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Optimal Design Microwave
Radiated Susceptibility Test System

A Discussion of a Susceptibility Test Set Up Which Can Achieve High Field

Levels Using Low Power Amplifiers

By Ken Javor
EMC Services

Commercial and in-house EMI test facilities
desiring to provide compliance testing serv-
ices under the effectivity of MIL-STD-461C
and EMI sections of the commercial avion-
ics environmental qualification specification
RTCA/DO-160C must have a minimum 20
Volts/meter (V/m) capability from 10 kHz
to at least 18 GHz. To compete in the entire
market for test services, however, it is
necessary to supply test capability to levels
exceeding 20 V/m. Many military programs
and, in the future, an increasing share of
commercial avionics will require 200 V/m
testing and even higher levels at spot
frequencies. Above 1 GHz, this becomes
expensive because of the high cost of
amplifier gain-octave band product. For
instance, a 200 Watt Traveling Wave Tube
Amplifier (TWTA) covering a single octave
band will run approximately $30,000. (The
TWTA has become the signal source of
choice for EMI testing above 1 GHz.)
Acquiring the capability to generate field
intensity levels above 20 V/m is often felt
to be uneconomical because of the sharp
rise in price between 20 W TWTAs
sufficient for 20 V/m and higher power
TWTAs. It is not generally recognized,
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Figure 1. Test set up to determine actual
vs. far field boundary.

however, that field intensities greatly in
excess of 20 V/m can be transmitted from
the lower power amplifiers, by careful test
set up design and antenna selection. This
article describes an optimal test set up
utilizing efficient antennas that maximize the
field intensity achievable from a given signal
source (V/m/Watt). Technical issues are
addressed first, then a parts list and cost
breakdown is given.

Background

Potential purchasers of a microwave
radiated susceptibility test capability should
be aware of the variety of TWTA models avail-
able. The heart of a TWTA is the traveling

wave tube (TWT). A small number of tube
vendors provide a limited variety of tubes
to all TWTA manufacturers. For most EMI
test purposes, there are only two tube
models of interest. These are the tubes
built into the 10 or 20 W TWTAs, and the
tubes built into the 100 to 250 W TWTAs.
The tube type drives the amplifier price.
Thus, there is little price differential be-
tween a 10 W or 20 W TWTA, or between
a 100 W or 200 W TWTA. Within the last
few years, 50 W TWTAs based on the lower
power tubes have appeared on the market
with prices about 10% higher than a
comparable 20 W TWTA. Two-octave band
TWTASs provide double the frequency range
at a cost comparable to the single octave
model. These are complementary meas-
ures which add to the value of the amplifier.

Ken Javor has worked in the field of
aerospace EMC since 1980. He is a
member of AE-4, AE-4R and EIA G-46
panel. He is a NARTE certified EMC
engineer and technician, and has specified
performance and selected vendors for over
$2.5 million in EMI test equipment. He can
be reached at (205)461-0241.
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Figure 2. Predicted vs. actual Ku band link performance.
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Figure 3. Example calculation of power loss budget.
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Band Wave- Coax G.S: GS C.S. directional d.c TWTA Total
[GHz) guide/ Switch#1 #1 #2 #2 caupler loss VSWR Loss
A coax VSWR/ loss VSWR loss  VSWR {d8) floss (dB)
VSWR/  loss (dB) (dB) floss  (dB) /loss (dB) (dB)
r_hsﬂi (dB)
12125005 12004 02 12004 02 1150002 02 205 125
3 Freq. Mid-band Antenna  Antenna-UUT Far Field
;;:' 1.25/0.05 1.2/0.04 02  1.2/004 02  1.15/0.02 02 2/05 125 Band Freq. Aperture  separation  Field Strength
26  1.25/0.05 1.3/0.08 03  1.3/0.08 03  1.150.02 02 2/05 153 142-1.7 138 12 0.90 0.86 70
385 1.7-2.6 241 8 0.60 0.58 100
;.:g- 1.25/0.05 1.3/0.08 0.3 50 02 0 iR S 33535925 ‘3% 42;52) ggg 3:13; :gg
5.85-82 69 202 0oz 0.13 200
585  1.25/0.05 1.3/0.08 0.3 e e {2004 o2 2105 = 1T 8.2-12.4 10.0 158 0.32 0.11 200
82 12.4-18 149 0.93 0.32 0.06 200
82- 1.25/0.058 === sema eemermne e - 1.25/0.05 03 2/0.5 0.90
124
%4— 1.50/0.18 ------ —— 1.35/0.10 0.5 2/0.5  1.28
=
S
Al Jable 1. Power Loss Calculations Table 2. Field Intensity vs. Transmitted Power for 10 dBi SGH
e
=S Assuming a 1-18 GHz 20 V/m capability, an impressive competitive advantage rela- spot diameter (theoretically, other things
e shieved with 20 Watt TWTA’s and conven- tive to a facility which prices services equal) can be illuminated. With the 20 Watt
5. onal EMI test antennas (log-conicals, similarly but has a much greater investment TWTA's illuminated spot diameter at 70
€. Souble ridge guide horns/horn fed dishes), in test equipment. There are only two V/m can be as large as 0.4 m, whereas the
- gfoup of new test set ups are described disadvantages to the proposed design. The 200 Watt TWTA will illuminate a 1.3 meter
Er at facilitate the generation of field intensi- first is economic, and the second political. diameter. The lower power set up will
ast %= ranging from 70 V/m at 1 GHz to 200+ (1) The tradeoff between using a low require multiple antenna positions to scan a
jCL “m at 3 GHz and higher frequencies. The power amplifier vs. a high power amplifier, large unit under test (UUT) arrangement.
ket #ra required passive microwave equip- other than initial investment, reliability, and The tradeoff is initial investment vs. test
P2 snt is relatively inexpensive: approxi- portability, is in the illuminated spot size. time, i.e. fixed vs. variable costs.
and ; $12,000. Thus the cost of upgrading The described low power amplifier set up, (2) The political aspect of this problem
nge m 20 V/m to 70 V/m over the frequency other things equal, illuminates a spot relates to the MIL-STD-462 and RTCA/DO-
ave = 1-18 GHz, and to 200 V/m or greater diameter about 1/3 the size of that of the 160 dicta that a radiated test set up maintain
£as- bove 3 GHz is about that of one 20 Watt higher power amplifier. This is very theo- a one meter separation between antenna
fier. ave band TWTA. Furthermore, because retical. Note the use of the phrase ‘“‘other and UUT. This is not the most economical
mecessary items are passive, reliability things equal.”” In reality, a typical set up test set up, nor is it technically justifiable.
E’ of portability are enhanced (relative to using a single broadband horn to cover The technically correct antenna-UUT sepa-
5 d or, heavier, more powerful amplifiers, multioctave bands is always operating in the ration criteria is that UUT be plane wave
G-46 oh are less reliable than the 20 Watt near field at frequencies an octave or illuminated with a minimum illumination spot
EMC WTAs). greater above its low frequency cut-off so diameter of /2. The far field of an aperture
cified advantages in capital outlay are that it is not clear what spot size is type antenna is given by
over icant: each 20 Watt TWTA costs about illuminated. Also, since the gain of a horn D2
e can 000, while a 200 Watt TWTA costs increases with the square of the frequency, e oot @
$30,000. Thus, to cover 1-18 GHz, the spot size will continually diminish with - 3 A
mgs of $70k-$100k may be realized, increasing frequency. where D is the largest antenna aperture and
ending on the amplifier manufacturer The decision here is economic: for a A is the wavelength.
‘models available. Therefore the return greater initial investment, an acceptance of Selection of the optimum antenna can
estment is much greater and there is reduced portability and reliability, a larger keep this distance below one half meter
Frequency Midband Antenna/UUT 3 dB spot M2 at Midband
WTA Band Freq. separation diameter Frequency
G (GHa {meters) i
1.12-1.7 1.38 0.90 o 84/33.00 0.109/4.30
_______________ >> 1.7-2.6 21 0.60 0.56/22.00 0.071/2.80
rantenna: UUT separation Phase center Seoes 48 092 030M178 0031120
of antenna 5.85-8.2 69 0.32 0.30/11.75 0.022/0.86
8.2-124  10.0 0.32 0.30/11.75 0.015/0.60
12.4-18 14.9 0.32 0.30/11.75 0.010/0.40
d=2r tan (¢ /2)

4_ [lluminated Spot Diameter.
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Table 3. Hluminated Spot Size Determination for 10 dBi (50 degree

beamwidth) SGH
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Band Mid Wave- directional d.c TWTA  Total Power E-fleld Spot A2
#GHz) band guide/ coupler loss VSWR/ Lloss at @ Dia- (meters/
Freq  coax VSWR/ {dB) loss (dB) Horn 2D2/) meter inches)
(GHz) VSWR/  loss (dB) (dB) (20 Watt  (V/m) {meter/
oss (dB) 2 TWTA) inches)
1.12- 138 1.25/0.05 1.15/0.02 0.2 2/0.5 0.77 16.75 82 0.80/31 0.10/4.3
1.7
-
;:7- 21 1.25/0.05 1.15/0.02 0.2 - 2/0.5 077 1675 122 0.54/21 0.07/2.8
6
2.6- 32 1.25/0.05 1.15/0.02 0.2 210.5 0.77 16.75 229 0.29/11.4 0.05/1.9
K-
395- 48 1.25/0.05 1.15/0.02 0.2 2/0.5 0.77 16.75 417 0.16/6.25 0.03/1.2
5.85
5.85- 69 1.25/0.05 1.20/0.04 0.2 2/0.5 0.79 16.65 544 0.12/4.8 0.02/0.9
82
’f— 10 1.25/0.05 1.25/0.05 0.3 2/0.5 0.90 16.25 635 0.10/4 0.015/0.8
4
2.4- 14.9 1.50/0.18 1.35/0.10 0.5 2/0.5 1.28 14.89 1114 0.05/2.2 0.01/0.4

4. Maximum Far Field Intensities

most of the microwave band. A
technical, legalistic interpretation of
-STD-462 would frown on this ap-
ch. This is a serious issue for a
ercial test facility. The author has
itted a recommendation to the military

Tri-Service committee currently revising
MIL-STD-462 that the one meter antenna-
UUT separation requirement be restated
as a guarantee that the UUT is in the far
field of the antenna and a specified illumina-
tion spot size of at least A/2 be maintained.

The author made a similar recommendation
to the Radio Technical Commission for
Aeronautics (RTCA) for the RTCA/DO-
160C, section 20 High Intensity Radiated
Field (HIRF) revision, which was not
incorporated.

At least one commercial EMI test facility
(Genisco, now NTS, Rancho Dominguez,
California) decided to use the 2D/} criteria
instead of a one meter separation for 200
V/m 18-40 GHz testing. This was done by
necessity, since the highest power available
TWTA covering these bands at the time
was 15 Watts. A logical case can be made
for doing the same at lower frequencies.

Technical Considerations

One of the most overlooked issues in radi-
ated susceptibility testing is far field illumi-
nation of the UUT. For accuracy and repeat-
ability it is of paramount importance that the
circuit under test be illuminated by a spot diam-
eter the lesser of the actual circuit dimen-
sion or A/2. The designer of a radiated
susceptibility facility must also consider:

(1) antenna selection

(2) power loss management, i.e., trans-

mission line optimization

STILL:

Fair-Rite EMI Suppressor Components

Faster clock speeds more EMIL.

n - Ferrite suppressor elements
X (AKA "shield beads")

Supplied for Prototyping in:

Expanded Cable and Connector EMI Suppressor Kit,

(Part 0199000005) - /llustrated at right.
Bead, Balun & Broadband Kit, (Part 019900000

1).

The Industry Original - 34 different smaller beads.

Bead-on-Lead Kit (Part 0199000007).
Single and multi-turn - 68 to 680 Ohms Z.

And Fair-Rite adds more “firsts” to the line of shield beads:

PC Beads - six and eight hole high-impedance
elements for printed circuit boards - on .100”
and .300" centers. (photo, bottomn left).

Nylon 6/6 cases with flat cable beads for 20,
40 and 60 conductor cable sizes.

(See photo insert, center).

SM Beads - Surface Mount Shield Beads.

Two sizes provide 45 and 90 ohms imped-
ance at 100 MHz. (photo, bottom right).

Contact Fair-Rite, your Number One Source
for ferrites to eliminate EMI, for samples and
Technical Bulletins covering the new products.

PO Box J, One Commercial Row, Wallkill, NY 12589
Phone (914) 895-2055 FAX (914) 895-2629
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Figure 6. Test Set Up, 3.95 GHz to 8.2 GHz.
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expertise on oscillator theory, design and applications. Analytical topics and practical circuits
are presented for crystal oscillators, LC circuits and VCOs.
this book includes some unique approaches not found anywhere else.

(3) susceptibility signal modulation re-

quirements

(4) achievable field intensities
(5) illuminated spot diameter
(6) risk assessment

the highest gain horn.
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Filter Handbook: Volume 1 — Applications

The best practical filter circuits from RF Design are collected in this book, allowing you fo see
how the best engineers solved their design problems. Essential
lumped element, microstrip, helical and SAW filters will help make your filter design tasks

Filter Handbook: Volume 2 — Design

Do you need fo brush up on filter theory and analysis? This book offers fundamental and
advanced material on classic Butterworth, Chebyshev and elliptic filters, plus notes on filter
implementation, including filter performance with real, not ideal, components. Another

This book is loaded with pracfical circuits for power amplifiers operating from HF through
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protection will help simplify the design of your next power amplifier system.
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Technical Issue 1: Antenna Selec-
tion. The following analysis demonstrates
that for microwave radiated susceptibility
test purposes, maximizing the field intensity
at the UUT is not simply a matter of finding

@)

@)

Equations 1 - 3 determine the required
power (P, - Watts) at the antenna terminals
for a given desired power density (15
-Poynting vector - Watts/meter®) or field
intensity (E - Volts/meter) at a distance
from the antenna (r - meters) which is in the
far field of the antenna with gain G. Horn
gain is a function of the ratio of physical
aperture to the square of the wavelength:

@)

If the field intensity is to be maximized,
subject to the constraint that the UUT is
plane wave or far field illuminated, then the

(5)
(3)

3 o
“pius $3.00 postage
ann U]s.nff;er;. sfpoaz double shipping chorges. yleids 2 (Pl) o (22-)
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i Gompdiyi—e = = where aD?/A%is the gain of the horn, « a
i State constant. Simplification results in:

@

If the gain and far field dependence upon
aperture dimension are accounted for when
evaluating (2), then it can be seen from @)
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DBG-520-10
DBG-057
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WR(90)-coax
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Narda 4015C-30

Directional Coupler

DBF-520-10

Coax

(to power meter)

© Lowloss coax
WR(62)-coax

Narda 4016C-30
Directional Coupler

(optional)

(to power meter)

Figure 7. Test Set Up, 8 GHz to 12.4 GHz.

that it is important to not maximize, but
minimize the horn gain. This is because the
gain and hence the power density are pro-
portional to the square of the aperture dimen-
sion, but the path loss is proportional to the
fourth power of the aperture dimension.

All standard gain horns (SGH) of equal
gain are not created equal. For instance,
gain as a function of aperture dimensions for
Scientific Atlanta SGH is described fairly
well by

Figure 8. Test Set Up, 12.4 GHz to 18 GHz. ;

Donner Microwave Division) typically have
smaller aperture dimensions. This is be-
cause the wave is launched differently in the
two antennas. The DeMornay Bonardi type
horns were selected for this application on
that basis.

In order to ascertain how well the
advertised far field gain was maintained as
the separation from the antenna approached
2D?/}, a two antenna test was performed
as shown in Figure 1. Only 20 dB DeMor-

c- 10 ab nay Bonardi Ku band SGH were available.
ag G= e (8 2D?%/ is achieved at 0.5 m at the mid band
ty frequency of 14.9 GHz. The antennas were
ty where a and b are the aperture dimensions. placed two meters apart and the received
ng For the same gain, the DeMornay Bonardi power noted. Then the antennas were

type horns (now manufactured by Systron ~ moved towards each other and readings
L 3
(2) Table V: Parts List and Cost Breakdown for Passive Microwave Elements
OB Manufacturer/Part Number Quanity Price
(3)
Systron Donner
red (old DeMornay Bonardi)
als 1.12-1.7 GHz: DBP-520-10 1
1.7-2.6 GHz: DBN-520 -10 1
(P, 2.6-3.95 GHz: DBL-520-10 1
ield 3.95-5.85 GHz: DBK-520-10 1
- 5.85-8.2 GHz: DBJ-520-10 1
8.2-12.4 GHz: DBG-520-10 1
 the 12.4-18 GHz: DBF-520-10 1

jorn
kil Antenna Subtotal: ~$6200
th: < Systron Donner or equivalent

1.12-1.7 GHz: DBP-057 1
4) 1.7-2.6 GHz: DBN-057 1
2.6-3.95 GHz: DBL-057 1
3.95-5.85 GHz: DBK-057 1

ized, 5.85-8.2 GHz: DBJ-057 1

IT is 8.2-12.4 GHz: DBG-057 1
e 12.4-18 GHz: DBF-057 1

n

at Adapter Subtotal: ~$2600
©) J0ss coax/coax fittings (as necessary) not priced
43 Narda SPDT (P/N SEM123L) 2
n Narda SP3T (P/N SEM133L) 1
6) Switch Subtotal: ~$1000
1-2 GHz: Narda 3002-30 1
2-4 GHz: Narda 3003-30 1
n, od 4-10 GHz: Narda 3004-30 1
7-12.4 GHz:  Narda 4015C-30 1
12.4-18 GHz: Narda 4016C-30 1
(7) Coupler Subtotal ~$2000

e upon Grand Total: ~$11800

v when . _

from (7) 5. Parts List and Cost Breakdown for Passive Microwave Elements
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taken at various positions with no other
changes made. The graph in Figure 2 shows
theoretical square law vs. actual perform-
ance. Although there is a 2 dB anomaly at
0.75 meter separation, there is good
performance from two meters to 0.5
meters, the far field boundary. Thus the
advertised far field gain is achieved at the
near/far field boundary.

Technical Issue 2: Transmission
Line Optimization. In the above analysis,
P, is the power transmitted by the antenna.
P, is the signal source output attenuated by
absorptive and reflective losses in the
transmission line path. Evaluation of losses
for the test set ups of Figures 5 - 8 is
performed as below.

Common to all of these set ups is the
power loss budget, that is, the amount of
power lost between signal source (amplifier)
and antenna. Absorptive losses are mini-
mized by accounting for losses in each
component between amplifier and antenna
and controlling transmission line length.
Loss components are any coax, the coax
switch and directional couplers. A direc-
tional coupler’s loss is inversely propor-
tional to the attenuation of the measurement
port; for this and other reasons attenuation
of this port relative to the straight through
path should be at least 20 dB and preferably
30 dB. Reflective losses are controlled by
accounting for all interface VSWR between
components.

Maximizing field intensity requires that
the antenna is mounted to the amplifier RF
output with a minimum of interconnecting !
transmission line. With such a connection
it should in all cases be possible to limit line |
losses to 0.5 dB. However, for ease and
speed in testing, the set ups shown in
Figures 5 - 8 are designed such that each
set up is permanent and can be brought into
the test chamber on a wheeled wooden
cart. Interconnects are limited to the
TWTA'’s signal input (from outside the
chamber), facility 60 Hz power for the
TWTA, and control voltage for the coaxial
switch (as applicable). Coaxial switches

allow the complete TWTA(s) band(s) to be
swept without removal/replacement of
horns. The only chamber access necessary
is for polarization and next TWTA set up.

Figure 3 shows an example setup. The
losses figured left to right are: coax to
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waveguide adapter VSWR loss is 0.05 dB,
directional coupler to coax VSWR loss is
0.12 dB, directional coupler resistive loss
is 0.60 dB, TWTA output to coax VSWR
loss is 0.50 dB. Thus the total power loss
between amplifier and antenna is 1.27 dB.

8ee Table 1 for detailed loss figures. The
table is derived from Figures 5 - 8 and
manufacturers’ published data. The losses
may be compared to that assumed for Table
2, showing a positive safety margin in every
case. As stated in the risk assessment
paragraph, however, the low frequency set
ups’ margins are small enough that toler-
ances on manufacturer data must be small
and parasitic losses due to coax intercon-
nects must be minimized.

Technical Issue 3: Susceptibility
Signal Modulation. Another reasonable
assumption that aids in getting the most
V/m/Watt out of the test set up in the
microwave bands is that the only modulation
schemes necessary are pulse, phase or
frequency modulations, not audio signal
amplitude. Amplitude modulation is not
used in communications at microwave fre-
queficies, and is therefore unnecessary.
This frees up amplifier headroom and allows

the amplifiers to be run at the edge of
saturation, again assuring that the amplifier
is used to its fullest capacity.

Technical Issue 4: Calculation of
Microwave Field Intensity, 1.12 GHz
- 18 GHz. Table 2 gives achievable field
intensities with a 1.6 dB margin relative to
20 Watts while choosing an antenna-UUT
separation either maximizing the field inten-
sity or just achieving 200 V/m. That is, the
field strengths are 1.6 dB below what is
theoretically attainable from a 20 Watt
source. 1.6 dB is greater than the maxi-
mum amplifier to antenna loss calculated in
Table 1.

Technical Issue 5: Illuminated Spot
Diameter. The illuminated spot diameter
should in all cases be at least one half
wavelength at the frequency of interest, in
order to guarantee that the maximum power
be coupled into the circuit under test from
the field. The illuminated 3 dB spot
diameters are derived from the antenna gain
and the antenna-UUT separation as de-
picted in Figure 4.

Table 3 shows that the illuminated spot
diameters resulting in the field intensities
listed in Table 2 are in all cases at least six

times what is necessary to worst case
stress the UUT. There is a tradeoff
between spot size and field intensity. Table
4 demonstrates the very high (far) field
intensities possible with the test set ups if
the coax switches are removed from the
transmission line and if the horn aperture is
set precisely 2D?/A from the UUT. These
will be very useful for HIRF testing and
RTCA/DO-160C, Section 20 testing in the
very near future.

Technical Issue 6: Risk Assess-
ment. It should be noted that at the lowest
frequencies of interest, 1-3 GHz, there
exists a smaller design margin than one
might desire. Parts performance described
by manufacturers’ data as typical, with no
tolerance specified, may need extra manu-
facturer supplied screening or incoming
inspection.

Parts List and Cost Breakdown

Table 5 lists the passive components
shown in Figures 5 - 8 by manufacturer and
part number. Individual piece prices are not
quoted at the request of the manufacturer.
Subtotals and total prices are as of February
1991 and are subject to change. =

Lightning Simulated as
Specified by the Standards

LIGHTNING/EMP SUPPRESSORS

CUSTOM DESIGNED TO YOUR SPECIFICATIONS

Haefely is renowned worldwide as a manufacturer of quality
Impulse Test Systems. The PC 6-288 combination wave
tester, simulates lightning transients in accordance with IEC
801-5/D, IEEE 587.1, C62.41, SAE-AE4L, ABDO013 and
ABD0007 and other industrial and aerospace standards. The
modular design enables the use of different waveshaping
plug-ins and an RS 232 computer interface.

Haefely has been manufacturing EMIC Testers for simulating
Lightning, ESD, EFT and NEMP surges for 15 years.

HAEFELY TEST SYSTEMS your partner for meeting the 1992
EURONORMS!
Please ask for brochure E 111.31 or for the EMC Test Equipment

HAEFELY

TEST SYSTEMS

HAEFELY TEST SYSTEMS, Inc.
2616 Morse Lane
Woodbridge, VA 22192
Telephone (703) 49419 00
Telex WU 201097

Fax (703) 494-4597

Coaxial/Powerline Lightning/EMP Suppressors
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e Low VSWR/Insertion Loss
e All Coaxial Connectors
e DC/AC Powerlines
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