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Abstract – In this paper we present a theoretical framework for 
the application of Direct Sequence Spread-Spectrum techniques in 
conjunction with slow Frequency Hopping to the estimation of 
acoustic wave propagation times in a geophysical medium. Instead 
of measuring travel-time via manual (visual) estimation of the 
direct-path arrival time of a one-shot disturbance sent from the 
source to the receiver, we opt to measure travel-time by establishing 
a Direct Sequence Spread-Spectrum Minimum Shift Keying link 
between the source and the receiver. By sending timestamp data 
between the source and the receiver over this spread-spectrum link, 
travel-times can be calculated. In order to combat the problem of 
false locking of the Spread-Spectrum system on strong indirect-path 
waves, we frequency-hop the center frequency of the spread-
spectrum signal and calculate the travel-time via the decision 
algorithm of "plurality rules" applied to the travel-times computed 
at each center frequency. 
 

Keywords- inversion problems, travel time, spread spectrum, 
frequency hopping, minimum shift keying. 

I.  INTRODUCTION 
 Many geophysical surveys are based upon measuring the 
travel-time of acoustic waves through a geological layer. The 
travel-time is an indication of the geological properties of the 
medium through which the acoustic waves propagate. When 
travel-time measurements are collected over a 2D grid, the 
composition of the interposing geophysical layer can be 
estimated though an inversion algorithm, in manner very 
similar to how medical imaging is done with the aid of the 
inverse Radon transform. Thus, acoustic travel-time 
measurement is a widely used tool in oil and gas exploration 
surveys. The conventional approach to travel-time 
measurement in geophysical surveys is based on generating a 
“one-shot” disturbance at the source and measuring its arrival 
time at receivers interspersed at the other end of the geological 
layer under investigation. This is prone to error due to various 
types of reflected and refracted waves which arrive at the 
destination points and interfere with the direct-path waves. 
Recently, a novel method for travel-time measurement in 
geophysical inversion problems has been suggested [1], which 
builds upon research presented in [2]. Instead of using a one-

shot disturbance, continuous acoustical communications links 
employing Minimum Shift Keying Direct Sequence Spread-
Spectrum are established between the source and each of the 
receivers. Then, framed data which contains timestamps taken 
at the transmitter is sent over the communications links. Each 
receiver then subtracts those transmission timestamps from the 
receiver’s clock (which is synchronized to the transmitter’s 
clock), hence computing the travel-times. The problem of 
overcoming interference by indirect-path waves is thus 
converted into the task of overcoming multipath interference 
in a Spread-Spectrum communications system, which is a 
known problem with known solutions [3]. 
  In this paper, we present a theoretical framework by which 
using slow Frequency Hopping in conjunction with Direct 
Sequence Spread Spectrum results in improved performance 
that allows the measurement system to overcome wave 
propagation artifacts that may cause false-locking of the Direct 
Sequence Spread-Spectrum algorithm alone. While the work 
in [1] correctly handles any situation in which the received 
amplitude of the reflected waves is substantially lower than 
that of the direct-path waves, in some cases the presence of a 
head wave, or lateral wave (see Sec. II) will result in an 
indirect-path wave possibly  having an amplitude very close to 
that of the direct-path. The spread-spectrum algorithm of [1] 
can then erroneously lock on to the indirect-path wave, which 
will result in an incorrect travel-time computation. In order to 
combat this problem, we propose frequency hopping the center 
frequency of the spread spectrum signal. This will cause the 
frequency-dependent indirect-path wave to vary in amplitude 
but the direct-path wave's amplitude will remain the same. 
Hence, if multiple travel-time measurements are made at each 
frequency, using a "plurality rules" decision algorithm we can 
identify the correct travel-time measurement rather easily 
while discarding the erroneous measurements which were 
based upon the indirect-path waves. In this paper, we limit 
ourselves to exposition of the problem and the proposed 
solution, while numerical results are relegated to future work. 
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II. GEOPHYSICAL SYSTEM MODEL 
 In this section we shall outline the geophysical model under 
discussion. In the development that follows, we will use the 
illustration of an acoustic point source and follow the model 
development given in [4] with appropriate equation references. 
The geometry for a point source in two fluid half-spaces is 
exhibited in Fig. 1. 
 

 

Fig. 1. A simplified channel model for seismic tomography in which 
the receiver R and source S are situated in a fluid half-space. 
Reflected ray take-off angle is i1. Snell’s Law dictates that across 
z=0, 1 2p =p  (that is, 1 1 2 2sin ( ) / = sin ( ) /i iα α ). 
 
 The pressure fields P in Fluid 1 and Fluid 2 obey the 
following three-dimensional wave equations [4 eq. 6.1] 
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with parameters as indicated in Fig. 1. At z=0, the boundary 
conditions of continuity of pressure and normal velocity must 
be satisfied, resulting in transmitted and reflected waves. The 
solution of (1) proceeds by noting that the wave field in Fluid 
1 is given by [4 eq. 6.18] 

( )22 2
0

1  where 

and  . 

incident reflected incident

Rj tAP P P P
R

R x y z z

e
ω α
 
 
  

−
= + =

= + + −

 (2) 

Now we introduce the horizontal slownesses 1p  and 2p  in 
fluids 1 and 2 respectively, which are defined by 

1 1 1p sin ( ) /i α  and 2 2 2p sin ( ) /i α . This is shown in Fig.1. 
This ray parameter is conserved across the interface, z=0, 
resulting in Snell’s Law i.e. 1 2p =p  or 

1 1 2 2sin ( ) / = sin ( ) / .i iα α  Thus, we can define the horizontal 

slowness p in both fluids as 
( )1 1 1 2 2 2p p =sin ( ) / =sin ( ) / =pi iα α . Associated with p  are 
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slownesses in Fluids 1 and 2 respectively. In Fluid 1, q1 is real 
for p<1/α1, while in Fluid 2, q2 is real for p<1/α2.  
 After application of the continuity conditions of pressure 
and normal velocity at z=0 , we obtain the reflection and 
transmission coefficients [4 eq. 6.14] 
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 Using the previous equation with the approximation of 
geometrical optics, it can be shown that [4 eq. 6.19] 
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 In the above, Rimage   is the distance from the image source 
to the receiver, as shown in Fig 1. It is obtained directly from 
the method of images for scalar waves. The analysis presented 
above is for angles of incidence i1, such that p<1/α1. In Fig. 1, 
due to the fact that: (a) the reflection coefficient's absolute 
value is less than unity, and (b) the path traversed by the 
reflected wave is longer than that of the direct wave, then the 
reflected wave will always have a substantially lower 

 
 
 

Fig. 2. An illustration of ray paths when head waves occur  
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amplitude than the direct-path arrival and thus the spread-
spectrum algorithm of [1] will lock on to the direct arrival, 
hence resulting in a correct travel-time measurement. 
 Unfortunately, the simple case of Fig. 1 often does not occur 
in practice. A more realistic situation is shown in Fig. 2, with 
the same source configuration as in Fig. 1. However the 
reflected ray take-off angle between the source and receiver is 
different due to the greater source-receiver horizontal offset. 
 While the foregoing analysis of Fig. 1 is valid for p<1/α1, 
such is not the case in Fig. 2. In this case, the direct wave is 
present as before but there is now the appearance of a head 
wave. The head wave, whose geometrical optics path is shown 
by the solid line in Fig. 2, leaves the source at the critical 
angle, given by the condition sin icritical=α1/α2 . The reflected 
ray, for which p>1/α2  [4 p. 210], as indicated by the dashed 
line, leaves the source at an angle greater than critical. For the 
scenario shown in Fig. 2, the total pressure field, in Fluid 1, in 
the geometrical optics limit, is given by [4 eq. 6.25]: 
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 In equation (5), we see that the direct and reflected wave 
arrivals in the geometrical optics limit occur as before. 
However, due to the fact that the reflected wave is 
supercritical, there is a phase-shift in this “wide-angle” 
reflection, changing the reflected pulse shape [4 p. 211]. In 
addition, one can see that the head wave arrival is frequency 
filtered, i.e., there is an additional integrator included in the 
response.  
 In [1] a spread spectrum algorithm was used to discriminate 
between the main arrival and the reflected arrivals. However 
that algorithm will not be sufficient in the situation shown in 
Fig. 2, due to the strong interference of the head wave with the 
direct wave, especially when L is large and Fluid 2 has a very 
high acoustic wave velocity. In that case, at some frequencies 
there may be head waves that have an amplitude that is very 
nearly that of the direct-path arrival, which could cause the 
algorithm of [1] to false-lock on to the head wave, hence 
resulting in an erroneous travel-time measurement. To address 
this problem, we propose an extension to the previous spread 
spectrum method, by the introduction of frequency hopping.  

 

III. PRINCIPLE OF FREQUENCY-HOPPING 
METHOD 

 In order to exemplify the need to for frequency hopping, we 
take a look at the correlations that the spread spectrum 
receiver sees when it is in the acquisition phase. During the 
acquisition phase, no data is sent over the communications 
link. Rather, what is sent is a carrier modulated by the spread-
spectrum chip PN sequence (i.e. q "CW-PN" or "Spread-CW" 
signal, as it is often called). A well designed spread-spectrum 
receiver will adjust its chip clock in order to lock on the signal 
which produces the highest correlation. When acquisition is 
achieved, the receiver sends a signal to the transmitter via an 
external link (the "control link") which does not pass through 
the geophysical medium (e.g. a wired or wireless connection, 
or even via the internet) for the transmitter to switch to 
sending data over the spread spectrum link, and the receiver 

 
Fig. 3 - Illustrative example of correlation maps seen by the spread-
spectrum acquisition algorithm for different center frequencies. Note 
how the head wave's amplitude changes as a function of frequency. 
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then switches to tracking mode. From the data received, using 
the algorithm of [1], the travel-time is then calculated. Now, if 
the receiver has locked on to the correct timing offset which 
corresponds to the direct-path wave, this will result in correct 
travel-times to be calculated. However, if a correlation is 
encountered which has a very close (or higher (due to noise 
effects)) absolute value as compared to that of the direct-path, 
the receiver may lock on to that and an erroneous travel-time 
will be computed. An example of this situation is shown in 
Fig. 3,  top. 
 In order to combat this effect, what we can do is change the 
center frequency of the spread-spectrum signal. This will 
cause the correlation corresponding to the indirect-path head 
wave to vary in amplitude (reducing it for most of the time 
well below the amplitude of the correlation corresponding to 
the direct-path). This can be seen in Fig. 3, middle and bottom. 
Hence, if we compute travel-times for various center 
frequencies and then use a "'plurality rules" decision algorithm 
in order to decide upon the correct travel-time, we are able to 
discard the erroneous travel-time measurements. Note that a 
"plurality rules" decision algorithm is necessary in lieu of a 
"majority rules" algorithm since it could be theoretically 
possible to have the presence of several strong correlations due 
to head waves (or due to other wave propagation phenomena 
in more complicated topologies, not discussed in this paper), 
and the receiver may lock on one or the other depending upon 
the center frequency of the transmitted signal and upon the 
geophysical medium and topology. Moreover, changing the 
center frequency of the signal also addresses the case where a 
head wave arrives simultaneously or nearly simultaneously 
with the direct wave and these interfere destructively at some 
frequencies but not in others (i.e., when the channel is 
frequency-selective). 
 A simplified system diagram for the proposed Frequency-
Hopping Spread-Spectrum system is shown in Fig. 4.  

IV. CONCLUSIONS AND FUTURE WORK 
 In this paper we presented a theoretical framework for the 
measurement of propagation times in geophysical acoustic 
surveys through use of a frequency-hopped direct sequence 
spread-spectrum communications link between each source-
receiver pair. The use of spread-spectrum allows the 
measurement process to operate automatically, while 
frequency hopping the centre frequency of the spread-
spectrum signal allows the receiver to discard erroneous 
results (arrived via false-locking on indirect-path head waves) 
via a simple "plurality rules" decision algorithm. 
 Using this theoretical framework, necessary future work 
includes, first, numerical characterization of the frequency 
hopping and spread-spectrum parameters necessary in order to 
achieve optimal performance, and, ultimately, investigation of 
the proposed system in an actual geophysical survey setting. 
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Fig. 4 - Frequency-Hopped Spread-Spectrum system for travel-time measurement (simplified diagram). Not shown is the control link between 
the source and the receiver, which is a 2-way link that does not pass through the geophysical medium but rather is either a wireless or wired link 
through which the actions of the transmitter and the receiver are coordinated. 
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