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ABSTRACT

The problem of predicting airborne spectrum signatures is divided into three
sections:

1) The transmitter spectrum signatures,

2) The effect of the transmission line, and

3) The radiation characteristics of the antenna and airframe.

This report is concerned with the first two of these sections, the third having been
studied on a predecessor contract (Ferris, et al, 1966). Transmission lines are
studied first. Expressions for the power transfer through a lossy transmission line
as a function of line length, loss, and antenna and transmitter VSWR are developed.
The results are valid for single mode systems.

After the power transfer expressions are developed, the transmitter behavior
is studied. It has been found that the level of the harmonics generated is somehow
related to the impedance of the termination at the fundamental frequency. These re-
sults are presented graphically in the form of "harmonic'" Rieke diagrams. Finally,
models to predict this behavior are introduced. No adequate model has been devel-
oped but neither has the last proposed model been discarded. More work in this area

is indicated before the transmitter behavior can be accurately predicted.
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grid supply voltage

magnitude of the n'th component of grid voltage
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I
INTRODUCTION

The general radio frequency interference (RFI) predictionproblem canbe stated
quite simply as, "What is the chance that radio frequency electromagnetic radiations
will interfere with the successful operation of a given system?". Without attempting
to define "interfere' or ''successful operation'', we note that in order to answer the
question we require two sets of input data:

1) The susceptibility of a particular system to interference by radiations of a
specific frequency, intensity, and mode; and

2) The probability that radiated energy of a given frequency, intensity, and
mode will be incident at the system.

Restricting our consideration to signals emitted by ""transmitters' and received by
"receivers'', the problem can be diagrammed as in Fig. 1-1. Only one input to the
receiving system is shown. There will be in general n inputs from n different
transmitting systems similar to the one diagrammed. The University of Michiganhas
been engaged in a series of contracts with the Air Force to investigate methods for
improving RFI predictions by determining the radiated spatial and spectral energy
densities from certain classes of generators and radiators. More specifically, the
question of concern has been, "How can one best predict the radio frequency energy
radiated from an airborne system as a function of direction and frequency?". Ferris,
et al, (1966) have shown that an accurate statistical model of actual airborne antenna
radiation characteristics can be generated by the use of simplified modeling tech-
niques. It is the purpose of this report to provide additional answers to the question
found above by investigating the amplitude and spectral distribution of the energy de-
livered to a transmitting antenna.

The problem has been divided into two parts: In the first part we will assume
an input to a transmission line and calculate the amplitude of the signal delivered to
the antenna as a function of the antenna and transmitter VSWR and transmission line

length and loss. This is done in detail in Chapter II. The second part of the problem
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is to determine the spectral and amplitude distribution of the energy generated in the
transmitter and to measure the transmitter VSWR. Chapters III, IV and V address
themselves to this portion of the problem. Techniques for measuring the transmitter
VSWR have been presented in previous Michigan reports (Ferris, et al, 1966). Addi-
tional techniques are introduced in Chapter III. Chapters IV and V describe the ob-
served transmitter behavior and various mathematical attempts at modeling the ob-
served behavior. An adequate general model has not been discovered; however, it
is not to be supposed that all feasible approaches have been tried or envisioned.
Finally, Chapter VIsummarizesthe results and discusses the contributions to RFI

predictions developed in this study.



I
POWER TRANSFER THROUGH A LOSSY TRANSMISSION LINE

The lossy line problem is not a new one and formulas are presently available in
handbooks to handle this situation; however, they generally appear in a cumbersome
form. It is possible to simplify the problem considerably without sacrificing accuracy
or generality by dividing the problem into two parts. In part 1 we consider the power
transfer for line lengths of integer multiples of half wavelengths. In part 2 the line is
allowed to assume any length by approximating the entire transmission line with the
appropriate number of integral half wavelengths of lossy line connected to a short
section of lossless transmission line.

The characteristic impedance of a transmission line with losses is given by,

R+jwL
- Jw
= AN . 2.1
Z0 ’JG +jwC (2.1)
In Eq. (2.1),

R = series resistance of the line per unit length

L = series inductance of the line per unit length

G = shunt conductance of the line per unit length

C = shunt conductance of the line perunit length

In the consideration of the loss in transmission lines, it is convenient to assume that

the characteristic impedance of the line is real. The exact condition is,

R G
— T e 2 . 2
The characteristic impedance, ZO , 1is then
Z =R +j0 (2.3)
o} 0



and

L’
R = AJ— . (2.4)

For most radio frequency lines the reactive component of the characteristic imped-
ance will be very small so that Eq. (2.2) is sufficiently satisfied for acceptable

accuracy in the computation of power transfer.

2.1 Power Transfer for Line Lengths of Integer Multiples of Half Wavelengths

An equivalent circuit for the general power transfer problem is shown in
Fig. 2-1. The source is modeled as an equivalent voltage source in series with an
equivalent impedance at the frequency of interest. It is important to note that the
source parameters, Eg and Rg’ are assumed constant and independent of the
terminating impedance at the source terminals.

Note also that the generator impedance and the load impedance have been cho-
sen as real. No generality has been sacrificed because an antenna (or generator) can
be connected to an appropriate short length of lossless transmission line to transform
any complex impedance to a pure resistance. In this discussion the transformingline

will be assumed to be of such a length that Ra > Ro s Rg > Ro . In this case, let

Ra

2 (2.5)
o)

Rg ‘

£ - 4 (2.6)
R0 g

in which ra and rg are the standing wave ratios for the antenna and generator im-

pedances.
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FIG. 2-1: EQUIVALENT CIRCUIT OF THE POWER TRANSFER PROBLEM

Ra = resistance of the termination of the transmission line
Ro = characteristic impedance of the transmission line
Rg = internal resistance of the equivalent generator

Eg = internal voltage of the equivalent generator
Ia = current into the load resistance

I1 = current into the transmission line

E1 = voltage applied to the transmission line

(All currents and voltages are rms values unless otherwise noted.)



Consider first the power transfer characteristic of the transmission line alone.

From the transmission line equations

Z
I(x) = IalE:OShWX) + —Z—?- sinh(vx)} (2.7)
0
Z cosh(yx) + Z sinh(vyx)
Z (x) = 2 ° (2.8)
0 Z0 cosh(yx) + Zasmh('yx)

In Egs. (2.7) and (2.8), y = propagation constant for the transmission line. These
equations represent our circuit in Fig. 2-2 for any line length x. If we restrict the

values of x that we use to exact multiples of a half wavelength, then

vx ax + jBx

i

ax + jBuanw (2.9)

and the hyperbolic functions are:

cosh(ax + jfBnw) = coshax (2.10)

sinh (ex + jfnw) = sinh ox (2.11)

Under this condition Eq. (2.7) and (2.8) contain no complex quantities.

The power into the line at x ={ is

P, = I.R (2.12)

2
P = IaR . (2.13)
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FIG. 2-2: LOSSY TRANSMISSION LINE AND LOAD



The power transfer characteristic of the transmission line is the ratio of the power

delivered to the load to the power input to the line,

2
Pa Ia Ra
= = = . (2.14)
1
I1 R1
ni
For this case, Z0 = RO s Za = Ra’ and (£ = —25 as previously discussed so that

(2.7) and (2.8) become

r cosh ox + sinh ox

Z(x) = Rl Ro cosh ax + ra sinh ax (2.15)
and
I(x)-= I1 = Ia (cosh ax + r. sinh ox) . . (2.16)

Substituting Eqgs. (2.15) and (2.16) into (2.12),

P r

2 - a (2.17)
! (1"a cosh ax + sinh ox) (cosh ox + rasinh ax) '

o)

This result may be further simplified by rewriting the hyperbolic function in terms of

exponentials
Q0% L O
cosh (ax) = 5 (2.18)
QOX _ ox
sinh (ox) = 5 (2.19)



so that

4r A
ao
Pa (ra+1)2
5 = 55 (2.20)
1 Q—p A
a o
where
-2
A = e ax (2.21)

r -1
and p_ = the magnitude of the load voltage reflection coefficient = a .
a ra +1

Note that (2. 20) includes the losses due both to line attenuation and load mismatch .

Equation (2. 20), while useful, requires that P the power input to the line,

1 2
be known before Pa can be found. A more practical expression would be one giving
Pa in terms of the generator power delivered to a matched termination, (i.e.,
matched to the characteristic impedance of the transmission line, R0 ). Referring
to Fig. 2-1 the power input to the transmission line is,
2
E R E2 T

p - g 1 . g 1 . (2.22)

2 2
+ +
(Rg Rl) RO (I‘g I‘l)

If R1 is replaced by a matched termination, RO

E2RO E2
P = g 5 = g 5 (2.23)
(R +R) R (r +1)
0 0
and

Pa Pa P1
5 = > > (2.24)
0 1 0

10



P P
From (2. 24), in order to solve for f;i , 1s is necessary only to find —I;l and com-

bine this expression with (2. 20). ° °

2
P r.(r +1)
0 (rg+ rl)

|

Substituting (2. 15) into (2. 25) and simplifying, one has

P1 (ra cosh ax + sinh ax) (cosh ax + ra sinh ax)(r + 1)2
- 5 g (2. 26)
0 E:oshozx(r +r )+sinhaex(r r +1):|
a g ag
Rewriting in terms of exponentials as before, (2.26) becomes
P 1+A p)(1-Ap)
1. 0 a ° a (2.27)
PO E _ A ]2
Py Pg o
where again
A0 = e—2 ox , the nominal line attenuation

Py T the magnitude of the load voltage reflection coefficient,
r -1
a
r +1
a
pg = the magnitude of the generator reflection coefficient,

L2 ]
+
—t

11



To find the power transferred to the load in terms of the load VSWR, generator
VSWR, transmission line length, and generator power output into a matched (to the
characteristic impedance of the transmission line) load, it is necessary to combine

results (2.27) and (2. 21) as indicated by (2. 24) such that

Pa 4ra A0
_a _ (2.28)
Po . ) (1-p.p A)
Ta+1 Pa pg 0
or
4ra Pvo
P = . (2-29)

* 0 (-p, Py a)’

Thus far the results derived have been valid only for line lengths of integer
multiples of half wavelengths. However, R 1 (Eq. (2.15)) is real for line lengths
which are integer multiples of quarter wavelengths. Choosing an odd multiple of a
quarter wavelength, is equivalent to solving the same problem with Ra < RO or
Rg < Ro . This causes the sign in the (1 - papg Ao) factor of (2.29) to change re-
sulting in a minimum power transfer. The result is unchanged if both Ra < RO and
Rg < Ro .

Letting

-2
FH = 10 log l:l P, pg Ao] (db)

-2

= +
F, 10 log |1 Py pg AO] (db)
AL) = nominal transmission line loss (db) (loss per foot x number of feet) =

10 log Ao
4r
a
A2 = 10 log 5
(e + 1)

12



(2. 28) becomes

Pa ZnAg

F(: = (AO + A2 + FH) (db) for f = 7 (2.30)
Pa (2n—1)>ug

—1;;— = (AO + A2 + Fﬂ)(db) for £ = — - (2.31)

Figures 2-3 through 2-5 are a set of curves for the maximum and minimum
power transferred as functions of ra, rg , and loss respectively. These results

have been verified experimentally.

2.2 Power Transfer for any Length Lossy Line

The previous section derived an expression for the power transferred through a
lossy line when the line length was an integer multiple of quarter wavelengths and the
terminations were real. This section will generalize those results to include all other
physically realizable systems, the only constraint being that the total line length be of
the order of magnitude of one wavelength or greater. An equivalent circuit of the
generalized problem appears in Fig. 2-6. Referring to Fig. 2-6, the total length of
transmission line £ is divided into four lengths ﬁl s 122 s 23 and 1'4 . Length ﬂl

transforms Zg to Rg; length £  transforms Za to Ra; £ is the remaining

4 2
integer number of quarter wavelengths of line, and ¢ 5 is what is left over. Sincethe
line lengths 11, 13, and 4 4 can be either positive or negative, the length (£  t 13 +4 4)

can always be made <)tg/ 8 and will be assumed lossless. Assuming 13 = 0 for the

moment,
Pal
— = + +
Po A0 A1 FH (2.32)
for 20\
.= a) R >R, R >R - g
a 0 g 0 2 4
2n)
b) R < R B R < R ) J = g
a 0 g 0 2 4

13
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(2n-1)A
¢) R >R,R <R, 4 = —E&
a o g o

2 4
(2n-1)x
d R <R,R >R, L = —FE
a o g o 2 4
and
Pa2
P—o- = A0+A1+F1 for (2.33)

2n)
a)R <R,R >R, 4 = —b&
a o 'g o 4
2m\
4

bR >R, R <R, L=
a "o g "o

2
(2n-1))
¢R >R,R >R, £ = —=&
a o 'g o’ 2 4
(2n-1)A
dR <R,R <R, £ = —&
a o 'g o’ 2 4

The effect of length 13 will be to cause the power delivered to the load to vary

' +A 4+ ' A+
between (A o A1 FH) and (A o Al FI).

It has been shown (DeHart, 1966) that the power transfer from an idealized
source through a lossless transmission line to a linear passive load can be expressed

as a function of the phase angle of the load impedance.

P=P 1 (2.34)

max oz2 cosz¢ + sin2¢

where

Pmax = the maximum power transfer for a given load

18



2
a = the ratio of the maximum to the minimum
power transfer for a given load, P /P .
max’ = min

f = the phase angle (electrical degrees) of the load
For lossless lines, a2 can be expressed solely in terms of the source and load VSWRs.

2

2 [TeTav1
o = BBTL (2.35)
r +r
g ‘a

where

rg = the source VSWR
ra = the load VSWR

Several plots of P(@) for various values of a2 appear in Fig. 2-7,

For the lossy line problem, the ratio of the maximum to the minimum power

available is

P1
P (FH— F/Z)(db) . (2.36)
a2

This ratio becomes oz2 in (2.34), so that

Pa 1
P T3 3 2 (2.37)
al o sin gL, + cos B4
3 3
for those conditions given under (2.32), and
1
L (2.38)

P312 az coszﬁ 123 + sin2[3123

for those conditions given under (2.33), where o = log;—l [<FH - Fﬂ> / 10]

19
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Where an exact power level is not required, it may be sufficient to solve (2.30)
and (2.31) to find the maxima and minima power levels available and use (2.37) or
(2.38) to determine the probability that the power level will exceed some point
between those levels given by (2.30) and (2.31). To see how this can be done

consider Fig. 2-8. Let Pc be some arbitrary power level between Pa and Pa

1
Associated with Pc will be some transmission line length corresponding to ¢c'

9°

If we assume that the transmission line length and load and generator phase angles
are arbitrary, there is an equal chance that any arbitrary @ will occur. With this
assumption the chance that § will be less than ¢c (corresponding to a power transfer

greater than Pc) is the distance from the origin to ¢c divided by the total abscissa.

p -0° ¢
f(p>1>c)= f) - < . (2.39)

90° - 0°  90°

The value of ¢c is given by the inverse of (2.37), so that

P P 1/2
¢c(radians) - gin”" (P—:l —> /<§i;l —> . (2.40)

Thus combining (2. 39) and (2. 40)

1 l—<Pl >/<P1 > 1/2
sin { Pa -1 Ea___
/(P>PC) - C a2

1.5708

(2.41)

2.3 Power Transfer Example

The following example illustrates how the results given above can be used to
calculate the power transfer in a typical transmitter, transmission line, antenna
system. Suppose we are interested in finding the power transferred from a trans-—
mitter through about ( + )tg / 4> 33 feet of RG-9/BU to an antenna. Furthermore,

let the frequency of operation be 1000 MHz, the transmitter output power be 50 watts

21
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FIG. 2-8: POWER TRANSFER VERSUS TRANSMISSION LINE LENGTH
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into a matched load, and the transmitter and antenna VSWR's be 2.8 and 4.2

respectively at that frequency. From a table of coaxial cable attenuation ratings

the loss of RG-9/BU at 1 GHz is 9.0 db per 100 feet. Thus

From (2.32) and (2. 33),

and

Since P0 =50 w,

A'o =9.0db/100' x 33.3' = -3db

- _l 1 —_
A =log (A o/10) =.501

ra—l
ra=4'2’ pa= —— = ,615

a

r -1
rg=2.8, pg:rg+1 = ,474

2
= + = -
A2 10 log 4ra/(ra 1) 2.07db

-2
= - =
FH 10log |[1-p p A ' +1.38db

_ -2 _
F, = 10 log I:l—papgAO:I =-1.18db

Pal
= !t 4 = -
P (A0 A2+FH) 3.69db
(0]
PaZ
— = T+ + = -
Po (Ao A2 FI) 6.25db

-1 (-3.69\
P, =50xlog <10 > =21.3w
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i ~1(-6.25 \_
Paz—SOxlog (——10 >— 11.9w . (2.52)

That is, the maximum power that can be delivered to the antenna specified by this
transmitter at this frequency is 21. 3w and the minimum is 11.9w. The power will
vary between these limits as the transmission line length is varied over a half

wavelength but will never exceed Pa nor be exceeded by Pa for these conditions.

1 2
The probability that the power output will exceed some arbitrary value, say 15 watts,

is given by (2.41). In this case

o) 1/2
f) <pa>15>= 15 11.9
1.5708
-1
Hn_LI30 . g (2.53)

1.5708

indicating that for this system there is about a 50 per cent chance that the power

delivered to the antenna will exceed 15 watts at this frequency.

2.4 Concluding Remarks

In this section we have developed equations which describe the power transfer
through a lossy transmission line. Since the development approximates a lossy line
with a series of lossless and lossy lines it may not be accurate for very short lines
with high losses. However, such transmission lines are undesirable in most prac-
tical systems and seldom encountered. The maximum line length assumed lossless
is kg/ 8, making this a very good approximation for all but the special case noted
above.

One of the inputs to the power transfer expressions is the transmitter VSWR.
Techniques for measuring source VSWR's have been discussed (Ferris, et al 1966)
and a general method is developed in the next chapter.

Finally, the transmitter parameters were assumed to remain constant with
respect to time and load variations. Chapters IV and V investigate the validity and

applicability of this assumption.
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SOURCE IMPEDANCE MEASUREMENT

Expressions describing the power transfer from a source, through a lossy
transmission line, to an antenna were developed in the previous chapter. All of
the system parameters necessary to evaluate these expressions are readily available
from standard measurements except, perhaps, the source VSWR. Two methods for
measuring source VSWR and impedance have been described (Ferris, et al 1966).
Both methods rely on shifting the phase of the source termination by at least 90
electrical degrees. This technique, while adequate for laboratory measurements on
transmitters whose parameters do not vary as a function of the load impedance, is
unsatisfactory for a wide range of sources. The basis for a scheme which mini-
mizes the change of load impedance necessary for transmitter impedance measure-
ments is described below.

One concept for measuring the transmitter impedance is shown schematically
in Fig. 3-1. The transmitter is modeled by an equivalent current source It = It sin wt,
and internal admittance Yt' the load is YJZ . The voltage E is measured for two

values of Yl’ Y. and Y, . The following equations apply.

1 2
= + '
1t El(Yt Yl) (3.1)
= +
% E2(§% &5) . (3.2)

Combining equations (3.1) and (3. 2),

El(Yt+Y1) =E2(Yt+Y2) . (3.3)
From which,
Y, - E? Y
E.Y -E. Y 1 E 2
Y = 1 2 2 = 1 (3 4a b)
t E2—E1 E_? .
El
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It(t) <> Yt E

Q

FIG. 3-1: TRANSMITTER EQUIVALENT CIRCUIT
AND VARIABLE LOAD ‘
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It must be remembered that Yt’ Yl’ Y2, 1’ and E2 are in general complex
quantities, hence
= + 3
Yt Grt iB, (3.
= + 3
Y, =G +jB, (3.
= + 3
Y, =G, +iB, (3.
3'91
E.={E
T JE e (3.
jo
2
E2 = IE2I e (3.
The ratio E, /El becomes,
jo .
Fp_|Ea| e 2 | |Fe| JO%-f "
By Bl 39 By
E
- 5 [cos 0, -0)+jsinte,-0)] . (3.
Substituting equations (3.5a, b, ¢) and (3.6b) into (3.4) and setting
E E
E cos(92—91) = a; E s1n(82~91) = b
1 1
for convenience,
G, +jB. - (a+jb) (G, +jB,)
G, +jB, = ——— 22 3.

Separating the real and imaginary components of (3.7),
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(a+jb) -1

5a)

5b)

5¢)

5d)

5e)

6a)

6b)



G (a-1)+B, (b)+G2(-a2+a-b2)+B (-b)
2
Gt= 5 3 (3.8a)
' (a-1) +b
2 2
Gl(—b)+B1 (a-1)+G2(b)+B (-a"+a-Db)
2
B = 52 . (3.8b)
t (a-1)"+b

Egs. (3.8a,b) and Fig. 3-1 describe a very general method for determining a
transmitter's output admittance. One specific variation of Fig. 3-1 is shown in
Fig. 3-2. It is interesting to note parenthetically that the methods previously
described for determining the transmitter impedance are simply special cases
of (3.8a, b) where 6, - 6,) = 7/2 and Z
Z't = R't implying that Y't = G’t .

In Fig. 3-2, YS is a small admittance which can be switched into the circuit.

1 is transformed to the point where

Thus Y1 and Y2 (Eqgs. (3.4a,b)) would become Y1 and Y1+Ys respectively.

In practice, when dealing with a transmitter whose output parameters vary with

load admittance, one could choose Y. equal to the actual load admittance which

1
would be placed on the transmitter terminals in actual service. YS could then be
chosen sufficiently small (commensurate with measurement equipment accuracy) to

effectively preclude variations of the transmitter parameters.
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FIG. 3-2: A VARIABLE LOAD METHOD FOR TRANSMITTER
IMPEDANCE MEASUREMENT
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v
EXPERIMENTAL TRANSMITTER OUTPUT CHARACTERISTICS

In the last two chapters we developed the equations necessary to determine the
power delivered from a source to an antenna for those sources whose parameters do
not vary as a function of the terminating impedance. This chapter will show to what
extent two typical military transmitters, an RT-178/ARC-27 and ARC-34, satisfy
these requirements and discuss how the model can be modified to accomodate sources
whose behavior deviates from the model.

The first observation we make of the transmitters is that, unlike the model in
the previous sections, the output is polychromatic. Thus the source model of
Fig. 2-1 is expanded to that of Fig. 4-1. This model consists of n independent
sources, one at each of the n frequencies of interest. Note that this does not
modify any of the results previously given. It merely adds the requirement that
the measurements and calculations be performed at each frequency at which an output
exists. It remains to determine under what conditions Fig. 4-1 mirrors the trans-
mitter's behavior.

The major analytical tool used in this study for evaluating the transmitters'
behavior is contours of constant power output at each frequency of interest plotted
as a function of the terminating impedance on a Smith Chart. Such diagrams are
commonly known as Rieke diagrams. Expressions of constant power contours for

the model in Fig. 2-1 are developed in Appendix A.

4,1 Output Behavior at the Fundamental

Using the equipment setup diagrammed in Fig. 4-2, the diagrams in Fig. 4-3
were obtained for an ARC-27 at a fundamental frequency of 300 MHz. Notice that
the fundamental output is very similar to the results predicted by the model for load
VSWR's up to and exceeding 4:1. Similar results were witnessed when the trans-

mitter was tuned for other fundamental output frequencies.
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FIG. 4-3: RIEKE DIAGRAM OF THE FUNDAMENTAL OUTPUT OF AN ARC-27.
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4.2 Output Behavior at the Harmonics

An identical set of measurements was taken at the second and third harmonic
frequencies by replacing the bolometer and power meter in Fig. 4-2 with frequency
selective detectors. The results indicated that the second and third harmonics did
not follow the behavior predicted by the model. A new series of experiments was

devised to determine the cause of the deviations from the model behavior.

4.2.1 Inter-harmonic Coupling

The first experiment is engineered to see what influence the termination at the
second harmonic has on the transmitter output at the third harmonic when the funda-
mental is terminated in the reflectionless load.

The military type RT-178/ARC-27 transmitter was connected into the measure-
ment setup shown in Fig. 4-4, and the second harmonic power delivered to a matched
(50 Q) load was measured as a function of the third harmonic load. Inspection of the
data in Fig. 4-5 reveals a total second harmonic relative power variation of + 1.7db
for third harmonic load VSWR's ranging from 2.0:1 to 8.4:1. Measurements of
the power at the third harmonic as a function of the load at the second harmonic
were also performed utilizing the equipment arrangement of Fig. 4-4. The data
is presented in Fig. 4-6. Note that there was a maximum power variation of + 1.1db
at the third harmonic for a 10:1 VSWR at the second harmonic when the third harmonic
component was terminated in a matched load.

The impedance measurements were performed with a slotted line, receiver,
bolometer detector, and a standard VSWR amplifier at both harmonics. The loads
and power measurement equipment were very similar for both measurements. Re-
ferring to Fig. 4-4, the 700 MHz low pass filter and a 50 Q termination provided a
matched load at the second harmonic and a high reactance at the third harmonic.
The real part of the third harmonic load impedance was varied with a 50 Q variable
attenuator, while a line stretcher provided continuously variable phase. In Fig. 4-4,

a large reactance at the second harmonic was provided by a single shorted stub

adjusted at the second harmonic to A/2. When so adjusted, the stub was X/4 at
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FIG. 4-5: RELATIVE POWER OUTPUT (db) AT THE SECOND HARMONIC
FREQUENCY VERSUS IMPEDANCE AT THE THIRD HARMONIC
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FIG. 4-6: RELATIVE POWER OUTPUT (db) AT THE THIRD HARMONIC
FREQUENCY VERSUS IMPEDANCE AT THE SECOND HARMONIC
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the fundamental and 3/4X at the third harmonic, allowing these frequencies to be
terminated by the matched 50€2 load. The impedance at the second harmonic was
varied with a line stretcher and variable attenuator as described above. The power
measurement equipment consisted simply of a directional coupler, band pass wave-
meter, and power meter. The power sampled at the incident port was proportional to
the power absorbed by the load since the load was matched at the frequency of interest.

The power output variations at one harmonic due to load impedance variations at
the others are relatively small when the fundamental and harmonic of interest are
matched with a reflectionless termination. At this point two questions come naturally
to mind:

1) How is the power output at a given harmonic affected by the termination at
that frequency, and

2) How is the output at the harmonic influenced by the match at the fundamental?

4.2.2 Isolated Harmonic Behavior

To answer the first question, an experiment was run in which the power output
at the second harmonic was plotted as a function of the terminating impedance at that
frequency while the fundamental and third harmonic were kept matched. The experi-
ment was then repeated at the third harmonic. The equipment arrangement was
identical to that diagrammed in Fig. 4-4 except that the loads were interchanged. The
results are presented in Figs. 4-7 and 4-8. This time the power output appears
plotted as a function of load phase angles at constant values of VSWR. The smooth
curves are the results predicted by the model and Eq. (2.34). The reason for the
change of data format is simply that it is more convenient to measure power output
versus load impedance than vice versa. Notice that the experimental results are with-
in about ¥ 1 db of the power levels predicted by the model. Thus we conclude that the
model is an adequate representation of the transmitter behavior so long as the funda-

mental is matched with a reflectionless termination.
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4.2.3 Harmonic Rieke Diagrams

We will now investigate the influence of the terminating impedance at the funda-
mental frequency on the power output at harmonic frequencies when the harmonics are
terminated in a matched load. The test equipment arrangement is diagrammed in
Fig. 4-9, The stub tuner is adjusted to provide a match at the harmonic of interest.
The attenuator and variable length line provide a continuously variable magnitude and
phase of the terminating impedance at the fundamental frequency. The results are
plotted as contours of constant power output at the harmonic of interest versus the
impedance at the fundamental; ergo the term ""Harmonic Rieke Diagram'.

Figures 4-10 through 4-20 are harmonic Rieke diagrams of three different
transmitters at their second and third harmonic response. Included on the diagrams
are the fundamental and harmonic frequencies of operation, the transmitter type and
serial number, and the total variation of harmonic output power as the load at the
fundamental varies around a constant 3:1 VSWR mismatch. Figures 4-10, 4-11, and
4-12 are all of ARC-27's operating at the same frequency. After the data representing
4-11 was collected the transmitter malfunctioned and had to be repaired andrealigned.
The same set of measurements was repeated at the same frequency. The results
appear in Fig. 4-12. It is noteworthy that when properly adjusted the power variations
for both ARC-2T's at the second harmonic frequencies measured were about T 1. 5.
The model diagrammed in Fig. 4-1 would be adequate for this type of behavior. Un-
happily, the power variations of the ARC-27 at the third harmonic (Figs. 4-15 through
4-17) range from ! 6db to T 9db around a circle of constant 3:1 VSWR at the
fundamental. There seems to be some similarity between the ARC-27 third harmonic
diagrams. The maximum power output corresponds to a fundamental terminating im-
pedance in the first quadrant in all three case, but there is also a peaking early in the
third quadrant at 900 MHz. The ARC-34 displays considerably more variation at the
second harmonics. Typical ranges are L 4 to 5db for constant 3:1 VSWR's at

the fundamental. Third harmonic variations of the ARC-34 are even more extreme.
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4.3 Conclusion

The multiple harmonic generator model of Fig. 4-1 predicts no power output
variations at frequency fn with respect to the terminating impedances at the other
frequencies. The measurements described in this chapter have shown that the actual
behavior is more closely approximated by assuming a constant model superimposed
on a model whose output changes with variations in the terminating impedance at the
fundamental frequency of operation. It is felt that the variations witnessed are too
severe to allow the independent model to provide adequate predictions. The next
chapter concerns itself with developing a dependent model to provide a better

approximation to the observed behavior.
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ANALYTICAL TRANSMITTER ANALYSIS

It is clear from the experimental results given in the previous chapter that the
model of Fig. 4-1 simply is not adequate for accurate power transfer predictions. We

will now attempt to derive a better mathematical model.

5.1 Taylor Series Harmonic Mixer

It has been suggested (Wetherington, Cram and Huntoon, 1964) that a transmitter
be represented as a two port device as shown in Fig. 5-1. After attempts to charac-
terize the non-linear device as various configurations of time-varying linear elements,
a more general approach was taken. Let us assume only that the output voltage of the
non-linear device can be given by a Taylor series expansion of the sum of the two in-
puts to the device. Further, let us assume that all of the transmitter's harmonic fre-
quencies are terminated in a reflectionless load so that power output variations at the
harmonics will be due solely to a non-linear mixing of the fundamental frequency. With
these restrictions, the non-linear device is represented as shown in Fig. 5-2.

Expanding the output for the first few terms we have

n=0 e = A (5.1)
0 o

=]
il

ot

®
It

A1 Escos(wt) + Etcos(wt+ a)] (5.2)

B
1]

[\

[¢’]
1

Es
—— +
A2 5 [1 cos (2 wt)]

+ Es Et E:osa + cos (2wt + oz):l

£,
+ > E+ cos (2wt + 20{):’ (5.3)
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E coswt ——-—»?—‘ 6 Z Z [E coswt+E cos(wt+a)]

E cos(wt+ a)

FIG. 5-2: TAYLOR SERIES HARMONIC MIXER
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E3

s
n=3 es—A3 4 cos3wt+300swt]

+§E2E [2cos(wt+oz)+cos(t—a)+ (3wt+a)]
7 B E W cos

+ 3 E E2 [2 coswt+ cos (wt+ 2a) + cos (3wt + 2a/)]
4 st
Et3

+ vy [cos (3wt+ 3a) + 3 cos (wt+ a)] (5. 4)

Combining the terms of argument 2wt and 3wt we have a first approximation to the

second and third harmonic voltages respectively:

E2
H ~A2 £ cos 2wt + EsE cos (2wt +a)

2 2 t
E,
+ =~ cos (2wt+ 20) (5.5)

3
Es 3 .2
H ~A3 — cos 3 wt+ = ES E, cos (3wt + @)

3 4 4 t
3 2 ES
+ Z ES Et cos (3wt+2a) + T cos (3wt + 3a) (5. 6)

These results have been compared to the variations in harmonic output of an
ARC-27 with the harmonics terminated in a reflectionless load while the magnitude
and phase of the termination was allowed to vary.

The nature of the variations seems considerably more complex than predicted
by (5.5) and (5.6) above. The next section introduces a new method of analysis

based more closely on the specific physical design of a real transmitter.
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5.2 Spectrum Analysis of an Idealized Class C Amplifier

Thus far the approach to predicting the output behavior of the ARC-27 has been
to "imagine' a model and compare the model output characteristics to that of the
ARC-27. In this section we will start with a vacuum tube and attempt to model its
behavior in a simple amplifier configuration with an eye toward graduating later to
the more esoteric systems found in real transmitters.

A simple, general block diagram of a vacuum tube amplifier is found in Fig. 5-3.
Restricting ourselves to a specific amplifier we will attempt to analyze the circuit
shown in Fig. 5-4.

For the purposes of this analysis we will assume that the passive R, L, C
circuit components can be modeled adequately by conventional lumped circuit approxi-
mations. It remains to model the vacuum tube. Since we are interested primarily in
predicting the spectrum of power amplifiers which are seldom linear, a simple linear
controlled source will not suffice. Suppose it is possible to represent the tube by its
static characteristics. A possible model appears in Fig. 5-5. 1b (ec, eb) is a non~-
linear element given by the static characteristics as a function of both the grid and plate
voltages. Incorporating this model into the circuit of Fig. 5-4, we have the equivalent
amplifier circuit in Fig. 5-6. e is the input signal; Zs(w), the impedance of input
circuit; Zz (w), the impedance of the output; and e,, the output voltage. Ecc and Ebb
are the grid and plate DC supplies respectively and are assumed to have zero internal
impedance. The tube itself is modeled by a controlled current source, the inter-
electrode capacitances, and input and output shunt conductances. The value of the
current source is a function of the grid and plate voltages, the function being given by
a piecewise linear approximation to the device static characteristics. Other types of
functions could of course be used to approximate the characteristic curves. A piece-
wise linear approximation was chosen because it was 1) the simplest to evaluate for

a given tube, and 2) led to a more compact solution below. The values of gg and gp
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may also be functions of the grid and plate voltages. These variations are neglected
in this analysis. The model does not include any attempt to account for lead induc-
tance or electron transit time effects and is therefore frequency limited.

Referring to Fig. 5-6, the frequency domain node voltage equations at nodes
(1) and (2) are

= - i + +j +
0 IEgI 0 (nw) Enw Cgk B, * jw Cgp Yo (mo;J

+ j + -
|Ep| n (nm) Jnio Cgp IESI n (Db.)) YSII (m) ECC YS

o (5.7
and
= : - i +
0 IEgI n (nw) jnw Cgp |Ep| n (nw) Enw Cpk gp
+j + - + )
€+ ¥, (nw)] L (Eg, Ep) E, Y, (5.8)
Since (5.7) and (5. 8) above are written in the frequency domain,
there will be a new set of equations for each n, n=0, 1, 2...., The current, ib’

is specified in the time domain by

lb=Ar,sec+Br,seb (5.9)

where A and B are constants chosen appropriately over the regions

ec(r—1)<ec§ec(r), eb(s-1)<eb_<_eb(s)

to provide the best linear approximation to the tube static characteristics in that

region. The shunt conductances gg and gp are defined in the conventional manner

as
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g == (5. 10)

g = — (5.11)

Equations (5.7) and (5. 8) cannot be simply solved. The equations are in the
frequency domain while lb is known only in the time domain. Since lb is non-
linear in the time domain, it cannot be transformed easily. We will attempt to
circumvent these difficulties by approximating lb and correcting the approximation
by an iterative process.

The IEgI n (nw) jnw Cgp term in (5. 8) is the component of current flowing into
node 2 through the grid to plate capacitance. This current will normally be small
in comparison to the total current at the node. Equation (5.7) can therefore be

approxim ated b y
E )= - l
1g]le E:pl zn( ' ( 1

A method of solution is diagrammed in Fig. 5-7. The first step is to approxi-

mate lb Once this approximation has been determined, ib(t) is transformed to

ib(w).

i ()= Z ‘i;| (o) (5.13)
n

Substituting the components of i given in (5. 13) into (5. 12) and equating terms of
b

—
the same frequency, we determine 'Ep' o (nw).
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Once the Ep 0 (nw) have been determined, equation (5.7) can be solved for the

grid voltage. The grid and plate voltages are now transformed back into the time

domain
e, ()= Z |E;| () (5. 14)
n
and
e, =Y [E |, () (5. 15)
n

and subsequently substituted into equation (5.9) to obtain better approximations to lb
This procedure is repeated until e,o has been found to the required degree of precision.
At this time the output voltage waveform e . is given by

€, t)=E , - e (t) (5.16)

bb

The Fourier transform of e, (t) is the load voltage spectrum. The power output

spectrum is given by

|”E;| 0 2 (nw)
P () = 2 Re EZ!Z (nwf]

The foregoing analysis has been applied to a dual tetrode (Amperex 6252). A

(5.17)

computer program has been developed to solve the flow diagram in Fig. 5-7. The
inputs are the excitation voltage, es(t); the DC bias levels; the input and output
impedances, Zs (w) and Zz (w); and the piecewise linear approximation to the tube
characteristics. The outputs are the plate current and load voltage time domain
waveforms and the magnitude and phase of the load voltage as a function of the har-
monic number. Concurrently, an experimental amplifier was designed around the

tetrode and constructed. A diagram of the experimental amplifier appears in Fig. 5-8.
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The fundamental frequency of operation chosen was 300 MHz because of the avail-
ability of an exciter and measurement equipment at that frequency. The experimental
equipment arrangement is diagrammed in Fig. 5-9. Several difficulties were en-
countered at this point. Although the computer analysis was satisfactory, i.e,
"reasonable'" outputs were obtained for assumed values of input and output impedances;
attempts at experimentally determining these parameters have been unsuccessful.
Also, if the two cirvuits (Fig. 5-8) are properly balanced, there should be extremely
small outputs at the even numbered harmonics. These expectations were accurately
reflected by the computer analysis but not obtained experimentally. Lack of time
finally precluded further development of the amplifier, forcing abandonment of this
approach.

5.3 Discussion of Observed Results

We are thus left with the conclusion that so far no adequate model of the ARC-27
has been devised; the Taylor series approximation was simply inadequate, and time
did not allow the completion of the amplifier analysis. This is not to say that one
should be discouraged from pursuing either method further; only the first few terms
of the power series have been included in the power series analysis. Also, the com-
puter analysis of the amplifier output appears quite promising. Furthermore in the
event that the amplifier analysis is deemed too involved to provide results for the
general case, it has potential as a design aid to help the designer evaluate the har-

monic response of a particular transmitter design.
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VI
CONCLUSIONS

The principal object of this study has been to develop better techniques for
obtaining airborne spectrum signatures, the prime payoff being more accurate pre-
dictions of the possibility of interference between systems. Toward this end we
have attempted to develop mathematical models of airborne radiating systems. The
transmission line model described in Chapter II is felt to provide very accurate
power transfer results for all but very short sections of high loss transmission lines.
An interesting outcome of the transmission line study is that to suppress harmonic
radiations, one might choose a transmission line with low loss at the fundamental
and higher losses at the harmonic frequencies. Since most transmission lines
exhibit this characteristic, it may be possible to minimize spurious and harmonic
frequencies through the design of a lossy low pass filter type of transmission line.

The difficulty in applying the transmission line model derived in Chapter II
is due to the limited accuracy with which one is able to determine the necessary trans-
mitter parameters. As noted in Chapter II, the derivation of the power transfer
model required that the transmitter VSWR and power delivered to a reflectionless
load be known. The data presented in Chapter IV reveals that the power delivered
to a matched load is a function of the terminating impedance at the fundamental fre-
quency of operation. Further, attempts at analytically describing the functional
relationship are incomplete. Therefore, several possibilities remain, e.g., 1) neglect
the results presented in this report and assume that the spectral power density de-
livered to an antenna is the same as that delivered to a matched load; 2) use the trans-
mission line model but assume that the power output does not vary with changes in
the load impedance at the fundamental frequency, or 3) collect data similar to the
harmonic Rieke diagrams presented in Chapter IV. These data are obtained at each
harmonic of interest, for each transmitter at each fundamental frequency of operation.

One must then decide what the terminating impedance will be at each fundamental
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frequency of operation, and use this data along with the power transfer model to
compute the spectral energy density delivered to the antenna.

Alternative number one requires the least effort. Errors that may be intro-
duced in the event one neglects to include the transmission line model are typically
1 - 10 db provided the transmitter and antenna VSWR's are less than 10:1 and the line
losses are from 2 - 6 db. Additional losses or higher VSWR's will decrease the power
transferred. It should be noted that neglecting the transmission line may give an
erroneously low answer under conditions of high generator VSWR and low line loss.
Neglecting to include the effect of the terminating impedance at the fundamental will
cause errors which vary randomly, from typically -10 db to +10 db, at the third
harmonic output of an ARC-27 and second harmonic output of an ARC-34. Additional
information about other harmonics and transmitter types is not available.

Alternative number two introduces the same errors in transmitter harmonic
output power but corrects for the transmission line effects. Therefore, one may
reduce the magnitude of the uncertainty of the antenna input power prediction from
approximately (-16 db to +10 db) to (+10db) for the cases cited above. However,
the necessary inputs now include transmitter and antenna VSWR's and transmission
line loss as a function of frequency as well as the transmitter output spectral energy
distribution into a matched load.

The third alternative promises the most accurate predictions but requires
several orders of magnitude more effort to collect the required data inputs. Since
the harmonic power outputs change from transmitter to transmitter within one
transmitter type and even from alignment to alignment within one unit (Figs. 4-11,
4-12) this approach seems feasible only for critical situations involving only a few
units.

One of the anticipated outputs from this study was recommendations for
changes in Military Standard 449, "Measurement of Radio Frequency Spectrum
Characteristics." In view of the discussion given above a change that might well

be recommended is to include measurement of the transmitter VSWR at the funda-
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mental and harmonic frequencies. The recommended procedure for these measure-
ments is to terminate the fundamental output in a matched load and follow the method
described in Section 4. 3.2 of Ferris et al (1966). It must be noted, however, that
the effects of a mismatch at the fundamental frequency on the transmitter VSWR at
harmonic frequencies have not been completely evaluated and more work is recommended
in this area.

It must be concluded that the problem of mathematically modeling a real trans-
mitter for the purposes of predicting accurate spectrum signatures is indeed a com-
plex one. Itis felt that significant approaches have been indicated and initiated.
However, the results are not sufficiently advanced to allow their application to most

practical systems without extensive further study.

73



APPENDIX A
DERIVATION OF CONSTANT POWER CONTOURS
FOR A LINEAR SOURCE ON THE SMITH CHART
The average steady-state power delivered to the load in Fig. A-1, is the real
part of the rms voltage appearing across the load multiplied by the complex con-
jugate of the rms current through the load.

*
PIZ = Re [E£I£ ] (A.1)

However, the load will not in general be located directly at the generator terminals.
Let the impedance seen by looking into the line in the direction of the load at the plane

A A' be Za' The average power delivered to Za is

P -R [E I "‘] (A.2)
a e aa
~ where
By
Ia = 73 Za and Ea=Ia Za (A.3)
thus
Py
Ea= Z +7Z Za (A4
g a
It is now evident that
3
E E
Pa = Re _ng"' Za Za . -—-g—z " Za or (A.5)
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5 | B
P:——g—— + R = g (A.G)

a Zg+za a (R+R)2+(X +X>2
g a g a

The result, (A.6) may be reduced to a more convenient form. Since it is of interest

to plot constant power contours as a function of Za’ define a constant Kn such that

Eg 2
Kn =D (A.7)
a
n
Combining (A.6) and (A.7),
2 2 2 2
KR =R +2RR +R +X +2X X +X (A.8)
n a a a a g a ng g
Rearranging (A. 8) and completing the square yields
2R —Kn2 5 K2-4KnR
Ra+_g2—_ +[Xa+Xg] = LT_& (A.9)

2 2
Equation (A.9) is of the form U™ + V' = Az, implying that Rieke diagrams plotted on
a rectangular chart (Ra’ abscissa; an, ordinate) and assuming a constant generator

internal impedance, will be circles with center at,

K K2 - 4KnR 1/2
=2 . R> , (—X ) and radius | ——2-& .
2 g g 4

Furthermore, for the radius to be real,

2
K > 4K R (A.10)
n = ng

*
Where the complex impedance Za has been expressed as Za = (Ra +jXa)
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which implies that

L el
P < 4Rg (A.11)

i.e., the maximum power available to the load can never exceed the square of the
generator voltage divided by four times the real part of the generator impedance.

It has been shown that a bilinear transformation of a circle in one complex
plane yields a circle in the second (Guillemin, 1949). Thus the circle defined in the
Z-plane by equation (A.9) transforms to a circle in the p plane, the transformation

equation being

N

I
—
g

(A.12)

[y

P
Reich, Ordung, Krauss, and Skolnik (1953) have demonstrated that the circle
jo

Z=r +jx +Re (A.13)
(0] (0]

with center at (ro, jxo) and radius R in the Z-plane transforms to the circle,

Z =| OIeJBo+RpeJ o (A.14)

in the p plane. In terms of the parameters of (A.13),

R = (A.15)

(r —1) + x

+ (A. 16)

o7
| (r +1) + x -R2 (r0+ 1)2+x§ -R2
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B = tan 9 (A.17)

Substituting
Kn - 2R KI21 -4K R 1/ 2
r = —2—-—-& ., X = —Xg , and R = __4_n__g_ (A.18)

from (A.9) into (A.15), (A.16), and (A.17)

[KIZ1 - 4KnRg]1/ 2

R = (A.19)

PR -D%+K +X°
g " n ‘g

[R2+X2-1 2+4X2]1/2
o, - & gz : B )A. 20)
(R -1)"+K +X
g n g

B =tan ' | —E— (A.21)

Once the parameters of (A.9) have been determined, the constant power contours can
be mapped directly onto a Smith Chart as the circle (A. 14) with center at(l po| , Bo)
and radius Rp.

Figure A-2 is a plot of (A.9) on the Smith Chart, for case Zg = 1.5-j0.5 (nor-
malized). Notice that the loci of the centers of the circles form a straight line corres-

ponding to a constant angle of reflection coefficient.
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