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Fig. 8—Modulation envelope waveform at station A for 70-per
cent modulation at.4 kc at an azimuth angle of 165° (carrier
amplitude 23.8 per cent of rms).

Transmitter mod::!ation 20 cent.

Transmitter modulation 80 per cent.

Fig. 9—Station A modulation-envelope photographs for 10-ke sinu-
soidal modulation at various modulation percentages. [he re-
ceiving location azimuth angle was 135° (carrier amplitude
23.8 per cent of rms),

PROCEEDINGS OF THE I.R.E.

I ay

tion results in entirely different modulation envelopes
in the two receiving directions. High percentages (f
modulation are accompanied by severe distortion in the
null region.

An example of serious distortion in the null direction
at 4 kc is shown in Fig. 8. Analysis of this waveform
shows that the two sidebands are not of the same amplj.
tude and have been shifted slightly in time phase with
respect to the carrier. Waveforms of the type shown in
Fig. 9 occur when the sidebands have similar amplitudey
and are shifted from the normal phase position. The
effect of modulation percentage on the modulation
envelope of station A in the null direction with 10-ke
sinusoidal modulation is seen from Fig. 9.

Discussion

Arrays with many elements, nigh-Q tuning networks,
negative power elements, and deep nulls are more likely
to have severe anteana distortion than simpler, lower Q
systems. Stations operating at the low-frequency end of
the broadcast band are much more subject to this dis-
tortion than those operating at the high-frequency end
of the band.

Deep nulls should be avoided from:a standpoint of
signal distortion if service is to be rendered in the null
directions.

Directional signal distortion in the horizontal plane
would not be expected for single-elemént vertical an-
tennas.

While this article has dealt principally with trans-
mitting antenna signal distortion at broadcast frequen-
cies, it is apparent that somewhat similar effects should
also be expected for receiving antennas, for other radic
frequencies, and for other types of modulation.

CoNCLUSIONS

1. Signal distortion is observed in directional broad-
cast antennas, and is found to be a function of receiving
direction.

2. Signal distortion results from changes produced by
the directional antenna system in the magnitudes or
relative phases of the signal components.

3. Directional signal distortion is accentuated by
deep nulls, low-percentage antenna bandwidth, high
audio-modulating frequencv, and high percentage of
modulation.
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With the advent of AM stereo, the growing concern
for high-fidelity, and the race for loudness, band-
width has become a popular topic.l We all know that
the state-of-the-art transmitter has solved the trans-
mitter bandwidth problem, and that the weakest link in
the chain is the antenna system, now more than ever.
This paper will show that most AM antenna systems can
be designed and adjusted to have a bandwidth compat-
ible with today's transmitters.

There are two critical monitoring points in the
AM RF chain that are affected by antenna system band-
width: the final stage of the transmitter, and the
far-field detector. Since the need for an optimized
bandwidth at the transmitter has been recognized for
several decades,? this paper emphasizes antenna sys-
tem bandwidth as it relates to distortion at the far-
field detector.

This analysis includes several assumptions.

These are:

1. The receiving point is located in the major

lobe of the pattern, and in the far-field;

2. The detector responds to the peak of the

envelope only;

3. Antenna radiation efficiency is constant

over the band of interest;

4. Antenna current distribution is sinusoidal;

5. The transmitter is ideal and is a separate,

distortionless voltage generator for each
frequency

(fO’ fo 'fmn fo "'fm);

6. The transmission lines are lossless;

7. The transmitter is being modulated by a 10
kHz tone;

8. The center frequency (carrier) is 750 kHz.

In order to meaningfully analyze the data, a

computer program was developed by C. V. Clarke (Senfor

Engineer, Harris Broadcast Products Division), which

quantitatively relates bandwidth to total harmonic

distortion (THD) and modulation index. Ehis program

uses a numerical Fourier series approach® to calculate

the amplitude of the first five harmonics produced at

the detector due to an imperfect sideband pair.

The approach to data collection was to model sev-
eral variations of a representative phasor on the com-
puter (the results of this analysis also apply to non-
directional systems). The complex sideband currents
in each radiator were determined, and then combined at
the receiving point (P, fig. 1). From this superposi-
tion the r.m.s. THD and the degrees of positive and
negative modulation at the far-field detector were
determined for a given modulation index at the trans-
mitter. The idea was to minimize the difference be-
tween the modulation index at the transmitter and the
modulation index in the far-field, and to minimize the
harmonic distortion in the far-field. The modulation
index and THD seen at the transmitter will rarely be
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the same as those seen in the far-field.

The following parameters (amd all the others they
imply) were modeled as being frequency dependent:

1. A1l the reactances;

2. Radiator self impedances;

3. Radiator mutual impedance;

4, Transmission line electrical length;

5. Far-field angular distance, 9.

The radiators were modeled as a tee network (fig.
2) in order to eliminate the problem caused by inter-
dependence of radiator currents and base impedance
{egn. 1 and 2).

Zl Z11
Z2 = 222 + 12111/12

For the phasor, a typical two-tower (fig. 3)
array producing a cardioid pattern (fig. 4), using
steel-guyed, uniform cross-section, series-fed towers
of 90 degrees electrical height, was chosen.® The
spacing and field ratios and angles were chosen so as
to produce good final base impedances, within the
constraints of the pattern. The tower self imped-
ances were taken from empirical data. It was assumed
that any impedance-transforming antenna accessories
(e.g.: static drain chokes) or stray reactances within
the system had already been taken into account, that
all components were lossless, and that there was no
mutual coupling between coils {even in the power
divider).

An input tee network to match the transmitter to
the power divider was chosen, as opposed to an input
‘L' network, in order to allow optimization of the
sideband response seen by the transmitter. It should
be noted, however, that the Smith chart model of this
*1ine stretcher' is not exact if all the sideband
impedance points are lumped together on the same
chart. This is because the lower sideband wavelength
we are dealing with is significantly longer than the
upper sideband wavelength, but the angle scale around
the circumference of the Smith chart is valid at one
frequency only. More importantly, a tee network model
of a transmission line is valid at only one frequency.
Therefore, computer iteration was used to obtain exact
and conclusive results.

It was determined that minimum far-field distor-
tion is obtained when the sideband impedance, as seen
by the transmitter, approaches symmetry; that is,
when the sideband reactances are equal and opposite,
and when the sideband resistances are equal.

This was not a particularly surprising result,
and tends to sgpport the validity of the analysis up
to this point.” As a matter of fact, it looks like
there is no reason why a well-designed phasor cannot
be adjusted to introduce much less harmonic distor-
tion (for a given, single tone) than the rest of the
system building-blocks.

+ 21212/11 eqn. 1
eqn. 2




Bul we nave yet to deal with ftar-tieid moduia-
tion index (defined in fig. 5).

The following are the original sideband imped-
ances at the input to the phasor, after the system
has been adjusted to produce the desired pattern:

b (fo - 10 kHz) = 57.1 + j13.4
l (fo) = 50.0 + jO
1 (f0 + 10 kHz) = 36.2 + j2.77

This is a fairly typical sideband pair. The
phase shift across the input matching network is -90
degrees.

Figures 6 and 7 show what happens to the enve-
lopes when we try for 100% negative modulation at the
transmitter. The far-field envelope exists along
the locus of points equidistant from the two towers.
In the absence of any non-linearities, distortion
occurs because of the unequal propagation character-
istics across the frequency band of interest. Since
the transmitter is an ideal voltage generator, a cur-
rent pick-up was used for the envelope in Figure 6.

A voltage pick-up would not indicate any distortion
at this point in the circuit, except during negative
overmodulation.

Figure 8 displays the harmonic distortion at the
two monitoring points as a function of modulation in-
dex seen at the transmitter point. It is consider-
ably worse for the listening audience in the far-
field, and this is by no means the worst listening
point in the pattern for the present unsymmetrical
sideband situation.®

Figure 9 compares the modulation indexes at the
transmitter with those in the far-field. There is
almost a one-to-one relationship between the positive
indexes, but the negative index relationship is mark-
edly non-linear. The reference line is for the case
of a perfectly flat, resistive load across the band
of interest.

After iterating a while by altering the phase
shift across the input matching network, a relatively
symmetrical, realizable sideband pair at the trans-
mitter for a phase shift of -155 degrees was ob-
tained:

z (fo - 10 kHz) = 58.6 - j25.0
z (fo) = 50.0 + jO
z (fo + 10 kHz) = 56.6 + j20.1

Incidentally, when the phase shift across the
input tee is changed like this, the radiator sideband
voltages and currents change, but the radiator side-
band impedances remain fixed, since we are dealing
with a linear system.

With 100% modulation at the transmitter (both
positive and negative), the THD becomes a mere 0.5%.
The corresponding far-field distortion is only 0.1%.
The reason for the smaller far-field THD {s the fact
that the far-field modulation index is only 66%, for
a transmitter index of 100%. The envelopes are shown
in Figures 10 and 11.

Figure 12 displays the modulation index rela-
tionship for the improved sideband pair. As you can
see, the relationship is linear, but the far-field
loudness seems to have dropped. Distortion is way
down, but so is the far-field modulation index. This
could get someone in a bit of trouble when the next
rating period rolls around, but fortunately there is
a solution.

There is another point of sideband symmetry
available when the input matching network is adjusted
to have a phase shift near -55 degrees. When this is
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done, the sideband impedances are as toliows:
Z (f, - 10 kHz) = 41.9 + j9.43
z (fo) = 50.0 + j.0
z (f° + 10 kHz) = 40.8 - j11.2

figure 13 displays the new modulation index com-
parison; still linear, but now the far-field index is
greater than its transmitter counterpart. Figure 14
shows the transmitter envelope when 100% modulation
exists in the far-field. This new situation requires
that the transmitter modulation index be limited to
less than 85%, in order not to overmodulate in the
far-field with a 10 kHz tone. One might conclude from
all this that a real-world transmitter can now operate
in a region where its inherent distortion is lower,
its power consumption is lower, its tube life is
extended, and component reliabilfty is raised. Real
transmitters, however, are designed to work best into
a flat resistive load. As antenna system bandwidth
is increased, the impedances of the balanced sideband
pair will approach the center frequency impedance.

As the frequency of the modulating tone is
decreased, line A in Figure 13 will move closer to the
reference line, in most cases. For example, a 5 kHz
tone will require a modulation index greater than 85%
to produce 100% modulation at the far-field point.
Since normal programming energy is concentrated
closer to the center frequency than 10 kHz, the dele-
terious effects of bandwidth will not be as pronounced
with average program material. But, of course, the
FCC proof of performance is not done with average pro-
gram material.

If we move the far-field monitoring point a full
90 degrees of azimuth to point P, (fig. 4), we find
that the modulation index is about five percent
higher, and the THD is about the same (compared with
point P). Similar results are obtained for a 45
degree change in azimuth, at point P3 (fig. 4). It is
fortunate that this array produces only a five percent
variation across the major listening area; if the var-
jation were large, there would be little to gain from
optimization of the sideband pair back at the trans-
mitter.

As for the rest of the phasor, we can decrease
the 'Q' (Q = X/R) of the common-point center frequency
impedance by increasing the power divider inductance.
Some people say that this will help the system band-
width. But first, let's look at the sideband imped-
ances at the input to the power divider, for our sec-
ond design (input tee -155 degrees):

z (f0 - 10 kHz) = 22.7 + j4.28

Z(f,)
z (fo + 10 kHz) =

26.9 + j9.12
36.2 + j6.62

This is about what would appear at the input to a
3/8 wavelength transmission line terminated in a
series resonant circuit.

But when we increase the power divider induc-
tance in an attempt to reduce 'Q‘', we also increase
the impedance looking into, and the lagging phase
shift across, the power divider. Therefore, we must
change the phase shift of the phase-adjusting network

(in this case, resulting in a reduction in component

reactances), and adjust the input matching network
(an increase in component reactances). These neces-
sary additional changes may actually negate any im-
provement obtained at the power divider, so it is im-
portant to treat each phasor individually.

We must keep in mind that a bandwidth 'bottle-
neck' may exist elsewhere in the phasor. If we treat




anytning olner tnan s votlieneck nrst, tnere mMay
not be an appreciable improvement in the overall sys-
tem bandwidth.

There are several potential bottlenecks in a
phasor:

1. The 1input matching network,

2. Power divider,

3. Phase-adjusting network(s),

4. Transmission lines,

5. Antenna coupling networks,

6. And the radiators.

The networks (1,2,3,5) can be optimized by keep-
ing the phase shifts across them as low as practical
(there are trade-offs with stability/ and case of ad-
Jjustment), and by using the least number of components
possible, including zero. A transmission line can be
modeled as a series of tee networks (one for each
frequency), and thus fits in with Item 3. The radi-
ator bandwidth is a bit more complicated, being a
function of effective tower diameter, electrical
height, spacing, system base currents, the ground
system, and nearby structures. In most cases, the
radiators are the bottleneck.

The approach to optimization of AM antenna sys-
tem bandwidth 1s to first select the radiator config-
uration that provides the most cost-effective band-
width for a given pattern requirement, using the tee-
network model (fig. 2). Once this is done, 1t is a
simple matter to optimize the bandwidth of the rest of
the system, if one is methodical in developing the
specific computer model, which should also include the
exact output network of the transmitter.

In conclusion, we have found that the far-field
harmonic distortion fs minimized when the THD at the
final stage of the transmitter is minimized (when
sideband symmetry is approached), and that it 1s not
necessary to get especially close to symmetry to ob-
tain excellent distortion figures. More importantly,
we have found that an improvement in far-field distor-
tion may be accompanied by a considerable decrease in
the far-field modulation index at all levels of modu-
lation (for a single tone). We have also been re-
minded that a single Smith chart is not an exact model
for the behavior of the sideband pair in a lumped-
parameter system, and that an iteration technique can
overcome this problem. It has been pointed out that
sideband symmetry is not a panacea for real trans-
mitters; thus an attempt to improve the system band-
width should also be made. Finally, we have seen
that it is possible to have our cake and eat 1t, too:
vanishing distortion, perhaps a decreased workload for
the transmitter, and loudness can all be obtained by
following the methods outlined in this paper.

FOOTNOTES

1. Since this paper deals with harmonic distortion
only, the reader {nterested in phase and inter-
modulation distortion 1s referred to:

Stanford Goldman, Frequency Analysis, Modulation
and Noise, Chapter entitled “Modulation™, 1948,
McGraw-H11,

2. W. H. Doherty, "Operation of AM Broadcast Trans-
mitters Into Sharply Tuned Antenna Systems", July,
1949, Proceedings of the I.R.E.

3. Skilling's Electrical Engineering Circuits, 1952,
John Wiley and Sons, NY, Pages lg I5%

4. Preliminary design for a 50 kW phasor for Dr. Ivo
Facca, Alvorada, Brazil.

5. Bill McCarren, Associate Director of AM Trans-
mission Systems, CBS Radio, Paper presented at
1976 NAB Show in Chicago, "Antenna Q vs. Audio
Response".

6. Clifford H. Moulton, "Signal Distortion by Direc-
tional Broadcast Antennas", May, 1952, Proceed-
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7.

1ngs ot the |.K.t.

§79§1—Ehgﬁj' Phasing System Network Sensitiv-
ities", Available from Harris Broadcast Products
Division, Quincy, I1linofs.
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