PROCEEDINGS OF

The First International Symposium On The
APPLICATION OF MODERN
TECHNOLOGY TO ARCHAEOLOGICAL
EXPLORATIONS AT THE GIZA

NECROPOLIS

Cairo, December 14 - 17, 1987



DEVELOPMENT AKD USE OF ULTRASOUND AND MICROWAVES
TO EXFLORE THE SEALED BOAT-PIT
SOUTH OF THE GREAT PYRAMID

PRESENTED BY

FROF. REBERT CRIEES AND FROF. FATHI SALEH
CALIFORNIA STATE UNIVERSITY, FACULTI OF EMGINEERING
SACHAMENTO AND FOLSOM RESEARCH INC. CAIRO UMIVERSITY

SUHMARY

A research program was carrled jolntly between California
State University , Sacramente and Calre University, toe develop
microwave and ultrasenic techniques te Image archeological sites.
The microwave egquipment was uvsed to make an iwage of the boatr pit
gouth of the Great Pyramid.

In erder to rteach the objectives the equipment was
designed in California then reassembled, tested, and caliberated
at Cairo University,

During & second phase, tests were conducted at the bhoat museum
and on the rocks ocutslde the museur to detecmine If microwave
could  penetrate the required 1.7 meters of rock (slaba). Twa
microwave bands were used : 0.5 te | GHZ (30 em resolution), and
2.6 to 3.95 GHZ (11 cm resoluction). With the present equipment,
the lower band could penetrate the rock.

Afver that data was collected to make an image., This wvas dene
both imside the musevm for a reference with an empty pilt, and
over the unopened boat plt. Because of limited ctime and an
anceint wall covering most of the unopened boat pit cover, only
enough dats was collected to make a cross sectional Image across
the third rock from the key. The data Indicates that there are
reflecting objects in additien to the bottem of the rock cover,
and the base of the pit.

1. Introduction

The purpese of this research work I8 te develop
ultragound and microwave equipment and te use this equipsent
to detect archasological charbers In Egypt. The ultrasound
iz primarily intended for use In rock, the mlerowaves for
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Fig.1 Ultrasound Image of Abdominal Organs
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both rock and sand. This equipment differs from that
previously wsed In that the resolution is higher, and the
final result 1z an image displaved on a television moniter.
The Inltlal application of the microwaves was to detect and
image the contents of the boat plt south of the Great
Pyramid art Gilza. In the long term it iz the intent to
transfer the equipment and technology te Caire University
for systematlc searches throughout Egypt.

Background

There wete twe developments In the past decade that
provided the techmical basis for this effort. The flrst was
the pleneering effort of SEI in adapting modern sensing
techniques to archasology. The second was the rapid
development of wltrasonic imaging technology for medical
diagnosis.

Soon after Professor Alvarez of Lawrence Radfatien Labas
sucessfully used cosmic rays to ¥-ray the Chephren pyramid
in Giza, SRl began & remarkable series of programs using
other probes te asslat in  devectimg archasologlieal
artifacts. These Included microwaves, Infrared, electrical
resietivity, magnetic fleld and wltrascund. Im particular,
they found that ultrasound worked quite well in solid rock.
This was effectively demonstrated by bounc_ipg an ultrasound
pulse off the tomb of Ramsis VI from Tutankhamon™s tosb.
One of our proposed projects is within & hundred meters of
this equipment.

SRI also tried to uvee microwaves {(radar) te pentetrate
the pyramide at Giza. This was not successful because of
the unexpectedly high moisture level in these pyramids.
Hicrowaves wlll penetrate only very dry materials. For
example, the sand covering the tombs at Saggara s
practically transparent. HModerate penetration should alse
be expected in the limestone in the Valley of the Kings, or
any tock or sand exposed to low relative humidity.

Hedical electronice -- medical wultrasonic imaging in
particular == aleo underwent rapld development. Echao
encephalography was wused to disgnose head Injuries by
bouncing an uvltrasound pulse off the midline of the braism in
much the same manner as SEI 414 {n the Valley of the Kings.
There-after, o “BE-Scan” {maging eystem, wherein &n
ultragound probe connecteéd to articulated ares was scanned
across the body, became popular. This techoology resulted
in & cross-sectional image of the body displayed on a
television monitor (see Figure 1 A and B). Mechanical
ecannner (Filgure 1 C spd D) and linesr transducer arrays
(Figure 1 E and F) soon followed. FPhased array {imaging,
vhich uses no wsoving parts to produce an Image, was
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introduced most recently.

The microwave project at the boat pit was based on BE-scan
technology but future projects will use image reconstruction

based on phased array technology.

As SRI f{ndicated im its final report, mo attempt was sade
by them to optimize elther the electronics or the transducer
== gnly to demcnstrate feasibility. Echoes from unknown
sources were found below Belzonl”s Chamber im the Chephren
Pyramid and in the wvicinity of the tombs of Tutankhamon and
Ramsis VI in the Valley of the Kings. However, no
additicnal rescurces were avallable to determine If these
were faults in the bedrock or other Chambers bullt by ®an.
This could be resolved by Imaging, as man-made chambers are
typlcally mach more regular In shape than natural faults.

Comparison of Microwawves and Ultrasound Imaging
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Both micrewave and ultrasound probes have been designed
into the Imaging system, although only microwaves have been
used In Egypr. Each has relative advantages and
disatvantages.

Ultraseund has the advantage of penetrating rock for
great distances. Useful Images in excess of 100 meters might
be expected in the Valley of the King. Ultrasound ecannot
practically penetrate alr . Thus, the walls of a chamber
may be Imaged, but not the contents of the chasber.

Mierowaves have better penetration in dry sand than
ultrasound, but pgenerally less penetration in rocks. The
penetration Is controlled more by the meisture level of the
material, tham the material ftself. For example, the high
humidity levels In the giza pyramids limit penetration to
about ene meter, but tens of meters might be expected in the
dry sands at Saqqara or the limestone in the Valley of the
Kings. The rocks covering the boat chambers at Giza will be
relatively tansparent during coecl, dry weather, and mote
opaque after a rain or during hot, humid weather.

Hicrowaves easily penetrate alr. Thus, microwaves can be
used to image the dInterfor of any detected chambers,
Archaeologists prefer to know the contents of the echamber
because rapld deterioration of the contents may occur after
opening due to expodure to the atmosphere . If the contents
are known before opening, the archaeclogists can be prepared
te provide Immediate protectien for anmy  perishable
materfals.

What size objects mighet be seen In the images? Objects
can be detected 1f they are a wavelength or larger, Longer
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wavelengths are needed for penetrating power. A graph of
mexipum penetration ws wavelength for both microwaves and
ultasound for "Aswan Limestone” is shown In Figure 2.
objects of 10 e¢m in zlze can be seen in dry rock with
microwaves and in any rock with ultragsound to abour 20
meters., Microwaves are superlor in sensitivity at shorter
ranges, and ultrasound at greater ranges. At high bumidity,
microwaves are practically useless.

From this discussion, it {5 easy to see that vitrasound
and microwaves complement each other. ltrasound provides
the great penetrating power in rocks, and microwaves provide
penetrating power In dry sand as well as the ability to
image the contents of chambers.

IV. Properties of Microwaves
For purposes of Imaging, microwaves and ultrasound are
remarkably similar. The microwave wavelengths that were
used In this project are comparable to ultrasound
wavelength proposed for future projects. Two mlcrowave
bands were used: 0.5 =-to - 1 GHZ and 2.6 = ko - 3.93 GHZ,
The Ffollowing table shows corresponding microwawve  and
ultrasound center frequencles for the same wavelength in
rock, assuming 8 wicrowawe reflective Index of 3 and
ultrasound veloclity of 107 em/sec.
Corresponding
Microwawve Center Wavelength in Ultrasound Center
Frequency Rock Freguency
B.75 GHEZ 13.3 enm 7.5 KHZ
3.275 GHZ 3.0 em 33.3 KHZ
Table 1 Microwave and ultrascund Comparisonm

The relationship between frequency f, wavelemgth X , and
velocity v, Is

For

fne v Fquation ]

10
alr vp=c=3x 10 ocm /sec which 15 the velocity of

1ight In alr, In rock the velecity Ia efn where n lg  the
relactive Index, typlcally 3 from measurements made by SRI.

For microwaves that are Incident normal to the surface, the
reflectlon coeffiglent for the amplitude {(valtage) of the
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reflected wave s

A = 0 v o=
z 1 1 )
B & =cececceee & sccscs==—- Equation 2
c n + 0 v o+ v
2 1 I 2

Where w and n are the propagation velocitles and refractive
indexes of the two media. ¥ote that density does not enter
inte the formula as with ultrasound. A3 a consequence,
microwaves cam penetrate inko alr cavities to Image, Ffor
example, the iInterlor of the boat ple. In fmct, the
reflection coefficlent between rock (refractiveindex = 3) and
alr is

SRR | 2
R & =eoe= = === = 50 Equation 3
c kT | 1

compared with 99% for wltrasound.

The relation between beaw shape and aperture is the same
for ultrasound and microwaves. Az a consequence, microwave
and wltrasound beass of the same wavelength and aperture
have essentlally the sase lateral resolutlon.

V. Swept Fequency Fundamentals

In the microwave front end, the methed of achleving range
resolution fs deplcted in Flgure 3. The microwave Source
creates a signal

Frequency Tranamitted
& = == Reflected
E: R 4 fzﬂ
Microwawve H o
Source \\ Reflection
Horn
Detector Eli
Fig. 3 Swapt Fregquency Primciple



that @aweeps & wide band of microwave frequencies from f, to
fa . The detector sees this slgoal as well as the one
reflected from a target. If the target {s o distance R
away, the second signal will be delayed

2R
L Equation 4

where w {8 the welocity. Because the detector dicde is
monlinear, it will create the sum and difference
frequencies., The difference frquency is the critical one,
for it will be constant if the sweep {s linear, and
preportional to RE. Froe similar triangles:

f | R 4
D 2 ]
—== = mmmmmeeee = Fquation 5
T T
0

where £ I8 the slope of the detected fregquency

if R

f = f° R Fquation 6
D L]

This frequency can be determined by taking the finite
fourier transfors of the detected sigoal 5S{c).

T
2 =-{iwt
Flu) = === Eit)e dt Equation 7
T

L]

To be weed In Imaging algorithes the “eche™ wmust he
expressed as a function of propagation time. This time is

related to the transform varisble w as T is te f o b,
0 b
w o= JIaf = 21:_['1'; Eguation A
g0 the transfore can be rewritten
T
2 =128 {c ¢
Fig) = ===\ 5{t)e dt Fquation 9

T
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Figure 4 Cross sectional image across the ehird rock from the Key of

the unopened pit.

This figure shows the fellowing indicationg =

Reflection from the bottom of the covering slab of the rock

[die toe change of medius from rock ko air).
2. A very strong reflection from the bottom of the pit.

1. Reflection from the objects inside the plt which would

indicare a flat object (Ib) at about half the hight of
the pit I:F_hn“m:i.g'::t be some layers underneath that would
give weaker reflections), some small lﬂnqﬂudh'i,abjuctm
at different hights {3a, 3e}.

The results obtained indicate the presence of some ojects,
underneath the third slab of the pit, but it also shows that
some more effort should be done te increase sensitivity of
the eguipsent to detect weaker reflections, and to obtain
batter resclution to detect s=all cbjects and get more

details.
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& copvenlent prdttdhlt Is to take the power spectrum. This
will prodece & (&ln =%/%) = type distcibution fer each
TAEEER. This spectrom 15 always positive. The B-scan I{mage
ef figure & is made by ploting the power spectrusm along the
vertical axis and distance across the boat pit aleng the
horizontal axis.

V1. Electronle Clreulits

The wsolild state microwave oSclllators that are used have
twe imput sigrals and & wicrowave cotput, One that we have
been using requires +15% welte for power and & 0 te 19 welt
signel to sweep the frequency from 2.507 to 3.790 GHI. The
cutput frequency-ve-voltage Is shown In Flgure 5.

A convenlent interface clreult for operating the radar ls
shown in Flgure 6.
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A  frequency Is selected by ecalculating, frem {nternal
laok-up tables, the approprlate wvoltage for the DJA
converter. The detector voltage is then dipgitized and read
inte the computer. The power to the microwave elrcult can
then be shut off to obtain a zere reading te correct any
drift in the ipstrumentation asplifier.

The instrumentaction amplifier was chosen because there 1Is
aften much 50 HZ or 60 HZ signals on the wavegulde due to
plckup from commercial power sources. The instrumentation
amplifier typlecally has more than 100 db of common mode
rejection, This output goes throwgh an amplifier with pain
selected by the computer. If, after digitizing an entirce
get of data, there are no codes in the upper range of the
AfD conwverter, the galn can be increased under software
contrel te wtilize the entire dynamic range of the A/D
converter., The gains can be set In 1, 3, 10, 30, etec.
ELEps.

VII. Sumsmary

Utilizing the ecircuilt just shown, the procedure for
obtaining 8 B-scan image is as follows:

1. Digiedize the detected signal at egual Incresents of
frequency. The woltage required to do this {5 obtained
from the calibration curved supplied with the microwave

BOULCE.

2. Correct the data by subtracting a slignal correspondinmg to
that detected and corrected with no target In the beam.

3. Take the trangfors with equatiom 9,

4, For each position acrose the pit, plot the transform
vertically and position horizontally.

VIII.Work Done Durimg the Flret Visir

Hicrowave and computer equipsent arcived at Calre
University with the Aserican teae from Californim State
University, Sacramento, on Septesber 27, 1985 to make
“images” of the unopened boat pit south of the Great Pyramid
at Glza.

The equipment was assesbled, tested, snd caliberated at
Cairo University.

Tests were conducted at the boat museum and om the rocks
fi3



IX.

outside the museum to determine if microwave can penetrate
the required 1.7 meters of the rock (slabs). Two microwave
bands were available : 0.5 to 1 GHZ (30 cp resolution), and
2.6 to 3.95 GHZ (1] em resolutien). With the present
equipment, the microwave lower band could penetrate cthe
rock,

Data was collected to make an image. This was done both
inglde the wouseum for s reference with ap empty pit, and
over the unopened boat chamber. Because of limited time and
an anclent wall covering most of the uncpeéned boat plt
cover, only encugh data was collected to make a cross
section image across the third rock from the key. A cusory
review of the data Indicates that there are reflecting
objects between the bottom of the rock cower, and the base
of the plt.

Later onm, computer processing was wsed to produce an
image ocut of the data collected durlng the fleld visle. The
image obtalped 1z given In flgure &,

Tentative Conclusions of the Results

o o o e

The conclusions that were obtalned at the tiee of the
experiements were written and recorded in & report
delievered to the Antequities Organization as follows:

1. The unopened boat pit s not empty.

2. Microwawves can be vsed to penetrate up toe 2 seters of
limestone and Image objects in the air chamber beyond
the 2 meters,

3. The difference In signal strength obtained when testing
the opened pit {(inside the puseum) and the closed pit
{higher =ignal strength), Indicated, most probably, that
the average humidity imside the second pit 15 much lower
than the first one (which is already maintained at 50%
level). §

= Based on the image obtalned, a redesign of the equipment
was suggested in erder to reach twe objectives,

. Obtaining & stronger signal.

. Obtalning better resolution.



The new deslgn will incorporate different kind of antennas
and a microwave generator that would allow a range of
frequency from 0O to & MHE. This would result 1in a
resolution of about & cm, which means objects of size
Ereater than 4 ce would show wp In the {images obtained.
The eignal processing will be revised from E-scam
processing La images reconstfucted from  synthetle
aperture algorithas.

§- Compare prediction with the actual value of
84 + 2 %, quoted by Tane et al. elsewhere
in this Proceedinga, The Editor,
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