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MEASUREMENT AND EVALUATION OF A TEM/REVERBERATING CHAMBER

Myron L. Crawford
Mark T. Ma
John M. Ladbury .
Bill F. Riddle

Electromagnetic Fields Division
National Institute of Standards and Technology
Boulder, CO 80303

This report summarizes the measurement and evaluation of a
1/10 scaled model TEM/reverberating chamber developed as a
single, integrated‘faéility for testing radiated electro-
magnetic compatibility / vulnerability (EMC/V) of. large
systems over the frequency range, 10 kHz to 40 GHz. The
facility-consists of a large shielded enclosure configured
as a transverse electromagnetic (TEM), transmission line-
driven, reverberating chamber. TEM mode test fields are
generated at frequencies below multimode cutoff, and mode-
stirred test fields are generated at frequencies above
multimode cutoff. Both the chamber's cw .ard pulsed rf
characteristics are measured and analyzed. The report also
discusses the basis for such a development including the
theoretical concepts, the advantages and limitations, the
experimental approach for evaluating the operational param-
- eters, and the procedures for using the chamber to perform
EMC/V measurements. A full-scale chamber that will proride
a test volume of 8 m x'16 m x 30 m is proposed. Some ' pro-
jections of the full-scale chamber's estimated characteris—
tics and operational parameters are also given.

Key words: cw and pulsed rf testing; radiated EM  com-
patability and vulnerability measurements; reverberating
chamber; TEM cell

1. Introduction and Background

The ability to simulate an operating environment for accurately
measuring the performance of electronic equipment is fundamental to ensuring
the electromagnetic compatibility (EMC) of the equipment. In recent years,
the Fields and Interference Metrology Group of the National Institute of
Standards and Technology (NIST) in Boulder, CO, has been developing improved
methods and facilities for EMC testing. Two such facilities are the
transverse electromagnetic (TEM) cell and the reverberating (mode-stirred)
chamber. Each has its advantages and limitations.

The TEM cell [1,2] is an expanded 50 Q rectangular coaxial transmission
line, with tapered sections at both ends, that operates ideally with only
the TEM mode to generate the equivalent of a planar field. The cell’s use
is limited to frequencies below a few hundred megahertz, depending upon the
size of the equipment under test (EUT) and hence the size of the cell. This



‘M‘ limitation is due to the requirement that only the fundamental TEM mode
‘f: exist in the cell at frequencies for which tests are to be made.

e The reverberating chamber [3,4,5,6] is a shielded room with one or more
L ‘+ rotating stirrers to mix the fields transmitted from an antenna placed
' ‘ﬂ inside the chamber. The generated test field is determined statistically
\ ‘ﬂ (maximum and average values) from the multimoded, complex fields. This
il technique .has significant advantages for testing large EUTs efficiently and
| Mkﬂj cost effectively: ~However; the method-is restricted to frequencies above a
H« few hundred megahertz, again depending upon the size of the test chamber.
i This limitation is a consequence of requiring the chamber to be electrically

K “:‘ large enough that modes exist inside the chamber for adequate mode mixing
and spatial averaging to ensure that relatively uniform fields will be

w il generated for testing.

)

|

|

!

|

|

Combining these two measurement techniques into a single facility will

g allow EMC testing over the combined frequency range of the TEM cell and the
“ﬂ mode-stirred chamber. This would result in significant cost and time
o . savings with a possible improvement in measurement accuracy in performing
‘ essential EMC tests. A combined TEM/reverberating chamber will have three

ﬂ  distinct regions of operation: (a) TEM, (b) transition, and (c)
M reverberating. The TEM region will cover the low frequency range near dc to
Wi the first multimode cutoff frequency. The transition region covers the

”%\ range above the first multimode frequency, up through the frequencies for
| which the first few higher modes are excited in the chamber, but
”‘ insufficient in number to provide adequate spatial averaging. The test
H field will be a combination of the TEM mode and a limited number of higher
1 order modes that vyield a complex field that is’ rather difficult to define

both in polarization and amplitude. Techniques such as absorber loading to
oo ~suppress the quality factors of the higher order modes, and/or field
; ‘ averaging over the volume using a matrix of isotropic E-field probes must be
' | used to define the test field parameters. The reverberating region of
“ operation will cover the higher frequency range for which sufficient modes

exist to ensure adequate mode mixing and spatial averaging. This test field
‘ simulates a complex, real-world field environment.

“‘ This report summarizes the measurement and evaluation results of a
K particular chamber designed to determine how well a combined ("hybrid")
Hi TEM/reverberating chamber could be used to operate as a radiated EMC/V test
_‘ facility. The chamber has the dimension of 1.31 m x 2.41 m x 3.87 m, which
“i represents a 1/10 scaled model of the future full-size facility (13.1 m x
V: 24.1 m x 38.7 m). Both the cw and pulsed rf characteristics of this chamber
} ' were evaluated. Anticipated advantages and limitations of this combined

i chamber are outlined in Section 2. A description of the chamber itself is
given in section 3. Section 4 describes the system used for performing the

w1 continuous wave (cw) evaluation/calibration of the chamber and presents the
WH results obtained.. Section 5 describes the pulsed rf, time-domain evaluation
H}t systems and the associated measurement results. Section 6 provides some
ﬁ‘! projections, based on the results contained in Sections 4 and 5 for the
| scaled chamber, of the characteristics for the large, full-scale

‘ TEM/reverberating chamber. Section 7 outlines the measurement procedures
for performing EM susceptibility and shielding effectiveness tests with this
{ chamber by both manual and automated operations. This section also gives
‘ sample results obtained using control standard EUTs for comparison with data




obtained in an anechoic chamber and other reverberating chambers to show
correlation  factors. Finally, Section 8 gives a summary and some
conclusions derived from this study and from previous work in developing the
TEM cell and reverberating chamber measurement techniques.

2. Anticipated Advantages and Limitations:

Motivation for developing a TEM/reverberating chamber arises from its
potential for realizing a number of significant advantages. These include:

a. Electrical isolation from the environment;
b. Accessibility (indoor test facility);

c. The ability to generate high test fields over a large volume
efficiently. For example, 1 W of rf power applied to the
transmitting antenna inside this 1/10 scaled chamber, operating in
the reverberating mode at 10 GHz, generates approximately 100 V/m
maximum test E-field;

d. Broad frequency covérage (10 kHz = 40 GHz);

e. Cost effectiveness. The cost of a TEM/reverberating chamber is
estimated to be 1less than half that of an equivalent anechoic
chamber, primarily due to the cost of rf absorbers and fire-
protection system costs associated with an anechoic chamber. Also,
rf source power requirements are significantly less for a
TEM/reverberating chamber than for an anechoic chamber as indicated
in section 4. Test time for using the hybrid chamber is anticipated
to be approximately 1/5 of that required when using an anechoic
chamber to characterize the maximum response of an EUT;

f. Reciprocity (the TEM/reverberating chamber can be used for both
immunity and EMI/TEMPEST emission testing); '

g. No rotation of the EUT. This results from the three separate
orthogonal plates designed for TEM mode operation and the inherent
test field characteristics of the chamber operating in the
reverberating mode;

h. Physical secﬁrity, since the chamber is an enclosed facility; and
i. The potential broad application for cw and pulsed rf testing.

There are also disadvantages or limitations when wusing such a hybrid
chamber. Some of these are: h

a. Loss of directional or polarization characteristics of the EUT
placed inside the chamber when operating in the reverberating mode;

b. Limitations of the test field to planar fields at lower frequencies
(TEM mode of operation), and to complex multimode fields at higher
frequencies (reverberating mode of operation);



c. Measurement of only the total power radiated from the EUT in the
reverberating mode of operation as opposed to determining both the
total power radiated and the directional characteristics of the
emissions for TEM mode of operation;

d. Less response of an EUT measured in the reverberating mode than when
measured inside an anechoic chamber (free-space), if the EUT is
exposed to the same level of test field in each chamber. This
reduction in response- is proportional  to the EUT's.free-space
directivity [5]. Hence, the susceptibility criteria determined for
an EUT measured in a TEM/reverberating chamber operating in the
reverberating mode must include an additional factor proportional to
the EUT's estimated free-space maximum gain, if the results are to
be correlated to the worst case free-space conditions; and

e. Relatively large measurement uncertainty (as gredgt as * 10 dB) for
establishing the test field in the frequency range of the transition
region between TEM mode of operation and reverberating mode of
operation of the chamber.

3. Chamber Design and Theoretical Considerations
3.1 General Considerations

Factors which influence the chamber’s electrical and operational
characteristics include: (a) the size and materials used in the chamber’s

construction, (b) the characteristic impedance of the transmission lines
used for TEM mode operation of the chamber, and (c) EUT’s mechanical and

electrical operational requirements.

The size, shape, and materials used in the chamber determine the test
volume, quality factor, and the shielding effectiveness characteristics of
the chamber. The size and shape also influence the.frequency distribution,
number of modes, and density of the modes that are excited inside the
chamber. At low frequencies, only the fundamental or TEM mode can exist in
the chamber. As the frequency increases, higher order modes may begin to
propagate. The resonant frequencies of these modes can be determined by

Epp = 150 (/)7 + (a/m)? + (p/)? M

where £, n, and p are integers, and f£np is in megahertz when the

rectangular chamber’s internal dimensions a, b, and d are expressed in
meters. By carefully selecting the chamber dimensions, we can minimize
redundant modes (modes occurring at the same frequency), resulting in a
better mode distribution.

The quality factor of the resonant modes in the chamber determines the
input power requirements for establishing test fields when the chamber is
operated in the reverberating mode. The theoretical composite quality
factor of a reverberating chamber is approximately [7, 8],



-

3 v
U= 5 5
S

; (2)

® 1

Py 14 22
r 1+ i€

Qs
p g

+

T =

(

+

where V is the chamber’s volume in m®, S is the internal surface area in m?,
65 = J2/(wpc) 1is the skin depth of the chamber wall in m, o is the wall

conductivity in S/m, p = Bk is the wall permeability in H/m, p6= 4w(10)-7

H/m is the free-space permeability, By is the relative permeability, and X

is the wavelength in m. This composite Q is determined by averaging the Q
values of  all possible modes within a small frequency interval around the

frequency of interest [7]. The composite Q estimated from (2) is considered
an upper bound because it does mot take into account losses other than that
due to wall conductivity. In reality, other losses will also occur during
the measurement, for example, due to leakage from the chamber, antenna
support structures, and the chamber’s wall coatings. An alternative means
of determining the chamber’s Q 1s also available by measuring the chamber’s
loss [9]. Chamber loss 1is determined experimentally by measuring the
difference between the net input power, Pt’ delivered to the chamber’s

traﬁsmitfing antenna or transmission lines and the power available, Pr’ at a
reference antenna or an EUT. Both Pt and Pr are measured in the same units

(W or mW).

If the energy were uniformly distributed over the volume of the
chamber, an empirical wvalue of the chamber's quality factor (Q’) could be
obtained using the following equation [9],

V. P

Q= 16 72 = 3= (3)
A t

where V and X are as previously defined.

If a chamber factor, K = Q/Q’', is determined, the "equivalent" power

density, Pd', in a reverberating chamber may be determined by: [5],
: 4wPr
o= 2
Py -~z W/m? . (4)
With the aid of (3), we can relate Pa' to the net input power, Pt, by
SAPt

2% emm—————— 2 :
d % BRSE & W/m®. (5)
S r

As can be seen from (5), the material used in constructing the chamber as
well as the chamber’s dimensions influence the input power requirements for
establishing a specified test field in the chamber. Typical K factors for
reverberating chambers are in the range of 2 to 5.



w Obviously, the elecé}ical properties of the materials also influence
| \V : the shielding characteristics of the chamber. Since the chamber is
1{%H ' anticipated for use at frequencies as low as 10 kHz, steel with a relatively
‘[“ ' high permeability may be required to obtain adequate shielding from magnetic

I fields. TIf such metal is used, it may be advisable to treat it with zine
i jmﬁ (i.e., galvanize it) or line the chamber with a metal such as aluminum or
| ‘ i copper to improve the surface conductivity and hence the chamber's quality
% ‘ factor. :

|

il -~ It  is of interest -to . compare the power densities of test fields:
M anticipated inside a reverberating chamber with that anticipated inside an

!

L ‘%M anechoic chamber assuming the same available input power. The power

% ;HH _ density, Pd, generated inside an anechoic chamber, assuming far-field

] ! y conditions, can be determined by A

| J e /2 6

| P, = — /n?, (6)
4 ¥ '

I

is the separation distance between the antenna and the test location in m.
A comparison of the test fields given as the ratio, Pd'/Pd, obtained from

i ‘ where G is the free-space, far-field gain of the transmitting antenna and r
|
\

H“ (5) and (6) for a comparable size, zinc-finish, reverberating chamber of 3.7
wwi m X 5.2 m x 9.8 m and an anechoic chamber is given in Table 3.1 at
Mw; * frequencies from 100 MHz to 500 MHz when the tuned dipoles are used. The
" 1 table also gives the size of the test volume that falls within £ 3 dB region

~in the anechoic chamber at r = 3 m. The ratios, Pd'/Pd, for r=1mand 3 m

|
|
_ obtained using open-ended waveguide and horn transmitting antennas in an
| anechoic chamber, at frequencies from 0.2 to 18 GHz, are given in Table 3.2.
| The test volume definitions for the radiated fields in the anechoic chamber
‘ as a function of antenna gain at 1 m and 3 m separation distances are given
| in Table 3.3. These tables demonstrate that significantly less power is
“ required to  generate the same maximum amplitude test fields in a
|
|

reverberating chamber over large volumes than it is generated in an anechoic
‘i chamber over comparable volumes.

Hm“‘ 3.2 TUSAEPG 1/10 Scaled TEM/Reverberating Chamber

NMHE The 1/10 scaled chamber is the model of a proposed large
i TEM/reverberating chamber anticipated to be built at the USAEPG, Ft.
WHH: Huachuca, AZ. It is a rectangular shielded enclosure, 1.3l mx 2.4l mx
3.87 m (4.3 ft x 7.9 ft x 12.7 ft) in size, constructed from sheet steel
welded together at the edges. The interior finish is of flame-sprayed zinc.
Cross-sectional drawings of the 1/10 scaled chamber are shown in figure 3.1.
Photographs showing different views are shown in figure 3.2. Calculated
H= resonant-mode frequencies for this scaled chamber using (1) are given in
! table 3.4. The theoretical mode distribution obtained from these data is
| shown in figure 3.3 in terms of the percentage frequency interval (gap)
‘: between adjoining modes as a function of frequency.

1 Three orthogonal plates are mounted in the chamber, each designed to
operate as a 100 Q characteristic impedance TEM transmission line terminated




in its characteristic impedance. One of the cross-sectional views along
with the necessary equations [10] used for determining the electric-field

 distributions inside the chamber are given in figure 3.4.

The test volume in the chamber is the region centered beneath the top
plate and the floor, and between the back and side plates and their
corresponding front and end walls. The size of the usable test volume is
determined by the mode of operation of the chamber. For TEM mode of
operation (approximately from 10 kHz to 70 MHz), the maximum recommended
test volume 1is from 1/2 to 1/3 the region between the plates and opposite
walls. For reverberating mode of operation (from 300 MHz up), the test
volume is the total region between the plates and opposite walls minus
approximately 30 cm separation distance from the plates and walls (or 1/6
wavelength at frequencies above 300 MHz) . For reverberating mode of
operation, this corresponds to approximately 0.7 m X 1.6 m x 3.0 m for the
1/10 scaled chamber. ’

The theoretically estimated electric-field amplitude distribution .
inside the chamber, operating in the TEM mode, is given in table 3.5 for the
back plate and side plates driven as TEM transmission lines. The electric-
field amplitudes are given in terms of the orthogonal components, defined as
¥ (tangential to the plate) andy (normal to the plate) relative to the
plate of interest. The distribution inside each cross section is relative
to the center value at x =0 and z = hi/Z (back plate) and y = 0 and x =

hi/2 (side plate). The theory used to obtain these estimates [10] is not

valid for determining the field distribution for the top plate driven as a
transmission line due to the large gap distance between the plate’s sides to
the chamber end walls. This field distribution was determined
experimentally, as described in Section 4.

Two tuners are used for stirring or redistributing the reflected energy
associated with modes excited inside the chamber for the reverberating mode
of operation. The tuners consist of 4 rectangular blades, 0.2 m x 0.4 m in
cross section, made from plastic foam covered with heavy (= 25 mm) aluminum

foil. The blades are mounted at offset angles (30 to 450) with respect to
the steel drive shafts that are connected to precision stepping motors.
Each tuner motor operates independently, under computer control, so that the
tuner revolution rates and positions can be controlled individually or in
combination. '

The chamber is equipped with a bulkhead access panel located on the
back and a 0.762 m high x 2.286 m'wide access door located on the front side
of the chamber.

3.3 Proposed Full-Size TEM/Reverberating Chamber

The proposed full-scale TEM/reverberating chamber will have the overall
dimensions of 13.1 mx 24.1 m x 38.7 m as shown in figure 3.5. It has an
approximate test volume of 8 m x 16 m x 30 m. There are two orthogonal
plates (top and back), each designed to operate with 75 Q characteristic
impedance for the TEM mode of operation. The third (side) plate is deleted
because of the large gradients expected in the field distribution as
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evidenced in the scaled chamber results that were considered excessive. The
reason for using 75 Q instead of 100 @ for the characteristic impedance is
to improve the uniformity of the TEM field distribution in the test volume
as compared to what was realized in the 1/10 scaled model. This will,
however, reduce the field strength by an amount proportional to the square
root of the ratio of the impedances [(100/75) for the same input power to the
transmission lines. As with the scaled model, the plates will be terminated
in their characteristic impedances and driven independently from a high-
power rf source when operated as TEM transmission lines. For the
reverberating mode of operation, the percent gap between predicted modes for
this proposed full-scale chamber is given in figure 3.6. Figure 3.7 gives
the percent gap that would exist if the dimensions of the chamber were
increased to 16.2 m x 34.4 m x 38.7 m. This larger chamber could be used,
in the reverberating mode, at frequencies down to approximately 20 MHz as
opposed to 30 MHz estimated for the chamber proposed in figure 3.6. The

theoretical composite Q for the full-scale chamber is estimated in figure
3.8 for both cold rolled steel and zinc finishes. The values of P used in

calculating the theoretical composite Q for a steel chamber are given in
table 3.6. The value of b for a galvanized steel (zinc coated) chamber is

assumed to be 1. The conductivities (o) used for steel and zinc are 0.4 x

107 S/m and 1.74 x 107 S/m, respectively. The zinc increases the Q by

approximately the square root of the ratio of the conductivities of the two
metals at frequencies where By is 1. '

4. CW Evaluation of the 1/10 Scaled TEM/Reverberating Chamber
4.1 Measurement Approaches
4.1.1 TEM Mode

For TEM mode of operation in the frequency range from 10 kHz to 70 MHz,
two techniques are employed in determining and monitoring the E-field being
generated in the chamber. The first technique uses measurements of the
incident and reflected powers on the sidearms of a bidirectional coupler,
the impedance of the TEM transmission lines, the separation distance between
the plates and ground plane, and the location between the plates
(anticipated placement of the EUT) to determine the E-field normal to the
driven plate. The second technique is to place a calibrated isotropic E-
field probe in the area where the field is to be measured. Using these two
techniques gives a double check to help assure consistency and validity of
measured data while providing a real-time display of the field strength as
measurements are being made.

4.1.2 Reverberating Mode
For reverberating mode of operation at 300 MHz or higher frequencies,
the chamber was evaluated using two different operational approaches

referred to as mode-tuned and mode-stirred [5].

For the mode-tuned tests, the tuner is stepped at selected, uniform
increments. The net input power supplied to the transmitting antenna, the



power received by a reference antenna, the field-measuring probe responses
and the EUT response at each tuner position are measured and recorded.
Corrections are then made for the changes in the transmitting antenna's
input impedance as a function of tuner position and frequency. The
' measurement results are then normalized to a constant net input power value.

The number of tuner steps used per revolution was 200 (increments of 1.80).

For the mode-stirred tests, the tuner was continuously rotated while
sampling the power received by the reference antenna, the field probe
response, and the EUT response at rates much faster than the tuner
revolution rate. These measurements were made using a spectrum analyzer and
"smart" voltmeters with diode detectors. The "smart" voltmeters are capable
of data storage and calculation of various arithmetic functioms. Large data
samples (up to 9999) are obtained for a single tuner revolution. Tuner
revolution rates are adjusted to meet the EUT output monitor, diode probe
response time, and sampling-rate requirements of the instrumentation.
Typical rates used were approximately 2 to 4 minutes per revolution. The
input power was measured only at the beginning of each measurement cycle.
For the cw tests, a calibrated bidirectional coupler was used to measure the
net input power to the transmitting antenna.

The field 1level inside the chamber is determined using two techniques
similar to TEM mode of operation. One technique uses a reference antenna to
measure the power density of the field inside the chamber by use of (&)
given in section 3.1. The other technique uses one or more calibrated
probes to measure the E-field. These measurements are described in more -
detail later.

4,2 NIST CW Evaluation System

The block diagram of the syétem used in the cw evaluation is shown in
figure &4.1. A photograph of the NIST equipment used to perform the chamber
evaluations is shown in figure 4.2. The test field is established inside
the chamber by means of an rf source connected to the appropriate
transmitting antenna or plate. Placement of an EUT should fall within the
test volume as defined in section 3.2 except, possibly, relative to the

floor. The separation distance between the EUT and the floor may be less
than 30 cm depending upon the intended EUT configuration relative to the
ground plane. (For some applications, the EUT 1is mounted close to or

directly on a ground plane. In these cases the EUT should be mounted the
same in the chamber for test purposes.) Test leads and cables are routed to
appropriate monitors, for example, outside the chambér through shielded
feed-through connectors. Coaxial cables are used for rf signals, and high-
resistance lines are used for dc signals. This is done to prevent leakage of
the EM energy to the outside environment or into the instrumentation room.
A 10-dB attenuator is used whenever possible between the receiving antenna
and the 50 Q power sensor or spectrum analyzer. This is done to minimize
impedance mismatch with the receiving antenna and measurement system
overload.

The transmitting and reference receiving antennas used for the cw tests
are the top, back and side plate transmission lines (1.0 MHz to 1 GHz
transmitting), a log periodic antenna (0.2 to 1.0 GHz receiving), and



broadband horn antennas (1.0 to 18.0 GHz transmitting and receiving). A
reference receiving antenna is not used at frequencies below 200 MHz. For
these frequencies the field was determined only using calibrated probes.

4.3 CW Evaluation and Calibration Results
4.3.1 TEM Line and Antenna VSWR and Chamber Coupling Efficiency

The efficiency with which energy can be injected into or coupled out of
the chamber by the transmitting transmission lines or -antennas and the -
receiving antennas is determined by: (a) the VSWR of the lines or antennas
[that is, the impedance match between the rf source and the transmitting
line or antemma (load) or between the receiving antemna (acting as the
source) and its output detector (load)], and (b) the ability of the lines or
antennas to couple energy into or out of the particular modes (TEM or
higher order modes) that exist at the test frequencies of interest. For the
reverberating mode of operation, rotating the tuner changes the
characteristics of the field inside the chamber, which in turn influences
the effective in-situ VSWR of the antennas. Hence the net input power to
the chamber and the received power detected by the reference antenna vary as
a function of tunmer position. That is, the impedance matches between the rf
source and transmitting antenna, and between the receiving antenna and its
termination, affect the power transfer between the two antennas. This can
result in errors in determining the amplitude of the field inside the
chamber if mno correction 1is made. The equation for calculating the
magnitude of the error caused by the impedance mismatch is

fraction of maximum (1 - IFSIZ) (L - ]FL|2)
P, = available power absorbed = 5 , (7
by the load (1 - FSTLI ‘

where PS and PL denote the complex reflection coefficients for the sources

and loads respectively as defined above. Their magnitudes, IFSI and ]FL|,

can be obtained from the appropriate VSWR by the expression, e

T, - (VSWR, - 1)/(VSWR, + 1), 1= or L.

The VSWRs of the transmission lines (plates) and the broadband ridged horn
antennas used to excite the chamber are shown in figures 4.3 and 4.4.
Figure 4.3 gives the VSWRs of the top, back and side plates; and figure 4.4
is the composite VSWR of the top plate (1.0 MHz - 1.0 GHz) and the broadband
ridged horn antenna (1.0 - 18 GHz) in the transmission mode. ' The receiving
antenna's (log periodic, 0.2 - 1.0 GHz, and broadband ridged horn, 1.0 - 18

GHz) VSWRs are similar to figure 4.4, The figures show the maximum,
average, and minimum VSWR obtained by rotating the tumer through a complete
revolution (360°). Large variations and high wvalues of VSWR exist,

especially at the lower frequencies. At higher frequencies (> 2.0 GHz) the
VSWRs' variations become less and their values are lower, approaching the
free-space VSWR of the antennas. At frequencies below approximately 200
MHz, the VSWR of the lines is unaffected by the tuner rotation. At
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frequencies above approximately 10 MHz the high VSWR results from moding
effects in the chamber and line impedance mismatch.

. The coupling efficiency of the chamber is defined as the ratio of the
net input power delivered to the transmitting plate or antenna to the power
available at a 50 Q matched terminals of the receiving antenna. These
ratios, called the chamber loss, are given in figure 4.5. The curves show
the average and ninimum losses measured by the mode-tuned approach, using
the top plate (0.1 - 1.0 GHz) and broadband ridged horn (10— 18 GHz)
antennas transmitting, with a log periodic (0.1 - 1.0 GHz) and broadband
ridged horn (1.0 - 18 GHz) antennas receiving. Impedance mismatch between
the receiving antenna and power detector used to measure the received power
is not accounted for in these measurements. The magnitude of the error
(uncertainty) resulting from this is discussed in [2, 5, 11] and is included
in table 4.2.

4.3.2 Chamber Quality Factor

The chamber’'s quality factor, Q, influences the operation of the
chamber in . a ' number of ways for the reverberating region of operation.
Examples are tuner effectiveness, rf input power requirements and the
accuracy with which test field levels can be established inside the chamber.
Chamber Q also influences the time required for the chamber to charge up to
a steady-state condition after the input signal is applied. This affects
the chamber's response characteristics for pulsed rf testing, as is
discussed later. '

Results obtained by wusing (2) to calculate the composite Q with the
relative permeability values given in table 3.6, and by using the chamber
minimum doss data shown in figure 4.5 together with (3) to determine the
experimental Q' are shown in figure 4&.6. Figure 4.6 (a) gives the
theoretical and experimental Q for the chamber, and figure 4.6 (b) gives the
ratio of theoretical to experimental Q. The * and + points indicate the
data determined from calculations and experimental measurements, and the
solid 1lines are estimated curve fits. At the higher frequencies the ratio
approaches roughly 2.4. This indicates that at frequencies where (2) and
(3) are valid, there are relatively small losses other than the loss in the
chanmber walls and in the transmitting and receiving plates or antennas
(antenna efficiencies).

The value of 2.4 is determined from using the conductivity of steel,
instead of zinec, in (2) as expected for the zinc flame-spray finish in the
chamber. Apparently, the flame-spray finish is too rough compared to the
skin depth thickness, giving either the “effect of a greatly increased
surface area or increased loss, thus making the effective finish equivalent
to cold rolled steel. Apparently, this type of finish will not give the
desired improvement in Q as anticipated for the higher conductivity zinc
over steel.

4.3.3 E-Field Amplitude Calibration

The E-field strength in the chamber can be determined either from
measurements of the input power to the transmission lines (TEM operation) or

11



from the power received at the terminal of the receiving antennas
(reverberating operation). It can also be determined by measuring the E-
field with calibrated probes. )

For low frequencies (TEM region of operation), the electric field can
be calculated by using the expression,

J P.R

Ex —p— ,  Um - ®

where b is the separation distance between the plate and the opposite wall
or floor 1in m, Pi is the net input power to the line in W, and R is the

transmission line’s impedance (= 100 ).

For high frequencies (reverberating region of operation), an equivalent
electric field in the chamber may be calculated using the expression,

E, - n By = l 30P ., V/m \ 9

>
K

where 7 1s the average wave impedance of the chamber (377 Q), Pd’ is the
equivalent power density in W/m?, in the enclosure, A is the wavelength in
m, and ?r is the measured average received power in W. The validity of 1))

has been verified and. discussed in [57.

Results of the measured electric fields in the chamber for 1 W net
input power are shown in figures 4.7 and 4.8. Figure 4.7 gives the average
and maximum electric field components, obtained with a calibrated, 3-
orthogonal-dipole probe placed at the center of the test zone, with the
chamber excited by one of the three transmission line plates. The x, y, and
z components are the horizontal longitudinal (end to end), the vertical (top
to bottom), and the horizontal transverse (front to back), respectively. 1In
addition, the total magnitude (RSS value of the three components) is also
included in figure 4.7 as marked by T. Figure 4.8 gives the maximum and
average electric fields determined from received power measurements together
with (9) and from measurements that used a calibrated 1 cm dipole probe.
For these measurements the chamber was excited using the top plate at
frequencies from 0.03 to 1.0 GHz and using a broadband ridged horn antenna
at frequencies from 1.0 GHz to 18 GHz. For both figures, the tuners were

rotated through one complete cycle (3600).
Three distinct regions of operation are noted for this scaled chamber.

At frequencies below approximately 70 MHz the field is singly moded (TEM
mode) and the tuner rotation has little or no effect upon the field's

amplitude. Hence, the maximum and average E-field are the same. Also, the
dominant component, the one that is polarization-matched with the TEM mode
E-field, is evident. The amplitude of the component corresponds to the

calculated wvalue determined from measuring the net input power and (8). At
frequencies between approximately 70 MHz and 300 MHz, the chamber undergoes

12



a transition region where higher order modes exist in addition to the TEM
mode but in insufficient numbers for the chamber to reverberate properly.
Large variations in the field strength exist in this region. At frequencies
above approximately 300 MHz, sufficient modes are generated so that the
chamber is reverberating effectively. In this region the effect of Q on the
resonant modes 1is evident and the tuner is effective in redistributing the
fields within the chamber. Thus the maximum amplitude of the field is
substantially higher than that for the TEM mode of operation (as great as 25
dB) for the same net input power of 1 W, and the polarization properties of
the components are lost. Note that the amplitudes of the three components
in figure 4.7 in this frequency region are approximately the same, and that
the total magnitude (RSS value) is about 4.8 dB higher than each individual
component. . -

The 3 orthogonal dipole probes and the 1 cm single dipole probe used to
measure the fields in figures 4.7 and 4.8 were calibrated in a planar field
using a TEM cell [12] at frequencies wup to 500 MHz and in an anechoic
chamber at frequencies from 500 -MHz to 18 GHz [13]. The assumption is made
that the average -field over the aperture of the probe inside the
reverberating chamber will approximate the planar field used to calibrate
the probe. This is reasonable, at least at frequencies for which the probe
is electrically small. Also, the open-space far-field gain of an
electrically small dipole is small (1.76 dB). Thus, the probe-measured
fields should be equivalent, within approximately 1.76 dB, to the E-fields

determined using a receiving antenna. This is true if the polarization
properties of the probe and receiving antenna are effectively eliminated in
the chamber. The variations in the fields determined by using received

power measurements and by using the probes (figure 4.8) are typical of the
random variations in the data used to determine the field strength inside
reverberating chambers. The agreement between the two methods is considered
reasonable. ’ '

Using the results of figures 4.7 and 4.8, we can calculate the input
power requirements for establishing a given field level in the chamber. An
example is shown in figure 4.9, which gives the net input power required to
generate a 20 V/m field in the 1/10 scaled chamber using the top and back
plates and a combination of log periodic and ridged horn antennas.

4.3.4 Effects of RF Absorber Loading and Multiple Driven Plates

Tests were made to determine the effect of lowering the Q in the
chamber by adding rf absorbing materials, or of driving more than one plate
simultaneously, wupon the field in the test zone. The transition region of
operation is of particular interest.

Fifteen pieces of 0.2 m x 0.6 m x 0.6 m pyramidal rf absorber were
placed inside the chamber as shown in figure 4.10. Measurements were then
made using a 5 cm dipole, isotropic probe placed at the center of the test
zone similar to the measurement for figure 4.7 with each of the plates
driven with 1 W net input power. The results are shown as (b), (d), and (£)
of figure 4.11 for the frequency range, 30 to 300 MHz (includes the entire
transition region of operation). Results of driving all the plates and just
the back and side plates, simultaneously from the same source, without
absorber loading, are also shown in figure 4.11 as (h) and (g). These are
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compared to the results obtained in figure 4.7, which are reproduced in
figure 4.11 for the 30 to 300 MHz region, as (a), (c) and (e).

A comparison of (a) with (b), (c) with (d), and (e) with (£) shows the
effect of the absorber loading, lowering both the amplitude and the
variation in the amplitude of the measured E-field components. The
absorber's effect is most pronounced at the higher frequencies where the
absorber 1is most effective in lowering the Q of higher order mode
resonances. Thus, use of absorber would be helpful in reducing the
variation in the E-field and hence the wuncertainty in determining the

_amplitude of the test field. ' However, this must be balanced against the

reduction in the field level and the cost and inconvenience of placing the
absorber in the chamber. At frequencies above 300 MHz, the absorber would
have to be removed from the chamber for proper operation of the chamber in
the reverberating region.

Comparisons of figure 4.11 (a) [top plate, no absorber] with (h) [all
plates, mno absorber] and (c) [back plate, no absorber] with (g) [back and
side plates, no absorber] indicate similar field levels and variations in -
the components. Apparently, little is gained by multiple excitation of the

_.plates.

4.3.5 Tuner Effectiveness

Proper operation of the chamber in the reverberating mode is dependent
upon the effectiveness of the tuner to obtain randomness in the distribution
of the test field inside the chamber.  To achieve this the tuners must be
electrically large and shaped or oriented to distribute energy equally into
all chamber resonant modes as much as possible. A test to determine how
well the tuners are functioning is to measure the ratio of the maximum to
minimum E-field in the test volume in the chamber as a function of tuner
position. This is done by either measuring the ratio of the received power
at the terminals of the receiving antenna or by measuring the electric field
using a calibrated probe, relative to a constant net input power to the
transmitting antenna. A large ratio (greater than 20 dB) indicates that the
tuner is effective in redistributing the scattered fields inside the
chamber.

Measurement results for the scaled chamber are given in figures 4.12
and 4.13. Figure 4.12 gives the maximum, average, and minimum E-field
based on the receiving antenna power measurements for a complete revolution
of the tuners as a function of frequency. Figure 4.13(a) is the ratio of
the maximum to minimum E-field, or the tuner effectiveness, determined from
figure 4.12, and figure 4.13(b) is the corresponding tuner effectiveness
determined from E-field measurements made using a calibrated 1 cm dipole
probe. The measurements were obtained by using the same transmitting and
receiving antennas as noted in figure 4.5. This ratio is also influenced,
in addition to the tuner size and shape, by the chamber Q. For example,
placing rf absorber and/or an EUT inside the chamber will lower the

_chamber’s Q, referred to as the loading effect. A minimum ratio of 20 dB is

rgcommended to assure proper operation of the chamber [5]. As seen in
figure 4.13, a tuner effectiveness of approximately 30 dB is achieved at
frequencies above about 300 MHz for the 1/10 scaled chamber. '
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4.3.6 Test Zone E-Field Uniformity

Tests were made to determine the E-field uniformity in the chamber as a
function of spatial position and frequency. Seven small NIST isotropic
probes [14, 15, 16], designed to operate at frequencies up to 2 GHz, were
placed at various locations inside the chamber (positions 1, 2, 3, 4, 5, 6,
8; mno position 7 was designated) as shown in figure 4.14. Each probe has
three orthogonally oriented dipoles which are aligned with the three axes of
the chamber, earlier called the horizontal longitudinal (EX), vertical (Ey),

and horizontal “transverse: (EZ). Measurements were made —of the field

strength of each orthogonal component at the seven locations for each tuner

position (200 steps of 1.8°) for frequencies from 1 to 2000 MHz. These data
were mnormalized for a net input power of 1 W applied at the input terminals
of the transmission lines or transmitting antennas. The maximum and average
values for each component and the RSS value were then determined from the
complete data sets. The results of these measurements obtained when driving
the chamber with the top, back, and side plates are shown in figures 4.15
thru 4.20. Figures 4.15, 4.17, and 4.19 give the individual data obtained
for all seven probes. Figures 4.16, 4.18 and 4.20 give the averaged values
determined from the 7 individual data sets of figures 4.15, 4.17, and 4.19.
Again, the three regions of operation are apparent. The spread in the data
shows spatial field wvarxiations inside the chamber at the indicated

frequencies. Note that the dominant, components match with the TEM mode E-
field polarization for each driven plate in the TEM mode of frequency region
(below 70 MHz). For example, the Ey component is dominant for the top

plate; EZ. is dominant for the back plate; and EX is dominant for the side

plate. These results are in agreement with figure 4.7, as expected.
Gradients in the E-fields between the plates are significant. This is due
to the placement of the plates close to the top, back, 'and side walls as
necessary for a clear test volume. The vertical E-field difference for the
top plate, figure 4.15, over 1/2 the vertical separation distance (positions
2 to 3 and 3 to 4), is approximately 12 dB (* 6 dB). The corresponding
values of Ey’ at positions 5 and 8 (off the edges of the plate) are

significantly lower (=15 dB) than at the positions directly under the plate.
The Ey values at positions 1 and 6 are approximately the same as at position

3, indicating the field is relatively uniform along the length of the plate.

The horizontal transverse component, Ez’ for the back plate (figure

4.17) has a total difference in magnitude of approximately 20 dB (+ 10 dB
from positions 1 to 3 and from positions 3 to 6).  This is in good agreement
with the theoretically predicted values shown in table 3.5. Again, Ez along

the plate, positions 5, 3, and 8 are approximately equal. The Ez values at

positions 2 and 4 off the edges of the plate are lower than at position 3 by
approximately 2 to 5 dB. The field distributions across the width and along
the length of the back plate are reasonably uniform in the described test
volume. The cross polarized component, Ey’ however, is almost as strong as

the dominant Ez.
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The horizontal longitudinal component, Ex’ for the side plate (figure

4.19) has a difference in magnitude between positions 5 and 3 of
approximately 14 dB (* 7 dB). The difference in EX between positions 3 and

8 could not be measured due to insufficient probe sensitivity and rf input
power. We presume, from the results shown in table 3.5, that this
difference 1is approximately the same as for positions 5 and 3. The
theoretically predicted difference from table 3.5 is 18 dB. Variations in
Ey ~along the -length-and across the width of the side plate are relatively

small, essentially in agreement with table 3.5. However, because of the
excessively large differences along the length of the chamber associated
with rf applied to the side plate, use of the side plate to generate TEM
fields is not recommended; and for this reason, a similar plate is not to be
included in the design for the full-size chamber.

At frequencies above approximately 300 MHz, the differences between the
averaged maximum and average amplitudes approach about 8 dB in figures 4.16,
4.18, and 4.20, typical of reverberating operation of the chamber. This is
another indication  that the chamber is operating properly in the
reverberating mode at these frequencies.

The amplitudes of the field components in figures 4,15, 4.17, and 4.19,
at frequencies above 300 MHz, are approximately the same. The total
magnitude or RSS value of the average field  in these figures 1is
approximately 4.8 dB (a ratio of 13) greater than the individual components.
This will occur if EX = Ey = Ez’ and indicates that the field components are

randomly polarized in the chamber. The total magnitudes of the maximum
amplitudes in these figures, however, are only about 3 dB greater than the
individual components. This indicates that the components’ maximum values
are mnot completely independent of each other. This is similar to the
results obtained for other reverberating chambers and appears to be inherent
in the measurement method. The implication is that if multiple receptors
are used (for example an isotropic probe whose output is a function of all
three orthogonal dipoles) in establishing the test field amplitude inside a
reverberating chamber, the results will be biased by either 3 dB for maximum
response data or 4.8 dB for averdge response data.

A summary of the spatial field distribution obtained from figures 4.15,
4,17, and 4.19 are given in Table 4.1. As mentioned earlier, the E-field
amplitude in the chamber is influenced by the chamber’s Q. Inserting the 7
probes into the chamber with their lossy transmission lines lowers the
chamber’s Q and hence the field strength in the chamber compared to what
would be present without the loading effect of the multi-probe system.

4.3.7 Test Results from 20 GHz to 40 GHz

Measurements were also made to determine the chamber’'s coupling
efficiency (loss) in the frequency range from 20 GHz to 40 GHz. The method
of measurement and the definition of coupling efficiency are the same as
those described in sections 4.3.5 and 4.3.1 except that appropriate

waveguide hardware and instrumentation were used. The results are shown in

figure 4.21. Using these results and K = 2.4 in (5), we can predict the E-
field to be generated in the chamber by a net Input power of 1 W. These
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results are shown in figure 4.22. Each figure gives the results of two sets
of measurements, one made at NIST in Boulder, CO, and the other at a later
date at USAEPG in Sierra Vista, AZ. The second set of measurements was made
at USAEPG because of the large departure in the first data (between 24 GHz
and 26 GHz) from expected results. The initial reaction to the first set of
data was to question their validity. However, after some research, it was
realized that the data were correct and the differences were due to water-
vapor absorption in the frequency range between 20 GHz and 26 GHz as shown
in figure 4.23. The curves in figure 4.23 give the calculated normalized
propagation attenuation/kilometer in air for 5 relative humidities (RH) [17,
18]. The propagation attenuation is also influenced, to a lesser degree, by
temperature and barometric pressure. A check of the weather conditions on
the day the ‘measurements were made at NIST verified that the relative
humidity was high, accounting for the large loss between 24 GHz to 26 GHz.
The relative humidity in Sierra Vista, in contrast, is much lower, about 20
%. These results imply the mneed .to control the environment inside the
 chamber, especially for measurement at frequencies above 20 GHz.

4.3.8 Summary of CW Calibration and Evaluation Results

Results of the CW calibration and evaluation of the 1/10 scaled chamber
indicate three distinct frequency regions of operation. The TEM mode region
extends from 10 kHz to approximately 70 MHz, slightly lower in frequency
than where the first higher order mode becomes resonant. Test fields
established in this region simulate planar fields with the E-field normal to
the driven plate and the magnetic field tangential around the plate. Large
differences in the fields exist in the test volume between the plates and
ground due to the close proximity of the plates to one of the chamber’s
inside surfaces. These changes in E-field amplitude vary from £ 6 dBV/m
about the center location for the top plate, * 10 dBV/m about the center
postion for the back plate, and up to * 14 dBV/m about the center position
for the side plate, for the volume occ¢upying 1/2 the distance between the
plates and outside walls or floor. The accuracy with which the E-field
within this unperturbed volume can be established is estimated to be
approximately * 2 dB. Input power requirements to establish 200 V/m test
field are determined by the plate driven. For vertical polarization (top
plate), about 640 W are required. For horizontal transverse polarization
(back plate), about 4000 W are required. Use of the side plate is not
recommended.

The second frequency region, referred to as the transition region,

extends from approximately 70 MHz to 300 MHz. The test fields are a
combination of TEM plus an increasing number of higher order modes, as a
function of increasing frequency. Thus the field is 1o longer a simple

equivalent plane-wave simulation, but mnow includes higher order mode
components which combine with the TEM mode to produce a more complex field.
For this reason, the amplitude determination of the test field has errors
that can be as large as * 10 dB. (See figures 4.11 and 4.17 for example.)
The input power required to generate 200 V/m using the top plate is about
2000 W at 70 MHz decreasing to about 20 W at 300 MHz. Polarization of the
test  field changes from wvertical E-field at 70 MHz to undefined
(reverberating field) at 300 MHz. The input power required to generate 200
V/m using the back plate is about about 1500 W, decreasing to about 20 W at
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300 MHz. Polarization of this test field changes from horizontal transverse
at 70 MHz to undefined (reverberating field) at 300 MHz.

The third (reverberating) region extends from approximately 300 MHz to
40 GHz or possibly greater. The test fields are complex multimoded fields
simulating a mnear-field environment. The uncertainty of determining the
maximum or average amplitude of the test field varies from an estimated * 8
4B at 300 MHz down to * 4 dB at frequencies above 2 GHz. The input power
required “to generate a maximum test field of 200 V/m varies from about 20 W
at 300 MHz decreasing to about 3 W at 2 GHz, then increasing again to about
6 W at 18 GHz. (See figure 4.9 for reference). This discussion is
summarized in table 4.2.

5. Pulsed RF/Time-Domain Evaluation of the 1/10 Scaled TEM/Reverberating
Chamber

5.1 Background

Parameters of EMI signals that can contribute to upset in electronic
equipment include: (a) total energy, (b) peak amplitude, and (c¢) transient
characteristics. All these parameters are different inside a reverberating
chamber than in free space. Their characterization inside a reverberating
chamber, particularly for pulsed rf fields, provides information required
for making necessary analysis to determine correction factors as a function
of the input pulse parameters. The term "pulsed rf" refers to pulse-
modulated cw with characteristics similar to a pulsed radar signal. It also
provides insight into the inherent limitations associated with using this
complex enviromment for pulsed rf EMS/V testing. Obviously, these
parameters are influenced by the chamber’'s Q factor, since the time required
for a pulsed wave's amplitude to rise to its steady-state value inside the
chamber and to decay to zero after the input signal is removed is a function
of the chamber’s Q. These charge and decay times can be reduced by
artificially lowering the chamber’'s Q, for example, by inserting small
amounts of rf absorber. However, this reduces the accuracy of determining
the test field amplitude. Results of work to evaluate the response
characteristics of the chamber when excited by pulsed rf of various pulse
widths and frequencies, and with the chamber loaded with a small amount of
absorber, are presented and discussed in this section.

5.2 NIST Pulsed RF Evaluation System
A block diagram of the system used for the pulsed rf evaluation

measurements of the chamber is given in figure 5.1. A test field is
established inside the chamber by means of a pulsed rf source connected to a

broadband ridged horn antenna. The input signal is monitored by a
calibrated diode detector connected to the side arm of a calibrated
directional coupler. The output of this detector is connected to one

channel of the transient digitizing oscilloscope. The field established
inside the chamber is monitored by a broadband ridged-horn receiving antenna
and calibrated diode detector connected to the second channel of the same
oscilloscope. The receiving antenna 1is similar to the antenna used for
transmitting the signal. As in the cw' tests, the tunér is rotated to
redistribute the rf energy inside the chamber.
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The mode-tuned approach was used when it was necessary to optimize the
measurement accuracy - and’ to _obtain complete statistical information for
evaluating the time-domain response characteristics of the signal detected
by the receiving antenna. The mode-stirred approach was used for relative
measurements with the digitizing oscilloscope placed in its maximum-hold

mode of operation. Mode stirring is much faster than the mode tuning
and results in much larger data sampling; however, it provides only maximum
values. The mode-stirred approach was used to analyze relative information

such as charge and decay time and to determine correction factors applied to
the test field amplitude when input pulse—widths are too—shert for the
chamber to charge up to its steady-state or cw-response values. The
digitizing oscilloscope used is capable of measuring signals with rise times
of approximately 30 ps, at a sampling rate of 50 kHz, with sample sizes up
to 1024 per scan.

5.3 Pulsed RF Evaluation Results

Measurements were made, using the mode-stirred approach, to determine
the effect of Ilowering the reverberating chamber’s Q on the charge/decay
time of the pulsed rf field excited inside the chamber. Varying amounts of
pyramidal rf absorber were placed in the center of the chamber’'s test zone
resting wupright (cones wup) on the floor. Measurements were first made at
900 MHz (the lowest pulsed rf test frequency), since the response time is
the longest at this frequency. Results of these measurements are given in
figure 5.2. The graphs of each figure have two traces. The upper trace is
an envelope of the input pulses applied to the chamber transmitting antenna.
It represents the "painted" envelope derived from all the input pulses
during one complete rotation of the tuner. The signal shown is the reduced
voltage values measured on the side arm of the directional coupler using a
diode detector connected to one channel of the digitizing oscilloscope. The
lower trace 1is the time-domain envelope of the pulses received by the
chamber’s reference receiving antenna and measured with a second diode
detector connected to the second channel of the digitizing oscilloscope.
The polarity of this pulse has been reversed to separate the two traces.
The diode detectors have built-in 50 Q load resistors for impedance matching
to 50 Q. The spread in the top trace (input signal) is due to variations in
signal amplitude caused by variations in antenna VSWR (input:mismatch) as a
function of tuner position. The magnitude of this variation is frequency
dependent, decreasing as the frequency increases as shown in figure 5.3.
Figure 5.2 (a) was obtained with the chamber empty (no absorber). Figures
5.2 (b)-(h) are for increasing amounts of absorber starting with 1 piece of
7.6 cm thick, 61 cm x 61 cm rf absorber, ending with 8 pieces of 30.5 cm
thick, 61 cem x 61 cm rf absorber. The effects on both the amplitude and
response time are obvious. Figures 5.3 and 5.4 show similar results but at
selected frequencies up to 18 GHz. Figure 5.3 gives the maximum received rf
pulse waveforms for the empty chamber (with no absorber) excited with 5 us
wide rf pulses. These measurements were used for determining the chamber
rise/decay time as a function of frequency, assuming that the input pulse
width is wide enough to allow the field in the chamber to charge up to its
steady state value. Figure 5.4 shows the effect of a single piece of
absorber to reduce the chamber’s Q on the maximum received pulse waveform.
The input pulse width for these tests was 1 ps.
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It is interesting to compare the chamber'’s response time calculated °
from the experimentally determined, average Q values, with the measured
response time. The response time 1is approximately 2Q/w for the signal to
rise or decay to 63 % (1 - 1/e) of the steady-state amplitude. These
results are shown in tables 5.1 and 5.2. Table 5.1 gives the measured
minimum  chamber losses, the estimated Q factors, and the measured
charge/decay times determined at 900 MHz for varying amounts of absorber.
The measured rise/decay times were extracted from the results shown in
figure —5.2. -Table  5.2. gives the measured average chamber losses, the
associated calculated Q factors, the predicted charge-decay times, and the
measured charge-decay times at the selected frequencies when the chamber is
empty. The calculated and measured response times differ somewhat, but are
still within the margin of error expected for these type of measurements. -

Mode tuning was wused to accurately determine: (a) the ratio of the
received pulse amplitude versus input pulse amplitude as a function of time
after the input pulse 1is turned on, and (b) the time required for the
chamber to charge up to its steady-state amplitude and then to decay to zero
after the pulse is turned off. These measurements were made with the
chamber empty (no absorber). Results of these measurements are given in
figure 5.5 for three input pulse widths, 1.us, 3 ws and 10 ps, and for" the
same 10 frequencies. Each graph shows two curves, oneé for the maximum and

one for the average received signals. By examining these data at the
selected frequencies, we can determine the approximate charge-decay times as
a function of frequency. These results are shown in figure 5.6. Similar

results showing the time required for the received signal to rise to 90
percent of the maximum amplitude are given in figure 5.7. The implication
of figures 5.6 and 5.7 is that the input pulse width, at the frequencies of
interest, should be equal to or longer than the values shown by the curves
for the pulsed rf test field amplitude to reach 63 or 90 percent of the
maximum steady-state amplitude. The steady-state amplitude is achieved if
the input pulse width 1is sufficient for the chamber to charge up to 100
percent, or to its maximum output for a given input pulse amplitude. ’

1f the transmitted input pulse width is shorter than the charge time of
the chamber, an error will result in terms of establishing a known peak
amplitude of the test signal in the chamber. An estimate of a correction
factor to apply for this condition can be found by calculating the ratio of
the received signal amplitude to the steady-state transmitted signal
amplitude as a function of time after turning on the transmitted pulse.
Figure 5.8 gives these results, determined from the data of figures 5.4 and -
5.5 with the mode-stirred approach. The data are projected down to input
pulse widths of 0.1 ps. There is a significant reduction in the correction
by loading the chamber with even a small amount of rf absorber. Figure 5.9
shows another way to display the data given in figure 5.8. The correction
factors are given, for discrete input pulse widths, as a function of
frequency rather than for discrete frequencies as a function of input pulse
width. The symbol, *, indicates the actual data extracted from figure 5.8,
and the solid curves are the smoothed approximations for these data.

5.4 Comments on Pulsed RF Measurement Results

Mode-tuned data are generally considered to be more accurate than mode-
stirred data for absolute measurements of chamber losses and test field
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levels. This 1s so because the measurements are taken for each of the
(stopped) tuner positions and sampled at each instant of timerduring the
pulse, so that a maximum value (or minimum or average) can be extracted from-
the total data taken. Each pulse is digitized at 512 samples in time, for
each of the 200 angular positions of the tuner during a complete revolution.
Then corrections are made to each measurement for cable loss, coupling ratio
of the directional coupler, attenuator calibrations, and diode detector
readings according to previous calibration of power response versus signal

frequency and indicated voltage 1levels. Mode-stirred data cannot be
corrected —imthe—same manner; hence, only representative maximum values—are
obtained. However, results derived from mode-stirred data usually have

better definition and are thought to be more accurate for determining’
relative parameters such as the charge time and test field amplitude
. correction factors.. This 1is because larger data sampling approaching
continuous sampling as a function of tunér position is possible, compared to
the limited (200 tuner position) sampling for the mode-tuned approach.

For part of the data, ' the maximum amplitude of the pulsed rf field
strength, when measured immediately after the pulse turn-on, appears to be
slightly greater than the steady-state value. This overshoot is thought to
be due to the imperfect leading edge of the pulse produced by the pin diode
switch 1in the pulse source. The overall trend, however, is for the shorter
pulses to - have a smaller value of peak detected voltage. This is because
the on-time is not sufficient for the EM energy in the reverberating chamber
to reach its steady-state value. Thus, data were taken for a range of pulse
widths to determine the correction factor to be-applied when using the
chamber to take EMS/V data for very short radar pulses.

6. Projecting the 1/10 Scaled Chamber CW and Pulsed RF Measurement Results
" to a Full-Scale TEM/Reverberating Chamber

The theoretical projected composite quality factor for a full size
chamber (13.1 m x 24.1 m x 38.7 m) is given in figure 3.8. The K factor,

defined as the ratio of the theoretically determined composite Q by (2) to
the experimentally determined Q' by (3), for the 1/10 scaled chamber, is
shown in figure 4.6 (b). This factor approaches a constant value of
approximately 2.4, This value is consistent with K factors determined for
other reverberating chambers of different sizes but with similar materials.
Thus, assuming the same K factor for the full-scale chamber, we can project
the minimum 1loss for the full-size chamber. These results are shown in
figure 6.1 for both steel and galvanized steel. The shape of the curve for -
steel, at frequencies below 1 GHz, is due to the frequency dependence of the
permeability of steel as was indicated in table 3.6.

The results of figure 6.1 can be used to predict the E-field in the
full-size chamber by using (9) from Section 4.3.3 and the definition of loss
(Loss = Pr/Pt). ‘These‘results are shown for steel and zinc coated steel in

figure 6.2 (a) when the input power is 200 W. The curves for aluminum and
copper were calculated from the zinc data in accordance with the theory that
the power density in the chamber is proportional to the square root of the
conductivity of the metals used for the wall surface. Thus, aluminum and
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copper surfaces should result in approximately 1.54 dB and 2.63 dB higher
fields, respectively, than the zinc surface of the same chamber size. ”

Figure 6.2 (b) gives the projected E-field to be generated in the full-
size chamber by an input power of 200 W, based on the data obtained for a
369 mx 5.18 mx 9.79 m galvanized steel chamber located at RADC, Griffiss
AFB, NY, and for a 3.51 m X 5 18 m x 10.82 m welded-steel chamber located at
the Naval Surface Weapons Center (NSWC), Dahlgren, VA. A comparison of the

appropriate curves indicates excellent agreement for the steel-chamber data

[figures 6.2 (a) and (b)] but only limited agreement for zinc. Differences
are due to the assumption that the chamber surface is of pure zinc. In
reality, however, the actual chamber coating is not pure zinc.

Figure 6.3 gives the projected charge time for the full-scale, empty,
chamber (no absorber loading). These results are based on the theoretical
determination of Q for steel and zinc chambers and an assumed K-factor of
2.4 for reduction in Q, which is further reduced by approximately 10 dB to
give an equivalent average chamber. \ )

The projected operational characteristics for the full-scale chamber
are summarized in table 6.1. Again three regions of operation are expected
as defined earlier. The results are scaled by a factor of 10 from table 4.2
except for the input power requirements for a given E field. '

7. Performing EMC/V Measurements Using the TEM/Reverberating Chamber
7.1 Performing EMC/V Measurements With Manual Operations

An especially useful application of the TEM/reverberating chamber is to
perform shielding effectiveness (SE) measurements. A block diagram of a
simple, manually operated system, which does mnot require the use of a
computer controller, 1is shown in figure 7.1. The system uses a sweep
oscillator and spectrum analyzer to cover approximately octave bandwidths in
the frequency range of interest. Two measurement approaches are required
depending upon the region of operation (TEM or reverberating mode) .

For cable/connector SE measurements, in the TEM mode region of
operation, a reference cable is placed in the chamber oriented to give
maximum coupling to the magnetic field of the TEM mode. This cable
typically consists of a 72 © unshielded parallel wire configured, as nearly
identical as possible, to the cable/connector under test (CUT). Reference
measurements are made by establishing the test field in the chamber at the
frequencies of interest and recording the power coupled to the output of the
reference cable in channel A of the analyzer. The net input power for these
measurements is recorded on the Y1 channel of the xy recorder using the time

base output for the x axis. The time base is set the same as the oscillator
sweep rate and is triggered at the same time the oscillator starts its

sweep. The CUT is then placed in the same location and orientation as the
reference cable and the test field is reestablished at the same test
frequencies. The power coupled to the output of the CUT is recorded in

channel B of the analyzer at the same time the net input power is recorded
on channel Y2 of the xy recorder. Impedance mismatch errors are corrected

by using (7) as described in section 4.3.1. The SE is then determined by
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P P.
SE - 10 log poongiEeD) o
ref Ti (CUT)
where PCUT is the power coupled to the CUT; Pi‘(CUT) is the net input power

applied to the chamber when measuring PCUT; Pref.is the power coupled to the
reference cable; and Pi (ref) is the net input power applied to the chamber
when measuring Pref'

Measurements are-made in the reverberating region of operation in much
the same manner as for TEM mode of operation. The exceptions are that now
the tuner(s) are rotated at revolution rates fast (about 1/s) compared with
the sweep oscillator sweép speed (100 s/sweep). The spectrum analyzer is
set up to measure in its maximum hold mode and té scan the same frequency
band as the sweeper at fast scan rates (20-30 ms/scan). Resolution and
video bandwidths compatible with the scan rate, dynamic range requirements
are selected to ensure that the analyzer is operating in calibration. If
the SE is anticipated to be high (> 40 dB), a calibrated attenuator is used
between the output of the reference antenna and the analyzer. The reference
antenna replaces the reference cable at frequencies in the reverberating
mode region of .operation.

The steps for performing the measurements proceed as follows: First,
connect the reference antenna to the analyzer and measure its received power
in dBmW for the fields established in the chamber by the power applied to
the transmitting antenna or plate. Take a sweep and store the measurement
results in one of the channels, for example channel A, of the analyzer while
also recording the net input power on channel Y1 of the xy recorder. Next,

connect the output from the CUT up to the analyzer and repeat the
measurement, being sure the net input power remains the same or is measured
and recorded on channel Y2 of the xy recorder. It may require up to 3 or 4

sweeps to fill in the maximum received power across the frequency band.
Store the results in dBmW in the analyzer's second channel, for example
channel B. Then subtract channel B from A and add the calibrated attenuator
factor in dB, if wused, to get the SE in dB. This assumes that the cable
lengths between the reference antenna and the CUT to the analyzer are the
same. If limited sweeps are made, use the envelope of the CUT data to
subtract from the reference data so that the minimum SE values are obtained.
Using this procedure will ensure adaquate accuracy without requiring long
sweep times or a large number of repeated sweeps. (Normally it is not
necessary to wait for a maximum recording at all frequencies.) These data
give nearly continuous frequency coverage measurements of SE. Measurements
of EUT response to determine the susceptibility or shielding effectiveness
of enclosures proceed in much the same manner. as above. ,

For some applications, it may be advisable to determine the shielding
factor (SF) of the EUT. This is defined as the ratio of the EUT's response
expressed in power to the test field's power density,

SF = 10 log (P dB/m?2 (11)
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where Ppr. 'is the power cod%led to the EUT in W, and P, is the power

density inside the chamber in W/m2. The SF is similar in concept to the
well known antenna factor used in antenna calibrations.

An alternate approach to these measurements is shown in figure 7.2.
This block diagram gives the setup for measuring radiated emissions or SE by
driving the CUT in the radiating mode or by measuring the radiated emissions
from the EUT. (For radiated emission measurements, the EUT is not connected
to the rf source, but, rather, becomes the source itself.) For SE
measurements, mismatch errors caused by large VSWRs of the CUT are minimized
by using the bidirectional coupler to measure the net input power to the EUT
and to the chamber’'s transmitting antenna, while measuring the power
received by the reference antenna for each case. Use of a bidirectional
coupler to measure the net input power gives the equivalent of an impedance
match source for the measurements. For the case of cable, the SE is then
determined by

P P
SE = 10 log —2(CUD) ref(t) , dB (12)

Pocey  Fref(cum)

where Pn(CUT) is the net input power to the the cable; Pref(CUT) is the

power received by the reference antenna when power 1is applied to the CUT;
Pn is the net input power to the chamber’s transmitting antenna or plate;
and Pref(t) is the power received by the reference antenna when power is
applied to the chamber’s transmitting antenna.

For the case of an EUT in general, the power radiated from it excites
the chamber and is coupled to the reference antenna. This coupled power is
measured on one channel of the analyzer. The EUT is then turned off and
power is applied to the chamber’s transmitting antenna or one of the plates.
The output power from the oscillator is adjusted to give approximately the
same coupled power to the reference antenna. This may require the use of a
calibrated attenuator between the reference antenna and analyzer to keep
from reducing the oscillator output power too low. These measurements are
recorded on another channel of the analyzer. The radiated power from the
EUT is then determined by:

P
B “ref (EUT)
Prad(EuT) = Fa(r) > W (13)

ref(t)

where Pref(EUT) is the power received by the reference antenna when the EUT

radiates.

An example of SE data obtained using the block diagram of figure 7.1 is
given in figure 7.3. The EUT is a TEM cell having a cross-section area of 3
em x 6 cm with a 15 mm circular aperture. This EUT is a control standard
device developed at NIST for SE measurement standardization. Two traces are
shown in figure 7.3. The top trace is the measurement of the reference

24



antenna received power recorded, in dBmW, on channel A of the analyzer. The
bottom trace is the received power coupled to the EUT recorded, in dBmW, on

channel B of the analyzer. A 10 dB attenuator was used between the
reference antenna and analyzer in performing this measurement. This 10 dB
must be added to the difference, Pref - PEUT , in calculating the SE of the

EUT.

7.2 Automated EMC/V Measurements

7.2.1 TEM Mode Measurement Procedures

‘Detailed step-by-step measurement procedures using TEM cells for EMC
measurements are given in [1l]. Measurements using the combined chamber in
the TEM mode region of operation follow the same steps. These consist of:

(a) Determining the EUT test parameter requirements in terms of test
field amplitude, waveshape, - modulation, frequency range and interval,
exposure polarization, exposure time requirements, and EUT performance
degradation criteria;

(b) Placing the EUT inside the cell in one of two locations for
testing. The first location 1is c¢lose to the ground plane to minimize
exposure of the EUT's input/output, power, and monitor leads to the field
generated inside the cell. The second position is midway between the plate
and ground plane. This position provides greater field exposure to the
EUT’s leads and hence gives an indication of how energy is coupled to the
EUT;

(c) Accessing the EUT as required for operation and performance
monitoring. The EUT input/output and ac power leads should be as nearly the
same as in its intended use. Leads should be the same length, if possible,
and be terminated into their equivalent operational impedances so as to
simulate the EUT in its operational configuration. Care must be taken in
routing the leads including monitor leads (if not transparent to the rf
field) inside the chamber for obtaining the most meaningful, repeatable
results. Placement of the leads, wiring harnesses, etc., should be recorded
for future reference so that if repeat measurements are required, the leads
can be placed as nearly identical to the original tests as possible. Fiber
optics or high-resistance lines should be used for monitoring the operation
of the EUT if possible. Such leads minimize coupling to and distortion of
the test fields;

(d) Connecting the measurement system as shown in figure 7.4; and

(e) Applying power to the chamber's TEM lines with the EUT in operation
and recording the EUT's monitor responses as a function of the test field
level, modulation parameters, polarization, and frequency to determine
immunity.

7.2.2 Reverberating Mode-Tuned Measurement Procedure

A detailed step-by-step measurement procedure and flow diagram for
performing automated radiated susceptibility tests using a reverberating
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chamber is contained in [5]. The procedure is the same for the combined
chamber used in the reverberating region of operation. It is summarized
briefly as follows:

(a) Determine the testing requirements for the EUT as referred to in
section 7.2.1 item (a) above;

(b) Place the EUT inside the chamber and access it for operation and
monitoring;

(c) Connect the measurement system as shown in figure 7.5;

(d) Input the measurement and calibration parameters into the computer.
These include frequency ranges and increments for the tests, number of tuner
steps to be used, signal generator output levels to generate the required
test field amplitudes, EUT output jevel maximum limit to prevent damage, EUT
response time, and cables, directional couplers, and sensors calibration
factors; and

(e) Perform the measurements in automated sequence starting at the
lowest frequency and level, increasing the frequency in increments at a
constant exposure level and then increasing the levels until the maximum
test level is achieved or the EUT maximum allowable response is reached.
Correct the measurement data using the appropriate calibration factors
previously put into the computer. (This can occur simultaneously with making
and recording the measurements.) The optimum technique for obtaining mode-
tuned data is to step or increment the frequencies at each tuner position
before stepping the tuner to its next position. When the tuner is stepped,.
it should be allowed to stabilize while power meters, voltmeter, monitors,
etc., are being zeroed and residual offsets measured. Obviously the rf is
turned off while this is done. The rf power is then turned on; the test
field is established; the measurements are made at each frequency; and the
data are corrected (with respect to a given input power) and stored. The
corrected data are then configured at the end of the run, after the tuner
has been stepped through all positions to complete one revolution (360°) and
compiled by frequency. Various calculations of averages are then made and
the data are presented in the final form.

7.2.3 Reverberating Mode-Stirred Measurement Procedure

Although the mode-stirred measurement approach begins in a similar
manner to the mode-tuned described above, the automated measurement sequence
of events is somewhat different, and hence some parameters necessary for
performing the measurements differ £from the mode-tuned approach. The
procedure is summarized briefly as follows, after determining the EUT test
parameters:

(a) Place the EUT inside the chamber and access it for operation and
monitoring;

(b) Connect the measurement system as shown in figure 7.5;

(¢) Input the measurement and calibration parameters into the computer.
These include the frequency ranges and increments, the signal generator
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output levels, range and increments, the EUT output level minimum and
maximum response limits, the EUT response time, the cables, directional
couplers, and sensors calibration factors, and the tuners rotation rates;

(d) Perform the measurements wusing the automated sequence, which
includes setting the generator to its first frequency, starting the tuners
in motion, and monitoring the EUT response(s) while slowly increasing the
test fields. When the EUT minimum response is exceeded or the maximum test
field is reached, the tuners are stopped; the system is initialized with the
monitor voltmeters; and the spectrum analyzer is set up to start taking data
when triggered. The rf power is turned on, the net input power is measured
and the tuners are placed into motion as the voltmeters and spectrum

analyzer are triggered into performing their measurements;

(e) Make calculations of averages and corrections for calibration
factor while the measurement proceeds. The results are then compiled at the
end of each frequency run after one complete revolution of the tuner and

stored in memory for presentation at the conclusion of the measurements. If -

the maximum EUT - response is reached during the measurement, the generator
output 1is reduced by an interval of 1 dB and the measurement is repeated
starting with a complete new initalization and a full 360° revolution of the
tuners. This ensures accurate results without damaging the EUT.

7.2.4 Comparison of TEM/Reverberating Chamber Measurement Results with
Anechoic Chamber Tests - Some Examples

Comparisons of the EUT response obtained using a reverberating chamber
with anechoic chamber data are typically made in terms of maximum or peak
values. The main reason for this is that the EUT's worst-case performance
or susceptibility is normally what is desired. An additional practical
consideration 1is that it is wvery difficult to obtain a true average EUT
response from anechoic chamber data. Even determining the EUT’s peak
response in an anechoic chamber may require considerable effort involving
complete pattern measurements.

The benefit of making this type of comparison is to obtain a

-"correlation factor" between results obtained in the TEM/reverberating

chamber and those obtained in an anechoic chamber. This was done for three
reference standard EUTs. These were: (a) a 1 cm dipole probe, (b) a small
broadband horn antenna similar to what is used at frequencies from 0.8 to 18
GHz as the transmitting and receiving antennas in the chamber, and (c) a
small TEM cell with 3 cm x 6 cm cross section and a 15 mm diameter circular
aperture. The measurements were performed in a combination of facilities
including the RADC’s small 1.41 m x 1.57 m x 1.75 m aluminum reverberating
chamber located at Griffiss AFB, NY; the NIST 2.74 m x 3.05 m x 4.57 m steel
reverberating chamber located in Boulder, CO; the USAEPG 1/10 scaled 1.3l m
X 2.41 m x 3.87 m TEM/reverberating chamber located presently at Ft.
Huachuca, AZ; and the NIST 4.9 m x 6.7 m x 8.5 m anechoic chamber located in
Boulder, CO.

The maximum responses obtained using the 1 cm dipole probe measured in
the 1/10 scaled TEM/reverberating chamber, the NIST reverberating chamber,
and the NIST anechoic chamber are given in figure 7.6. The probe response
in the . anechoic chamber is greater than its response in the reverberating
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chamber and TEM/reverberating chamber by an average of about 2 dB. This is
expected, since 2 dB corresponds approximately to the free-space gain of an
electrically small dipole. Thus, the correlation factor between the
reverberating chambers’ and the anechoic chamber'’s results is the free-space
gain of the EUT [5].

Measured maximum Yresponses of a broadband horn antenna obtained using
the 1/10 scaled TEM/reverberating chamber and the NIST anechoic chamber are
shown in figure 7.7. The horn was aligned on the boresight (main beam) of
the transmitting antenna for the anechoic chamber measurements to obtain the
maximum response. As expected, the horn response 1s greater in the anechoic
chamber than in the TEM/reverberating chamber by approximately its free-
space gain. This is shown in figure 7.8 where the horn's calibrated free-
space gain has been subtracted from its measured maximum response. Clearly,
the results are in general agreement.

Figure 7.9 shows a comparison of the shielding effectiveness of a small
apertured TEM cell obtained from theoretical calculations, from measurements
made using the RADC small reverberating chamber, and from measurements made
using the 1/10 scaled TEM/reverberating chamber. Both mode-tuned and mode-
stirred approaches were considered wusing the scaled TEM/reverberating
chamber. The RADC chamber measurements were performed using the mode-tuned
approach. The mode-tuned results for the two chambers are in good
agreement, but are greater by a few decibels at the higher frequencies than
the theoretically determined values (straight line). The mode-stirred data
agree better with the theoretically determined values. The limited number
of tuner positions (200) used for the mode-tuned measurement may explain the
higher SE results, since a limited sample at higher frequencies does not
allow a true measurement of the peak response of the EUT. In general,
however, the results agree within predicted measurement uncertainties.

8. Summary and Conclusions

The designed hybrid chamber has three distinct regions of operation:
(a) TEM mode, (b) transition, and (c) mode-stirred. TFor the 1/10 scale
chamber, the TEM region covers the frequency range from approximately 10 kHz
to 70 MHz; the transition region covers the frequencies from 70 MHz to about
300 MHz; and the mode-stirred region covers the frequency range from 300 MHz
to > 40 GHz. In the transition region, the first few higher order modes are
excited inside the chamber, but in insufficient number for the chamber to
reverberate properly. Thus, the test field is a combination of the TEM mode
and a limited number of higher order modes that yield a complex field that
is difficult to accurately determine both in polarization and amplitude.
Techniques such ‘as absorber.loading, to suppress the Q of the higher order
modes, and test field averaging over the test volume, using multiple probes,
may be helpful in reducing errors in establishing the test field and in
defining the test field parameters.

Test fields are excited in the chamber at frequencies up to
approximately 1 GHz by using the transmission lines. At frequencies above
approximately 1 GHz, ridged horn antennas are used. The parallel plate
1ines should be unterminated (open circuit) with the bulkhead feed-through
connectors capped to prevent rf leakage to outside the chamber when they are
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not in wuse. Other important characteristics may be summarized as follows,
together with some recommendations:

(a) Spatial variations of the maximum and average electric fields in
the test volume of the chamber are given in table 4.1 at a few selected
discrete frequencies. These data were obtained using the NIST multiprobe
system and the mode-tuned approach with 200 tuner increments per revolution
at frequencies from 0.03 to 2 GHz. The limitation for determining the
spatial E-field wvariation depends on the increasing mode density and hence
field complexity in the chamber as a function of increasing frequency. The

spatial E-field wvariations should decrease as frequency increases above 2

GHz to less than the result of £ 2 dB shown in the table for 2 GHz.

(b) Expected field levels to be generated in the three frequency
regions by a given input power are presented in table 4.2, together with
estimated uncertainties.

(¢) The maximum E-field established inside the chamber at frequencies
above 300 MHz is about 7 to 8 dB greater than the average E-field. This is
consistent with the previous results obtained for other reverberating
chambers such as the RADC large chamber, the Naval Surface Weapons Center
(NSWC) chamber, and the NIST reverberating chamber.

(d) Reference standard EUT responses determined in this scaled chamber
are approximately the same for the same EUT at the same field levels as
~using RADC, NSWC and NIST reverberating chambers.

(e) The directional characteristics of an antenma or EUT placed inside
this hybrid chamber operated in the reverberating region of frequencies are
lost, resulting in an equivalent gain of 0 dB in the highly complex field
environment.

(f) The correlation factor between free-space (anechoic chamber) and
reverberating chamber measurement results for the same EUT is the free-space
(far-field) gain of the EUT. This implies that susceptibility criteria
determined for an' EUT using a reverberating chamber should include an
additional factor proportional to the EUT's open-field estimated gain as a
function of frequency.

(g) If the chamber is used for pulsed rf EMS/V testing, and the input
pulse widths are shorter than the chamber’'s charge time, an error will
result in establishing a known maximum amplitude of the test signal. An
estimate of the correction factors to apply for shorter pulses is given in
figures 5.8 and 5.9.

(h) The wuse of rf absorbing material inside the chamber significantly
reduces the Q and charge time of the chamber, and hence should be considered
as an effective means to improve the fidelity of the test pulse waveform to

be applied to the chamber. However, care must be exercised to ensure that-

the absorber would not excessively reduce the Q so that the reference
antenna received  power drops by more than 6 dB, or the tuner-effectiveness
is reduced to less than 20 dB.
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(i) The use of rf absorbers also reduces the amplitude and variations
in the E-field generated in the transitional frequency regilon, and thus the
uncertainly 1in establishing the test field level, at perhaps the expense of

increased rf input power requirements.

(j) The mode-tuned approach 1s recommended for use at frequencies from
70 MHz to 2 GHz with at least 200 tuner positions per revolution, if
absolute levels of the test field are required. The mode-stirred approach

ig ~recommended for use-at frequencies above 2 GHz for absolute measurements
(with more than 3000 samples per revolution for frequencies between 2 to b
GHz, and more than 5000 samples per revolution for frequencies above 4 GHz) .
The mode-stirred approach 1is also recommended for all frequencies above 300

MHz if only relative measurements are made.

(k) Antennas for transmitting rf energy into the chamber and for
measuring the test E-field should not be used outside their specified
frequency range. For example the 0.8 to 18 GHz ridged-horn antemmnas should
not be used outside their specified band.

(2) Additional work is needed to verify experimentally the correction
factors shown in figures 5.8 and 5.9. This could be accomplished by
comparing the measured responses of a well-characterized EUT to cw and
pulsed rf fields as a function of frequency and pulse widths using both an
anechoic chamber and the -TEM/reverberating chamber.

(m) If corrections are not made for mismatches of the transmitting and
receiving antenna, absolute amplitude measurements of the test field inside
the chamber will be lower than the actual values. This will cause an error
in determining the EUT response, which will also be too low. Experiences in
performing this type of measurements indicate that these errors may be as

‘great as 5 dB when VSWRs exceed 15 to 1.

(n) The average Wwave impedance in the reverberating region of
operation, when the maximum response of an EUT is measured, appears to be
higher than 377 Q. This is especially true for frequencies lower than 2
GHz. This means that 1if a wave impedance of 377 G is assumed when
determining the maximum amplitude of an exposure field, there will be a
systematic error resulting in too low a calculated E-field, and thus also in
too high an EUT response. 1f the field strength is determined by using a
calibrated E-field probe, there is still some uncertainty, since the
environment in which the probe 1is calibrated is different than the
reverberating chamber environment. ‘
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Table 3.4 Theoretical mode calculations of frequency and gap between
adjoining modes for 1/10 scaled TEM/reverberating chamber,
a=1.31m b=2.41m, and d = 3.87 m.

Mode Indices Frequency Gap Size
# ' MHz T MHz
1 011 73.36 . 73.36 -
2 012 ' 99 .43 26.07
3 101 120.80 21.37
4 110 130.27 ‘ 9.47
5 021 130.47 0.20
6 013 ) 131.89 1.42
7 111 135.92 4,03
8 102 138.19 . 2.28
9 022 . 146.72 8.53
10 112 .. 151.58 4 .86
11 103 163.11 11.53

12 - 014 - 167.05 3.94

13 -120 L ..169.15 2.10
14 AR 023 . . 170.40- 1.24

. 15 121 _ 173.53 3.14

S 16 . - 113~ : 174.60 1.07

- 17 122 186.06 11.46
18- 031 190.85 4.79
19 ’ 104 192.65 1.80
20 024 198.86 - 6.21
21 032 202.31 3.45
22 114 -202.47 0.17
23 - 015 203.52 1.04

- 24 123 ' 205.25 1.73
25 130 ' 219.12 - 13.87
26 033 220.08 - 0.96
27 131 ' 222.52 2.44
28 105 225.01 - 2.49
29 124 T -229.43 AN
30 ¢ 025 i 230.35 0.92
31 - - 7201 e 232.09 1.74
32 - 132 ©232.42 0.33
33 115 = 233.47 1.05
34 : 210 ©237.16 3.69
35 ' 211 240.30 3.14
36 016 240.70 '0.39
37 202 241.60 0.90
38 034 242 .79 1.19
39 . 133 248.05 5.26
40 212 , 249 .50 1.45
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Table 3.6 Relative permeability of cold rolled 11 gauge steel
to be used in construction of welded shielded
enclosures as. a function of frequency.

Frequency (GHz) Relative Permeability
0.03 . 1000
0.05 1000
0.10 _ 1000
0.15 ' 350
0.20 ' 100
0.30 30
0.50 8
0.70 4
1.00 2
1.50 | 1.5
2.00 1

> 2.00 1
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Figure 4.13 Measured tuner effectiveness in the 1/10 scaled chamber using: (a)

receiving antenna power measurements (same receiving antennas as figure
4.5), and (b) 1 cm dipole probe E-field measurements. '
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Table 4.1 Spatial variations in Eﬁ?ie1ds measured inside the 1/10 scaled
TEM/reverberating chamber over the test volume defined by probes
shown in figure 4.14.

Frequency, MHz E-Fields Variation, dB-

0.01 - 200 t 10
300 ' t 8
500 t 6
700 t 4

1000 t 3
2000 t 2
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Table 4.2 Summary of operation characteristics of the 1/10
scaled TEM/reverberating chamber.

1. TEM Region (10 kHz to 70 MHz)
Planar Field Simulation

1 kW Input Power Yields Approximately
250 V/m vertical polarization and 80 V/m horizontal
polarization

Uncertainty < £ 2 to 9 dB -

2. Transition Region (70 MHz to 300 MHz)
TEM Field Plus Limited Higher-Order Modes
1 kW Input Power Y1e1ds Approx1mate1y 250 to ]000 V/m.
Polarization Variable:
Uncertainty = + 10 dB

3. Reverberating Region (300 MHz to 40 GHz or Higher)
complex Field Simulation | |
10 W Input Power Yields Approximately 100 to 3 V/m
Uncertainty = £+4 to 8 .dB
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No Absorber

(a)

t 1 Pe. 7.6'cm Absorber

(b)

(d)

1 Pc. 30.5 em Absorber

()

B EEG

e e e e — —

4 Pc. 30.5 cm Absorber

(g)

8 Pc. 30.5 cm Absorber

(h)

Time (ps) Time (ps)

Figure 5.2 Maximun values of transmitted (positive) and received‘(negative) rf
’ pulse waveforms in the 1/10 scaled TEM/reverberating chamber
determiried with increasing amounts of rf absorber loading at 0.9 GHz.
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‘ ) .5 .
: i Time (us) T Time (ps)

) Figure 5.3 Maximum values of transmitted and received rf pulse waveforms
inside empty (no absorber) 1/10 scaled TEM/reverberating chamber

fﬁ determined at .selected frequencies. Rf input pulse width is
i 5 us, duty cycle is 0.001.
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Figure 5.4 Sheet 1 of 3.
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4.2 GHz

12.0 GHz

1.5
Time (ps)

65 GHz

5

0 GHz

12

ceegreceesennaaan

Time (ups)

Figure 5.4 Sheet 2 of 3.
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Time (ps) . : Time (as)

Figure 5.4 Sheet 3 of 3

Figure 5.4 Maximum values of transmitted and received.rf pulse waveforms inside
1/10 scaled TEM/reverberating chamber determined with: (a) no absorber,
and (b) 1 piece of 20.3 cm X 61 cm X 61 cm (8" X 24" X 24") rf absorber
at selected frequencies.
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Figure 5.8 Estimated correction factors for amplitude response of rf
test pulses in the 1/10 scaled TEM/reverberating chamber
at selected frequencies as a function of input pulse width

using (a) no absorber, and (b) 1 piece of 20.3 cm x 61 cm
"X 61 cm rf absorber. ' :
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Table 5.1

Summary of influences of rf absorber loadi
quality factor, and charge/decay time of t

ng on Toss,
he 1/10
scaled TEM/reverberating chamber at 0.9 GHz.

Absorber Min. Chamber Max. Quality Measured*

Loading -Loss, dB Factor __Charge/Decay
, o Time, us

None 7.0 10 418 0.29

1 pc. 7.6 cm 10.8 4 333 0.22

T pc. 12.7 cm 11.1 4043 0.19

1 pc. 20.3 cm 11.7 3 522 0.18

1 pc. 30.5 cm 12.2 3 139 0.14

2 pc. 30.5 cm 15.6 1435 0.10

4 pc. 30.5 cm 15.9 1 339 0.10

8 pc. 30.5 cm 21.4 377 0.10

91

*Charge/decay time is measured from figure 5.2, based upon 63
to steady-state field amplitude ins
source is turned on, or 63

after source is turned off.

% rise
ide chamber after excitation
% decay from steady-state amplitude




Table 5.2 Comparison of measured and calculated charge/decay time
of the 1/10 scaled TEM/reverberating chamber, determined
from chamber average loss measurements.(figure 4.5) and
from data shown in figure 5.5..

A . Calculated Measured
e Average Chamber - Average Charge/Decay Charge/Decay
Frequency Loss, dB Quality Time* Time
GHz Factor us us
. X(10)4
0.9 18 0.083 | 0.29 0.56
1.3 22 . 0.099 0.24 0.68
2.0 26 0.144 0.23 0.60
2.9 , 30.5 0.155 0.17 0.56
4.2 35 0.167 0.13 0.36
5.65 37.5 0.229 0.13 0.37
8.9 42 0.318 0.11 0.52
12.0 45 0.391 0.10 0.45
16.0 | 47 0.584 0.12 0.43
18.0 48 0.661 0.12 0.30

*Calculated chérge/decay time is from 2Q/w.
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Figure 7.3 Measured SE‘deta of 3 cm X 6 cm TEM cell with 15 mm circular aperture

using the 1/10 scaled TEM/reverberating chamber and swept frequency
measurement system. ‘
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Figure 7.6

2
Frequency (GHz)

Maximum response of NIST 1 cm dipole probe to an E-field of
37 dBV/m generated in (a) the 1/10 scaled TEM/reverberating
chamber, (b) NIST 2.74 m X 3.05 m X 4.57 m reverberating
chamber, and (c) NIST 4.9 m X 6.7 m X 8.5 m anechoic chamber.
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Figure 7.7 Maximum powers

received by a broadband (1 to 18 GHz) horn antenna in

- an E-field

of 37 dBV/m wusing:

(a)

chamber, and (b) NIST anechoic chamber.
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