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TR405 PULSE PROPAGATION IN’f;O WATER
by
Hans .J. »Schmittz
Division.of Engineering and Applied Physics

Harvard University, Cambridge, Massachusetts

ABSTRACT

}The transmission of short unidirectional plane-v./ave pulses.into
water and solutions of sodium chloride ﬁas been investigated experimentally,
The time sequence of the transient respénse for incident pulses with a
duration of several nanoseconds is observed at various depths in the
electrolyte. The dispersion of the pulse is mainly due to the ionic conduct-
ance of the solution. For very rapid pol-arizing forces the relaxation
associated with the hindered rotation of the &ater molecules also contributes
to the dispersion. Unlike the‘ exponential attenuation of sinusoidal signals
in conducting media, for short pulses th.e‘ maximum response ultimately
follows an inverse cube law with increasing depth. The experimental
results .are compared to the calculated transient response obtained from

an approximate theory. The agreement is excellent.
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TR405
INTRODUCTION

The peculiar dispersion of transient electromagnetic signals.in
conducting media has been discussed theoretically in several recent papers.
-Richar.ds [1] analyzes the radiation of short unidirectional pulses by
electric and magnetic dipoles immersed in a conducting medium. The
asymptotic behavior of the transient response at great ciistance,s from the
source excited by a Dirac impulse shows a; smooth but relatively fast rise
followed by a slow drop in the signal level. The maximum of the reéponse
proceeds at a slow speed. The speed,moreover,decreases with distance
and; coincidentally, is equal to the sound velocity at a distance of about
1 km . The amplitude of the maximum fesponse decreases in a manner
inversely proportional to the cube of the distance, while the entire pulse
is progressively smoothed out in time resulting from the increase in
relative importance of lower f'requency components at larger distances.
This asymptotic behavior has been directly derived by Zisk [2] using a
saddlepoint integration in the transfer integrai. Anderson and Moore [3]
have investigated the energy frequency spectrum of electromagnetic pulses
in a conducting medium.

For communication purposes, for example through sea water,
pulse excitation does not a.ppear‘ advantagecus, since for any appreciable
distance, i.e., more than 1 m , the energy contained in the higher
frequency components .of the pulse is essentially dissipated. Also the

-1-



TR405 -2-
long-time spread in the response at greater distances prevents rapid
modulation of the pulse sequence in amplitude or pulse position. Pulse
dispersion in conducting media is.also important in.t:'he study of shielding
effectiveness for transient electromagnetic signals. Harrison [4]
investigated the pulse transmission through metallic plétesv_and shielding
enclosures using a high-speed computer. |

The radiation of pulses, for example under water, is difficult to
investigate experimentally since any physical antenna in itself represents
a dispersive system [5], [6], which has to be taken into account for a
comparison with theoretically determined responses. A simpler
situation which can be directly subjected to experimental comparison is the
transmission of normally incid~~* nlane unidirectional pulses .into a
conducting medium. The analggy between -’I‘EM-:mode propagation and
transmissioniline. propagation allows the observation of the transient
response inside a coaxial line, as.indeed the original a11§1ytica1 solution
of the propagation of transients in lossy media has been specifically
concerned with dispersion in transmission lines [7], [8]. .

It is the aim of this investigation to give a c,omparison.qf experimental
observations and analytical results for the dispersion of short pulses
propagating through an air-liquid interface to various depths in water or
aqueous electrolytic solutions of different conductivity. In particular,

the transition from a relatively well-preserved pulse shape at a small
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depth in the conducting zolution to the ultimate asymptotic form for large
depths is investigated. In aqueous solutions.a loss mechanism and an
associated dispersion arise .due to the hindered rotation of the water

molecules in addition to the ionic conductivity. Although the relaxation
-11

°

time, TR 0.94 10 sec [9] is extremely short compared to the rise

time of the duration.of the pulse actually used, the absorption is shown
experimentally in the smoothing out of the initial discontinuity of the
precursor signal. For solutions with negligible conductivity an.approximate

analysis indicates how,in principle,the relaxation time can be measured

directly by observation of the transient response.

EXPERIMENTAL PROCEDURE

For the detailed observation of pulse dispersion over relatively
small distances repetitive pulses with durations of 20 nsec and 60 nsec
and a rise time of approximately 0.‘;‘25 nsec supplied I;Y a mercury switch
pulse generator have been used. The p,ulse:s are led through a 20 dB
matched attenuator and a 3' section of 50 ochm cable (RG8U) to the test
line. The test line consists of an air-filled stainlegs steel coaxial line
with matched characteristic ?esistance of 50 ohms and a length of 1
meter. Mounted in a vertical position it is partially or fully filled thh
the electrolytic solution through a small inlet near the bottom. The liquid
is contained by a thin Teflon membrane with lateral support sleeves, Fig. 1.

With a thickness.of the membrane of 0. 025" no degrading of the pulse

shape in the empty line could be observed.

B
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The test line is terminated in a reflectionfree transition to a 3!
section of RG 8U cable leading directly to the input of a Tektronix 611
sampling scope. The time base of the scope is triggered from the end
of the pulse-forming section of coaxial line by connecting the inner conductor
through a resistor of 5 kiloohms in serieés with a capacitor of 10 uuF to the
trigger input. The advantage of this triggering procedure is that the initial
rise of the pulse is preserved and no unnecessary degrading junctions are
introduced into the transmission path of the signal, Reflections from the
air;.water interface are absorbed without reflection in the 20 dB attenuator.

In this scheme the transmission through a slab of liquid is
measured. If the observation is restricted to the first transmitted pulse
only, the signal observed on the oscilloscope is proportional to

A

V. E TV(t,z) (1)

where V (t, z) represents the voltage at the depth z in a semi-
infinite medium and T the transmission coefficient of the interface
between the liquid and air. For a liquid of complexirélative dielectric

-1 -1

constant 6.1' =€ + J€r

. and a conductivity o the plane wave

transmission coefficient is

T = 2 . (2)
‘ 1
: 1+ ' —cr
B o a
: V€. - J(Er + w—?o ) )

Pa
e}

In the frequency range relevant to the experiment, the real part of

A
the dielectric constant of water is €. = 78.2 . The loss term varies

@
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with frequency. Hence, T lies between 1.8 and 2.0 . The additional

dispersion in this transmission is negligible and for the correlation of the

observed response to the results calculated for a semi-infinite liquid

. medium a value of 1.8 has been assumed throughout. The elimination of

multiple r.'eflectio:‘m- is.automatically achieved for solutions with sufficiently

" high conductivity in view of the relatively large absorption in the conducting

medium. For extremely low conductivity the dispersion is small enough

5.0 “cﬁat fér the chosen pulse length the secondary reflections are separated

in tifrie:. h ’ ° .
.- Eleptrolytic solutions were prepared by dissolving sodium chloride

in distilled water. All measurements were taken at room temperature

(25° C). The conductivity values, ¢ , are calculated from tabulated values

of loss tang'e'nts measured at 105 c/sec [10] . The following values are

considered
Ad.istilled water o~ 1074 [mho]

0. 01 molar. o ~ 0.1 ©

0.03 M. . 315 e
01 .10

R @ e
t0.30  me. 2.75

s ) i . - . . @
0.5 _ 4,33

Sea water corr-eéponds 'appr@ximately to a 0. 5 molar solution of sodium

chloride, -

9
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EXPERIMENTAL RESULTS AND DISCUSSION .
The original unidirectional pulse with a duration of 20 nsec after
transmission through the empty test line is shown in Fig. 2, The rise time

observed is essentially that of the oscilloscope, approximately 0.35 nsec .

Negligible ringing is observed at the leading edg:. It results from internal

. reflections m the pulse generator and coax1a.1 Junctions, The trailing edge for

h both the pulse shown and the longer pulse (60 nsec ) revea.ls a small rounding-off,

. @
's1m1lar to the effect wh1ch a.nses if a small capacitance is connected in parallel

'..to a transmlssmn lme Such capacmve effects occur due to junctions of coaxial

3 systems w1th d1fferent geometry a.nd the behavmr of electromagnetic fields in

£ Junct;oh ‘zone. [.1,1],_ o @

¢

'.(1) Relaxatlon D1spers1on . _ ' .@

For the test l1ne f111ed With d1st111ed water to three different levels,

: .the trans1ent response 1@’ s}t?wn in F1g 3 I d1st1lled water the

bsorptmn over dlstances cons1dered here, 1i.e.,, up to about 1 meter, is

. o e. O :
neghgxble The sequence of pulses arising from multiple reflections in

"

. the wa.ter glab is clearly shown in the exposure w1th the longer time acale,

-"~-..The exposures w:@x the shoq'ter t1me scale of P n nsec per major division

shgyw the lea.dmg edge@ﬁ the fxrst pulse transmitted only. While for
@ -
.a non- conductmg non- chs@persiée medium the rise time of the incident®
. . .-.,-.- .:_ ".". . . '
e ..'_'... ‘-_'.@ . ©
@ e : o

i
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pulse should be preserved, it is seen that the leading edge.is smoothed out
progressively with increasing distance. This effect arises.from the
relaxation dispersion associated with the hindered rotation of the water
molecules. For a simple relaxation effect,the complex dielectric constant

of a non-conducting medium is represented by [12]

B s :
€. = €, T _,ijR ‘ . (3)

| i . , ! '
where S = €g - € defines the total decrease in the dielectric constant
1 ! ’ .. ) . .
from €g measured statically and €5 measured far beyond the
relaxation frequency. The response obs‘erved at som'e depth .z below the

surface at z=0 toa D1rac pulse 1nc1dent from ‘air, (velocity of. iight c)is

. +oo .‘Jwt+J Lo, \/e 7 *"S'/(l-j‘wq-'R\ N
e 7‘1— S : ———dw 7 (4),
R -00 1+ \/€ +S/(1 _J(L)‘T'R) . . L

S1nce the actual pulse ha.s a finite rise’ tlme the mtegratmn should be -
extended only up to frequenmes of approx1mately 1000 Mc/sec the 11m1t -
. of the oscilloscope. Hence, w'rR <«<1 a,nd the 1ntegra1 may be' s1mp11f1ed-
by neglecting the dispersive term .m the »dex}om}nator, _wh11e retamm.g it
in first order in the exponent, ’
. 'wz
+o0 -Jwr-gy—

V(t',z.)z . S e

P /x
T(1+/eg ] Lo T T

(5)

@n
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!
where 7 =1t - %—\/ €g is the delay in a non-dispersive medium, and

=T
Je. © .
)“__‘_%_ c S ©
Z 'TR :
%

The response to a D1rac pu.lse is proportmnal to the time denva.twe

of the response toa _step funct1on If the 1nc1dent s1gnal is given by

P

‘l'Vl( -'t:',s o-)‘ ':':: .'

. o
. . " . <,
. @ . v E 5-1- -..."' PR

(6) .

B " ‘t1mes The mtegratlon results 1n an error functmn '
Vg(t z) -——4——'( a’(\/’-r) +1> SRR\ ) N

. ‘Q\

%

beha.vmr a.s g1ven by Eq 7 The steepest rise for steg exc1t%)t1on occurs
.';-,in th1s approx1mat10n at X 0 and 1s nuznerlca.lly glven by Eq 5 e)

- i;after mulnphcatlon w1th th@ amphtude@factor V The gra.d1ent a.t

£

~
[ .
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of observation. The evaluation of the rise times observed experimentally
' -11

© gives an'average value of the relaxation time TR ~ 1.24 10 sec ,
a.bout 30 /o larger than the pubhshed value. For an accurate determination,
. the 1ntegra1 4 has to be solved Although interestmg for a discussion

. of translent propagatmn in me d1a showmg relaxa.tlon dispersion, it is not

.0

It should be noted that 1n all later results on the transient response

. in’ conductmg 11qu1ds the 1n1t1a.1 precursor is’ not a dxsr’ontmuous step but

.

‘ .'shows -in pr1nc1ple a smooth transltlon similar tc that found for dlst1lled wa,ter‘.._,

- o o

@ . .
The exper1mental results for pulse d1sPersxon in sa,lt Water are -

reproduced 1n F1gs 4- 81 For the lowest concentratmn a 0.0l molar -
.-solut1on of Na.Cl w1th 0' ~ 0 1 mho, F1g 4 only the response to a 20 nsec.
':"pu.lse is shewn, since the response to a longer pulse would ‘be perturbed due
J_to 1nsu.ff1c1ent attentuatmn@etween mu1t1ple reflectmns over shorter d1stances

. ‘Indeed the effect cf f1rst mult1p1y reflecéed pulse is stﬂl slightly visible in

the observatmn of the 60 nsec pulse for the next hxgher concentratlon (e=0.315)

over the. smallest depth measured F1g 6a All other responses represent

% L AT
N

., .essent1a.11y the dxrectly transm1tt=d pulse only

A '..'~",.. v T ey W ‘:-‘.. .

@; - PERCINE S NN Tew .t " - .o,

@.
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.F1g 4a 1t is seen 1n F1g 5a that the pulse top already starts rising. If

SR
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A qualitative appraisal of the different pulse res»ponses .observed
shows that for low conductivity and a small depth of observation the

initial response is a rapid rise and thereafter a slow decrease until the

‘pulse ends, Fig 4a. (Time increases to the left in the figures). As the

depth of observation is 1ncreased the top of the pulse flattens, Fig. 4b ,

- ‘and with. further 1ncreases in depth ult1mate1y starts rising as in Fig, 4c.

For a larger conduct1v1ty, F1g 5 0' = 0 315 the same transition takes

place atamuch reduced depth of observation For the same depth as in

’

" for the h1gher conduct1v1ty, the pomt of observatmn is moved deeper into

the electrolyte the 1n1t1al sharp step decreases 1n amphtude F1g 5b - and

.,

and also Flg 6a d for the longer test pulse After the term1nat1on of

-.'the pulse EY slow drop in voltage 1s observed

s

Wlth 1ncrea51ng conduct1v1ty, F1g 7 and F1g 8 , this initial o

tran81t10n occurs at even shorter d1stances 1n a depth of a few cent1meters

In the range of depth cons1dered 1n the exper1ment the trans1ent response
no longer resembles the or1g1nal pulse W1th 1ncreasmg distance,’ e g

for a depth of more than 50 cm 1n sea Water ‘an, asymptotm pulse shape '

»

is observed wh1ch shows an 1n1t1al smooth nse and a slxghtly slower decay’

R of the s1gnal level in t1me With 1ncreasmg d1stance and 1ncreas1ng

conduct1v1ty the ent1re pulse is progresswely spread out in time. In sea

water, for example, a 60 nsec pulse is spread to about 1.5 u sec

_in a distance .of roughly 1 meter.
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A point.of recent discussion Egs. .1 - 3 has been the fact that the
maximum amplitude of the transient response to short unidirectional
pulses decreases.only as 1/z3 as .compared to the much more rapid
exponential atteﬁuation of continuous wave signals. While,of course each
Fourier component of the original pulse.spectrum is exponentially
attenuated, the slower:damping of the transient responseis.a result of
dispersion and the increasing importance of lower frequency components
at. large distances.

In the case.of a plane '-uwave transitich into the liquid, .the transient
response at z for an incident step function signal of amplitude Vo: is

' 1
2V, ?“’ PtP— &t re

o : )
-_]oo /T o R
R

Relaxation losses have been neglected in Eq. 8 . In view of the large

V (z,t)=

dp . (8).

!
value of €, = 78, 2 the first term ‘in the bracket in.the denominator may
be neglected too. With the substltutlon of p =X - ——— it follows from

Eq. 8 that

(9)
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This integral is listed in [1.3] . The approximate transient response to

an -incident step function signal at a depth z is

=Y t
2 “sfq 2€ €_"

—_— o°r J< t--——-\/ )
‘f——-—er, e | 2€€1 ( 2

. Z !
0 t<-Ev€r' .

(10)

z
c

Vgiz, t)

"The transient response calcuiated from Eq. 10 is plotted in Fig 9as a
L function of the depth of onservatlon for.the three hxghest conduct1v1t1es '
used in the exnerlment The tran51ent response of a pulse of duration

T; sec follews fr:om .Eq,.. 10 in view of the linearity of the system and 3

N ca,uéality,.-; .
V= Vel )T e VET T
= V’s(z;"f.) --V"’.'(_z, t,—T) ' t>z_‘/g—:‘ + T )

: The t1me sequence of the trans1ent 81gna1 .calculated from Eqs. 10 and 11
.1s plotted in F1g 10 and 11 for c=0.315 mho and o = 1 mho. Itis
' clea,rly seen’ that the calculated response agrees precisely with the

" observed‘ vga,ve she.pe.s. A small deviation between the slope of the pulse

. top'fer- the long exciting pulse in the case of o= 0.315 mho and z = 0. 35

" meter is explé.ined by the fact, that here in the experimental observation,
the secondary reflection arrives before the direct pulse has ended. This
reflection essentially adds a small component to the later part in the -

direct pulse response.



1‘ I Iflll‘lll 1 lllllll[ | illlllll T T TTT

t=0 1| 7
'. .: !t.'o'.é.l _:;
Vedz,1) ]

—
. =
N - .
. .
N P .o T
B VoS *

7|O“5 - 1 Y .1"1:1‘-‘{.[ -'".'.'-" : 1 o t'!é‘.' ,'”..,' i ,‘l;l Illls‘ c 1: ! .1‘.1:' (o] .
IR AR IO 0 IO o -...-..'IO t[x10%ec)'O

. " FIG.9 " DISPERSION OF PLANE ELECTROMAGNETIC WAVE WITH
" STEP FUNCTION TIME DEPENDENCE IN CONDUCTING MEDIA.



(#OON NOILNTOS HVIOW £0°0) oyw GLEO = 2

ALIAILDNANOD 'WNIG3W SNILONANGD NI 3STNd TVNOILOFHIAINN 3INVId 30 NOISH3AdSId O1 9id
002 001 - (8.0]]
~ T o == T
[oesu]3 [osult >~
//
\
\
. AY
460 wcow/
wegle D=2 —1 wy)o=2z
t5yd
(1'Z)°A § 20l
di-
\\\\\I,//
\\.uﬂl) ) —_ .
— T _ ™ I Y 0 B - T . T T _ T 0]
[oesu]y 00t “ 0S asu]t oo. .. | os
| . T .m:owJII..I/mI:ON diL
| . su02 : o LTS
m:ow“ Al DO g0
| .
| . -
l e .
wGEn=2 L. uirQ=z 1t
) - ‘z)d
. Au V A A:-O—




. (NOILNTOS #0PN HYTIOW 1'0) oyuw | = o
ALIANLONONOD WNIGIW ONILONGNOD NI .3S7Nd TYNOILOTHIINA 3NV 40 NOISHIJSIO Ll 914

[ossu]s 00t

002

o . [ossu] s

00¢.

001

wgie'0=2z

—-————

~

- 7
ﬁowm :H_ 3}

weeo=12

(32)9

2.0l




TR405 ~13-
For greater depth s or larger conductivities the shape of the
transient response due to an incident step function signal is given by the

asymptotic form of Eq. 10
' 2

z
t

(3
4c2 €
2 e °©

2 7ot
' € z2
o

The.signal ultimately decxeases in a manner inversely proportional to

distance'.‘. For. an incident pulse with a duration Tp << rise time of the

step function response, th e corresponding approximation is

. T o z 2
S ur sy Ui MU SR §
. 2T 'e 4.c €, 4(:2€o t 2
V(z, )~ — P - (13)
Fo 32 /7 : 3
z O -E—-' t \ 2~
° T2
. ' oz
. Asymptotically,the signal decreases in a manner proportional to z"3
3 T t.

z Vp (Z s t ) '—2— f ( ) )

o oz

This response is'shown in Fig. 12 and is a good approximation of the
experimental resultforo= 4.33 mho (~ sea water). It is noteworthy
that for pulses the reépons e changes polarity and approaches the.steady
state from the negative side. A comparison of calculated maxima of

the transient response and measured values for both the short pulse of
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20 nsec and the longer pulse of 60 nsec is shown in Fig. 13 . The agreement

is excellent.

CONCLUSIONS

The .experimental observation of pulse propagation into conducting media
and the good agreement obtained with an approximate theory substantiates the
arguments previously made against the feasibility of pulse communicatic;n
under water, The inherent dispersion and the slow speed of propé.gation are
disadvantages in the rapid transfer of information, and energy contained in the
higher frequency components is wasted for communication over greater distances.

The results obtained are also directly applicable to problems arising
in shielding against radio interferences. The expression 10, if multiplied
by a factor two, gives directly the electric field strength behind a conducting
wall illuminated by a plane wave with a unidirectional step in electric field
strength. The same applies to'Eq. 11 for an incident pulse and the corresponding
approximations 12 and 13 . The condition to be imposed is that multiple
reflections should be negligible, or they may be taken into account individually
and added to form the response for a finite slab.

The agreement between experimentally observed pulse dispersion due
to relaxation processes with the approximate theoretical result is not entirely
satisfactory. It should be possible ‘to extend this analysis, particularly with
respect to relaxation processes that have critical times comparable to the

pulse duration and the pulse rise time.
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