 - de B2

— nodade,

=] ) ode. B4

- 4.00E+02 - node;A,_LhcdeCﬁ, ‘ " d"y,v )

Sox &a > I esom .

_§U3.OOE*32 — node D L 4 Sem i _E‘l ;CS

2 nat s [l | wa | T

~2.00E+02 ~ ’ @mwmi =

»1.00E+02 = -+ Tonobels

“0.00E+00 B B :

s 10 10° 10
30.00 T T L AL S AL AL
‘QB 80.00 — .
) B node B2
;0 .00 Node. A noc.le_ 'E;fi node 3 : B
.00 ST -
0.00 . Sm& x g
50.00 ) - 25 ¢ (é e ] -
RO"" $3cm —
_u40.00 4000 |gs2 SeZL T T
=30.00 ‘ @mwm Z
gao.oo — —+ m——'mm(;
‘—-‘10- OO e anitenng
0.00 g - R X T ———
W-10.00~
[72)]
o ~20.00~
-30.00-
C~-40.00-
-50.0C~
-80.00—
-70.00—
-80.0C~ 7
- ~80.0 ] -
v\) 106 }07 ’
| - frequency [Hz]
Fiqure 9. hase of rms voltage at node 81.

Magnitude and
calculated; o mx + measured; C =0.5pF, Cs=1.SpF(best fit)

15




1.00E+03
9. 00E+02
8.00E+02

7.80E+02

mV/Hz]

" 6.00E+02

e

T5.00E+02
o
-—Y4.00E+02

o
£3.80E+02
g

2.00t+02
1.00E+Ge

0.00E+0C
90. 00
80.00

" 70.00
60.00
50.00

. 10.60
—30.06
o20.00
= 10.00
~ 0.00

@ _10.00
(Va3

o -20.
"=-30.
. -40.
-50.
-80.
-70.
-80.

-S0.

[ge T som T ot SR e Y o T e Y o Y 06§

mo.nopale,
b ) aniennag,

|
o ’

— nodeB82 24
- no&e: A — hoc!:.C____' ho“..'

~
T 1
N

Cm
- . E Sufl. » 2.5 e o

@ 601 Se Ll
I

i L s "

monopol

anitenns,

Y

- -
NG

6 I07

freouency

(w0

1o ,H..

fHz ]

Figure 10, Amplitude and phase of voltage at Node B, calculated;

B O .o measured; (C, + Cs) = 3 pF
16



‘9 Step 4) using EMTP, the antenna vcltage is computed and shown in figure
11, for the case of Ct = 2 pF

Step 5,6 and 7) the power rédiated by the monopole in free sapce is
evaluated using equations (8), (9) and (10), and shown plotted
in figure 12.

In concluding this section, it is observed that we now have the power
radiated by the monopole antenna in free space, which may Tater be compared
with coupled power into the cell, if the monopole was located at selected
positions in the cell. This forms the subject for the next section.

i ‘\..)

17
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IV. Monopole Radiation in the TEM Cell (GTEM-1500) in Comparison
" with Free Space Radiation

When the monopole is inserted in the TEM cell as indicated by the
photograph in figure 13, it couples power into the cell which is assumed
to flow equally towards the input port and load. This coupled power
measured at the input port is then given by

P .(f) = (1/25 [Ia(f)jz R, (11)

Tha factor of (1/2) accounts for half the coupled power flowing toward the

load and absorbed by it. The antenna current Ia(f) is determined as dis-

cussed in the preceding section. The radiation resistance of the monopole

in tha cell depends on the location of the monopole in the cell and how

well the power is coupled to the TEM mode of propagation. Three locations,

nearly the same as in [2, 3] are considered. These lTocations are indicated .,
in the cross sectional diagram of figure 14. The radiation resistance Ri '

at various positions is given by [2, 3]

2
E
. i[%{ {ﬁm} ]_ cos(oi):} i (12)
4

~
[

Z = characteristic impedance of the TEM modein the cell = 50 @

0
= height of the monopole = 0.025 m
b1 = height of the inner septum from the outer condgctor, on the
side where monopoles are located (see figure 14)
; = index to denote the location of monopol€ called positions

A, B and C
0. = angle between the monopole axis and the local electric field
of the TEM mode, which could vary over the length of the mono-

0 at ‘.l’

1

pole; however, for the case of 2.5 cm monopole, Gi is
all three positions over the length of the monopole.

20
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Figure 13. Monopole antenna (2.5 cm long) inserted into GTEM-1500
at position C. ’
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Figure 14. The three positions of the monopole antenna in GTEM-1500.



{§$7E3;} = position dependent field factor indicating the variation of
! the field relative to the average field '

For the three positions A, B, C indicated in figure 13, the radiation
resistances are computed. The intermediate results are shown in Table 1.
The radiation resistances are plotted in figure 15 in comparison with the
monopole's radiation resistance in free space.

Knowing the current in the monopole I and the radiation resistance
R, at various positions, equation (11) can be used to determine the coupled
powsr. Expressed in dBm, the coupled power is given by

. _ 3
Pei {(in dBm) = 10 Eoglo(Pci x 107)
3 2
= 10 Zoglo[ﬁlla(f)l Ri] (13)
2
This power has been measured experimentally and compared with calculations.
Recalling that, in the determination of Ia’ we had a choice of Ca = 0.4 pF .

(calculated) or C, = 0.5 pF (measured), both values were used. It was
determined that using Ca = 0.5 pF resulted in better agreement with the
measurements. The comparison of ‘calculated and measured coupled power into
GTEM at positions A, B.and C are shown in figures 16, 17 and 18
respectively.

It is observed that the difference between the theory and experiment
is typically between 0.5-2.5 dBm in coupled power at the input. The usefulness
of figures 16, 17 and 18 lie in being able to relate the measured power in
the cell to the free space emission of monopoles (dipoles by equivalence).
In other words, when the device has dimensions small compared to wavelength
and the cross sectional dimensions (typically 3 times the device dimensions)
are also small compared to wavelength, the device radiation (at Tow
frequencies) can be modeled by dipoles of electric and‘magnetic type and
guantified.
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TABLE 1 Radiation resistance of the monopole in GTEM-1500

E X
" {(V/blj} N h by R
i
Position A 0.766 0 0.025 m 1.30 m " 0.003 ¢
Position B 0.437 0 0.025 m 1.30 m 0.001 ¢q
Postiion C 1.064 0 0.025 m 1.30m 0.005 ¢
10 g e
f
P
L -
: 5
3 ]
-1
10 ~ -
E ]
-2 o _
10 = & Radiation - 3
E Resistance (Q) o Position C 3
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L
-3 Positidn B
1077} ]
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1 Frequency (Hz) ;
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105 10/ 108 10 1010

Figure 15. Radiation resistance of the 2.5 cm long monopole in free
space and three positions in GTEM-1500.
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