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ABSTRACT

A diversity-condining tealnique is desorided which reduges Ixe~ °
quency distortion caused by multipath propsgation in high-frequency,
single~ or double-sideband, voice, radio transmission. By repetitivaely
sweeping a null through the vertical polsr patterna of the recaiving tne
tenna, the relative amplitude of signal components sxxiving by the vaxd-
ous propagation modes is varied st & rste which s Bigh compared with
the highest audio modulating frequency. A running average of the timare
varying resultant of the various mode voltages is diode rectified %o
extract the audio intelligence. Mode-interference-caused transmisgsion
nulls at particular frequencies in the radio spectrum are £illed in by
this averaging process, The technique requires no more equipment than
conventional combiaing end would appear to offer superior perfornande,

il SEL-63-146
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I. INTRODUCTION

The following is concerned with reducing the frequenty distortion
encountered in voice og._broadband data transmission over high-frequency
radio circuits-subject to selective fading. The term "frequency dis-
tortion" used here has the same meaning as in audio-amplifier practice
and has reference to the steady-state amplitude-of-transmission-vs-modu-
lation-frequency characteristic of the radio circuit. As a result of
selective fading, this characteristic is not flat; mode interference re-
sults in the existence of one or more nulls lying within the bandwidth
of a voice channel. As the ionosphere changes, the position of these
nulls in the spectrum drifts. When the position of a transmission null
coincides with that of the carrier of an amplitude-modulated transmis-
sion, severe amplitude distortion due to overmodulation oecurs if the
receiver detector is a simple diode. Even when the carrier is strong,
and such overmodulation does not aoccur, the presence of drifting trans-
mission nulls at other frequencies within the passband causes changes in
audio quality which are unnatural and which detract from intelligibility.
The audible effect of these nulls can be simulated in the case of clean
program material by slowly tuning a comparatively broad "notch filter"
through the audio-frequency range. .

Simple diversity combiners [Ref. 1] intended for radiotelephone use
eliminate the carrier dropouts but do not improve the frequency distor-
tion. The following note will describe an alternative approach to diver-
sity combining in which a special kind of average is automatically taken
of the contributions of the several modes which may be present %o trans-

®
mission at each audio frequency.

-] SEIr-63-146



II. STATEMENT OF THE PROBLEM

Figure 1 shows the way in which frequency distortion in hf trans-
mission arises. In part (a) it is assumed that only one ionospheric
path exists between a given transmitter and receiver, a circumstance en-
countered comparatively seldom in practice. In this situation there can
be no multipath, and the amplitude of transmission over the intelligence
bandwidth will be independent of the radio frequengy,

In Fig. l(b), two transmission paths are shown, one an upper ray
and the other a lower ray. Except for certain special situations, two
such rays will always be present in one-hop transmission. 1In the state
of affairs illustrated, it is assumed that the paths of the two rays do
not diverge appreciably. Therefore, the transmission time delay will be

nearly the same for both paths, and the amplitude of transmission for

both will be nearly the same. Q} some radio frequency, marked by the
arrow in Fig. l(b), the phase of continuous-wave energy transmitted over
one paEP will be opposite to that transmitted over the other, and can-
cellation of the resultant signal will result, At frequencies to either
side of this "null frequency", the two individual-path contributions
will no longer be in precise phase opposition, and partial transmission
will take place.

1f the radio frequency departs sufficiently from the null frequency,
a point in the spectrum will usually be found at which cancellation once
again takes place. The frequency separation betwean nulls is related to
the difference in transmission time delay of the two paths {Ref. 2], If
the delay-time difference is small, the spacing of the nulls 1n the fre-
quency spectrum is large.

In part (c) of the figure, an important practical gase 4is shown,
where interference occurs between the one-hop and the two-hop modes, In
practice, the spread in propagation delay times encounterad in lonospharie
transmission will normally not exceed 2 msea, It follows from this that
the minimum spacing between transmission nulls in the frequency spectrum
is in the order of 500 cps. The position of these nulls ia She spectrun
is subject to continuous change, owing %o motioh of the lonospheric lay-
ers, which alters the phase relationships batwaen tha signal esontributions
delivered by the various modes.

SEL-63-146 -2~
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It should be noted that the transmission-vs-frequency curves of

Fig. 1 apply to the case of steady-state signals. By "steady state" is
impIied that signal components at~-or very close to--a given radio fre-
quency endure for a time interval long compayretd with the relative mode
delay times., In the case of speech trangmission, the steady~-state pic-
ture is valid for most of the high-energy voice gomponents, which have
relatively long durations. However, some speech sounds, such as frica-
tives and sibilants, are highly transient. When a 2-msec relative tine
delay is present, a l-msec transmitted impulse will 2ppear to be doubled
in duration at the receiver. In this situation, the steady-state view~
point is meaningless, and the averaging procedure proposed in this note
offers no advantage. Howevery, much of the time, the {nter-mode relative
time-delay differences of significance will fall in the 200- to 500-usec
ranga, This is especially true of the shorter (1.a., several thousand
%ilometer) transmission paths. In this situation, mode averaging to re-
duce frequancy distortion should offer real advantage in tyansmission of

both speech ahd music.

SEL-63-146 »~4 -



I1J. PROPOSED SOLUTION

Consider the two-mode situation of Fig, 1{c). If, at the radio
frequency at which a null océurs, some means aan be found to upset the
equality of transmission via the two modes, or to render the relative
phase of the two voltages thus delivered to the receiving antenna other
than opposite, the null could be removed, or at least shifted to another
radio frequency. The problem is to Sind a way to do this continuously
and automatically, so that o attention oh the part of an operator is
required.

To alter the relative amplitude (and, as an incidental, the velative
phase) of the two downcoming rays of Fig. 1(c), 4t is possible to use
variable antenna directivity as shown in Fig, 2(b). Since high-frequency
propagation to a first approximation lies in the great-circle plane pass-
ing through tyamsmitter and receiver, a steerable null in the vertical
polar pattern of the receiving antenna is needed to alter relative mode
amplitudes. The aull can be adjusted so as to reject a particular,mode,
or regeived~signal gomponent,

Such a null could de provided by means of an interferometer arrange-
ment similar to that shows n Fig. 2(a). Antennas spaced vertically one
above the athet are showa, byt two antennas of the same height spaced a-
loug the great-cirele direction to the distant transmitter could also be
used. The obdjective tn either Case 36 to generate a polar pattern which
approximates the $deal form showa in ¥ig. 2{b). By varying the phase of
the phase shifter tllustrated in Pig. 2{a), it 4s assumed that a null
v11) be cavsed t0 move thyough the vertical polar pattern of the inter-
ferometey, 7The thtee paris of Fig. 2(b)} represent patterns obtained with
three differant setiings of the phase shifter of Fig. 2(a).

pass {a) of P4z, 2 shows the affect on the relative phase and ampli-
tude 0 the two {ngoming mode voltsges, of satting the pattern null to
these three positions. Fitrst one mode 1s discriminated against, and then
the other.

The yresultant voltage delivered %o the receiver for each of the three
antenhs patterns 18 shown iu the phasor diagrams of parts (d), (e) and (f)
of Fig. 2. %he vari{ation of this yesultant voltage with the position of

. SEL-63-146
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the pattern null depends on the relative phases of the two downcoming
signal conponents.‘ Part (d) assumes that the mode voltages ar@ in phase,
part (e) in phase quadrature and pard (t) in phase opposition.

Since the yaviation of the polar patters (a sweeping of the pattern
null, shown &n Fig. 2(p), 4s sasumed to be accomplished solely bY
varying the setting of the phase shifter, the pattern change will repeat
one or more times exch time the phase ahift 18 changed Y 360 deg. IO
form a kind of tunhing . yerage” of the contridutions of eech node, it
is possible to pepeat the yattern-unll sweap At a rate shich is bigh com~
pared with the highest signal-moduleting frequency. This could de done
by motor driving the phase shifter at a sufficiently bigh rate. Such 8
continuoys phase shift amounts to 8 frequency shift. o the arrangement
of Fig. 2(a) an appreciable frequency shift would not be practiacal, be=
cause the receiver acceptance pandwidth would then have to be broadened
in order to accept both the original signal frequency, and the shifted
frequenay coning grom the output of the phase shifter. Such & bandwidth
{nerease would adnit tnterfering signals.

Howeves, two separate narrow-band receivers could be used, each con=
pnected to ah antenna element, as in Fig. 3. The phase (and frequenay)
ghagting can then be done at the output of their respactive 3-§ amplifier
chains, without any problem due to {ncreased bandwidth or interfarence.
In practice, qnstend of & motor-driven phase shifter, sinple fyequency
granslation can be used. Thus, if the receivers were taitially identical,
the 1-2 output of one could be heterodyned to & frequency separated from
thag of the athet by some convenient value, such se 48 ke. Alternatively,
the reqeivesrs might be initially designed to have the seme bandwldth but
digferent coutey {-f frequencies. The exact {requency ditference is un-
gmporsant, SO long 88 1% 13 wall above the highest sudio modulating Ere-
quenay.

1¢ she i-f voltages of the two vecelivers are then added, the situa~
eion at the input teruinals of the diode detector 18 the same as 1f the
phase shifter of Fig. 2{a) had been dyiven continuously at a rate suffi-
alent to produce a 48-kc frequency shifs and the 4~f passband of the sin-~
gle receiver %ad been broadened accordingly.

Followlng the diode detector of Fige 3 48 a Jow-pmss filter whose

-7 - SEL-63-146
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FIG. 3. MEANS FOR AGHIEVING EPFECT OF #1G. 2 AUTOMATICALLY, SUITABLE AS SHOWN, FOR DSB AM
RECEPTION,

purpose is %o redect any 45-kc beat frequency and to pass the desired
modulationefrequency band, ln order to produce interferometer action,
the gains of the %two receivers should at all times be equal. Thus an
AGG voltage commop to both receivers must be derived from the single
ddode load,

The operation of the arrangement of Fig. 3 can be visualized bp
reference to the wave forms of Fig. 4. Por simplicity, let 1t be ase
sumed initfally that only one mode is present, &s in Pig. 1(a). Zach
antenna then receivas a steady voltage corzesponding to that mode, &lnce
the antennas have equal response and the receiver gains are equal, the
two intermediate-frequency voltages will be equal in aumplitude and vildk
beat together at a 48-kc rate, as an Pig. 4(a). 12 the incoming sizneld
4s amplitude modulated &% an auddo yate, the intensity of both raeceived
signal components will vary 3n synchyonism, and the ehvelope of the ¢S+ieq
beats will vary with time, &s 1n piz. 4{v). The damodulased anvelope of
this wave form, appearing &t the output terminals of the tow=pass fil%er,
is shown in Fig. 4{a): this should ba A replica of the tramsmitter modu-
lating vol2age.

SEL-63-148 »f e



SUMMATION OF THE TWO
IF VOLTAGES

o) Plot of woltage delivered oo diode
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=
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§10. 4. DIODE DETECTOR WAVEFORNS, AS I FIG, 3, FOR CASE WHERE ONLY ONE INCOMING
MODE IS PRESENT, AS IN FIG. %3

Yhen sore thad obe Snaondeg mode is psesens, the action of She gom=
benet oan Do ¥Rsualized with ¢he afd of Fig. 5. Assume for simpllcicy
that oply Gso yedes axe paesen?, 85 In Fig. 1{c), and that thep are of
equal 3ntensity, dsswme that She two receivers of Fig. 3, connected to
Shelr gespective antasnas, arg producing the idealized polar-pattern
variation dllustratad In Fig, 2{4:), and that this variation repeats once
per cyele of 48+%ae differaence fvequency. The resultant i-f voltage which
is applted to the diode detector can be found by constructing phasor dia-
gyans such ss those shown ia pargs {d), (e}, and (£) of Fig. 3, The vari-
asiop of the amplitude of this yesultant dusing one cycle of the 43-kc
differance frequenay s shown at the left in Fig, 3. Parts {a), (b), and
{¢) of Fig. 5 1llustrate the envelope of this resultant for the three
conditigns of relative phase between the two mode voltages. On the right-

nand side in Fig., 5 are shown amplitude-vs-frequency curves for a single

“ 9 - SEL-63-146
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RELATIVE MODE YOLTAGE PHASES, SHOWING EQUIVALENT RADIO FREQUENGY,

an®eany end gecetver, with arsows §ndecating She pofnts in the radio=
frequency Spectitun qorresponding %o the three assumed relative mode=
voltage pPhasese

2a Fige 5(s), the two mode voltages are assuned 8o be 1n pbase.
%hen Shat coadition epplies, & sinple receiver would €ind & manimyn 48
the Zrequenay ¢pectrum at the operading groguency. Tor the phase-shifter
satting which resslts 1in the polar pattern shavo 1o the stddle dfagram
of 7ig. 3{c). the two mode voltuges will be received with equal ampli~
tude. One will be received in one lobde of the antenns, and the other in
the dther. Since the phase of voitage picked up $b one lobe will be te-
verged with respect to that picked up {n the other, at that particular
instant In the phase shifter or differeance-frequency eysle, the two mode
voltages cangel and the sesultant §s zaexo, However, for the other twa
polar patterns gorgesponding to the other paesitions of the phase shifter

SEL-63-146 - 10 -



illustrated in Fig. 2(b), the mode-voltage resultant is not zero. Thus,
if an average of the resultant voltage is taken over one .cycle of the
difference frequency (1.e., over one sweep of the antenna polar pattetn)
a finite output is obtained. The value of this awerage, for all three
relative mode-voltage phases, is indicated in the center of the figure.

Note that when the relative mode pbase is 180 deg, which results in
a null at the operating frequency in ¢the simple receiver, the mode-aver-
aging receiver has an output whose average over on@ ¢ycle of pattern
variation is also finite,

Similarly, a quadrature phase felationship between the mode voltages
results in an average value mot $ar different fron the averages Lor the
other two values of relative mode phases,

The voltage appefring at She output terminals of the Jow-pass f£11tes
of Fig, 3 18 the yunning average {over the 43-ke difference frequenay)
of the sum of the two 3-§ voltages fed to the diode detegtor, The vargawm
tion of this average with selative phase of the tndividual mode volgages
1s shown gn F3ge 6. Since the aifferent relative phases eorsespond to

to} Single regetver

FREQUENCY

AMPLITUDE OF
TRANSMISSION

INTELLIGENCE
BANDWIDTH

~ —

(b} Made.ovesaging tegefver

FREQUENCY

INTELLIGENCE
¢ [~ BANDWIDTH ‘l

AMPLITUDE OF
TRANSMISSION

FIG, 6. TRANSMISSION VERSUS FREQUENCY CURVES, SHOWING
COMPARISON BETWEEN SINGLE RECEIVER AND MODE-AVERAGING
RECEIVER, WHEN TWO EQUAL MODES ARE PRESENT,
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different radie frequencies, ¥Fig. 6 is also a plot of amplitude of re-
sponse vs radioc frequendgy, which may be compgared divectly with that of
the simple recelver. In the node-averaging receiver, the frequendy dise
tertion ever the gntelligence bandwe¢dth s considerably reduced, although
some 18 still present. To the extent that Srequency digtortion 1s re-
duced, sodulation should sound more natural. Ia addjtion, with ampli-
wde modulation, she tntervals of ovesrmoduletian distortion dug ta waak-
negs of e carghes should be less frequent and Jess $ntense,

SEL-63-346 - 82 -



IV. ADDITIONAL COMMENTS

The idealized polar patterns of Pig. 2(3) w111 not be Soo wedd ap-
proximated by the simple interferometer ayvangement illustrated in part
(a) of that figure. However, it can be appreciated that virtually any
kind of a polar-pattera variation sesuiting fros an effective phase shift
between the two pickup antennas will taad to reduce the depth of a aull
4n the transmission band of & simple Antenns snd receiver, An optinun
arrangement would very probably eail Lot & very daop oyl which &s swepd
through the entliye range of downgoning waAva angles constitutisg & given
veceived stgnal. However, 3t Seems closr that 1ess~than-$detd polarepate
Sotn changes will still glive wseful advantage.

& preaticel difficuity will be that of keeping the relative galdes
of the two xecelvers nearly equal over the conplete AGG cha:cteristia,
#%ace any depagtute Irom galn equality at some particulay valde of AGC
voltage wall have the effeat of Feducing the depth of the gesuod sy,
It can also be seen that there is mo simple way o chack this gagn equale
ity by Snspeqtiop of the 1-% waveform across the input to the diode de~
Rector, &8nce mote than two $nooning podes will be present durdpe mueh
of the tdme 48 practice, it can be appreciated that the $-¢ wavefotms of
Fgg. 3 may be werp complex,

Spagtng She antennts tramsvessely with Pespect to the dizection of
the disSant radfo transmittes will produce such $e3s effective wode Qve
eraging, sgnce signals tend to arrdve along the great sircle, Antennas
trangversely spaged produce ote ot morg pattern pulls whigh sweep %A asde
muth, rather than elevagion, %o a Zirst approxdmation, a multipsthe
interference-caused null §n the received tyansnissdon band will aot be
altered by varjation of the azgmuthal polas pattera of the tecelving anw
tenna. However, #n practice azimuthal polar-patteta vagfation §2 9qldon
aggomplsshed withou} some ¢ncidental vertical-plane-pattern vargation,
which would undoubtedly gontribute same useful mode averaging.

In additjon, in the casg of vexry johg radio-transmission paths,
the arriving signal energy (although youghly centered on the great circle)
often deviates momentarily quite substantially from the great-circle di-
rection. It is entirely possible that the amplitude-of-transmission-vs-

frequency characteristic of signals degvisted out of the great tircle may
- 13 - SEL-63~146



differ substantially from that of energy which happens to have traveled

within the great-circle plane. To the extent that this is true, useful

mode averaging might be accomplished by changes in azimuthal polar pat-

tern only.

SEL-63-146 - 14 -



v. APPLICATION TO SINGLE-SIDEBAND RECEPTION
LY A-0

In order for this technique to function properly in the ¢ase of
single-sideband transmission, the reduced or missing earrier aust be
resupplied or exalted within each recelver prior to the diversity-com<®
bining operation jtself. This 1is necessary for the proper operation of
the diode detector. In the gase of reduced-carrier reception, only one
carrier-selecting and exalting circuit would be requived, singe bp use
of common local oscillators (except for the last 1ntermedta'eqtrequency

conversion), drif% in the tegelivers can be cancellede
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VI. COMPARISON WITH OTHER COMBINERS

The dual, space-diversity, amplitude-modulation, radiotedephone
combining technique of Ref. 1 calls for two receivers so interconnected
that the common audio output at any instant is supplied entirely by that
receiver whose antenna picks up the strongest carrier component, Since
reception in this situation is effectively that of one receiver and one
antenna, mode-interference-caused frequency distortion will inevitably
be present. The principal advantage afforded by this arrangement is
reduction of oyermodulation distortion caused by fading of the carrier.
The same advantage may algso be had--at lower cost--by use of exalted-
carrier receéption,

Prequency distortion cannot be eliminated by simple addition of two
gndependently received and independently fading sets of sidebands. Even
though a *hole" in one sideband spectrum will appear to be filled by a
maximum 4n the other, ®holes" at other positions in the combined spectrum
will be created by interference between oppositely phased signal compon-
ents, Double-sideband amplitude modulation is in reality dual {requency=~
diversity, single-sideband transmigsion with linear addition of the audio
volgages derived from each set of side frequencies. It is well known
tha® no fading advantage results from this arrangement.

A receng approach to dual space-diversity combining in single-side-
pand radiotelephone practice calls for division of the audio-frequency
range Into three equal subbands, which might be designated as A, B, and
C. %he total speech energy in subband A obtained from one antenna is
compared with the total energy in subband A derived from the second
antenna. By means of an audio mixer whose setting varies in agcordance
with the square of the ratio of the two subband signal strengths, the
common outpu? (in the frequency range of audio subband A) is tn effect
supplied from that antenna receiving the strongest signal in subband A,
Thus, if mode interference causes a null to appear in the subband A
reange of ong antenna, the missing audio fr;quencies can in general be
supplied by the subband A output of the other antenna.

The prdacipal difficuities with this approach are practical, The
subband-selecting filters tend %to intreduce phase distortion a% the
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edges of their passbands, which may result in irregularities in the
overall transmission-vs-frequency characteristic. Careful initial
relative-gain settings are required for best performance of the ratio-
Squared combiners, calling for skill and attention on the part of opera-
tors. Finally, it is found in practice that these ad justments, once
found, tend to drift with time, thus requiring continued supervision on
the part of operating staff,

The reason for this drift 1s subtle, and appears to be the follow=
ing. With few exceptions, receiving stations are built on sites having
local terrain irregularities. Thus, there will be minor, but nonethe-
less significant, differences in the vertical polar patterns of identi-
cally constructed, spaced antennas, Ilonospheric transmission normally
involves a multiplicity of haps; thus, received signal energy will ar-
rive at a variety of vertical angles, Furthermore, the relative intenw
sity of each of these signal components will change slowly with time,
owing to polarization changes and to the vaylable focusing effegt of
ionospheric inhomogeneities. These changes typically have perfods in
the order of minutes. I8 can agcordingly be expected that the tota}
sideband energy picked up 4a two antennas having slightly diffeving vere
tical polar patterns wil} slowly drift with time, as the intensities of
signal components at the various vertical angles changee It ts this
drift that tends %o upse$ the opt%imum setting of relagive gain $n the
two pairs of audio-frequeney ahamnels.

In mode-averaging qombinzng. the two antehnas of a spag@-diversity
pair are in effect elecfrically interconnected and form two @lemants of
what can then be considered %o b@ single interferometer anSenna, of &r-
ray. In the other methods of combining, the two antennas are 2n real;ty

used one at a time, excep$ for comparatively brief transition ingervals.

- 17 - SEL-63-146



VII. AN ALTERNATIVE MODE-AVERAGING COMBINER ARRANGEMENT

The essence of the mode-averaging-combiner approach is the concept
of a continuous variation of the relative amplitudes of the various mode
components with respect to one another, over the range of possibilities,
so that an average of the resultant (over one cycle of the variation) can
be found. 1In this way, it is never possible for the mode components com-
pletely to gancel one another out, at some given radio frequency, thereby
producing a transmission null at that frequency. The transmission null
will always be broken up by altering the relative magnitudes of the mode
components, so that an average Oover one€ cyecle of the (pattern) variation
will have a finite value.

The samg effect cinnot be achieved by simple switching between the
outputs of ghe two receivers, as might at first seem plausible.

A mode-averaging-combiner arrangement alternative to that shown in
F4g. 3 takes advantage of the fact tha% the polarjzation of the various
recetved mode componen®s differs, 1in general, from one to another. Thus,
ghe rela®ive ingensities of the varjous mode volgtages can be changed
wexely by rokating the plane of polarization of the receiving antenna.

If the antenna is a simple dipole (or the equivalent), this rotation can
be synpheslzed electronically, at% a high rake of speed. The probability
tha® the received stgnal, ag aay given radio frequency, will disappear
completaly during an entire rodation of the antenna, is comparatively
swall,

Figurg 7 stows how %his might be done. in this situation the re-
celvers are identical, with identical i-f output frequencies. Conversion
oscillators must be locked togegher in phasge. The receiver outputs are
cohaected 2o a balaneed-modulator-like arrangement, which varies the re-
lative magnitudes and phases of %he receiver outputs in such a way that
there is delivered to the diode detector 2 voltage equivalent to that
from a simple receiver connegted to a physically rotated dipole.

Once again, the low-pass fllter averages over the effective antenna
rotation period and permits the audio intelligence to be passed.

It is possible, of course, for this combiner to be deceived by cer-

tain special situations. For example, suppose that only two incoming
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modes were present at some radio frequency, that their instantaneous
phases were in exact opposition, and that their polarization was exactly
the same., In that event, antenna rotation would be of no avail. How-
ever, the probability that both signal components should have exactly

equal polarizations at any given instant seems small.

"
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AUDIO
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FIG. 79 SIMPLIFIED, ROTATING-POLARIZATION DIVERSITY COMBINER.
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VIII. CONCLUSIONS

Mode-averaging diversity combining of either kind does not require
any more antennas or receivers than are now used in dual space-diversity
receiving installations. They therefore appear to be practicable alter-
natives to existing schemes.

It can be said that, whereas existing.combiners accept the mode in-
terference and attempt to patch up the trouble after it has happened,
the mode-averaging combiner attacks the trouble at its source, by break-
ing up the conditions which permit establishment of a mode-interference
transmission null in the modulation passband.

When compared with simple combining of the conventional kind, mode-
averaging combining appears to offer significantly better performance.
When compared with the more sophisticated versions of conventional radio-
telephone diversity combining, mode averaging appears to offer greater

operating simplicity.
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