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This report summarizes the measurement and evaluation of a 
1/10 scaled model TEM/reverberating chamber developed as a 
single, integrated facility 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 and pulsed rf 
characteristics are measured and analyzed. The report also 
discusses the basis for such a development including ~he 

theoretical concepts, the advantages and limitations, the 
experimental approach for evaluating theoperationalparam­
eters, and the procedures for using the chamber to perform 
EMC/V measurements. A full-scale chamber that willpr~ide 
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 0 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 



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

The reverberating chamber [3,4,5,6J is a shielded room with one or more 
rotating stirrers to mix the fields transmitted from an antenna placed 
inside the chamber. The generated test field is determined statistically 
(maximum and average values) from the multimoded, complex fields. This 
technique has significant advantages for testing large EUTs efficiently and 
cost effectively. However, the method is restricted to frequencies above a 
few hundred megahertz, again depending upon the size of the test chamber. 
This limitation is a consequence of requiring the chamber to be electrically 
large enough that modes exist inside the chamber for adequate mode mixing 
and spatial averaging to ensure that relatively uniform fields will be 
generated for testing. 

Combining these two measurement techniques into a single facility will 
allow EMC testing over the combined frequency range of the TEM cell and the 
mode-stirred chamber. This would result in significant cost and time 
savings with a possible improvement in measurement accuracy in performing 
essential EMC tests. A combined TEM/reverberating chamber will have three 
distinct regions of operation: (a) TEM, (b) transition, and (c) 
reverberating. The TEM region will cover the low frequency range near dc to 
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 
field will be a combination of the TEM mode and a limited number of higher 
order modes that yield a complex field that is rather difficult to define 
both in polarization and amplitude. Techniques such as absorber loading to 
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 
particular chamber designed to determine how well a combined ("hybrid") 
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 
represents a 1/10 scaled model of the future full-size facility (13.1 m x 
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 
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 
continuous wave (cw) evaluation/calibration of the chamber and presents the 
results obtained. Section 5 describes the pulsed rf, time-domain evaluation 
systems and the associated measurement results. Section 6 provides some 
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 
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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-fie1d; 

d. 	 Broad frequency coverage (10 kHz ~ 40 GHz); 

e. 	Cost effectiveness. The cost of a TEM/reverberating chamber is 
estimated to be less 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 security, 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 using such a hybrid 
chamber. Some of these are: 

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 mu1timode fields at higher 
frequencies (reverberating mode of operation); 
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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 great 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 

f 150 J (~/a)2 + (njb)2 + (p/d)2 , 	 (1)
~np 

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

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], 
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3 V 1 (2)
2~ s r 1 + ~~ ( ~ + ~ + ~ ) ,

16 a b d 

where V is the chamber's volume in m3 , S is the internal surface area in m2 , 

o J2/(w~a) is the skin depth of the chamber wall in m, a is the wall 
s 

conductivity in Slm, ~ = ~o~r is the wall permeability in Him, ~o= 4~(lO)-7 
Him is the free-space permeability, ~ is the relative permeability, and A 

r 

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 Qestimated from (2) is considered 
an upper bound because it does not 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 is also available by measuring the chamber's 
loss [9]. Chamber loss is determined experimentally by measuring the 
difference between the net input power, P , delivered to the chamber's 

t 
transmitting antenna or transmission lines and the power available, P , at a 

r 
reference antenna or an EUT. Both P 

t 
and P 

r 
are measured in the same units 

(W or mW). 

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

V P 
Q'::::: 16 ~2 3 -

r 
(3)

A Pt 

where V and A are as previously defined. 

If a chamber factor, K = Q/Q', is determined, the "equivalent" power 
density, P ', in a reverberating chamber may be determined by: [5],d 

P , 
d 

(4) 

With the aid of (3), we can relate P ' to the net input power, P , by
d t 

P , (5)
d 8~ KSo ~r s 

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. 
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Obviously, the electrical properties of the materials also influence 
the shielding characteristics of the chamber. Since the chamber is 
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 
fields. If such metal is used, it may be advisable to treat it with zinc 
(i.e., galvanize it) or line the chamber with a metal such as aluminum or 
copper to improve the surface conductivity and hence the chamber's quality 
factor. 

It is of interest to compare the power densities of test fields 
anticipated inside a reverberating chamber with that anticipated inside an 
anechoic chamber assuming the same available input power. The power 
density, P

d 
, generated inside an anechoic chamber, assuming far-field 

conditions, can be determined by 

(6) 
4~ r 

where G is the free-space, far-field gain of the transmitting antenna and r 
is the separation distance between the antenna and the test location in m. 
A comparison of the test fields given as the ratio, Pd'/P

d 
, obtained from 

(5) and (6) for a comparable size, zinc-finish, reverberating chamber of 3.7 
m x 5.2 m x 9.8 m and an anechoic chamber is given in Table 3.1 at 
frequencies from 100 MHz to 500 MHz when the tuned dipoles are used. The 
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'/P

d 
, for r = 1 m and 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 
chamber over comparable volumes. 

3.2 USAEPG 1/10 Scaled TEM/Reverberating Chamber 

The 1/10 scaled chamber is the model of a proposed large 
TEM/reverberating chamber anticipated to be built at the USAEPG, Ft. 
Huachuca, AZ. It is a rectangular shielded enclosure, 1.31 m x 2.41 m x 
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 
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. 

Three orthogonal plates are mounted in the chamber, each designed to 
operate as a 100 n characteristic impedance TEM transmission line terminated 
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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 is 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 
x (tangential to the plate) and y (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 = h./2 (back plate) and y = 0 and x = 

1 

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

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 45 0 
) 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 m x 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 0 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 0 instead of 100 0 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 ~ used in 

10 S/m and 1.74 10 S/m, respectively. The zinc increases the Q by 

r 
calculating the theoretical composite Q for a steel chamber are given in 
table 3.6. The value of ~ 

r 
for a galvanized steel (zinc coated) chamber is 

assumed to be 1. The conductivities (a) used for steel and zinc are 0.4 x 
7 7 x 

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

r 

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 
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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 pos1r10n 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 1.8 ). 

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 functions. 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 level 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 (4) 
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 system 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 is 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 chamber 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 0 power sensor or spectrum analyzer. This is done to minimize 
impedance mismatch with the receiving antenna and measurement system 
overload. 

The transmitting and reference rece1v1ng 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 
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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 antenna (load) or between the receiving antenna (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 tuner 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 no correction is made. The equation for calculating the 
magnitude of the error caused by the impedance mismatch is 

fraction of maximum 
available power absorbed (7) 
by the load 

where rS and r denote the complex reflection coefficients for the sources
L 

and loads respectively as defined above. Their magnitudes, IrS' and IrLI, 

can be obtained from the appropriate VSWR by the expression, 

r ~ (VSWR - l)/(VSWR + 1), i = S or L.i i i 

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 tuner through a complete 
revolution (360°). Large variations and high values 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 

10 


-. -------------------­



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 n matched terminals of the receiving antenna. These 
ratios, called the chamber loss, are given in figure 4.5. The curves show 
the average and minimum losses measured by the mode-tuned approach, using 
the top plate (0.1 1.0 GHz) and broadband ridged horn (1.0 - 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 using (2) to calculate the composite Qwith the 
relative permeability values given in table 3.6, and by using the chamber 
minimum loss 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 lines 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 
chamber 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 zinc, 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 
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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~ 
E z 

1. Vim (8)
b 

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

1. 

transmission line's impedance (z 100 0). 

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

E 
a 

J 17 P'
d 

::::: J 30 P 
r 

Vim (9) 

where 17 is the average wave impedance of the chamber (377 0), Pd ' is the 

equivalent power density in W/m2, in the enclosure, A is the wavelength in 

m, and P is the measured average received power in W. The validity of (9)
r 

has been verified and discussed in [5]. 

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. In 
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 

orotated through one complete cycle (360 ). 

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 value 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 is 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 up 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 rece1v1ng 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 Vim 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, upon 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 (f) 
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 (f) 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 is 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 uncertainty 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, no 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 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 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.l3(a) is the ratio of 
the maximum to minimum E-field, or the tuner effectiveness, determined from 
figure 4.12, and figure 4.l3(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 
recommended 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; no 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 (E ), vertical (E ),

x y 
and horizontal transverse (E). Measurements were made of the field 

z 
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 normalized 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 va~iations 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 E component is dominant for the top

y 
plate; E is dominant for the back plate; and E is dominant for the side 

z x 
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 E, at positions 5 and 8 (off the edges of the plate) are 

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

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

The horizontal transverse component, E, for the back plate (figure
z 

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, E along

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

z 
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, E , however, is almost as strong as 

y 
the dominant E . 

z 
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