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antennas.

- To define waveforms for injecting antenna lines, and thus verify the hardness
of radio equipment against HEMP, measurements at typical antennas are
necessary to ensure that the waveforms properly represent the induced threat
transients. :

- Useful measurements at all antennas were acquired for this purpose.

DOD-STD-2169A specifies the HEMP field environments¥in terms of three time regimes:
The early time (E1) field pulse, the intermediate time (E2) field pulse, and the late time

(E3) field pulse.

All three environments induce current pulses on sxposed electrical lines. MIL-STD-188-125
defines generic current pulses for each environment: The E1 field environment produces
the Short Pulse, the E2 environment produces the Intermediate ] ' s the
Long Pulse. GEERN ' e
Unfortunately, the terminology of DOD-STL 9A is now also widely used when referring
to the coupled currents. For example, the Long Pulse is also known as "E3"; the
corresponding pulser is called the "E3 pulser.” This short-hand presumably does no harm
as long as environments (in Volts/meter) and coupled currents (in Amps) are not confused.

The test €3 ,, all three HEMP time regimes:



acquired for objectives 1,2, and 3 are d:
ined in Section 3.

The tests and measurements
The Intermediate Pulse test data (objec

BV G 4) ane cont=a

Section 4 documents the antenna coupling measurements (objective 5). The conclusions and
recommendations are summarized in Section 5. For detailed descriptions of the tes®

activities see Reference 2.
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LONG PULSE CURRENT (E3) INJECTIONS |

The current waveform induced by MHD-EMP is specified in MIL-STD-188-125 as a double
exponenﬁalwaveform(ZOOApeak,mmwseanr&ManGatleast 100 seconds
full-width-at-half-max). The waveform provided by the E3 puiser (Reference 3) meets these

respectively.
Sinccmeremamemisequaltozhewmou@mmmmulombsmpmpcﬂy
accounted for; ie., Kirchhoffs circuit equations are satisfied. The last column is the
estimated path resistance (Rygy)- Itis in series with the pulser source impedance (5 ohms
by design). Ry can be estimated from the peak pulser voltage Vp and the measured peak
input or return current L, as follows: : . o

.5 @ 2-1)

The calculated valu

The waveforms were recorded SRl €7 . The
transients were generally sampled every 1 ms. Thus, for a full E3 measurement, there are
360000 samples (9 Mbytes). Consequently, the full time history of the measurements cannot
be plotted in a useful manner; instead, nasrow time windows were selected in all following

displays.’
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Brief descriptions of each antenna and simulation configurations are provided in the
following subsections. ) . A |
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antenna from 102 MHz to 1 GHz. @@

antenna line, and E is the feld at the antenna location, but with the antenna

43 DESCRIPTION OF THE TESTS

43.1 Horizontally Polerized Muminstio

felds: i.e., the major electric field is el to the ground. The simulator uses an inverted-
V dipole to radiate at discrete freq m AHz a logperiodic

Ideally, one would measure the transfer function I,yy/E,, where Ly is the current in the

removed (ie.

the undisturbed total field at the location). If this transfer function could be.
measured, the HEMP induced current could simply be obtained by multiplying this transfer

function by the E, produced by HEMP at the same location. :

ARSI

In practice, the antenna cannot be “tempo
not affected by the antenna scatter) simulz
the antenna in an open area. InaddimimduemtesteqﬁnpmemcoMandth@mgh
terrain, it was also necessary to utilize an intermediate field measurement closer to the
simulator. These field measurements are referred to as *reference sensor’ MEasUremMEnts
below.
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In sum, the measurement SEup was as shown in Figure 4-9. Hence, the antenna current

relative to the simulator field at R, is:

IA.HT

o7 (@ = | A

E Ry)

. H, (R,)} em (41)
[E, 0 I

field at R,; ie., closest to the antenna, relative to the magnetic field at Ry Since the
magnetic field cancels out (in theory and in practice), the antenna current relative to E at
R, is obtained. The reference locagions R, and R, are idéntified in Table 4-1 for each

measurement.

Processing. To calculate the antenna response due to a HEMP, the transfer function in
Equation (4-1) is extrapolated; ie. it is multiplied by the electric field strength which a
HEMP would produce at R;. The denominator of the transfer function is the total (incident
plus reflected off the ground) eleciric field at 13 m above ground. Since the extrapolation
function must be consistent with the simulation, we need to calculate the total HEMP field

at that location per Appendix A. Thus, the extrapolated current is

Loy (@) = EI‘”(Rf ) - EFTET (o) [ 1+R,,e"‘] (4/Hz) (4-2)
1

y

where Ry, and a are from Appendix B. The incident field E™"" is the unclassified
HEMP waveform EMP-1 defined by Reference 10:

EZS. . () = 6425E4 e =<™)  (V/m) @3)
a = 3.00E7 sec™, b = 4.76E8 sec”

The result is the frequency spectrum of the antenna current due to a HEMP, and the
current transient is obtained by taking the Fourier inverse transform:
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% .
gEr - 1[I (@eMde A (44)
@

With two gxceptions,l the antenna currents measured with the horizontal illummanon field
wercprocessedamordingly. The results are contained in Appendix C. In addition, the
ambient noise was measured at severa] antenmas. Comparison plots of CWMS signal
measured vs. ambient noise are included in Appendix D.

432 Vertically Polarized Nluminstio )

Test semp; Flgure 4-10 showrs the COMS simulato
fields; i.e., the major electric field is perpendicular to the ground. The simulator uses a
monopole fed on the ground to radiate at frequencies between 100 kHz to 102 MHz, and
a vertical logperiodic on top of the monopole at frequencies up to 1 GHz. Hence, the
radiation source for the low frequency simmla tion is near the ground, while the radiation
source above 102 MHz is about 21 m above the ground (the logperiodic antenna is mounted
on top of the monopole structure). The consequen his i ' y are discussed

For the reasons discussed in the previovs section, two reference (field) sensors were
employed. The antenna current relative to the vertical electric field at R, is:

It (o o | Javr | | HR) , | @s)
AT HR)| |ER) “-m/v)

. where the quantities in the square brackets indicate measurements. The first measurement
is the antenna current relative to the magnetic field at Ry, and the second is the electric
field at R,; ie., closest to the antenna, relative to the magnetic field at R, Since the
magnetic field cancels out, the antenna current relative to E, at R, is obtained. The
reference locations R, and R, are identified in Table 4-1 for each measurement.

"The only exceptions are files H031A and HO32A, where the antenna currents were
directly measured relative to the horizontal electric field at R,. This is indicated in Table
4-1 by the comment "live ref”
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Figure 4-10. § f

Processing  To calculate the antenna respo
Equation (4-5)5mapolaw@vwwn3§mulnphedbythe electric field strength which a8
HEMP would produce at R;. As bef@m, the extrapolation function must be consistent with
the reference field (Le., the denominator of Equation (4-5)). Since the simulator has two
dﬂmmlmnmwmw@mmm
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- 100 kHz to 102 MHz The radiating ‘element is a monopole above a lossy
ground. If the ground were & good conductor, the simulator would be

lectromagneticall jvalent (by image theory) to adipple in free space; Lc.,
:h:, radiated ﬁeld.sy ﬁuld be purely incident fields. Since the ground is a
moderate conductor, the fields are incident fields, modified by a correcuon

term to account for the finite earth conductivity. For the present purposes,
the correction term is neglected; and, hence, the extrapolation 1s:

pmey « WL ERITG E) “6
2

As before, the unclassified waveform EMP-1 is used for E;~ e

- 102 MHz to 1 GHz The radiating element is a logperiodic antenna, roughly
21 m above ground. It produces a total field (incident plus reflected off the

ground) at the reference sensor at R,. Accordingly, the extrapolation function

(from Appendix A) is:
E;nc.HEMP (m)[ 1¢Rve .,,:g] & E:-s.m [%] (&7)

The approximation follows from Appendix B which shows that Ry, is much smaller than
unity; herce, the extrapolation function in Equation (4-6) can be also be used at high
frequencies.

" The resulting frequency spectra for the HEMP induced antenna currents, and the inverse
Fourier transforms are presented in Appendix C.

4.4 HEMP INDUCED ANTENNA CURRENTS. -

All measurements were processed as described in Section 4-2, and are con
Appendix C. results are summarized jp Table 4-1 ion 4-1. (S
MR N The file name indicates
Setner the horizontal CWMS simulator was used (prefix "H'), or the vertical simulator
(prefix "V"). . The column entitied “Polar” describes whether the simulator fields were
paralle] to the principal antenna radiating structure ("WORST CASE"), or perpendicular
("PERP"). The next column identifies the load on the antenna coaxial cable; i.e., whether
the current was measured into 50 ohms or into a short circuit.
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The waveform peak

The column entitled “Inside CWMS Volume" indicates whether the test object (antenna) was
outside the simulation volume.

The last column accounts for the fact that the reference location R, was not at each test
object as discussed in Section 4-2, but closer to the simulator. Since the simulation field
strength decreases as 1/distance (cf. References 9, 11), the error is 20 log(d/R,), where d .
is the distance from the simulator to the antenna, and R, is the distance from the simulator

to the reference location R;.

4.4.1 Representative Results for Each Antemma,

Table 4-1 shows that worst case polarization indeed produces the largest currents in the
antennas. The wncnsmdueedinaso@hmmloadmdimoashon cireuit are overlaid
in the following figures (Figures 4-11 to 4-19) for the worst case polarization of the incident
ﬁeld,exccptinthemmindim@@ Mﬁgm‘edisp!aysthespemandtheﬁmc

domain transients.

Note that the short-circuit and 50 ohm eurrent waveforms are quite similar; i.e., the short-
circuit current is about twice the current into 50 ohms. The reason for this is discussed in

the next section.
4.42 Antenna Impedance.

Figure 4-20 shows the electrically important elements of the coupling path from the voltage
generated at the antenna terminals 1o the test load, and the equivalent circuit for this path.
This circuit represents the HEMP stress seen by the radio equipment; hence, it is the ideal
injection test simulator. ’

The only unknown in this circuit is the input or source impedance Z,, which can be
calculated by

ISO
Z, =02 @ 48)

&
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Table 4-3.

: 4 compare the extrapolated short-circuit mrrerm
with the two test requxremexm, The test coverage pmded by the standard
deﬁcxem. The rcvxsmn suggested by Reference 7 improves the-aseess =
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ISSUE:

" What test waveforms adequately simulate HEMP stresses on test radio equipment connected
to antennas?

OBSERVATIONS:

HEMP coupled stresses to antennas can be adequately simulated with damped sinusoids as
suggested by MIL-STD-188-125. :

The revision to the standard in Reference 7 provides better test coverage because it uses
two damped sinusoids for each antenna. .

120
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The transients stressing the radio equipment can be represented by an equivalent Thevenin
circuit with source impedance of 50 to 100 ohms. Observed quality factors (Q) are lower

than the Q=10 required by MIL-STD-188-125.

CONCLUSIONS:
Neither MIL-STD-188-125 por previously suggested revisions account for the effects of a

tOWeEr.
RECOMMENDATIONS:

. Adopt the suggested revision in Reference 7, but add the requirement that the radio,

ipment must also be tested ith 2 damped sinusoid at 2 Mz with 500 AQ§
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APPENDIX B
CALCULATION OF TOTAL FIELDS

This Appendix contains the equations to calculate the total (incident plus ground reflected)
fields at a2 height h above the ground. The equations are for a horizontally polarized plane
wave (incident electric field is parallel to the ground), and for a vertically polarized plane
wave (incident magnetic field is parallel to the ground). The plane waves are incident along

a propagation direction which is in the xy plane and forms an angle 6 with the z-axis.

The a.hgles of incidence are between 68° and 83°, depending on the antenna distance to the
CWMS simulator and the height of the antenna tested. The earth parameters E; o were
estimated by matching the calculated field transfer fumctions to the measured transfer

functions. The estimated values are €, = 5,and ¢ = 201 to 1 mho/m.

The approximations for small x are provided for convenience. They are valid at frequencies
where the ground is 2 good conductor.
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HORIZONTAL POLARIZATION
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VERTICAL POLARIZATION
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APPENDIX C
ANTENNA CURRENTS

;», B 2.nd exrapolated

This appendix contains plots of the antenn2 currents measuredl 5
10 HEMP environments, Measurements with prefix "H" were extrapo ated to the total
electric field (cf. Section 43.1), and measurements with prefix V" were extrapolated to the

incident clegtric field (cf. Section 4.32).

For each measurement, the frequency domain amplitude spectrum is plotted indB = 20 log
|I(w)|. On the same page, the inverse Fourier transform is shown.
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SIGNAL TO NOISE PLOTS FOR THE

The uppér trace shows the signal; the lower trace shows the corresponding ambient noise.
~ The difference is the signal-to-noise ratio in dB.
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