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INTRODUCTION

There has been an increasing interest in the use of mode tuned or stirred

reverberstion chambers for conducting electromagnetic coupling and upset
exper¢mehts Mode-stir chambers consist of a high quality factor (Q)
metallic reverberatiou chamber in which a stirring device such as a metallic
paddle wheel is used to incrementally or centinuously alter the boundary ‘
conditZons within ihe chamber. The goal is to achieve an isocroﬁic
homogeneous field everywhere in the volume of the éavity except near the
walls. Field homogeneity is achieved in this manner by exploiting the
pseudo-statistical nature of each of the eigenfunction’s contribution to the
fielé level at a giﬁen point well within the chamber volume. Extensive work
has been done by the National Institute of Standards and Technology (NIST)
(previousl§ the National Bureau of Standards) and the Naval Surface Weapons
Center to both optimize chamber design and characterize chamber fields. The
NIST has achieved field uniformities of < + 3 dB above 1 GHz and < %+ 2 dB
above 2 GHz in a 2.74 x 3.05 x 4.75 m welded steel enclosure using the paddle
~wheel technique [Ref. 1].

Reverberation chamber testing offers several advantages over anechoic or
plane wave illumination testing. For example, E-field levels in the
thousands of volts per meter can be achieved using nodestly low power sources
such as 200 W TWT amplifiers. Coupling cross sections can be measured
independent of the angle of incidence (this is patticularly beneficial when

testing subsystems that would normally exist inside an equipment bay or
cavity). On the other hand, dependence on mechanical mode stirring can
complicate data acquisition and interpretation as well as require long

periods of time (as much as 10 hours per test) to acquire a complete data
set. These complications are ﬁtimatily due to the-fequitemnnc that data be
measured for many different positions of the paddle wheel for each frequency
and power level because field uniformity inside the volume of the chaﬁﬁet can
orly be obtained by averaging the fields influenced by each position of the

' tuner over many positions. Hence, real time field unlfotﬁity can only exist

on time srales ol .the same order as the paddle wheel rotation rate.
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- 'Figure 2.  The GIFT‘box'enqlosufo.

It was the purpose of this experihent to investigate the use of electronic
mode stirring in a reverberation chamber to perform both coupling and upset
- testing. While the conventional method of mode stirrihg holdg_the frequency
constant and varies the éavtty‘s boundary conditions in order to obtain a
sufficiently'La:ge sample of eigenfunction contributions to the field levels
at s glvén'poin;_in the chamber, the method'doscribed.ﬁere does not vary the

~
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boundary conditions, but instead averages the eigenfunction’s contributions
over a narrow band of frequency. Expected advantages of this technique over
the more conventional method includéd ShorterAtesﬁ times (from hours to less
than 5 minutes), simplified data acquisition and control, and.more
1nterpretab1e'resu1ts. Because of their availability and in -order to
determine the effect chamber size has on the technique, two separateA
reverberation chambers were chosen, one relatively small and one relatively
large (Figures 1 and 2). The larger enclosure is referred to as the NT .
enclosure because it was borrowed from the Nuclear Technology (NT)
Directorate here at the Weapons Laboratory (now the fhillips Laboratory),
while the other ic referred to as the GIFT box (an acronym from a previous

test).
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THEORETICAL DEVELOPMENT
ROBES

There are several different sensors available for measuring electric and
nagnetic‘fields. B-dot probes were chosen for this experiment because of
their availability, small size, and broad bandwidth. The voltage output of
the B-dot probe is directly proportional to both the probe’s effective area
A,, and the time rate of change of the B field dotted into the normal vector
to the plane of the probe’s loop:

- a dB. ' 1
v(t) -A,dtﬁ \ | 1L

Since only continuous wave signals are used in this experiment, it is more
useful to consider the Fourier transform of the above expression:

G(jw) » YLD . 520 (2)
f:B(jw) \ .

where G(jw) 1is the traasfer function that relates the voltage output to ‘the

amplitude and phase of the B field. At a Fixad frequency, w,, the power

density, P,, due to the component of the ! field normal to the probe loop, B,

can be rclated to the probe’s power outpur, P_' into a 50 2 instrument as
followse:

| CB:
Since P, > . , . '
Pated = 3 5 60 Fln, e - "ng;v-?a. SRR ¢ )

.

where ¢ 1s the speed of light and x4, is the permeability of {ree space (the

wedium is assumed to be a vacuum). The. expression for the power densicy. P,

. above was found by multiplying the energy density of a plam wave by the
speed of light. :

RECTANGULAR CAVITIES
Electromagnetic theory as applied to conductive rectangular cavities can be .

found in many standsrd electromagnetic texts and reports. For convenience,
several of the more important results are repeated here. '
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The ‘frequencies at which eigermodes can +xist in a rectangular cavity of

dimensions a, b, ‘and d are [Ref. 2, pp 345]:

I A [ AR R . ALV L A L '
PP e () (b)‘ d - (4)
1where

m 1,1 = Any set of integevrs 20 except (0,0,0)1

0
]

Speed of light.
- Bg,€; = Relative permeadbility and permittivity of the

medium filling the cavity.

--0f mo;e interest, however, is the total rumber of eigerunodes that can exist
‘in a small interval of ffequency with a center.frequendy of £. This quantity
is referred to as the specific mode density. Blackbody mode density

calculation results are directly analdgous to this‘problem and express the

wmode density as [Ref. 3]j:

dy = 8%28d fa 4p . (5)
‘ c

Mode density is important because it determines the effective sample size of
the pséudo-random eigenfunction amplitudes ai the point of interest. The
‘iarger the effect;ve-shmple size, the better the statistical randomness of

“the eigenfunction amplitudes at a given point and the better the field

- homogeneity. The theoretical mode. density for a i-ma.cavity with several

different fgeﬁuency'aglle‘source bandwidths s shown in Figure 3,

Anothervimpottanc‘pataueter‘is the quality factor Q:

- Enefgy Stored . Energy Stored 6
Q= in Power Lost / Hertz = °° P, " . - (6

where Py i3 the net power being transmitted into the enclosure and w, is the

radi;n frequency of the exciting source.
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MODES IN A UNTT CAVITY

250
/, 4
- /
200 / BW=5UMHZ . /
BHLIOOIBB /sw-zanz
159 /
N /// /
100 / '
/ / / ’
/// V///// 2We1QMHZ
' / A
50
/ /// |~
0 _._//?/
0.0 0.5 1.0 1.5 2.0 2.5 j.o 3.s 4.0 4.5 5.0
Cencex‘erquency (GHZ)
Figure 3. Mode density as a function of the agility bandwidth
and center frequency for a 1l-m® cavity.
Composi _of a Rectangular Cav

The expression given above for the Q of a cavity is singular in frequency.’
"'In other words, the equacion assumes that Py 1s a monochromatic sourze with
frequency w,. If instead the spectrum of Py 15 spread across a narrow band
of frequency (as is the case for this experiment), it is convenient to derive
‘an expression for a pomposice'Q that ‘presents the net effect of having many
eigenmodes stimulated simultaneously. More specifically

N
Qoqv = @ ?:Wiw:f’ o g
;Pr, o ' . S k (7y
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where
. Q,q,, = Composite Q.
W;,Pry; = Energy in and power lost to eigenmode i.
Pry = Total net power'transmitfed into the _cavity.
Wy = Total energy stored in all eigenmodes.

w; = Some characteristic frequency.

. If the energy in each eigenmode is approximately equal, the following

relationship can be derived from the above composite Q equation:

N .
S O O 4 . |
il DY - - | (8)

This appears to be the approach used in NBS Technical Note 1066 [Ref. 4]. By
considering the wave number k, =~ w;/c to be a continuous function of three |
continuous variables, m, n, and p which correspond to the integers m, n, .and
1 1ﬁ Equation 4 above, théy construct a lattice sum of individual Q values
for a wave propagating in the z direction within a cavity (as oriented in

Fig. 4). This is accomplished by integrating over the volume of a spherical

X _ yA

N

al ~d

y
b .

|, Figure 4. Cavity orientation used to derive fields
o (from Ref. 4).

s
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shell in the first cctant that has an inner radius k and an outer radius
k+Ak. Thus all positive values of m, n, and p are included that satisfy the

equation:

ko R o xenenar

al \'b/| \'d (9)
The following result was obtained [Ref. 4]2
v- v 3 1
S8sk, 2 4,371 1,1 ' 10
i 1+ ak(a“n d) ‘ (0

[Note: the relative permeability of the cavity walls, u,,'was added to
correct a typo and the variable "c" as presented in the reference was changed‘

to *"d" to avéid confusion with the speed of_lighi constant used above. ]
where

V = Volume of the caﬁity. .
§ = Total internal surface area of the cavity walls.
s = Skin depth of cavity walls.

Eduation 10 appears not to be usable for the definition qffeomposite Q
desired fer this experiment. This is primarily because only two sets of
modes were used in the calculation and the zero order modées seem to have been
given undue weighting. These considerations will be discussed as part of the
following analysis. ‘ -

To completely describs the fields within a rectangular cavity, all six types
of modes (TE®, TM(®), TE™, TM®), TEY), and TM(’’) must Be considered. The,
. composite Q will then be calculated by substituting the power lost to the
walls and the energy stored by each mode into Equation 7. Then,. an
expression will be derived for the net Q which will include power losses to
receiving antenna and B-dot probes. 'With miror modifiéation’ the TE® and
™) modes from NBS Technical Note 1066 (Ref 4] can be described as
presented in Equations 11 and 12




PL-TR-Y1-1036

TE(®) Modes:

E,= 0

E, = k, cos(kx) sm(k w¥)sin(k,z)

E, = —k sin(k,x)cos(k y) s:m(}' z)

H, = 1/(jnk,) kj cos(k.x)cos(k,y)sin(k,z)

H = -1/ (Jnk ) k k. sin(k,x) cos (k ) cos (k,z)

H, = -1/ (ink,) k k. cos (k,x) sin(k, V9 cos(k z) (1)
TM(*) Modes

0/ (Fk,) k3, sin(k.x)sin(k,y)cos (k,z)
-n/(jk,) k, k, cos(k,x)sin(k,y)sin(K,z
-n/(Jk) k k snx(k,,x)cos( y) sin(k.z)

k sin(k,x)cos(k,yy)cos(k,z) - .
—k cos (k. x) sin(k ,¥) cos (k,z) (12)

‘«cm ku: ":l:‘t'l xmum
oA un

where k., k., k,, k,, and k,, have the same significance as in Reference 4 and
eta is the intrinsic impedance of the medium filling the cavity. That is:

ko= 2, k= 2, k= AE,
ke = JkIvkZ, k, = Jkivkivk} . ' ‘ (13)

The x and y modes can be easily determined by noting that when the enclosure

is rotated as shown in Figure 5, the 'followingv transfomaiions oceur:

z to x modes S 2toy inodes
Z-x Z~y
X~y y-x , _ : , (14) -

Y~z ‘ X2

Applying Equatioa 14 to Equations 11 and 12, the other TM and TE modes are:
TEX) Modes: ' :

0

k, sin(k,x)cos (ky)sin(k,z)

-k sin(k,x)sin (k,y) cos (k,2)

1/(J'nk ) ki, sin(k.x)cos (k,y)cos (k,z)

—1/(_7'qk) ky, k, cos(k,x)sin(k ,y)cos(k,z) : ,
~1/(Jnk) k k cos(k,,x)cos(k,y)sin(k,z)_ : , (1%)

un:‘jn km ..hl‘hj ’!m

\\
\.

\
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Figure 5. Three different directions of propagation.

IM{X) Modes:

n/ (jk;) kj, cos(kx) sin(ky)sin(k,z)
-n/(jk,) k, k, sin(k,)cos(k,y)sin(k z)
: -0/ (jk,) k,; k, sin(k,x)sin(k,y)cos (k. z)

0 ,

k, cos(k,x)sin(k,y)cos(k,z)
-k, cos(k.x) cos (k,y)sin(k,z)

":x:‘h: il:': ..b]‘t'l ktq
[ 2 TN I |

TEY Modes:

= 0 :

= k, sin(k,x)sin(k,y)cos(k,z)

= -k, cos(kx)sin(k,y)sin(k,z)

= 1/(jnk,) ki cos(k.x)sin(k,y)cos(k,z)

= -1/(jnk,) k, k, cos(k,x)cos(k,y)sin(k,z)
= -1/ (jnk,) k. k, sin(kx)cos (k,y) cos(k,z)

Xm- N:E%x -km ..hj‘t'l

(16)

(17)
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TMY) Modes:

E, = n/(ik,) ki sin(kx)cos (k,y)sin(k,z2)

E, = -n/{jk,) k, k, sin(k )s:.n(k,y)cos(k z)'

E, = -0/ (jk,) k k cos (kx)sin(k,y)sin{k,2)

H,= 0

Hi =k, cos(k.x)cos (k,y)sm(k z) . ’

Hy = -k, sin(k,x) cos (k,y} cos (k,z) ‘ (18)
where

bk,.. = JKIvkZ, Ky ﬁf#kf ' | «(19)

Now that at all six types of modes have been defined, it can be noted that
the TE and TM are orthogonal in time. That is: '

T T .
fE""-E’-"’dr.-fz?‘m-ﬁ‘md:-a ~ (20)
[} 0

. where T is the 'period. The fields for the three directions are not, however,

orthogonal for a given polarization. Thus, when calculating the power lost
to the walls and the eﬁergy stored in the cavity, the TE and TM modes may be
treated sepatate ly, but the fields for the x, y, and z directions must be
added vectorial ly within the TM or TE mode set. Hence:

TE®.Y ) Modes:

E, = (k,~k,) cos(k.x)sin(k,y)sin(kz)
E, » (k k) sin{k.x)cos(ky)sin(k,z)
Ey = (k -k ) sm(k,x) sin(k,y)cos (k,2)

H, * 1/ (nk,) (k,. Kok, kk,), sin(k,x)cos(i)) cos (k,2)
H, = 1/(Jnk,) (k3~ k. k,~k k,) cos(k.x)sin(k,y)cos(k,2)

n, = 1/(jnk,) (k}-kk,~kk,) cos(kx)cos(k,y) sin(k,z) ey

T TM(X.7.8) Modes:

E, = n/(jk,) (k},-k,k,-k,k,) cos (kx) sin(k,y) sin(k,z)
E, =n/(jk,) (k..-k,k,»k,k,) sin(k.x)cos(k,y)sin(k,z)

E, = n/(jk,) (ki~kk,~kk,) sin(kx)sin(k,y)cos (k,z)
H, s (k,~k,) sin(k,x)cos(k,y) cos (k,z)

H, = (k -k, ») cos{k,x)sin(k,y) cos(k z)

1 o

Hy = (k, -k) cos(k,x)cos(k,y)sin(k,z) e T (22)

s




PL.TR-91-1036

The power lost to the cavity walls, for small losseﬁ, can be calculated using

the perturbation method [Ref. 2):
: R, » — : .
pt= % 2 ’ 23
P | 2‘!'U:rtl ds | v o (23)

where R is the surface resistance of the cavity walls and H, is the
components of H tangent to the wall surfacés. Applying Equation 23 to

. Equations 21 and 22, the power lost at all six walls to the TE and TM modes

is:

2 . ) ' ) : .
Pre = %"’-:% [ (ab+ad) (kje-kek,~kek,) 2+ (ab+bd) (kzg-k K -k k,)?
+(adebd) (k3~Keky-kykp)?]
ADeRs
4

(24)

P =

[(ab+ad) (k,~k,) >+ (ab+bd) (k,-k,)*+(ad+bd) (ke-k,)?]

Figure 6. Surface of constant k,.

The different amplitudes, Ayy and Apn, for the TE and TM modes were added to.
indicate that the amplitudes of the polarizations as defined above may not be
equal. Now the k,, k,, and k, dependency can be reduced to strictly a k,

dependency by assuming that the lattice spacing is sngllhéompared to k, and

12
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equal. Now the k., k,, aud k, dependency can be reduced to strictly a k;
dependency by assuming that the lattice spacing is small compared to k, and

therefore ‘can be treated as a continuous function of k.. Thus by integrating
over the surface defined by k = k. (Fig. 6) in spherical coordinates, the
power lust to the walls is: ’ '

A% R
1292
Py = f-z”—‘-fik:(n-z)s

12
A2 R
Pt=PC+Pt= S
X by 2 | 12"2

P = k¥(n-2)s

K¢ (r-2)s

where - (23)
S = 2(abradebd), A% = Afpeniahy

The energy stored in the cavity for any eigenmode can be found from [Ref. 2]:

4 v (26)
thus
Ve Al
Wep = —==2 [Uymk)? + (kymk? + (kyoky)?]
v 2
Mg = =522 [ (k)P (pmk)? + (Kyoky)?]
whe;e‘ - B ' ' . (27)
V= abd ‘ , ' ’ ,

Again, keeping k = k, constant and integrating over the spherical surface:

| L, . ‘ |
Wa WegeWp = A :r"x:(‘l!-Z) ‘ ' o . (28) .
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Substitution in Equation 6 yields:

O, = DR = ol - o n = 3 Ske T

since ,
Ry hd l-‘o:z 63'

w i v - (29)
%= % %, 58, |

vwhere p, and §; are respectively the relative permeability and skin depth of

the walls,

Even though the variation of k, over the interval k s k < k+Ak has not yet
been considered, as promised earlier, the justification for not treating the

zero order modes separately (as was the case in Ref. 4) can now bLe provided.

Consider in the equations for P* (Eq. 24) and W (Eq. 27), the integration

over the surface was completed in spherical coordinates with the limits of .
' and ¢ being [0,x/2]. The zero order modes lie on the very edges of the
surface of integration. It was assumed upfront that the mode density was
high enough to consider the surface conti* ous. Therefore, in the 11@@:, the
zero order modes contribute nothing to the surf;ce integral. In Reference 4
"the zero order modes, even though there are significantly iess of them, are
given equal‘weighting in the sum of the re iprocals. To be less biased, each
1/Q value should have been multiplied by the total count of lattice points
'contribdting to that 1/Q and the sum then divided by the count of all lattice
points in the sheil. ' '

Now consider the case when the source pumping the cavity has its power spread
out over some spectrum. It is convenient to expfess this type of signal as a
power spectral density. Let the source’s power spectral density be P,(u) in
W/Hz. Then the total average poﬁet and' the average power in small interval

- P, can be found using standard communication theory [Ref. 5]:
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)

Y
Py T !‘ Prlw) do

1
Py (@) = —P,(w) Ao
A 2r T (30)
Aw < @

For an empty .cavit:y (no loads or receiving devices), the power absorbed by
the walls is identical to the net power being transmitted into the cavit.y.
Thus the power lést to the walls, P* in a small frequency interval is P,,. .
Therefore, the energy in a small frequency interval, Aw can be found by

equating Fjuations 29 and 30 and substituting into Equation 6:

AW = =% 7 S&, Prle) de _ _ , L

Now the composite Q is determined by substituting the above energy

expression into Equation 7 and replacing the summations with integrals:

. |4 20, [ -
J‘?. | T !.u Pelw) do‘

[fPr0) do

@

elw

Coqv

(32)

Clearly, 1f Py(w) is any hrbit:ary functidn, then the composite Q will be
highly dependent upon it. But, if instead the spectrum of Pf(u) 13 limited
to a narrow bandwidth, BW so that BW << w., then it can be easily shown that
Qeqv * Q.. First consider a definite integral over a small interval about x,
. of a'genegic function'f(x) which can be expressed as a éonvetgent; power

series:

X, e8/2 xo8/2 1
' £(x) dx = {Ea,x‘]dx
x,-8/3 x4/ Livo ‘ ; :
L1 o lfy, 8 ¥ 8 Y
Erer o) e2)] 0
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The bracketed quantity in the last part of Equation 33 can be expanded as the
difference of two bincmial series with all the even terms canceling. Then,
by discarding all but the first term remaining, the équation can be
simplified to:

x.+8/2

f(x) dx = Ea, I3 "1[(.“1)—] 8 £(x.) (34)
1e0

x.~3/2

Applying this resvlt to Equation 32, the following result occurs:

o,o‘”/S 1 .1
© 2P (W) do = BW 0 2P (w,)
® -BW/2 '
and ' '
w  +BW/2
P.(w)dw = BW P (w )
©-Bv/3 '
' (35)
hence ,
3 v 3 v '
Q - Q@ — B e cmmem—————— 8
i ‘4 SR, 2p,S8&, Ox,

The error introduced by discarding ali but the first term of the binomial
expansion is highly dependent on the even, higher order derivatives of f(x),
f.e.:

N ' - 1' . . . . -v .
Error = @ ¢ (2m)
ror -z-; 2% (2m+1) ) () _ | (36)

Hence, as expected, the smoother f(x) is in the vicinity of X., the better
Equation 35 will approximate the actual integral.

It should also be pointed out that the relative pe:meabllicy for most
materials (including the steelo commonly used to construct mode-stir
chambers), excepé ferrites, is =1 above medium frequencies (300 KHz to 3 MHz)
[Ref. 6). Since proper mode stirring requires a high mode density, useful.

lower f:oquency bounds range inlche hundreds of megahertz for a typically
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sized chamber. Therefore, for most practical purposes, the relative

permeability in Equations 29 and 35 can be assumed to be unity.

Thus far only empty, unloaded cavities have been considered. Normally, when
the Q of a cavity is being meagured, loads in the.cavity should nof be '
considered separately. However, experience has shown [Ref. 7] that at the
lower end of the spectrum, tihicoretical calculations for the Q always tend to
drastically overestimate the actual Q. A large part of the loading effect
that takes place can be attributed to the antennas used to either pump the
cavity or to measure the effective power density within the cavity. If the
actual net pumping power is measured (incident minus reflected) and used as
the reference for the Q calcnlation, then the transmit antenna can be

ignored. However, the receiving antenna must still be accounted for.

The effect of a receiving antenna (ho}n antenna) on the Q of a cavity can be
calculated in a straightforward manner. First, the expected value of the
gain of the antenna in a mode-stir chamber is 1. This is intuitively obvious
from the fact that all the energy radiating from an antenna must end up on a
closed sphere t:.at surrounds it. Additionally, the polarization factor of
1/2 must be accounted for [Ref. 8]. 'Therefore_the eﬁfective area of the

antenna is:
| A. W ammes B — . ' ) ‘.37) '

[

The effective power Ceusity can be calculated from energy density in the
cavity and then combined with Equation 3 to determine the net power lost to

the antenna:

Prage t ARy s LS - - (38)
. 4

' The Q of a cavity with perfectly conducting walls but loaded with an antenna

is:

17
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The same approach can be used to determine the effect of the B-dot probes on
-the overall Q. First, however, consider that a B-Dot probe measures only the
component of the B fjeld normal to the loop surface. Therefore, to determine
an equivalent B2 to use in Equaticn 3 consider a wave incident on the B-Dot
at some random Angle, 8, relative to the normal vector of the probe’s loop,
then iﬁtegrate ov:r all angles to find the average value of B,2. Noting that
‘the projection of the B field on the normal to the loop is related to the

‘cosine of the angle between them:

coslzﬁu P = %B’ . (49)

o%.n

(B2) pg = %

Thus from Equations 3, 6, and 40:

Bo Al
thus
1 ' , ©(6])
Omer = — 1 1
4-N‘_+Nb_..

Qogv a Op

where N, and N, are the number of‘standard antennae and the number of B-dot
probes respectively. It should be noted that the reciprocal of the sum of
,réciproqals is appropriate because the energy is shared by all the loads in
the caQity. Tﬁisvis similar to the Q analysis used to dekergine the. effect
of a lossy dialectic on a cavity [Ref. 2].

Figura 7 showa the theoretical Qs due .to the lossy cavity walls a receiving
antenna, and four 0.125 cm? per half B-dot ptobes for the NT enclosute . Even
with four B-dot protes (eight half probes), the associated probe Q has little
impact on the net Q. On the other hand, at the low frequencies, ﬁhe

receiving antenna can have ' a signifiéan: impact on the net Q. In fact, for a
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Theoretical Q For NT Enclosure
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Figure 7. Effect of probes and antenna on the net Q.

good quality chamber, the net G measured at the lower frequencies will be
almost exclusively due to the antenna. As can be seen from the figure, one
~ can define a minimum critical frequency, f.. where the Q curve due to the

antenna and the Q curve due to the lossy walls cross:

1[9 %2 p,0ct
a

P ‘ _ L . o
o2n 32 s? ' _ , L (62)
[Note that p,'ﬁas nbt includad in ‘the ahove expression due to the ea:lier

discussion o. it being unity at the typical. ftequencles, >3 MHz, useﬂ in

mode-stir chambers and for the typical metals used. )

Thus, well balow ‘this frequency the antenna(s) will dom1n1:e tht nec Q, while

well above this frequencyv, the Q for the losuy walls wlll_domlnate
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Figure 8 shows the predicted value of the Q, based upon Equations-39 and 41,
for the 2.74 X 3.05 X 4.57 m steel NIST chamber as well as the actual
measured Q. A complete description of this chamber and how the measurements
were made appears in Reference 1. The theoretical model would appear to fit
the shape of the experimental data veryv well all the way up to 18 GHz. There
does, howeQer, seem to be a factor of 2 difference‘bet&een thelprediction and
the model. This difference ¢ ,ears both in the region where the antenna

' dominates the Q and where the walls dominate the Q. .If the difference
appeared only in the latter Fegion, it could be explained away by assumiﬁg
extraneous loads in the chamber such as dust, test stand material, etc.
Because the factor of 2 appeérs in both regions, though; the source of the
error must be common to both Q predictors. The only parameters that Q, and
Qeqv have in common‘are the chamber volume, the source frequency, and of
course, the experiﬁental data. It should also be ﬁointed out that above

18 GHz, the experimentally measured Q begins to rapidly exceed the predictéd
Q. Neither oﬁe of these discrepancies are currently explainable and furth.r

study is required.
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Figute 8. Theoretical and Measured Q fofithe NIST chamber.
' - (Experimental data provided courtesy of NIST.)
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FREQUENCY STIRRING

PREFERRED METHOD

The conventional method of mode-stirring uses a metallic paddle wheel to
continuously or incrementally change the boundary condi:ions within the
reverberation chamber while maintaining a constant pumning frequency. 1In
this manner, field homogeneity is achieved by averaging the contribution of
many different eigenfunctions to a given point in the chamber. In the
frequency stir method, the boundary conditions are maintained constant while
thelfrcquency is allowed to vafy over a narrow interval about some center
frequency. Then the contribution of each eigenfunction to a given spatial
point in the chamber, in that narrow band of frequency, is averaged to
provide the field homogeneity. The advantage of the'frequency stir method
over the mode stir is that by spreading the power over a band of frequency,
the eigenfunctions corresponding to that band can be stimulated
simultaneously. Thus, because th. energy stored in the fields in an
arbitrarily small volume centered at any given spatial point is theAaverage
of all the energies in the individual eigenmodes..fiefd homogeneity is
achieved on a real time basis (this assumes that the mean of the'energ§
density contributed by the eigenmodes, in the narrow band of frequency, to a
given.point in the chamber is spatially stationary). Real time homoguneity
can d;astically reduce test times. Even if.individual eigenfunctions are

changed by adding a test object or moving an existing test object within the

. chamber, the mean over the frequency band will remain constant (within the

limits of the sampling variance).

There are any number of techniques that can be used to provide the source
ffeqcency agility required. At minimum, hoyevét, the method used should meet
the following criteria:

e The power spectrum should be flat across the agility bandwidth to
simplify data interpretation.
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U fhe signal should be ergodic (or at least loosely time stationary
over the maximum averaging period of the test article and/or the
power measuring instrument) so that real time homogeneity can be

achieved.

o The center frequency and bandwidth agility of the source should be

variable over a wide parameter set to facilitate test flexibility.

e The average output power should be continuously variable or
variable in 3 dB or less increments, from 1 W to at least 200 W
to allow for a wide range of cavity quality factors and test

- article upset levels.

The ‘method chosen for this experiment uses band limited white Gaussian noise

(WGN) up-converted by performing double sideband, suppressed carrier

modulation with an RF signal from a synthesized sweeper. The output is then

amplified with a TWT amplifier to meet the higher power level requirements.
Center frequencies between 0.5 and 18 GHz and frequency agile bandwidths of
10, 20, 50, and 100 MHz can be easily realized. 1In additien, the power
output from the sweeper can be varied in 1-dB increments from -~120 dBm to

= +15 dBm, . Therefore, for all practical purposes, the dynamic range of the
tecanique {is idenﬁical to the d¢ynamic range of the'amplifierl Figure 9
demonstrates the theoretical spectrum of the signal at each stage of the
signal processing The synthesized sweeper is used to generate the
monochromacic signal which determines the center frequency of the output

while the WON source and low pass filters provide the frequency agility One

. of the convenient. properties of WGN is that ie will maintain fcts statistical

_properties aftet having passed through a 11near, invariant system such as a

low pass filter [Ref. 5].

Figure 10 shows the actual oucpuc at a fixed center frequency of 1.5 GHz,

immediately after up~conversion, of the technique as measured by a spectrum .

analyzer.
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’ OMOGENET REDICTIONS

I1f one assumes tﬁat the energy density at an arbitrary point within the
reverberation chamber, due to any given eigenmode, is a random variable (this
assumption is based on convenience not fact), e; with definable statistics,
then the variation of the mean E; of a sample of n‘eigenmodes can be

described usihg simple sample theory [Ref. 9]:

(43)

Q
L]

El

where o, and o, are the standard deviation of the random variables e and E
respectivelv (it is assumed that the sample size N is.small compared to the
total sample space). The sample size, N can be determined directly from the
mode density (Eq. 5) as function of the agility bandwidth, BW and the center

frequency, £.. Hence:

- 0. C: " .
h ?T\me : (44)

Further, the standard deviation of e can be appfoximated by considering the
energy density due to an individual ‘eigenfunction to be a random variable
which {s a function of a random spatial cbordinate'(X,Y,Z).
Let X, .Y, and Z be independent randam variables, each unifOtmly distriﬁuted
on [0,1], f.e.: ' ' '

£.0x) =

1; 0Osxxgl . : . .
fy(y) = 1; Ogysi ' . _ .
f.(z) = 1; 0g251 ' S . . (83)

Their joint distribution is:

£(x,y.2) = £, (0 £, (P 2(2) =1 | (46)
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Thus, the point (X,Y,Z) will represent a iandom point within a one cubic ﬁnit
of space with the probability of selecting any point in that volume being
equal. Now consider a small volume inside a rectangular cavity in which a
single eigenfunction is stimulated. Further, let the spatial coordinates be
chosen within the small volume so that the volume encompasses exactly one.
spatial.period of the eigenfunction in a unit cube. A normalized function,
g(X,Y,i) éxpressing the energy density pattern as a function of the random
variables X, Y, and Z is:

g(x,v,2) = bsix_x’(-’zlxj sin’(-’ziY’ sin’(-}z) : | (47)

The expected value and variance of g can be easily determined {Ref. 10]:

111

- E[g(x,Y,Z)] 'fffg(xfy.z) f(x,y,2) de dy dz = -3- :

[ X-X']

' 19 48
o} = El{g(X,¥,2)-Elg(X, ¥, 2)]1}] = 22 (48)

After scaling the variance with the amplitude of the energy density, the

standard deviation of a single, randpmly sampled eigenfunction is determined:

: 8 W W 0 Py ' (49
erwo,n v".v‘m’—e" mv\/ | | 69

Substitucion directly into Equation 44 yields: , : i S

' Q P, 19¢3 i . ' " )
or” 16f‘\J = VBN | | ' o - (30)
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It should be noted that the Q in the above equation should be considered a
net Q as defined earlier. However, by substitution of only the theoretical Q
from Equation 35, the deviation’s dependence on the frequency and cavity

dimensions can be determined for the ideal cavity:

3P, 19 g, 0 c?
32 S\ n?p, VvBW £

(51)
[The conductivity, o, under the square root sign should not he confused with

the standard deviation symbol.]

At first glenCe, it would seem that an easy way to improve the homogeneity of
the fields in a given cavity would be to simply increase the surface area, S,
bi corrugating the walls or maybe increasing the volume. This would in fact
work, but at the expense of the maximun field levels achievable with a given
P,. Clearly, though, increasing tﬁe agility bandwidth, BW, or the frequency,
f, will improve the field homogeneity without sacrificing field amplitudes.
Although Equation 51 is useful for investigating the energy density
homogeneity's frequency and bandwidth dependence, it is desirable to formally
define a homogeneity parameter that is independent of the power ﬁumped into
the cavity and thus the amplitude of the energy density within. A simple

‘ definition (and one that is commenly‘ﬁsed), yet one that can easily be
determined experimentally, is the maximum average energy density divided by
the minimum energy density (or power density) measured in the cavity,

expressed in decibels. ie.

) :
¥ = 10 log ::: - 10 log—fi (52)
o It is difficulc however tc use staciscics to predic: maxima and ninima of
data sets when the density function is not knowm. Thete are techniques that
can be employed to calculate the density function from Equation 47 and
Equation 52, albeit most are very difficult, Therefore, the preferred
technique is that of ﬂonte Carlo simulation. Using Equation 47, N random




PL~TR-91-1036

Teple 1. Standard deviation of field ratios for
different values of N.

Monte Carlo Simulation of Field Homogeneity

W IN o lWvm s Jw
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field values can be produced and averaged by using three randomly generated
values for X, Y, and Z. This is done twice, and the ratio is saved in
decibels. This is repeated for a large number of points (éOOObSOOO in this
simulation) and then the standard deviation is calculated using the usual
methods.. fable 1 1lists the standard deviation for several different values
of N. Not knowing the density function for Equation 52, relating the
' standard deviation in Table 1 to Equafion 52 is not possible. If it is"
assﬁned a priori that the data a:e'normally distributed (evidence of this
will be provided latér), then a rule of thumb criterionﬂcan be established.
For exanpie, to determine a level in‘which 99 percent of fhe magnitude of
the ratio daé# will be > ¥; g9, 2 1/2 standard deviations can be used
(= 99 pefcenc of the arqa‘undet‘che normal distribution falls between
t+ 2 1/2 standard deviations) to prcdict chp experimental results. The
selection of the 99 percent threshold is arbitrary, but, as will be seen in
the results, seems to réla:e the measured standard deviation to the measured
homogeneity very well, i.e., ¥«2.5 0. For example, if one desires a
homogeneity of '3 dB, then from Table 1, at least 57 modes ﬁquld need to
stimulated simultaneously. ' ' 7
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Now the agility bandwidths required to achieve the same field Qniformity
results as achieved by the convenfional paddle wheel technique used in a full
size chamber such as the NiST'chamber mentioned in the introduction can be
predicted. As stated earlier, field uniformities of < +/— 3 dB above 1 GHz
"and < +/~ 2 dB above 2 GHz were achieved for the 40.&3‘chamber.' Using the

99. percent rule of thumb discussed above, 57 modes would be required for
above 1 GHz and somewhere in the neighborhood of 200 modes would be required
above 2 GHz. Applying Equation 5, the agility bandwidths can be calculated
as = 1.5 MHz and 1.3 MHz for the 1 GHz and 2 GHz range, respectively. of
course this is an ideal situation, and therefore a more reasonable estimate

is probably in the area of '5 MHz.

COUPLING CROSS SECTIONS

One of the fundamental motivations for conducting low power microwave tests
is to deﬁermine 1nexpensiveiy a system or subsystem’s coupling cross section

or effective area. Cross section is defined as [Ref. 11]:

o(f) = Sl:::(?‘) - ;"°|g;iﬂ B | | | (53)
where:

o(f) = C&upling'crqss seétion.'
Py, = Power'de}iQeted to the measuring instruménc{

H,(f) = Voltage t;ansfér fuﬁctign (voltage impressed at the test ‘

point.divided by the magnitude of the 1pciden: E field).
R, = Input impedance of the measutiﬁg instruﬁen;.
v.suc(f) = Power density incident on Ehe‘sys:en.

The first observation that can be made about Eqdation 53 is that it assumes
that the test object is being radiated with'a plane wave. Secondly, it also
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assumes that the source of radiation is at a single frequency. Neither of
these ussumptions are correct in the case of frequency stirring. As -
discussed earlier, a B-dot probe.inside a cavity with anlisotropic field,
will measure 1/2 of the power density associated with a wave traveling in a
‘ single direction that is properly oriented 'to the probe. If you consider a
point inside this cavity with isotropic fields, then the power density
impinging on that point will continuously change direction, yet the average
magnitude of the power density will remain constant and, as mentioned, will
be twice that measured by a B-dot. For lack of a better term, this power
density will be called fringe power density (borrowed from microwave oven
terminology). Now consider the surface of a large test objecé; the power
incident on the surface is now limited to 2x steradians. If one is simply
interested (when studying heating effects, for example) in the average power
density falling on the surface (call it surface power density) it can be
calculated as: '

x/2 : .
[Prcoso ®= 2P, | (54)

[-]

aIH

Where P; and P, are the surface and‘ftinge pover densities respectively.
However, when studying the coupling due to a port of entry (POE), the -
expected value of the directivity will hlﬁays be one. However, the
polarization factor will vary from POE to POE.

In the case of subsystem which would norually exist in an'equipmenc bay or
.cavity, it makes sense to use tﬁe fringe power dehsiuy‘whén determining cross
sections because this 15’Ey§{£;iiy what 1is Qsed when'measuring the shiél&ing
effectiveness of the full-up system. In other words, the full—hp objecé is
illuminated with a plane wave while the fringe power density is measured
within the cavity. The ratio of the two then relates the fringe power
denéity vithin the cavity to the plane wave. Thus, cross sections measured
relative to the fringe power density can be related directly to power density
incident on the full-up system. A question immediately arises, howeﬁer if
the coupling cross section at a given ¢ircuit node within a full-up system is
measuted in a reverberation chamber, how can this information be related to
plane wave 111uminaclon in an anechoic. chambet for example? If the cross

section for a_full—up system is measured relative to the fringe power
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- density, then this is equivalent to radiating the test object in an anechoic
chamber with a power densify at targét equivalent to the fringe power density
- from many different directions with many different polarizations and then :
averaging the results. Another useful way of interpreting the ‘cross section
és measured in chamber would be as the expecfed value of the cross section
that would occur if the target was shot at from a igndom direction with a

" random poiarization.

So far only the effect of 1sotrbpic {1lumination on the cross section has
been discussed. The effect of spreading the spectrum of the pumping source

will now be considered.

Because the measuring instrument effectively measures the total averaée power
being received by the probe.ovet'che agility bandwidth, measuring the cross
section using this method is equivalent to convoluting a gating function with
the narrow band cross section and then dividing by the fringe power density,

f.e.:

Lo B2
(£ o(£/-£) df’

£.-Bw/2
0 .(f) = X777

I(e) df ' (55)
£.-3%/2 :
This has the same effect as mathemdcically smoothing o(f) over the same
bandwidth. The primary difference is, however, that the sméothing is done in
a real time manner and,is'igdependent of the sampling resolution. In other
ﬁoéds. if the sémble interval was greater than the swoothing window,
mathematical smodching would not work and this method would.

As. shown in Figures 11 and 12, details in the.crésa section thaﬁ sﬁan
ftequency'intervals less than the agility bandwidth will tend to be washed
out, while those that span greater irtérvals will remain. ' In fact when the
bandwidth of the resonance is less thsn the bandwidth of the source pumping
"the cavity, the resonance will be reduced by the tacio of the resonance to
the source bandwidth. This may create a problem {f the test asset has
coupling resonances with bandwidths smaller than the agilicty bandwidth

5D -
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required to maintain adequate stirring. Typically, however, test object
resonances less ﬁhan a few tens of megahertz are due to the modes set up in
the test article itself. These resonances are normally cof little interest
because of their dependence on the finer details of the test asset. For
example, if a cable run on one aircraft is slightly different than another of
the same type, drastic differences can bé realizedhin the details of the
cross section even though the trend data remain the same. Objects as '
insignificant as an aluminum scda container can make significant differences
in the frequencies at which these narrow resonances occur.® Except for the
introduction of some ambiguity at the band edges, the wider, POE fesonances
will pess through this technique unscathed, as can be seen from ﬁhe amplitude

of the resulting convolution in Figure 12.
SHIELDING EFFECTIVENESS

Shielding effectiveness (SE) is a dimensionless quantity which relates the
fields measured inside a cese object to those that would be measured if the
test object were not present and can be experimentally measured by simply
measuring the fields in the test iject using a probe and then dividing that
by the free field measurement made with the same probe. When doing this
measurement using the frequency stir technique, the considerations that were
made for the coupling cross section measurement must also be made for the

shielding effectiveness neasurenent That is, the resulting information

‘obtained is an average or expected value over many angles of incidence and

polqrizacions, and the data are convoluted with the pumping source function.
URSET THRESHOLD TESTING

One of the most useful applications oflreverbefation chamber testing is its’
use to determine the threshold for electromagnetic upset of a unit under
test. This is primarily because very large field levele can be achieved in
these chambers using modestly low power driving sources. In the conventional

paddle wheel mode-stir chamber, upset testing can be a lengthy process .

*Price, R., et al, The Pepsi Syndrome as it Applies to High Power Mictowave

Sﬂ&i&ﬂ;ihlli&l.ﬂﬂﬁl!ﬁii .JAYCOR. Albuquerque NM, August 1990 (Unpublished).
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becsuse for each power level attempted, the paddle wheel must be rotated
through many positions at a rate less than the test object's response rate.
Once the lowest powir level in which an upset occurs is recorded, the power
density ‘n the chamber .can be measured. The difficulty, however, in
interoreting these results is that when the upset‘occuré, there is at no time
a truly uniform field within the chamber. In other words, the front of the
test object may be in a hot spot and the rear of the object may be in a cold
spot when the upset takes place. The frequency stir method eliminates this
ambiguity by providing a real time homogenous, isotropic field. Also,
because the field is the same throughout the chamber, the power density can
be monitored while the source power is slowly raised until an upset occurs.

There is cne point that should be noted when using the frequency stir

. technique to cause upset. That is the fact that the signal being received by

the unit under test contains uﬁ-converted noise that when detected by the
test object may be in-band of the objgct's electronics. In the paddle wheel
method, the detected signal ¢s just a DC level. The unit under test may
respond differently to a noisy signal than to a DC signal. The frequency
stir upset nethod'was successfully used on an aircraft subsystem. Testing
was completed in <5 minutes. The results of the test are not included here

due to their security classification and the fact that there currently are no

‘other data available on this device for comparison,
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TEST CONFIGURATIONS
ORM W EAS NTS - snclosure

Figure 13 shows the general test setup used to conduct the field uniformity
tests for the NT enclosure. Four B-dot (JAYCOR TLB-3, 8 GHz, 0.125 cm?/half)
probes were placed at different locations within the reverberation chamber.
As depicted in Figure 14, they were placed in random locations with all, three
orientations (x,y, and z) represented. A three-dimensional schematic of the
NT reverberation chamber appears in Figure 1. As shown, it is a 6 x 4 x 5 ft
welded aluminum enclosure with three 2 x 2 ft access panels with'RF‘gaskets

and secured with bolts evéry 3 in around their perimeter. The microwave

- launch into the cavity is accomplished using a broad band (1 to 18 GHz) horn

positioned at nonorthdgoﬁal angles to the cavity wall to facilitate multiple

' mode excitation. Equipment control and data acquisition are facilitated via

a 486 computer using a National Instruments GPTB board. The HP83620A
Synthesized Sweeper provides the user selected freﬁueney range and power
level to the up-converter bank. Though not shown in Figure 13, external
level control was provided via a coupler and HP423B Crystal Detector placed
at the output of the TWT bank. External leveling was used to maintain the
TWTs at an output power level of =43 dBm. This Helped to minimize TWT

‘harmonic distortion and protect other équipment in the system from being

damaged by excessive power.

The frequéncy agilicy is,p;dvided by the NC7907 Noise Source. The noise

source’s bandwidth and output power can be set by the 486 computef. In order

~ to vary the maximum 100-MHz bandwidth cutput, the noise source has four user

selectable internal low.pass filters (5, 10, 25, and 50 MHz). Further, the
maximum output power of BQ-dBm can be varied via an internal programmable
attenuator. The control software developed for this éxpgripent automatically '
selects the appropriate filter and attenuator value based'upon the desired
agility bandwidth for the test at hand. The up-converter bank provides
double sideband, suppressed carrier modulation of the mictéane cafrier by

the band limited WGN. Due to the double sideband nature of the modulation,
the output of the'up-éonvertér bank has twice the bandwidth of the output of
the noise source. '
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Output from the B-dot probes is converted to a signal measurable by the
HP8757C Scaler Network Analyzer via one of four HP85025A AC/DC'Detectors
(0.01 to 18 Ghz, 23 dBm max). The HP8757C allows for a great deal of
flexibility in making measurements of incoherent signals while maintaining a
high degreerof measurement accuracy. Simple data ahalysis such as detector
ratios and averaging can be performed in near real time during the actual
measurement by the scaler analyzer. The computer controller breaks the user

supplied start and stop frequencies into individual bands that match the

‘bands of the TWTs and up-converters, and then it instructs the HP8757C to

acquire the appropriate 'data for each band while it p:dvides the switching .
signals to the TWT and up-converter banks. The data from each band are then
sampled in accordance with the user directed number of data points and a

complete sweep is constructed.
ORM %) UREME

The GIFT Box is a 30 x 36 x 36 in welded aluminum enclosure with one large
(27 in diameter) access hatch in the front and two other smaller (14.5 in ‘
diameter) access panels, one on the.side and one ‘on the back. In addition,
as shown in Figure 2, there is one 4.5 in diameter feed-through panel on the
front where the signals for the 'two B-dot probes were routed through.
Figures 15 and 16 depict the test configuration used during the GIFT Box
swept field uniformity tests. With the exception of the amplifiers and the
number of probes, this test configuration Is very similér to that used for
the NT enclosure tests. The TWTs were.not available at ﬁhe time this test
was conducted: instead, a set of high gain small signal a@plifiets'was used

“on the receiving side of the circuit to boost the B-dot output to levels well

within the dynamic range of the Scaler Analyzer.

The test configuration used to measure the Q of the NT enclosure is shown in
Figure 17'(the GIFT box~SQCup is similar except small signal amplifiers were
used rather than TWTs). The significant dffference between the-two
coﬁfigutations is the same as in the case of the swgpﬁ tests (TWI gmplifierS‘

versﬁs_small signal). Further, computer control of the sources, modulators,

énd'amplifiers is similar to the swept case exceé; that a single frequency is
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selected for each measufement'épd the Synthesized Sweeper is placed in the
pulse modulation mode. The HP3314A Functién Generator is used to supply a
TTIL compatible square wave to the Synthesized Sweeper to chop the output of
the sweeper at a relatively low frequency (10 to 100 KHz). The chopped
signal is then supplied to the.up-COhvertef bank for modulation by the band
limited WGN source. Both the hotn input signal and the signal received by
the B-dot probe are detected using 3P423B Cryst#l Detectors and sent to the
DSA 602 Digitizing Signal Analyzer for averaging #nd rise time measurements.
It should be noted. that because negative detectors are used, the B-dot sigaal’

rise time is equivalent to the relaxation time of the enclosure.
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Figufa 15. Experimental test setup for swept cescs on the
GIFT box enclosure. '
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TEST PROCEDURES

IFORMITY TESTS

Field uniformity tests were conducted on both the NT and GIFT Box enclosures
to determine the effectiveness of the frequency stir method at reducing
localized average field gradients. Using the test configurations described
above, B-dot probes were used to measure the power ratios of the magnetic
flux densities at randomly selected locations and vector orientations within
the enclosures. Using‘Equation 3, for the monochromatic case (no modulation)
and with the frequency fixed, the rocio of the power measured at the analyzer

between any two probe locations, A and B, can be expressed as:

By Vi/(22) 3(&)3 =(ﬁu)'

P Vifen (Bew) "\ (56)
where
P;/P, ~ The power ratio of the prooe outputs as directly oeasu;ed by
" the analyzer.
Va, Vg = The amplitudo of the voltoge produced by the B-dot probes.
zZ - impedanoo of the mﬁasuring device. .
- Thelratio of the magnetic fields at locations A and'B‘oriented

Hoa/Hop

along the axis of the probes.

When modulation is used the signal being measured by the analyzer is no
longer monochromatic and therefore the power ratio analysis is slightly more
.complex. Using the probe’s transfer function, Equation 2, the power measured

by the analyzer will be:
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= _1 @ +BN/2 . 2 | . o
d ZuL,-av/z IG(j@) |* s(w) dw .

where
w, = Center ffequency of the received signal.
BW = Bandwidth of the received signal.

S(w) = Power Spectral denéi:y of the ﬁagnetic field at the probe

« location.

Therefore, the ratio of the power measured canlbe expressed as:

» o BW/2 . 2 (
P, -Le-u/z 6 (j@) |* Sple) do (58)
P' ©  +BN/2 T
L,—u/z [6(jw)| S,('u) dw

Clearly this equation can only represent the power ratio of the mgneticl
fields when the square of the nagnitudo'of the transfer function G is
constant over the interval we-BW/2 < w < w+BW/2. From Equation 2, the ;I

percent variation of G? can be easily written:

y = [6(Jw) |? = A} ? |
' (59)

Error -"—5};! = -2—:::-%3—3!»- ::’,’
At the lo\"rest frequency (1 GHz) and the widest agility bandwidth (100 ‘m'lz)
used in this experiment, the variation isl-3 percent. It is therefore ’
evident that for any given frequency' the .field variation between two points
can be decemined'ditectlly from the ::eéc configuration discussed earlier. 1t
" is not, however, practical to fix the frequencj and move the probes around
the volume of the enclosures until the maximum field vatigcions are found.

Instead, the maximum and ainimum field locations are forced to move within

a
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the volume by sweeping the center frequency of.the injected signal. As the
center frequency is swept, new modal frequencies are encompassed in the
signal’s bandwidth while lower mcdal frequencies drop off. Thus the maxima
and minima of the fields move around the enclosure passing by the probes as
they move. The spatial variation of the fields can therefore be aﬁproximated
by observing the maximum variations in the swept data provided a sufficiently

- large frequency interval is used.

Using fhe method described above, swept tests were conducted on the NT

- enclosure from 1 through 4 GHz with both monochromatic and up-converted noise
with bandwidths of 10, 20, 50, and 100 MHz. Ratio measﬁtements were taken
directly usiug the HP85025A detectors as described in the test configurétion
aSove. The copper jacket 0.141 cable used between the probes and the feed-

- throughs at the bulkhead were cut to the same length and hence cheif '
insert;on losses were measured to be within ; few tenths of a decibel of each

other and therefore ignored. The GIFT Box sweeps were conducted from 1

through 8 GHz. As with

o

he NT enclosure, both monochromatic and up-converted
noise with bandwidths of 10, 20, 50, and 100 MHz were used. However, because
the small signal amplifiers weré used on the receiving side of the circuit,
separate sweeps for each probe were taken. The sof;;ate was then used to

convert the measurements to a ratio similar to that of the NT enclosu.ce data.

THE QO MEASUREMENTS

The method used hére to measure the Q of the two enclosures is a modificécion
of the method developed by the Naval Surface Weapon Center. The l/e decay

time of the energy stored in the cavity can be expressed as [Ref. 12}:

_t 2xf, : - (60

The Weapon Center measured the energy decay waveform produced by a pulsed RF
input for many positions of the>paddle wheel of a mode-stir chamber. Then by
calculating the fall time of the ensemble average, they determined the

composite Q from the above equation,

42




PL-TR-91-1036

Since there is no paddle wheel uséd in this technique, the Q of the cavities
was neasurea slightly differently. Employing the frequency stir method and
the test configuration described earlier, the relaxation time of the
enclosufes was determined by using the measured fall time of the ensemble
average of the detected pulse train. This would seem to be a valid method to
determine the fall time of the stored energy in the cavities because the
ensemble defined by each pulse contains information from both the noise
envélope and the energy decay waveform, but since t-e ensemble average of the
noise envelope is a constant, the ensemble average ot many of the pulses 'is
propoztional to the stored energ& waveform. Therefore, the fall time of the

ensemble average is equal to the fall time of the stored'enetgy waveform.
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RESULTS

SWEPT MEASUREMENTS

Figure 18 depicts the results of the swept measurements for the NT enclosure
from 1 to 4 GHz. As indicated, agility bandwidths-of 0, 10, 50, and'IOO MHz
are shown (the results of the 20 MHz agility bandwidth sweeps are not shown
because of their similarity to the 10 MHz data) for the measured power ratio
of probes C and D. These data are typical of the data taken for all
combinations of the probe A, B, C, and D. The theoretical number of
eigenmodes stimulated predicted standard deviation, measured SCandard

deviation, and ¥ as defined by Equation 52 are given in Tables 2 and‘3 for

?1obe C/D (mo Mod) (ET) Probe C/D (WGN-10 MEg) (NT)
20 . ‘ 20
1s
1l 35
10 1 10
]
° i °
3 -5 '. ) ] .5 }
-10 i' rv i T -10
-13 © *19 -
-20 -30
1.0 2.5, 4.0 . 1.0 2.9 . 4.0
Frequency : (GNg) Frequency (GHx)
Pzobe C/D (WQN-Se MEx) (BT) Pzobe C/D (WAE-16¢ NEg) (NT)
20 ' 20
18 " ' 15
10 \ 10
s 4 s - - - . .
[ ] Hﬁvj‘j} \" an »v“ v o [ ] F‘V T — . o
.3 ] .8 .
.30 ) 1-10
-1 |- - 1%
-20 -30
1.0 ' 2.8 , 4.9 1.0 2.8 ' . 4.0
Prequency ({(GNz) ’ . rrequeacy (GN3)

Figure '18. Measured power ratios of probes C and D for the
* NT enclosure with an agility bandwidth of 0, 10,
50 and 100 MHz.
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Table 2. Homogeneity measurements for the NT enclosure.

Probe C/D
L
[

0 - - 5.1 18.2
10.0 32 1.7 1.7 5.1

0.0 63 1.2 7 4.
1.0-2.0 2 1 1
50.0 158 0.76 | 0.92 2.1
100.0 316 0.52 0.68 1.7
0 . . 3.7 11.6
10:0 126 0.86 1.3 3.5
‘ ' 0.0 252 0.60 0.97 .8
2.0-3.0 2 s 2.8
50.0 630 . 0.38 0.58 1.8
100.0 1262 0.27 0.37 1.3
0 - . 3.7 14.0
10.0 284 0.52 1.2 3.9

0.0 8 0. . 0.84 .

3.0-4.0 20.0 56 0.39 0 g 2.8

50.0 1420 0.26 0.54 ‘1.5
100.0 2824 0.19 0.34 1.1
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Table 3. Homogeneity measurements for the GIFT box.

' 46

Probe A/B
. —— -
Agilicy g c ¥
BW (MHz) Measured-
0 - - 7.9 26.3
10.0 6 4.9 3.4 10.2
20.0 12 3.0 2.8 )
1.0-2.0 5.1
50.0 30 1.8 1.9 5.3
100.0 59 1.3 1.4 2.8
0 . - 5.5 20.0
10.0 24 2.0 2.4 8.3
.0 A A . .
2.0-3.0 20 7 1 1.8 3
50.0 119 0.90 1.2 4.1
100.0 237 . 0.60 1.0 .6
0 . - 5.2 19.1
110.0 53 1.3 2.4 . 8.5
0.0 167 0.92 1.8 ;
3.0-4.0 20.9 - it
. 50.0 256 0.59 1.1 3.9
100.0 1 53 L 0:40 - 0.89 2.6
— I A PR
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1 GHz frequency ranges for each agility bandwidth. The Monte Carlo
simulation predicts the standard deviation well for values >1. It is v

" believed that the setup’s random and systematic errors begin to dominate the
standard deviation measurements when the standard deviation begins to drop

" below 1. Therefore, data above 4 GHz are not shown for the GIFT box. The
largest source of these errors is probably due to the systematic errors

~ between the two probes used for the measurement. The particular probes used
here have shown differences as large as a few decibels as the frequency and

E-field orientation are varied.

As mentioned earlier, a normal distribution sqqms to be an adequate model for
Figure 19

results of fitting the ratio data (in decibel format) to a normal

the density distribution of the ratio data. shows the typical

Figure 19.

Probe C/D’' (WAN-10 MEZ)
s 9.16 —
o
. . 0.18 /1 ‘§
N ! 0.13 ;7
H? ; T $ 2 0.10
o HIMHH p 0.8
[ T p 9-0¢
0.0¢
l 0.02
. 0.00
1.0 1.8 2.9 -9 ]
Fzoquency (GNz) '} ]
1.0
?ypo 'iuh Nozrmal 74"
Nean: +9.23078 c ;77“
Vezlance: 1.909¢ 'Y
' . . ’.93
td Dewy 1.7291 | 4
?it velue: 13.19) e
Deg freevdom: 10 ’ .
' . 0.0
Ceolls used: 1) .8 °
48

Goodness of fit test, NT enclosure, 1
bandwidth, 1 to 2 GHz. '
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distribution. The histograms represent the relafive frequency distributions
(RFD) and the cumulative relative freduency diétributions (CRFD) for the
actual data. These RFDs are formed by dividing the abscissa of the data into
equally sized cells and counting the number of points falling in each cell.
The cell count is then divided by the total number of points. The CRDF is
simply a running sum of theléell counts. The continuous ;lsts are the RDF

and CRDF of the theoretical model being fitted.

The. goodness of fit test used is the Person’s chi-square st&cistic [Ref. 9].
The smaller the fit value, the better the fit. In fact, by looking up the
fit value in a table of chi-square distributions of n degrees.of freedom, the
p;obgbility that discrepanciés of this order (the fit value) or larger would
be seen, given the model is correct, can be found. 1In all cases, the
distribution of the ratio datax(in decibels) proved to have acceptable normal
distribution fits. ' )

2 MEASUREMENTS

Figure 20 shows the quality factor of both enclosures as measured using the
teéhnique described earlier. No attempt is made at predicting the Q based
on the earlier theoretical Q discussions because the wail conductivity is

' difficult to assess for these enclosures.' They both are in very poor

‘condition and have accumulated scale on their interiors.
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Measured Quality Factors

1e+5

o le+d

le+3

-

2 3 4 5 '3

. Frequency (QHsz)

Figure 20. Measured Q for both enclosures.
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CONCLUSION

From the data gathered to date, it would seem that the frequency stir
technique has potential applicétion in electromagnetic interference and
susceptibility testing. For practically-sized chambers, field uniformities
equivalent to the paddle wheel mode-stir technique can easily be achieved
with relatively narrow agility bandwidths (5 MHz) while test time is
dramatically improved. Another potential application of the frequency stir
technique is to directly pump a large test article with the up-convérted‘
noise so that its own cavities become the mode-stir chamber. This may be
helpful in both upset testing for assets too large to fit in a chamber 'and
sniff testing (finding the leaky apertures by using a probe to sniff around
therexteriorlof the test article). Lastly, because of the inherent smoothing
of the coupling data that takes place when using this technique, it may have
application in plane wave illumin;tion in an anechoic chamber to acquire
coupling trend data directly or reduce the dynamic range rquired by the

measurinrg instruments.

It has also been demonstrated that when predicting the Q of a reverberation
chamber, the effect of the measuring, and in some cases the transmitting
antenna, must be considered. They, in effect, act as apertuces in the
chamber that vary'their size with rrequency. The largest potential effect
exists at the low end of the frequency spectrum where the effective area of
the antenna is very large and can in fact dﬁminate the net Q of the céﬁity.
It is therefore better to use probes or antennae which have’ relatively small

éffective areas such as B-dot or D-dot probes,.
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