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Abstract

. The objective of this study is to demonstrate one-dimensional steerability of a linear array
of TEM horm antennas, using the true-time delay approach. Three TEM horns have been
fabricated and tested in an array configuration. Initially, the boresight radiation of a single TEM
horn is measured at low-voltages, and seen to be in agreement with theoretical models. To
demonstrate the linearity, limited measurements were also performed using a 300 kV pulser with
a single antenna completely immersed in oil. In a linear array configuration, the three TEM
horns can be excited simultaneously or in some prescribed time sequence. Controlling the time
sequence of excitation of the individual elements, the radiated beam can be configured to have its
peak on boresight or at some angle in the azimuth. Although, fixed time delays were introduced
in this experiment, future transient arrays are expected to be excited with triggered switches,
described in an accompanying note.
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1. Introduction

The objective of this study was to demonstrate one-dimensional steerability of multi-
TEM horn configuration using true time delay approach. The electric field values were derived

using the measured values of temporal rate of change of magnetic induction( 8B/ 0¥), commonly

referred to as B-dot.

We have built and tested three TEM horn configuration in the laboratory environment,
where 2.5 kV solid state pulser with 1;0.90=169 ps aﬂd was used to energize the antenna system.
The radiated field was calculated in the horizontal plane along three directions: on boresight,
along the axis 26.57° off the boresight and at the range of 300 cm along a circular arc centered at
the central TEM horn. Each horn in the three-horn system was energized sequentially to yield
the maximum power along 26.57° off the boresight axis. Electric field measurements show peak
value at 29.89° off boresight. We believe that the discrepancy between the measured and
theoretical value of the angle where maximum occurs is due to errors in cable cuts. It should be

noted that 1 mm error in cable cut correspond to 4 ps error in true time delay.

Three different inductance loads (low, medium and high) were used in the back of horn
aperture for the determination of an optimal configuration that will minimize the radiated energy
in the backward direction at low frequencies, when the array element can be characterized by a

set of electric { p ) and magnetic (7 ) dipole moments.

To show a scalability of the experiments, a limited number of high-voltage measurements
along the boresight were carried out using 300-kV pulser and one TEM horn completely

submerged in oil. The results show (1/r) dependence of the field in far zone, as expected.

Finally, we have developed theoretical time-domain formulation and models for radiation
along a boresight for a single TEM hom, and fair agreement between theoretical and
experimental results is shown. Moreover, theoretical comparison between phased array antennas
and “timed” array antennas shows large degree of similarity. In particular, the formulation for an
effective radiation lobe width (similar to 3-dB concept in the phased arrays) is presented and

uniform and non-uniform (tapered) antenna element excitations are discussed.



2. Theoretical Modeling of the TEM Horn

2.1 Physical Model.
Let us consider the TEM hom as depicted in figure 1. The horn is modeled as a

transmission line of a constant characteristic impedance Z, and wave speed ¢, so that signals
propagate with the speed of light in vacuum, ¢. Furthermore, let’s assume that the horn is driven

by a voltage:
V(1) =2V, u(r) ey

where u(t) is the applied signal waveform, and that the source is matched to the transmission

line, as shown in figure 2.

AY

2ﬂ
-l \\x

Figure 1. Geométry of the problem

In the transmission line model we assume that the end of the line behaves as an open circuit.

Accordingly, the voltages and the currents along the line are:

v(z,0)=Z, 1, {u(t—i S v ue-t 5)}
C c c (44

@
d z)—u(r-—£+i]

c z c c

i(z,t)=1, ’:u (t -

where V, = I, Z,.
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Figure 2. Equivalent transmission line excitation

For the subsequent analysis it is convenient to refer to charge density g(zy) =C’ v(z#) and
magnetic flux density, ¥ (z.t) =L’ iz,t), where C’ and L.’ are the capacitance and inductance per

unit length of transmission line respectively. Since,

¢Z,=1/C° and ¢/Z,=1/L 3)

it follows that equation {2) becomes,

I =z

g(z.0) = fﬂ{u(t————)Jr u(t ~ £+5)}
C c ¢ : c C

Z1 [ z I =z @
‘F(z,t)=-—~“E~9-|:u(t-;—-g)-u(t~;+;)].

The above charge and magnetic flux densities generate elementary electric p and magnetic m
dipole moment densities along the TEM horn (see figure 3):

Pz, =q(z,)h1, = 2g(l + z,0)tan(B) ],
m(z,0) = ¥(z,Hh], = 2P( +z.H)tan(B) 1, G)

where —1; and _1;, are unit vectors along x and y coordinate axes, respectively.
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Figure 3. Electric and magnetic dipole moment densities along the TEM horn.

We model the radiation from the TEM horn in terms of these equivalent sources. It is explicitly
noted that m=Z_p and that Z, coincides with the free-space intrinsic impedance.

2.2 Elementary Saurces in Transient Regime.

Consider elementary electric and magnetic dipole moments, p Al 1, and m Al 1, (1 is a unit

vector along the z-coordinate), referred to a spherical coordinate system, see figure 4.
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Figure 4. The spherical coordinate system



For the radiation from electric dipole we have,

£ = chl[p(a; ), e )}m 5
27 r ¥

g2 = Z [ﬁ(f ), PO eplt )}sin o ©)
27 cr r ¥
H = 2 [ﬁ(f ), B )]Sin 0.
. 27 cr r

where t* = ¢ - r/c is the retarded time and a dot implies derivative with respect to time.

Similarly, for the magnetic dipole we have,

H = Al m(z )+ cm(;‘ ) cosé
272, r r
H] = Al ) e )+ m(i )+ cm(: ) sin@ N
dnz. | cr r r
B :_ﬂ[m+ﬂ(ﬂ]smg_
dz| cor 4

We first must present a suitable definition for the far field at large distances. When the excitation

is sinusoidal it is related to the wavelength, but there is no unique value of wavelength here.

Consider the pulse having Gaussian shape,

2

u(r)=exp(—§,;) (8)

which describes the time variation of the dipole moments, proportional to the voltage and the

current for the electric and magnetic case (see equation 4). We have:

2

o =2F t
u@) = T exp( 2Tz)
®
o 21 £
ii(t) = —F(l —}?)exp(--ﬁ? | | ‘ (10)



Clearly, for the order of magnitude we have

p_m_i r
A
-;.‘:-;};-:-;NFI—'-,

We conclude that in the equations for the fields (equations 6 and 7) the terms containing the
second time derivatives are dominant provided we are at the distances large compared to the

effective spatial extension of the pulse, namely,

r>>2cT (12)

Consequently, equations 6 and 7 can be simplified as follows, provided equation (12) is satisfied.

e = ZALPU) | H=E/Z, (13)
4z cr

E = _A m@) HI =E"/Z, (14)
4z cr

Consider now the situation depicted in figure 3, wherein the electric dipole is oriented along the
y-axis and the magnetic dipole along the x-axis. We are interested in the far field in the plane
y=0. The previous results yield:

Al

E=E+E"=E1 =-"|z

’ B — (e )cosd] 1, (15)
47cr

where 6 is the azimuthal angle about the y-axis and measured from the positive z-axis. If the

Huygens condition is satisfied, namely,

p=nm, (16)

Z;
then the electric field is
F oA GOy | | 17
2mcr | 2



and the radiation pattern in the plane is represented by a cardioid, with its maximum at §=180°.

The generation of the cardioid pattern is shown in figure 5.

Figure 5. Electric field radiated over the plane y=0 by an electric (A) and magnetic (B) dipole.

Should the sense of the magnetic dipole be reversed, we would get
= cos” (2) (18)

and the maximum radiation is at # = 0°. Note that the patterns given by equations 16 and 17 are

those typical of a Huygens source.

2.3 Radiation From the TEM Horn

Consider the open ended TEM horn with charge and flux densities given by equation (3).

Clearly, the charge g(z)dz at a point z generates an elementary electric dipole:

P = 2q(z)da(l + 2)tan(B)1, = Qlu(r ~ I f) rut—L 4 30+ 2) i S 19)
. c c ¢ :



with Q= 2Igan(f/c) [Coulomb/m]. Similarly the magnetic flux 2¥{z )tanfdz generates a

magnetic moment:

7 = 2W(2)dz(] + 2)tan( B) 1, = Z,0u(t - L E) + u(t — L + %)](l + 'z')_l:r 20)
c ¢ ¢ ‘

We now can proceed with computation of the far field at a point P(0,0,7) on the z-axis (see figure

3) by evaluating separately the contributions from the direct and reflected wave. For the radiation
due to the direct wave we have p =p Ty and 7 =m 1_ with m=Zp, so that condition of equation

(16) is verified. Accordingly, the field at point P is zero because result in equation (17) is
obtained. This is at variance of the specular point P* with respect fo the plane z=0, where the
field reaches its maximum given by equatibn. (17) with @=180°. We now compute the amplitude
of the electric field in the far zone ignoring the cardioid pattern. Obviously, the magnetic field is
proportional to the electric field via the intrinsic admittance of free space. Each field contribution
is proportional to the retarded signal:

i -1r2 25 @1

c c C

(note that the origin of the coordinate system is set at the end of the TEM homn, and that the

distance 7 is measured from there), and hence we have:

E=-Z —-——fu(t————l-——)(l+z)dz
c

c

22 {u(t-—-f-——i)— c[u(t—r—+——)—u(t-—r———l~)]} @)
47y c ¢ 2 c ¢ c ¢ .

S { « ——)——[ ) -ue v—)}}

where integration by parts has been implemented. In equation. (22) the retarded time is defined

as:

£=t-1"F, (23)

which implies shifting the origin of the coordinate system to the tip of the TEM horn.
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For the computation of radiation due to the reflected wave, the situation is similar to the one just
presented, with the only exception that the sign of the magnetic dipole is reversed. This implies
that the field is maximum along the positive z-axis and it is suitable to use equation (18) for

computing the radiation patiern. The retarded signal analogous to equation (21) is:

-T2 L. 2 24
C C C

and we have:

E=-z-2 fﬁ(r—i—i+£)(l+z)dz
acr -t c Cc ¢

Qe

::—Zc~—Q——{z'z(t—£-£)———E—[u(t—~£-——l—)—u(t—1—3—1)}} (25)
4 ¢ ¢ 2 ¢ ¢ ¢ ¢

o, Qe el e *_%{

=2, 4m{”(’) ) -ut C)}

where now the retarded time is defined as:

L (26)
[+

and again the origin of the coordinate system is at the tip of TEM horn.

A physical picture of the radiation properties of the horn is now in order. The two waves, direct
and reflected one, generate identical patterns, each the specular reflection of the other. The
radiation is in the opposite direction of the wave propagation; this is consistent with the
impossibility of signals to propagate with speeds higher than the speed of light. As a matter of
fact, the equivalent dipoles already move with such speed and no radiation can take place in the
direction of propagation. Additional physical insight is obtained by assuming u(#)=U{?), a unity

11



step function, Figure 6 presents direct and reflected waves (equations 22 and 25} as function of
the retarded time 7.

Let’s first consider the direct wave radiation ( figure 6A). The signal u(t)=U{) is applied at time
t=0 and is received at times r>(»-I)/c. At the tip of the horn (at #=I), the signal is generated at
time =0, which is consistent with causality. The wave is launched at =0 at the tip and
terminates at /=I/c at the end of the horn, One would expect the Dirac pulses to be present in the
radiated field at the same times due to the excitation discontinuities. And, as a matter of fact, the
Dirac pulses generated at the end of the horn at time #=[/c correctly shows up at the retarded time
t*¥=2l/c (see Fig.6A), but the other Dirac pulse is missing. The reason is that in the adopted
model the horn extends up to the tip, where the equivalent radiating dipoles exhibit zero moment
(because the distance between the two faces of the homn approaches zero), so that no radiation
takes place. Should the horn start at the point —{{+zy) instead of —/, the extra Dirac pulse would
be recovered. Note also that the area of the rect(+) function, shown in figure 6A, equals the area

of the Dirac pulse and has an opposite sign.

E(%

AV

Figure 6. Far-field radiation patterns for the direct (A) and reflected (B) waves.
Similar concepts can be exploited for the reflected wave, figure 6B. The signal is received at

£>(r+D/c>l/ec. Accordingly, the wave starts radiating when it reaches the end of the horn, which

is again consistent with causality. The sudden discontinuity provided by the appearance of the

12



reflected wave generates the Dirac pulse, see figure 6B. No further Dirac pulse is generated
when the reflected wave artives at the tip of the horn, where it is fully absorbed by the equivalent
dipole moments that smoothly disapi:ear because the distance between the faces of the horn
approaches zero. Also in this case the compensation between the areas of the rect(*) function

and the Dirac spike has taken place.

2.4. Horn Edge Matching

For a number of reasons it is desirable to match the iﬁpedances at the very end of the horn. This
“can be accomplished by loading it with a resistance R, equal to Z, the characteristic impedance
of the TEM horn. However, in this case only the direct wave is present and no forward radiation
is obtained (see Section 2.3). To circumvent this difficulty the.horn can be “reversed” by closing
it in a loop whose total resistance should match Z.. For a half horn over a ground plane, the
situation is depicted in figure 7, with a side view and two top views showing the horn closure

with a wire or another superposed horn.

If matching is perfect, the reflected wave will be missing in the main homn, however, a forward
wave moving along the z-axis is generated in the adjoined horn. The situation is not different
from that examined in the previous section, namely the same two patterns, a forward (from the

adjoined horn) and a backward (from the main horn) are generated.

13



Total resistance of the loop is Z,/2

STTHTT 777777777777 77777777,

al "
Lt

ix

. ] :

Figure 7. TEM horn matched configurations

2.5. The TEM Horn Radiation Pattern

The radiation pattern of the couple of clementary electric and magnetic dipoles has been
examined in Section 2.2. The radiation pattern of the horn, however, is more complex, as it

appearslﬁ'om the examination of figure 8.

m

Figure 8. Diagram for computation of the horn radiation pattern in the y=0 plane.
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Computations can be carried out along the same lines as described in Section 2.3; however, a
new corrected version of the retarded time must be adopted, as suggested by figure 8. For the '

direct wave we have:

u(t“r+zcosf9 _i_i)’ @7
c

c c
while the expression for the reflected wave is

ue-1=2080 L, z) (28)
Cc

¢ C

It is recognized that the horn behaves as a small timed array or, more precisely, as a timed
aperture. All arguments presented in Section 2.3 support the fact that the horn is essentially a

combination of timed end-fire and back-fire antennas.

2.6.Timed Array” in Comparison to “Phased Array” Antennas

2.6.1 Phased Array Analysis in Time Domain.

Consider a linear array of N elements, with a constant spacing d between the elements,

each one radiating the same waveform f{7).

15
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Figure 9. A linear array of N equally-spaced elements

The array factor (in a non-normalized form) describing the angular dependence of the radiated
field is |

N1

F(,0)= z f(t —nAt), At =dsin@/c (29)

where ¢ is the speed of light in vacuum. It is important to recognize that this factor not only
depends on the angle 6, and the distance from the array, but also on the shape of the radiated

waveform. If we assume the waveform to be sinusoidal:
f{) = Acoswt _ (30)

then equation (29) becomes

4arF(t,0) ~ Nz_lcos{o)(t —-nAtl = %Jf explio(t —nAt)] + cc
0 0 G1)

exp(ion) NI
m Y exp(—~i—ndsingd) + cc
5 ; p(-i— )
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where cc is complex conjugate of the term it folows.

First of all, we immediately recognize the usual expression for the phased array. However, since
the follow-on derivation is in time domain, from now on we’ll use the term “timed array” instead
of the “phased array”. Furthermore, we’ll refer to time delays At instead of phase shifts
(wasin@)/c. Let '

N-1 @ N1
Z exp(~i—ndsind) = Z exp(—ifindsinf)
0 ¢ .o

Nl sin(Y- Adsin@)
= exp(—i——— fd sinH) 2 A (32)
2 sin” " 5in6)
= Q@) expliw(A)],
where f=a/c=27/4, A being the wavelength associated with a sinusoidal signal. Then,
darF(8) ~ Q(0)cos[ax + y{8)], (33)

which shows that, for the particular case of sinusoidal signal, the shape of the radiation
waveform does not change with the angle: only its amplitude and phase are modulated by the
two angle-dependent factors Q(8) and (), respectively. Note that the phased modulation is
usually ignored in the conventional phased array analysis, because this is done directly in the

transformed (frequency) Fourier domain and its time domain counterpart usually is not used.

If for now we neglect the phase modulation, we conclude that this particular sinusoidal
waveform is only amplitude-scaled, when the observation angle € changes.

It is therefore natural to assess the effective angular width A6) within which this down-scaling
can be tolerated. Assuming A6, =26, with Q(& )= 0.707, as usual, we have

NAZ o™ | (34)
2 2

17



and for large arrays we get

1
—:2'——90 = 5 A@O = (35)

A more general approach, not restricted to a particular sinusoidal waveform, could be
implemented. Consider the radiated signal along the broadside. Ignoring a non-essential constant
factor, the signal is given by cosa¥ and its value along the direction @ is equal to
Q(@cos{ar+y(F)]. We can enforce the following alternative definition for the effective angular
width:

[1-Q@) =& (36)

wherein 0 <& <1 is the “similarity factor™: it serves as a measure of the “distance” (or

deviation) between the envelopes of the radiated field along the broadside and &, direction using
quadratic norm. Accordingly, the value of & close to zerc implies that the envelopes of the

radiated waveforms inside the angular width + 8, are “similar” in the sense described above. By

enforcing the condition Q(8y = 0.707 we get &= 0.085 ~ 0.1. This particular value of the

“similarity” factor enforces the same condition for 46) as the one given by equation (35).

2.6.2 The Transient Regime.

Let us remove the restriction that the radiated waveform is sinusoidal. In this case we are not
concerned about the radiated field envelopes, but rather the radiated fields themselves. For this

reason the definition given by equation (36) is modified as follows:

Tdf[F (t8)-F(1,6,)]' =¢ TdfF (1,0 37

18



which represents the mean square deviation between the signals along the broadside and &
directions; or, more precisely, between the energies of the two signals, because integration with
respect to time is implemented. Assume now that the radiated waveform is a rectangular pulse

of duration 7. Furthermore, we define

_ dsindg,

C

At (38)

the time delay between signals received along the direction 8 from adjacent radiating elements.
Let NAr < T. The shape of the received signal is shown in figure 10 for the case N=4 and pulses -

of unit amplitude.

19
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Figure 10. Received signal along &

& (B) from a 5-element linear array,

~where each element radiates a rectangular pulse of duration 7
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Inspection of figure 10 allows evaluation of the difference inside the brackets of equation (37).

As a matter of fact, when we subtract F, &) from F{(1,0) we obtain the result depicted in figure
11.

e

" F(t.0)-F(5,0)

Vo

F .
Y.

n

2NAt

—b Aty i— —> Aty —

Figure 11. Graphical presentation of the difference F(t,0)-F(t, 6y

And now it is evident that square of this difference is given by

A[F(10) - F(t,0,)] = 4i =g NV H I?SQN D (39)
1

By enforcing equation (37) we get

2N +DNQN +1) _
3

N1
441, > 0 = AL, EQN +1)°T (40)
A ‘

ie.,
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- 41
N+1)At0 ET 41)

Lown+i-
6 2

Making use of equation (38) for At, we conclude that for large arrays

el

UL 42
(2N +Da 6 “2)

4]

so that the effective angular width of the array radiating system is proportional fo the ratio of the
spatial width of the pulse, ¢7, to the total length of the array (2N+1)a.

It is interesting to note that for £=0.085, (see the end of Sect.1), we get 12£~1.02~1 and

A6, =__._.f_7_1_____
- (2N +Da

(43
We claim that the above conclusion represents a general result when the effective spatial width
T, of the radiated waveform is defined according to

Jar*® =1.7©). @)

We stress the fact that the definition (equation 37) leading to equation (42) is particularly
appropriate in the transient regime, because the message is usually encoded in the shape of the

radiated signal.

As was mentioned before, the spatial extension of the pulse plays a findamental role in the
definition of far-field: the ratio of the spatial pulsewidth to the range at the point of observation
should be small. This is different compared to the sinusoidal signal case, where the wavelength
+ plays the role similar to the spatial pulsewidth. This is exactly what happens also for the

effective angular width of the array as is evident by comparing equations 35 and 42. In other

22



words, it seems reasonable that the results in frequency domain for sinusoidal signals may have a
dual counterpart in the case of pulsed excitations in the time domain, when the wavelength is

substituted by the effective spatial pulsewidth.

2.6.3. Additional Considerations.

Let’s discuss some additional considerations associated with the “timed” arrays. First of all let
us address the ability to steer the array. If identical waveforms are applied to the array elements

with a progressive time delay v, the radiated field exhibits the pattern

N ,
F(1,6)=) f(t+nt~-nAD), A= 2 ing , (45)
1 c

with its maximum satisfying

4 ing, =7 (46)
C

As a matter of fact, the radiated waveforms sum up all “coherently” along &,. For 7 =0 we
recover the broadside array; for 7=d/c we obtain the end-fire array and this is a limiting case. In
this case a pulse whose spatial extent is N times the length of a single pulse at broadside (N being
the total number of array elements) is obtained. When 7 >d/c the pulses become dispersed
(pulses broaden) in an angular region that, starting from the broadside, becomes wider with

increasing 7, and marginal end-fire radiation efficiency is obtained.
“Timed” arrays are not concerned with the grating lobes provided that the radiation waveform

does not exhibit any periodicity. If this is not the case, and the waveform repeats itself after a

time T}, such that ¢7,<d, then the grating lobes appear at angles satisfying

%Sin 6,=T,. | (47)
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‘Equation (47) implies that for reasonable values of d the grating lobes will exists at extremely
high PR¥'s (GHz), which are not practical.

Finally, in order to assess the effect of tapering on the array’s effective radiation lobe A6, we
ptesent a “numerical” experiment, which suggests that tapering, from the center of the array to
the edges has the effect of broadening of A6, while the tapering from the array’s edges inward

towards the center has focusing effect. From the results presented in Sec.2-2, it follows that

F*(0)
fwmm-ﬂm%ﬁ

Ab, ~ (48)

where (ZN+1) is the number of array elements.

In the case of uniform excitation and N=2 (five radiating elements), see figures 9 and 10, we

have

F2(t,0) =25, ihmmfﬂ@@ﬁ=«na=m (49)

n=l

and

AG, ~1.25 (50)

For a linear tapering toward the edges of the array we get

1 1 25
FXt0)=(1+2=+2-)yY ="
0 =( 2 4) 4

N

ZVV@*ﬂmQﬁzﬂ%+

n=1

9 9 1 5
16 16 16) 2 1)

and
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AG, ~2.5 (52)

which shows a substantial increase (broadening) compared to the uniform excitation case.

When the tapering is still linear, but is in the direction towards the array’s center (inverse

tapering), we get

F2(60) =200+ 2() + (—)] . 116:
Z[F(rO) F00F =20+ + 224 8y 13 53)
vielding
AG, ~0.81 (54)

The obtained result means focusing effect when array taper is applied from the edges inward

toward its center. More analyses are needed to fully assess the effect of tapering.
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3. Experimental Setup and Equipment.

3.1 Pulser
Antennas were driven by the signal from a 2.5kV solid-state pulser, manufactured by
Grant Applied Physics in California. The output signal from the pulser resembles a step function

with rise time 70.00~169 ps (measured) and fur ~ ¥,y /¥ = 2500/ (1.18 x 10'%) =211 ps. The

peak

measured voltage profile during the first 700 ps only is depicted in figure 12 (top).
3.2 Source Voltage Characteristics

In order to predict the performance of the array system and to compare it to the measured

results, the source voltage was modeled using the following analytic expression:
v(#) =[v,(a.0+v,(a,)l(1+&)+v,(), (35)

where,

v, (a,t) = 0.5v,O(~t) exp(—a ?t—)[l —erf(—m —:—)] ,
d d

v, (a,£) = v, D) exp(-a ti)[l ~0.5(erf (—7 ti))] , and (56)
d

d

)]—1}cp(r~5x10“9)

—(t-5%x10"°
v, (£) = vyiexp[ ( bx

where V,=2500 Volts, is the peak value of transient voltage applied to the antenna, =0.33, &=
10.001, b= 10x10%, and f; = 220x10"2, and @(/) is the Heaviside step function. Figure 12

presents side-by-side measured and modeled rise-time portion of the source voltage profiles.
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Figure 12. Measured (top) and modeled (bottom) rise portion of the source voltage
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3.3 Ground Plane B-dot Sensor
MODEL B-80

The PRODYN Model B-80 Sensor is a B-Dot loop equivalent to the AFWL MODEL MGIL.-8.
This sensor is the smallest of the B-Dot series of sensors developed by the Air Force Weapons

Laboratory. Although this sensor was designed for use in a laboratory environment, it has been
upgraded to include a weather cover for some protection. The sensor can be used as a B-Dot
sensor, or it can be used to measure the time rate-of-change of surface current density since the
magnetic field over a conductive sheet is related to surface current density. The sensor consists
of a half-cylinder loop on a base plate that when mounted to a conducting surface produces a
voltage output in response to a time variant B field. The B-80 is basically identical to the Model
B-S80. The B-80 version has the connector located below the ground plate while the B-S80 has

the connector located on top of the ground plate.

This sensor has a parallel-series wiring configuration that cancels the electric field induced
signals and makes the sensor's output signal the result of only the magnetic field. The equation

pertinent to this device is:

V=4 dB

9B 57

where Aqq = sensor equivalent area (m?) and B = magnetic flux density vector (teslas).
This sensor is a passive device; therefore, an external power source is not required. The sensor output is a
radial configuration, Model B-80(R). '

ELECTRICAL SPECIFICATIONS

Equivalent Area (Acg)......... 1x 107 m?
Frequency Response (3 db point). ...~ 7.5 GHz
Risetime (;10-90)..........=0.045 ng
Maximum Output (peak)......... = 100v
Output Connector............ Female SSMA
PHYSICAL SPECIFICATIONS
Mass: 15 grams
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\- SSMA Connector .

Figure 13. Prodyn Model B-80 ® ground plane B-dot sensor

3.4 Experimental Setup

All experiments were carried out in a 45°x 35” room. Three TEM horn radiators where
placed on top of a 24°x12” table covered completely by a metal sheet to simulate a ground plane
(see figure 14). Two sets of holes, one along the OQ axis (boresight direction) and the other
along the OP axis (26.57° off the boresight), were drilled for placing B-dot sensors (denoted by
the red ovals) right at surface of the ground plane, where the rates of change of magnetic field

(a%t) were measured. Furthermore, extra B-dot sensors were placed along the PQ arc (arc
between P and Q. axis, 300 cm away from the center of the centrdl horn) to perform the
measurements of the field as the function of the angle & off the boresight axis 0Q. Appendix A

contains photographs depicting various details/features associated with the experimental setup
(see Figures A-1 through A-12).

Geometry of individual TEM horn along with its radiometric and geometric parameters is
presented in figure 15.
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Figure 15. TEM horn geometry.

Parameters %, and d were varied during the measurements; their typical values were £,=5 cm and
d=20 cm. The low-voltage case utilized 2.5 kV pulser, while the high-voltage case used 300 kV
pulser and the entire horn was fully submerged in oil to avoid high-voltage arcing and
breakdown. Since the low-voltage source used 50-Q cable, the mismatch with the horn
impedance implied that the reflection coefficient is

p, = 3260502, (58)
82.60 — 50Q

resulting in 24% voltage increase from 2.5 kV to 3.1 kV.
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Conversion of Measured a% to Electric Field E: All the measured values of a%t were

converted to the values of the electric field using the following method. The value of voltage at

the sensor output relates to the value of a%t by:

B

T ot

where 4., is the sensor’s equivalent area. Since the measured voltage, V., is proportional to the

V(6 =4, (59)

Sensor voltage, Vs, we have, l
V (t) =kA =f2

“ o ¢ Bt

where £ is a constant of proportionality (due to sensor attenuator value), c=3x10° m/sec is the

(60)

speed of light in vacuum, and we used the fact that E=cB. It follows from equation (60) that,

E®= -k—;—- LV,,, (dr'. 61)

Taking the values 4., =10"° and &=1 (no attenuator) it follows that,
E(t)=3x10" [V, (¢)dr". (62)

To validate the theoretical models, the measured electric field was compared to the one
calculated using a model for the TEM horn-radiated electric field on boresight (see Farr and
Baum, 1992)

___h g e o 2
E(rt) == cf{ ORI c)]], (63)

where 7 and [ are the height and length of the horn’s aperture, respectively, 7 is the range to the
observation point, f; is the feed impedance normalized to the impedance of free space, and v(¥) is
the input voltage. Expression given by equation (63) has a convenient form for practical use in
computing the radiated electric field along boresight. | |
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4. Termination Considerations

Three different types of load/termination variation were implemented:

1. Low-inductance load

2. Medium-inductance load

3. High-inductance load.
Low-inductance load was realized by using a copper sheet in the path of the termination as seen
in figure 16. Medium-inductance load was realized by two chains of resistors stretched apart as
seen in figure 17. High inductance load was realized by bringing the two chains of resistors close
together as seen in figure 18. '

Figure 16. Low-Inductance Load
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Figure 17. Medium-Inductance Load
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Figure 18. High-Inductance Load.

The electric field measurements associated with the load/termination variations (bias variations)
were made at the distance of 70 cm in the direction opposite to OQ , (behind the horn), and the
results are shown in Appendix C, Datatakes 142-146.
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5. TEM Horn Array Steering Consideration

In order to steer the TEM horn array in a particular direction, a progressive true time
delays is implemented to adjacent elements, resulting in “tilting” of the wavefront in the
direction normal to the desired steering angle. In our experiments, the desired steering angle was
26.5° off the boresight. Using horn #3 as a reference, it can be shown that in this case the
excitations of horn #1 and horn #2 should be delayed by An=447.3 ps and A~H=894.6 ps
respectively. Figure 19 presents the geometry associated with 26.5° three-homn array steering,

including the excitation time sequence and respective time delays.

[ e e

7

-

Antenna #1 is excited at =0
Antenna #2 is excited at 1+ Ar;, where Aty=447.3 s
Antenna #3 is excited at ¢+ 4z, where Af,=894.6ps

At 1540 ps/ft, At; corresponds to cable length of 8.853 cm
At 1540 ps/ft, Ar; corresponds to cable length of 17.706 cm

Figure 19. The array steering geometry
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6. Low-Voltage Data-take Measurement Log (Summary)

The total of 146 low-voltage measurements were made during May 2000 and May 2001,

including the measurements associated with one-horn excitation. Table 1 shows the entire log of

all measurements, including data formatting/location of the points of observation and remarks.

Data-take # | # of Simultaneous | Time Data format | Remarks
antennas measurements | sequence observ. pt.

1-30 3 X printouis No waveforms

31-38 13 X 0Q axis 10 cm-600 cm

39-43 3 X PQ axis At R=300 cm

44 3 X OP axis'

45-47 3 X 0Q axis

48-54 3 X OP axis

55-62 3 X QP axis 10 cm-300 cm

63-71 3 X arc PQ R=300 cm

72 2 X arc PQ R=300 cm

73 1 arc PQ R=300 cm

74-90 3 X 00 axis 30 cm-300 cm

91 3 X OP axis’ R=350 cm

92-106 3 X OQ axis 10 cm-600 cm

107-113 Cable test

114-116 1 00 axis” Resistor variat.

117-118 1 0Q axis’ Load / No load

119 Bad data

120-123 1 arc PQ R=300 cm

124-140 1 0Q axis Off axis®

141 Ant feed signal

142-146 1 0Q axis” Load variation

Y350 ¢cm from point O. » 70 ecm from point O. 2 300 ¢m from point O

Explanations:

Column 1.

measurement(s).

Column 1 lists datatake numbers.

Table 1. Log of all low-voltage data-takes

Each datatake corresponds to separate
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Column 2. This column shows the number of antennas (TEM horns) energized during the
measurements. One implies only one (central) TEM horn was used; two implies two horns

(number 1 and 2, see Fig. 3-1) were used, and three implies all three horns were used.

Column 3. The marking (x) of the columm indicates that all three horns were energized at the

same time implying no time delay between them.

Column 4. The marking (x) of the column indicates a progressive illumination of the horns

(sequential excitation of the horns to achieve a desired time delay).

Column 5. The fifth column indicates the axes or arc along which the measurements were made,

except for datatakes 1-30, where printouts are available only.
Column 6. The entries of this column show some specific elements (e.g. range(s) at which data

was collected, the presence or absence of the resistor load etc., associated with the

measurements.
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7.1 On Axis

7. Low-Voltage Simultaneous Measurements

Table 2 presents values of the electric field (E) for wide range of distances (10cm-600cm)

measured along the center (OQ) axis in both the one-horn and three-horn configurations, where

three antennas were driven simultaneously. For comparison, column three shows the values of £

computed using theoretical model (equation 63) which is strictly applicable in the far fieid.

Simultaneous excitation of three antennas was achieved by using equal length cables connecting

antennas to the same pulser, each antenna energized by 2.5 kV/3 =0.833 kV. It is interesting to

note that the ratios between three-horn and one-horn fields noticeably increase with distance up

to approximately 300 cm, beyond which the ratios appear to level off at about 2.63. The

theoretical maximum for this ratio in the far field is 3. The behavior of this ratio is as one would

expect.

Distance (cm); E- Field (V/m)

E-Field(V/im) [Model]

E- Field (V/m)

1 antenna 1 antenna 3 antennas

10 2925 Model n/a 3735 1.28
30 2070 Model n/a 2910 1.41
50 1548 Model n/a 2385 1.54
70 1206 Model n/a 2130 177
90 1002 1126 1980 1.98
110) 807 921 1716 2.13
140 687 723 1536 2.24
170 573 . 596 1368 2.39
200 471 506 1218 2.59
230 428.4 440 1002 2.55
260 384 389 972 2.53]
300, 344 4 338 898 2.61
350 297.6] 289 773 2.60)
400 265.2 253 710 2.68
450 231 225 622 2.69
500 200.4! 202 576! 2.87]
550 193.8 184 510 2.63
600 172.2) 169 453 2.63

Table 2. The dependence of the electric field () on distance with one-horn and three-horn
- excitations measured boresight along the OQ axis. The last column shows the ratio between the

respective values of E.
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When the observation point on the OQ axis is very close to the aperture plane, it essentially
“sees” horn #2 only. As the point of observation moves along OQ axis away from the aperture
plane, the contributions from the other two horns (horn #1 and horn #2) become appreciable,
which in turn results in increase of the ratio between electric fields associated with three-hom
and one-horn configuration. As the observation point moves further away towards “far zone”,

we see saturation of the ratio, because all three horns collectively appear as one point source.

4000
3500
3000

2500

# Series1
= Series2
& Sernes3

2000

1500

Electric field, Vim

1000

500

0 100 200 300 400 500 600 700
Distance from aperture plane, cm

Figure 20. Comparison of electric field due to excitation of one (central) horn (biue marks) vs.
excitation of three horns, measured boresight along the OQ axis (yellow marks).

The comparison between the measured (blue marks) and theoretically computed (red marks)
electric field along boresight (equation 63) are presented in figure 20, along with the measured
electric field along boresight due to simultaneous three-horn excitation (yellow marks). Observe
‘the outstanding agreement between the measured and computed far-field values of E (values
coalesce at distances exceeding 150 cm). The values of E shown in Table 2 and figure 20 were
obtained using the measured electric field time profiles associated with datatakes 31-38, 45-
47,114-116,117-118, 124-140 and 142-146 (see Appendix C).
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We have also estimated the radiated field on boresight for a single TEM horn at distances of
110cm, 260 cm and 600 cm, using the simple model of equation (63). The corresponding
measurements are in data-takes 135, 130 and 129. The comparisons as shown in figures 21, 22
and 23 are seen to be fair for the main pulse. The deviations after the main pulse between the
calculations and measurements come from many reasons such as idealizations in the theory and

imperfect termination and other scatterings due to objects in the measurement configuration etc.

7.2 Horizontal Radiation Pattern
Figure 24 presents the electric field measurements results associated with excitation of

the central horn (horn number 2) only, measured at six distinct points along the PQ arc, 300 cm
from the horn. As expected, the maximum electric field (F,,=344.4 V/m) is measured at the
6=0°, where #is measured off the boresight direction. The figure implies that the half-power
(344.4x0.707) is at 244.4 V/m, which corresponds to approximately £24°.
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Figure 21. Measured vs. calculated electric field on boresight, =110 cm.
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Figure 22. Measured vs. calculated electric field on boresight, r=260 cm.
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Figure 23. Measured vs. calculated electric field on boresight, =600 cm.
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Figure 24. Measured electric field along PQ axis; radiation from a single horn (#2).

All the measured electric field profiles used to generate figure 24 are shown in Appendix C,

Datatakes 73, and 120-123.
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8. Low-Voltage “Timed Array” Measurements

8.1 On Acxis.

The series of measurements (see field profiles in datatakes 74-91, Appendix C) along the
OQ axis when the homs are energized with the same time delays as before (namely 447.3 ps and
894.6 ps between horns #1and #2, and horns #1 and #3), show, as expected, that pulses do not
add-up “coherently” with increase of the electric field.

8.2 Horizontal Radiation Pattern.

Figure 25 presents the results of three-horn array E-field measurements along the PQ arc.
All horns were driven by the same voltage (833 V), equal a third of pulser output of 2.5 kV.
True time delays of 447.3 ps and 894.6 ps between homs #land #2, and horns #1 and #3,
respectively, were implemented in the horn excitation time sequence to achieve desired 26.57°
array beam steering (see figure 19). True time delays were accomplished by adding extra cable

length, corresponding to desired time delays.
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Figure 25. Three TEM horn array steering
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Figure 25 shows the peak value for the electric field £=510 V/m at 8,.4=29.89°. The desired
value of Gk is 26.57°. We believe that the discrepancy between the measured and theoretical
value of @is due to errors in cable cuts. It should be noted that 1 mm error in cable cut would
correspond to 4 ps error in true time delay. All measured electric field profiles associated with

radiation pattern in horizontal plane from sequential excitation of the homs are depicted in
Appendix A, datatakes 63-71 and 91.

Thus the results of TEM horn steering with impulse-like waveforms closely resemble the

steering associated with a narrow-band CW phased array antennas.
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9. High-Voltage Measurements

Schematics of charging/discharging process is shown in figure 26.

Figure 26. Schematics of high-voltage experimental setup

A series of limited high-voltage (HV) measurements were carried out to demonstrate the
scalability of the low-voltage experiments. In all HV measurements, a single antenna (antenna

#2), was placed in an oil bath and it was driven by the 300-kV voltage source (pulser).
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— Marx Cap ~— Transfer Peaking ! Ry (Load)
— Cap T Cap i
—
W— | [ 1 I 1 [ 1

48



Acrylic sheets on both sides of the antenna were placed to delay the signals propagating laterally
(sideways) towards the point of observation. Acrylic material was used since its dielectric
constant matches the dielectric constant of the oil, implying no “media” discontinuity and thus

no backscattering.

Figure 27 presents the electric field measurements on boresight (OQ axis) with and without

acrylic.
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Figure 27. High-voltage experiments. Electric field measurements along OQ axis with (blue
' marks) and without acrylic. '
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The measurements with the acrylic (same dielectric constant as the oil) are more reliable than

without it.

It must also be noted that 28.5 ns spiral foam-flex cable line was utilized in the signal path, for
all these experimental data.
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10. Summary

The focus of this study was to experimentally demonstrate the concept of “timed
array” antennas. We have worked with three TEM horn elements in a linear array. Single
horn performance has been measured in terms of its boresight temporal fields and horizontal
radiation patterns. Simiple analytical model is used in computing the boresight far fields. We
have not made any attempts to optimize the horn design. However, we did study the low —

frequency performance of the single horn by varying the termination configurations.

In the context of the 3-element‘array, we have initially studied the performance of the
array when all elements are excited simultaneously. As expected the peak radiation occurs on
boresight axis. When suitable true time delays are introduced in the time sequence of
excitation, the radiated peak occurs at a certain angle off the boresight. This has been clearly
demonstrated. We have not steered the beam in the vertical plane, but only in the horizontal
plane. This is a beginning in the area of being able to steer transient arrays. With the advent
of triggered switches with ultra-low jitters, this type of beam steering is expected to result in

large transient arrays for various applications in the future!
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Appendix A.

Details of Experimental Setup.

Figure A-2. Staircase for an easy access to the surface of the image plane
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Figure A-4 The geometry associated with three TEM horn array with low-inductance load (front
view).
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F igur A-6. The eome associated with three TEM horn '

load (front view).
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Figure A-8. The ground plane B-dot sensor
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Appendix B
Cable Tests With Tunel Diode Pulser

Table B-1 presents log of all datratakes associated with cable tests, including cables such as
spiral line, RG-223, RG-214, and Foamflex-all of different lengths.

Datatake Cable length, T, (ns) | Cable type/connection

113 28.5 Spiral line

112 19.63 RG-223 inio TDS 820

111 14 RG-214 into TDS 820

110 6.54 RG-214 into TDS 820

109 55 Foam flex into TDS 8§20

108 5.15 RG-214 into TDS 820

107 Tunnel Diode Pulser into TDS 820

Table B-1. Cable tests.

Cable lengths, T, are calculated using the following expression:

l

ol

EI‘
v c

where [ and v are the physical length of the cable and speed of light inside the dielectric
respectively, & is the relative dielectric constant of the cable and ¢ is the speed of light in the

vacuum.
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Appendix C. Datatakes 31-38.
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Appendix C. Datatakes 31-38 (Cont.)
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Appendix C. Datatales 39-43.
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Appendix C. Datatales 39-43 (Cont.)
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Appendix C. Datatakes 45-47.
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Appendix C. Datatakes 48-54 (Cont.)
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Appendix C. Datatakes 55-62.
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Appendix C. Datatakes 55-62 (Cont.)
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Appendix C. Datatakes 63-71.
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Appendix C.

HYPS pulser/TDS820 EGHz sampling scope

Datatakes 63-71(Cont.)
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Appendix C. Datatake 72.
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Appendix C. Datatake 73.
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Appendix C. Datatakes 74-90.

HYPE puisarfTDSB20 6GHz sampling scope

# of Antenna
ime sequence (nominal 26.57 deg. phase shift)
axis [
radius 350 {om)
angle (degress) 0
Sensor Prodyne Bdot
Aeff 105m2
s74

8160 1167 12107 1LH6° 16197 18167
time (sec)

Vim

Vim

HYPS pulset/TDSE20 6GHz sampling scope

# of Antenna 3

time sequence (nominal 26.57 deg. phase shift)
axis o-g

radius 400 (cm)

angle (degrees)

Sensor Progyne Bdot

Aaff 105m2

875

0 J / VIV
=50 - - - - .
o 210 4460 510" 816" 10° 12007 14167 16107 18107
fime (sec)
HYPS pulser/TDS$820 6GHz sampling scope
#of Antenna 3
time sequence (nominal 26.57 deg. phase shift)
axis o
radius 500 {cm)
angle (degreas} o}
Sensor Prodyne Bdot
Aaff 105m?
377
: A
i
) f \/ -
0
0 - - -
0 246" 416" 610" 316"

316" (107 1216° 1.410° 1616% 19167
time (sec)

71




Vim

Vim

Appendix C. Datatakes 74-90(Cont.)
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Appendix C. Datatakes 74-90(Cont.)
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Appendix C. Datatakes 74-90(Cont.)
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Appendix C. Datatakes 74-90(Cont.)
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Appendix C. Datatake 91.
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Appendix C. Datatakes 92-106.
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Appendix C. Datatakes 92-106(Cont.)
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Appendix C. Datatakes 92-106(Cont.)
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Appendix C. Datatakes 92-106(Cont.)
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o 216" 410" 516" 816 110% 1210% 1416° Lerg® LeW®
& (SEC,

time (se0)




Appendix C. Datatakes 107-113,

. Tunnel diode pulger
Turnel diode pulser direct inte TDS 820 5.15 ns RG214 into TDS 820
sl08
s107 029
0.3 e
N o,
0 e ,-' *5]
0.1
2
-
T e B B e S B R - 0.
a1 . 0.04
!
00 o
o o4 < =, ~ - 72 o 5
¢ 2100 410° 616" 16 146° 1210° 14167 1s167 ra16” ¢ 210" 426" 630" 210" 190" 1210° 1487 1616° 1810
time {sec} time (3ec)
Tunnel diede pulser .
int 820 Tunne diode pufser
55 ns Foarmflex into TDS 82 &.54 ns RG24 Into TDS 820
02 sI09 5110
. 023 s — R B
.-FHJ—"“L“‘_._I—'II_H
0, /_. o
0.1 /
01
> > o
¢
0.03 - -
0.
9 =S
" x| -0
o 236" 410" 10" 10" 110 1210° 1407 16107 15167 0 2167 426" 610® 810" 140" 120° 1407 1616° 18307
titne (sec} e (525)
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Appendix C. Datatakes 107-113(Cont.)

Tunne! diade pulser Tunnel dicde puiser
14 ns RG214 into TDS 82¢ 19,63 ns RG223 inte TS B2D
sitl 5112
0 T T 024
J_,.Jv-. —
/"" rJ_‘J,_.rr....,______,_.—""""'
o 02 - f-r"‘
01 ! 01
g 3| =01
00 / 6.0 /
[ g o Ry
00 L ~ L “0.05 - - = -
0 216 4107 616" 216" 1107 12167 1410° 16307 L} 0 21010 410" 6167 1670 1367 12367 14167 16187 r816°
fime (sec) time {sec)

Tumnel diode pulser
28.5 ns Spiral liné foamflex into TDS 820

8113
0.2%

a

015 -

005

0 200" 410" 616" 3100 1307 1267 1410° 1630° 18107
time {sec)
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HYPS pulser/TDS820 6GHz sampling scope

# of Antenna 1
in phass
normal bias resistor setup
s L]
redius -70 {cm)
angle (degrees) 9
Sensor Prodyne Bdat
Aeff 109m2
s114

Appendix C. Datatakes 114-116.

HYPS pulsenTDSB20 6GHz sampling scape

# of Anterna 1

in phase

no bias resistors short

axis o-q

radiug =70 (cm)
angle {degrees) 0

Sensor Prodyne Bdat
Asff 105 m?2

s115

P,

~1000

1

vy ~1500

o 1167 2167 3107 417 510° 6107 70”8107 91d o 196% 226Y 300”420 s5.00°  eag”
time (3ec) Time (s2c)

o (500

HYPS pulserTDS820 6GHz sampling scope

# of Anterma 1
in phase
no bias no shield
axis o-q
radius -70 {cm}
angle (degrees) [y
Sensor Prodyne Bdot
Aeff 105 me
s116

400

AT el

00|

Y

2467 367 4107 5107 G10°
time (sec)

-

1-10 72070 8167 910”

2147

9107



Vim

Appendix C.

HYPS pulser/TDS820 6GHz sampling scope
# of Antenna 1

in phase

no bias no shisld

axis 0-q

radius 300 (cm)
angle (degrees) o]

Sensor Prodyne Bdot
Aeff 10°n#

s117

. I

l i

1 1
IR

| RRARINDA

) \/\J\\/

0 210" 420" 616" 810 1ag” 12167 14107 16107 18107
g {3ec)

Yim

Datatakes 117-118.

5

HYPS putser/TDS820 6GHz sampling scope
1

# of Antenna

in phase

norenal resistive bias and shisld
axis a-q

radius 300 (cm}
angle {degrees} ]

Sensor Prodyne Bdot
Aeff 105m?

5118

25

—
e —|
S
I
L ——

ARNADNP

¢ 210" 416™ 6™ g10" 1307 12367 Lm6* 15107 1810°
e (36)
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20

=20

—40

Appendix C. Datatake 119.

HYPS pulser/TDS820 6GHz sampling scope

# of Antenna 1

in phase

normal resistive bias and shield

arcs pP-q

radius 300 (cm)
angle (degrees) 6.64

Sensor Prodyne Bdot
Aeff 105 m?

5119

N\

N

AN

~

N

210" 410" 610" 816" 1.10° 1210° 14107
time (secy

1610°

1.810°
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Appendix C. Datatakes 120-123.

HYPS pulser TDSB20 6GHz sampling scope

# of Antenna
in phase

k

normal resistive bias and shiekd

ares

radius

angls {degrees)
Sansor

Asff

5§20

L

iy

\

\//

VAV

50 —- —
¢ 2" 4" s

210" y?
time

1-10
(sec}

12167 1407 1616° 18167

HYPS pulser/TDS820 8GHz sampling scope

# of Antenna 1
In phase
normat resistive bias and shield
arcs ']
radius 300 {cm)
angle (degrees)  26.57
Sensor Prodyne Bdot
Aefi 10°%n?
5122

241 !\

15

10

| "\ AN

3

0 216% 410" 610" 810" 140° 12107 1.418° 1.66° 1810°
. time (sec)

Vim

HYPS pulserfTDS8820 6GHz sampling scopa
1

# of Antenna

in phase

normal resistive bias and shield
arcs p-q

radius 300 (¢
angle (degraes) 19.83

Sensor Prodyne Bdot
Aei 10907

s121

0 210° 4200 610" 214

G N 1 \/ \/\
To 220" 430® 616 319 0 pE® 32167 14107 16167 1867
time (sec)
HYPS pulser/TDS820 6GHz sampling scope
# of Anfenna 1
in phase
normal resistive blas and shield
arcs p-q
radius 300 (cm)
angle {degrees) 33.21
Sensor Prodyne Bdot
Acff 1097
si23
154
104 k
s ™
EAVA
N N
o /

10 1167 1210° 1410° 1610° 1810°
titne (se0)
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Appendix C. Datatakes 124-140.

HYPS pulser/TDSE20 6GHz sampling seope

# of Antenna 1
in phase
normaf resistive bias and shield
axis
radius 380 (am)
angle (degrees) 0
Sansor Prodyne Bdat
Asff 105m2
5124
| / \
1
0 / \w A\ ay ,
’ \
o 216° 410" s 2167 116° 1216° 1416° 1610° 18107
time (soc)
HYPS pulser/TDS820 6GHz sampling scope
# of Antenna t
in phase
normal resistive blas and shield
axis o
radius 450 (cm)
angle {degrees) 0
Sensor Prodyne Bdot
“Aeff 108
s126
25
) A
15
ELL
TT T VY
U _ _ -
o 200" 440" 625"

2100 1.10° 12107 14t0® 1610° 1.810°
time (soc)

¥im

Vim

HYPS putsenTDS820 6GHZ sampling scope

#of Antenna 1
In phase
nermal resistive bias and shisid
axis ol
radius 400 {em)
angle (degrees) 0
Sensor Prodyne Bdot
Aeff 105m2
si25

o o \\/
-50 \»/ \\ [\ £
-1 1
0 2167 416" 6107 0™ 116° 12167 14167 16167 13167
time (sec)
HYPS pulser/TDS820 6GHz sampling scope
# of Antenna 1
in phase
neremal rasistive bias and shield
axis o-q
radius 500 {cm)
angie (degrees) 0
Sensor Prodyne Bdot
Aeff 105
s127
25 T
» f
10
1
“ //\ A\
e )
u .
0 ¥ 416" 616 516" 146° LA 1416° 1610° 1816°
Hme (sec)

210
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Appendix C. Datatakes 124-140(Cont.)

HYPS pulserfTDS820 6GHz sampling scope
1

# of Antenna

in phase

normal resistive bias and shiefd
axis oq

radius 550 (crm)
angle (degrees) 1]

Sensor Pradyne Bdot
Aeff 105me

3128

30

\//\

o 226" 436" 610%™ 816 116" 12167 14167 16167 1830°
oy (5ec)

HYPS pulser/TDS820 6GHz sampling scope

# of Antenna 1
in phase
nonmal resistive bias and shield
axis a4
radius 260 {cm)
angle (degrees) 0
Sensor Prodyne Bdot
Aeff 1057

5130

\/

100!
o 210 16" 616" R10° 1407 12167 14167 (6107 18107
Sini ()

¥im

Vim

HYPS pulsar/TDS820 6GHz sampling scope

# of Anterma 1
in phase
normal resistive bias and shield
axis 0-§
radius 600 {cm)
angle {degrees) a
Sensor Prodyne Bdot
Aeff 109m2

5129

200,
A

150

50
. N N
=50 kv
o 20 416 6™ 810 1207 1216° 15107 1516° 13167
time (sec) :
HYPS pulser/TDS820 6GHz sampling scope
# of Antenna 1
in phase
nomal resistive bias and shield
axis o-q
radius 230 (em)
angle {degrees) 0
Sensor Prodyne Bdof
At 105m?
$131
50
3 —]
3
10
-l
[ 7'° 110" 1210° i410° 1.610° 1310°

246" 416" 616" 88 19
time {568

38
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Appendix C. Datatakes 124-140(Cont.)

HYPS pulser/TDS820 6GHz sampling scope
1

# of Anterna
in phase
rarmal resistive bias and shield
adis 0-q
radius 200 {cm)
angie (degrees) 0
Sensor Prodyne Bdot
Aeft 105m?

§132

200
" N
- i
0 210" 416" 616" 816" 146 12107 1410° 16167 1810°
. me (sec)
HYPS pulser/TDSB820 BGHz sampling scope
# of Antenna 1
in phase
normal resistive bias and shield
axis o-q
radius 144 (cm)
angle (degrees)’ 0
Sensor Prodyne Bdat
Aeff 1052
‘ si34
00 I/ \
«]T / \1
3] { \
o \\/ \\/ /N /\\
of—t \
{

4]

210%° 420 610 810" 130° 1216° 14168 1610° L1
titne (sec)

Vim

HYPS pulser/TDS820 6GHz sampling scopa
1

# of Antenna

in phase

normal rasistive bias and shield
axis -G

radius 170 {cm)
angla {degrees) 0

Sensor Prodyne Bdot
Aef 105m2

WARAVAAVA

L/
-100 - -
0 210" 426" 616" 81070 1907 1216° 1416° 16107 18107
e (306}
HYPS pulserTDS820 6(3Hz sampling scope
# of Antenna
in phase
normal resistive bias and shield
axis o-q
radius 110 (cm)
angle (degrees) O
Senser Prodyne Bdot
Asff 109
5135
10
304 A
60
g AU
o~ ] e
4. A

200" £10" 6107 816 10° 1:0° 1a10° 1610° 1.815°
time (soc) :
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Appendix C. Datatakes 124-140(Cont,)

HYPS pulser/TDE820 6GHz sampling scope
# of Antenna 1

in phase
nworinal resistive blas and shield
axis o
radius 90 {cm)
angle (degrees) 1]
Sensor Prodyne Bdot
Aeff 10802
si36
100
804 /\
601
204
A\
0
" !
o 216" 416" 610" 310'° 1407 1210° 1410° L610° 18107
time (5ec)
HYPS pulserTDS820 6GHz sampling scope
# of Antenna 1
in phase
normal resistive bias and shield
axis -0 .
radius £0 {cm}
angle (degrees) ¢}
Sensor Prodyne Bdot
Aeff 105m2
5138
2004)
150 A
1004
500 \
b

0 216" 416" ¢10% 216Y 1107 1210° 14197 1616° 18107
time {sec) .

Vi

Vim

HYPS pulser/TDSB20 SGHz sampling scope
# of Antenna 1

In phase
normal resistive bias and shield
axis 09
tadius 70 {cm)
angle (degrees) 0
Sensor Prodyne Bdot
Aeff 10507
5137
14
F204
100
il
200 \\ //’\
——y
00 10

206™ 210" 16" .s~16m(1-1t§9 L210° 140" 1.610° 1.810°
580)

HYPS putsar/TDS820 6GHz sampling scope
1

# of Antenna
in phase
nermal reslistive bias and shield
axis o-q
radius 30 {cm)
angle (degrees) 0
Sensor Prodynae Bdot
Aeft 10507

s139

25

/1

D NEZE RN

e

0

o 210M 420" 6161 546 140 12067 14107 16007 18107

90




Appendix C. Datatakes 124-140(Cont.)

HYPS pulser/TDS820 6GHz sampling scope

# of Antenna 1
in phase
normal resistive bias and shield
axis o-q
radius 10 (cm)
angle (degrees) 0
Sensor Prodyne Bdot
Aeff 105 m2
5140
3000 /\
2500
2000
= 1500, \
1008 o \_ T
500
0 P >
0 216" 410" 616" 810" 1107 £210° 14107 L6167 18107
. rime (5ec)
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Appendix C. Datatake 141.

HYPS Pulser ~169 ns rise time (flipped)
Antenna drive signal

.78 ns RG214

Barth Six Way Splitier

5:1, 10:1, 10:1

si41

2500

2000

15001

1000

=500

25107 3107 35007° 2100 45162 516" 5510 610 6510 720"
time (sec)

;J_r,_/

92



Vim

Vim

Appendix C. Datatakes 142-146.

HYPS pulser/TD3820 6GHz sampling scope
# of Antenna 1

$tandard resistor spacinig
axis oq
radius -70 (6m)
angle {degrees) 0
Sensor Prodyne Bdot
At 105m2

5142

N

50

HYPS pulser/TD$820 6GHz sampling scope
# of Antenna
wide (high L) resistor spacing

axs . o-4
radius -70 (cm)
angle (degrees) 0
Sensor Prodyne Bdot
Aeff 105m?

5143

504

50 \ //
1000
0 110° 20° 310° 418° 3510° 6i0° O 940”
time (sec)
HYPS pulser/ TDEB20 8GHz sampling scope
# of Antenna 1 :
High L setup
axis o-q
radius -70 {cm)
angle (degrees) 0
Sensor Prodyne Bdot
Aeff 1090
8145
300
6 oDt
™~
4Ul ,J
o

50 \ A
=1000
¢ 107 210° 310° 438" 5107 618®  7a0° 210°
time (sec)
HYPS pulser/TDSB20 8GHz sampling scope
# of Antenna 1
LOW L setup
axig o-q
tadius ~70 {cm)
angle (degress) O
Sensor Prodyne Bdot
Aeff 105n#
- sl44
2000 /JV‘
00 b \
1504 // \/\
U // /\\ .
500 /J M
of—— \
=
-mnw

4197 310" 610"
time (sec)

|

116* 2167 34 710°

910"

40

1

—

110° 210° 310° 4a0° 510° &16° 710
time {sec)
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1000

800

—200

Appendix C. Datatakes 142-146(Cont.)

HYPS pulser/TDS820 6GHz sampling scope
# of Antenna 1
connect res. strings together

axis 0-q
radius =70 (em)
angle (degrees) 0
Sensor Prodyne Bdot
Agff 108 m2
sl46
fﬂ '/\-—\. ]
A
/ | \
i \/
116° 2467 367 4067 5000 6160 T10°  §10° 910
time (sec)
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Appendix D. Details of High-Voltage Experiments

Figure D-1. View of a single TEM horn in an oil bath; energized by a hv (~ 300 kV)
fast rising (~ 100ps) pulse
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