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EVALUATION

Current plans indicate a continued evolution of military communication
systems from primarily analog equipment to digital equipment. Increased use
of digital communications will result in a significant increase in conjestion,
particularly in the microwave frequency bands. 1In order to alleviate this
congestion, bandwidth efficient modulation techniques are required. Several
approaches have been taken to improve bandwidth efficiency (See RADC Research
and Technology Plan, TPO 4B). One approach involves the use of cross polari-
zation wherein independent data can be transmitted at one carrier frequency
on orthogonal polarizations (either linear horizontal and vertical or circular
right hand, left hand) thus doubling the amount of data that can be communi-
cated in a given bandwidth.

The use of cross polarization is not without its technical problems.
Rain, turbulence, and multipath can severely affect the separation between
polarizations, particularly over long microwave links. These effects limit the
the use of cross polarization because of the high availability requirements
for LOS microwave, Typically 99.9957%.

By the use of adaptive algorithms effects caused by the media can be
counteracted. This will result in cross polarized transmission with high
availability. The purpose of this program was to study and develop adaptive
algorithms. The algorithm developed on this program has the potential of
reducing cross polarized interference levels as high as 5 dB below the
co-polar signal to 40 dB below the co-polar signal virtually eliminating the
interference. A hardware follow-on program will implement the algorithm
developed and documented in this report.

/'ﬁzﬂwu ﬁZy »fg*e- {4;’14.,

BRIAN M. HENDRICKSON

Project Engineer xvi




1.0 INTRODUCTION

1.1 Obiective

’(\l The major objective of the cross polarization techniques investigation was to
investigate the use of cross polarization to expand the bandwidth efficiency over line~of-
sight (LOS) digital microwave links in the Defense Communications System (DCS) and to
develop techniques that will improve the cross polarization utility,

Cross polarization offers an additional approach, other than improved band-
width efficient modulation techniques, to double bandwidth efficiency by transmitting
independent information on orthogonal polarized channels which use identical frequency

bands.

Vod Approach

The program contained four main phases. During the first phase, the pro-
blems associated with the use of cross polarization, particularly the mechanisms for and
effects of crosspolar interference were thoroughly investigated. In this investigation, the
effects of rain, multipath, circuit dispersion, etc., on crosspolar links were considered.
Physical and statistical models of the interference effects were developed. The second
phase of the program selected adaptively controlled correction networks as the most
feasible, Various trade-offs associated with this approach were developed and o specific
design formulated for two alternative adjustable correction networks. This phase of the
program also included the detailed mathematical analyses of the specific design as well

as derivation of the general performance estimates for crosspole systems,




Phase 3 of the program was an extensive computer simulation activity. The
results of the previous phases were modeled on a computer to verify the soundness of the
design as well as the practicality of implementation. The final phase of the program
involved developing a conceptual design plan for eventual feasibility hardware which is

capable of demonstrating the results of this program,

1.3 Results

The major accomplishment of the program was the development of an adapt-
ive interference reduction design suitable for use over long multipath corrupted micro-
wave links such as would be encountered in the DCS. This design providesthe capability
of doubling the bandwidth efficiency of the links within the DCS without requiring addi-
tional power margin (over the 3 dB necessary to provide the orthogonal channel) to
overcome the crosspolar interference.

This design features a special multi-tap correction network having unique
controllability characteristics as well as a useful mathematical relationship between the

weight settings and the physical nature of the crosspolar interferences.

1.4 Report Organization

The report is organized consistent with overall program plan and approach as
discussed in Paragraph 1.2 above. Section 2.0 presents the discussion of the cross polari-
zation problems and the development of the physical and statistical models. The trade-
offs associated with adaptively controlled correction networks as well as selection of a
specific design are presented in Section 3.0. The detailed mathematical analyses of the

design are also provided in Section 3.0, Section 4.0 presents the results of the computer
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simulation along with descriptions of the computer programs as well as tabulations of
some of the more important computer runs. A conceptual hardware design approach,
along with supporting diagrams are presented in Section 5.0. The final section, Section

6.0 provides concluding comments and recommendations.




2.0 CROSSPOLARIZATION PHENOMENA AND THEIR EFFECTS

Frequency reuse via orthogonally polarized channels can double the
bandwidth efficiency of a communication system. Such systems transmit two different
data signals of the same bandwidth using the same carrier frequency by using orthogonal
field polarizations for the transmission of each signal. (These two polarizations will be
termed polarization 1 and 2 with P] and P2 representing the respective power levels. )
For ideal antennas and ideal transmission media, the 3 dB bit rate (i.e., bandwidth)
increase is accomplished with a corresponding 3 dB increase in total transmitted power.
However, since neither antennas nor the transmission media are ideal, an additional power
increment is required in order to maintain the same quality of communications achieved
in the nonfrequency reuse system (hereafter termed the basic link). For the ideal cross-
polarized frequency reuse links (termed crosspole links) the two polarizations remain

orthogonal throughout, that is, there is no coupling of polarization 1 (P.) into

]

polarization 2 (P2). (Power coupled into P] from P2 is termed P]2, with P2] being the

other coupling.) For these links the crosspole isolation defined as P]/P]2 and P2/P2]

is infinite, or similarly the crosspole coupling defined as P]2/P] and PZI/PZ is zero.

Nonideal antennas and transmission media will be manifested as finite
crosspolar isolation, with the corresponding coupling increasing the interference power
(decreasing the S/N ratio) in the separate channels. For the basic link, when the S/N
ratio is degraded (e.g., rain-induced fading), the quality of communications is reduced.

However, the quality can be restored by the use of additional transmitter power, so that




if fading is expected, increased power, termed system margin, can be introduced to
negate its effect, For crosspole links, the additional S/N degradation due to crosspolr
coupling can also be compensated for by increased power margin, Alternatively, various
forms of decoupling networks can be introduced into the system which will restore the
polarization orthogonality. The use of such networks are discussed in the latter
sections of this report.

Many of the phenomena which introduce fading and crosscoupling are
statistical in nature (e.g., rain, multipath, etc.), consequently their effects on the
system will have a certain probability associated with them. A wide variety of data is
available in the literature on various aspects of these phenomena, and in the following

paragraphs such data is discussed. Specifically, the link availability, defined as the

probability that a link of a specified quality (given S/N ratio, BER, etc.), is available
as a function of the system margin, will be developed. This will be done for both the
basic and crosspole links, with the effects of carrier frequency (8 GHz versus 15 GHz)

and type of polarization (circular versus linear) also being considered.

2.1 Contributions to Crosspolarization Coupling

The primary contributions to polarization coupling in terrestrial microwave
communications systems are antenna depolarization effects and coupling in the channel
due to precipitation and multipath. For most well designed systems, the predominant

effect will be coupling due to rain, Consequently, this phenomenon has received the
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most widespread study, including both theoretical consideration in terms o. the
development of rain cross-coupling models and various experimental studies investigating

the statistical and physical properties of rain crosspolarization.

21001 Rain Eftects

The two significant effects that rain has on microwave transmission are
attenuation and crosspolarization coupling. The former is important on all microwave
links while the latter is of importance only on crosspolar links. The levels of both at an
instant of time on a particular link are functions of path length through the rain, rain
rate and operating frequency. In addition, the level of crosspolarization coupling due
to the rain is also a function of the polarization pair (circular versus linear) that is
employed.,
2. 1.0.1 Statistical Rain Model

In order to develop link availability a statistical rain model must be
postulated. Since Western Europe is a geographical area of special interest to this
study, rain data for Slough, United Kingdom has been taken to be representative,
Figure 2.1.1-1 is a plot taken from Norberry and Whire] giving the total time occurrence
of point rain fall rates at Slough during the year 1970, For example, referring to the
figure, it can be noted that rain rates equal to or exceeding 80 millimeters per hour

*
occur with a probability of 1 in 107, or approximately 5 minutes a year, This data is

]Norberry, J. R., and W, J. K. White, "Point Rainfall Rate Measurements at Slough,
U.K.," IEEE Conference Publication Number 98.
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supported by data presented by H0992 for rain rate measurements taken in Bedfordshire,
England from July 1957 to August 1961.

Probabilities of point rain fall rates are insufficient for determining the
desired availability prediction. What is required is the probability of path rain fall rates
defined as the space average of the point rates along a path. Path rates, as such, are
extremely difficult to observe (which explains the scarcity of published data on the
topic). They must be inferred from point data and it is not obvious how rainfall statistics
for a long path are related to those from a point. Obviously, point rates will not extend
uniformly over a large area. Generally, it con be stated that point rates are related to
path rates through such characteristics as storm size, shape, persistence and velocity of
translation. In turn, these characteristics are intimately related to rain rate. Bussey
has made predictions based on empirical data of the relationship between path rainfall
. rates and point‘ rainfall rates, He states that an annual distribution of 1 hour point rates
approximates an annual distribution of instantaneous 50 kilometer path rates. This
ergodic relationship between point and space averaged rain rates could be extrapolated
to different time path length pairs, but in actuality is limited in its applicability to the

specific data from which it was derived. A major limitation, assuming the hypothesis

2Hogg, D.C., "Path Diversity in Propagation of Millimeter Waves Through Rain, “
IEEE Transactions on Antennas and Propagation, Vol. AP-15, No. 3, May 1967,
pp. 410-415,

3Bussey, H. E., "Microwave Attenuation Statistics Estimated from Rainfall and Water
Vapor Statistics," Proceedings of the IRE, July 1950, pp. 781-785.




to be universally true (the supporting empirical data is derived from an extensive array of
rain gauges covering a 90 mile diameter area in the Muskingum area of Ohio), is the
limited availability of point rainfall data of the appropriate time intervals. However,
Bussey's work does support the generally accepted principle that the greater the rain
rate, the more concentrated the storm,

Using these ideas the following model for an approximate probability of
path rainfall rates on a 16 km path can be postulated. The point rainfall rate probability
is equivalent to the path rainfall rate probability for all rains of 25 mm per hour or less.
For rain greater than 25 mm per hour, the path rain rate probability equals the point
rain rate probability divided by the amount in mm/hour that the rain rate exceeds 25 mm
per hour. Although this model was arbitrarily picked, it is representative of decreasing
rain cell sizes with increasing rain rates as well as being consistent with limited data
available from Norberry, White and Bussey. It is apparent that for one storm cell, as
the path length increases, the probability for any specified average path rain rate
decreases, Figure 2.1.1-2 is a plot of the resultant path rain rate probabilities for a
16 km path in Slough, United Kingdom.
3.0.5.2 Attenuation and Crosspolar Isolation

Having established a rain probability model, the effect of rain on both

attenuation and cross coupling must be determined. Attenuation is considered initially.
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Attenuation of microwaves by rain was considered in detail by Ryde and Ryde4 in 1945,
and the work was later confirmed and expanded by Medhursf.5 Figure 2,1.1-3 presents
graphs of path attenuation in dB's per kilometer versus rainfall rate in millimeters per
hour as derived from the data of Medhurst. It is apparent from these curves that 15 GHz
transmission suffers greater attenuation than 8 GHz, Furthermore, a doubling of path
length through the rain will double the attenuation in dB's independent of frequency.
The curves in Figure 2,.1.1-3 have been experimentally supported by Blevis, et al.
Crosspolarization coupling between spatially orthogonal channels has
recently become a topic of much interest. This interest has been generated by a pro-
liferation of systems proposing frequency reuse in efforts to conserve bandwidth. Since
rain is a significant contributor to the level of cross coupling realized in microwave radio
transmissions, it too has received recent interest. The coupling mechanism in rain is the
differential phase shift and differential attenuation of electrical field components
parallel and perpendicular to the main axis of oblate spheroidal raindrops. Figures
2.1.1-4 and 2.1.1-5 graph differential phase shift and differential attenuation versus

rainfall rate for both 8 and 15 GHz transmissions. This data was taken from perturbation

4Ryde, J. W., and D. Ryde, "Attenuation of Centimeter Waves by Rain, Hail, and
Clouds," General Electric Co., Research Labs Report No, 8516, 8670, Wembley,
England, August 1944, and May 1945,

SMedhurst, R. G., "Rainfall Attenuation of Centimeter Waves: Comparison of Theory
and Measurements," IEEE Transactions on Antennas and Propagation, Vol. AP-13, No. 4,
July 1965, pp. 550-564.

6Blevis, B. C., R. M. Dohoo, and K. S. McCormick, "Measurements of Rainfall
Attenuation at 8 and 15 GHz," IEEE Transactions on Antennas and Propagation, Vol.
AP-15, No. 3, May 1967, p 394.
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calculations done by Morrison and Chu.7 As can be noted in these figures; both
differential attenuation and differential phase shift depend strongly on frequency.

The differential attenuation and phase can be related to crosspolarization
coupling via different expressions depending on the orthogonal polarization pair being

used. For a circularly polarized system, the coupling Cc is given by

| -l i)

1+ @+ iB) =

Cc = 20 log

where ar and 3 are the differential attenuation and differential phase shift per unit
length as taken from Figures 2.1.1-4and 2,1.1-5; and { is the path length, If, on

the other hand, the link employs linear polarization, an additional parameter, the
raindrop canting angle, impacts crosspolarization coupling. The canting angle is

the angle between the major axis of the image of an oblate spheroidal raindrop projected
on the plane normal to the direction of propagation with respect to the horizontal. If

the canting angle is denoted by 8, the crosspolarization coupling CL is given by

] - e-[(a tip) tan 6
| 5 e-[(a viB) tcm2 (2]

C, = 20 log (2-2)

L

Examining the expressions for crosspolar coupling, it is apparent that the

isolation between orthogonal circularly polarized waves will always be poorer than

7Morrison, J. A.,and T. S. Chu, "Perturbation Calculations of Rain-Induced Differential
Attenuation and Phase Shift at Microwave Frequencies," BSTJ, Vol. 52, No. 10,
Dec. 1973, pp. 1907-1913.
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between orthogonal linearly polarized waves, the only exception being for a45° canting
angle for which the two expressions are identical. In reality, there is no one canting
angle for any particular rain, rather, there is a canting angle distribution, It is this
distribution which determines the degree to which linear polarization isolation is superior
to circular polarization isolation. It has been reported in the literature that insufficient
measurements of the distribution of raindrop canting angles are at present available to
make precise predictions of the advantages of linear polarization, However, published

p ¥ s . . j .
estimates’ which are supported by experimentation at particular frequencies suggest an
approximately 10 dB improvement in isolation. Figures 2.1.1-6 and 2.1.1-7 incorporate
this estimate in plots of crosspolar isolation versus rain rate for a 16 km link withoperating

frequencies of 8 and 15 GHz, respectively.

2ol 2 Nonrain-Induced Coupling

In addition to the rain induced crosspolar coupling discussed in the last
section, coupling can result from various nonrain related fades and depolarization by
the antennas. Relative to the rain related effects, much less work has been done on the

effects of nonrain-induced fades on crosspolar coupling, and there is consequently less

‘

i
i

8Wotson, P. A., and M. Arbabi, "Rainfall Crosspolarization of Linearly and Circularly
Polarized Waves at Microwave Frequencies," Electronic Letters, Vol. 8, No. 11,

1 June 1972, pp. 283-285.

9Semplok, R. A., "Simultaneous Measurements of Depolarization by Rain Using and
Circular Polarizations at 18 GHz," BSTJ, Vol. 53, No. 2, Feb. 1974, pp. 400-404,
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data available., Even so, some general conclusions can be discussed, particularly since
it is known that some of these effects can be polarization dependent and will therefore
introduce crosspolar coupling. For the antenna effects, crosspolar coupling is directly
introduced due to nonperfect isolation in the antenna and feed network as illustrated in
Figure 2.1.2-1a. As this isolation generally decreases at off-axis angles of arrival,
the antenna can have a secondary effect via the increased decoupling of multipath
signals which will arrive off axis.

Nonrain-induced fading is primarily a multipath phenomena and can
result from either diffraction, refraction, or reflection. Diffraction is caused by
obstructions in the path, refraction by variations in the atmospheric density, and
reflection from the radio waves striking reflecting surfaces. As reported by Barnett, "
multipath fades will directly introduce crosspolar coupling by the differential fading of
orthogonally polarized signals, often resulting in significant loss of crosspolar isolation.

Referring to Figure 2.1,2-1b this effect is illustrated by P] fading more than P Also,

12
refraction can cause signals to arrive off-axis at the antenna, resulting in reduced
crosspole isolation as mentioned above.

A final mechanism for crosspolar coupling during fades results from

polarization selective fading and the resulting amplification of the depolarization in the

nonperfect antenna. Again refe: ing to Figure 2.1.2-1a, if P] remains steady as P2

]Bcrnett, W. T, "Deterioration of Crosspolarization Discrimination During Rain and
Multipath Fading at 4 GHz," Proceedings ICC, 1974, pp. 12D-1 to 12D-4,
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fades,then since P, . is also steady, P2/P2] is degraded. This is said not to occur by

21
Barnett; however, certain types of reflections are said to be polarization selective, and
in fact, it is recommended that vertical polarization can be advantageous. On the
other hand, the effect is most likely small, since polarization diversity is not really a
widely accepted technique.

Quantitative evaluation of these nonrain-induced effects are quite
dependent on the specific characteristics of individual links, However, a well designed
link can avoid much of the adverse effects (e.g., good antennas, plenty of clearance
from obstructions, etc.). Also, heavy rain will tend to reduce temperature variations
in the atmosphere which can cause some of the multipath fades, Consequently, these
effects will not generally be cumulative with respect to the rain induced crosspolar
coupling. Also, it appears from the limited work available that these effects are of
roughly the same order of magnitude as the coupling due to rain, indicating that a link
designed to effectively combat rain will also perform satisfactorily against the nonrain-
induced effects. However, such conclusions should be carefully examined in application
to specific links.

2.2 Performance Degradation Due to Crosspolarization Coupling

The primary impact of crosspolar coupling on a dual polarization
communications system will be a reduction in the received signal-to-interference ratio.

To bound this effect for QPSK modulation, consider the phasor diagram shown in

21
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Figure 2.2-1 where the four phase states are shown as vectors of magnitude A , The
s
worst-case interference will correspond to a noise vector acting along a line between
two adjacent phase states as shown by A . This corresponds to a case where the two
n
bk s " o
channels have coincident symbol timing and carrier phases offset by 457, As shown, the
signal amplitude AS is reduced to the effective signal amplitude A -~ A - /2 A which
e s n

gives the worst-case degradation as Ae /AS -1 -2 An /AS. This relates the crosspolar

. 2 44 2 , : : ; :
coupling An /As to the signal-to-noise degradation (or required margin to compensate

for the crosspolar coupling) as shown in Figure 2.2-2,

f QUADRATURE

IN-PHASE

8963114

Figure 2.2-1. Illustration of Interference Effects for QPSK Signaling
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Probhulo has presented the effect of CW interference on QPSK signals
where the phase of the interference is random. These results describe the effect of
crosspole interference with random phase between the two carriers and coincident symbol
timing. These results are also presented in Figure 2.2-2,

The phasor diagram of Figure 2.2-1 can also be used to determine the
increased system margin (signal power) required to double the system bandwidth using a
more bandwidth-efficient modulation. To double the available bandwidth in this
manner requires the use of 16 phases rather than 4, where A‘1 and Alé represent two

adjacent phase states for the 16 phase technique. Noise vectors having equivalent

effects for each system are represented as An4 and An and their relative lengths will

16
be the effective change in noise level when going from 4 to 16 phase. That is,
An42/An162 = 13.1 or 11,2 dB would be the required increase in system margin. This

information is presented, along with the margin required for crosspole links, in

Paragraph 2.3.

IOPrcubhu, V. K. "Error Rate Considerations for Coherent Phase-Shift Keyed Systems
with Co=Channel Interference," BSTJ, March 1969, pp. 743-767.
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2.3 Link Margin and Availability

From the statistical rain models of Paragraph 2.1 and the analysis of the
effect of crosspolar coupling in Paragraph 2.2, the required system gain margins and
link availability for a given link can be calculated. These calculations can be performed
for both frequency reuse and nonfrequency reuse links, thereby giving a quantitative com-
parison of the cost of doubling the bandwidth using a dual polarization system. For a
given rain rate, Figure 2.1.1-3 gives the attenuation in dB's per kilometer, from which
the required system margins for a 16-km link can be obtained. The cross polarization
isolation associated with the given rain rate can also be obtained from Figures 2.1.1-6
and 2.1.1-7. Consequently, the crosspolar isolation that a dual polarized system would
exhibit can be plotted versus the system margin that would be required by the basic link.
This data is shown in Figures 2.3=1 and 2.3-2 and will be useful in constructing the

comparisons to follow.

Another useful set of relationships can be derived using the probability of
rain rate data of Figure 2.1.1-2 and the crosspolar isolation versus rain rate curves of
Figures 2.1.1=6 and 2.1.1=7. Using these curves the probability of occurrence of a
particular crosspolar isolation on the 16-km links can be obtained. These results are
shown in Figure 2.3-3 for both 8= and 15-GHz links nsing linearly and circularly
polarized transmissions. These curves indicate that the probability of occurrence of a

given crosspolar isolation for a 15-GHz transmission is substantially higher than for an

25
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8 GHz transmission. Also, the assumed 10 dB differential between circular and linear
polarizations are apparent in the plots.

Using the plots presented in this section, and Figure 2.2-2 giving the
effect of crosspolar interference, link availability predictions based on the system rain
margins can be graphed. Using the worst-case interference model of Paragraph 2.2
these plots are presented in Figures 2.3-4 and 2.3-5 for 15 GHz and 8 GHz links,
respectively. In each case, the curves are for a 16-km link. The four curves on each
figure are: a) the basic link where frequency reuse is not employed and the system
margin must compensate for direct attenuation only; b) crosspolar links employing dual
linearly polarized waves; c) crosspolar links employing dual circularly polarized waves;
and d) links where bandwidth is doubled using 16 rather than 4-phase modulation. These
curves indicate the reduction in availability for a fixed link margin (and similarly, the
increased system margin required for a fixed availability) resulting from frequency reuse
links and nonfrequency reuse links. Note that the use of a polarization correction
technique will reduce the cross polarization coupling, effectively moving the dual polari-
zation curveson each figure toward the lower one. It is worth reiterating that the predic-
tions presented in Figures 2.3~4 and 2.3-5 are for the specific 16=km link. It is apparent
as longer links are considered, the family of curves on each figure must rise indicating
an increased probability of a given amount of rain on the link. As mentioned above, due
to the limited amount of path rain data available in the literature, quantitative estimates

of such increases are difficult,
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2.4 Discussion

In the preceding sections the link availability for both basic and cross=
polar communication links have been developed for a specific 16-km link. To develop
this data certain assumptions, such as the relationship between point and path averaged
rainfall rates, were required. Consequently, this data should not be regarded as abso-
lutely accurate or generally extendable. More important than the specific data derived
is the technique developed. Using this technique more accurate predictions could be
made in specific cases if the required data is available. By using such results the cost,
in terms of increased margin, of frequency reuse could be established. Whether or not
this cost is worth paying will depend on the required reliability of the specific links. A
more definite result of this work is the conclusion that orthogonal linear polarizations
are better suited for dual polarization systems than are circular polarizations.

An alternative to increased system margin for maintaining a specified link
availability in crosspolar links would be the use of polarization correction networks.
Fixed depolarization phenomena, such as certain antenna effects, could be compensated for
by using a fixed correction network configuration. However, since the rain and multi-
path effects are functions of time, the correction networks must be adjusted as these
effects vary. This suggests the use of adaptive correction networks which automatically
sense the induced crosspolar coupling and adjust the networks accordingly. The cost of
these adaptive correction networks must be compared with the cost of using increased

system margin or any other available alternatives to determine their relative advantage.
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The design of these correction networks will be discussed in the following sections. In
addition to these considerations, the indirect cost of losing the ability to use crosspole
isolation to separate adjacent channels must also be considered. Finally, an alternative
to the above methods would be the use of path diversity, which in certain systems would
be readily available. The utility of this technique is indicated by the fact that the more
severe the rain (and therefore, crosspolar coupling), the more concentrated it is, and
therefore the more likely a separate link would not be degraded. However, such con-

siderations must be made relative to a specific system design.
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3.0 DESIGN CONSIDERATIONS FOR ADAPTIVE INTERFERENCE REDUCTION
If crosspolar links are to be employed, additional link margin is required
for each crosspole channel :.to pferform on a par (maintain same availability) with a single
polarization (basic) link. This :s necessitated by the additional interference introduced
by crosspole coupling. This interference, and the need for additional power margin, can
be avoided by the use of adaptive interference reduction circuits. Alternative techniques
such as path diversity or more efficient modulation schemes can also be utilized; how-
ever, the use of adaptive correction networks appears to be a promising approach. In
order to make a meaningful assessment of the relative costs and complexities of the
alternative methods, a detailed understanding of how they are designed is required.
This section discusses the trade-offs involved in designing the adaptive correction
circuitry and selects a particular technique which appears most suitable for the problem

being addressed. An analysis of the performance of the selected method is presented,

giving a further feeling for its cost and practicality.

Sl Design Trade-Offs

As illustrated in Figure 3.1~1, an adaptive crosspole interference correc-
tion network consists of three basic components: the adjustable correction network, the
performance measurement device, and the controller. .Associated with each of these
components are a number of design considerations and trade-offs which are discussed in
this section. (Also, see Appendix C.) These discussions will lead toaselected approach,

the details of which are discussed in the remaining sections of this report.
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F k) Correction Network

The purpose of the correction network is to undo the coupling (deorthogo-
nalization) of the two polarizations which has occurred in the media and other parts of
the system. The primary considerations in its design are where it is placed in the system
and the type of network to be used. These considerations reduce to trade-offs of band-
width versus S/N loss and simplicity. The decoupling is accomplished by coupling the
signal from one channel, properly weighting it, and adding it back into the other
channel to undo the media induced coupling. If the coupling is caused by rotations or
pure differential phase shift, then the decoupling can be ideally accomplished losslessly
with phase shifters. On the other hand, if the coupling involves differential attenuation
(as is the case for rain induced coupling), the decoupling process must necessarily
introduce additional loss. The amount of this loss is a measure of the quality of the
decoupling network .

The magnitude of the loss associated with the decoupling process is a func-
tion of the amount of differential attenuation experienced in the coupling or deorthogo-
nalization process. As shown in a Harris report,]2 the correlation P (P < 1) between the

received signals P]' and P.' is a measure of their orthogonality and the minimum loss

2
possible for any decoupling circuit can be calculated as a function of p. Since the major
noise source in the receiver is at the front end, best performance in terms of S/N degrada=-

tion is obtained if lossy corrections are placed after the RF sections of the receiver. For

decoupling at the antenna outputs this minimum loss is 1= P, while for IF methods it becomes

]2Rasswei|er, et al., "Adaptive Polarization Separation Experiments," Final Report NASA
AAFE Contract NAS 1-13942, Harris ESD, Melbourne, Florida, August 1976.
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1 - ;)2. (These results are derived in Appendix B.) For relatively short links (5 km),

p is small and this difference will be important only for very marginal systems. (See
Appendix E for typical p values.) For longer links, p large implies a correspondingly
large amount of attenuation, which will most likely be the limiting factor rather than the
crosspolar coupling.

While IF decoupling is preferred for loss considerations, decoupling
at RF has the advantage that the components (generally waveguide devices)
are inherently less dispersive since the percent bandwidth for a given IF bandwidth is
smaller. Also, the corrections are accomplished before the downconverters and
associated filters and amplifiers have introduced additional dispersive effects. On the
other hand, these RF techniques have the disadvantage that the hardware is more com-
plex, where the adjustability requirement dictates the use of cumbersome electro-
mechanical components. This also implies a more complex interface with existing hard-
ware if the crosspole correction is to be a retrofit to existing equipment.

The less complex |IF correction networks require the implementation of
complex (in-phase and quadrature channels) weights which can be accomplished using
any of several well developed techniques. Generally, these weights are constructed to
work at a single center frequency and are useful for relatively narrow bandwidths.
Additional effort is required to extend their application to wide bandwidths using tapped
delay lines or other multitap configurations. Such devices are discussed in more detail
in Paragraph 3.2. Another alternative to provide better bandwidth and low=loss would
be the use of a hybrid network incorporating both RF and IF corrections. (See Appendix
C.) The RF section would use only phase shifting elements, correcting for rotations and

differential phase shifts at wider bandwidths and ideally introducing no loss, while the
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lossy decoupling using attenuation would be done at IF. Again, the major disadvantage

is hardware complexity.

3.1.2 Performance Measurement Technique

An important element of any adaptive system is the performance measuring
device. In order to control the adjustable correction networks, some manner of deter-
mining whether one adjustment is better than another is necessary. Such techniques are
generally application dependent, often requiring a good deal of ingenuity and special
consideration about the specific system and parameters to be controlled. Nevertheless,
certain general classifications can be considered. Generally, these techniques can be

classified as either the direct methods that directly measure the performance parameters

of interest (e.g., S/N, BER, etc.), or the indirect methods which evaluate the perfor-

mance by monitoring a secondary parameter.

Examples of direct methods of interest to the crosspole problem being
considered are techniques which measure the signal-to-noise ratio or the bit error rate.
An important advantage of these methods is that they directly measure the performance
over the entire bandwidth of interest. The use of bit error rate has the inherent disadvan=-
tage that it is very insensitive, particularly at high signal-to=noise ratios where it takes
a long Hrﬁe to accumulate a significant number of errors. On the other hand, the signal-
to-noise ratio would be a more satisfactory measure, provided a practical technique is
available to make the measurement and that it did not impose difficult interface require=

ments on the demodulating equipment. A possible disadvantage of the direct methods
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is their incompatibility with the popular LMS control technique discussed in the next
section.

The indirect methods could also be termed the known signal format tech=
niques. Generally, they require that each of the polarized signals have a separately
measurable characteristic. The presence of this signal as an interference term in the
crosspolar channel can then be measured. This generally requires that the signal format
be modified, often an important disadvantage. For instance, if the data rate can be |
increased, a known bit pattern can be periodically transmitted on each channel. More
simply, each channel could be alternated on and off for a small portion of the time, |
with the presence of a signal on the off channel indicating interference. An alternative ‘
to these methods would be to use different known pilot signals, added to each channel in ‘
such a manner as to not disturb the data. This could be tones offset from the data band- |
width, but such a scheme has the inherent disadvantage that it measures the interference
only at the tone frequency. Consequently, it would not be useful against dispersive
crosspolar interference. On the other hand, this technique is well suited for use with

the LMS control algorithm.

Saked Control Techniques

The controller utilizes the information from the performance measurement
device to drive the correction network elements so as to optimize the system performance
with respect to the measure being utilized. The control method used can be classified

into two general categories, the gradient and the nongradient or search techniques.
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The basic search methods are conceptually quite simple: they randomly select new
correction network parameters, observe the performance measurement, and retain the
parameters if the performance is improved. Since they must continually search for better
parameters (necesary to track dynamics in the crosspole interference), they have the
disodvontgge that they introduce a "search noise" on the data signals, the magnitude of
which is a function of the step size and update rate. This basic technique has been
applied to a number of practical problems and a number of useful modifications have
been developed. For instance, acceleration of the search can be accomplished by
increasing the step size in successful directions, while deacceleration is used to back=
track if a parameter overshoots and performance starts to degrade. Implementation is
generally with special purpose logic, or dedicated microprocessors which readily accom-
modate such special functions.

The idea of using gradient information to determine optimal parameter
values is widely used in both mathematical investigations and practical control circuitry,
with many optimization procedures being based on this concept. The popular LMS tech-
nique is useful with the known signal performance measure formats, and coherently
detects the presence of those signals to generate the required gradient and drives the
controlled parameters in the correct direction. (See Appendix C for a more detailed
discussion of this technique.) Derived gradient methods, on the other hand, are useful
with any form of performance measure, and directly measure the gradient from several

separate measurements using different parameter settings. This is the basis of the dither
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method where the parameter values are alternately changed a small amount in each
direction and the gradient is extracted with a detector. As with the search procedures,
this process will also introduce a search noise in the output due to the parameter
dithering.

While the LMS method introduces no search noise, it is restricted to the
less convenient known signal performance measurements. Considering the analogy
between the dither method and a conical scan type search radar, a monopulse type
technique could be used to develop the gradient and avoid the search noise. This
involves the use of additional hardware in the correction network to provide a separate
channel with fixed offset parameter values (not in the data signal path) from which the
gradient is measured. This is similar to the use of both sum and difference beams in the
monopulse tracking antenna. In this manner, if search noise is a problem, more hard-
ware can be introduced to avoid it, without the necessity to resort to the known signal

formats.
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322 Description of the Selected Approach

Given the basic design considerations presented in the last section, and
the specific requirements of the desired crosspole system, a candidate system design can
be developed. The basic design philosophy used is to propose what appears to be the
most easily implemented design consistent with the specified requirements and analyze
its performance. [f this performance is acceptable, then the design is considered a
success. This section will develop the proposed design and present a detailed mathe-

matical description of the constituent parts.

3.2 Basic Block Diagram

The primary requirementof the desired crosspolarized system is that it be
capable of providing high performance over long microwave links corrupted by
multipath. The system was developed for application to microwave radios which use
nonlinear amplifiers (e.g., travelling-wave tubes). The system, when implemented,
should drive the crosspolarization interference well below thermal noise. That is,
the link performance will be limited by thermal noise and not by crosspolar inter=
ference. The algorithm will be implemented at IF to simplify the hardware where
precise cancellation of the interference over wide bandwidths can be accomplished
using tapped delay line type networks. A technique for measuring the interference=

to=signal ratio (inverse S/N ratio) is presented below. Finally, a control technique
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based on the dither method of extracting the gradient is recommended, since it is easily
implemented and it is demonstrated that the dither noise will not be a limiting factor.
If multitap correction networks are used, the basic control logic will be time shared
between the various tap weights.

The basic block diagram of this design is shown in Figure 3.2.1-1. Since
the first chapter of this report determined that the vertical and horizontal polarization
are preferred, the diagram shows the use of a vertical and horizontal channel with
desired signals V and H. These signals are contaminated with crosspolar interference
pr and pr and thermal noise n, and n+ In the next several sections the details of

this diagram are presented.

3222 Correction Network Description

To develop a general description of the correction networks, consider the
mathematical description illustrated in Figure 3.2.2-1. In the figure, " and )
represent the two orthogonally polarized transmitted signals while 5\ and s, are the
received signals which have been coupled and distorted due to the transmission system.

In general, this coupling and distortion can be modeled as frequency dependent transfer

functions as shown where

" (w) = 5 (w) H” (w) + 5 (w) H]2 (w) (3-1)
D (w) = 5 (w) H2' (w) + 2 (W) H22 (w) (3-2)
Modeling the correction networks as transfer functions w]2 (w) and w2] (w) as shown in

the figure, the cross coupling can be removed by forming
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, B 12
5 (w) = " (w) - Yo (w)r2 (W) 8 (w) - H22 o Y (w)
(3-3)
H {w) H. . (w)
b TR TR 2]H (011)2
22
and
H2, (W)

S (w) = D (w) - Wio (w)r] (w) = > (w) - H” o) r] (W)

H.. (w) H,, (W) 3-4)
2 22 H, . (w)

As described above, the correction networks must provide the transfer

(wW)/H_.. (w)and w

49 g1 @) = -H

(wW)/H. ., (w). These

functions W19 (w) .

=kt o 21

transfer characteristics can quite generally be approximated by the conventional tapped
delay line equalizer shown in Figure 3.2.2-2. In this figure the weights w, are complex
quantities with the length (number of taps) and time delay per tap depending on the
specific transfer characteristics to be equalized. Several modifications of this form for

the correction network are presented in the following sections.

3.2.2.) Special Multitap Correction Network

As described in the last paragraph, the function of the correction network
is to provide the required transfer characteristic to proper ly modify the received signal.
This allows it to be used to cancel the interference it has induced in the crosspolar
channel. Generally stated, it must be designed to synthesize a transfer function which

can be represented in the Taylor series expansion
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Figure 3.2.2-2 Conventional Tapped Delay Line Correction Network
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w(w) = A + Bw + C(u? A s (3-5)
The conventional tapped delay line discussed above could be used, however, in this
section a special correction network is developed which allows separate and uncoupled
control of the constant (A), linear (B), and quadratic (C) terms in the frequency response .
This device has the advantage of providing uncoupled control of each of these functions
and allows the final setting of the network to be correlated with these specific character-
istics of the transmission system. That is, when the adaptive control circuits have
stabilized, the weight settings on this special cc rection network will indicate the form
of the coupling that the system has caused.

To synthesize the frequency response shown in Equation (3-5), up to
quadratic terms in w, consider the building blocks shown in Figure 3.2.2.1-1.
Combining these blocks as shown in Figure 3.2.2.1-2 provides the approximate transfer

characteristic

. ' ; 2.2
w(w) ~w, e ol W, 2ie_“"T £ wy e-""T< # ‘J_ZT_>
(3-6)
“jwT wal 2
= e |w W] + (2 |w2 T)w } 5

As illustrated by Equation (3-6), the block diagram of Figure 3.2.2.1-2
provides a transfer characteristic which approximates the general Taylor expansion up

to quadratic terms in w, where adjusting the complex weights WyrWo and w,, separately

3

control the constant, linear and quadratic term in w. A slight modification of this

diagram (indicated on the diagram by moving w_ to the output of the last summer) will

1

48

e e 4.




Wolw) = 1- 29T o T [eij _e-ij]
=—2je_ijsin wT’-‘:—-Zje‘ijwT
Cc T > T
+

W3(w) = 1 +e‘12wT = e_ij [e,uT + e‘lUT]

= - 242
=2e 'choszzZe le[1_ UZT ]

8963117

Figure 3.2.2.1-1 Building Blocks for Special Multi-tap Correction Network
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add the additional feature that the real and imaginary parts of these weights can be
directly correlated with the amplitude and phase function of each of these terms. With

this modification the frequency response of the network becomes

2

w, T
1 + 2jw, Tw +

e-in
; 2 2

w (w) = W w (3-7)

To observe the effect of this modification consider the effect of the w,. term in each

2

case in terms of the phasor diagram shown below. Neglecting the 2jT term, this

diagram shows that for fixed Wy the impact of
Im [w(w)] w2\ Im [w(“»]
4 L' -
dw
=
— Re (w(w))] . —» Re [wiwl]
C o "RY
Alw)
A. BEFORE MODIFICATION B. AFTER MODIFICATION
89631-22A
Phasor Diagram
W, now takes the form 1 + Wow = 1 Wor® Wy @ rather than w] t W tiw, @,

For small Wort and Wo W Part B of the diagram shows that the magnitude of the real

part of w, is directly related to the amplitude term A (w) while the magnitude of the

2
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?,,

imaginary part is independently related to @ (w). This would not be the case in part A.
The effect of Wa will be added directly to the resultant vector in part B of the diagram,

where for w_¢, small this resultant is still approximately (1 + j0) and the same argument

holds. That is, the real and imaginary parts of w,, separately control the amplitude and

3

phase responses of the quadratic terms in w.

oW and w3w2 would

For the above demonstration, it was assumed that w
be small. This will be the case for relatively narrowband systems (where w will represent
small deviations from a given center frequency) where the dispersion is not large (the B
and C terms of the expansion in Equation (3-5) are small). In most instances, it is felt

that this should be the case for the particular problem being addressed.

352:2.2 Simplified Single-Tap Correction Network

For the general case discussed in the last section, the weighting functions
for the correction network are functions of frequency, requiring that the correction
network be implemented as a frequency dependent device. If the bandwidth of the
system is small enough that the dispersive effects of the transmission media can be
neglected, then these weighting functions can be more simply implemented as adjustable
complex weights, independent of frequency. It will be useful to consider such an
implementation from two points of view. First, for some applications such simplenetworks
might, in fact, be adequate. (See Appendix A for a discussion of this relative to the
problem at hand.) More importantly, for the special multitap device (or conventional

tapped delay line) each of the three weights to be controlled are just complex weights,
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and their control can be most simply implemented by time sharing the control circuitry
between them. In this manner, the analysis and simulation of the system using the
special multitap correction network is most easily developed as an extension of the work
for the more simple single-tap device. In the following paragraphs, a mathematical
model of the single-tap correction network will be developed, including a representation
for the input and output signals assuming they are constant envelope signals in thermal
noise.

Figure 3.2.2.2-1 illustrates the single-tap correction network and the
signals in each channel. Then horizontal and vertical desired signals (H and V) are
assumed to be independent c<;nstont envelope signals (e.g., FM or PSK) which are
modeled as Ah cos wt and Av cos (wt +8), respectively, where the A's are the signal
magnitudes and 8 is a random process introduced to simply model the data modulation
and the assumed statistical independence. The crosspolar coupling is given by the
complex number Ev < ﬂv and E"1 <2 while the thermal noises are assumed to have
equal power in their inphase and quadrature components such that the power on each

channel is given by

o e o G
Xh = yh T xv + yv
Nh = nnto= R and Nv = nn, = —w . 0N (3-8)
In terms of the more general model of Figure 3.2.2-1, H,, =H,, =1, H,. =E eigh and
. picseehiogie Sie R - Mia R, ik
e P e o e
H]2 Eve . Also, the weighting functions become Wip = Wi |whq and
Woy W + jw . Since the vertical and horizontal channel corrections are uncoupled
vi vq
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V"'pr+nv

:Vi:AVCOS(Ut+9)+EvAhCOS(wt+¢v)+xvcos wt+yvsin wt

i g 3 S >V,

—» 2

O— — Z > H,

H+pr+nh

=H;=Apcos wt+Ey A (cos ut+9i+¢h)+xhcos Wty sin Wt
896313

Figure 3.2.2.2-1 Single-tap Correction Network Model
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and the control techniques for each channel are identical and independent, only the
correction of the horizontal channel will be analyzed.

Writing the input signals in terms of their inphase and quadrature
components gives (using cos (@ +b) = cos a cos b - sin a sin b)

V, = {A cos ®+E A cos f +x } cos wt
i v v h v v

: (3-9)
' {y -A sinB-EA sinﬂJsinmf
\ v A h v

and

o o
I

A +E A cos(Q*ﬂ)w‘x}cosaﬂ
[h h v h h (3-10)

s

{yh - EhAv sin (8 + ﬁh)] sin wt
Delaying the vertical channel signal by 7/2 radians then gives the signal at the input

to the quadrature weight as

vV = [A cos O +E Ahcosﬂ +x:| sin wt
q v v v v (3-11)

- [y -A sin@-E A singd ] cos ot
v v v h \%
The horizontal channel output can now be written as (dropping the v subscript on the
weights)

P 5 T R S L ¢ P o (3-12)
o i el q q oi oq

where Hoi is the component inphase with the desired horizontal channel signal
(Ah cos wt) and Hoq is the quadrature component. Using Equations (3=9 through 3-12)

gives
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and

utilized

H. = [Ah + EhAv cos (8 4 ﬁh) + )(h + w.'Av cos @ + wiEvAh cos ﬂv

oi
(3-13)
twx -wy +twA sin@+wE A sinﬂJcosmf
iV q’v q v g v h v
Hoq :[yh-EhAvsm C] +ﬂh)+wiyv-wiAvsm9
- wEA sinf +wA cos8 +wEA cosfd (3=14)
i v h v q v qv h v

+ w X sin wt
q v

To simplify the above expressions the following assumptions will be

1. Horizontal and vertical desired signals are equal (A =A = A),
v

h
=
and E < A) so that the required

v

The thermal noise terms are also equal with N =N
v
2. Crosspole coupling is small (Eh

weights are also small and, therefore, terms involving the weights

times the crosspole coupling are second order and can be neglected

w . E < A).
A2
3. Channel signal-to-thermal noise ratio is large, i.e., 5 > N so

that thermal noise components are small relative to the desired signal

components,

The inphase component of the horizontal channel signal then becomes (E = E and
v

g=9)




H. =~ ['A +{AEcos(Ofﬁ)+wiAc059+qusinQ

ol

+ X4 + WX = wqu I cos wt (3-15)

cos wt

[A+6.
I

where € is small relative to A since it consists of thermal noise terms and signal terms
attenuated by E and w. Note also that the quadrature components given by Equation (3-14)
are similarly composed so that Hoq can be defined as € sinwt = H . and Ho becomes

q o

H =H  +H = (A +€.)cos wt + € sin wt
o oi oq i q

(3-16)
= [(A +ei) 0 (qJ cos wt

3l Performance Measurement Description

The performance measurement technique is a direct-type method based on
measuring the inverse of the signal-to-noise ratio. The network is designed to operate
with nominally constant envelope desired signal formats and measures the interference by
measuring the power in the envelope fluctuations. (Note that envelope fluctuations can
be tolerated, as long as the interference produces measurable envelope variations.) A
block diagram of this circuitry is shown in Figure 3.2.3-1. The variable gain amplifier,
magnitude detector and gain control keep the signal level at X constant so that fluctuations
in the desired signal level will not affect the interference measurement. The bandpass
filter then removes the dc terms due to the desired signal components. Finally, the square
law envelope detector (SLED) measures the average power level of the remaining noise terms.

If the gain of the variable gain amplifier is G, then using Equations (3-16)

gives the envelope X of the output of the magnitude detector as
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Figure 3.2.3-1 Performance Measurement Device
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2€i 1/2 ‘.

=~ GA |1 + T ~ GA |1 + -;:

If the reference voltage is set to unity and the LPF bandwidth is large enough to track
the desired signal variations (but not too large that it removes the envelope fluctuations

due to the interference), then with GA =1, Equation (3-17) becomes

€.
X =1 +—A|— = 1 +Ecos @+f) +w.cos 8@+w sin®
' 9 (3-18)
o xh+wixv-wqu

A
The ac coupling through the bandpass filter removes the dc terms due to the desired
2
signal component and the envelope Y at the output of the BPF can be written as

¥ = (wi*Ecosﬂ)cosg+(Wq-Esinﬂ)sin@

(3-19)
Ry B W, X! =W Y
h i v q'v
+
A
Finally, the SLED squares and averages this to give
2 2
-— (w. +E cos @) (w =-Esin )
IR LT S R e A (3-20)
2 2 2 2
%X +twW,.X =w Yy )2
h I v q \%
) 2
A
. . . . —_— 7 —
Since the separate thermal noise components are independent with e Py
;-? = N, this expression becomes
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2

J - (Wi 'Ecosﬂ)2 t (wq-Esinﬂ)? ¢ l___l_i'_[__ (3-21)
/I

2

2N

where p is the channel signal to thermal noise ratio,

Assuming that the input Y to the SLED is a zero mean gaussian random
process, then the variance of the output is twice the mean of the output squored]
and is given by
2 2
0 2 (3-22)

Consequently, the output of the interference measurement device is a random process

with mean J and variance 2 J2, where J is given by Equation (3-21).

3.2.4 Control Logic Description

The circuitry described in the last section allows the measurement of the
interference J(w) ond also provides the capability of measuring the gradient of the
interference with respect to the correction network parameters, i.e., the weights w.

\
- VJi and - vJ / can then be
q

AW, YW
t 9
used to drive the weights to where the gradients are zero, the defining relations for the

and w . This gradient information <
q

optimum weights. From Equation (3-21) the interference J is seen to be quadratic in
the weights v, and wq, and therefore, the vanishing of the gradients will define unique
weight settings which minimize the interference and thereby maximize the signal -to-
interference ratio. Figure 3.2.4-1 illustrates the block diagram of a control technique
which utilizes a dithering signal to develop the gradient of the interference with respect

to the weights and the associated circuitry to drive the correction network weights to

60

SR S T ——— g




T ——

J(w)

SQUARE-WAVE
SOURCE

0° 90°

Figure 3.2.4~1 Block Diagram of Control Logic
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their optimum (zero gradient) values. For control of the special multitap correction
network this control logic will be time shared between the three complex tap weights.

The circuitry illustrated in Figure 3.2.4~-1 can be described in the
following manner. The square wave source generates two orthogonal waveforms, each
of which is used to dither one of the correction network weights by +\, a square wave of
magnitude A. In this manner the interference measurement network gives (for the inphase
weight) J (Wi 1 Ai\ and J (Wi - Ai) over the positive and negative values for the dither
waveform. The quadrature weight is dithered simultaneously with an orthogonal (90°
phase shifted) square wave, with the separate effects on the interference measurement
being extracted with the synchronous detectors (multiplier = LPF combination) shown in
Ficure 3.2.4-1. For example, the output X of the inphase weight synchronous detector
becomes

X = sgn (A;)J(W*A,) (3-23)
i

which is J (w + A,) when A, > O and -J (w - _\i\ when A, < 0. Consequently, the

[ [
output of the LPF averages this waveform to generate the approximate gradient VJ of
J (w) with respect to w, as

lim J (w. '.)il-J(wi—A,i
I
VJ(wi) A—0 A,
|

(3-24)

~ X J(w, +A,)=J(w, =4, =VJ,

] I I I I
As mentioned above, the interference J is quadratic in the weights, with

an approximate sketch of this functional relationship being shown in Figure 3.2.4-2.
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This figure illustrates that the minimum interference J (Woi) corresponds to the point

where VJi = 0 and the quadratic nature of this curve gives VJi > 0if W > w o and

Jlw;) ﬁ

V4 <0 VJ; >0

J(Woﬁ

8963118

.

Figure 3.2.4-2. Approximate Sketch of Interference Versus
Inphase Weight Setting
VJ; > 1) if W < W oo These relationships allow the optimum weight to be found with a

simple intcgration circuit as shown in Figure 3.2.4-1. That is,

dwl
L (3-25)
pm Py
dw,
wnere - is zero when VJ, = 0 and the weight remains constant, while nonzero VJ,
i

tends to drive the weight toward the optimum (zero gradient) value. The quadrature
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weight control is described similarly. More detail concerning gain settings (e.g., 8
value) and loop bandwidth is discussed in Paragraph 3.4 describing the control loop
analysis,

As described above, the synchronous detectors include a low pass filter to
average the output and form the required gradient. This averaging will remove the
dither generated square wave due to the average or dc value of the performance measure
at the particular operating point. For instance, at the optimum weight setting this
square wave will be of magnitude J (wo). This quantity is computed in the next section.
Since the control loop already contains an integrator, some averaging will be present
and the additional LPF could cause stability problems. In fact, for high signal-to-noise
ratios, the value of J (wo) will be quite small, and as long as it is small compared to
the effect of the weight dither, its effect will be negligible. An alternative to the
LPF after the synchronous detector is to remove the dc at the input to the detector with

a high pass filter. This alternative is used in the simulations presented in Section 4.0.

3.3 Steady State Performance

This section discusses the performance of the adaptive crosspole correction
circuitry in terms of its expected steady state performance with the correction network
weights set at their optimum values. This discussion proceeds in two areas, one being
a general discussion of optimum weight settings and performance, and the other being
directed toward the specific circuitry and equations developed in the previous sections.

The two fold purpose of this work is to present some general conclusions and also
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facilitate the development of the analysis of the specific design. This analysis

continues in the next section with the development of the dynamic performance analysis
concerning the transient performance and weight jitter effects, The presentation will
concentrate on the single-tap correction network, since general results using the special
multitap network are more difficult. Since the analysis of the multitap network requires
specific assumptions concerning the nature of the dispersive effects, it istherefore deferred

until Section 4.0 where the simulations define specific dispersion models.

3.3.1 Optimum Weights for the Single-Tap Network

To further develop the mathematical analysis of the specific design
considered in the last several sections, consider the steady state weight vaiuves that will
be set by the control logic. These values are the optimum settings for the interference
function of Equation (3-21) and as mentioned in the last section, they are defined by

the vanishing of the gradient given by

1 "
N [wi +Ecos @ + —p—' = (3-26)
and
! 'Y
VJq ) [ wq -Esing + D ‘ = 0 (3-27)

These equations then give the optimum weight values as

-p Ecos @

oi g | (3-28)

and

. pEsing (3-29)

oq 1 +p

g b W g —




For large signal-to-thermal noise ratios (p > 1) these reduce to W R - E cos @ and
L ~ Esin @, that is, the optimum weights can eliminate the crosspole completely
without regard to the additional thermal noise which they introduce, since the thermal
noise term is negligibly small. Note also that the approximate formulation of Equation
(3=21) does not consider the additional effect of desired signal modification by the
weighting circuits since this effect was assumed to be second order and was neglected
to ease the analysis. For the computational work discussed in Section 4.0 the optimum
weights are found numerically and include both the thermal noise and desired signal
effects.

The value of the interference corresponding to the optimum weight settings
can be obtained by substituting Equations (3-28) and (3-29) into Equation (3-21). This

gives the minimum interference as

2
L 2 s
a 4 [ (] + '“) = P J (3 30)

Note that as the P becomes large the minimum interference goes to zero, indicating

complete crosspole cancellation and no additional thermal noise effects.

Side2 General Performance Results
To more easily describe the general steady state performance of the cross=
pole correction circuitry, consider the simplified model and definitions for the single

channel correction using one complex weight shown in Figure 3.3.2-1. In terms of these
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Vi=V+€H+nv
> >

H,=H+€V+ny, +

; © .

Ho=(1+€W)H+(w+€)V+n, +wn,

H

VX X
€ = CROSSPOLAR VOLTAGE COUPLING = —VE' - —FTp—

s, = P, =V =P, = A"

*
Ni =n,n, =ngng

e 89631-15

Figure 3.3.2-1 Simplified Circuit Model and Definitions

67




definitions the output signal-to-noise ratio (where noise includes both thermal noise and

crosspolar interference) is given by

|(] "(W)Hl 2
‘(wf()V’rn

2
twn '
v

h
(3-31)

1+ w el

2
PR
0

v + <l

The term in the numerator represents the effect on signal power resulting from the weight
coupling in the crosspole signal power, and has been neglected as a second order effect
in the previous analysis (i.e., w €<<1). The first term in the denominator represents
the output noise due to crosspolar interference, while the second term is due to thermal
noise and includes the additional noise coupled into the output by the weight. Setting
w = = € will completely eliminate the crosspolar interference, without regard to the

thermal noise, and results in a signal-to-noise ratio of

P
S /N —~- e ——
o' o 1+ el 7 (3-32)

where the signal power coupling is again assumed negligitle, For reference purposes, if
w is set to zero, Equation (3-31) will give the signal-to-noise ratio with no adaptive
correction as

p

S /N _
o] o

T (3-33)
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In the last section Equation (3-30) was derived as the output of the
interference measurement device when the correction network weights were set at their
optimum values. Recognizing this result as being proportional to the noise-to-signal

’ - SR I 7 N
ratio, where the factor of 1/4 is due to specific circuitgains, and E- = € * gives the
optimum output signal-to-noise ratio as

_ _p{l*p
So/Na

p |f| 2 +p 4 ] (3‘34)

opt
The equations of this section can now be used to develop several interesting comparisons.
First, Equations (3-33) and (3-34) can be used to determine the improvement insignal-to=

noise ratio due to the adaptive correction circuitry as

So/No

opt 0% lel
TN S e (3-35)
o/ o plel “ +p+1

w=20

This equation is plotted in Figure 3.3.2-2 for various values of crosspolar interference.
Secondly, Equations (3-32) and (3-34) can be used to find the improvement in signal-to-
noise ratio due to incomplete decoupling as (see also Appendix B for an analysis of this
effect)

S /N
o' o

le] 2
L (3-36)

opt BTG, (¢ Pl
plel®ip+

.—_']+

S /N
o' o

W = g

This equation is plotted in Figure 3.3.2-3 for various values of crosspolar interference.
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3.4 Dynamic Performance Analysis and Parameter Selection

In the last section the steady-state performance of the adaptive correction
circuitry was discussed. This work gives an indication of how good the circuitry can per-
form if it is well designed. However, if it is to perform well in a dynamic environment,
the circuit parameters (loop gain and BW, dither size, filter BW's, etc.) must be carefully
chosen. To accomplish this the dynamic performance of the circuitry (transient response,
tracking rate, weight jitter, etc.) must be analyzed. This analysis will proceed by
linearizing the circuit equations and developing an approximate linear model. Using this
linear model, approximate transient response and steady-state weight jitter can be derived
as a function of the circuit parameters. From these functional relationships the parameter
values that yield good tracking performance and small degradation due to weight jitter
can be derived. This work uses the equations developed for the single-tap correction

network, but also discusses the extension to the multi-tap network .

341 Linear Control Loop Analysis

In the previous sections the various components of the adaptive crosspole
correction device have been described. These can be functionally represented by the
block diagram shown in Figure 3.4.1-1A. In their most general form the mathematical
relationships between w, J(w) and VJ(w) would yield a nonlinear control loop and it
would be difficult to analyze the performance of the complete system. However, the

opproximate formulation developed in the last several sections can be configured as the
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MEASUREMENT
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B. LINEAR CONTROL LOOP FOR APPROXIMATE ANALYSIS 89631-8

Figure 3.4.1-1 Control Loop Block Diagram
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linear control loop shown in Figure 3.4.1-1B, where only the in-phase weight control is
considered since the quadrature control will proceed in an identical manner.

To formulate the linear control loop illustrated in Figure 3.4.1-18, the
mathematical relationship between the weight perturbations Aw; and the gradient of the

interference VJ must be found,as

V) =G Aw; (3-37)

To obtain a value for G the interference measurement relation given by Equation (3-21)

is expanded as a Taylor series about the optimum weight setting w to give

)= S d 2L g e 2 5w
o 3 W. w i Aw w q
i o o
(3-38)
02 J 2 82 J 2 3
+1/2 — B w) +1/2 — (6w )" +0 (6w
Z i 2 q
Ow. w ow w
i o q )
where J(w) is a real function of the real variables w, and wq with 8 L and
) k. N w__ representing the total displacement from the optimum values. Note
that since Equation (3-21) is quadratic the higher order terms 0[(é w)3] are zero and

o

: , . ot 2.
the expansion through the second order terms is exact. The gradients T and 5w
are zero at w = w_ and differentiating Equation (3-26) and (3-27) gives

il e
f_',_%__ o_J 1/2 l . \ (3-39)

Ow. OwW
i
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Therefore, (Equation 3-38) gives the relationship

Jw) = w ) + —l <1 + %) [(a wi)2 + (8 wq)2]

b b et ?
Yo g P

Recognizing that & w consists of both the operating point offsets Awi and Awq and the

Il

Il

éw (3-40)

dither Ai and _\q, and expressing the synchronous detector output as the average over

one dither cycle gives
V) (w) = J(wc> +Aw+A)-J(w°+Aw—A) (3-41)
Substituting into this expression from (Equation 3-40) then gives

VI = Jw) *g <1 + g) {mwi + 87+ (v + Aq)Z}
(3-42)

] 1 2 2
.._j(wo)+2I <] +ﬁ> {(Awi - Ai) + (Awq - Aq) }

which reduces to

v (w) = (1 + ]—> <Aw. A, + Aw_ A > (3-43)
P E 9 q
Consequently, the gain term G for the in-phase weight control is
G- A <1 + :)> (3-44)

where A = Ai = Aq is the dither size. Note that the gain equations for the in-phase and

quadrature control are identical as hypothesized above.
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The derivation in the last paragraph defines the linear control loop
illustrated in Figure 3.4.1-1B. From this the response time and the weight jiticr per-

formance can be determined. The transfer function from W to w, is
|

. B GB

with unit step function response

a(t) = L -e'Gﬂw (3-46)

Thus, the time constant of the control loop is

p (3-47)

P+ 1B

|

t e =

1
c Gp

L

]
where for p >> 1, fczl-ﬁ
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3.4.2 Weight Jitter Analysis
To compute the weight jitter Aw, the transfer function H2 (j @) from

VJi to Awi must be determined. This transfer function is given by

o -8
H2 (jw) W (3-48)
and weight jitter is then defined by
- S e A 2
Aw,” = 5 [” |H2 (jo )l Ni(w) dw (3-49)

where Ni(a)) is the power spectral density of the noise n. at the output of the synchronous
detectors. The variance of J (w) is given by Equation (3-22) as 0'2 and using Equation
(3~41) to relate V J to J, the variance of n, is also seen to be 0‘2. Assuming the input
to the SLED is zero mean Gaussian noise that is flat over the IF bandwidth B, with variance
ayz, then the variance of the output can be expressed 0'2 = 2(1/2)2 oy4. Consequently
the power spectral density Ni(w) evaluated at w = 0 can be evaluated in terms of the

input variance as

2 B 2)2 4 2
Na‘°"2<7) f_B (7%‘] b 1 gl 7 i
2 4 4

2 1 o
a = ol =
where 2 (2) cry —g—
Since the control loop bandwidth is small compared to the IF bandwidth, then Ni(w) will

be essentially constant at its @ = 0 value over all values where H2(idu) has significant

magnitude. In this case the integral in Equation (3-49) becomes

MDavenporf, W.B.ond W. L. Root, "An Introduction to the Theory of Random Signals
and Noise," McGraw=Hill, N. Y., 1958 (pp 256-257).
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023
aw? = f = (3-51)
i 47TB + G B 4BG

Substituting from Equations (3-22), (3-30) and (3-44) for <r2 and G at the optimum

weight settings gives

2 2
p ———-—E 3 = :—1 B
Aw? « R , (3-52)
i w=w 32BA (P+ 1)
opt
If crosspole is limited to 10 dB and p > 1, this reduces to
2 B
Aw. o - R sgire. - (3-53)
sl it 32BA P
et : .. 2000 :
In the next section it is shown that for good tracking performance g = S Using
this in Equation (3-53) and assuming B = 14 MHz gives
-3
3—7. xf 2.] X ]0 (3_54)
1 Ap

This expression is plotted in Figure 3.4.2-1 for several values of dither size in the range

most likely to be utilized (see Paragraph 3.4.3).

3.4.3 Control Loop Parameter Selection

The analysis in the last several sections provides the rationale for the
selection of the control loop parameters. The primary parameter is the loop bandwidth
which is a function of the dither size (the gain G) and the integrator gain B. (See
Equation (3-47).) This loop bandwidth will be selected to allow the loop to track a

given cross pole rate of change with a specified accuracy while maintaining a good
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relationship between the weight jitter due to the interference and the weight dither.
Also, the selection of dither rate relative to the system bandwidths will be discussed.

Data which has been collected on various communication links indicates
that the maximum rate of change of crosspolar coupling due to atmospheric effects is
limited to a few hertz. Assuming a sinusoidal variatior, the optimum weights would
behave as v =W ax €O 0 where an @ =27 10 = 62.8 should certainly be a worst-case
rate. Also, for a 10 dB crosspole ,wqu' = 0.316. From Figure 3.4.1-1B the transfer
function from the optimum weight W, to the weight error Awi is seen to be

i
Hy (o) = ——doc (3-55)

so that the weight error is

—loc v (3-56)

Aw;(w) =
|

To maintain the weight error at the 40 dB level while tracking the assumed 10~Hz cross-

pole variation requires that G 8 satisfy

2
2 A i
A(ul. (w) =10 5

> (.316  (3-57)
®=62.8 w1+ (GB)Y |w=62.8

which gives GB = 1986. For high SNR (,, >>1), GX A so that B84 ~2000.
In the last section the weight jitter at the optimal weight setting due to the
interference was derived, where for small crosspole and large SNR the result was given
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