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In addition to avoidable sources of intermodulation signals introduced in manufacture or assembly
of a multiplex system, there will be some sources inherent to the materials of ‘which the system is con-
structed. At some point these sources must provide a lower bound to possibje system sensitivity. Such
a limitation will only be significant if it is reached before thermal noise be?z)émes dominant. Fhe ther- ~ ¢
mal noise power is Py = kTAr W for a frequency bandwidth-Ar». At 20°C and a bandwidth of 2500
Hz, the noise power becomes —140 dBm. It is potentially possible to lower either the temperature or
the bandwidth by a factor of about 100, so an ultimate sensitivity limit of about —180 dBm is perhaps
significant. Above these levels, a number of intrinsic IM mechanisms can be identified. This chapter
constitutes a review of significant intrinsic IM sources. \{\“_gﬂ

1. RESISTIVE HEATING IN NON-MAGNETIC CONDUCTORS 7

This problem has been discussed in several places including Philco' and TRW? studies. This sec-

tion is aimed at unifying the discussions and eliminating apparent discrepancies in the conclusions. It is

concluded that this effect can be significant at high power levels at all frequencies. H
The calculation which follows is done classically (no quantum effects; cf. Chapter 1) and to first

order. It is similar to that of the Philco study, but with fewer approximations. The TRW calculations,

done differently and specifically for a waveguide configuration, reach substantially the same conclusions.

Two primary frequencies w; and @, {w, > w,) are assumed present with electric fields of amplitudes E,

and E,= BE| parallel to the metallic surface, and the normally strongest 3rd order IM signal at

(2w; — w,) is sought. The surface is taken as part of an infinite plat;n/e2 and w;,w;, (2w, — ;) are

assumed close enough in frequency that a single skin depth 8§, = w—‘: in terms of symbols in the

appended list can be used for all.

| To lowest order, the density of primary power being dissipated at a depth z below the surface is
, then

E2 2‘
pn(z) = —Ie [(1 + Bz) + cos + Bz cos
2py

2z
20)|l - ‘6'0‘

20)2' - _] )

(w; + 0)2)’ - l{

+ 28 cos 8

+ 28 cos (w; — wz)t},

where p, is the material resistivity at ambient temperature. [For copper po= 1.72 x 10% Q'm at room
temperature]. This power dissipation produces resistive heating and changes the local value of the
resistivity. Heating can in principle also lead to local dimensional changes which could produce inter-
modulation. However, with temperature changes expected 10 be < 107K even at the surface, a linear
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G. H. STAUSS

thermal coefficient of 107%/K, weak dependence of the propagated signal on small dimensional changes,
and considerable bulk thermal inertia, this effect is considered negligible. From (1), one finds that the
total power absorbed at all depths per unit surface area, averaged in time, is

_ 80EZ (1 + BY)
PN= —————. 2)
W 4p

To find the change in local resistivity, one uses the fact that p is essentially proportional to
absclute ‘emperature and then looks for the temperature distribution. This is obtained from the
diffusion equation
aT(

+ C, _'Z_)_ = piv(2). 3)

.~ 92T(2)
G 9

9z?

Here G is the thermal conductivity and C, the heat capacity. [For copper at room temperature, G =
42 x 102 W/Km, C, = 3.44 x 10%)/Km’]. Since Eq. (3) is linear in T(z), the solution will be a

superposition of solutions for the various terms in p(z) of Eq. (1). We neglect the steady state term;

for the others, boundary conditions are taken to be 8T T(;(ZZ )

2nd T(z),—0 = 0 (the thickness of ordinary components is sufficient to be considered infinite).

= 0 at z = 0 (no heat flow into air space)

In solving for T(z), one will obtain contributions corresponding to all the different frequency
:aendent power terms. When these are converted to changes in resistivity and combined with the
vt sigrals, they will yield currents at several frequencies. However, the desired (2w; — ;) current

< aly arises either from modulation of the w, input by an (w; — wj) resistivity term, or from modulation
2" the w; input by a 2w, term. Furthermore, evaluation of the current amplitudes shows that modula-

wiv - Ty by the {w); — w)) resistivity term is dominant. Hence, only this part will be discussed in what
‘oYiews From the solution for 7(z) we then obtain
BEt
T(z) po_ 12G) [V3e ™ R 7r
p(Z)=po|1 + Ty l pot T, _4_+W4Wl N7 cos|(w)—w))t— Wz+¢ 4
8¢
2
—e % cos ((wy — wy)t + ¢)]. 4)
2 = 2% = 0
Here W' = —c and tan ¢ = 7

This resistivity will modulate the local currents produced by the primary input at w;. Writing the
skin effect in differential form, the current density at z, J(z), is found from

| @) __(+) __ _(+)  A+)[1-T@) )
J(z) d(2) 8(z) lL v 8o 2T, |
do
Po
For an input at w, one obtains
E 5|, _ 1@ _z ,gf(’ﬂ _z,.m
J(z) poe ll T lcoslwlt 50]+ TR oS |w;f 80+ 2l 6)
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When the quantities 7(0) and f~T(z)dz are evaluated and substituted into (6), the IM current density

with frequency 2w, — w, is foung to be

BE} Ep¢
Po  po 2GT,

I (2) = @4+ x4~ e‘E x

3 1 1 z 1 1 1

= e — — S —_—— o ——

[8 I 4x2]cosl(2m, wt 5 +¢]+ 3 2x+4x2 X
sin I(2m, —w))i— = +¢

8o
2

e W Q ) z n esi 7
2‘/ixzsm | w,t-—a—o-+¢+-“—-Wz+z—‘/.—i-x 7N

L

r 4
cos [(2«», w)! 5 +¢+ p

The dimensionless parameter x = 8y W is of order of magnitude unity here, but is material dependent.

In treating an unperturbed input signal, one finds that p,y, the power absorbed per unit surface
area, is related to the total current density in the same element, J = f 0 J(z)dz, by way of the surface

. — Po .
resistance R, = —. i.e,,
8

iIN - ﬁRs (8)

We will apply this same expression to find the power lost by Jy, = fo Jin(2)dz in the same volume.
Integrating Eq. (7), we obiain

BE! w_l,
(/]
Po | Po 7 9 1+ 2x
I GTaa J'40 ml(z"" w! +¢] %~ ma+o ©
|Un “bl C)“ + ‘l'
Hence from (8) and (9! ihe total IM power absorbed per unit area becomes
2 6('Dt.l} ’
B é
Bre = fgﬁ;_ 4 13 Ox*-x-502x+1) 10
M8 ™M GTEa+ Y |20 10x2(x + 1)? '
or, using Eq. (2),
2 =3
Bl Bivd ., an

P = ¥ B G'1}

1

13 _ Ox -x-5Qx+1)
4+ x9

20 10x2(x + 1)?

where flx) =
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Reasonatle values for x in our appioximation thai (w; — w;) << @y are m the rang'g x= 1105 for
copper. In order to satisfy the assumption of first order perturbation, ~—— T -fo 3 T n Eq. (6)
0

]
G;.:.(l , which here roughly means x > 1073,
0
Hence, the infinity in f(x) at x = 0 is meaningless. For reasonable x values, f(x) is controlled mainly
b
y the 4+ x*

must be much less than 1. This requires that x >

factor. Explicit values are

X = 1 2 3 4 5
S(x) =085 .012 0036 .0013 .0006

The reason for obtaining Eq. (11) is that the IM power received at the output load can be
expressed in terms of this quantity. We assume that we are dealing with a well designed circuit with
matched input and load. Then we can represent a unit IM source included in a linear system by the

equivalent circuit illustrated.
@ R
Gy 2

R[_RS

Wl But the input
L S

From this one IM source the power received at the load p;yy; = JITM Rsl

vy

VivRs hile that available 1o thé load is -2~ the ratio of
——— Wwhile at availa 0 € 10 IS—‘ € ratio o
2(R, + Ry)? B IR

Hence we can write, using (10) or (8) and (2)

power lost in the unit IM source is
th ) 4RsR;

ese gives ————,
& (2R, + Ry)?

- PINDim
PimL 4Py (12)

for the delivered IM power from a unit IM source element. If the assumption is made that all IM sig-
nals arrive in phase at the load, the total Py, = (Area)?p;y, . This then gives the result that

Pat = Pm(_ IN tost) ) 13)

4p;n Pin
Using Eq. (11), we obtain finally

Ppy = (14)

pz 8o 2_2 (P"vkm)zf(X)
(1+ 892 |2GT, P Py

As numerical examples, we consider two cases. (i) A high-Q UHF structure with high power den-
sity in a very restricted area with v; = 270 MHz, v, = 245 MHz, 8 = 1, p;y = 4.5 x 10° W/m?, P,y
= 100 W, Piyoy = 20 W, x = 3.2, f(x) = .0028. This leads to Py, = .71 x 10~!" W or —142 dBm.
(ii) The x-band waveguide case considered in the Philco report, with v, = 8050 MHz, v, = 7900 MHg,
B = 0.1, py =145 W/m?, P,y = 1000 W, Pjy (o = 45 W, x = 145, f(x) = .031. This gives
Py = 1.1 x 1072 W or —190 dBm. Correction of a numerical error brings the Philco value to —232
dBm; the remaining difference is associated with the assumption in that report that modulation of the
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input at w, by the thermal effects at 2w, is dominari, whereas we find modulation of the input at o, by
{w; — wy) thermal terms produces an effect about 40 dB stronger. Both of these examples indicate that
this mechanism is capable, under certain conditions, of producing significant IM signals.

A particularly important non-intrinsic IM source which has been identified is the pressure-closed
junction. Because of oxidation and surface roughness this junction contains insulating, semiconducting,
and metallic regions in dimensions small enough to permit tunneling. However, consideration of the
restricted area of metallic contact within the skin layer and across a gap of perhaps 100 A suggests that
the junction would be an important IM source simply through resistive heating. For example, in the
waveguide discussed above, if a flange junction were introduced in which 1 W is dissipated or
Piv = 2 x 10° W/m?, then P;y,, would be increased 110 dB to a significant level of ~122 dBm. It is to
be expected that increasing contact pressure would decrease this contribution 10 junction IM production.

To see the important dependences more clearly, we will write Py o5 = By 4 Where A is the

effective conductor area; A is generalized 1o ¥ in the expression p=py(1 +¢7);
0

Piv <OPinR; = QP;npo/8y, where Q is descriptive of the element in question and R, is the surface

resistivity of the conductor; f(x) = x3 quite well in the range 1 < x < § and

/2
5 2 —_
X == [—3‘(2-‘—26%] . Thus Eq. (14) lead to

2 2 4
2 A 2G Po
P ___é__ _.‘L —_— & PJ k. 4
IML < a +Bz)3 [ ZGI [8&((»1 _ “’z)chl & ’~[80 Qo
2 A 24
3 4s- -3
* U +p8)° Glc? Pipdsss o — w)™¥ a5
« B AW sy e
a+ BZ)S GI/2Ch3/2 ("‘l - w2)3/2 !
Thus IM production due to resistive heating is enhanced by: k ’
(a) Large power inputs, f &
. ) S
(b) B values near 1 (equal power in both carriers), E g 3 ,{ L.
2% LR
(c) Large-area elements, _g 5 8 of = a8 R
21253 B €=
. o ————
(d) High-Q elements, 3w & g: [
iEEE3 252 3
18 3

(e) High carrier frequencies,

(f) Small carrier separations,

{g) Conductors with high resistivity, low heat capacity, low thermal conductivity, and high-
thermal coefficient of resitivity .

/‘

(It might also be noted that Eq. (14) is, to the level of approximations made, in functional and quanti-
tative agreement with the calculations by TRW, after correction of a numerical error. The TRW result,
obtained in the manner of Section VI (dielectrics), develops on the fact that for long signal paths and
sufficient attenuation the value of Py will saturate and then decline for longer paths. For most appli-

cations the critical length, where the primary signals are attenuated 4.8 dB, will be quite long.)
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2. MAGNETORESISTIVE GENERATION IN NON-MAGNETIC CONDUCTORS

Magnetic fields applied to a conductor have the effect of altering its resistivity. Hence those fields
associated with currents in the material can potentially create IM signals. An approach similar to that
used in Part 1. can be taken. We will evaluate the variations produced in the local resistivity by the pri-
mary currents and then find J;,. This effect is found to be small. y

First consider a simple numerical result. With 8,= 10"°m typical of copper, a dissipation
Po= 10° W/m? using (8) leads {o J = 240 A rms as the current through a 1 m width of skin layer.
But in MKS units we can write B - dl = p,l where I is the current through the loop around which B
is integrated. Taking the loop as a rectangle transverse to the current, 1 m wide and several 8 deep,
with its upper side at the surface of the conductor, the contributions of the short ends to the integral ;
cancel, and B on the lower long side is essentially zero. Hence B on the upper surface becomes roughly f
B = 240 Tesla, which is equivalent to about 3 Gauss. But for the transverse magnetoresistive effect '
(B perpendicular to current flow as it will be for seif-produced fields) we know® for copper that

£_Fo ; PO — 398 x 10717 K2 in MKS units. Thus resistance changes of a part in 10'2 are possible in our
0

example.
Given p(2) = po(1 + s HX(2)), (16)

which is quite general since a linear contribution does not produce a 3rd (_>rder IM of interest anyway,
we need to know H(z). Using the same path integral formulation used in the example above, if we

take H(z);— = 0,

HD = [ Ine a”n
For inputs at two frequencies, we can write the primary current, allowing for skin effect,
i iy, E1 = (14 )z
_ iwyt P il . (18)
_ InGi) = Re[(e +Be %) 20 e———ao I
b This then leads to H(z) and to p(z) through (16),
g | , 2
| p(z) = po|1 + 0835' e % ((l + B2 + sin|2w,r — %5 + 28 cos (w| — w)t
| 46 0
o :
- ) 2
' + 28 sin |lw; + wilt — 2z 4 B2 sin | 2w,y — AN (19)
e 8o 8o
3 If Eq. (19) is combined with initial input signals, various frequency terms again result. The only parts
N of p(z) which lead to IM products at 2w — wy) are
2 -3 ;
p(z) = cE8 e % lsin oyl - _g_z + 28 cos (w; — w))]. (20)
0
Unlike the resistive heating case, here both terms in the brackets remain significant. When (20) is

combined with the input signals, we obtain a form similar to Eq. (6)

_+iz
‘ J(2) = Ref 2L (™1 4 ge™ts ll _ 2O "’”] 14 QD (2@ Ze0 L%
Po Po 28, J0  pg
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The results analogous to Egs. (7), (9), (10) and (11) then become

- %
BoE{dde % 7 1 "'] _3_] z
I (2) 16pg 3 + >€ cos 80 +{1+e sin 5 cos (2w — wyt
s 1 _g] y_l
8, .
+ > + > € smg+ 3—e cosa sin Qw; — wy)1}, (22)
—5Ba E{83 .
! 'lIM = "3 [COS(Z&)] - wz)l + sin (2&)] - (02)’]. (23)
: 3205
E and thus
4 —_ 38& 5052 _ B 280 _3
| JMRs = 16 0+ 32)3 Pin = Pim- (24)
Comparing this with Eq. (11) and (13) we find that for equal input power and input losses
Py (magnctoresistive)  pyy (magneloresistive) 25 [ G’T¢ (25)
i Py (thermoresistive) P (thermoresistive) 16 Sy

Thus the same functional behavior exists as for Eq. (14), except that the result is not sensitive to rea-
sonable changes in the sideband position, signified by the absence of the x dependence in (24). Nu-
F’ merically for copper the ratio (25) takes the value 1.34 x 1077/£(x) and for the two cases considered in
’ Part 1. with f(x) = .0028, or f(x) = .031, the magnetoresistive IM power is found to be down from
the thermoresistive values by 43 dB and 54 dB, respectively. For non-magnetic materials consideration
of reasonable values of f(x) indicates that the magnetoresistive effects are insignificant.

3. DIRECT VARIATION IN RESISTIVITY WITH CURRENT

If p(2) = po(1 + £J,y(2)>) where Jjy(z) represents the primary current density. then the

1 appropriate part of .I,,v(z)2 Ieading to the 3rd order intermodulation signal can be extracted from (1) as
2 E} 2z
Jin(z)? = — e cos 2wt — <=| + 28 cos (w; — w)) 4. (26)
; 208 8o
Then writing
1 d/(z) A+ a1+ . _a+ (
J(z) dz 30(o/po) 2 8o(1 + £l (2))V? §In(2)Y/

we obtain

J(z) = RefJ(0) exp l a ;’ Dz
0

|+L‘+" N (z)zdzll (28)

E L' i
| With J(0) = ;;' (™" + Be™?) (1 — £J;5(0)?), to lowest order one gets
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2 H
E3 (1] 24 -
I (2) R 2::) -1+ %e 8"] cos —8% + %— —g-e 8"] sin 8_0 cos (2w ~ wj)1
3 3 -2
- [—8- -3¢ ’ ]cos % + _%_(,8—202 sin -8-; sin Qo — wy) 4. 29)

Integrated over z, then this leads to

E}s
Iy =-— E—%“—:TQ (3 cos (Qw; ~ wy)1 + sin Qw, — wy)r]. (30)
o
Thus
)2 g%
TR - Po|BED) sed _ s pr(eER) s g2 [ g2 ), ;
M= Pé‘] 256~ 483 | 400 ) 4 (1+pD° (8603) " BV

which can be compared with (11) or (24).

This effect is hard to evaluate numerically. Any experimental determination of the coefficient ¢
would have to be separated from the magnetoresistive effect dissussed in Part 2. Although the
influence of skin depth is different in (23) and (31), one might anticipate IM contributions of similar
magnitudes in the two cases.

4. RESISTIVE HEATING AND MAGNETORESISTIVE IM
IN FERROMAGNETIC COMPONENTS

When components are composed of ferromagnetic materials, the kinds of components chosen in
the previous numerical cases become so lossy as to be impossible for consideration. For a more suit-
able component we chose a 10 cm long coaxial line similar to RG-19 with Z, = 50Q, ID = 435 cm,
OD = 1 cm. For such a line, standard expressions give attenuation = 8.68a, dB/m, where o, = 1.05
R, (cf. Eq. (8)). The frequencies will be chosen as v, = 270 MHz, v, = 245 MHz. Thus with copper
elements in this line there will be a loss of .00376 dB or 9 x 10~* of input power. If nickel components
instead are used, the corresponding loss will change with skin depth depending on the proper value of

the permeability u. This will be taken as the average small signal value of — and will be presumed

; aH
] constant here (but see Part 5.). If u is assumed to be 100 u, or 500 u, the fractional loss of input

power becomes .019 or .043, respectively. Further assuming 8 = 1 and a total input power of 60W, we
can then evaluate the IM products for copper or for nickel elements. In this part and in Part 5., the
permeabilities used are those suitable to low frequencies. They are still roughly appropriate in UHF
systems, but may decrease by an order of magnitude on going to microwave frequencies.*

The coaxial component will be treated in an average fashion, with equal power densities on both
conductors. One can alternatively distinguish the two, assuming equal total currents on both. In this
latter case, the current densities and the total powers absorbed vary inversely as the radii. This implies
that the inner conductor is by far the more significant IM source. But since the ratios are known, one
{ can relate the separated conductor results to the average case with the same total absorption. We find

r
for g = —rl that p;y from the outer conductor alone is 1/¢2(1 + ¢)? times the average calculated, while
1

that from the inner conductor is ¢/ (1 + ¢)? times the average. With the coax dimensions chosen, this
means that the resultant P, from the inner conductor is 4 dB above that found from the average,
while the outer conductor gives a result which is down 18 dB and negligible in comparison.

7
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If we evaluate Py, from Eq. (14), averaged as above, we find for copper, since pjy = 12 W/m?
and Py 1on = 0.054 W, that Py = .62 x 1072'W or only —242 dBm due to resistive heating. Magne-
toresistive effects are still 43 dB below this, since the frequencies and thus f(x) were chosen as for the
first example in Part 1.

But g(l)ing now to nickel elements we must alter the material parameters: po(Ni) = 4.5p4(Cu),
G(Ni) = —-—G(Cu) C,(Ni) = 1.15C,(Cu), and we will look at both u = 500u, and . = 100u.
We then obtam

p = 500, p = 100u,
PlNlosl= 2.58W PINIosl= 114W
R, = 415 R,(Cu) R, =21 R,(Cu)
8= o5 So(Cu) 8o = 4# 8o(Cu)
x = 0.26x(Cu) x = 0.58x(Cu)
Sf(x)=10.136 f(x) = 0.0153

Py =059 x 107 W or —~162dBm  Pypyy = 0.25 x 1072' W or —186 dBm

The IM levels here are for resistive heating effects. Although they are still at low levels, they are con-
siderably stronger than the corresponding copper value of —242 dBm.

To evaluate the magnetoresistive contribution, we need a value for the coefficient o in Eq. (16).
Material is available in a discussion® by Jan which shows that below about half of saturation magnetiza-

M,
tion, ‘2—5 , both transverse and longitudinal fields give 4p proportional to M2. Numerically, Jan’s

curves for nickel in transverse fields show —Apﬁ =—-4x 10 l-ﬁl—] . Generalizing this somewhat, if a
0

strong transverse field H) is applied, an expansion about f gives

Ap(H) — Ap(H )
P )p p(Ho |2M(Ho) (Hy) (H - Hy) + (32)
0
"%(Ho) + M(Ho) (Ho) (H - Ho)zl 4
4x 10?2 . . . ,
where b = — T Only the quadratic term will contribute to the 3rd order IM. (For M near 1
M, %’L is experimentally quite linear in H, so saturation must drastically reduce IM production.)
0

Within the coefficient of the quadratic term, the first part is positive; the second will be positive and
augment the first at the lower end of the magnetization curve, but must eventually become negla;ive
)

. _

and weaken the first. To simplify, we will take the first coefficient alone, giving o = —Z% (H,

2
b “L — 1] . Since M, = 4.85 x 10°A/m we obtain
0
p = 500k p = 100uo ‘
o =—424 x 1078 (A/m)™? = —1.69 x 10~? (A/m)~?

Py (magnetoresistive)

Yy =13 x 109 or +91 dB =18 x 107 or +72 dB
Py (thermoresistive)

Magnetoresistive Py = —71 dBm = —114 dBm
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Thus for magnetic materials, magnetoresistive effects are extremely strong sources of IM signals.
Despite this, however, we find that an even more important source exists in the direct variation of the
permeability with current. This is discussed in the next part.

It should be emphasized that these results are only approximate. The value of « is a continuously
varying function of field strength and frequency and the skin depth is thus itself a function of depth.
Also, especially with external fields applied, there are directional variations in effective permeability
since the ability of a small field to change the magnitude of magnetization is much greater for fields
parallel rather than perpendicular to existing magnetization. For example, a solenoidal field parallel to
the coaxial component is parallel to the currents in the conductors and normal to the fields which they
produce, and so should decrease the effective permeability and consequent IM production more
effectively than a transverse applied field. Furthermore, shape effects on the demagnetizing field make
the solenoidal field much more effective in saturating the magnetic components, requiring only about
10727 as opposed to several tenths Tesla for a transverse applied field.

5. IM PRODUCTION DUE TO VARIATIONS IN PERMEABILITY
IN FERROMAGNETIC COMPONENTS

To illustrate the significance of this effect, ignoring other contributions including imaginary u”, we
allow the permeability to vary in the form

w(@)=u, 1+ DH()? (33)

since linear variations will not lead to 3rd order IM’s. We are interested here in fields produced by the
currents in the conductors. From the primary currents, the parts of H2(z) which contribute to the 3rd
order IM become (cf Eqgs. (16) and (20))

Flgd -2
H(z) = ——l—o% e % lsin 2wt — 2 + 28 ¢cos (w| — @Y. (349)
404 8o
This is to be incorporated into an expression analogous to Eq. (5)
1@ ___0+)___ a+d |, DHY) (35)
J(2) dz 8o /u(2))12 8, 2
for which the solution, similar to (21), becomes
E A+ DD ¢ _(+4i)z
- _I' fwy ! iyt _ I ’) 80
J@) = Re) L eV + ge )[1 e N (z)drle . (36)
From this we obtain
BDRE} ~wl|| = z :
In(2) = —3703‘-8 Me ™ —1 |cos-8—0— + 2 sin a cos (2w, — w))! 37

+ e * = 1) sinE ~ 2 cos Z) - 2sin < sin Qw; - w1}
) 8o 89

The integrated form of (37) gives

BDE} 8¢

3203 [cos Quw, — w)!t + sin 2w, - w;)l]. (38)

Iy =—
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in close correspondence with Eq. (23), as we would expect from the similarities of (16) and (33). (One
point of difference arises from the fact that at the surface (z = 0) the present modef introduces no IM
current whereas magnetoresistivity does.) From Egs. (37) and (23) we can thus write

Jiy (variable ) D Py (variable u) | D ! (39)
Jue (magnetoresistive) 50 ' Py, (magnetoresistive) IS«r ’

2
In this formulation, Eq. (33) shows that D = —q}% where u, represents the average value of
Hu

permeability in the average static field present. Typically we expect u to be an increasing function of H
for small fields and to be decreasing in fields above a few hundredths Tesla. This suggests that as
applied fields increase p will pass through regions of constant slope, which should produce minima in
IM power levels. The ratio in (39), using (32}, becomes

2

D _ du |, M
e = a1 Shu,, 7H + Mde . (40)
Using M = [-:— - I]H, (40) can be written as
0
2 -1
D __1 dp H® +4_E__,1.H_2 illi2+ .E_._lﬁz,izﬂ'_ ) (41)
S Sbu, dH? Y| ro Mo ué | dH Ko o dH?

If we are concerned mainly with small external applied fields, curves for the magnetization of iron® can
be used to estimate these values. (Nickel and iron values are similar enough to give comparable
results.) As in Part 4., we use low frequency permeability data. At microwave frequencies we can anti-
cipate an order of magnitude decrease u.* We also assume that the b value of — g4/ M? is approxi-

mately correct. For iron, at H = 80 A/m (1 Oe), u, = 3000 p, %I% = 125 u,. -;1;‘-1% = 11 p¢, and

M, = 1.6 x 10°A/m. Hence % becomes about 106 which then implies a power ratio of about 40 dB.

This factor is difficult to establish accurately, and is very subject to material and environmental
influences. Nonetheless, this contribution to IM signals is obviously so extremely significant that it
reinforces the argument that ferromagnetic materials must be entirely excluded from high sensitivity
multiplex circuits.

6. INTERMODULATION DUE TO NON-LINEAR DIELECTRICS

If dielectrics are present in a system, any variation in dielectric properties with applied field will
serve to modulate incoming signal voltages in a manner analogous to the modulation of currents in Part
1. This effect has been addressed in both the Philco' and TRW? studies cited, and again here the aim is
to rectify some apparent discrepancies. The approach below is similar in general outline to that of the
TRW study. A solution has also been obtained in the manner of Part 1.; it yields results substantially
equivalent to thosc below when the largely reactive nature of the IM source impedance is taken into
account.

Variations in dielectric properties may occur in direct response to electric fields, through heating,
or by electrostriction. The general form of the solution is applicable to a variety of dielectric media,
such as molecular absorbers or ionizing gases. In each case, of course, the nature of the response to
applied fields must be determined.

We start by writing equations for a generalized transmission line in the form

ﬂ-—Lﬂ—Rlandﬂ-—Cgs%;{

3y Y ay (42)
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where L, R, and Cy (vacuum value) are the inductance, resistance, and capacity per unit length of line.
The conductance of the dielectric will be included in a complex relative dielectric constant €. We now
take

e=¢ (1 +aV?) —ie,(1 +qV?) (43)

both because quadratic terms are needed for IM production and because the dielectric response is
expected to be insensitive to the sign of the applied field. The relationship between the factors « and
and corresponding factors suitable for multiplying £? will be discussed later. Substitution of (43) into
Eq. (42) leads to

v _ 621_ a/ 4 . N 1 Y14
3y Latay 3y = LCoy— IYE (e, — iex) + LCylae, mez)a V 51 ] (44)
: 4 . 4
+ RC()(G) - 162)% + RCplae; — 11)52) V2 %T

We assume that we can write V' = Vg + Vi+ ... in descending order of magnitude based on the small-
ness of @ and 9. Equations for ¥ and V; are then given by

1
8V, 8%V, v, i
W - LCO(€| l€2) Y. - RCO(€| i€y _aT =0 (45) f.
and 3
4 a7V, av, ,9Vo :
W L LCyle, — ie)) — rye — RCyle, — iey) FYEbe LCylae, — mez) Y Vi— Y
9V
+ RCylae, ~ ine)) V@ —alﬂ (46) i
The lowest order solution for one signal propagating to positive y can be written in the form ,
Vo= U Re e™'e™ ™V = [/ Re e'@/~*¥ ey, (47) .
k ) Here 12 = wColwL — iR) (e, — ie)) = (k — iy)L i “
g We now assume that there are two primary input signals, so that }
,- ‘ ;:' V0= U Re (ei(wﬂ-x,y)e—yl_v + Bei(wzl—xz_\')e—yz_v]. (48) i
§ ' Then Eq. (46) will contain on the right side term% a‘E several different frequencies. We are interested in i
the IM at w;yy = 2w; — w,. After evaluating V¢ 6_10 we find that we can rewrite Eq. (46) as '! :
v, av, v, i
— — 49 i !
% — i€y))—— Y RCyle, — i€y) Y 49) -
{ P
‘, - l 3 2 : — ilwt~xy) ,—yy 5 i
( 4BU (LCyw? — iIRC ) (xe) — imey)e e :
' where we want to keep the real part of V,. Here w = w)y = 2w, — w), x = 2k, — &k, and : } .
v = 2y; + y;. Note that « and y are not in general the propagation constants for a signal at @y, }
although to lowest order x will be. These quantities will be discussed again later. . ; :
The solution of Eq. (49) which satisfies the conditions that ¥, = 0 both at y = 0 and as y — oo ]
' is, to first order in a and 7, :
i
- wl— —ie V2 —il=i
v BUwC, Re e,,.,,((wL — iR)(ae, — ine)l{e o ColL=iR)ey=iel %y _ i 'ﬂyl (50) .
! 4 {(y + ix)? + wCylwL — iR) (e, — i€y))
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If the expression for 7« (Eq. 47) when w = wjy is used to define new quantities x;,y and y,, we can
then write

BV g, v 7 g (e — ime ) ™7V IMY _ 7131y =iy 0
trhy— e, — k= 2iy,— iy ¥ e, — iey)
Evaluated at the full length Y of the line, this then lead to
Pua = VAV 2, (52)
The characteristic impedance Z; will also be frequency dependent, so that ideal matching cannot occur
at all freyuencies if :R}‘— is significant. It is to be expected, however, that both ﬁ and E— will be

12
small for real cases of interest in which case Z; can be taken to sufficient accuracy as [——

. . €
Two cases of special interest are the general case when o) = w| = wj, and the case where -6-3
1
R .
and WL are both small, but frequencies are general.

When the IM frequency is very close to both carriers, we can approximate w;y = w; = wj,
K= K, = K3, and y ;s = ¥, = ¥2. From Eq. (51) we then find
. 2 —
U Re o/ @) i(x.z— l-y.l) (€ m.ez)) @V — &
{(271 + lKl‘yl)(G] - léz)]

The y dependence of the amplitude, all contained in the last parentheses, leads to a saturation effect as
described by TRW, with a maximum at e v —;—, i.e., where Py is down 4.8 dB. This will generally

involve transmission lines significantly longer than 3 m so that the effect would usually not be
observed. A similar saturation effect will occur also in other IM processes.

€ ... .
In the case where — and R are both small, the quantities «x and y can be written

€) wl
1
~ k] 1 |2, R
k= w(LCk))? andy = 7|z + oL (54)
Hence we can take x; = 2, — k, and v = 2y, — v2. Taken to lowest order, Eq. (51) leads to
VIM = LKIM asm(wml—xmy) + (C! 1}) COS(wlMI K[My)] (55)

Note that to this approximation, the exponential factors have vanished from the result. If, in fact,
€;= R = 0, so that only the real part of € is changing, Eq. (46) can be solved directly to obtain the
first term here. It can be seen that generally a will dominate n as an IM contributor. Only if a is
essentially zero, perhaps as in an absorbing gas, will the n contribution be significant.

For the two special cases above, we can readily write the IM power at the load, taking

l . From Eq. (53) we obtain
Coe

Bs ki+yD? (e} + 7))

P = M- N, (56)

512Z¢ yl(k}+ 4yd) (e +€d
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From Eq. (55), the result for small €; and R becomes

2yt
PIML= ‘I%EKIZMQZYZ. (57)

2
In the absence of «, a? in Eq. (57) or (58) below is to be replaced by n2 :—2] . In terms of the input
i

U2 p 2
2z, 4 P= 5

«p in Eq. (57) can be taken as 2m/A ;. Hence Eq. (57) can also be written

powers P, = , the quantity (8U°%)2 = 8Z3P2P,, while the propagation constant

2
Py = %WZZ&Plsz " [%] : (58)

Here A is the IM wavelength in the transzmi)gsion linez. ylf Y? is large enough it should be replaced in
the next order of approximation by ¢ 7' (l—e 7')¥4y?. Then the maximum Py, , when

T %, is given by Eq. (58) if Y? is replaced by 1/27y2. On the other hand, a discrete dielectric
element can also be treated using Eq. (58) if Y is taken to be the length of that element.

In order to connect the parameter a with the more significant coefficient a’ which expresses
dependence on electric field, we can treat the transmission line structure as a capacitor with e depen-
dent on E? and then find to lowest order the corresponding connection between capacity and V2. For
example, if the volume 9ccupied by the dielectric does not change, a structure with plane parallel plates

results simply in a = %, where d is the spacing of the plates. In the case of coaxial cylindrical plates,

-3
r L .
the relationship becomes a = %a' ri2 = r;?) llnr—zl . The same relationships, if needed, will con-
1
nect n and 7',

As one example, we now apply Eq. (58) to a case considered in the Philco study: moleculai
absorption by 1% water vapor in air, all contained in an x-band waveguide. We use the same conditions
given in the Philco study, Py =6 kW, P, =60 W, Z; =448 Q, Y = 10 m, Ajpy = 0.0445 m, d = .01
m, €, = 1, a = 0, dielectric attenuation 2.9x 107% dB/m, n'EZ=2 x 107* for £ = 1.4 x 10° V/m.
Treating the waveguide as a parallel plate capacitor leads to 7' = 10"'4 €, =4.7x 10~ and to
Ppy = 1.2 x107"7 W or —139 dBm. This value is below the —129 dBm estimated in the Philco study,
but is not negligible. With gieater power on either input, higher humidity, a longer waveguide, or the
15 to 20 dB increase estimated by Philco for more refined analysis of the molecular absorption process,
water vapor becomes a significant source of IM signals. (In comparison, the same waveguide, as
treated in Part 1, with 33 dB added for increased power and length contributes only —157 dBm through
resistive heating.) This water vapor effect is a result of the molecular rotational absorptions at 22.2
GHz and will become more pronounced as that frequency is approached. Below x-band frequencies,
this is the only absorptions process of interest in normal air, but at higher frequencies both water vapor
and molecular oxygen absorption (at 60 GHz) will result in strong IM generation as well as significant
signal propagation losses.

When a solid dielectric is considered, the mass rather than volume of dielectric is conserved.

Allowance for the change dielectric volume modifies the relationships between a arlq a' above. These
- r r

will then be given by a = a' ed 1 ora= %a' ril—-ry? - 2 In =2 lnr— , respectively, on
1

the assumption that AX& - -—,;"ﬁ (x, susceptibility; m, density), as in electrostriction.

Electrostriction is expected to be the principal source of non-linearity in good non-polar dielec-
trics.” The TRW study considers the effect of electrostriction on teflon in a coaxial line. Using the
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conditions of the TRW example for a 300 MHz IM signal, with a’'= (08 to 25) x
10020(V/m)2, r;=24%x 107 m = 3r;, Ay = 0.7 m, Zg=47Q, P, = P, = 30 W, ¢, = 2, the above
relationship for « combined with Eq. (58) leads to Ppy = (.01 to 10) x 1072'Y2 W. A line | m long
will thus yield Py, of -170 to —200 dBm, probably below detectability.

The value of a' is obtained from the expression

E2
Ae = “’K € ~1)? (59)
where K is the bulk modulus of compressibility. Equation (59) is given by Béttcher based on thermo-
dynamic arguments. The spread in values reflects the range of K values quoted by the TRW report.

Since K is about as low as possible for teflon, the effect of electrostriction is unlikely to be
significant with other well chosen dielectrics. If materials with resonance absorption losses, polar pro-
perties (permament dipole moments) or anisotropic polarizabilities were used, however, the IM pro-
ducts could be significantly increased, so such materials should be avoided.

Functionally, Eq. (58) and the relationships between o and a’ show that Py, will increase qua-
dratically with the number of wavelengths in the transmission line length, and except as Z; is altered by
dimensional changes will vary inversely with the fourth power of the transverse structural dimensions.
Since structure size and power levels will generally be correlated, the conclusion is that this kind of
dielectric IM production will be insignificant in all but extreme cases. (For instance, if in the example
above, P, and P, are increased to 1000 W while r, and r, are trebled, Py, will be increased 27 dB.)
The one configuration in which IM production might be significant with good dielectrics is a high-Q
resonant structure where the power densities are correspondingly enhanced. Thus it is desirable to
exclude all dielectric materials from such elements.

7. SUMMARY

The intermodulation signals contributed by the intrinsic non-linear properties of materials (other
than semiconductors) used in multiplex circuits have been calculated. Functional dependences, in
terms of parameters accessible externally, have been obtained for the normally dominant 3rd-order IM
signals.

Non-magnetic conductors are considered in which resistivity changes either by resistive heating,
by associated mangetic fields, or by current density directly. Resistive heating is the most important of
these effects.

Ferromagnetic metallic components are treated separately. These materials are entirely unsuited
to small signal applications. In addition to causing very high losses, they can generate IM signals 100
dB above thermal noise in realistic circumstances. The danger in the use of such components is illus-
trated in Chapters II-1V.

Dielectric elements, distributed or not, in which the dielectric properties are functions of electric
field, are treated in a generalized fashion. It is found that water vapor in air produces non-negligible
IM signals, particularly at microwave frequencies. Dielectric media with no polar properties or reso-
nance losses are generally insignificant as IM sources, although in resonant structures they might lead
to observable IM signals.

The results of this chapter lead to the following recommendations concerning materials in multi-
plex systems:

i.) Ferromagnetic materials (and also semiconductors) should be totally excluded from any part
of a system in which multiple signals exist. Leakage effects may require shielding of such materials.
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ii.) Water vapor should be excluded from all transmission lines and cavities, particularly for
microwave frequencies. Attenuation in the atmosphere is probably the main deterrent to operating
above x-band frequencies, but if higher frequencies are used, oxygen also should be removed from the
sy stem.

iii.) High power densities should be avoided; since these are inevitable for cavity filters, materials
used there (even more than in other parts of the system) must have low resistivity, high heat capacity,
high thermal conductivity and low thermal coefficients of resistivity. Surfaces must be clean and free of
coitosion products.

iv.) Dielectric materials should be excluded from resonant structures. If used elsewhere they
should be non-polar and with minimum loss characteristics.

v.) Paths in which multiple signals pass should be kept to minimum lengths, preferably a meter
or less. Mechanical junctions and closures should be kept 10 a minimum, placed to minimize currents
across them, and made to best insure metallic contact.

If the above conditions are satisfied, IM production will probably be dominated either by the junc-
iion effects or by resistive heating in resonant elements. In the latter case the example given in Part 1
suggests that for an input power level of 1 kW, 3rd order IM power can be held below about —140 dBm
for UHF signals. Because of the functional dependences illustrated in Eq. (15), this ievel will increase
as input power rises or system temperature falls, and will increase as the separation of primary signal
irequencies shrinks or as the primary frequencies rise.

5YMBOLS USED

Quantities used only where defined not listed. MKS units throughout. The subscript IM on a
quanuty means the same quantity as without, but restricted to the IM signal (3rd order, 2w, — w;

only).
A effective conductor surface area
B magnetic induction
E h defined by £q. (32)
S o capacitance per unit Jength of transmission line with vacuum dielectric
Py G, heat capacity of conductor
] n coefficient of quadratic magnetic field dependence of permeability
d spacing of parallel plate capacitor
£ electric field strength
S(x) defined by Eq. (11)
G thermal conductivity of conductor
H magnetic field strength; H (z) instantaneous local value }
‘ ! instantaneous current in transmission line ;
J(z) instantaneous local current density; J;y(z) lowest order
value due to input signals ;
J instantaneous total current at all depths in conductor per )
_ unit width of surface
J rms value of J j
k Boltzmann constant
L transmission line inductance per unit length !
, M magnelization; M, saturation magnetization ‘
‘ pin(2) instantaneous local density of power dissipated, lowest b
order due to input signals ,
Piv rms power dissipated at all depths per unit surface area, ‘

lowest order due to input signals
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DL rms IM power dissipated at load due to unit area of IM source
Py total rms input power available to load
Pin st total rms input power lost in transmission to load
Py total rms IM power delivered to load
0 circuit Q factor
R resistance of transmission line per unit length
R, surface resistivity, cf. Eq. (8)
r.ry inner, outer radii of coaxial transmission line
temperature; T, ambient; T(z) lual instantaneous value above ambient
amplitude of rf voltage across transmission line
instantaneous voltage across transmission line; Vy, V) lowest, next lowest
order values for changes in dielectric constants.
defined by Eq. (4)
defined by Eq. (7)
length of transmission line
distance along direction of propagation
characteristic impedance or matching load impedance
depth below surface of conductor
ratio of signal amplitudes for two inputs, signal 2/signal 1.
skin depth for small signal levels; 8(z) instantaneous local value
(e, — iey) relative dielectric constant for small signal levels
coefficient of quadratic current density dependent change in resistivity
wavelength in transmission line
magnetic permeability; x, permeability for very weak
signals; u (z) instantaneous local value
circular frequency
radian frequency
resistivity for small signals; p (z) instantaneous local value
coefficient of quadratic magnetic field dependent change in resistivity
defined by Eq. (4)
generalization of Ty, coefficient of linear thermal
dependent change in resistivity
coefficients of quadratic electric field dependent changes
in real and imaginary dielectric constants
a,m a’, 7’ modified by transmission line geometry to give changes
in dielectric constants with voltage across transmission line
r=(x—iy) complex propagation constant
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