


































































































































































































































































































































































































































































































































































































List 1
The Main TI-59 Program

SBR-A: Pre-stored inputs, R in 21, rin 22,
Press A.
LBL A (Sbr A starts)

(Eq1) =N Sto 01
(Eq2) =T Sto 02
(Eq 3) = P,|1 Sto 03
(Eq 4) = Sto 04

R/S (Sbr A stops with Q, displayed)

SBR-B and SBR-C: Pre-stored inputs, T in
02, Q (> Q_)in 23.
Press B for'E' or Cfor P,

LBL B (Sbr B stans)

(Eq 5¢) = P, Sto 05

R/S (Sbr B stops with P_ displayed)

LBL C (Sbr C starts)
(Eq 5u) = P, Sto 05
R/S (Sbr C stops with P, displayed)

SBR-D: Pre-stored inputs, N in 01, T in 02,
P in 05. Press D.
LBLD (Sbr D starts)

(Eq 6) = Sto 06
(Eq7) = Sto 07
(Eq 8) = Sto 08
(Eq 9) = Sto 09
(Eq 10) = Sto 10
(Eq 11) = x? Sto 11
(Eq 12) = X2 Sto 12
(Eq 13) = X3 Sto 13
(Eq 14) =

R/S (Sbr D stops with SGN in display).

The simple program shown completely
in List 2 is remarkable in that any value of
P, except for zero or exact multiples of
180°, will produce a mathematically correct
set of network elements. The program will
also identify the category, conventional if
SGN is positive, unconventional if SGN is
negative, or L net if SGN is zero. Q. is
applicable for positive SGN, Q,, for nega-
tive SGN, and either for an L net. The
applicable Q will be the larger of Q. and
Q, as calculated from Eqs 6 and 7.

Without recourse to the tables, here’s
how we might tackle our example problem
using the List 2 program. Our objective:
a conventional system to match 200 to 50
ohms with a Q of about 10.

1) Set the machine to display three
decimal places.

2) Manually calculate N = 100 and store
it in 01, then manually calculate T = 4 and
store it in 02.

3) For the first run calculate P, = 60°,
store it in 05, and press D. In about 7
seconds, 0.000 will appear on the TI-59
display, indicating an L net. Q. and Q,
will both show 1.732.

4) Now do successive runs with P values
of 90, 120, 150, 160, 155, 154, and 154.5°
producing Q. values of 2.5, 4.041, 8.464,
12.804, 10.205, 9.804, and 10.000 respec-
tively.
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List 2
SBR-D as a Stand-Alone Program

SBR-D: Pre-stored inputs, N in 01, T in 02,
P in 05. Press D.
LBL D (SBR-D starts)

IWT + VAT - 2cosP)lsmP{ =Q, Sto06
[(¥T - cosP)/sinP| = Sto 07
NsinP/(+/1/TcosP - 1) = Sto 08
NsinP = X, Sto 09
Nsmw{ﬁcosp 1) = Sto 10
-N?/X; = X1 Sto 11
-NX = X2 Sto 12
-N2X, = X3 Sto 13
Q, - Q, = SGN

R/S (SBR-D stops with SGN in display)

The whole process, including the manual
calculations and entries, takes no more
than a couple of minutes, even less on the
Casio calculator which does the calculation
almost instantaneously.

A similar sequence to find the P,, for an
unconventional solution with a Q of about
10 might be: P, values of 30, 20, 10, 5,
5.5, 6, and 5.75° giving respective Q,
values of 2.268, 3.100, 5.846, 11.517,
10.481, 9.619 and 10.031.

I used these rather long sequences to
show how easily one could converge on an
exact or near-exact Q by iteration. For an
approximate Q, two or three iterations
should suffice, particularly if Table 2 or
Table 3 is used for the initial selection.

The P-Picker Tables
Tables 2 and 3 provide a complete

mapping of the T, P and Q relationships
for transformation ratios from 1 to about
250 and for Q values ranging from Q, to
20, This covers all ranges of practical
interest.

For any of the 20 specific T lines and the
six Q columns, vou can read off directly
the values of P for each such Q. In our
example with T = 4, we can immediately
find 60° for P, 5.768° for an uncon-
ventional system with a Q of 10, and
154.50° for a conventional system with the
same Q. We could also deduce that any P
between 2.87° and 167.14° would have a
Q of 20 or less, and also that the minimum
Q is 1.732 and the Q at 90° is 2.5.

For values of T which fall between the
lines or for values of Q which fall between
columns, a simple and rather rough inter-
polation will give a good initial value. There
is really no need to be overly precise in
selecting an initial P.

For example, consider a system with a
T of 70 for which a P is desired to give
a Q of about 12. Using the closest T line,
65 in this case, and picking a P, about
halfway between 115° and 140° should give
a good initial value. Actual calculations
with T = 70 and P = 127.5° produce a
Q. of 12.2, very close to the objective. A
caveat: Some of the very low P, values in
Table 3 may require impractical large or
small network elements.

For easy reference, Table 4 lists the
results of six different calculations for the
example problem. Because N in this
example is 100, the ohmic X values can be
converted to the equivalent normalized
values by moving the decimal point two
places to the left.

So far in both the discussions and the

Table 2

P, T, and Q Relationships for Conventional Configurations

P, <P, < 180% Q. > Q_

Q.at P, for P, for P, for P, for
P T Q. 90° Q=5 Q=1 Q=15 Q,=20
0 1 0 2.00  136.40° 157.38° 164.81° 168.58°
26.565° 1V 0.5 2.01 136.25° 157.31° 164.76° 168.54°
35.264° 1 0.71 2.04  135.92° 157.14° 164.65° 168.46°
45.000° 2 1 2.12  135.00° 156.68° 164.35° 168.23°
54.736° 3 V2 2.31 132.80° 155.60° 163.63° 167.69°
60.000° 4 V3 250  130.54° 154.50° 162.90° 167.14°
63.435° 5 2 268  128.31° 153.43° 162.19° 166.62°
71.565° 10 3 348  117.96° 148.75° 159.12° 164.32°
75.964° 17 4 437  104.04° 143.34° 155.64° 161.74°
78.690° 26 5 530  78.69° 137.41° 151.92° 159.01°
80.538° 37 6 6.25 130.91° 148.02° 156.18°
81.870° 50 7 7.21 123.68° 143.94° 153.26°
82.875° 65 8 8.19 115.30° 139.66° 150.26°
83.660° 82 9 9.17 104.69° 135.13° 147.16°
84.289° 101 10 10.15 84.29° 130.29° 143.96°
84.806° 122 11 11.14 125.02° 140.65°
85.236° 145 12 12.12 119.16° 137.19°
85.601° 170 13 13.12 112.33° 133,56°
85.914° 197 14 14.11 103.62° 129.71°
86.186° 226 15 15.10 86.19° 125.69°




Table 3

P, T, and Q Relationships for Unconventional Configurations

Pn > P, >0°%Q, >Qy P, fo

Q,= P,for P, for Pu for Pu for
Py T Qmn VT Q,=5 Q=10 Q=1 Q,=20
26.565° 1Va 0.5 6.38° 1.356° 0.677° 0.451° 0.338°
35.264° 1% 0.71 11.54° 2.588° 1.289° 0.859° 0.644°
45.000° 2 1 19.47° 4.792° 2.379° 1.584° 1.187°
54,736° 3 J2 30.00° B8.548° 4.214° 2.802° 2.100°
60.000° 4 V3 36.87° 11.784° 5.768° 3.831° 2.870°
63.435° 5 2 41.81° 14.700° 7.145° 4.740° 3.549°
71.565° 10 3 54.90° 27.019° 12.630° 8.329° 6.224°
75.964° 17 4 62.73° 42.650° 18.511° 12.104° 9.020°
78.690° 26 5 67.81° 78.690° 24.778° 16.013° 11.889°
80.538° 37 6 71.33° 31.537° 20.053¢° 14.821°
81.870° 50 7 73.90° 39.006° 24.244° 17.815°
82.875° 65 8 75.86° 47.632° 28.618° 20.879°
83.660° 82 9 77.40° 58.585° 33.225° 24.023°
84.289° 101 10 78.64° 84.289° 38.138° 27.261°
84.806° 122 11 79.65° 43.470° 30.613°
85.236° 145 12 80.51° 49.411° 34.103°
85.601° 170 13 81.23° 56.333° 37.763°
85.914° 197 14 81.85° 65.195° 41.637°
86.186° 226 15 82.39° 86.186° 45.791°
Table 4
Example Calculations
R =200,r=50,N=100,T = 4,P_ = 60°,Q = 1.732
P 60° a0°
Q 10 2 2 10
P 5.768° 36.87° 72.89° 154.50°
Qc 5.08 1.50 1.732 2.00 2.50 10.00
Qu 10.00 2.00 1.732 1.78 2.00 68.74
X -20.00 -100.00 -115.47 -112.06 -100 —-29.66
)(ﬂ 10.05 60.00 86.60 95.57 100 43.05
X 10.15 10000  4.33x10'® -23220  -100  -1535
X1 -984.89 -100.00 0.00 43.05 100 651.58
X2 —-994.96 - 166.67 -115.47 —104.63 -100 -232.28
X3 500.00 100.00 86.60 89.24 100 337.10
SGN Neg Neg Zero Pos Pos Pos
mathematical treatment, equal attention -r X Xp
has been given to the conventional and the Xc = - (Ev. 36)
unconventional configurations. From a r+vR xr — Xg

practical viewpoint, interest is overwhelm-
ingly in the conventional configurations.
Indeed, the current literature doesn’t
appear to acknowledge that the unconven-
tional configurations even exist.

A discussion of the classical pi-network
equations which Everitt did pursue and
develop may help to put things into per-
spective. Whyman and Wingfield cited these
equations and used portions of them, but
not the complete set, in their articles.*

Everitt’s Pi-Network Equations

Using my terminology (ie, R and r instead
of R1 and R2) the Everitt equations are:

IXp| < VR X T (Ev. 38)
-R x XB
Xp = (Ev. 37)
R +=#vR X1 — }{Bi

The Everitt approach was to arbitrarily
select an Xp less than /R X r, and then
use Ev. 37 and Ev, 36 to calculate X4 and
Xc. He pointed out that for any Xg there
are two possible X, X pairs, cor-
responding to the plus or minus signs in
front of the radicals in the two equations.
He warned that if the positive sign is used
for X, it must also be used for X¢, and
vice versa.

To illustrate the two possibilities, Everitt
used an example: a generator of 2000 ohms
to be matched against a 500-ohm line. He
arbitrarily chose a value of 800 ohms for
Xp (the maximum would be 1000 ohms),
then calculated two X, X pairs using
Ev. 37 and Ev. 36, producing the networks
of Fig 3.

+1800

mrm .

2000
=615
I —|364‘[

(a)

S0

+1800

M 2
2000 J:
1
14z 500
‘[ +14000

:H

Fig 3—The two possibilities of Everitt's
example, from his Figs 120(a) and 120(b);
see text and note 3. The network at A
results when positive signs are used before
the radicals (Ev. 36 through 38, given in
the text of this paper), and that at B from
negative signs before the radical.

After pointing out that either network
would have an input impedance of 2000
ohms and would absorb maximum power
from the generator, he went on to say:
*“The network of Fig 120(a) will attenuate
the harmonics, while Fig 120(b) will not,
and therefore Fig 120(a) is usually the more
desirable.” (Emphasis added.)

The italicized portion of that statement
is inaccurate. Both networks attenuate the
harmonics, but the attenuation is sub-
stantially higher for the conventional
network, and hence Everitt’s conclusion
that Fig 120(a) is usually the more desirable
is valid.

Things would have been much more in-
teresting had Everitt chosen 866 ohms for
Xg. He would then have found, using the
minus signs for the radicals, values of
—1154.7 ohms for X4, and about ten
million ohms for Xc. Indeed, had he
chosen 866.0254038 and made the calcula-
tions exactly, he would have found X to
be about 4.8 x 104, with X4 unchanged at
—1154.7 ohms. Clearly an Xg of 866 +
about an ohm would make X so large
that it could be replaced by an open circuit,
thus producing an L net. Using my termi-
nology, the value of Xy to produce an L
net can be calculated as

T =1

=N
XB T

In principle, X¢ should become infinite
for this Xg, but usually when done on a
calculator it is some huge number which
can be either positive or negative.

A further point of interest: Had Everitt
chosen an Xp between 866 and 1000, X
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Fig 4—These graphs indicate the behavior
of the normalized reactance values versus
P for various values of T. The parameters
for the graphs are

At A: Pi elements; T = 1.1; P = 17.55°
At B: T elements; T = P"1 = 17.55°
At C: Pielements; T = 3 = 54.74°
At D: T elements; T = 3; Prn = 54,74°
At E: Pi elements; T = 100, P, = 84.26°
At F: T elements; T = 100; P_ = 84.26°

as calculated using the minus sign before
the radical would have come out negative,
in which case Everitt’s Fig 120(b)—my Fig
3B—would have both X, and Xc as
capacitive, the conventional configuration.
Only for Xg values less than 866 ohms
would the configuration be as actually
shown in Fig 3B.

Everitt simply ignored these possibilities
and went on to other things, no doubt a
wise decision since a full explanation would
have been complicated. In phase-shift
terms the explanations are fairly easy. Ev.
37 and Ev. 36 with plus signs before the
radicals correspond to phase shifts between
90 and 180°, the configuration always
being conventional. With minus signs
before the radicals they correspond to
phase shifts between 0 and 90°, the con-
figuration being conventional for phase-
shifts between P, and 90°, and uncon-
ventional for those between P, and 0°.
Exactly P, of course gives the L-net
solution.

A Bit of System Analysis

The Everitt example provides a good
basis for some system analysis. Using the
phase-shift method with R = 2000 and r
= 500 gives these pre-choice numbers.

N =1000,T = 4, P,, = 60°,

Qm = JS = 1.732

When Everitt chose 800 ohms for Xg he
was indirectly choosing two values of P,
one in the first quadrant and the other in
the second. By using a variation of Eq 9
with Xg = 800 ohms and N = 1000, we
can calculate

P1 Xp = 5§3.13°
= arcsin _;CI_
From this,
= 180 — 53.13 = 126.87°

And indeed, if we run the SBR-D TI-59
program with N = 1000, T =4and P =
53.13, we get the following.

Xa = —1143, Xg = 800, X¢c = 4000, Q,
1.75

Note that Everitt made an error in X4; his
method also gives —1143)

An SBR-D run with P = 126.87° gives
—615, 800 and —364 for the reactance

values, identical to Everitt’s numbers. The
Q (Q,) is 4.625.

Even though he didn’t mention Q at all,
we see that Everitt was indirectly choosing
a Q. of 4.625 for Ev. 120(a) and a Q, of
1.75 for Ev. 120(b).

Normalized Calculations using SBR-D

The algorithm of SBR-D, unlike that of
Fig 1, does not explicitly give the normal-
ized elements. By the simple expedient of
setting N = 1 (ie, storing a ‘‘I'” in 01),
SBR-D can be used to produce A, B, C,
—-1/C, —1/B, and —1/A instead of the
six ohmic reactances. SBR-D was used in
this manner to derive the six graphs of Fig 4.
A and B of Fig 4 depict the behavior of the
normalized elements and the Q for a low
value of T (1.1), C and D for a medium
value of T (3), and E and F for a high value
of T (100).

These graphs are not meant to be used
as calculation aids, but rather to provide
insights into the way the various systems
and elements are interrelated. Much useful
information can be gleaned from the
graphs, but that is peripheral to the main
thrust of this paper. I won’t attempt to
elaborate except for a couple of points. One
is the special nature of the network
elements at P, and at 90°. P, has already
been discussed in detail. At 90°, the derived
networks have a special characteristic similar
to that of a quarter-wave section of trans-
mission line. The nets are symmetrical, with
B =1and A = C = —1. A system with
90 ° phase shift will match any R pair whose
product is equal to N2, regardless of the
value of T. However, the Q will depend on
T according to the following relationship.

=T + f1/T

A second point is the behavior of the
normalized elements for the special case
when R = rand T = 1. If in Fig 4A we
imagine T being reduced below 1.1, P,
will move toward zero and the peak of the
curve for A will increase in magnitude. In
the limit, as T approaches 1, Py, and Q,
will approach zero, while A and C will be
equal and will approach —co. At 90° A
and C will be — 1, and at 180° they will go
to zero. Thus, the entire range from 0 to
180° is conventional, which accounts for
Table 3 not having a line for T = 1. The
T = 1 line in Table 2 is useful for networks
intended to provide selectivity or a specific
phase shift without changing the impedance.

(Eq 15)

The Unconventional Networks

The unconventional versions of the pi
and T networks seem to have received little
or no attention in the literature in the half-
century since Everitt briefly described and
dismissed them as inferior to the con-
ventional types. Do they have any real
usefulness, or are they merely of academic
interest?

I’ve just recently stumbled across a refer-
ence which indicates that they are useful
and have been used, but perhaps have not
been identified as belonging to the pi and
T family. The reference is a circuit in the
1986 ARRL Handbook, Fig 84D of Chapter
2, shown here as Fig 5A.5 A statement in
the text accompanying the Handbook
circuit says, ‘“The circuit of Fig 84D has
never been given any special name but is
quite popular in both antenna and transis-
tor matching applications.’

When redrawn as in Fig 5B, the circuit
is seen to be identical to the high-pass
version of an unconventional pi net. The
component relationshipsare R = R2,r =
R1, X = X, Xp = X¢), and X¢ =Xca.

Perhaps there are other circuits in use
that would fit into the—*‘unconventional’’
pi- and T-network family. All such circuits
could be easily designed using the phase-
shift approach.

Frequency Response, Unconventional
Networks

At the risk of confusing matters, | have
to mention that the unconventional net-
works are not truly ‘“‘low-pass’’ or “‘high-
pass’’ circuits except in a limited sense. For
values of Q, close to the minimum Q, the
responses of the unconventional nets ap-
proximate those of conventional nets with
the same Q, which are true low pass or high
pass. But for considerably larger Q values,
the unconventional circuits have a rather
symmetrical band-pass characteristic. Fig
89 and the accompanying text in the 1986
ARRL Handbook give an indication of the
responses of the circuit of Fig 84D for
several conditions.® The responses show a
“‘high-pass’’ system. A mirror image of the
response curve would show how the low-
pass responses look.

e

R2
(R}

L cz
(Xp)

=xcl'[ i
o s ; /D

(8)

Fig 5—At A, the “‘no special name'' circuit
of The ARRL Handbook. At B its equivalent
which is seen to be an unconventional
high-pass pi network.
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To give these orphan systems an identify-
ing name it is convenient, at least for the
purposes of this paper, to continue to
identify them as unconventional low-pass
designs, where P, and X are positive, and
unconventional high-pass where P, and
Xp are negative. Perhaps a less cumber-
some description can be found.

Matching Complex Impedances

The simplicity and generality of the
approach described so far result from the
assumptions that the impedances to be
matched are purely resistive and that the
network elements are purely reactive.
Things get somewhat more complicated but
still manageable if we allow one or both of
the impedances to be complex, but continue
to treat the network elements as pure
reactances. Fortunately there is a fairly
simple approach that will yield good results
in most situations of practical interest,
provided high-quality inductors and
capacitors are used, the operational Q is
not excessive, and the frequencies involved
are in the HF range.

The approach matches a generator with
a purely resistive impedance, Ry, to a load
with a complex impedance. The load im-
pedance in series form is given by Ry +
JX; and in parallel-equivalent form is
given by

R3? + X2 X2

o S R Eog
(Eq 16)

R2 + X2 R2

xD e T i x: + xs
(Eq 17)

The method is to design a basic network
to match R, to R if a T net is desired, or
R, to R, i]s a pi net is desired, and then
modify the network element facing R, or
R, so that it absorbs or cancels the
associated reactive part (X or X,).

Note that when using this method, one
must choose the type of network before
doing the network calculations. A T net re-
quires R, and X for the load impedance,
while a pi net requires R, and X,. Since R,
and R, will always be different (R, larger),
the pi and T nets will no longer be inter-
changeable as they are in the ideal case. It
is also desirable, though not absolutely
necessary, to decide in advance between
low-pass and high-pass designs.

There is another new element in the over-
all picture—the direction of transmission.
When taking all the new elements into
account, there are four possible configura-
tions as depicted by Cases 1 through 4 in
Fig 6.

The equations for modifying the network
elements in the four cases are:

Case I:

X3'+ X, = X3;X3' = X3 =X,
(Eq 18)
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Fig 6—The four possible cases for matching a resistive source, Hg. to a complex load.

Case 2:
X1'+ X, = XI; X1’ = X1 - X;
(Eq 19)
Case 3:
! o Ko + . 1
ol Al Rl S e
Xe Xp
(Eq 20)

Note that careful attention must be given
to the signs of all the X values. In some




cases, modifying an element may even
change its sign. Note also that following the
rule that X, and X1 always face the larger
resistance, the network elements in Cases
2 and 4 are reversed from their usual
positions.

The calculation process is best described
by way of example. The one I’ll use is a
generator impedance R; = 50 ohms and
a complex load impedance Z = 200 — ;100
ohms.

First we'll look for a conventional low-
pass pi net with a Q of 10, second a con-
ventional T network with the same Q, third
an unconventional T net with the same Q,
and finally a low-pass L net, which
curiously enough is the most complicated
of all.

Pi Network with Complex Load

For the pi net (see Fig 7) we must convert
Z to the parallel-equivalent form using Eqgs
18 and 19, giving R, = 250 and X, =
— 500 ohms. So the basic network will Rave
R = 250 and r = 50. Using SBR-A or by
direct calculation, we find N = 111.8,
T = 5, and from Table 2 we find that for
Q = 10 we need a P, of 153.43°, With N,
T and P, as inputs, SBR-D or an equiva-
lent calculation gives the following basic
network elements.

Xa = —35.72; Xg = 50.01;
Xc = —16.67; Q = 10

Since Rg is less than R, the category is
Case 4, so we must use Eq 21 to calculate
X' = —38.47. See Fig 7 for the resulting
matched system.

T Network with Complex Load

For the T network (see Fig 8) the initial
data are R, = 50, R; = 200 and X; =
—100. With an R of 200 and r of 50 we
find N = 100, T = 4, and from Table 2
we read a P, of 154.50° for a Q of 10. The
basic network elements are then

X1 = 651.6; X2 = —232.3; X3 = 337.1;
Q=10
Since R, is less than R the category is
Case 2 amg we must use Eq 19 to calculate
X1' = 751.6. See Fig 8 for the resulting
matched system.

Unconventional T-network with Complex
Load

This is just like the preceding case except
that we use Table 3 instead of Table 2 and
find that P, is 5.768 ° instead of 154.50°.
The basic network elements are then

X1 = —985.0; X2 = —995.0; X3 = 500;
Q=10

The category is Case 2 so we use Eq 19
to calculate X1’ = —885.0. See Fig 9 for
the resulting matched system.

Low-Pass L Net with Complex Load

As indicated earlier, the L net is a bit
more complicated. There are three pos-
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Fig 7—Low-pass conventional pi network with complex load.
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Fig B—Low-pass conventional T network with

sibilities, depending on the relationship of
R, to Rg and R,,. For R, less than Ry use
Case 4 to get a 2-element net. For R,
greater than R, use Case 1 to get a
2-element net. IIP R, is greater than R, but
less than Ry, either Case 1 or Case 4 can
be used. (In Cases 2 and 3 the 2-element
basic nets require three elements when the
load-facing element is modified).

In our example R, is less than R so we
must use the Case f pi net approach but
with P = Pp,. We must also match R, to
Rp,, 250 ohms. N now equals 111.8 and T
= 5. For this T we find in Table 2 that P,
= 63.435°. The resulting basic elements are

Xa = —125; Xp = 100; Xc = ;Q = 2

Using Eq 21 we get X, ' = —166.67.
See Fig 10 for the matched system.
What If?

What if Z were 200 + ;100 instead of
200 — j100? The process would be exactly
the same except that X, and X, would
change to inductors of +200 and + 500
ohms, respectively. X, ' would change to
—33.33 in Fig 7 and to —100 in Fig 10.
X1 ' would change to +551.6 in Fig 8 and
to — 1085 in Fig 9.

What if Z were 200 + j100 and we made
all P angles negative? In that case the mag-
nitudes of all the P values and all reactances
in Figs 7 through 10 would be unchanged,

complex load.

but all plus signs would become minus and
vice versa. Every inductor would become
a capacitor, every capacitor an inductor,
and the resulting networks would all be
high pass instead of low pass.

To simplify discussion and avoid con-
fusion, the calculation processes described
earlier all assume low-pass networks and
positive P angles, with high-pass equivalents
to be derived by merely changing the signs
of all the network reactances. This sign
changing can be avoided by simply using
negative values of P with SBR-D or the
equivalent calculation when the objective
is high-pass networks.

Q Values of the Modified Systems

When a modified network X and the
load X it faces have the same sign (as in
Figs 7, 9 and 10), the modified system Q
and the basic system Q are the same.

When these two X values have different
signs (as in Fig 8), the modified system Q
is greater than the basic system Q by

[X/Ry.

Phase Shift as a System Objective

In some situations the phase shift itself
may be an important system objective. A
case in point in the fairly recent amateur
literature appears in an article by Forrest
Gehrke.” In his fourth of a series of articles
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on vertical phased arrays Gehrke shows,
among other things, how symmetrical (T
= 1 in my terminology) ‘‘coaxial-
equivalent’ pi or T circuits could be used
instead of coaxial delay lines to establish
precise phase relationships among the
currents in the driven elements of such
systems.

Gehrke uses a specific length of coax
between each antenna element and the
junction point where the feeders are paral-
leled. He then uses an L net in each line
to transform the rotated complex impedance
as seen at the input to each coax to the
previously calculated pure resistance needed
for combining with the other feeders.
Finally, with the current phase of one of
the lines as a reference, he uses a sym-
metrical pi or T net in each other line to
bring all current phases into synchronism
without changing the already established
resistive impedances.

Gehrke points out several advantages in
using these discrete networks rather than
coaxial ““delay lines’” to bring about this
phase synchronization. The discrete net-
works can be designed for any desired
characteristic impedance, and for leading
(high-pass nets) as well as lagging (low-pass
nets) phase shifts. Coax, on the other hand,
is available in only a few specific im-
pedances and can provide only lagging
phase shifts unless rather long lines are
used. A disadvantage of the discrete circuits
is that they function over a narrower
frequency range than coax, but Gehrke
shows how this disadvantage can be
minimized by using two or more networks
in tandem.

Gehrke’s equations for calculating the pi
or T nets are identical to mine with T set
equal to 1. The pi and T nets in his
approach always match pure resistances.
Additional flexibility can be achieved by
using nets designed to do impedance trans-
forming in addition to the phase-shifting
function. This, however, is only a small
part of a very complex process, and is far
beyond the scope of this paper.

It is clear, nevertheless, that phase shift
is a useful and significant system charac-
teristic worthy of more attention than
Everitt gave it.

Validating the Phase-Shift Approach

The validity of solutions produced by the
phase-shift algorithm can be tested by ex-
periment, by comparison with known
results where available, or by mathematical
analysis. Experimental validation of the
many possible variations would be an
awesome task, but in any case | have no
facilities for such testing.
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The Wingfield, Whyman and Gehrke
articles® provide many tabulated examples
for conventional pi- and L-net configura-
tions, and in all cases the phase-shift
method exactly duplicates their solutions.
But except for the single example in
Everitt’s Fig 120(b) I find nothing in the
literature about the unconventional net-
works and very little about T networks.

By far the most comprehensive and
useful test is by mathematical analysis,
in my case by another TI-59 program, a
““ladder analysis’’ program adapted from
an HP-25 program in an article by Leonard
H. Anderson.” My program checks the
voltage phase shift, the current phase shift
and the system Q, in addition to checking
the impedance match. This ladder program
confirms the validity of the phase-shift
method for all possible configurations. The
ladder program can also be used to check
the response of a network at frequencies
other than the design frequency.

In closing I'd like to repeat the cautions
about the care which must be given to the
signs of the X values and the orientation
of the network elements. The asymmetrical

“‘impedance tapered’’ shape for the net-
work models and the use of R and r for the
resistances are mnemonic aids which I find
useful in keeping the orientation straight.
Others may not need such mental props.

Notes

'E. W. Whyman, *‘Pi-Network Design and Analy-
sis,"" Ham Radio, Sep 1977, pp 30-39.

2E, A. Wingfield, "‘New and Improved Formulas
for the Design of Pi and Pi-L Networks,"" QST,
Aug 1983, pp. 23-29.

3W. L. Everitt, Communication Engineering, 1st ed.
New York: McGraw-Hill Book Co Inc, 1932),

ig 127 and text, p 247; Eqs 36, 37 and 38, p

236; Fig 120, p 237.

4See notes 1 and 2,

5M. Wilson, Ed., The ARRL 7986 Handbook
(Newington: The American Radio Relay
League, 1985), Fig 84D, p 2-49. (The same
circuit appears as Fig 80D in years immediately
prior to 1986, and as Fig 84D in 1987 through
1990 editions of The Handbook.)

6See note 5; Fig 89 in recent editions is presented
as Fig 84 in years immediately prior to 1986.

’F. Gehrke, "Vertical Phased Arrays, Part 4,
Ham Radio, Oct 1983, pp 34-45.

8See notes 1, 2 and 7.

9L. A. Anderson, ‘'Calculator-Aided Circuit
Analysis,”” Ham Radio, Oct 1977, pp 38-46.
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Sunspots, Flares and HF
Propagation

By Richard W. Miller, VE3CIE

RR 1
Hillsburgh, ON N©B 1Z@, Canada

introduced the MINIMUF computer

program to the Amateur Radio
world.! MINIMUF provides a prediction
of maximum usable frequency (MUF)
between two locations taking into account
time of day, season, solar activity, and
transmission path geometry. Since that
time many commercial and home-pro-
grammed versions have been produced for
a variety of computers. MINIMUF type
programs are now found in the shacks of
most amateurs who are interested in
various aspects of HF propagation. The
level of long-term solar activity is ac-
counted for by using the 10-cm solar radio
flux which is well correlated with the sun-
spot number.? This allows for the pre-
diction of the MUF for various times in the
approximately 11-year solar cycle. How-
ever, it does not account for variations in
the day-to-day level of solar activity
produced by solar flares, disappearing fila-
ments and coronal holes and their effects
on HF propagation. In this paper we
examine some of the ways in which
amateur operators can include the varia-
tions caused by solar flares in their fore-
casts of propagation conditions.

I n December 1982, Bob Rose, K6GKU,

The lonosphere

The normal ionosphere consists of three
layers which are important to HF commu-
nications; the D, E, and F layers. The F
layer sometimes splits into two layers, the
F1 and F2. The parameter of significance
is the maximum electron density of the
layer, which is related to the maximum
frequency that can be reflected by the layer.
If the electron density of a layer is suffi-
ciently low, the signal is transmitted
through the layer. If the density is suffi-
ciently high, the signal is reflected.
However, if the density is high enough, the
signal may be absorbed. See Fig 1. The
portion of the HF spectrum usable for
communications is limited on the high fre-
quency side by the maximum electron
density of the F layer and on the low fre-
quency side by signal absorption in the D
layer. The useful frequency range lies
between the maximum usable frequency,
MUF, and the lowest usable frequency,

'Notes appear on page 203.
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Fig 1—The MUF lies between 5 and

15 MHz. Frequencies above the MUF pass
through the ionosphere. Frequencies below
the LUF are absorbed.

LUF. Since absorption varies inversely with
the square of the frequency, one should use
a frequency as close as possible to the
MUF. When the ionosphere is relatively

well behaved under normal (quiet) solar
conditions, programs such as MINIMUF
can predict the MUF within an accuracy of
a few percent.’ However, during solar ac-
tive conditions, solar flares may cause
ionospheric storms, geomagnetic storms,
and radio noise storms. The effects of these
phenomena are to lower MUF values and
increase absorption and noise. These
changes can be so intense as to cause a com-
plete radio blackout along certain transmis-
sion paths. These sporadic changes are not
accounted for in MINIMUF type
programs.

Solar Flares and Their Effects

Solar flares are responsible for a variety
of disturbances which affect HF propaga-
tion, as indicated in Fig 2 and Table 1.
These effects may occur almost immediately
(within 8 minutes) if they result from elec-
tromagnetic radiation such as ultraviolet,
X-rays or radio emissions. Cosmic ray par-
ticles (mainly protons) require 15 minutes
to several hours to reach the earth, while

ACTIVE REGIONS

FLARES

FLARES

DISAPPEARING FILAMENTS w 7 % UNKNOWN
S — e P

CORONAL HOLES
DISAPPEARING FILAMENTS

[A)

CORONAL HOLES

s
T o8

(B)

Fig 2—At A, types of solar activity affecting HF radio propagation. See Table 1 for further
information. The drawing at B indicates the percent of geomagnetic disturbances by cause
from June 1, 1976, to December 31, 1983 (After Joselyn, 1984—see note 12).



Table 1
Types of Solar Activity and Effects

Active Regions

10-cm solar flux—used in MINIMUF type
programs
Flux levels and occurrence of active
regions increase with peak of sunspot
cycle
Increased F layer ionization
Increased D layer absorption
Higher MUFs with higher flux levels
Sun-earth transit time 8.3 minutes
Flares
X-rays, light, radio emissions
Sudden ionospheric disturbances (SIDs)
Radio noise storms
F layer increase
E layer increase
Sun-earth transit time 8.3 minutes

Cosmic ray particles

Polar cap absorption (PCA)

Sun-earth transit time V2 to several hours
Solar wind particles

Geomagnetic storms

Aurora

lonospheric storms

Average sun-earth transit time 48 hours
7% of flares produce geomagnetic disturbances

Disappearing Filaments

Number of filaments which disappear
increases at sunspot cycle peak

Geomagnetic storms

Aurora

lonospheric storms

Average sun-earth transit time 134 hours

15% of disappearing filaments produce
geomagnetic disturbances

Coronal Holes

Recur at 27 day intervals (the rotational
period of the sun). Once established, they
persist up to about 6-8 rotations

Geomagnetic storms

Aurora

lonospheric storms

Average sun-earth transit time 72 hours

43% of coronal holes produce geomagnetic
disturbances

o T & . CONTINUUM
30l /ﬂoﬁ;\ g \\\T\\\W
;I >>>\\\\\\\\\\\\ _
:%j 1000 / {f%%ﬂ // ]
E 3000}~ 3_::.: MW |

Fig 3—A typical dynamic spectrum that might be produced by a large flare. Individual

flares exhibit many variations to this spectrum.

Type |l emissions begin at about 300 MHz

and sweep slowly to 10 MHz; they are loosely associated with major flares and indicate a
major disturbance in the solar wind. Type IV emissions are broadbanded bursts between
300-30 MHz. They occur with some major flares and begin 10 to 20 minutes after the flare

maximum; they can last for several hours.

solar wind disturbances require about 48
hours, on average, for their effects to be-
come apparent.

Ultraviolet and X-ray emissions from
solar flares are responsible for a class of
disturbances called sudden ionospheric dis-
turbances (SIDs). Of these, the SID of
primary importance to the amateur is the
shortwave fade-out (SWF). SWFs can be
quite intense, resulting in a complete black-
out of signals on sunlit paths. SWFs are
caused by increased D-layer absorption of
signals. Solar radio emissions occur at

wavelengths ranging from centimeters to
decameters. These emissions may occur as
storms, bursts or sweeps. They are classi-
fied according to the frequencies effected
and their duration, as shown in Fig 3.
Cosmic ray particles may cause polar cap
absorption events (PCA). PCAs occur with
major flares. They begin after a few hours
and peak after one or two days. PCAs
result in anomalous absorption of polar
path HF signals. Disturbances which result
from shock waves propagating in the solar
wind result in geomagnetic and ionospheric

Table 2

Effects of Solar Flares on HF Propagation

(See note 13.)

Polar Cap
Absorption

Several minutes
-to several days

Polar regions,

lonospheric
Storm

Several hours
to several days

Polar regions,

Polar
Blackout

Several hours
to several days

Polar regions,

day or night mid-latitudes mid-latitudes
day or night day or night

Mid-latitude and Low latitude and Low latitude and

equatorial equatorial equatorial

regions regions regions

10m 80-160 m None

15-160 m 10-40 m 10-160 m

Use low latitude
and equatorial

paths; use paths; use

Use low latitude
and equatorial

Use low latitude
and equatorial
paths.

Shortwave
Fade-out
Duration Few minutes to
several hours
Greatest Day side
Effect
Least Night side
Effect
Best Bands 10-15 m
Worst Bands 20-160 m
Remedial Use night paths;
Action use higher
frequencies on
day paths.

higher frequencies
on high latitude
and polar paths.

lower frequencies
on high latitude
and polar paths.
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storms when the shock waves interact with
the earth’s magnetic field. (Note: These
shock waves do not always reach the earth,
and as a result geomagnetic storms are ex-
tremely difficult to predict even though a
major flare may have occurred.)

Geomagnetic storms are worldwide
disturbances in the earth’s magnetic field,
apart from the normal diurnal variations.
Ionospheric storms, which occur in connec-
tion with geomagnetic storms, are distur-
bances in the F region of the ionosphere.
They begin in the auroral regions and
spread slowly toward the equator. They
result in the reduction of the MUF due to
decreased F layer ionization. This may
result in a partial or total radio blackout
along certain paths. Geomagnetic storms
also cause increased auroral activity that
is useful for extended-range VHF propa-
gation.*

Solar flares are classified according to
their increasing intensity of X-ray emission
as C, M, and X class flares.’ C flares have
little effect on HF propagation, while M
flares may cause minor events. X flares
may result in SWFs of major proportion
with total radio blackout. When accompa-
nied by type II or type IV radio emissions,
extreme radio noise may occur. The emis-
sion of protons (cosmic ray particles) will
result in a PCA event. X class flares can
produce massive solar-wind shock waves
and hence intense ionospheric storms. The
effects of solar flare activity and resulting
geomagnetic and ionospheric disturbances
are summarized in Table 2.

Monitoring Solar Flare Activity

Amateurs who are interested in
monitoring solar flare activity may obtain
information from the Space Environment
Services Center (SESC), Boulder, CO,
either as GEOALERT messages transmitted
via radio station WWYV or the SESC com-
puter bulletin board, tel 303-497-5000.5
However, amateurs with small telescopes
may monitor potential solar flare activity
directly by observing sunspots.

Observations of sunspots in white light
are easily made with a small telescope. (I
use a refracting telescope of 60 mm
aperture,) Safe methods of solar observa-
tion are described by Richard Hill.?
WARNING: Never look at the sun
without proper precautions. Retinal
damage can result in nearly instantane-
ous blindness!

In 1966, Patrick S. McIntosh of SESC
introduced a modification to the long-
established Zurich classification of sun-
spots.® The Zurich classes had already
been correlated with solar flares,? but the
Mclntosh system incorporated further
structural and dynamic characteristics of
sunspot groups which were noted by flare
forecasters to enhance the correlation.
Evaluation of the relationship between sun-
spots as classified by McIntosh and X-ray
flare activity indicates that the Mclntosh
system effectively distinguishes between
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INTERIOR

LARGEST SPOT
————————

Fig 4—Components of the Mcintosh sun-
spot classification scheme. See text and
Fig 5 for additional information.

flare-active and non-flaring sunspots.

The Mclntosh sunspot classification con-
sists of three components as shown in
Fig 4. In this classification scheme,

Sunspot group type = D + a + i
where

D
a
i

modified Zurich class

type of largest spot

= interior distribution of spots between
leader and follower spots

The complete classification is illustrated in
Fig 5 and Table 3. There are 63 possible

MODIFIED
ZURICH CLASS

%A

TYPE OF
LARGEST SPOT

: a

X
r
SUNSPOT
DISTRIBUTION

X

S
b

a (o]

Fig 5—Mclintosh sunspot classification. The classification covers three categories:
modified Zurich class, type of largest spot, and sunspot distribution, defined as indicated

in Table 3.
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Table 3

Definitions for Mcintosh Sunspot Classification
See Fig 5 for drawings of the various classifications.
Abbreviations and symbols in this table (not part of Mcintosh classification)

hd—heliographic degree
=—equal to

>—greater than
<—less than

Modified Zurich class:

A—Unipolar group, no penumbra, early or final stage of evolution
B—Bipolar group, without penumbra on any spots
C—Bipolar group with penumbra on one end of group, usually the largest of leader

umbrae

D—Bipolar group, penumbra on spots at both ends, length < 10 hd
E—Bipolar group, penumbra on spots at both ends, length 10-15 hd inclusive
F—Bipolar group, penumbra on spots at both ends, length > 15 hd
H—Unipolar group with penumbra, usually evolved from a larger group

Type of largest spot:
x—No penumbra

r—Rudimentary penumbra partially surrounding largest spot
s—Small, symmetric, north to south diameter < = 2.5 hd
a—Small, asymmetric, north to south diameter < = 2.5 hd
h—Large, symmetric, north to south diameter > = 2.5 hd
k—Large asymmetric, north to south diameter > = 2.5 hd

Sunspot distribution:
x—Undefined for unipolar groups

o—Open, few spots between leader and follower, weak magnetic field gradient
i—Intermediate, many spots between leader and follower, none with penumbra
c—Compact, many strong spots between leader and follower, at least one has penumbra

categories to which sunspot groups may be
allocated. In order to determine the class-
ification, an observer must note the follow-
ing features: (1) group polarity, (2) group
length, (3) penumbra on the largest spot,
(4) maturity and shape of the penumbra,
(5) penumbra size on the largest spot, and
(6) spot distribution within the group.

Once the Mclntosh classification has
been determined for the sunspot group, it
can be related to the potential for X-ray
flare production as determined from a
statistical analysis of previous activity of
similar spot groups.'® I have prepared ‘A
Guide to Sunspot Classification and Solar
Flare Prediction,’” which contains a key to
allocating sunspot groups to McIntosh
classes and the results of an analysis of
12,411 sunspot groups and 1485 associated
flares. The key, included here as Fig 6, can
be used to assist in the determination of the
Mclntosh class.

To use the key, select a sunspot group
for classification and begin at START.
Proceed through each successive division
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of the key, determining the presence or
absence of the appropriate feature in the
selected group. When moving along a
vertical path in the key, you will encounter
a horizontal line at which you have a choice
to move either left or right, depending on
the feature present. Move in the direction
indicated for the desired feature. This will
allow you to correctly determine the
MclIntosh classification of the observed
group. In the key, below each class desig-
nation, the probability of flare occurence
greater than 15% is indicated according to
the following classifications.

VL—very low, 15-34%
L—low, 35-64%
M—moderate, 65-79%
HI—high, 80-100%

Where two probabilities are indicated, the
upper is for M class flares and the lower
for X class flares. If there is only one
probability, it is for M class flares. For
example, a sunspot group classed as Ekc
will have a high probability of producing

Fig 7—SESC region 5060, July 2, 1988,
1314 UT from a 60 mm f/17 refracting tele-
scope, by the author,

M flares and a very low probability of
producing X flares. Fig 7 illustrates a
drawing of an Fkc sunspot group, desig-
nated SESC 5060, which I observed on
July 2, 1988 at 1314 UT. This group
Varotated onto the solar disk on June 25,
1988 as a Dkc group. It grew quickly to Fkc
within one day and maintained this config-
uration until July 4, when it decayed to Ekc
and finally to Eki on July 6. It crossed the
west limb of the disk on July 8. During the
disk transit, this group produced 42 C class
flares and 13 M flares.!! (Note the key of
Fig 6 indicates high probability of M flares
and low probability of X flares for an Fkc
group.) The group produced no X flares.
Intervals of minor and major geomagnet-
ic storms occurred June 29-July 2 at high
latitudes as a result of flares from this
group and several others on the sun’s sur-
face. The Anchorage (Alaska) K index
reached storm levels of 5 and 6 on June 30.
As well, several shortwave fade-outs and
type Il and IV radio noise storms occurred
during the passage of SESC 5060.




Summary

Programs such as MINIMUF are useful
for predicting propagation conditions
during various phases of the sunspot cycle.
However, their predictions for the MUF are
based on average conditions when the
ionosphere is well behaved. Day-to-day
variations in solar activity are not taken
into account. In order to consider these
effects, amateur operators can monitor so-
lar activity. Amateurs may do their own
monitoring by directly observing sunspots
on the solar disk. This information can be
used to make changes to planned operat-
ing frequencies or to pass priority traffic
before bands close. Amateurs who take
into account the effects of solar flares on
propagation conditions are able to make
more effective use of MUF predictions.
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Visible Phenomena of the
lonosphere

By Bradley Wells, KR7L

1290 Puget Dr East
Port Orchard, WA 98366

any amateurs have an intense
M personal interest in the

ionosphere because of its effect
on their communications activities. Hardly
a QSO goes by without a conversational
reference to propagation conditions.
Without a doubt, hams are a most atten-
tive audience for the WWYV forecasts at 18
minutes past each hour. Many facets of our
hobby would not exist without these refrac-
tive layers of the atmosphere. We would
be essentially limited to line-of-sight com-
munications, regardless of operating fre-
quency or power level.

Continuing investigations have shown
the ionosphere to be a region of dynamic
activity. It forms a boundary zone in which
the atmosphere interacts with the earth’s
magnetosphere. Atmospheric sciences and
geophysics can provide us with an under-
standing of the physical and chemical
processes operative in the ionosphere.

Scientists divide the earth’s atmosphere
into various regions, each with its own
particular characteristics. See Fig 1. While
each region is defined by altitude, it is
important to realize that these various
zones grade into each other. Atmospheric
characteristics do not abruptly change
across sharply defined boundaries.

The lowest region of the atmosphere is
the troposphere, where the temperature
decreases with increasing altitude. (Refer
to Fig 1.) It is here that most of the world’s
weather takes place. The weather reports
and photographs presented by television
meteorologists are manifestations of
activity in this region.

At about 10 miles altitude we enter the
stratosphere, where temperature increases
with altitude. It is here that we find the
ozone layer, the subject of much recent
investigation. Here too, primary cosmic
rays are intercepted when they impact air
molecules. This gives rise to showers of less
energetic and less damaging particles.

Above the stratosphere, beginning at an
altitude of 30 miles, we move into the realm
of the mesosphere. Temperature again
drops with altitude, reaching a low of
—225°F at a height of 50 miles. The D
layer of the ionosphere forms the transi-
tion between the mesosphere and the higher
thermosphere. Above this lowest layer of
the ionosphere, the temperature climbs
with altitude, reaching some 3600 °F at 180
miles. This is the region of the upper
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Fig 1—Features of the atmosphere showing the heights of the layers and the action that

takes place at different levels.

ionosphere, airglow and aurora.

Above 300 miles we find the exosphere,
which has no real upper boundary. The
atmosphere becomes progressively thinner,
finally merging with the magnetosphere
and solar wind. While it is convenient to
speak of these various atmospheric regions,
none is sharply defined, but grade one into
the other.

Active Regions

The territory of primary concern to
Amateur Radio operators, and to many
other users of the radio spectrum, is that
region extending from the middle
mesosphere to the upper reaches of the
thermosphere. It is here .we find the
ionosphere and a variety of atmospheric
features which can affect radio communi-
cations locally and worldwide.

Surprisingly, one of the first features
encountered at this altitude is reminiscent
of activity within the troposphere. Clouds
may form in the mesosphere above the
high-latitude regions of the earth.
However, they are unlike anything found
in the lower atmosphere. These clouds are

visible only after dark, when the sun is well
below the horizon. For this reason they are
called noctilucent clouds. In addition, they
are normally visible only during the
summer months of the Northern and
Southern Hemispheres. They form white
veils, somewhat resembling cirrus clouds,
at altitudes of 50 miles above the surface
of the earth in that boundary region called
the mesopause. Amateurs more commonly
know this region as the D layer of the
ionosphere.

At this altitude, these clouds are above
99.9% of the atmosphere. The mesopause
is the coldest region of the earth’s
atmosphere, where summer temperatures
may drop to —225°F. It is interesting to
note that the lowest temperatures recorded
in the mesopause have occurred during the
summer months, rather than winter.

A few sounding rockets have been fired
through these clouds to collect samples of
material. Analysis of this particulate mat-
ter indicates that a significant proportion
is of extraterrestrial origin. Many of these
recovered particles are considerably larger
than the maximum size of terrestrial dust




or volcanic ash which could have been car-
ried to this height. It is possible these clouds
are made up of microscopic dust particles
produced when meteors burn up within the
upper atmosphere. The 1908 Tunguska
Event in Siberia (the fall of a meteorite or
comet estimated to weigh 1000 tons) caused
the immediate appearance of very striking
noctilucent clouds in the Northern
Hemisphere. Some scientists feel that these
dust particles are merely the nuclei for ice
crystals. However, a difficulty with this the-
ory is the almost total lack of water vapor
at this altitude.

It is possible that we are able to perceive
this material only where its accumulation
becomes thick enough to reflect the sun’s
light. This observation poses another ques-
tion. Why is there such an uneven distri-
bution of these particles throughout the
upper reaches of the atmosphere? These
clouds form and move through the lower
reaches of the ionosphere, but there has
been little investigation of their possible
interaction with ongoing activity in the D
layer.

The density and temperature of the
atmosphere at altitudes above 50 miles
remained relatively unknown until the
advent of artificial satellites. Prior to this
time, infrequent measurements were made
through the use of sounding rockets or the
computation of meteor trajectories.
Gradual changes in the orbits of satellites
allowed scientists to calculate densities in
the upper atmosphere.

These computations revealed that less
than 1/10,000 of our atmosphere exists
above 50 miles. In spite of this very low
density, most of the incoming solar radia-
tion in the short ultraviolet (UV) range is
absorbed here. As a result of this absorp-
tion, daytime temperatures may soar to
3600 °F around noon and drop to 1000°F
during the night. In reality, these tem-
peratures have little correlation with our
everyday experiences. Temperature is a
measure of the average random velocity of
gas molecules, but the low densities
involved here reduce this to an almost
abstract concept. The individual gas
molecules are moving at high speeds, but
since so few are involved, there is a negligi-
ble heat content. In this rarefied
atmosphere, with its gas temperature of
3600°F, a person would freeze to death in
the shade (disregarding, for the moment,
the lack of oxygen to support life).

Early Research

In 1902, Leon Philippe Teisserenc de
Bott presented the French Academy of
Sciences with the results of his three-year
study of the atmosphere. Teisserenc de
Bott, an amateur meteorologist, had
launched some 236 balloons to probe the
upper atmosphere. He began his investiga-
tions using kites tethered with thin steel
cables. Much to the relief of local residents,
he was forced to discontinue this practice
since the cables repeatedly broke and would

deposit several miles of wire across the city
of Paris. In addition to the obvious effects
of draping a steel cable over power lines,
Teisserenc de Bott holds the dubious honor
of having shorted, on several occasions, the
telegraph wires which were carrying the
press accounts of the Alfred Dreyfus trial.
The result of his balloon experiments
demonstrated that the atmosphere did not
continue to get colder with altitude, but
leveled off at about 7 miles. He assumed
that temperatures remained constant above
this altitude. Without a temperature
differential, Teisserenc de Bott hypothe-
sized the upper atmosphere would be
devoid of convection currents, and at-
mospheric gases would settle into distinct
layers based on their molecular weight.
While later investigation proved this
incorrect, it does occur farther up in the
thermosphere. Here, the short UV radia-
tion of the sun breaks molecules into their
constituent atoms. Then these atoms tend
to sort into layers determined by their
atomic weight. Nitrogen and oxygen settle
below the lighter gases of helium and
hydrogen because of the almost total
absence of generalized atmospheric motion
in this region of the atmosphere.
Atomic oxygen, combined with smaller
proportions of nitrogen and nitrogen-oxide
ions, is the principal constituent of the
lower thermosphere. Between 200 and 600
miles altitude, helium becomes the primary
gas of the atmosphere. Above 600 miles,
the prevalent gas is hydrogen, which
becomes increasingly rarefied until it
merges with the earth’s magnetosphere.
As we now know, the atmosphere has
electromagnetic layers in addition to its
chemical layers. The explanation for this
phenomenon was first advanced by the
English physicist Oliver Heaviside, several

months after the transatlantic success of
Guglielmo Marconi. He stated, ‘““There
may possibly be a sufficient conducting lay-
er in the upper air. If so, the waves will,
so to speak, catch on to it more or less.
Then the guidance will be by the sea on one
side and the upper layer on the other.”
Heaviside’s explanation was also arrived at
independently by the American electrical
engineer Arthur Edwin Kennelly.

In this region of the mesosphere, X-rays
and UV radiation from the sun ionize
atoms and molecules. Free electrons may
then be caught up in the electromagnetic
field of a passing radio wave. They first
absorb and then radiate energy, and the
effect of this interaction is to slightly bend
the radio wave. The more free electrons
present, the more the wave front is bent.
At a critical density, the wave front will be
bent enough to return it to the earth’s
surface.

There is also a direct relationship
between electron density and the highest
frequency of radio wave affected. Since
ionization is a function of incoming solar
radiation and atmospheric density, the
number of free electrons increases with
altitude. Maximum density occurs around
185 miles. This is not an even progression,
but occurs in steps which give rise to the
various layers of the ionosphere. These are
the familiar D, E and F layers, which affect
radio communications worldwide.

Since the extent of these layers can only
be approximated, it is more convenient and
correct to refer to them as regions: the D
region at altitudes below 55 miles, the E
region between 55 and 100 miles, and the
F region above 100 miles. The F region is
subdivided into two layers, the F1 and F2.
The uppermost (F2) layer, beginning
around 155 miles, has the highest concen-
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tration of free electrons.

Light-Producing Regions

In addition to its effects on radio waves,
the ionosphere makes its presence known
in another way. Simply put, it glows. If you
have ever been outside on a truly dark
night, far from the effects of urban light
pollution, you know that it is not complete-
ly dark. As your eyes become dark-
adapted, there is often enough light to read
letters 2 inch high. Under these condi-
tions, individual stars appear sharp and
brilliant, while the Milky Way stretches out
in a glowing band across the sky.

It was originally thought that this residu-
al light was the contribution of the 6000
stars visible to the naked eye. We now
know that starlight accounts for only 15%
of this illumination, and the rest comes
from the ionosphere. This diffuse layer of
light, called airglow, is faintest at the zenith
and strongest at about 10 degrees above the
horizon, which makes it an atmospheric,
rather than stellar, phenomenon.

Two types of reaction take place within
the ionosphere. The first is simple ioniza-
tion of atoms and molecules, as shown in
Fig 2A. UV radiation and X-rays from the
sun separate atoms into ions and free
electrons. The recombination of these
particles causes the emission of light. Air-
glow, because of its faintness, often ap-
pears colorless to the eye, but is composed

of a variety of discrete wavelengths.

When an atom is ionized, some of its
remaining electrons may be raised to higher
energy levels without actually leaving the
atom. When these electrons spontaneous-
ly drop to lower energy levels, they emit
radiation. Each type of atom has its own
unique emission spectrum. Some of this
radiation may be visible light, depending
upon an atom’s electron structure and
energy levels.

Characteristic emission lines found in air-
glow spectra are green, 5577 angstroms (A)
and red; 6300, 6364 and 6391A. These are
the lines of atomic oxygen. Green is the
most prominent color at altitudes of 60 to
75 miles and the red lines originate around
100 miles. The intensity of 5577A emission
is greatest around midnight, while the red
lines are strongest during the early evening
and around dawn.

In addition to the emission lines of gases,
the spectral lines of metallic sodium,
lithium, calcium and magnesium have also
been identified. The ratio of sodium to
potassium in airglow emission is similar to
the ratio of these elements in seawater.
Additionally, the abundance of sodium
appears highest in winter and lowest in
summer. The conclusion is that these ele-
ments are carried high into the atmosphere
by a very slow, large-scale circulation cor-
responding with the seasons of the year. The
source of other metallic ions is believed to

be the result of meteors burning up within
the atmosphere.

Dissociation, the second mechanism
generating airglow, is more chemical. Here,
UV radiation dissociates molecules of gas
(primarily oxygen) into individual atoms.
Free oxygen can easily combine with other
atoms, primarily nitrogen and sodium. The
result of this recombination is the emission
of visible light. The process is called
chemiluminescence and occurs as shown in
Fig 2B.

Airglow is not only visible from the
ground, but can be seen from orbiting satel-
lites. Identified by John Glenn, the first
American to orbit the earth, it has been
observed and photographed on many sub-
sequent manned missions. Pictures of this
phenomenon show it as colored bands
which follow the curvature of the earth’s
surface and extend above the lower
atmosphere.

The ionosphere reaches almost to the top
of the thermosphere. At sea level, an air
molecule can travel only 3/1,000,000 inch
before colliding with another molecule. In
the upper reaches of the thermosphere,
molecules travel an average of six miles
before colliding. This increase in the mean
free path is responsible for the relative
longevity of the F layer when contrasted to
the D layer.

At the altitude of the F layer, deioniza-
tion proceeds at a very low rate because of

Fig 3—Sequence of events producing
greenish-white light of aurora.
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the low frequency of recombination of ions
and electrons. Since the rate of collision is
so low at this altitude, the lighter gas atoms
move relatively unimpeded and can be
accelerated to escape velocities. Thus, there
is a gradual loss of hydrogen and helium out
of the atmosphere and into space. However,
there is no net loss of these elements. Heli-
um is injected into the atmosphere as a by-
product of radioactive decay, while pho-
tochemical breakdown of water releases
molecular hydrogen.

Aurora

Perhaps the most spectacular phenome-
non occurring within the ionosphere is the
aurora borealis and its southern counter-
part, aurora australis. The light of the
aurora is generated by the interaction of
solar particles and the atoms of the upper
atmosphere. Ions and electrons of the solar
wind can become imprisoned within the Van

Allen belts. They gradually leak out of this
magnetic trap where it closely approaches
the earth’s surface. These charged particles
spiral along the magnetic lines of force and
form a glowing ring around the earth’s
north and south magnetic poles.

An auroral display normally becomes visi-
ble a few hours after sunset and disappears
with the sunrise. The activity of an aurora
does not cease during daylight hours. Its
light is simply lost in the overwhelming lu-
minosity of the sun. From the ground, an
aurora may be seen as convoluted sheets of
light or a glowing arch directly over the ob-
server. Actually, both of these forms are one
and the same, but appear visually different
because of the effects of perspective. Only
from high in space, looking down over the
poles, can its true circular shape be seen and
photographed. Astronauts in low earth or-
bit _have described their passage through
aurora as similar to flying between columns

of flaming gas.

One early significant discovery was that
the aurora follows the 1l-year sunspot
cycle. During the years of sunspot maxima,
auroras are more numerous and brilliant,
while during the sunspot minima they are
fewer and smaller. The years from 1645 to
1715 are often referred to as the Little Ice
Age, a time of worldwide sub-normal
temperatures. These decades also encom-
pass the Maunder Minimum, named after
E. Walter Maunder, the British astronomer
who first pointed out this irregularity.
During this 70-year period there were few,
if any, sunspots on the solar surface.
Auroras were so uncommon during the
Maunder Minimum that an entire genera-
tion never witnessed their beauty.

How do incoming particles, spilling out
of the Van Allen belts, produce auroral
light? The mechanism is similar to that
which produces airglow. Spectroscopic
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studies have revealed the most common
light to be a whitish-green color with a
wavelength of 5577 A. This is the familiar
emission line of atomic oxygen, produced
as shown in Fig 3. This form of oxygen can
also emit light at a wavelength of 6300 A.
This color forms the ‘“blood red’’ aurora
so much feared in medieval times as the
precursor to war, famine and pestilence. If
an aurora becomes very active, the bottom
of the curtain is often tinted crimson red,
a visible light emission by molecular
nitrogen.

Auroral emission is triggered by high-
speed electrons passing through a tenuous
medium. A neon light works in much the
same manner. In the upper atmosphere an
energetic electron impinges upon a nitrogen
atom, ionizing it. The ionized nitrogen
atom emits light in the ultraviolet region
at a wavelength of 3914 A. The electron
ejected from the nitrogen, as it was ionized,
can hit an oxygen atom and excite it. The
oxygen emits its characteristic white-green
light at a wavelength of 5577 A as it
returns to its lowest energy state. Since the
original incoming electron is very energetic,
it continues to ionize large numbers of
nitrogen atoms as it passes through the
upper atmosphere. When its energy drops
to the point of being unable to ionize nitro-
gen, it can still excite these same atoms to
cause the crimson red emission often seen
at the bottom of auroral curtains. In addi-
tion to emission at visible and UV
wavelengths, an aurora also emits radiation
in the infrared and radio portions of the
electromagnetic spectrum.

The Earth as a Generator

Auroras represent an electrical discharge
phenomenon involving an enormous flow
of current at a power level of one trillion
watts. The annual energy release is 9000 bil-
lion kilowatt hours, or nine times the
annual consumption of electrical energy in
the United States. The source of this energy
is provided by the solar wind as it cuts
through the lines of force of the earth’s
magnetic field. This is illustrated in Fig 4.

In essence, the earth’s magnetosphere
functions as a tremendous generator with
currents of 1,000,000 amperes flowing
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across a potential difference of 100,000
volts. As with any generator, there must be
two terminals. In the case of the
magnetosphere, the positive terminal is
located on the morning side and the nega-
tive terminal on the evening side. The pro-
tons in the solar wind tend to move to the
morning side of the magnetopause (the
boundary layer of the magnetosphere),
while the electrons migrate to the evening
side. The interaction of the earth’s magnet-
ic field lines with those of the solar wind
provide the path for current flow between
the two “‘terminals’” of the magnetopause.
Electrons moving along these field lines
provide the current for upper-atmosphere
electrical discharge, which we see as aurora.

Auroras are not limited to the earth’s
environment. Any planet possessing a
magnetic field and atmosphere can gener-
ate these phenomena. Auroras above the
magnetic poles of Jupiter were photo-
graphed by the Voyager spacecraft in 1977.
Strong radio emission from Jupiter’s mag-
netosphere and auroras are detectable at a
frequency range of 18-22 MHz by relatively
simple equipment.

The impact of auroras on radio commu-
nications is varied, depending on frequen-
¢y, path and geography. A large aurora
manifests itself in several ways. Incoming
electrons and UV emission greatly
strengthen the D layer, which results in
increased absorption of HF radio energy.
Thus, activity on the high-frequency bands
is shut down for those living in the high lati-
tudes. Polar paths between stations in mid-
latitudes are also disrupted.

At the higher frequencies of the VHF
spectrum, the auroral curtains act like
imperfect reflectors. VHF stations can
work greater than normal distances during
an auroral disturbance by pointing their
antennas in a generally northern direction,
rather than the traditional great-circle path.
Since the reflection characteristics of the
curtains are constantly changing in
response to shifts in electron density, the
operator using a very high gain, narrow
beamwidth antenna may be at a disadvan-
tage when compared to those stations using
more modest antenna systems.

Aurora, airglow and the ionosphere are

all features of the upper atmosphere. They
are interrelated and affected by activity
within the earth’s magnetosphere. The
electrical activity of the magnetosphere is
controlled by events on the surface of the
sun. Over the past several decades it has
become clear that none of these phenome-
na can be studied or explained in isolation.
Each is affected by the other.

Answers have become more involved for
those of us asking questions about the
ionosphere. However, with this complexity
comes order and, with order, comes
knowledge. While we still have a long way
to go, each passing year brings us closer to
the goal of completely understanding the
ionosphere. The achievement of this objec-
tive would give us the ability to predict
accurately which DX can be worked during
a certain hour on any given day of the year.
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