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INTRODUCTION A 

1 

We recently performed a series of experimental .measurements -of transient 
electromagnetic @M) propagation through two different concrete walls. Several different 
short-duration pulses were used for the incident radiation, with frequency content fiom 
V I E  to 20 G&. Both walls were 30 cm thick, with thee  internal layers of reinforcing steel 
bars. For this particular set of data, the incident wave polarization was vertical linear only. 
Corroborating swept-frequency measurements were made with a vector network analyzer. 

This paper describes the propagation mqsurements through the two walls, and the 
propagation model of a lossy dielectric layer. We also examine the transfer function, 
dielectric constant, loss tangent, attenuation constant, and time-domain impulse response of 
these walls. The attenuation increases steadily with fiequency, and is a strong fbnction of 
the moisture content of the concrete. The time-domain pulse attenuation and dispersion are 
consistent with the lowpass-filtering effect of this attenuation loss vs. frequency. 

TlMEDOMAXN PROPAGATZOW MEASUREMENTS 

The transmitter portion of the wideband time-domain measurement system consisted of 
a very fast low-voltage commercial pulse generator and a wideband TEM-horn antenna with 
dielectric aperture lens. The receiver consisted of an identical TEM-horn antenna and a 
wideband sampling oscilloscope. These new antennas are described more fblly in the 
companion paper in this Proceedings, ‘A lEM-iYorn Antenna with Dielectric Lensfor Fast 
ImpuZse Response, ’ and were expressly developed for this ex erimenta 
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Considerable effort was spent in optimizing this measurement system ,to have the fastest ' 2 '  
* transient response possible (thus ofFering the widest bandwidth of wall characterization). 

In order to characterize the pulse attenuation and dispersion of a concrete wall, two 
dizerent transmission measurements are made in order to form a transfer function 
representing the lossy dielectric layer under test. Ons is a free-space reference 
measurement, characterizing the measurement system response. The other is the 'through' 
measurement, in which the pulse is actually measured after propagating through the layer of 
interest. The transfer fimction is then given by the frequency-domain ratio of the processed 
received waveforms. 

This paper presents data taken with two indoor concrete walls, at different facilities. 
One wall was located in one of our buildings at Sandia National Labs (Xrtland AFl3, New 
Mexico), and the other wall was located in a building at Wright LaboratoqdArmament 
Directorate (Eglin AFB, Florida). Figure 1 is a photograph of the Wright Lab experimental 
setup used to  capture the measurement system response in a free-space boresight antenna 
ali,onment. The antenna aperture separation was 1.10 rn (precisely the same as the 
separation for the wall measurement). The transmit antenna is pointed toward the viewer, 
with the pulse generator equipment located behind it; the dielectric lens can be seen in the 
aperture of the antenna. The receive antenna is pointed toward the transmit antenna, in tiis 
case with both main-beam boresight directions carefuIly aligned for maximum time-domain 
response. The receiving sampling oscillosope can be seen at the left side of the photo, 
sitting on top of a vector'analyzer. 

Figure 1. Free-space setup for reference measurement of system, at Wright Lab facility. 

For the  through measurements, F i s r e s  2 and 3 show the transmitter and receiver 
setups, respectively. In Figure 2, the transmit antenna is oriented at normal incidence to the 

' wall, with the aperture separated 40 cm from the front surface. In Figure 3, the receive 
' antenna is seen in a similar orientation, on the opposite side of this wall. It is also easier to 

view the receive equipment in this figure. The antennas were very carefdly positioned in 



DXSCLAIMER 

Portions of this document m y  be illegible 
in electronic image products. Images are 
produced from the best available 0-d  
document. 





c 

order to have, a noqnally-incident propagation line-of-sight and repeatable wall separations 
(to an accuracy of better than 0.5 cm). 

L -. 

Figure 3. Receiver setup for i d 1  measuremen< at Wrighht Lab facility. 
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The experimental setup at our facility consisted of the %me equipment, but the 
antennas were supported by custom wood platforms rather than the wood tripods shown in 
the figures above. These platforms are shown in Figure 6 of the companion paper 
mentioned above. The aperture separation of the antennas was 90.5 cm. 

A variety of time-domain pulse types were used in these measurements in order to 
determine their transient propagation-loss behavior. These TEiM-horn antennas have a clean 
derivative transmit time-domain response (on boresight), so the radiated EM field is a 
derivative of the pulse which drives the transmit antenna. The receive response is a time 
integral of the transmit response, so the antenna produces an output voltage pulse which is a 
replica of the incident wave. As a result, with step excitation of the transmit antenna, the 
radiated wave incident on the wall under test is an impulse, and the system has a free-space 
received pulse which is also an impulse. For the Sandia wall experiments, four impulse EM 
waves were created, with different pulse durations. 

Figure 4 shows one set of data for the Sandia wall, using the fastest impulse excitation. 
The first and largest impulse is the free-space reference waveform, and the second 
waveform is that through the wall. The reference impulse has a 50% pulse duration 
(full-width at half-maximum) of 48 ps, and with a receiving system 10-90% transition 
duration of about 22 ps (with a 50 -GB sampling head), this means that the radiated field 
incident on the wall has a pulse duration of about 43 ps. This is the fastest (and widest 
bandwidth) radiated-wave system we know of for measuring the transient microwave 
properties of layered diklectnc materials. Also note the 1.3-ns time delay due to pulse 
retardation in the-wall. 3ased on this additional delay, the dielectric constant (relative 
permittivity) of the wall is 5.2. A further item to note is the lowpass-filtering effect of the 
through measurement. 

U23: Gx Signals for S N L  Wall 

Figure 4. Received waveforms (free-space reference and through-wall), for Sandia Labs wall. 

For the Wright Lab wall, five different impulse excitations were used, as well as a 
bipolar wave excitation. These data are shown in Figure 5, together with the corresponding 
through waveforms. Note the time delay though the wall (1.15 ns), and how consistent it is 
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for the set of excitqtion waveforms. This implies that the dielectric constant is relatively 
constant over the spectral content of the excitation pulses (with a value of 4.5). 

Nn: Int Wall. Std Tx 
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Figure 5. 
five different impulse excitations and one bipolar excitation. 

Received waveform (free-space reference and through-wall), for Wright Lab wall. "here are 

PROPAGATION MODEL & DATA ANALYSIS 

In terms of characterizing the propagation through a wall or other lossy dielectric layer, 
the most straightforward configuration is a free-space transmission measurement, in which a 
radiated EM wave is launched by a transmitting antenna, propagates through a material 
layer of some thickness, and is captured by a receiving system. If we assume plane-wave 
propagation and a plane-wave layered geometry, then the problem becomes a I-D model, 
and the material layer under test can be modeled as a two-port device, with an overall 
transfer fUnction which relates the output pulse to the input excitation pulse. This transfer 
fknction can then be used to unfold or determine the dielectric constant and loss tangent of 
the material layer. 

The single-bounce or partial reflection coefficient at the front surface of a lossy 
dielectric layer can be modeled as 

where Ei cf) and E,cf) are the Fourier spectra of the incident transient wave and the 
reflected wave from the front surface. The TEM-wave impedance in the layer is 7 7 ,  with a 
dielectric constant of E, and an effective loss tangent of p,.  The corresponding complex 
propagation constant is 

y C f > = a + j p = $ , / m ,  
and the resulting transfer fimction of the layer, based on a single-pass propagation pulse 
through it, is 



Here, E,(f) is the spectrum of the through pulse, and E,,(f) is the spectrum of the 
free-space reference pulse. Since the same receiving system is used for both waveform 
measurements, this can also be obtained as the ratio of the received-voltage spectra rather 
than the wave fields themselves (Le., it isn't necessary to deconvolve the receiving system 
out of the measurements). 

Figure 6 shows the magnitude of this transfer hnction for the fastest impulse excitation 
of each of the walls, with a gradually increasing loss versus frequency. Note that the 
transfer functions based on all the other pulse excitations were very consistent with this 
data, but this fastest impulse excitation yielded the cleanest spectral characterization over 
the widest bandwidth @om UfiTF to 15 G&). 

V17: H(9 for WL Wall B SNL Wall, Both Fastest impulse Mmt 

Figure 6. Transfer function for Sandia and Wright Labs' walls, based on fastest impulse excitations. 

Then Figure 7 shows the corresponding impulse response of the walls, given by the 
inverse Fourier transform of the transfer fbnction above. This is the pulse which would 
emerge from the concrete wall if excited with a perfect delta-function impulse E M  wave. 
There are several items to note about these waveforms. One is that the Wright wall has 
lower pulse attenuation and shorter time delay than the Sandia wall. The Wright wall has 
less attenuation and lower dielectric constant than the Sandia wall; this is evident in the 
frequency-domain transfer fbnction as well. Note also that the primary impulse response is 
replica in nature, and that the average 50% pulse duration was 105 ps for the Wright wall 
and 146 ps for the Sandia wall. Thus, the Sandia wall has more time-domain dispersion or 
pulse spreading than the Wright wall. The last item to notice is the negative undershoot 
following the impulse portion of the response; we think that this is partially caused or 
influenced by the reinforcing bar inside the walls. 

' 6  



I 

1.WE-009 1ME-009 . ZcoE-009 250E-009 3.00E-009 4.ooE-009 
SeC 

Figure 7. 
trander functions shown in Figure 6 .  

Impulse r q o &  of Smdia and Wright Labs’ walls, based on inverse Fourier transform of 

Space in this paper prohibits showing all of the data, but one more useful plot is 
provided in Figure 8 - this is the resulting attenuation constant a ( f )  in d3/m for each wall. 
It represents the volumetric loss of the concrete and re-bar structure, with the pulse 
reflection losses at each layer interface having been removed. 

V17: Compare AUen Cwrst lor SNL 8 WL Walls 
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Figure 8. 
in Figure 6 .  

Attenuation constant of Sandia and Wright Labs’ walls, based on the tramdm functions shown 



The Sandia wall does indeed have higher loss than the Wright wall, with about 20 &/m at 
2 Gf-Iz and rising to about 110 dBlm at 10 GHz. The corresponding dielectric constant is 
fairly flat over this range, consistent with simple time-delay behavior in the impulse 
response. 

The time-domain cross-correlation of the waveform pairs shows similar behavior as the 
derived impulse response, with the same insertion delays and relative pulse attenuation. 

SUMMARY 

We performed two series of very careful propagation measurements'through two 
different 30-cm-thick concrete walls, utilizing a variety of transient time-domain pulses. The 
resulting transfer function and corresponding time-domain impulse response were very 
consistent with each other, and were additionally validated by frequency-domain vector 
analyzer measurements of the transfer function. This is the first comprehensive data we 
have seen for very wideband charactektion of actual concrete w d s  with re-bar 
construction. The attenuation constant (in dWm) increases in a fairly linear fashion with 
frequency, and the dielectric constant is fairly flat over the LEF to 15-GHz band. In 
addition, the time-domain behavior has been quantified, and will be very useful in 
time-domain radar studies for ground-penetrating radar, fiee-space layered-material 
measurement systems, et%. 
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