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On Measurements of Microwave E and H Field
Distributions by Using Modulated
Scattering Methods®

MING-KUET HU}

Summary—The modulated scattering method of Justice, Rumsey,
and Richmond for measuring E field distribution is extended to the
measurement of H field distribution by using a loop scatterer formed
by two diodes. This diode loop method has the particular advantage
of eliminating the large and undesirable effect produced by the asso-
ciated E field when measuring the F field.

A scattering analysis of the modulated diode loop is presented. It
explains the principle of this new method and also supports the ad-
vantage mentioned above. A similar analysis for the modulated diode
scatterer used in measuring Z is also presented. It is believed that
the explanation based upon this analysis for the £ measurement is
more satisfactory than that given by Richmond which is based upon
a qualitative description of the diode scatterer.

results on an ingenious scattering method for

measuring E field were published by Justice and
Rumsey.! The method was later modified by Richmond?
with the use of a modulated diode as the scatterer. This
modulated scattering method has been extended by the
present author to the measurement of X field by using
a loop scatterer formed by two diodes. This diode loop
method has the particular advantage of eliminating the
large and undesirable effect produced by the associated
E field when measuring the H field. Such E field effect
is really what makes most of the H field measurements
unreliable.

A scattering analysis of the modulated diode loop has
been worked out. It explains the working principle of
this new method for measuring H and also supports the
advantage mentioned above. A similar analysis has also
been applied to the modulated diode scatterer used by
Richmond. An explanation, based upon this analysis,
for the working principle of the modulated scattering
method for measuring E is believed to be more satis-
factory and enlightening. For the convenience of presen-
tation, the simpler analysis of a modulated diode is
given in Section I. The analysis of a modulated diode
loop and its application to the measurement of H field
are presented in Section II.

§§ THEORETICAL basis and some experimental
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I. BACK-SCATTERED SIGNAL FrROM A DIODE
DiPOLE AND E MEASUREMENT

The method of analysis is an extension of that used
by Y. Y. Hu in a paper on back-scattering cross
section.® In Fig. 1, with the effect of the slightly con-
ducting leads for modulation neglected, the diode with
its two short conducting leads is considered as a short
dipole center loaded with the diode junction impedance.
The two terminals across the source which produces the
field to be measured and the two terminals across the
diode junction are considered as a two-port configura-
tion. The two pairs of terminals of this two-port will be
referred to as the source terminals and the dipole ter-
minals in the following analysis.

A

Conpucrors < 7N

StigrHTLyY CONDUCTING
LEADs For Moputarion

Fig. 1—A diode dipole scatterer,

It is clear that, with the diode junction impedance
removed, the remaining part is linear; therefore, the
principle of superposition applies. As far as the junction
impedance is concerned, it serves only as a link between
the dipole terminal current and the dipole terminal
voltage, and the modulation merely changes the value
of this junction impedance. Based upon such an ap-
proach, the back-scattered signal at the source terminals
due to a loaded dipole can always be expressed in terms
of the solutions of the following two simpler but more
basic problems.

1) The back-scattered signal of an open-circuited di-
pole: If the dipole is located not too close to the source

3Y. Y. Hu, “Back-scattering cross section of a center-loaded
cylindrical antenna,” IRE TRANS., ON ANTENNAS AND PROPAGATION,
vol. AP-6, pp. 140-148; January, 1958.
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structure, then the higher order effects between the
dipole and the source can be neglected. Let E(F) be the
field to be measured, and To(7) be the current induced
on the dipole by E(7), then the electric field intensity
produced by Ty(#) can be expressed by the following line
integral:

f To(7)- G, 7)ds'.
scatterer

where 7 and #’ are the position vectors of the field point
and the source point respectively. G(#’, 7) is the dyadic
Green’s functiont of the dipole with the effect of the
source structure neglected. The differential length ele-
ment ds’ indicates that the line integral is to be evalu-
ated with respect to the source coordinates. If s (also s”)
is considered as a length variable measured along the
dipole with s=0 at the dipole terminals (these termi-
nals are assumed to be located very close to each other),
then there clearly exists a one-to-one correspondence
between s and 7. Therefore, E(7) may also be written as
E(s) for values on the dipole, and the above line integral
as

[ e, ga.
scatterer

These expressions in terms of the variables s and s’
should be considered as obtained from a transformation
of variables from 7 to s, rather than as a direct substi-
tution of s for 7. Using the boundary condition that the
tangential component of the total electric field intensity
is zero on the dipole, we then have the following rela-
tion over the dipole except at the feed:

To(s')-G(s',5)-3ds" = 0

scatterer

E(s)-s +

where § is a unit tangent vector along the dipole. Us-
ing §, To(s) may also be written as Iy(s)$ with Io(s) as the
scalar part of To(s). At the feed, the value of the above
line integral becomes infinity. But if we integrate the
left-hand side of the above relation with respect to s over
a very small interval from 0—e to O+¢, then the first
term gives zero and the second term gives a finite value.
This finite valued quantity, in fact, is the voltage, Vo,
induced across the dipole terminals by the electric field
intensity to be measured. The above relations satisfy
the conditions required for the definition of the Dirac
delta function 8(s); therefore we have

Vid(s) = E(s)-5 + To(s')-G(s',s)-3ds". (1)

seatterer

It is obvious that the open circuit condition implies

I,(0) = 0. (2)

4 In this dipole case, a scalar Green's function may be used.
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For simplicity in notation, a simplified form of inte-
gral expression is defined as follows:

f?o-b;-f:f 70(5’)-5(5’,5)-&2’5’.
scatterer

Similar notations will be used throughout this paper.

Using the reciprocity theorem, the back-scattered
signal V, at the source terminals can be expressed in
terms of Iy(s) as,

m=%{ Eﬂn 3)

2) The signal received from a radiating dipole: If a
current [, is fed into the dipole terminals, the dipole
will radiate. Using the same assumption as given in 1),
the following relation is obtained along the dipole:

V115(S) :f71.5§ (4)

where I:(s) =1I,(s)$ is the radiating current distribution
on the dipole, and Vi; is the voltage across the dipole
terminals due to the feeding current 7. It is obvious
we also have

1,(0) = I. (5)
A simple relation which is useful later can be ob-

tained by multiplying (4) by I(s) and integrating
over the dipole scatterer,

f I,-G-I, = 0. (6)

The relation can be justified with the use of (2).
Similarly asin 1), the signal V, received at the source
terminals is given by

v, = %{fﬁfl} %)

Now in the general case of back-scattered signal due
to a loaded dipole, both 7,4(s) and T:(s) exist simultane-
ously on the dipole; therefore, the signal T received is
the sum of Vy and V..

L= .
V= V0+7fE-Il (8

where I,(s) is defined by

n =19 P9
IO

)

Evidently 7;(0) has unit magnitude.

At the same time, in this loaded dipole case the dipole
terminal voltage V7 is related to the dipole terminal
current /1 by the diode junction impedance Z; as fol-
lows:

V1 = = ZL[1. (10)
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On the other hand, by using the principle of superposi-
tion, we have

Vi="Vio+ Vi (11)

Combining (1), (4), (10), and (11), the following rela-
tion is obtained:

— Z:1,6(s) = B3 +f7yf-§+f71-(:;-§. (12)

This equation describes the boundary condition along
the dipole in the loaded case. Multiplying (12) by I(s)
and integrating over the dipole, we have

—szl=fE.i1+zlffflifl.

In deriving the above equation, the relations (6) and
I,(s)=1I,(s) are used. The double integral in the
above equation is known as the input impedance, Z,
of the dipole;® therefore we have

fE-ﬂ

Ii=— . 14
1 PR (14)

(13)

Substituting (14) into (8), 17 is now given by
_ 2
{7
1
SO
7

Z+ 7

When (13) is applied to the modulated scattering
method of measuring E, it is reasonable to assume that
both E and § are constant along the diode dipole. This
assumption is justified by the fact that in measurement
the dipole is chosen to be small in comparison with the
wavelength. Therefore the factor E -§ can be taken out-
side of the integral [E -I,, and the remaining factor can
be recognized as the effective length I; of the dipole. E -§
is clearly the component of E along the direction of the
diode, if it is denoted by E4 and we then have

fE-I] — B,

Finally, the back-scattered signal, 1V, from a diode di-
pole is obtained from (15) as

(15)

(16)

Ed2ld‘l

RS — 17
7tz (17)

with K=1/1. In this equation, the first term is a con-
tinuous signal; therefore, it is not detected by the co-
herent detection system described by Richmond. If the
source excitation is kept fixed, K is a constant. The only
quantity which is affected by the modulation is the
diode junction impedance Z; appearing in the second
term. Therefore the signal due to the second term is
modulated and is detected. This shows clearly that the
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E field can be measured by using such a modulated
diode as a scatterer.

It should be noted that the modulation used is gen-
erally of the on-and-off type. As a result, the diode
junction impedance Zj5 has essentially two different
values—one for the off-period and one for the on-
period. From (17), it can be seen that even during the
off-period the back-scattered signal due to the second
term is not zero, but zero value was used in Richmond’s
analysis of the coherent detection system. However,
with slight modification in his analysis, the following
two properties can still be shown:

a) The magnitude of the signal detected in the coher-
ent system 1s still proportional to the square of the mag-
nitude of the E component along the direction of the
diode.

b) The phase of the detected signal is now equal to
twice the phase angle of E plus a constant phase shift.
This phase shift depends upon Z and the two different
values of Z;.

II. BACK-SCATTERED SIGNAL Froum & Diooe Loop
AND H MEASUREMENT

The scattering loop is formed of two diodes connected
as shown in Fig. 2. The loop is assumed to be symmetri-
cal about a line passing through the two diode junctions
and also symmetrical about a line passing through the
two midpoints on the loop between the two diode junc-
tions. The modulation is applied through a pair of
slightly conducting leads to the two diodes in parallel;
it modulates both diode junction impedances simultane-
ously. The applied modulation merely changes the val-
ues of these two impedances. As far as the microwave is
concerned, the diode loop can be considered simply as
an ordinary conducting loop loaded with two im-
pedances due to the two diode junctions.

SeigHILY CONDUCT NG
LE4Ds For MoouLarion

Fig. 2—A diode loop scatterer.

The analysis of a loaded loop is a further extension of
that for the loaded dipole, but it is more involved. For
simplicity of presentation, some of the obvious assump-
tions will still be used but not stated explicitly in this
analysis. The two terminals of the source and the two
pairs of terminals across the two diode junctions are
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considered as a three-port configuration. The three
pairs of terminals of this three-port will be referred to as
the source terminals, the loop terminals 1-1, and the
loop terminals 2-2. Similarly, as in the case of a loaded
dipole, the back-scattered signal at the source terminals
due to a loaded loop can be expressed in terms of the
following three problems:

1) The back scattered signal of an open-circuited
loop. The following equation which corresponds to (1)
is obtained:

V105(S - Sl) + VzoB(S — SQ) b E§ —*—fjng:S‘ (18)

where G is now the dyadic Green’s function for the
loop. s is a length variable measured along the loop, but
with s=s; and s=s; denoting the positions of the two
pairs of loop terminals 1-1 and 2-2 respectively. Vi, and
Vo are the voltages induced across the loop terminals
1-1 and 2-2. Instead of (2) we now have the following
two equations:

70(81) = ()

70(32) = Q. (19)

Eq. (3) still holds, and is repeated here for convenience

e 1)

2) The signal received from a radiating loop excited
by a current I; at terminals 1-1 but with terminals 2-2
open. A modified form of (4), for this case, is the follow-
ing:

(20)

V116(S — 81) + V21§(S — Sz) = f-i1E§ (21)

where Vi1 and Vs are the voltages across terminals 1-1
and 2-2 respectively. Evidently we also have

Il<81) = .[1
I(sy) =0 (22)
and
ffiﬁiww. (23)

In this case, the signal, V,1, received at the source

terminals is given by

1 — =
V“:—{ E‘Il}.
I

3) The signal received from a radiating loop excited
by a current I at terminals 2-2 but with 1-1 open. It is
clear that all the explanations and equations for 2) can
be used here simply by interchanging the subscripts 1
and 2.

(24)
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Now in the general case of a loaded loop, the signal
received is the sum of Vy, V,1, and V,s. It can be written
as

Il —_ 12 —
V=W+7fEL+7fEh (25)

with

sy = 29

and [y(s) = L) .

1 2

(26)

As in the dipole case, both Ii(sy) and 7»(ss) have unit
magnitude.

If the diode junction impedances at terminals 1-1
and 2-2 are denoted by Z1; and Zs respectively, then
the voltages V; and Vs, across 1-1 and 2-2 can be
written as

Vi=—Znl
Vo= — Zlo. 27
Using the principle of superposition, we have
Vi=Vi+Viu+ Vi
Vo= Va4 Vor + Va. (28)

Combining (18), (21), (27), and (28), the following rela-
tion is obtained:

- ZLllla(S - Sl) — ZL2Iz6(S —_ Sz)
=E@+fhﬁ@+fiﬁf+fﬂﬁ& (29)

Multip_lying (29) by I:(s) and integrating, we have after
using 11(s) =I1/4(s),

—th:fﬁjl_*_hffjl'ﬁjl

+hffniiL (30)
Similarly, we also have
~zuti= [Bn+nf [ R
+szfj2'§'l~2. (31)

The four double integrals in (30) and (31) are known
as the self and mutual impedances of the loop between
the two pairs of terminals. Because of the symmetry
conditions assumed for the loop, we may denote the
self and mutual impedances simply by Z, and Z,.. Then

we have
i
Zmszjl'

QA
M~
~p

2:G 1y

I

1

b
QY
oy

/]
I/

Q
‘N\u
It

(32)

9°
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Z, may be described as the loop self impedance across
either pair of terminals when the other pair is open,
and Zn, as the loop mutual impedance between the two
pairs of terminals of the loop. In terms of Z, and Z,,, we
can then express I; and 7, in (30) and (31) by the fol-
lowing matrix form:

| 7,

-1
Zs+ZL1 Zm -| f Eil

= — . (33)
Iy Zn ZstZps fE'j2
Using this relation, (25) can now be written as
1 — . — .
VZVQ—-—I:fE'Il, E'Iz:|
I
—1 _ .
VAS VAN Zm _I fE‘Il
(34)

Zm Zs+ZL2

f E-I

For the purpose of applying the above relation to the
measurement of H field, the following two currents—a
loop current I;(s) and a dipole current I;(s)-—are de-
fined as

Ii(s) = I(s) + I(s)

Li(s) = I.(s) — I,(s). (35)
The equations in (35) imply
1(s) = 3L+ L)
I(s) = 31 — 1.). (36)

Substituting (36) into (34) and simplifying, we have

1 — - -
V= Vo————l:fEJl, fE-[d:|
4ID

WZom Z)+ 2ot 21y Z1a—Zin f E1,
37
LZLg—ZLl, 2ZeAZm)F+Z 11+ Z 1o l_ijd

where
D= (Z;+ Zu)(Zs + Z12) — Z4?.

The symmetric construction of the loop implies that
the two different analytical expressions 7:(s) and I:(s)
really represent the same current distribution with re-
spect to their feeding terminals. Both I:(s) and Ia(s)
have unit magnitude at their feeding terminals and are
zero at the other pair of terminals. If the loop size is
small in comparison with the wavelength, it is reason-
able to assume that both [;(s) and I.(s) vary linearly
from one pair of loop terminals to the other. This implies
that 7; is a constant circulating current of unit magni-
tude flowing around the loop. Using this condition and
Stokes’ theorem, we have
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fE-i,zfvxE-ﬁdA (38)
A

where # is a unit vector normal to the loop plane and A
is the area enclosed by the loop. One of the Maxwell’s
equations reads

VX E = — jwuoH. (39)
If it is combined with the assumption that H is approxi-
mately constant over the loop, we then have
f—E-L > — jougAH, (40)
where H, is the component of H normal to the loop
plane, w is the microwave angular frequency, and o is,
the permeability of free space.
At the same time, if E is also assumed to be approxi-
mately constant around the loop, then we may write

fE'jdgE'fid.

The same symmetry conditions imply also that the
vector obtained by evaluating the integral [I; around
the loop will have a direction, d, which is in the loop
plane and perpendicular to the line joining the two
diode junctions. This means that the loop with the ex-
citation [, acts just as a dipole along the direction d.
The magnitude of the integral is defined as the effective
length /; of the loop in that direction. Therefore we

again obtain
f Bl =

with E; as the component of E along the direction d.
In fact, d is the direction of the two diodes which form
two parallel but opposite sides of the loop.

Substituting (40) and (42) into (37), we have

1 I+ 7
V= Vo— ———D—{<zg — T LT”L%) (— jeomo A H )2

— (Zp1 — Zro)(Eala)(—jwpcAH,)

Z Z
#) (Edld)2} )

(41)

Edla (42)

+ <Zs + Zn+ (43)
If it is further assumed that Zp1=Z1.=2Z, (43) is then
simplified to

ol A2H 2

- K - K
V=Vt K a1 2

2t

Zs — Zm+ 21

(44)

where K=1/21 is a constant, if the source current I is
kept fixed. Again Z, is the only quantity affected by the
modulation.

Some properties on the back-scattered signal V, given
by (44), are observed as follows:

a) The continuous signal Vj is not modulated, there-
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fore it is not detected by the coherent detection system.

b} The second term and the third term are modu-
lated, therefore both are subjected to detection.

c) The signal due to the second term is a maximum
when H is normal to the loop plane, and it is zero when
H is in the loop plane.

d) The signal due to the third terin is a maximum
when E is parallel to the direction of the diodes, and it
is zero when E is perpendicular to the direction of the
diodes.

These properties justify a procedure for measuring H.
It is clear that the detection system using a modulated
diode loop scatterer generally detects a combined signal
due to both the H field (second term) and the E field
(third term). In order to eliminate E field effect, a modu-
lated diode scatterer is used first to determine the direc-
tion of E. With the direction of E known, the H field
can then be determined by properly orienting the loop.
As long as the direction of the diodes is kept perpendicu-
lar to E, the E field effect is not detected. If the field to
be measured is elliptically polarized, a modified pro-
cedure for measuring H is given in the Appendix.

The procedure given above applies to the case Z4
=/Z12=71, but the same procedure also applies to the
case Zr17#Zrs. This can be seen from (43) which gives
the back-scattered signal when Z ;7% Z 1, The relation
(43) is considerably more complex than the relation (44),
but it still possesses all the essential properties useful
for the measurement of the H field. In other words, the
equal diode junction impedances requirement may be
preferred but it is not really necessary.

APPENDIX

A PROCEDURE FOR MEASURING H OF AN
ELLIPTICALLY-POLARIZED FIELD

For an elliptically-polarized field, the E vector at a
fixed point always lies in a plane® which will be called

5 Proof of this statement is omitted.
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the E plane in the following description. It is clear that
all the properties of the elliptically-polarized E field can
be determined by using a diode dipole scatterer, so is
the E plane. With the E plane known, the following
procedure or its modification may then be used to de-
termine the H field. For the convenience of explanation,
a local coordinate system associated with the point at
which the T field is to be measured will be selected as
follows: any two mutually-perpendicular axes in the E
plane may be used as the x axis and the ¥ axis, and the
normal to the E plane as the z axis. The measurement
of the H field is equivalent to the measurement of the
three components H,, H,, H.. These can be obtained by
locating the geometrical center of the diode loop at the
origin of the local coordinate system and then by using
the relation (44) four times. First, by setting the diode
loop such that the direction of the diodes is perpendicu-
lar to the E plane and the loop normal is parallel to
the x axis, then H, is obtained. Next, by turning the
diode loop about the z axis until the loop normal is
parallel to the v axis, and H, is obtained. By further
turning the loop about the v axis until the direction of
the diodes is parallel to the x axis, then a combined ef-
fect of H, and E, is obtained. Eliminating the known
result of H,, E, is obtained. Finally, by turning the loop
about the x axis until the loop lies in the E plane, a
combined effect of H, and the same E, is obtained. By
eliminating E,, H. is obtained. The above procedure
illustrates clearly that the modulated scattering method
can be used for measuring the most general type of
fields.

ACKNOWLEDGMENT

The author would like to thank Dr. D. K. Cheng of
Syracuse University, Syracuse, N. Y., for accepting
and using these scattering methods of measuring E and
H distributions in a project under his direction. The
measurements were first set up by J. Reale and later
refined by R. Holman and B. Strait. The measured re-
sults support strongly the properties given in this paper.




