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r [ : p r c u ’ t i c T have been t ak e n  to improve b,inui~ ’j d t h el ii c i  en u ’y (See RA k( ’ Research

and Tec hnology P lan , TP() “: R) .  One appro ach involves the use of cross polari—

? : u t l O n  wherein Independent data can be transmitted at one carrier f requency

on orthogonal polarizations (either linear horizontal and vertical or circular

ri ght hand , left hand) thus doubl inc the amount of data that can be communi-

cated In a given bandwidth.

The use of cross polarization is not without its technical problems.

Lain , turbulence’ , and multipath can severel y affect the separation between

pol arizations , partic ularly over long microwave links . These effects limit the

t i ~ use of cross polarization because of the high availabilit y requirements

fuir LOS microwave , Typically 99.995%.

By t h e  use of adaptive algor ithms effects caused by the media can be

counteracted. This will result in cross polarized transmission with high

; u v t i l a h i l i t v . The purpose of this proi~ram was to study and develop adaptive

;i1 y (r i t l r - s .  The a lgorithm developed on this program has the potential of

reducing c r 0 5  polarized interference levels as high as S dB bel t’,,’ th e

c — p u u l a r  signal to 40 dB below the co—polar signal virtually eliminating the

Interf erence. A hard’,:;tre follow—on program will Implement the algorithm

developed and documented in this report .
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1 .0 INTRODUCTION

i .i Object ve

~ The major objective of the cross polarization techn iques investi gation was to

investi gate the use of cross polarization to expand the bandwidth efficiency over line—of—

sight (LOS) dig ita l microwave links in the Defense Communications System (DCS) and to

deve lop techniques that will improve the cross polarization utility .

Cross polarization offers an additional approach , other than improved band-

widt h efficient modulation techn iques, to double bandwidth efficiency by transmitting

independent information on orthogonal polarized channels which use identical frequency

bands.

1 .2 Approach

The program contained four main phases. During the first phase , the pro-

blems associated with the use of cross polarization, particularl y the mechanisms for and

effects of crosspolar interference were thoroughly investigated . In this investigation, the

effects of rain, multipat h, circuit dispersion , etc., on crosspo lar links were considered .

Physica l and statistica l models of the interference effects were developed. The second

phase of the program selected adaptivel y controlled correction networks as the most

Feas ible. Various trade—offs associated wit h this approach were developed and a specific

des ign formulated for two alternative adjustable correction networks. This phase of the

program a lso included the detailed mathematica l analyses of the specific design as well

as derivation of the genera l performance estimates for crosspole systems.

cc 
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Phase 3 of the program was an extens ive computer simu lation act ivit y. The

resu lts of the previous phases were mode led on a compu t er to verif y the soundness of the

desi gn as well as the practicality of imp lementation . The final phase of the program

involved develop ing a conceptual design plan for eventual feasib ilit y hardware which is

capable of demonstrating the results of this program .

1 .3 Results

The major accomp lishment of the program was the development of an adapt-

ive interference reduction desi gn suitab le for use over long multi path corrupted micro-

wave links such as wou ld be encountered in the DCS. This desi gn providesthe capability

of doub ling the bandwidth efficiency of the links withi n the DCS withou t requiring addi-

tional power margin (over the 3 d8 necessary to provide the orthogonal channel) to

overcome the crosspolar interference .

Th is design features a specia l multi—tap correctio n network having unique

controllability characteristics as well as a useful mathematica l relationshi p between the

weight settings and the physical nature of the crosspolar interferences.

1 .4 p~~fO~~~~ zation

The report is organized consistent with overall program plan andapproachas

discusse d in Paragraph 1 .2 above . Section 2.0 presents the discussion of the cross polari-

zation problems and the development of the physica l and statistical models. The trade-

offs associated wit h adaptivel y contro lled correction networks as well as selection of a

specific desi gn are presented in Section 3.0. The detailed mathematical anal yses of the

design are a lso provided in Section 3.0. Section 4.0 presents the results of the computer

2
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simula tion along with descriptions of the computer programs as well as tabulations of

some of the more important computer runs. A conceptua l hardware design approach,

along with supporting diagrams are presented in Section 5.0. The Final section, Section

6.0 provides concluding comments and recommendations.

3

- ~~~~~~~~~~~~~~ 
‘ - -  -.-~~ --~~~~~~~~

‘ - ~~~~~~~~~~~~~~~~~~~~ 
-



2 .0 CROSSPOLAR IZAT ION PHENOMENA AND THEIR EFFECT S

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 orthogona l

f eld polarizations for the transmission of each signal. (These two polarizations wil l be

termed polarization 1 and 2 with P
1 
and P

2 
representing the respective power levels. )

For idea l antennas and ideal transmission media , the 3 dB bit rate (i.e., bandwidth)

increase is accomp lished with a corresponding 3 dB increase in tota l transmitted power .

However , s ince neither antennas nor the transmission media are ideal , an additional power

increment is required in order to mainta in the same quality of communications achieved

in the nonfrequency reuse system (hereafter termed the basic link) . For t he idea l cros s—

polarized frequency reuse links (termed crosspole links ) the two polarizations remain

orthogonal throug hout, that is , there s no coupling of polar zatiort, 1 (P~) into

polarization 2 (P
2

). (Power coupled into P1 from P
2 

is termed P12, with P21 being the

ot her coup ling.) For these links the crosspo le isolation defined as P1/P12 and P
2/P21

is infinite , or similarl y the crosspole coup ling defined as P12/P1 
and P2 i/P2 is zero.

NDnidea l 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 , t he quol t y can be restored by the use of additiona l transmitter powe r , so t

hat4



if fading is expected , increased power , terme d system marg in, can be introduced to

negate its effect. For crosspole links , the additional S/N degradation du6 to crosspol’

coup ling can also be compensated for by increase d power margin . A lternativel y, various

forms of decoup l ing network s can be introduced into the system which wi l l  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 crosscoup ling are

stat istical in nature (e.g., ra in, multi pat h, etc. ) , consequentl y the ir effects on the

system w ill have a certain probability associated with them . A wide variet y of data is

available in the literature on various aspects of these phenomena, and in the following

paragraphs such data is discussed . Spec ificall y, the l ink availability, defined as the

probability that a l ink of a specified quality (given S/N ratio, BER , etc.), is available

as a function of the system marg in, w ill be developed . This wil l  be done for both the

basic and crosspo le links , with the effects of carrier frequency (8 GHz versus 15 GHz)

and t ype of polar ization (circular versus linear) also being considered.

2. 1 Contri butions to Crosspotarization Coup ling

The primary contributions to polarization coupling in terrestria l microwave

commun ications systems are antenna depolarization effects and coupling in the channel

due to precipitation and multipath . For most we ll designed systems , the predominant

effect wil l  be coupUng due to rain . Consequentl y, this phenomenon has received the

u’.
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must widespread stud y, including both theoretical consideration in terms o the

development of rain cro~s—coup ling models and various experimental studies investigating

the statistica l and physical properties of rain crosspolarization .

2. 1 .1 Rain Eftec~

The two significant effects t~ ci rain has on microwave tr’~nsmission are

attenuat ion and crosspolarization coup li n g. Tb0 former is i mportant on all microwave

links while the latter is of in’portance onl y on crosspolar links. The levels of both at an

instant of time on a particular link are functions of path length throug h th0 rain , rain

rate and operating frequency. In addition , the level of crosspolarization coup ling due

to the rain is also a function of the polarization pair (circular versus Ii’ ear) that is

employed .

2. 1 .1 .1 Statistical Rain Model

In order to develop l ink availabil i ty a statistical rain model must be

postulated . Since Western Europe is a geographica l area of special interest to this

st ud y, rain data for Sloug h , United King dom has been taken to be representative .

F -1ure 2.1 .1—1 a plot taken from Norberry and White
1 
giving the total time occurrence

of point rain fall rates at Sloug h during the year 1 970. For examp le , referr ing to the

fi gure , it can be noted that rain rates equal to or exceeding 80 m flhimeters per hour

occur with a probabilit y of 1 in 10~ , or upproximatel y 5 minutes a year . Thi s data is

1
Norberry , J. R., and W. J. K . White , ‘Point Rainfall Rate Measurements at Slough ,
U. V . ,“ IL EE Conference Publication Number 98.

6
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supported by data presented’b y Hogg2 
for rain rote measurements tak ’tn in B ’ -~f~ r - ~- ,) ire ,

Eng land from Jul y 1957 to August 1961 .

Probabilities of point rain fall rates are insu fficient for determining the

desired availability prediction . What is required is the probability of path rain fall rates

- be ~ined as the space average of the point rates along a path . Path rates , as such , are

extreme ly diff icult to observe (which explains the scarcit y of published data on the

top ic . They must be inferred from point data and it is not obvious ho~ rain fall statistics

for a long path are related to those from a point . Obviousl y, point rates will not extend

un iforml y over a large area . Generall y, it can be stated that point ral’es are re lated to

path rates throug h such characteristics as storm size , shape , persistence and velocit y of

trans lation . In turn , these character istics are intimatel y related to ra in rate. Bussey 3

has made predictions based on emp irical data of the relationshi p between path rainfall

- rates and point rainfall rates. He states that an annual distribution of 1 hour point rates

approx imate . an annua l distribution of instantaneous 50 kilometer path rates. This

ergod ic relationshi p between point and space averaged rain rates could be extrapolated

to different time path length pa irs , but in actuality s limited in its app licability to the

specific data from which it was derived . A major limitation , assum ing the hypot hesis

Hogg , D.C., Path Diversit y in Propagation of Mill imeter Waves Throug Rain ,

IEEE Transactions on Antennas and Propagation, Vol. AP-15, No. 3 , May 1967 ,
pp. 410—415.
3 Bussey, H . E., Microwave Attenuation Statist ics Estimated from Rainfall and Water

Vapor Stat ist ics ,’ Proceedings of the IRE , Jul y 1 950, pp. 781 —785.

8
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to be universall y true (t he supporting emp irica l 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 availabilit y of point rain fall data of the appropriate time intervals. However ,

Bussey ’s work does support the generall y accepted princi ple that the greater the rain

rate , the more concentrated the storm .

Using these ideas the following model for an approximate probabilit y of

path rainfall rates on a 16 km path can be postulated . T he point rainfall rate probabilit y

is equivalent to the path rainfall rate probability for all rains of 25 mm per hour or less.

For ra in greater than 25 mm per hour , the path rain rate probabilit y equals the point

ra in rate probabilit y divided by the amount in mm/hour that the rain rate exceeds 25 mm

per hour. Although this model was arb itraril y p icked , it is representative of decreasing

rain cell s ize s with increasing rain rates as well as being consistent with limited data

ava ilable from Norberry, White and Bussey. It is apparent that for one storm cell , as

the path length increases, the probabilit y 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 King dom .

2. 1 . 1 .2 Attenuation and Crosspolar Isolation

Having esta blished a rain probabilit y mode l, the effect of ra in on both

attenuation and cross coup ling must be determined . Attenuation is considered i n i t ia l l y .

9 
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Attenuation of microwaves by ra in was considered in detail by Ryde and Ryde
4 

in 1945 ,

and the wor k was later confirme d and expanded by Medhurst .5 Figure 2. 1 .1—3 presents

graphs of pat h attenuation in dB’ s per kilometer versus rainfall rate in millimeters per

hour as der ived from the data of Medhurst . It is apparent from these curves that 15 GHz

transm ission suffers greater attenuation than 8 GHz . Furthermore , a doubling of path

length through the ra in will double the attenuation in dB’ s independent of frequency.

The curves in Figure 2.1 .1—3 have been experimentall y supported by Blevis , et 01.
6

Crosspolarization coupling between spatiall y orthogona l channe ls has

recentl y become a top ic of much interest . This interest has been generated by a pro-

l iferation of systems proposing frequency reuse in efforts to conserv e bandwidth. Since

rain is a significant contributor to the level of cross coup ling realized in microwave radio

transm issions , it too has received recent interest . The coupling mechanism in rain s the

differential phase sh ift 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 sh ift and different ia’ attenuation versus

ra infall rate for both 8 and 15 GHz transm issions . This data was taken from perturbation

4 Ryde, J. W., and D. Ryde, “Attenuation of Centimeter Waves by Rain , Hail , and
Clouds ,” General Electric Co., Research Labs Report N3. 8516 , 8670, Wembley ,
Eng land, A ugust 1944, and May 1945.
5

Medhurst , R. G., “Rainfall Attenuation of Centimeter Waves: Comparison of Theory
and Measurements ,” IEEE Transactions on Antennas and Propagation, Vol . AP- 13 , No. 4,
Jul y 1965 , pp. 550-56 4.
6Btev is , B. C., R. M. Dohoo, and K. S. McCormick , “Measurements of Rainfall
Attenuation at 8 and 15 GHz ,” IEEE Transacti ons on Antennas and Propagation, Vol .
AP— 15 , No. 3, May 196 7, p 394.
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calculat ions done by Morrison and Chu.
7 

As can be noted in these figures; both

differential attenuation and differential phase sh ift depend strong ly on frequency.

The differential attenuation and phase can be related to crosspolarization

coup ling via different expressions depending on the orthogonal polar ization pair being

used . For a circularl y polar ized system , the coupling C is given by

C - 20 log 
i + e 1

~~ 
+ j /3) 

(2—1)

where ca and j3 are the differential attenuation and differential phase sh ift per unit

length as taken from Figures 2. 1 .1—4 and 2. 1 .1 —5; and I is the path length . If , on

t he other hand, t he link emp loys linear polarization, an additiona l parameter , the

ra indrop canting angle , impacts crosspo larization coupling . The canting angle is

the angle between the major axis of the image of an ablate sphero idal raindrop projected

on t he plane normal to the direction of propagation with respect to the horizontal, If

t he canting angle is denoted by 9, the crosspolar ization coupling CL is given by

1 - e ’~
’ ~~ tan 9C

L 
- 20 log 

1 + ~~~~~~~ 
j~~~~ tan 2 

(2-2)

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

isolation between orthogonal c ircularl y polar ized 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.

15



between orthogonal linearl y polarized waves, the onl y exception being fora45° canting

ang le for which the two expressions are identical. In reality, there is no one canting

ang le 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

8
to circular polarization isolation . It has been reported in the l i terature that ins uff ic ient

measurements of the distribution of raindrop canting angles are at present available to

make preCise predictions of the advantages of linear polarization . However , published

est imates whkh are supported by exper imentation at particular frequencies suggest an

approx imately 10 dB improvement in isolation . Figures 2. 1 .1—6 and 2 .1 .1-7 incorporate

t his estimate in plots of crosspolar isolation versus rain rate for a 16 km link withoperat ing

frequencies of 8 and 15 GHz , respect ivel y.

2. 1 .2 NDnrain-lnduced Coupling

In addition to the rain induced crosspo lar coup ling discussed in the last

sect ion , coupl ing can result from various nonrain related fades and depolarization by

t he antennas. Relative to the rain related effe cts , much less wor k has been done on the

effects of nonrain-induced fades on crosspolar coupling, and there is con sequentl y less

8Watson , P. A ., and M. Arbabi , “Rainfall Crosspolarizalion of Linearl y and Circularl y
Polarized Waves at Microwave Frequencies ,” Electronic _Letters , Vol . 8, No. 11 ,
1 June 1972, pp. 283-285.
9Semplak , R. A ., ul Simultoneous Measurements of [)epolcirization by Rain Using and
C rcular Polarizations at 18 GHz,” BSTJ , Vol . 53, No. 2, Fe b. 1 974 , pp. 400-404.
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data available . Even so, some genera l conclusions can be discussed , particularl y since

it is known that some of these ef fec ts  can be polarization dependent and wil l  therefore

introduce crosspolar coupling. For the antenna effects , crosspo lar coup l ing is directl y

introduced due to nonperfect isolation in the antenna and feed network as i l lustrated in

Figure 2.1 .2—l a. As this isolation generall y decreases at off—axis angles of arrival ,

the antenna can have a secondary effect via the increased decoup ling of multi path

signals which will arrive off axis .

Nonrain-induced fading is primaril y a multi path phenomena and can

resu lt from either diffraction , re fraction, or re flection . Diffraction is caused by

obstructions in the path , refraction by variations in the atmospheric densit y, and

re f lect ion from the radio waves striking reflecting surfaces . As reported by Ba r n e t t ,

mult ipath Fades will directl y introduce crosspolar coup ling by the differential fading of

orthogonall y polar ized signals , often resulting in sign ificant loss of crosspo!ar isolation .

Referr ing to Figure 2 .1 .2— lb this effect is il lustrated by P1 
fading more than P12. Also ,

re fraction can cause si gnals to arr ive off—axis at the antenna , result ing in reduced

crosspole isolation as mentioned above .

A final mechanism for crosspo lar coup l ing during fa~le1 resu lts from

polar ization select ive Fading and the resulting amp lification of the depolarization in the

nonperfect antenna . Aga in refe- ~ng to Figure 2. 1 .2—la , if P1 rema ins stead y as P
2

1 1 Ba rne t t , W . 1, “ Dete ri oration of Crosspolarization Discrimination During Rain and
Multipath Fading at 4 GHz , Proceedings ICC , 1 974, pp. 12D— 1 to 12D-4 .
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fades ,then since P21 
is also steady,  ~2~

P
21 s degraded. This is said not to occur by

Barnett; however , certain types of reflections am 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 likel y sma ll , since polarization diversit y is not rea ll y a

.-. idel y acce pted tec hnique .

Quantitative evaluation of these nonrain-induced effects are quite

dependent on the specific characteristics of individua l links . However , a well des igned

link can avoid much of the adverse effects (e.g., good antennas , p lent y of c learance

from obstructions , etc.). Also , heavy rain will tend to reduce temperature variations

in the atmosp here which can cause some of the multi pat h fades. Consequentl y, t hese

effects will not generall y be cumulative -~ ith respect to the rain induced crosspolar

coup ling. Also , it appears from the limited work available that these effects are of

roug hl y the same order of magnitude as the coup ling due to rain , indicating that a link

designed to effectivel y co mbat rain will also perform satisfactoril y against the nonrain-

induced effects. However , such conclusions should be carefull y examined in app lication

to specific links.

2.2 Performance Degradation Due to Crosspolarizalion Coup ling

The primary impact of crosspolar coup ling on dual polarization

communication-, system will be a reduction in the received signal-to-interference ratio.

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

21



Figure 2.2-1 where the four phase states are shown as vectors of magnitude A . The

worst—case interference will correspond to a noise vector acting along a line between

tv~o adjacent phase states as shown by A . This corresponds to a case where the two

channels have coincident symbol timing and carrier phases offset ~~ 45°. As shown , the

si gnal amp litude A is reduced to the effective si gnal amp litude A
e 

A -
~~ 2 A n 

whkh

gives the worst-case degradation as A /A  = 1 — 
~/2 An

/A
s
s This relates the crosspo lar

coup ling A
2/A 2 

to the si gnal—to—noise degradation (or required marg in to compensate

for the crosspolar coupling) as shown in Figure 2.2—2.

- QUADRATURE

A~ 16

jj

~

/

/
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8963 1 - 14

Fi gure 2.2—1 . Illustration of Interference Effects for QPSK Si gnaling
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Prabhu 1° has presented the effect of CW interference on QPSK signals

v~here t he 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 diagra m 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—e fficient modulation . To double the available bandwidth in this

manner requires the use of 16 phases rather than 4, where A
4 
and A

16 
represent two

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

effects for each system are represented as A
4 
and A

n •ló and their relative lengths will

be the effective change in noise level when going from 4 to 16 phase . That is ,

A
n4
2/A

n16
2 

= 13. 1 or 1 1 .2 dB would be the required increase in system marg in . Thi s

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

Paragraph 2. 3.

10Prabhu , V. K. “Error Rate Considerations for Coherent Phase-Shift Keyed Systems
w ith Co—Channel Interference ,” BSTJ , March 1 969, pp. 743—767.
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2.3 Link Marg in and Ava ilability

From the statistical rain models of Paragraph 2.1 and the anal ysis of the

effect of crosspo lar coup ling in Paragrap h 2.2 , the required system gain marg ins and

link availabil ity for a given link can be calculated. These calculatio ns can be performed

for both frequency reuse and norifrequency reuse links , thereby giving a quantitative com-

parison of the cost of doubling the bandwidth using a dual polar ization system . For a

g iven rain rate , Fi gure 2 .1. 1—3 g ives the attenuation in dB’ s per kilometer , from which

the required system marg ins 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 . Consequentl y, the crosspolar isolation that a dual polari zed system would

exhibit can be p lotted versus the system marg in that would be required by t he basic link.

This data is shown in Fi gures 2.3—1 and 2.3—2 and will be usefu l in constructing the

comparisons to follow .

Another useful set of relationshi ps can be derived using the probability of

rain rate data of Fi gure 2.1. 1—2 and the crosspolar isolation versus rain rate curves of

Fi gures 2.1. 1—6 and 2.1.1—7. Using these curves the probability of occurrence of a

par ticular crosspolar isolation on the 16—km links can be obtained. These results are

shown in Fi gure 2.3—3 for both 8— and 15—G Hz links “sing linearl y and circularl y

polarized transmissions. These curves indicate that the probabili ty of occurrence of a

g iven crosspolar isolation for a 15— GHz transmission is substantiall y 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 p lots.

Using the plots presente d in this section , and Fi gure 2 .2 —2 giv ing the

effect of crosspolar interference , link availabilit y predictions based on the system rain

marg ins can be graphed. Using the worst—case interference mode l of Paragraph 2.2

t hese plots are presented in Fi gures 2.3—4 and 2 .3—5 for 15 GHz and 8 GHz links ,

respective ly. In each case , t he curves are for a 16—km link. The four curves on each

fi gure are : a) t he basic link where frequency reuse is not emp loyed and the system

marg in must compensate for direct attenuation onl y; b) crosspolar links emp loying dual

linearl y po larized waves; c) crosspo lar links emp loy ing dual circularl y polar ized waves;

and d) links where bandwidth is doubled using 16 rather than 4—p hase modulation . These

curves indicate the reduction in availabil ity for a fixed link marg in (and simi larl y, the

increased system marg in required for a fi xed availabil i ty) resulting from frequency reuse

links and nonfrequency reuse links. Note that the use of a polarization correction

tec hnique w ill reduce the cross polarization coup l ing , effect ivel y mov ing the dual polari-

zation curves on eac h figure toward the lower one. It is worth reiterating that the predic-

tions presente d in Fi gures 2.3 —4 and 2 .3—5 are for the specific 16—km link . It is apparent

as longer l inks are cons dered , the famil y of curves on each fi gure must r ise indicating

an increased probability of a given amount of rain on the link. As mentioned above , due

to the l imited amount of pat h rain data available in the literature , quant itative estimates

of such increases are dif f icult .
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2. 4 Discussion

In t he preceding sections the link availabil i ty for both basic and cross—

po lar communication links have been developed for a specific 16—km link. To develop

t his data certain assum ptions , suc h as the relationshi p between point and path average d

rain fall rates , were requ ired . Consequentl y, t his data should not be regarded as abso-

lute ly accurate or generall y exten dable. More important than the j eci f ic data derived

is t he techni que developed. Using this techni que more accurate predictions could be

made in specific cases if the required data is available. By using such results the cost ,

in term s of increased marg in, of frequency reuse could be established . Whether or not

t his cost is worth paying w ill depend on the required reliabil ity of the specific l inks. A

more definite result of this work is the conclusion that orthogonal linear polarizations

are better suited for dual polar ization systems than are circular polarizations.

An alternative to increased system marg in for maintaining a specified link

ava ilabilit y in crosspo lar l inks would be the use of polar ization correction networks.

Fixed depolarization phenomena, suc h as certain antenna effects , cou ld be compensated for

by using a fixed correction network confi gurat ion . However , s ince the rain and mul t i—

path e f fec ts  are functions of time , the correct ion networks must be adjusted as these

e f f ec ts  vary. T his suggest s the use of adaptive correction networks which automaticall y

sense t he induced crosspolar coup ling and adjust the networks according ly. The cost of

t hese adaptive correction networks must be compared with the cost of using increased

sy oem margin or any other available alternatives to determine their relat ive advantage .
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The desi gn of t hose correct ion networks wi l l  be discussed in the fol lowing sections. In

addition to these considerations , t he indirect cost of losing the abil i ty to use crosspo le

iso lation to separate adjacent channels must also be considered . Finall y, an a lternative

to t he above methods would be the use of path diversity, wh ich in certain systems would

be readil y ava ilable. The ut i l i ty of this techni que is indicated by the fact that the more

severe t he rain (and therefore , crosspo lar coup ling), t he more concentrated it is , and

t herefore the more l ikel y a separate link would not he degraded. However , suc h con-

si derations must be made relative to a specif ic system design.
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3.0 DESIGN CONSIDERATIONS FOR ADAPTIVE INTERFERENCE REDUCTION

If crosspolar l inks are to be emp loyed , additional link marg in is required

for each crosspo le channel to perform on a par (maintain same availabil it y) with a sing le

polarization (basic) link. This is necessitated by the additiona l interference introduced

by crosspol e coup ling . This interference , and the need for additional power marg in , can

be avoided by the use of adaptive interference reduction circuits. A lter n ati ic ft-chni ques

suc h as path diversity or more efficient modulation schemes can also he ut i l ized ; how-

ever , t he use of adaptive correction networks appears to be a promising approach . In

or der to make a meaning fu l assessment of the relative costs and comp lexit ies of the

alternative method s, a detailed understanding of how they are desi gned is required .

This section discusses the trade—offs involved in desi gning the adaptive correction

circuitry and selects a particular techni que which appears most suitable for the problem

being addressed . An anal ysis of the performance of tIe selected method is presented ,

giving a further feeling for its cost and practicality.

3.1 Design Trade-Offs

As illustrated in Figure 3.1— 1 , an adaptive crosspole interference correc-

tion network consists of three basic com ponents : the adjustable correction network , the

performance measurement device , and the control hr . Associated with each of these

components are a number of des i gn considerations and trade—offs which are discussed in

this section . (Also, see Appendix C.)  These discussions w i l l  lead toa le lecteda pproach ,

the details of wh ch are discussed in the remaining sections of this report .
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3.1 .1 Correction Network

The purpose of the correction network is to undo the coup ling (deorthogo—

nalization ) of the two polarizations which has occurred in the media and other parts of

the system . The primary considerat ons in its des i gn are where t is p laced in the ys te r n

and the type of network to be used . These considerations reduce to trade—offs of band-

wi dth versus S/N loss and simp l ic i t y. The decoup ling is accomp lished by coup ling the

si gnal from one channel , prope rl y weighting it , and adding it back into the other

channel to undo the media induced coupling . If the coup ling is caused by rotations or

pure differential phase shift , then the decoup ling can Le ideall y accomp lished lo ssless l y

wit h phase shifters . On the other hand , i f  the coup ling involves differential attenuation

(as is t he case for rain induced coup ling), t he decoup ling process must necessaril y

introduce additional loss . The amount of this los s is a measure of the qualit y of t he

decoup ling network.

The magnitude of the loss associated wi th the decoup ling process is a func-

tion of t he amount of differential attenuation experienced in the coup ling or deorthogo—

nol ization process. As shown in a Harris report ,12 t he correlat ion i-~~~ fl between the

rece ived si gnals P 1 ’ and P
2 ’ is a measure of their orthogonal it y and the minimum loss

poss ible for any decoup l ing circuit can be calculated as a function of p.  Since the malor

- 
rio 1c- source in the receiver is at the front end , best performance in terms of S -‘Ndegrada—

tion is obtained i f  lossy corrections are placed after the RF s ec t i o n s  of the receiver. For

decoup ling at the antenna outputs th is minimum loss is I — P, while for IF methods it becomes

12
Rassweiler , et al., “Adoptive Polarization Separation Experim ents ,” Final Report NASA

AA FE Contract NAS 1—13942 , Harris ESD , Melbourne , Fl orida , A ugust 1976.
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1 - p
2
. (These resul ts are derived in A ppendix B.) For relativel y short links (5 km) ,

p is small and this difference will be important onl y for very marg inal systems. (See

A ppend ix E for typ ical p values.) For longer links , p l arge imp lies a correspondingl y

large amount of attenuation , which will most likel y be the limiting factor rat her than the

crosspo lar coup l ing .

While IF decoup ling is preferred for loss considerations , decoup ling

at R F has the advantage that the components (generall y waveguide devices )

are inherentl y less dispersive since the percent bandwidth for a given IF bandwidth is

sma ller . Also , the corrections are accomp lished be fore the downconver ters and

associate d fi lters and amp lifiers have introduced additional dispersive effects . On the

other hand, these RF techni ques have the disadvantage that the hardware is more com-

plex , w here the adjustabilit y requ irement d ctates the use of cumbersome electro-

mechan ical components . This also imp lies a more comp lex interface ~~t h existing har d-

ware if t he crosspo le correction is to be a retrofit to existing equi pment.

The less comp lex IF correction networks require the imp lementat ion of

comp lex (in—p hase and quadrature channe ls )wei ghts which can be accomp lished using

any of severa l wel l  developed techniques . Generall y, t hese wei ghts are constructed to

work at a sing le center frequency and are useful for relativel y narrow bandwidths .

Additional effor t is required to extend their app lication to wide bandwidths using tapped

delay lines or other multitap confi gurat ions . 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 onl y phase shifting elements , correct ing for rotations and

differential phase shifts at wider bandwidths and ideall y introducing no loss , w hile the
37



lossy decoup ling using attenuation would be done at IF. Again , t he major disadvantage

is hardware comp lexity .

3. 1.2 Performance Measurement Technique

An importan t element of any adoptive system s the performance measuring

device. In order to centrol the adjusta ble correction networks , some manner of deter-

min ing whether one adjustment is better than another is necessary . Such techni ques are

genera ll y app lication dependent , often requir ing a good deal of ingenuity and specia l

consideration about the specific system and parameters to be controlled . Nevertheless ,

certain general classifications can be considered . Generall y,  these techni ques can be

classified as either the direct methods that directl y measure the perforn~ance parameters

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

mance by monitoring a secondary parameter .

Examp les of direct methods of interest to the crosspole problem being

cons idered are techn iques wh ich measure the signal—to—noise rat io or the bit error rate.

An important advantage of these methods is that they directl y measure t he performance

over t he entire bandwidth of interest . The use of bit error rate has the inherent disadvan

tage that it is very insensitive , part icularl y at high si gna l—to—noise ratios where it takes

a long time to accu mulate a si gni ficant number of errors . On the other hand , the si gna l—

to—no ise ratio would be a more sat isfactory measure , prov ided a practical technique is

ava ilable to make the measurement and that it did not impose difficult interface require-

ments on the demodulating equi pment . A poss ible disadvantage of the direct methods
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is their incompatibility with the popular LMS control technique discussed in the nex t

sect ion .

The indirect methods could also be termed the known signal format tech-

niques . Generall y, they requ ire that each of the polarized signals have a separatel y

measurable characteristic. The presence of this si gnal as an interference term in the

crosspo lar channel can then be measured . This generall y requ ires that the signal format

he modified , often an important disadvantage . For instance , if the data rate can be

increased , a known bit pattern can be periodic all y transmitted on each channel. More

simp l y, each channel could be alternated on and off for a small port ion 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 si gnals , 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

onl y at the tone frequency . Consequentl y, it would not be usefu l against dispersive

crosspo lar interference. On the other hand, this techni que is wel l  suited for use with

the LMS control algorithm .

3.1.3 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

w ith respect to the measure being utilized . The control method used can be classified

into two genera l categories , the gradient and the nongradient or search techniques .
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The basic search methods are conceptuall y qu ite simp le: they randoml y se lect new

correction network parameters , observe the performance measurement , and retain the

parameters if the performance is improved . Since they must continuall y search for better

parameters (necesary to trac k dynamics in the cross pole interference), t hey have the

disadvantage that they introduce a “search no ise ” on t he data signals , the magnitude of

wh ich is a function of the step size and update rate. This basic techni que has been

app lied to a number of pract ica l problems and a number of usefu l modifications have

been developed . For instance , accelerat ion of the search can be accomp lished by

increasing the step size in successful directions , wh ile deacceleration is used to back-

trac k if a parameter overshoots and per formance starts to degrade . Imp lementat ion is

generall y w ith special purpose log ic , or dedicated microprocessors which readil y accom-

modate such special functions .

The idea of using gradient information to determine optima l parameter

values is w idel y used in both mathematical investi gat ions and pract ical control circuitry,

with many opt imization procedures being based on this concept. The popular LMS tech-

nique is usefu l with the known si gna l performance measure formats , and coherentl y

detects the presence of those si gna ls to generate the required gradient and drives the

controlled parameters in the correct direc tion . (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 directl y measure the gradient from severa l

separate measurements us ing different parameter settings . This s the basis of the dither
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method where the parameter values are alternatel y changed a small amount in each

direction and the gradient is extracted with a detector . As with the search proce dures ,

t his process wi l l  also introduce a search noise in the output due to the parameter

dithering .

Whil e the LMS method introduces no search noise , it is restricted to the

less convenient known si gna l per formance measurements . Considering the analogy

between the dither method and a con ical scan type search radar , a monopulse type

techni que 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

c hannel 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 track ing antenna . in this manner, if search noise s a problem, more hard-

ware can be introduced to avoid it , w ithout the necessity to resort to the known si gnal

formats .
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3.2 Descri pt ion of the Selected A pproac h

Given the basic desi gn cons iderations presented in the last section , and

the specific requirements of the desired crosspole system , a cand idate system desi gn can

be deve loped . The basic desi gn philosophy used i5 to propose w hat appears to be the

most eas il y imp lemente d desi gn cons istent wi th the specified requirements and ana lyze

its per formance . If this per formance is acceptable , t hen the desi gn is consi dered a

success . This section wi l l  develop the propose d desi gn and present a deta iled mathe-

matical descri pt ion of the constituent parts .

3.2. 1 Basic Block Diagram

The primary requirement of the desired crosspo larized system is that it be

capa ble of provi ding high per formance over long microwave links corrupted by

multi path . The system was developed for app lication to microwave radios which use

nonlinear amp li fiers (e.g. ,  t ravel l ing—wave tu bes). The system , when imp lemente d,

should drive the crosspo larization interference wel l  below thermal noise . That is ,

the link performance w ill be limited by t hermal noise and not by crosspo lar inter-

ference . The al gorit hm wi l l  be imp lemented at IF to simp l i f y t he hardware where

precise cancellation of the interference over wide bandwidths can be accomp lished

using tapped delay line type networ ks. A techni que for measuring t he interference—

to—si gna l ratio (inverse S ’~N rat io l  is presented below . F ina lI y, a contro l tec hnique
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based on the dither method of extracting the gradient is recommended , since it is easil y

imp lemented and it is demonstrated that the dither noise wi l l  not be a limiting factor .

If multitap correction networks are used , the basic control logic wi l l  be time shared

between the various tap wei ghts .

The basic block diagram of this desi gn is shown in Fi gure 3 . 2 . 1— 1 . Since

t he f i rs t  chapter of this report determined that the vertica l and horizonta l polarization

are preferred , the diagram shows the use of a vertica l arid horizontal channe l with

desired si gnals V and H. These si gna ls are contam inated with crosspolar interference

V and H and therma l noise n and n • In the next several sections the details ofxp xp v h

t his diagram are presented .

3 .2.2 Correction Network Descri pt ion

To develop a genera l descri pt ion of the correction networks , cons ider the

mat hematical descri pt ion illustrated in Fi gure 3.2.2— 1 . In the fi gure , r 1 
and r

2

represent the two orthogona l ly polar ized transmitted si gnals wh ile and s
2 

are the

received s igna ls which have been coup led and distorted due to the transmission system .

In general , t his coup ling and distortion can be modeled as frequency dependent trans fer

functions as shown where

( L.J) lcd H
11 

(t ~i) (cd H
12 

( c1J ) (3— 1 )

(ciI - 

~i 
(
~ n H 21 

(cd 
~2 

(cn H22 (L) (3—2)

Modeling t he correction networks as transfe r functions w
12 

(ô )  an d w
21 (~~~~) as shown in

the fi gure , the cross coupling can be removed by forming
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I CONTROL
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LOGIC
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Fi gure 3.2.1—1 Basic Block Diagram
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H (c ’ )

s ‘ (w ) r (w ) — w (w) r r — 
12 

r (e,)
1 1 21 2 1 H22

(cj ) 2

(3—3)
H (Li ) H ~ ( c )

s (w) H (c~ 
- 

21 1~
1 11 H22 

(w)

and
H21 

((4~))

= r~ (~~) 
- W 12 ~~ r~ 

(~~~ r
2 

l~~ ) - 

~~~~~~ 
r~ ~~

H21 (w) 
H 12 

()
~~~~~

= 

~2 ~~ 
H22 (~~~~) 

- 

H 11 (~~~~)

As described above , the correction networks must provide the transfer

functions w 12 
( w)  = -H

12 
(u)/ H

22 
( c )  and w21 

(~~
( = -H

21 
w (  ‘H

1 1 ~~~ These

transfe r characteristics can quite generall y be approximated by the conventional tapped

de lay line equalizer shown in Figure 3.2.2—2 . In this fi gure the wei ghts w~ are comp lex

quantities with the length (number of taps) and time delay per tap depending on the

spec ific transfer characteris tics to be equalized . Several modifications of this form for

the correction network are presented in the following sections .

3.2.2. 1 Special Multitap Correction Networl~

As described in the last paragraph , the functio n of the correct ion networ k

is to provide the requi red transfe r c haracter ist ic to properl y modif y the received si gnal .

This al lows it to be used to cance l the interference it has induced in the crosspo lar

cF~ nne l . Genera lly state d , it mui~t be desi gned to synt hesize - a transfer functio n which

can be represented in the Tay lor ser ies expansion
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Fi gure 3 .2.2—2 Conventional Tapped Delay Line Correction Network
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w irs ) = A + Bc, 4 Cc~
2 4 . . . (3-5)

The conventiona l tapped delay line discussed uLo~’e could be used , however , in this

section a special correction network is developed which allows separate and uncoup led

control of the constant (A ’) , l inear ( B ) , and quadratic (C ) terms in the frequency response .

This device has the advantage of providing uncoup le d control  ~ f eaLh of these functions

and allows the final setting of the networ~ to be corre lated v. ith these specific character-

is t ics of the transmission s y - t e m . Tha t is , when the adaptive control c i rcu i ts  have

stabilized , the wei ght sett ings on this special c~. rection networ k w i l l  indicate the form

o f the coup ling that the system has caused .

To synthesize the frequency response shown in Equation (3—5), up to

quadratic terms in c i , cons ider the building blocks showr , in Fi gure 3 .2 .2 . 1 — 1 .

Combining these blocks as shown in Fi gure 3. 2 .2 .1—2 pr ’ ide-  the approximate transfer

character ist ic

w (
~~) w

1 
~juT 

w 2 2~ W
3 

{ - 

2~
2)J

2

e~~~
T (2 jw

2 
T)w ( 3 T ) ~~2]

As illustrated by Equation (3—6), the block diagram of Fi gure 3.2 .2. 1—2

pro ,ides a transfer character ist ic which approximates the qene~s1l Tay lor expansion up

to quadratic terms in ~~ where adjusting t ( e  comp lex s-1r- i~~L t s  W
1~ 

~ 2 and w3 separatel y

control the constant , linear and quadrat ic term in ~ . A slight modification of this

diagram (indica ted on the diagram by moving w
1 

to the output of the last summer) w i l l
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A 0

W 1(w )  = e
_j

~~
T

B 0 y ~~~~T 1  ~T j j
I _

W 2((~.~) . r 1_ e _j2
~~

T 
~~~~~ [e~

WT _ e ~~~’T]

= _ 2je JW T sin L)T~ 5 _ 2je~~~
T
~~~T

C 0— 

~1 T I ~ I T 1 ~1
+*_

W 3( W ) ~r 1 + e 12
~~

T = e j
~~

T 
[eI~~

T 
+ e_ 1t

~)T]

2e
_j W T cos JT~~2 e 1(

~ T 1 1  - ____

[ 2
89631 —1 7

Fi gure  3 .2. 2. 1 1  Building Blocks for Special Mult i—tap Correction Network
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add t he additiona l feature that the rea l and imag inary parts of these wei ghts can be

directl y corre lated with the amp litude and phase function of each of these terms . With

th is modification the frequency response of the network becomes

2

w e
IWT W I [1 

+ 2j w
2 
T~~ + (w

3T) ~ 2] (3-7)

To observe the effect of this modification consider the effect of the w
2 

term in eac h

case in terms of the phasor diagram shown below . Neg lect ing the 2jT term , th is

diagram shows tha t for fixed w
1
, the impact of

Im [w(CJ)] 
W 21W Im [wKL$]

01 W~~~W

~ Re [w(~~J - 

W2 I 

01 Re [w~J)]
_____________ W~~~~CJ

A (W)

A. BEFORE MODIFICATION B. AFTER MODIFICATION

89631 -22A

Phasor Diagram

w
2 

now ta kes the form 1 w 2
c1 = 1 w 2R

L) f jw 2 1w, rat her than w 4 W
2RW+1W

2 1
c~~

For small w
2R

w and w
2 ci, Part B of the diagram shows that the magnitude of the rea l

part of w
2 

is directl y re lated to the amp litude term A (w) while the magnitude of the
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imag inary part is independentl y , ( l c l t e ) to 0 cJ) . rhis would not be the case in pa r t  A .

The e f f e c t  of w
3 

w i l l  he added direct l y to t he resultant -i~~’ tor in part B of the diagram ,

~‘.he- re fo r 
2~ 

small t i  1e1ultant  is , t 1 1  approximate ly ( 1 jO ) and the same argument

holds . h i t  is , ‘~~~.- ea l and imag inary parts of w
3 

separate ly contro l the amp litude and

phase I espon es  - )f t I , -  quadratic terms in w.

-
~ t~~r - above demons t ration , it was assumed that w

2
cj and w

3
cj wou ld

be small . Th is w i l l  be the - a~e for re lat ive ly narrow band systems (where cj wil l  represent

sma ll 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 smal l ) .  In most instances , it is felt

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

3.2. 2 .2 Simp lified Sing le— Tap Correction Network

For the genera l case discussed in the last section , the wei ghting functions

for the correct ion network are functions of frequency, requ iring that the correction

n et wo rk ’  be imp lemente d as a frequency dependent dev ice.  If the bandwidth of the

system is small enough that the dispersive effects of the transmission media can be

neg lected , t hen these wei ghting functions can be more sim p ly imp lemente d as adjustable

comp lex wei ghts , independent of frequency. It w i l l  be useful to consider such an

imp lementation from two points of view . First , for some app lications such simp le networ ks

mi ght , in fact , be adequate . (See A ppendix A for a discussion of this relative to the

problem at hand.) More importantl y, for the special multitap device (or conventiona l

tapped delay line ) each of the three wei ghts to be controlled are just comp lex we ights ,
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and their control can be most simp ly imp lemente d by time s haring the control c i rcui t r y

between them . In th is manner , the anal ysis and simulation of the system using the

spec ial multitap correction network is most easil y developed as an extension of the work

for t he more simp le sing le-tap dev ice . In the following paragraphs , a mat hematica l

mode l of the sing le—tap correction networ k will be developed , including a representation

for the input and output si gnals assuming they are constant envelope si gnals in therma l

noise .

Fi gure 3. 2 .2 .2— 1 i l lustrates the sing le—tap correction network and the

si gnals in each channel. The horizonta l and vertica l desired si gnals (H and V)are

assumed to be independent constant envelope si gna ls ( e .g . ,  FM or PSK ) which are

modeled as A h cos l i t  and A cos ( e t  + 9), respect ivel y, w here the A ’ s are the si gna l

magn itudes and 9 is a random process introduced to simp ly mode l the data modulation

and t he assumed statist ica l independence . The crosspo lar coup ling is given by the

comp lex number E 
~~~~ 

and Eh 
L 0h’ 

w hile the therma l noises are assumed to have

equa l power in their inphase and quadrature components such that the power on each

c hanne l is g iven by

2 2 2 2
x + y1 

_ _ _ _  

x + y
N = n n = 

n n 
and N = n n -~ v V (3—8 )h h h  2 v v v  2

In terms of the more genera l mode l of Fi gure 3.2.2-1 , H 11 
= H22 

= 1 , H21 
= Eh

e
~~ 

and

H 12 E e ’~~ . Also, the weighting unct ions become w 12 
= W

h i 
IW

hq 
and

w w • + j w . Since the vert ical  and horizonta l channel cor rections are uncoup led
21 vi vq
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V + 
~~~ 

+ n
~

= V j = A v c o s (w t + 9 ) + E A h cos ( (J t + .
~~v ) + x v cos W t + y ~,. Sifl ( U t

011 ~‘r/2 
V q

H + 
~~~ 

+

H1 = Ah cos ~~p t  + Eh A~ 
(cos ~ it + 8 + + X h cos Wt + V h S~fl (U)t

89631 - 3

Fi gure 3.2 .2 .2 l  Sing le-tap Correction Network Model
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and the control tec hniques for each channel are identical and independent , onl y the

correction of the horizonta l channel will be ana l yzed.

Writing the inpu t si gnals in terms of the ir inphase and quadrature

components gives (using cos (a + b) cos a cos b — sin a sin b)

V . = A cos 9 + E A cos 0 x cos ~tL V  v h v vj
r -

I y — A sin 9 — E A sin 0 1 sin (1~t
[v v v h  vj

and

i-I. = A
h 

+ E A cos (9 
~ 0 ) + x 1 cos ~~tL h v h h j (3—10)

+ 

[~ h 
- E

h
A sin (9 + 

~h~] 
s in t

De lay ing the vert ical channel si gna l by i~/2 radians then gives the si gna l at t he input

to t he quadrature wei ght as

V = IA cos 9 + E A cos 0 + x sin ~~t
q v v h v V J  (3—11)

- [y - A sin 9 - E A sin 0 1 cos c’t
L ’  v v h  vj

The horizonta l channel output can now be wri t ten as (dropping the v subscri pt on the

wei ghts )

H H. w.V. + w V = H . + H (3-12)
a i i i q q ol oq

where H . is the component inphase with the desired horizonta l channel si gna l

(A
h 
cos t) and H

0q 
is the quadrature component . Using Equat ions (3—9 throug h 3—1 2)

gives
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H . = [A E A cos (9 1 0 ) ~ X + w.A cos 9 + w.E A cos 0oi ~~h b y  h h i v y b

1 (3-13)
+ w .x — w y f w A sin 9 w E A sin 0 cos ~ot

i v  q v  q v  q v h  vj

and

H = [y  - E A sin (9 + 0 ) + w .y - w .A sin 9
oq L b  b y  h i v  i v

- w.E A sin 0 + w A cos 9 + w E A cos 0 (3-14)
l v  h v q v q v  h v

w x 1 sin ( ) t
q vj

To simp lif y the above expressions the following assumptions will be

utilized

1 . Horizonta l and vertica l desired si gnals are equa l (A = A
h~ 

A ) .

The therma l noise terms are also equa l with N N~ N .

2 . Crosspole coup ling is small (E
h and E <  A)  so tha t the required

wei ghts are also small and , t here fore , terms involving the wei ghts

t imes the crosspo le coup ling are second order and can be neg lected

(w . E ~~~ A).
2

3 . Channel si gnal—to—t herma l noise ratio is large , i.e ., -
~~~~

_ . N so

t hat therma l noise components are small re lative to the desired si gna l

components .

The inphase component o f the horizonta l channel si gna l then becomes E E and

0~~0 )
V

56

- , ..  — ‘ —  -, ‘ - --. -
~~~



H .~~~ [ A t  A E c o s (9 - 4 0 ~~-i- w . A c o s 9 4 w A s i n9
°‘ L q

+ x + w .x — w y 1 cos e t  (3-15)h i v  q v  j

[A + (.j cos t , t

w here . is small re lat ive to A since it Consists of therma l noise terms and si gna l terms

attenuated by E and w . Note also tha t the quadrature components g iven by E quation 3—14)

are s imilarl y composed so t hat H can be defined as sin ~ ,t — H and H becomesoq q oq 0

H = H . H (A .) ~os ~ut + ( sin to 01 oq I q
(3-16)

= [(A + c) + ~ 1 cos ( ) t
[ i qj

3 .2.3 Performance Measurement Descri pt ion

The performance measurement technique is a direct—type method based on

measurin g t he inverse of t he si gnal —t o — noise ratio. The network is designed to operate

wi th nominall y constant envelope desired signa l formats and measures the interference by

measur ing the power in the envelope fluctuat ions. (Note that envelope fluct uations can

be to lerated , 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 amp lifier ,

magn itude detector and ga in control keep the signal leve l at X constant so that fluctuations

in the desired signa l level wi l l  not affect the interference measurement . The bandpass

filter then removes the dc terms due to the desired signal components. Finall y, t he square

law enve lope detector (SLED ) measu res the overage power level of the remaining noise terms .

If the gain oF the variable gain amp lifier is G, then us ing Equations (3—16)

g ives the envelope X oF the output of the magnitude detector as 

—- - - - --— - - - - — - - - -—-- -~~~~~~~ - — - — - - - ~~~ — __________ - - — - - _____________
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Fi gure  3.2. 3— 1 Performance Measurement Device
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G [ ( A  
2 

~ 
2 1 1

’
2 

-

L 
‘ q j

= C H2 ‘ 2 A ~~~+ .
2 + ( 2 1/2

i q (3— 17)

1 /2
2~~. (.

~~~GA ~~~~~~~ ~~ GA

If the reference voltage is set to unity and the LPF bandwidth is large enough to track

t he desired si gna l va riat ions (but not too large tha t it removes the envelope fluctuations

due to the in te r ference),  then with GA 1 , Equat ion (3—17) becomes

X 1 + ...L = 1 + E cos (9 + 0) 
- w . cos 9 + w sin 9

A 1 q (3—18)

x ~ w . x - w  yh i v a v
+ A

The ac coup ling throug h the bcindpass f i l t e r  removes the dc terms due to the desired

si gna l component and the envelope Y at the output of the BPF can be written as

Y w . E cos 0) cos 9 + (w — E sin 0) sin 9
I q

(3-19)
x 4 - w . x - w  y

+ 
h i v  q v

A

Finall y, t he SLED squares and averages this to g ive

— (w . + E cos 0)
2 (w - E sin

= 
I i 

+ 
q (3-20)

2 2 2 2

2
(x +w ~~ — w  yh i v q v

A 2

.

—

~~ 

—

~~Since the separate therma l noise components are independent with x
h 

= x =

= N, this expressio n becomes
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J +w ~ E cos Oi (W
q 

- E ~~ 
I t I ~~~~~ J (3-21 )

A2
where ~ 

-
~~

--
~

—
~ is the channel si gnal to t h . - r r no)  no i’o rat io.

Assuming that the input Y to the SLED i-~ a zero mean gauss ian ran dom

process , then the variance of the out put is tw ice the mean of the output squared
13

and i g iven by

= 2 J2 (3—22 )

Consequentl y,  t h I  output of t he interference measurement device is a random process

~~th mean J and variance 2 J
2
, where ii given by Equat ion (3-21) .

3. 2 .4 Control Log ic Descri pt ion

The circuitry descr ibed in the last section al lows the measure mllnt of the

interference J (w)  and also provides the capabilit y of measur ing the gradient of the

interference w ith respect to the correction network parameters , i.e ., t he weig hts v~~

T ) i ~ grad ient information VJ . and V J can then be
q \ 

• v ~~ i •lW
q

used to dr ive the ~1ei ghts to where the gradients are zero , the def ining relations for the

- -~ntimum wei ghts . Fr om Equat ion (3—2 1 ) the interference J is seen to be quadrc ’ic in

t he i a ij ht- - w~ and W
q

? and therefore , t he va ni-h ing of the gradient~ ~ ill define unique

wei ght settings which minimize the interference and thereb y ma~ i mize the s igna l —to—

i nterference rat io. Figure 3.2. 4— 1 i l lustr ates the block diagram of a control techni que

which utilizes a dithe ring irInal to  develop the grad ient of the interference v ith respect

to t in . -  i~ ht~ and the o’~~o ci c’ t e )  circuitry to dr ive the correction network wei ghts to
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Fi gure 3.2.4—1 Block Diagram of Control Logic
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t heir ap ti mum (z ero grad ient) vale. - . Far contro l of the special multitap correction

networ k this control log ic wi l l  be time shared H- t- ~ et - n the three com plex ta p weig hts.

The circuitry i l lustrated in Fi gure 3.2 .4— 1 can be described in the

fol lowing manner. The square - I- love source g~1r1 rote t v o  orthogona l , - O v e fo r m n - . , eac h

of wh ich is used to dither one of the correc t ion network i-e ig hts by t ~, a square wave of
magn itude ~~~. In f b i  manner the interference measurement network g ives ( for t H - - inphase

v.e ight ) J ( v j . .~.
) and J (w . — i .) over the positive and negative values for t in . -  dither

wave form . The quadrature wei ght is dithered simultaneousl y w ith an orthogona l (90°

phase shi f te d square i~ave , w ith the - -eparote effects on t he interference measurement

being extracted w i th the synchronous detectors (multi plier — LPF combinat ion ) sho-~n in

F i ’ure 3.2. 4—1 . For examp le , t he output X of the inphcse wei ght synchronous detector

becomes

X = s g n ~~.) J (w + 
~~ 

(3-23 (

-i.hich is J (~. .~s .) -iihen .~s . - . 0 an- :~ — J (w — ~~~~~ ~-hen 
~~~

. 0. Consequentl y, the

output ~ t he LPF averages this wa va L r r n  to gene rate the approx im at e  gradient Vi of

J iv .- ) w ith respect to vi . as

l irr i J (v. . — i (w . —

VJ (v. .) 
~~ 

.
~~~~ 

I I

I 3 — 7 4 1

X J ( v  t -~~ . — 1w — .~ .
)

— - I I I

As m entioned above , t h e  i r i t e r t l I r Ince i quadratic in the ni~j ints , v. ith

‘in approximate I~ e tc h  of this Functional relationshi p being show n in Figure 3.2.4-7.

62

-- -,- .- ——— - —--—- ---.- — .. - - 
~~~~~~~ ~

—
~W -—.-——-- —



This figure illustrates that the minimum interference J (w .) correspon ds to the point

where VJ. 0 and the quadratic nature of this curve gives Vi. - 0 if w. > w . and
I I i Oi

J(w 1) 
~~~, I

J(w - ) — ~~~~~~~~~~~~~~~~ 

0

or I vJ~=0
_ _  

I
w oi W i 89631—18

Figure 3.2. 4—2 . A pprox imate Sketch r-tF Interference Versus
lnphase We ight Setting

Vi• ) f w• - w . These r- m lationsh i ps allow the optimum weight to be found with a

s imp le ir it -grat ion Circu it OS shown in Figure 3.2. 4—1.  That is ,

dw . 

dw
1 
- - 

~~ 
(3-25)

w here is zero wh~ r. Vi . - 0 and the weig ht remains constant , w hile nonzero Vi.-
tends to dr ive th~ wei ght toward the optimum (zero gradient) value . The quadrature
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we ight contro l is described similarl y. More detail concerning gain settings (e.g., /3

value) and loop bandwidth is discussed in Paragraph 3.4 describing the control loop

ana l ys is .

As described above , t he synchronous detectors include a low pass filter to

average t he output and Form the required grad ient . This averag ing wi l l  remove the

dither generated square wave due to the average or dc value of the performance measure

at t he particular operating point . For instance , at the optimum we ight setting this

square wave w ill be of magnitude J (w ). This quantit y is computed in the next section .

Since the control loop alread y conta ins an integrator , some averag ing wil l  be present

and t he additiona l LPF could cause stabil it y problems . In Fact , for high si gnal—to—no ise

rat ios , t he value of i ( w )  w i l l  be quite small , and as long as it is small compared to

tine e ffect of the wei ght dither , ts e ffect wi l l  be neg lig ible. An alternative to the

LPF after the synchronous detector is to remove the dc at the input to the detector w ith

a high pass f i l ter . This alternative is u-c - i in the simulations presented in Section 4 .0.

3.3 Stead y State Performance

This section discusses the performance of the adaptive c rosspole correction

c ircuitry in terms of its expected stead y state performance w ith the correction network

wei ghts el at t heir optimum value - . This discussion proceeds in two areas , one being

a genera l d iscuss ion of optimum i~eiq ht sett ings and performance , and the ot her being

d irected toward the specif ic circui try and equations developed in the previous sections.

m e  two fold purpose of t his work s to present some genera l conclusions and also
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facil i tate the development of the anal ysis oF the specific desi gn. This anal ysis

cont inues in the next section with the development of the dynam ic performance anal ysis

concerning the transient performance and wei ght jitter effects . The presentation w i l t

con cen t ra te  on the single—tap correction network , s ince genera l results using the special

multitap network are more diFFicult . Since the anal ys is of the multitap network requires

spec ific assumptions concerning the nature oF the dispersive effects , it is therefore deferred

until Section 4 .0 where the simulat ions define specific dispersion models.

3.3. 1 Optimum Wei ghts For the Single—Tap Network

To further develop the mathematica l anal ysis oF the specific design

cons idered in the last several sections , cons ider the steady state we ight values that w ill

be set by the control log ic. These values are the optimum settings for the interference

Function of Equat ion 13-21 ) and as mentioned in the last section , they are deFined by

t he vanishing of the gradient g iven by

~~

- { w . + E cos 0 + 0 (3-26)

and

Vi
q 

- w
q 

- E sin 0 —i- = 0 (3-27)

These equations then give the optimum weight values as

w — 
— i E C05 0 (3 28)

oi 1 • p

and

p E sin 
~ (3—29)

oq 1 fp
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For large s gna l—to—therma l noise ratios (p ~> 1) these reduce to w .- — E cos 0 and

E sin 0 , that is , the optimum weig hts can el iminate the crosspo le completel y

w ithout regard to the additional therma l noise which they introduce , s ince the therma l

noise term is neg ligibl y smal l . Note also thot the approximate formulation of Equat ion

( 3—21 )  does not consider the additional effect of desired signal mod ification by the

we ight ing circuits since this effect was assumed to be second order and was neg lected

to ease the anal ysis . For the com putational work discussed in Section 4 .0 the àptimum

wei ghts are found numericall y and include both the therma l noise and desired si gnal

e ff ects .

The value of the interference corresponding to the optimum wei ght sett ings

can be obtained by substituting Equations (3—2 8) and (3—29) into Equation (3—21 ) .  This

g ives the minimum interference as

i (w) 

w - - w 

= 
~ 

[ ( 1  
+ (3-30)

opt

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

comp le t e crosspole cancellation and no additional therma l noise ef fects .

3.3.2 General Performance Results

To more easil y descr ibe the genera l stead y state per formance of the cross-

pole correction c i rcui t ry , consi der the simp lif ied model and def in i t io ns for tine single

c hanne l correct ion using one complex weight shown in Fi gure 3.3.2—1 . In terms of these
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V V + E H + nV

H1 = H +E V + f l h

H0 = (1 + € w) H + (w + € )  V + + Wfl~

€ CROSSPOLAR VOL TAGE COUPLING ~~~ = ~~~
V H

S1 =

N1 =

p = S-/N-
i I 89631—15

Fi gure 3.3.2- 1 Simp lified Circuit Model and Definitions
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definitions the output signal—to—noise ratio (where noise includes both thermal noise and

crosspo lar interference) is given by

S /N = 
1 ( 1  + ( w ) H~

o ~ (w + d V + nh + w n
~~~

2

(3-31)

~1 
l~~~~~(~

2 1 + Iw I 2

p

The term in the numerator represents the effect on signal power resulting from the we ight

coup l ing in the crosspole signal power , and has been neg lected as a secon d order effect

in the previous anal ysis (i.e ., w ~ z~c1 . The first term in the denominator represents

the output no ise due to crosspo lar interference , w hile the second term is due to therma l

no ise and includes the additional noise coup led into the output by t~~. - - weight . Sett ing

— ( wil l  comp letel y el iminate the crosspolar interferenc e , .~ Hoi -~ a ~ar to t ine

t herma l noise , and resu lts in a signal—to—noise ratio of

S / No 
w = — (  

1 4 Id 2 -~~— 32 )

w here the si gna l power coup ling is again assumed neg ligible . Hr reference purposes , if

is ~et to zero , Equation (3—3 1) wi l l  give the si gna l —to—no ise ratio - - - ith no adaptive

correct ion as

S “p- ’ __________

o””1o 2 3—33)
w =0 

1 ~
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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 weig hts were set at the ir

opt imum values. Recognizing this result as being proportional to the noise—to—sig nal

rat io, where the factor of 1/4 is due to specific circuit gains, and E2 
= ~ 

2 g ives the

opt imum output si gna l—to—noise ratio as

/ — 
p ( 1 + p )

— 

2 (3—34)
~~~~~k 

+p ~~~1
opt

The equations of this section can now be used to develop several interesting comparisons .

Firs t , Equations (3—33 ) and (3-34) can be used to determine the improvement in si gnal—to—

noise ratio due to the adaptive correction circuitry as

S / N  -

0 0  2 2
opt 

— ~ 
p Id

o o pI~I + p + l
w 0

This equation is plotte d in Figure 3.3.2—2 For various values of crosspo lar interference.

Secondl y, Equat ions (3—32) and (3—34 ) can be used to Find the improvement in signal—to—

noise ratio due to incomp lete decoup l ing as (see also Appendix B for an anal ysis of this

effect)

S/N
° ° opt — 1  + 336

S / N  
- 

2
0 0 pk l  4 p + l

w = -(

This equation is plotted in Figure 3.3 .2 —3 for various values of crosspo lar interference .
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3.4 Dynamic Performance Anal ysis and Parametei Selection

In the last section the stead y—state per formance of the adaptive correction

c ircui t ry was discussed . This work gives an indication of how good the circuitry can per-

form if it is wel l  desi gned. However , if it is to perform well  in a dynam ic environment ,

the circui t  parameters (loop gain and BW , dither size , fi l ter BW’ s , etc. ) must be carefull y

chosen . To accomp lish this the dynam ic performance of the ci rcuitry (transient response ,

track ing rate , weight litter , etc. ) must be anal yzed. This anal ys is w i l l  proceed by

linearizing the circuit equations and develop ing an approximate linear model. Using this

linear model, approx imate transient response and stead y-state we ight j i t ter can be derived

as a function of the circuit parameters . From these functiona l relationshi ps the parameter

values that y ield good tracking performance and small degradation due to wei ght j i t ter

can be derived . This work uses the equations developed for the sing le-tap correct ion

networ k, but also discusses the extension to the mult i—tap network .

3.4.1 Linear Contro l Loop Anal ys is

In the previous sections the various components of the adaptive crosspo le

corr ect ion device have been described . These can be functionall y represente d by t he

bloc k diagram shown in Fi gure 3 .4 .1 - lA.  In their most genera l form the mathematical

re lationshi ps between w , i (w) and Vi (w) would y ield a nonlinear control loop and it

would be diff icult to anal yze the performance of the comp lete system . However , the

approximate formulation developed in the Inst severa l sections can be confi gured as the
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Fi gure 3 .4.1—I Control Loop Block Diagram
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linear control loop shown in Fi gure 3 .4 . 1— I B , w here onl y the in—p hase we ight contro l is

cons idered since the quadrature contro l wi l l  procee d in an identical manner.

To formu late the linear contro l loop i l lustrated in Figure 3.4 .1—1 B , the

mat hematica l relationshi p between the wei ght perturbations ~ w 1 and the gradient of the

interference Vi must be found~as

Vi = G Liw. (3-37)

To obtain a value for G the interference measurement relation g iven by Equation (3—21)

is expanded as a Tay lor ser ies about the optimum wei ght setting w0 to g ive

J (w) i(w ) + - ~_±~ ( 5 w . + —
‘

~--~~-

0 ~ w. w I -~~w W q
I 0 q 0

(3—38 ’)

~ 1/2 

~~~~ 

(ô w
1
)
2 

+ 1/2 
~~~~~ 

~~~~ 

W
q

) 0 [(6 w~3]

w here i (w ) is a rea l Function of the real variables w . and w with 6 w . = w~ — w . and
I q I I 01

6 w w - w representing the tota l disp lacement from the optimum values. Note
q q oq

t hat since Equation (3-21) is quadratic the higher order terms 0 [(6 w)3 ] are zero and

t in l -  expansion through the second order terms is exac t .  The gradients and

o u -  zero at w — vi and differentiat ing Equation (3—26 ) and (3—27 ) g ives

::~~- 
~~~~~~~~~~~~ 

1 2 ~~~~1
1
)~~ 3 39)

I q
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Therefore , (Equation 3—38) g ives the relationshi p

J (w ) = i (w
e
) + ~~ ( + 

~
) ~ W~)

2 
+ (6 w

q
)21

= J ( w ) + 
_
~( + i) 

~~~~~~ (3-40)

Recognizing that 6 w consists of both the operating point offsets ~~~ and ~~W
q 

and the

dither and 
~q’ 

and expressing the synchronous detector output as the average over

one dither cycle gives

VJ (w) = i (w + ~~w + 
~~~) 

- J (w + ~ w - 
~~ ) (3-41 )

Substituting into this expression from (Equation 3—40) then gives

VJ (w) = i (w
e
) + ~ (~ + 

~
) 
{
~~~w; + 

~~~~ 
+ (~~W

q 
+ ~

q
)2}

(3-42)

- i (w 0
) + ~ (

~ 
+ 

~
) 
{
~~~w~ 

- ~ 1 )
2 + (~~W

q 
-

which reduces to

Vi (w) = + 

~
) (sw ; ~ ; + ~~w q ~q) 

(3-43)

Consequentl y, the ga in term G for the in-phase we ight contro l is

G + (3-44)

where .~~ 
= 

~~ 
is the dither size . Note that the gain equations for the in—p hase and

quadrature contro l are identica l as hypothesized above.
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The derivation in the last paragrap h defines the linear control loop

illustrated in Fi gure 3. 4 . 1 — 1 8 .  From this the response time and the wei ght j i t .~r per-

formance can be determined . The transfer function from w . to w is
01 I

H (j ~~ ) = _ _ _ _  
(3-45 )

wi t h unit step funct ion response

- ~~~~~~~ 
(3 46 )

Thus , t he time cor lstant of the contro l loop is

t = 

~~~~ 
(3 47 )

w here for p > >  1 , t
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3.4 .2 Wei ght Jitte r Analysis

To compute the weight jitter ~iw.2 the transfer function H2 ( jw)  from

Vi. to ~~~ must be determined . This transfer function is given by

H2 (jw ) = _______

and weight j itter is then defined by

Aw .2 = 
~~~~~~~ 

J~~~ H
2 

(j o.~) 2 N.(u ) d ~ (3-49)

where N. (w) 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) os0 2 
and using Equation

(3—4 1) to relate VJ  toi , the variance of n. is a lso seen to ~~ ~~2 Assuming the input

to the SLED is zero mean Gaussian noise that is flat over the IF bandwidth B, wit h variance

tl
y

S then the variance of the output can be expressed or 2 
= 2(1/2)2 

C
4
. Consequentl y

the power spectra l density N.(w) eva luated at ~ = 0 con be evaluated in terms of the

14input variance as

N;(o) = 2(~) f i . 1 d f  = = (3-50)

2 / 1 \  a.
where ~~

- = 2 1 — 1  0• = _ _ _

~~~ y

Since the control loop bandwidth is small compared to the IF bandwidth, then N.(w) will

be essentially constant at its w 0 value over all values where H2(jw ) has significant

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

~~Davenport, W.B. and W. L. Root, “A n Introduction to the Theory of Random Signals
and Noise ,” McGraw—Hil l , N. V., 1958 (pp 256—257) .
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2 2 22 r p~ /3 d~~ _ a f 3
— 

47r 6 J ~ 2 
+ G2 /3 2 

— 

4BG (3-51)

Substitu ting from Equations (3—22), (3—30 ) and (3—44 ) for and G at the optimum

weight settings gives 2 1 2
_ _ _  P 1  —~-~~~~~J P

2 L( 1 + P  
3 5 2~ w i w = w  32B~~ ( p +  i)opt

If crosspo le is limited to 10 dB and p > 1, this reduces to

~ w. - ( -
I w — w ~~ 32B ~~ P

In the next section it is shown that for good tracking performance /3 ~ . Using

this in Equation (3—53) and assuming B = 14 MHz gives

— 2.1 x
~ w. = — (3-54)

This expression is plotted in Figure 3.4. 2—1 for several values of dither size in the range

most likel y to be ut ilized (see Paragraph 3.4 .3).

3.4.3 Control Loop Parameter Se lection

The ana lysis in the lost several sections provides the rationale for the

select ion of the control loop parameters . The primary parameter s the loop bandwidth

wh ich is a function of the d ther size (the gain G) and the integrator gain j3 . (See

Equation (3-47).) This loop bandwidt h will be selected to allow the loop to track a

g iven cross pole rate of change with a specified accuracy while maintaining a good

I
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re lationshi p between the weight jitter due to the inte rference and the w&ght dither .
A lso, the selection of cu -her ra te relative to the system bandwidths w il l  be discussed .

Data which has been collected on various communication links indicates
that the maximum ra te of change of crosspolar coup ling due to atmospheric effec ts is
limited to a few hertz . Assuming a sinusoidal variation, the optimum weights would

behave as w = w cos wt  where on w 2 i r  10 62.8 should certainl y be a wors i-—c aseo max
rate . Also , for a 10dB crosspole 1w 1 = 0.316. From Figure 3.4. 1— 18 the transfer1 mcx i
function from the optimum weight w to the weight error ~ w . is seen to be

1wH3 ( s w )  — 

+ G~t9 (3-55)

so that the weight error is

~ vi ( w )  = ..~~~ lw  — w (w) (3-56 )0~

Io maintain the weight error at the 40 dB level while tracking the assumed 10-Hz cross-
pole var iation requires that G/3 satisfy

2 _
~~ 

(~2 
21~~(O . (w) 10 

2 2 (.316) (3-57)
w=62 8 w + (G/3) w 62.8

which gives G13 = 1986. For high SNR (~~>>.1), G ~~~ so tha i- $~~~2OO0.
In e last section the weight j Uter at the optimal weight sett ing due to the

interference was derived, where for small crosspole and large SNR the result was given

in Equation (3—53) . Defining
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$ 2
= .,- gives LI w • W W

32Bp L I O~

A lso , the weight jitter due to the dithering is ~ 2, so that the tota l weight jitte r ~ 2

is (since the dither and the interference are independent)

2 = + ~~ 2 -_~~~_ + ~2 (3-58)

From this equation the Optimum dither size, that is , the dither which results in the

minimum tota l jitte r ~ con be found by differentiating this expression with respect to ~

and so lving for the optimum dither size as

2
_____  = ____ + 2~ = 0 (3-59 )

This gives

- —s.) = 0 (3-60)

where the ~ = 0 solution is a maximum, while 2 — —
~~~~~

- = 0 gives the minimum as

= 
2 

(3-61)
64B P

Since 
~ 

= 2000 and substi tuting into Equation 3-60 with ~8 = 14 MHz gives

= I.494 x 10~~ (3-62)
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Using Equa tion 3-62 the optimum dither size as a function of the channel

signal—to—thermal noise ratio is plotted in Figure 3.4.3— 1. This plot shows the dither

s ize required to track a maximum 10-Hz crosspo le rate of change with weight errors

constra ined to the 40 dB level , w hile maintaining the tota l weight jitter at its minimum

value . From Equation 3-6 1, ‘~ = 2 and substituting this into Equat ion 3—58 g ives the

total jitter ~ 2 = ~ ~
2 

This could be thought of as the effective dither size 
~ e 

where

= = 1.73~ (3-63)

That is , a dither size of ~ w ill create a tota l weight jitte r of V’~~~I. This effective

dither level is also disp layed in Figure 3.4.3—1 .

The pr imary detrimen ta l effect of the dither wi l l  be to produce a dither

generated crosspole interference in the correct ion network output . Assuming equal

signal levels in each of the channels , the effective dither level illustrated in Figure

3.4.3-1 wil l  produce a dither generated interference which is 23.6 dB below the channel

thermal noise for all signal-to —no ise ratios . In other words , the desired tracking accuracy

can be maintained with a dither size that will have a very minor impact on the system

per formance . In fact , for high s ignal—to —noise ratios , this design specifies an unneces-

sar ily small dither level. These small dither levels would make the gradient detection

difficult wUh pract ica l hardware imp lementa t ion (see discussion at end of Paragraph

3.2. 3 . Consequently, it is recommended tha ’ the dither size be greater than 0.01 volts.

At this level , the effective dither would produce a crosspole interference 35 dB below
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2000
the desired signal. Reca lling that the control loop integrator gain /3 = , the

recommen ded dither size and integrato r gain are plotted in Figure 3.4.3— 2 .

The derivation presented above for the optimum di ther size fixed the

contro l loop response to be faster than the crosspole (and signal fading ) rate of change

so that such changes could be accuratel y tracke d by the correct ion network . This defined

i-he dither size and integrato r gain and gives the time constant of the control loop (for p

larg e ) as tc 
5 ms. If the weights are not going to follow the dither (i.e., for the

dither not to generate additional weight jitter), then the dither rate should be fast

compared to this time constant. On the other hand, the dither should be slow compared

to the AGC response time so that the AGC con track the var ation in desired signa l level

due to the dither . The AGC response time must be fast relative to the desired signal

fluctuations , but slow compared to the symbol rate since the interference due to crosspofe

is at this rote and the AGC must not track out this interference . These relations can be

summar ized in terms of the recommended bandwidths shown in Table 3.4 .3—1 .

Table 3.4.3—1 . Relative Bandwidths

Signal Fluctuations 10 Hz

Control Loop BW ~20 Hz

Dither Rate — 0  l B
AGC

AGC BW 8AGC << BIF

IF BW . BIF

84

—, . —- —~~~~~~~~—— — 
.

~~~~~~~~
.•— -.---



(~oi X DJS/SflOA) NIVO ~O1V~O]1Ni

r1 : ’H~ ~ ~~~ +~U~ ~~
]

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~L

_ _ _ _  _ _  T~:
-- 

- :i ~~:: 
i: ii::i ~ :::~~:i: =

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~_ +  — -- - — — - -  

- ~. - 

_ _ _ _ _  :~~~~~
_  

4 .-- -~ 
. . 4 . - - - -- -- -- ---- -—--

~~~
- - —

~~~
- -

~~Z-
,.~~~~~: :::~1:~~TT::: .: .I:::: L :. : 

_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - _ _ _ _

____

: T :::T::: : :4: ::: :::~ :: ::~:~~~T~ .~~~~~~~ 
f - - - . 4~~- - -  ~~~~~~~ ~~~~~~~

_ 

i_ ._ -I~~ 
-

~~~~~~~~~~~~~

----

~~~~~~~ 

, .

i s p -  • ~ ,. a w r ’  C
0~ 0

(snot,) 1]A31 ~f ]H1lG 03ON]WWOD ]~J

85



3.4.4 Extension to Multitap Contro l

The contro l technique and parameter values discussed in the preceeding

paragraphs were derived for use with i-he sing le—ta p correction network , however , the

extens ion of this technique to the mul ti tap case is straightforward . For the multi tap case

the control hardware designed above will be multi plexed between the three complex

wei ghts as illustrated in Figure 3.4.4—1 . This technique utilizes the same contro l and

interference measuremen t techniques, and the parameter values selected above wi ll be

the same , except that different contro l loop integra tor gains (termed A 1, A2 
and A3 

in

the figure ) w ill be required. This is necessi tated by the fact that the power levels into

each of the three weights will be different. Referring to Figure 3.4.4—1 these power

levels can be derived as

P1 
= E 

[ 
,c(t-T) x~ (i-_ i)

]

P2 E [ {x( t )  - x (t - 21) 
} {x(t) - x(t - 2T)} *] 

= 2 [R(0) - R(2T)]

P3 
= E { {x (t -1) - 

x(t ) 
- 

x(t- 2T} 
{ 

x(t -1) -

— 
x(t ; 21) 

} k]  = ~(0) - 2R(T) R(2T)

where R is the correlation function of i-he channel signal x ( t ) .  Given the time delay I

ond assumed expressions for x ( i- ) , these power levels could be calculated .

An easier approach is to measure these power levels using the simulation in

Section 4.0. These measurements give P 1 
0.90, P2 

= 0.12 and P3 
0.003, and
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can be used to select the gains A 1, A2 
and A3. Note that the control of w 1 wi l l  be

identica l to the sing le top case , s ince this wei ght st ill controls the frequency independen t

phase and amp litude level , wh ich gives A 1 
/3 . Also , a poss ible disadvantage of

mov ing w
1 

outs ide the w 2 
an d w

3 
we ights is indicated by this discussion (see also

Paragrap h 3.2.2.1) ,  s ince the level of w 2 
wi l l influence the gains in the w 2 an d w

3

loop . This could require that the gains A2 and A 3 
be set as a function of w 1, but for

the simulation used in Section 4.0, it was assumed that w
1 

was constant at 0.2. This is

a good assumption if w 1 
is adjusted fi rst and allowed to reach its approximate stead y

state value (in the simulations this was about —0.2 ) before w 2 
and w

3 
are adjusted.

Consequentl ,, to equal ize the voltage gain in each loop

A 1 /3

A = /3 15/3
2 0.2Ji5~~~

A —i 1 
/3~~~100 /3

0.2
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4.0 COMPUTER SIMULATIONS

In the previous section the detailed desi gn and anal ys is of an adaptive

crosspole interference reduction techni que was presented. The results of that section were

a block diagram of a proposed system supported by ana lys is which defined the system

parameter va lues which would give satisfactory performance. The purpos e of this section

is to present the results of computer s imulations which confirm the design and ana lysis of

that sec t ion . The first part of this section presents typ ica l simulat ion results for the desi gned

system using both the single and multi-tap correction networks. Results are presented to

support the conc lusions concerning the stea dy—state , optima l wei ght ana lysis and the

dynamic transient performance of the system . The presentation of these resuli-s are followed

by a detailed descri ption of the various computer programs which were developed and a

ta bulation of additiona l computer runs.

4. 1 T ypica l Simulation Results

4. 1 .1 Stea dy— State Performance

The utility of the computer simulation investi gat ing the stead y—state perform-

ance is twofo ld. F rst , it al lows a confirma tion of tbe steady—state performance ana lys is

presente d in Paragrap h 3.3 and secondl y, it develops the wei ght values wh ich the dynamic

s imulation shou ld approach , there by provi ding a check on whether or not those programs

are wor king correc tl y.
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4. 1 .1 .1 Sing le-Ta p Network Results

For the sing le—tap network a computer program was developed which deter-

mine d the optima l correction network wei ght va lues by uSing a random search optimization

routine. T his program was used to generate the curves presented in Fi gure 4 .1 .1 .1— 1 .

Part a. of the fi gure shows the output si gnal—to-t herma l noise p lus crosspole noise versus

the input si gnal— to—therma l noise ratio , both with and without the use of the correction

networ k , thereb y indicating the gain to be had using i-he adaptive correction network .

(A s o  see Fi gure 3.3.2-2) .  These curves are for equa l crosspole coup ling on eac h channel

at 10 dB below the desired si gna l level (E
v 

E
n 

.2236 j . 2236) . The optima l wei ghts

for t he same crosspole interference are shown in part b where i-he rea l and imag inary parts

are equa l with magnitudes of 0.2236 for high S/N ratios where the crosspole interference

ic e liminated com pletel y, but for low S N  the rea l part goes to zero . These specif ic

wei ght values are due to the relat ive phase of i-he crosspo le interference on each channel

(in this case equal) and the particular compromise between crosspo ?e interference elimina-

tion and ‘he therma l noise and desired si gna l enhancement introduced by the correction

ne~wor~~. Different crosspolar coup ling wou ld change part b of the fi gure , but the genera l

( harac ter is t ic  that the wei ghts approach constant values for hi gh si gnal—to—noise rat io

woul d be preserved.
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4.1.1 .2 Multi-Tap Network Results

For the special multi-tap network the derivation of the optimal wei ght values

is more difficult and is dependent on a more complex interference scenario which must

inc lude the dispersive effects of the transmission media . However , if the model for this

dispersive crosspo le interference is spec ified, then the wei ghts which give zero crosspo le

interference can be derived . As shown in Paragraph 3.3.2 , for large channel signa l—to—

thermal noise ratios , zero crosspo le interference and maximum output si gnal—to—no ise ratio

give very near ly the same performance . This result was for the sing le—ta p network ,but the

principle is generall y true . Consequently, the wei ghts which give zero crosspo le should

indicate the best achievable output signal-to-noise ratio.

Referring to the model for the transmission media and correction network

shown in Figure 3.2 .2—1 , the we ights which eliminate the crosspolar coup ling are given by

H21 (~) (4— 1)
w 21 

(( )) = — H 
~

For the special multi—ta p correction network the frequency response is given by (see Para-

graph 3. 2.2-1)
w w

1 3 -lcL)t
W21 (ce,) = — 

~j 
v.’2 

- 

2 
+ W

1 
+

w w
+ w + w  

- 
1 3 —2j a1 -

-. .. 1 2 
2 

e
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{_w 1 
w

2 
- 2 1  

~ 

+ ~~ w

3} 
z -1 (4-2)

Iw i w2 - ~l 
2
~3 J ~ -2

where Z
1 

= ~~~~~ From Paragraph 4 .2. 1 the model for the input si gnal simulation

spec ifies H21 
(w) = A (.2236 + j .2236)

and
(1 - ai) (i a2)

H (Z) 1 2 
(4 3)

1 1 - (a 1 +
~~~

) 7 a~ a2 Z

where a
1 

.5 and a2 
= .~~ Using these expressions to form Equation 4— 1 and equat ing

like powers of Z gives a set of al gebra ic equations which can be solved for the optimum

wei ght values . This solution gives

= -A - .2236 - j .2236

1 - ‘
~1 ~~

w
2 2 (1 - a

1
) (1 - a2

) - 1.611 +

and
— (1 + a

1 
a

2
)

= 
(1 - a 1Y~T- a 2 ) = - 5 .67 10-
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Finally, re ferring to the computer mode l for the correction network in Paragraph 4 .2.2

indicates that there are two sets of wei ghts which the simulator will develop . For the case

w here the control loop gains are set such that A 1 = /3~ 
A

2 
= 15/3 and A3 

= 100/3 (as

prescri bed in Paragraph 3.4.4)

w~ = - .2236 - .2236

= .107 +

and

W
3 

= .0567 + io.

Another case which was also used in some of the simulation s was for A 1 ~~~, A
2 

= 5~

and A3 
10p giving

= — .2236 — j .2236

W 2 
= .322 +

and

w
3 

= - .567 + j 0.

To study the steady-state behavior of the special multi—ta p network , the

weights were initialized at their optimum values and the simulations were run . (The cases

to be reported were for si gnal-to—therma l noise of 15 dB and signa l—to—crosspo le interference

of 10 dB, wi th the dispersion model discussed in the last paragraph) . First the control

loops were left off so that the wei ghts remained constant and the optimum output si gnal-to-

noise was measured as 14.4 dB. In subsequent runs the control loops were turned on and
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the we ights allow ed to seek their own levels. Fi gure 4. 1 .1 .2-1 illustrates the resulting

output s ignal—to—no ise ratio , while Figures 4. 1 - 1 .2—2 and 4. 1 .1 .2— 3 show s the wei ght

tra jectories .

As shown on the figures , runs were made for cases with and without compen-

sating delay. This refers to the use of delay in the channel to be corrected, before i-he

output of the correction network is added in , to compensate for the time delay through the

correct ion network . It mi ght be expected that this wou ld give improved per formance , but

this was not not iced in the simulations . The optimum wei ghts were derived for the case

w ithout delay, and the figures indicate for that case the wei ghts fluctuate around the

opt imum values . On the other hand, for the cases with the delay added, the we ights seek

sli ghtl y different values , but did not indicate better output si gnal—to—noise rat io.

Fi gures 4. 1.1 .2—4 shows a computer p lot where the we ights were aga in

initiated at their optimum values , but a small dither level \ 0.00 1 was used , wh ile the

loop gains remained the same as in the last set of fi gures . It would be hoped that a small

di ther level would give better performance (less wei ght jitter), but this dither was too

small , as the loops were unable to maintain a good output si gna l—to—noise ratio. The

comp lete data output for this case is shown in Fi gure 4.3.2. 2—1 where the wei ghts can be

seen to wander off the optimum values .

4. 1 .2 Dynamic Performance Resu lts

To illustrate the dynamic performance of the simulated interference reduction

techniques the correct ion network wei ghts were set at zero and the resulting wei ght
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tra jec tories and output si gnal—to— interference levels were recorded . Representative cases

are reported in this section , and the data from a number of other simulation runs is also

compiled in Paragraph 4.3.

4 .1 .2. 1 Sing le— Tap Results

Transient performance simulations were run for a numberofdifferentcrosspole

powers and channel si gnal—to—therma l noise ratios . In each case c lose agreement with the

analyt ica l results and satisfactory performance were obtained . Typical results showing the

w e g ht traj ectories for 14 Mb/s bit rate and SNR (p) of 15 dB are presented in Figures

4 . 1 .2.1—1 and 4. 1 .2. 1—2 . Both these fi gures are for runs where the crosspole interference

was 10 dB below the desired si gna l, the channel signal—to—thermal noise ratio was 15 dB

(g iv ng optimum weight values of w• — .209 and w
2 

= - .225) and the wei ghts were

i nitiall y set at zero. Fi gure 4.1.2.1—1 illustrates a case where the optimum dither si ze of

~ 
=0.00688 was used (see Figure 3.4.3—1) , while Fi gure 4.1.2.1—2 uses a more practical

dither size of \ = 0.026 (see discussion in Paragraph 3.4.3) . For both cases = 2000,

as derived in Paragraph 3.4.3 , wh ich should give a time constant of 0.5 ms. That is , the

wei ghts should reach 63.2 percent of their fina l magnitude of about 0.21 (approximatel y

0. 14) in .5 ms. The curves in Figure 4. 1.2. 1— 2 are very close to this value . On theother

— 
hand, the results in Fi gure 4. 1.2. 1—1 are more erratic due to the unnecessaril y sma lldither

size . Deta iled computer outputs fot- these cases are presented irs Paragraph 4.3. 1 .2 ,

Fi gures 4 .3 .1 .2—1 and 4.3. 1 .2—2 . These fi gures disp lay the wei ght standard deviations

which ore in c lose agreement with the values plotted in Fi gure 3. 4. 2—1 .

‘a
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4 .1 .2. 2 MultHTap Results

A number of transient performanc t- simulations were a l - c  run us ing the time

mu lt i plexed control of both the conventional tapped delay line and thc pt- Ia I mult i—tap

correction networ ks. A t yp ica l simulation for the special  mult i—tap c u e  is presented in

F e I U I I -  4 .1 .2.2 —1 where the ou tpu t si gna l—to—noise ratio versus time is disp layed. Aga in ,

th~ simula tion is for 15 dB channel si gnal—to—no ise ratio , with 10 dB crosspole , w here the

dispersive features of the crosspo le interference were developed using a second order fil ter

as discussed in the next section . For this case the dither size was set at ~ ~
- 0.01 , wit h

eac h wei ght being adjusted for 4.2 ms and then held while the next wei ght was adjusted.

T his is larger than the expected time constant of approximatel y 0.5 ms and al lows each

.~~- I g ht to reach i ts optimum value before the next one is adjusted. Fi gure 4 .1 .2 .2 —2

shows the we i ght response and confir ms that they reach the correct values. In this man—

r~€ r , t he contribution of each wei ght to t he overall performance improvement is i l lustrated

since t he network was desi gne d so that the wei ghts were essent ial l y uncoup led.

Fi gure 4.1 .2.2 —3 is a comp ilation of the re sults of several other transient

- - po rlse simu lations. Curve la shows the resu l ts for a case where the dither size was

t ,iice t hat used for the simulation presented in the last paragrap h ( i .e. ,  ~ 0.02) .

• Curve 3 represen ts this c u e .) As expecte d, t he si gnal—to—no ise ratio improves more

- — rap idl y, however , the detailed data indicates poorer stead y—state performance and more

irregular wei ght trajectories (~•ee Figure 4 .3 .2 .2—2 ) .  Part b of curve 1 is for a case

-ii I~erc t he f irst we i ght is moved back wi th in  the second and third wei ght loops (see

Fi gure 3.2.2. 1—2 )  and as would be expected , the w 2 res ponse is faster since the loop

104

• —----—- - - • •-
~~
- - - - - -.-—‘- -



-— -- -- ~~~-- - - -  - —-•- - -- — 1~~~~~~~~~~I • - •  - ~
_ 

- — t I ” - - $
:~~:: ::: 1 : : . :~~~~

+ : : t : : : ~~~~~~~~~~~~~~~ : .
- ~~ • .  - . : _  • :~~ .

~~~ 
-t 

~:1± ±H~L i
_ _

~ 

_ - 
_ __ _

4 - • ~::~~~~ 
_ _ _  _ _ _

i
~~

-
~~

i -

~~~~~~~~

-

~~~~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1 ~~~~—

- T .

~~~~ I ~H’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ii~ I
.0-n --- .~ t—•e~~~~- —er-( ------ so-~~e —-s. P •

- : - ~9O) ~N9’ LfldUTU - 
- -

- 
— :.. - -

— :. 1: - _
~ - •  : .  -

_ I~~~: L~~~J ~ L-- ~~
- - -_ H_ A

105



T . ~~~1Th ~~ML~ ~TT~ fl~
L L i ~~~~ ’ r

~~~~~~~~~~~~~~~~

N N~~~~r~~ j r itI ~~~~~$4

i4~

I I - 
• • 

~~ 
LH ~- HI

—p -I~ A—~~~
-

•

H \ 1~~~~_
~~~~

— 

~~~~~~~~~

-

~±: i~~~~~

-
. i:tI’~J±~ mi

Fi gure 4.1.2.2—2 Transient W e g ht Values
for Specia l Multi—Tap Network (Without Delay).

S..

106 

— — —. —•~
-- — — - - - - — - --—

~—— ——•‘ — 
— 

.* --



z
~4J
LU

I
~c-, 

~~~ ~~~~~~~~~~~~

\ ~Ti
~~~~~~~~~~~~~~~ 

I
~~~~~~~~~~\\ ~~\\• I

(~PThNs ifldlflO

107

- —----- - — — — -- - ,_ _- - - *—1- 
~~ - -



ga in is no longer attenuated by w 1. (See Figure 4.3.2.2—4 for the detailed data

associated wit h curve lb.) Finally, curv e 2 is for a simulation using the conventional

tapped de lay line , and a lthough it exhibits much poorer response, not enough data has

been accumulated to reach a genera l conclusion regarding the relative performance .

The detailed data for this case is presented in Figure 4.3.2.2—5 . The data from severa l

ot her runs investi gating the use of compensating delay are also presented in Section

4 .3 .2 .2 .
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4 .2 Compu ter Program Descri pt ion

In t his paragraph the computer programs used to generate the data presented

in the last section are described in detail. Figure 4.2 — 1 is a block diagram of the com-

puter program used for the sing le—ta p network simulation . This diagram also formed the

basis for the multitap network simulation , w here the interference measurement and control

network simu lations were identical and time shared between the three comp lex wei ghts .

However , the input si gna ls and correction networks themselves had to be modified as

descr ibed below . Listings of the programs discussed in this section are shown in the

next sect ion, a long with samp le outpu ts .

4.2. 1 Input Si gna l Simulation

Throug hout the simulation the signa ls are modeled using comp lex numbers

to represent t heir comp lex enve lopes at baseband . For the sng le-tap network s imulation ,

the desired si gna l on the horizontal channel (SH) is defined as unity while the vertical

c hannel desired si gna l SV is e I8 where 8 is random ly selecte d at each iteration from

(0 , rr ‘2 , 7T, 3 r/ 2). This procedure simulates the quadraphase modulation with the

required statis tical independence between SH and SV. At each iteration 4 random

numbers TN(l), I 1 , 4 are generated from a normal distribution of zero mean and

standard deviation ST (selected to give t he specified signa l—to—thermal noise ratio P),

wi th the vertica l channel thermal noise being given by TNV = TN(1) ~ jTN (2) and the

horizontal being TNH — TN(3) + j TN(4). This defines the seconds per iteration (absolute

time) since one of these independent noise samp les is selected for each bit of data.
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Finall y, t he crosspole si gnals are computed as A * SH for the vertical channe l and

B * SV for the horizontal channel where A and B are comp lex coupling coefficients.

Consequentl y, the tota l vertica l channel si gnal is V = SV + A * SH + TNV while the

horizontal is H = SH + B * SV TNH.

For the multita p program the input signal simulation hod to be comp letel y

changed. To simulate the differential l y dispersive nature of the channel , the cros~~ole

coup ling s ignal had to have a frequency response different from the channel signal.

Also , rat her than using a sing le samp le per bit , th is required the use of 10 samp les per

bit , and the various accumulato r gains had to be reduced by this factor to maintain the

some relat ive parameter values. Figure 4 .2 .1 —1 il lustrates the resulting input si gna l

simulation , w here a second—order channel frequency response is simulated using two

first—or der recursive fi lters in series. To simulate thermal noise with the required

correlation , independent random numbers were passed through a 10—samp le aperture filter.

4.2.2 Correction Networks

Simulation 0f the s iny k ~ap correction network is simp ly a complex

number used to multi ply t he vert ical channel si gna l before addition into the horizontal.

Simila rl y, t he conventional tapped delay line s imulation is also tr iv ial  and is included

in t he subroutine CO RTAP. The specia l multitap network simulation is shown in Fi gure

4 . 2 . 2 — 1 .  The gains A and B shown in the f igure were used to adjust the gains for the

entire loop . That is , the control loop i r ~tegrator had gain $ ( -dy and ~~~~~~~~~ in the

s imulat ions), w hich was fixed; and changes in loop gain for each separate wei ght control
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were affected by sett ing A and B. For examp le , to change the contro l loop gains during

the mult iplexed control of each separate we ight , as described in Paragraph 3.4.4, A

was set to 15 and B was set to 100 . These are relative to unity in the W 1 loop, and give

the control loop gain A 1 = $, A2 = 15$ and A3 = 100$ prescribed in Paragraph 3.4.4.
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4 .2 .3 Interference Measurement

The interference measurement circuit was simulated for the sing le—tap pro-

gram as shown in Figure 4 .2— 1 . The gain control amplifier was modeled with ga in

G EXP (-Z) where Z was an average of the difference of the output Xl of the magni-

tude detector from unity. Thus , Xl tended to be of unit magnitude where the LPF for the

averag ing was modeled as an integrator . As mentioned in Paragraph 3.4 .3, the AGC

bandwidth should be much less than the IF BW , to avo id tracking out the fluctuations due

to the interference whkh must be measured, so the gain of the integrator (accumulator)

wOs set at 0.01 (GI = 100) which gives an AGC 8W on the order of one percent of the

IF BW . This is Followed by the AC coup ling Filter which is simulated as a five-tap non—

recurs ive low pass filter subtracted from unity to give a high pass characteristic. This

filter should eliminate the DC term due to the desired signal at the output of the first

detector , wh ile passing most of the Fluctuations due to the noise . The use of five-taps

should pass a s ignificant portion of the noise energy while eliminating the DC terms.

Finall y, the high pass filter output X2 is squared and multiplied by 1/2 to s mulate the

square law envelope detector with output X3.

The only modifications made for use with the multitap simulation are that

the AC coupling filter is modeled with a recursive Filter structure (as shown in the listing

n Paragraph 3.3.2. 1) anc ~e accumulator ga in 1/G 1 is reduced by a factor of 10 since

t here are 10 iterations per bit rather than one.
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4 .2.4 Control Logic

The output oF the interference measurement device , X3 (J(w)) is used to

generate a signal proportiona l to the gradient . As discussed at the end of

Paragrap h 3.2.4, X3 is first passed through a high pass Filter to suppress the dc level

into the synchronous detectors . This filtering is simulated with a low pass recursive filter

whose output X3 A is subtracted from X3. Since the DC level to be suppressed is already

quite small , the high pass filter can hove a low cut—ofF frequency, thereb y passing most

of the Fluctuations defining J(w). Consequentl y, the recursive LPF bandwidth defined

by AP .9998 (gives a t ime constant oF 5000 iterations) is .006 percent of the IFBW .

The output of this HPF, again called X3 , is then multiplied by the in—p hase ( IR) and

quadrature ( l t )c lock  si gna lsto s imulate the synchronous detectors. The clock signals

s imulate the dither waveforms and are generated using a subroutine cal led CLOCK which

outputs IR and Il as two 900 out of phase sequences of + and — ones. The dither rate is

defined by tw ice IS which defines the total number of iterations each sequence remains

at each polar Uy. In keep ing with the discussion in Paragraph 3.4.3 (Table 3.4.3—1 ) ,

the dither period was selected as 1000 iterations (IS 500) which defines the dither rate

to be 
5O~ 

th of the IF BW . The outputs of the synchronous detectors associated with

the rea l (X4 ) and imaginary (X5) parts of the weights then pass to accumulators to

L. s imulate the integrators of the control loop whose gains -~~ -~ --- and ~~~~~~~~~~~ both equa l /3.

The dither amp l itudes are G3 and G5 and are added to the outputs of the accumulators ,

XR and X l , to form the weights ‘HR and WI. Use of this simulation with the multitap
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program required only t hat the accumulator gains be reduced by a Factor of 10, as

-i kcussed above .

4 .2.5 Optimum Wei ght Computation

The opt imum wei ght values WO for the sing le—ta p network , are compute d

by a subroutine called OPIW. This subroutine utilizes a simp le determ inistic search

opt imization procedure which successivel y steps e ither up or down along the coordinates

of the two dimensional space defined by t he comp lex we ight. (Thus Four search direc-

t ions are defined by DW(I ) , I - 1 , 2 , 3, 4). At each step the va lue S of the output

SN~ is computed by a separate subroutine called SSSN , w ith steps in successFul directions

(larger S) being continued with the step size DA being increased by A . (The initial step

s ize A .00001 is returned to after an unsuccessful step, w ith this quantity defining the

granu larity of the search .)

4 3  Program Listings and Auxi lliary Data

This paragraph presents t he computer program listings , along w ith some

samp les of the computer output . Also , some of the data plotte d in Paragraph 4. 1 is

included in more complete form , together w ith additional data and computer plots not

inc luded in that section .

117

• -- - -- .—— — — —-— - •— - — - - -- - 
~~~~~~~~~~~~~~~~~~~~~~~~~ - -



4 .3. 1 Sing le-Tap _Simulation

4 .3. 1 .1 Sing le-Top Program Listing

C A U A P T I V t . CRO SSPOLL CANCELLATION SIMULATION • SINGLE — TAP
D I M L N S I U 1 .  I N ( ’ e ) . Y ) 5 )
CCM PLEX A .o.v .H ,wo ,w ,sv ,u ,L.TNV.T pd ,-4 ,suO , TNO
CA LL RA N U P II.)
CA L L  R A ~~~ P ( j . )

C OEF IN L PR OGRAM CUNT R OL PARAM ET E RS
15  = 250
LpP 11.00

86800
IR :1
I I :— 1
OR =57  • 2958
p7:3. 1’i1593

7 .1 6
71 = 1000. / SR

C D E F INL ~,A INS
6 5 : 100 .
62 = 35.
63 .01

A P .U 002
APi : 1.— AP

C DIFINC. A?J PU T S/N
C 00 69 ISs~:j ,1 .0
C STO B 0 A I t l S h )
C S T N ( I S N J  = STOB

ST Do 15.
ST : 1O. .. — S T O O / 2 0 .  I

:51 • 70 71068
Sh i.

C ~FF 1 1.1 CROSS POLL P A R A M E T E R S
JX M: — 1O.
V XI - ;’$J.

H X ’ ~:- i O .
11 w~~I T E ( 6 i . 5 6 ~

1.56 F O R M AT ) ”  XP O LE PAM A P ~LT ERS A R E” )
~ P I 7 C ( 6 . 3 )  V X M . V X P . H X M . I - 4 X P

3 FuR M AT U .1 •1.FiO .51
V X M I O .  S. ( V X M / 2 0 .  I
N XM 1O . S e (HXM / 20.)

~4XP :,1XP/~~R
A:VX ~- .CMPLx) C 0 S (V ,P ) ,S INI V XP ))
B HXMS CM PL X )C O S (HXP) ,S IN)H XP ))

C CO MPUIt. O P T I M A L  s l I GHT S  ar~u S/N
CALL  O P Tp ~(w O, St.O .M, b ,sTDB.AXP )
W P I T L ) 6 . L 0 1

101 FORM AT ) ”  OPTIMAL sL IG HTS A ND OUTPUT S/N ANt . ”)
C PRINT S IMULATION PARAM ET ERS

1 71 ( 6.
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4 .3 .1 .1 (Continued)

511 FOR~’4T (” O Z T P IL - SIZE , GA IN AND S/N ANt.”)..~ I l l  C) ,  • 3)  ~,3 .C”e • STUB
C PLOT C OM M A N D S  HAD BEE N USLO HERE

~~~ITL (6.S0O )
500 FON ~’AT(” T I M ( C M S )  W N M  wRy W IM A IV  SO

X PM SE S/P.O GAIN”)
10 IC~~I~~4 1

I P: 1 ~ .1
C C ) ~~~u1( INPUT S IGNALS

uo 1 1:1 , 4
1 T~ ) I ) : k A ~~~ ( O . . S T )

TH N A ~~J (Q..1..)
NT H: 1 -4
T ~j I -4 * P 1~ •
Tp.V :L — r L x  C Tt ~ t 1). TN)2 ) I
T H ~~c~’PL * (Tr ~(3). TN(4 ))
S.: (~’PLX(C O S )T4-4 I . S I N ( T H I )
V :SV+A *SH ,T~~V
H:SH + 4* SV + TN H

C C~~~PuT ~ O UTPUT OF HOR IZ CHANNEL
— S V

( ( I 3 + w I * S V
SHO :( Ci. .0. )+b ~*A )SSH

E(M:L UM ,~4 r A L ( s O.CoP.Jb ( SHO)
r Pv = L O V . - . C A L U N O * C O N J G TNO J I
i~~~4~LA L (  LS CONJG ( L I )
EPP:L ~~P. CP

C I~~T[R 1L~~ENC~ MIA S u R M E N T
C “A G N I T U ~~[ DETECTOR — A G C

X 1 - 1 ~LA L J.CONUG(U )).S .5
Z T : ( X 1 1. I/ i ,1
Z:L*ZT

r f L  CO UPL I N G ( B P F )
5 1 4 ,1, . 1

5 ! (141) Y ( I )
y I l)  :)c 1
x : . S s T ( 3 1 — .2 S Y ( i ) , Y ( 2 ) + Y ( 1 . ) , Y ( 5 )

C

L, ..j~~1,J+X3
C H1G P-4 PA SS F I L T E R

X 3 A : A P *  X 3 + A P X S X 3 U
.3O:~~3A
x~~~% 5 — X 3 A

C SYP. C HHU~IOUS D E T E C T O R S
CA LL CLO ~.” C 1~~i 1 44.11 .15 )
Xl4 :_ X 3 * 1 . ~

- • — X5:—11 3 S 11
C CO~-PUTE i~L jG44T UP OAT I

X R = X R , X 1 . / C.l.
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4.3.1.1 (Continued)

xI= X l
C *00 DIT HER SIGNA L

C N :65. I (4
CI :6351I

wI :Cl ,XI
w : CMI L~ ~~~ . W X )
WNM: W NM ,W R
w lM:WIM,wI
W R V : WRV ,MR.W R
w Z V : W I V ,~~I.wI
IF (IP .NE.IPP) GO TO 10

C OUTPUT DATA
&~~~GU,IPP

+~HM: dRM/j P P
wI M = wIM / IPP
W R V : W R V , IPP
wIV :wIV/IPP
EOV :LOV ,IPP
EOM:EDM,IPP
W R V Id 14 V .. Id 4M. WRM
4 I V = w1V.WIM. W IM
~NV :S~~RT ( W RV )
W IV : S Q R T (  W I V )
S1=iO . SA LOG1O(EOM,(EDV.EPP ))
T:TT*IQ

926
901 F O R M A T I 1 H  •1OF1O.8 )

uJ:O.
IP:0
(PP:Q.
,jRM:0.
W IM:O.
wRV :0 .
w I V = 0.
EIIM:O .
(DV :0.
IF(IId .6T .IQS) GO TO 5~
GO TO 10

56 CONTINuE
C A LL E X I T
END

H-
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4

4 .3. 1 .1 (Continued)

~;UtiRuUr l ~U OPTWCW. SP , (,F.ST.*xp)
COMPL EX i~~( 1 . )  .w , W T ,L.F
.~~ (0 . . O . I
ST = 1 0 • *5) ST/b • I
11:1
,j: 1
SP :_ 10OO ~~00 .
A :. 00001
OA :A
rm. C 1 ) = I 1. 1. I
o~ 4 2 C : I • 

~ ~ • I
1)~. ( 3 )  C 1. • — 1 • I

.
W T :W + O A S O W ( J )
CALL SSS~~( W T ‘S i L .F.ST . AX P )
I~~(S.L T.SP) GO TO lD
SF:S
DA : OA ,A

GO T~) 1
10 D A A

IT:IT ,1
I F ( . ) .GT .1 .)  J 1
I F ( I T . L T . 12 I  60 TO 1
SP:iO • SA LOG1O C SPI
ST IO. * A L O G L O ( S T )
RETURN
END
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4.3. 1.1 (Continued)

SUBRO UT I\dE SSSN(W .S ,E ,F ,ST ,AXP I
COMPLEX w.E,F .SNP ,A PdI,AN 2
SNP: C i., 0 • C +WS(
AN1 :w
AP.2 Id,F
A X P  = R E A L ( A N 2  * COP.J G ( A N 2) I
AN = R E A L C A N 1  • CONJ6I AN1)) • ST • AXP
AN:AN .1.
SrRE AL C SNPaCON JG ISNP I )
S:ST5 S/AN
RETURN
END

SUBROUTINE CLOCKII ,IR,I1,ISI
ISO :15/2
IM:I, ISO
IT1 :MOD ( 1.15)
I F I IT 1 . L I d . O  1)4.—ift
1T2 M00( IM, IS)
I F C I T 2 . L ~~.0 )  IIE II
RETURN
END
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4 .3 . 1 .2 Computer Outputs for Sing le—Ta p Program

The data associated wi th the curves presented in Paragraph 4.1 .2 .1 are shown

in ~~~~~~ 4 .3. 1 .2- 1 and 4 .3. 1.2—2.  In these fi gures WRM and WIM are the real and

irnaq inary wei ghts averaged over the time between printouts , with WRV and W IV being

~h. respective standard deviations (without the dither si gnal) . SO is outpu t si gna l power ,

is output t hermal noise power , and XPMSE is the outpu t crosspole interference power .

tL~- co lumn t it led GAIN is the average value of the interference measurement output .
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XPOLE PARAMETERS AR E
1000000 45 00000 -10 00000 45.00000 

____

OPTIMAL WE IGHTS AND OUTPUT S/N ARE 
- 

I
20986 - 22502 14 65325

~OITHE R SIZE GAIN AND S/N ARE
02600 18 0000 15(1 000 -

~~~~~~~ 
- - - -~~~

TIME (MS1 W RM WRV W IM W IV SO NO XPMS€ S/NO
10000 05286 01789 - 00639 01564 97969 11114 .07979 9 45236~
20000 - 

07458  00831 
- 03554 .00937 98459 

— 

~~~~~~ 10 3S196~
30000 09176 00577 05503 .00414 .98571 .01936 04655 1094161
40000 11050 00428 - .01662 .00872 98644 .06763 .03519 11 63942 

I

50000 12424 .00543  - .09716 .00703 .98890 06050 
- 

.o’~~W 
- - 12 13379 1

60000 - .13936 00522 - .11389 .0038 1 99190 05222 02126 1278620 1

- 
70000 - 14809 00324 - .12120 00222 .99298 04982 01762 12 99503 

-

80000 - .15448 — 
00336 - .13754 .00495 ~~~T3 - - .01324 13.3106 1~

90000 - 16309 00153 - .15050 00462 .99911 .04418 .01008 1354370
L i 00000 16599 00153 - .16319 00250 1 00262 04090 00836 13 89419

1 10000 16870 00213 - .17360 .00418 1 008(7 . 0  
- 
~~T3 95100 ’

1 20000 17300 00166 - 17755 .00192 1,00952 04005 00614 1401568
1 30000 - 17746 .00106 - .11962 .00233 1.00837 03914 00526 14 11038.
1 40000 - 18062 00111 - 18415 00204 1 00806 03834 00455 14 19813
1 50000 .18078 00127 - 19095 00191 1 00995 03747 00423 14.30621
1 60000 - 13259 .00106 - .19843 00245 1 01433 .03857 0039 1 14 19981
1 70000 - 18655 00267 - .20063 .00091 1.01515 03733 00336 14 34502
1 80000 - 19601 00298 20354 .00285 1.01240 03592 00243 14 50038
1 90000 - .19863 00084 - .21241 00247 1 01447 03571 00200 14 53398
2 00000 - 19859 00099 -21119 00166 101253 03717 oo~o6~

’ 14 35218
1 10000 19997 00228 - 20868 00097 1 01224 03780 00230 1427829

~ 2 20000 20159 00118 - 20955 00113 1 01333 03659 00209 14 42446
1 2 30000 20432 00116 -21126 00246 101280 03740 00187 14 32657

- 2 40000 20572 00100 21703 00080 101385 03597 00165 14 49979
2 50000 20308 00125 - 21542 00254 101274 

- 
.03622 .00177 1446598

- 2 60000 20174 00145 -2 1686 00194 101551 03654 00198 14 4386w
2 70000 19935 00098 .21575 00097 1.0113 1 03770 00208 1431165
2 80000 20370 00019 - 21875 00105 1 01673 03654 00175 1444462
2 90000 20461 

- 
00097 

- 
- .21908 .00115 1 01529 03605 00163 

- 
/449~~j4

3 00000 20581 00062 21876 00159 1 01330 03653 .00165 14.43131
3 10000 20455 00143 21773 00210 1 01477 03552 00185 1455873
3 20000 20750 00187 21328 00107 101280 03645 00176 14.43800
3 30000 20609 00096 21402 00165 1 01344 .03606 .00 174 14.48778

- 3 40000 20576 00118 - .21530 00094 1 01296 .03609 00166 14.48219~
3 50000 20325 00103 21432 00203 1 01213 03715 00 183 14.35284
3 60000 70174 00095 - 21492 00116 1 01457 03558 00201 14.55099
3 70000 20137 00123 

— 
21722 00095 101720 03756 00197 

- 
14.32731

3 80000 20521 00215 - 21821 00142 101583 03661 
- - 

.00169 1443168 1
3 90000 20699 00086 - 22023 00155 1.01488 03610 .00 160 14.48875
4 00000 - 20883 00099 - 21851 00058 1.01195 .0350 1 

- - 

00156 - - _14.60985

Figure 4.3.1.2—1 Data Associated With Figure 4.1.2.1—1 .
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4 .3.2 Mutti—Top Simulation

4 .3 .2.1 Multi-Tap Program L sting

C ADA PTIVE CNOS SPOLE CAN CE LLATION SIMULATION — MULTI — TAP
OIMENS1O~4COMPLEX VV ,VH ,HV,HH,TNPI,TNV .VVO .HVO .TNVO,W(5).WM15),Fi.F2.F3.A,B,

Su .E • V 140.HHD, TNHO.SHO .TNO ,R(5)
C0’~PLEX
CALL RAN 4J P (2,)
CALL RA P4 ) C P( 2 . )
NP 60 -.
riP = 2X M A X = 12.0x~ 1r ~ o.o
yMA X = 16.
Y~~IN  6.

C ~E FIi it. PROGRAM CONTROL PARAMETERS
IZ Q i O
IS:2000
IPP=1l.000
1L1 2 8000
IF(I P P .LT .0 GO TO~~ 6
J.~J:i
J~J = 2
I p :1
11 = — I
Ut~~57 .2958
P1 3.
$R 7.E b
TT:i000 .‘

T T= T f.IPP
C DEFINI ~.AINS
C COP~~RDL CiRCU iT GAINS

,1:SOO .
C.?=700.

I-.’. L f’..~
I. ’. (. 3
41’ .0000’e
A~ 1:1.— A P
C C ’ ) : ~~ 95

I •
BP:1.~~UP1
S(T IN T IA L  CONDITIONS

X?0 1.
,~ I i ):C - .2236,— .2236)

~( 2 ) : ( 0 . .0 . )
w ( 3 ) 1— .02 ,0 .)

C INPUT SIMULATION GAINS
F 1 1  .5. .t~&602~a~
F2:CUNJ G (F 1 )
F 3 (  1 • — F 1)1(1 .— F2 )

C DEFINI INPUT S/N
STOB 15.
ST~ 1O.*s —STO6/20. )
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4.3 .2. 1 (Continued)

ST :S1.~~.52
C ~~L~~~I ’~L C~1OSS POLL PARAME TERS

V ~~ ‘ 5.
— 1 0

~4 K P ‘45,
ii t.~1 I I L I I 1.7’~ )
7’3 F( ’ R M A I (L r l i I

— k ITt .  I K’ • ‘ .56)
(436 F U k M A T ( ”  CPULI P A M A M ITERS A RE” )

~P 111(6 .3)  V X M . V X P ,H X M . H X P
3 ~. I k C ’ t tT ( j p - 4  • ‘+ f j, .’+)

• 
~~ M :1O. .s (V XM /2Q, I
H K M r I O .*. ( I-4XM/ 2 0. I

~ X V X P / J C 4

A : ‘, X ’ 4 . C M P L X  I LOS ) V X P I ,  SIN) V X P )
C~~ ,X M . C M P L X  I CUS( I-CXP I S IN( H X P I )r ~RI’I 1 S I M U L A T I O N  PA RARLITEK S

Iii ( 6. 511)
511 1C 4 ~~’t’T I ”  DITCILH Sill. GAIN AND S/N ARE ” )

W 4’ I IL ( 6 . 3 )  ~ 3 . G~. .511,13
(TI)

300 I. ,~~ A T I ”  fl~ I L I ,~ S)  w i R  w I I  W2N W 2L ~5R
I ~ 31 50 INO X PM SE b/NO ~ (i) WRV WI
l i v ’ )

10
t~ z~~J+1

C (Q~~P .~ 1[ If ~PUT SI,NA LS
( A L L  SI~~( ~~~.V H .H H ,Ht,,F i ,F 2 , F 3 . A,B , IZ Q)
C~-- / - I 4 ’l ,C”(INV ,TN H.S T )

~~~~~~ ) U1~~ i T  0~ )-OR IZ CHANNEL
Ct ’ LL CO ’~ 4 L 1 ( V V . HV .T N V , V V O . HV O ,TN V O ,W . R )
4, I ’  L, z C C N

~ C I, ‘1
T ’ - ”~ :I~.,,
, .‘~I . ’ ’~~~ T ’ ,N U + V V U • h V O G T N V U

P. ~~~~~~ T r , ~~u
L L ~~:L~~ ’) , - . L A L I S 4 C S COI~.j G ( S H O I )
I V : L  V . R L A L I  T NU’ CONJG (TN O )  I

Pr I P 4 ’  •
C INT L W F I ~4 [NCl MI A SUkMCNT

“A(, 4 1 T  iuE ~ t T [ C T u R  — A GC
u EX P (  — l )~~U
A l  =~ LA LLj sCUN ,.j G t U I  )
x l  :SI,~R T  I X 1 )
L T:(X 1—1 . )/b1
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4 .3.2. 1 (Continued)

C A C CO O P L I N ( , ( E P F J
x 2A : B P*x i ,8 P 1sX 2 D
X 2 0:X 2 A
X 2 = X 1 — X 2 A

C SLID
X3 •

C HI(, #4 PASS FILTER
X3 A A P .X3 +A P1 .X3D
X 30 X 3A
x3 :X3—X36
G~J~~C J + X 3

C STNC HRO ,’~0US DETECTORS
C FO N CO ICI STANT wLI (,HTS PLACE “ 60 TO 973” CARD HERE

CALL CLOCI (( IQ .IR,II.IS )
X14:—X3.I-(
X 5 — X3 . Il

C C O M P U 1 L  W EIGHT UPDATE
XR X R + X 14 / O ( 4
X I : X I ,X 5 ,G 2

C (.00 DIT~-IUR SIGNAL
C R C G 5 *  IN
C I G3 . II
WR CC4+XR
w I :C I+X I
WA V WN V. wAs WA
8IVr .~IV,8I.WI

~ I ,JJI :C MPLX( W R , W I )
973 CONTI NL) k.

I U . ) )  W M (  ,JJ)4b, I,).,) )

GO TO 10
C OUTPUT U A T A

, J:OJ/ 1PP
GJ :G,J.lOO.
(PP:LPP ~,IPP

I U.) I w M  I .).)) /IPP
DC 778 1:1,3

GO TO 778
w ’ I l l  :w (I )

778 CC 611501
w PM:C(EAL(4M)UJ) I
W I M = A I M A ~,(,M(U,J ) I
w P V S Q RT ( W R V / I P P - W H M . W H M )
wIV :S Q R T I W I V / I P P — w 1 M * W I M )

EDM: LOM/ LPP
S1 :1O. SA LO O1O (EUM/(LOV ,(Ppfl
T:T,TT
W R I T L ( 6 . 9 0 1  1 ,W M ) i J ,V M ( 2 ) ,W M ( 3 ) , ( U M , L DV . L P P ,S i , G.J ,W RV W IV

901 F D I4 MA T I1 -$  .1’.F9.5
.~f’ITL 6, T , W M i i ~ .WMI2 ).WM(3 ).EOM,COV.LP P ,SI,6.J.WRV W IV
16 : 16 • 1
IF (ID .LT .IDT) 60 TO 783

4
”
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4 .3 . 2 . 1 (Con~~nued)

10:0

~ ( J J ) : CM P L X I X R , X I )
Jj:JU, 1
IK( J J.Ot .3) I1=j
5 4. :R LA L ) N LJ . J) I
x I~~A I M A G ( w ( J . J )  I

7~~3 C O N T INU E
1 4 = 0
IPP O .

~NV : O .
.~IV O.
00 779 1:1,3

779 4M ( I ) (O. ,O.)
C C  0.

[[ ~ rQ~
CO V CO

60) 60 TO 57
I,~~ IL) 10

57 W P I T C ( 6 . 1 Q 1 )
1 01 F O R M A T I 1 H 1 . ,3 0 X .’X — POLE TRANSIENT RESPONSE’)

CAL L  G P L O T R I N O . A F  . N P , M P , O , Q ,X MA X , X M I N . Y MA X ,y M I N)
10: 0
X M I N : X MA X

AX = X M l  s. X M A X
GO TO 10

5~ STOP
END
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4 .3.2.1 (Continued)

SuF4ROt iT i  ~[ C O R N L T I V 1 .H i ,T 1 ,V V O I HV O ,TN V O ,w . X )
C 1M )L EA VVQ .HVO ,T5~VO.W(3) , X I3 ) , V V ( 3 ) , j - i V ( 3 ) ,T ~~~V ( 3) ,v T I 3 ’,~~~ T ( 3 )

COMPL EX (67)3)
C C I ! - ’ I ’ L & X  V1 ,H1.Tl
vV (1) :V1
CIV ) 1 I
T I - V I A )  T I
.‘~~15 .
r3 100 .
V T I 1 I V V I 2)
V T  I ?)  V V I I ) — V V ( 3 )
V I I 3 ) VV 2)~~.5.IVV(1) ,VV (3 ))
V V O : I ( 1 I s ( V I I l ) , A . 4 i 1 2 ) * V T ( 2 ) + 8 * b u ( 3 ) S V T ( 3 ) )
HI I 1 I FIV (2)
H T I 2 ) :HV I1 )—HV (3 )
I-4T( 3 ) HV ( 2 I~~.5 S lHV(i ) + HV I 3 ) )
4 ,vO :w (1) .  ( 1-41 ( 1) .AsW (2 I ~HT (2 ).B.W( 5)*H7 (3) I

I i )  TN V (2)
TNT (2) :T)1 V 1 1 ) — T N V I 3 )
TN T 13) T CV (2 )— .5$ITNVU) +TNV( 3 ))
T N V 0 w  Ill.) TNTU I .A SW (2 ) *TNT(2 ) ,Be W ) 3  I ‘T N T)  3)  I
00 1 I 3 ,2 ,~~i
VV ( I) :1(V) I— i )

(I) C Ry  (I— i )
A T N V I f l : T NV ( 1 1)

00 2 1:1.3
2 X I I )  :VT (I) +HT (I) +TNT (I)

RETURN
END

S UN N O U T I  ,~C C O A T A P IV V ,H V ,TNV ’VV O ’I-)y O ,TNVO,W )
c~~C~PLEX 44V, HV, TN V ,VVO ,HVu , TNV O ,VVO 1,HVD 1,TNV D1 ,VVO2 ,HV ).2 .TNVD2I

Sw (3)
VV O W(1) *VV ,1d1 2 )*VV L) i ,W( 3) .VVO2
H VO I A )  .HV +W)2 ) VO 1+W) 3 I SR V 02
TNVO :W(1 ST)dV 4W( 2 ) * TNVD 1+W13 ) *TNV O 2
vV D 2 V V D 1
H V 02 C #4 V O 1
7 I. V 02: TN V ol
VV Oi :V V
HVO 1 :#4 V
T’~vD1 :TNV
RETURN
END
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4 . 3 . 2 . 1 (Cont inued)

SU I~l OUT1 ‘~~~ ~ 1G~ VV,  V H ,HH ,HV.F1 ,F2 ,F3.A ,8’ I)
COM ) LIX ~V. 411 .HV,HH .Ft ,F2,F3 .A,b, V A (3) ,V
[)(l :1 .1—20

1
1:14 1
IF~4 1  .11. 1 0) 60 10 1
ICe
T 4 I C P A S U ( O . , 4 4 . )
I H 1 H

T 4 4 r C~ T H s l  .510 796 (4
V C C M P L X I C O S ( T H ) . S I N I T H ) )
V A ( 1 I F3.V ,F1.VAI~~)+CMPLX(DD,DO)
V A (  2 )  VA ( 1)
VV CV ~~I1)4F2.VAI3)+CMPLXIOO ,0O)
y A  (3) :VV
i- ~ A s H
/ 4 1 1 ,$  1(
#4C ~C C C M PLX(1 - j, O.
RETURN
END

SUI - P O ’ J T 1 C E  T N L R M I T NV , T N H , S t I
U1~~I ‘ JS IU 1r ~ I 1 4 )

LE~ 1’~V ,T N H , TV ( 1 O )  .11-4 (10) ,FV ( 31 .FH (3)
A C  •

• 5
00 1 1r 9.1 • _ 1
I V I I • 1 )  C I v ( 1 )

T — ~I 1+ 1  1 : 1 - 1 ) 1 1
D O � I~~~i,

14

2 1 r)(1I:,’C t, ,’JID. .SI )
I ~ I 1 I C C ’  “L A I IC . (1 I • TN (2 )

•TNI’. )
T ’ ,V ( O .  .0.)
T ’ ~, 4 : I f l . . 0 .)
1;) 3 I~~~.1U

3 T ’ ,PI:T ~~C 4 * .1.IH( 1)
Fy 1 1  ) C t I . T C V , A S F V I~~I

T V : ~~v I l ) , A . fV ( 3 )
F C 3 )T ~,~
~ 4 l I 1 ) 11IT’ , # I 4 A S F H ( i ~ )
(‘ 4 1 1 2 )  :FH(  1)

T j 44:F#4( tI ,A SFH( 3)
f H)  3) :75.-)
RI 1 044 (4
END

SU FIPOUI INC C L O C~~I 1 , A R , I I , I S )
I SD=1 Si~
~: 1,150
11= 1 01,~~1 . 1 5 )

I F )  1 T 1 . I ,w . O I  1R c A H
IT2~~~OD( IM ,IS)
IF’ ) 3T2.E~~.0) 11.—li
R E T U R N
f _ Nc ) I
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4 .3.2.2 Computer Outputs for Multi tap Progra m

The data associated with some of the curves presented in Paragra ph 4 .1 .1 .2

and 4 .1 .2.2 are presented in the following fi gures . Also , a number of additiona l computer

runs are included . In partkular , Fi gure 4.3. 2 .2—1 is the data associated with Figure

4 .1 .1 .2-4 showing the stea dy—st ate per formance when the dither s z e  is chosen too small.

Fi gure 4.3 .2 .2—2 ,—3 ,— 4 and —5 suppor t the curves sketched in Figure 4. 1 .2.2-3. The

remain ing fi gures (4 .3.2.2—6 ,-7,--8 ,— 9) present the data from runs made to investi gate

the use of compensating delay as discussed n Paragraph 4.1.
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5.0 IMPLEMENTAT ION CONS IDERATIONS

Al though the study did not require hardware implementat ion, a conceptua l

design plan for adapt ive crosspole correction hardware has been formulated . This design

plan esta blishes an approach whereb y demonstration hardware con be developed tha t is

capable of imp lementing the correction techniques studied in the previous sections and

proving their feasibilit y.

5.1 Implementation Goals

A major goa l of the demonstration (and future) crosspole correction hardware

is that t be able to be integrated into existing communication systems with a minimum of

modifications to existing hardwa re; and further to be able to be used essentiall y inde-

pendent of the existing modulation schemes .

The planned hardwa re has been conceptuall y designed to meet these goals

and wil l  operate with existing RADC QPSK modems as well as with the Broadband Modem

(2 bits/Hz) presentl y under development by Harris ESD for RADC (Contract

F30602-76-C-0 434).

5.2 Generalized Crosspole Correction Circuitry

Figure 5 .2—1 is a generalized block diagram dep icting integration of the

planned crosspole correction techniques in a t yp ical communication system .

Ignor ing for the moment the crosstalk corrector , t he objective of the corn—

munication system is to transmit , over Link No. 1 , previousl y modulated information from
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Transmitter No. 1 , rece ive this information at Receiver No. 1 , demodulate the received

signal and output the demodulated information. However , in a system ut ilizing cross

polarization, a second link is operating on the same frequency at an orthogonal polarit y

resulting in so me crosstalk being received (dashed line to Link No. 1) along with the

desired si gna l .

In order to achieve optimum utilization of a cross polarized communications

system , t he interfering crosstalk between the orthogonal channels must be eliminated or

reduced to a neg ligible level . The results of this study have indicated that it is feasible

to implement crosspole correction hardware tha t is capable of doing this .

The crosspo le corrector (dotted block in Figure 5.2—1) operates by tak ing a

samp le of the IF from Receiver No. 2 and adjusting its phase and amp l i tude so that it

w ill cancel the crosstalk present at t he IF output of Receiver No. 1 . Subtracting the

two s igna ls cancels the crosstalk resulting in a si gnal that can be demodulated to repro—

duce the original input information at the demodulation output. The phase and amp litude

are adjusted via a three—ta p delay line equalizer and three weights .

The wei ghts are controlled as fol lows: first , a measure of performance is

derived by measuring bit—to—bit amp litude fluctuations (caused by t he crosstalk I and

averaging a number of samp les. The resulting voltage is used as feedback in a loop which

attempts to drive the crosstalk to zero by adjusting the wei ght values . The wei ghts are

adjusted sequentiall y by dithering them one at a time and allowing the ~nondithered”

control si gnal to assume its optimum value.
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5 .3  Detailed Lro~s~aIk Corrector

A detailed block dioaram ~t ‘e plannec crossta lk C o r I u C t C) r . shown in

Fi gure 5. ~.‘- —1 - A i though co r rec t i on  for onl y one ch ar ru I is - lawn , a ‘ec’~. - d  channe l w i l l

a lso : .ired to full y i- c r I~t r t ~ t he feasibil i ty of t~ e approac h.

The block diagram is re lat ive l y stra ight forwolc~ and dep~ct5 eia e~ ~uncti -
~r- ;:l

module’~ w hich are brie t y described i .e low .

1 ~-on~~a !ns  thrl”e identical /~. OC amp l if iers and ;‘ - ;c iuted loop

I~~~ev and detectors . U,~ng AGC inputs a l lows the corrector to essent ia l l y o p e rJ t ’

independent of input levels .

The three—ta p delay l ine equalizer is contained in Module 2. I’ .olot icr- is

prcvided via the hybr id divider; used at the taps . Coax cable w i l l  be used for d~~;y in

I ~ e demor-stration hardware since it is re lat ively inexpensr ~~t - , t ond Is pc-r-4: ~~€ ‘  over the

‘~ndwT dt h and easi l y turaHe by ad~ust ing its length.

Module 3 contains the signal dividing and combinina c i r c u i i ~~. For s cr —

f l ic i t 7’ , t he phase adjJ~tme nt c ircu i’r~- is show n in ln~. -~ 1

f i e  three voltage corrrolled wei ghts are contained in Module 4 . A~,:ain ,

simp licity, t he w e qht circuitry is s how n in Inset 2. The w e i  i t ; , which f - i t - r e  dual

-~te FET’ s as gain contro l elements have been proven on other programs and apnea t ,’~

F’  ‘ut t n -  dispers ion requirements for this app licatior .

‘ .~~d le 5 is es sen t i al  I ~‘ 1’ cal to Module 2 xcep t that in ‘h~5 ase it is

usuci Cr a ‘ t ra iqhf delay line.
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Envelope detection and baseband process ing required to generate the con-

trol signals is performed in Module 6.

Circuitry for distribution of the control si gnal and the dither signal to the

s ix wei ght control inputs is contained in Module 7. It consists of six identical circuits as

shown.

The master clock and format generator is included in Module 8. This

module generates the digita l control si gnals for the FET switches as well as the dither

si gnal (square wave~I .
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6.0 CONCLUSIONS AND RECOMMENDATIONS

This report has presented the desi gn of an adoptive interference reduction

device suitable for use over long LOS microwave links corrupted by multi path . The use

of th is device provides the capability of doubling the bandwidth eff ic iency of the links

over LOS microwave links without requiring additional power marg in (over he 3 dB

necessary to prov ide the orthogonal channel) to overcome the crosspo)ar interference .

A review of the phys ica l and statistica l propert ies of the crosspolor interference led to

the development of a procedu re to quanti tative ly define the interference problem and

compare a l ternat ive interference reduction and bandwidth expanding techni ques. Follow-

ing t hi5 , a detailed discussion of the desi gn trade—off s associated with the app lication of

adaptive interference reduction resulted in the desi gn of a specific system . The mathe-

mat ical ana lysis of that design led to the development of bath general per formance

estimates for dual po lari zed links and a system model through which specifi c component

parameters could be chosen. This design featured the development of a special multitap

correction networ k which not only offered increased bandwidth capabilities , but a lso

gave un ique contro l labil i ty characteristics and a usefu l mathematical relationshi p

between the wei ght settings and the physica l nature of the crosspolar interference . Also

featured in this desi gn was the development of a performance monitoring device particu-

larl y we ll su i ted to approx mate ly constant envelope s ignal formats and a simp le dit her—

ty pe gradient control method . The practical i ty of the desi gn was verif ied by bath the

mat hematical anal ysis and detailed computer simulations. The next step in the develop-

ment of these techni ques is the fabrication of the breadboard hardware suggested in the

text .
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A large amount of l i terature ex is ts  wh ich discusses both the physica l and

s t a t i s tic a l  features of rain- induced fading and crosspolor interferenc e . Utilizing data

gat hered from this l terature , in con junction wi th  approximations wh ich were developed

re lating crosspo lar interference to degradation in si gnal—to — noise rat io , a procedure for

computing the probabilit y t hat a link of a given qua li ty wo~ild be available was developed.

These stat ist ics were computed for links emp loy ing both circular and linear orthogonal

po larizations , as we ll as for those which ut i l ized modulation techni ques to increase band-

width e f f i c iency , and were plotted as a function of the required power marg in. In this

manner , the relat ive costs (in terms of link power requirements) of these alternatives can

be assessed . This excercise indicated that in all cases , dua l linea r polarization is less

suscept ib le to ra in— induced crosspolar interference than is circular polarization . Other

general izat ions from these results are limited by t he relevance of the rain statistics used

to the specific link being considered . That is , the procedure developed is a generall y

app licable method , but it requires that accurate rain statistics be compiled for the specific

appl icat ion being considered . Similarl y, the effects of non—rain induced interference

(e.g. ,  multi path) are also very dependent upon applicat ions and do not lead to easil y

generalized results.  This examination of the literature also indicated that more informa-

tion is required on the variation of crosspolar interference with frequency over the band-

wi dths whic h a g iven channel wi l l  occupy . This information is required to select the

require d transfer characteristics of the crosspole interference reduction networks .
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The computations which determine the increased power marg in required to

compensate for crosspo lar interference also indicate the relative importance of techniques

w hich can be used to reduce that interference. Again , an absolute assessment would

require data on speci f ic  links and exact specification of the desired link performance .

However , this work does indicate that the use of adaptive interference reduction is un

important desi gn cons ideration , particular ly for those links designed toy ield high perform—

once w ith minimum cost . The basic desi gn philosophy used was to postulate what appears

to be the most simp le approach wh ich is suitable to the problem and verif y that its per-

formance is adequate . For examp le , the dither—type gradient control method is quite

simp le to imp lement , but the injected dither can potentiall y limit the system performance .

It was demonstrated tha t this was not a limitation . Also, the efficient use of this type of

control requires the availability of an easil y measure d performance index. To accomp l ish

this the technique to measu re the interference induced envelope f luctuation wasdeve loped.

The use of this was indicated by the fact that state of the art microwave radios use non-

linear amplifiers and therefore require constant envelope si gnal formats , but its applica-

t ion requires only that the interference produce measurable envelope fluctuations. S yn-

chronization of this measurement with the center of each bit can improve the performance

of this technique, but aga in, the sim ple c ircuit developed has proven to be adequate . For

t he correction network imp lementat ion, the most s imp le procedure would be the use of the

single comp lex we ight , wh ich wi l l  be adequate for relativel y narrowband systems. How-

ever , s ince the radio characteristics examined in Appendix A indicate nonneg lig ible
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dispersion between channels over the requ ired bandwidth and insufficient data is avail-

able on the d ispersive nature of the media , the more sophisticate d special multitap net-

wor k was also developed .

Based on the mathematical anal ysi s and the extensive computer programs

deve loped on this study, it is reasonable to assume that the adaptive interference reduc-

tion networ k desi gned ~ ilI perfo!m adequate ly .  Consequentl y, it is recommended that

breadboard hardware be developed to further investi gate the performance and g ive a more

rea l is t ic  indication of the costs and pro blems associated with the construction of this type

of dev i c e .  Continued ana l ysis and simulation could st i l l  resolve several points left

unc lear. For examp le , the question concern ing the use of compensating de lay and the

f ine tuning of the multi plexed control loops , par t icu lar ly where W 1 is insi de the W 2 and

W 3 loops . Also , a better comparison of the conventional tapped delay l ine and special

mu lti tap correct ion network would be of interest . However , it wou ld be more eff icient

to consider such questions in conj unct ion wi t h the fabrication of the breadboard , when

both the anal ysis and s imulat on , toget her with the hardware can be used to further

understan d these , as we ll as any additional questions t hat arise. This is particularl y true

since t he computer s imu lationsof the wideband circui try are quite cumbersome , requiring

8- 12 hours for a single run. Also , the imp lementation of the special multi tap network

wi l l  provide a means ~or obtaining more data on the dispersive stru c ture of the crosspolar

in t e r f e r e n c e .  Finall y, it is of interest to consider the potential app lication of these

techn ques to other problem areas. For instance , hardware of this type could be used in
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coltectbofl systems to identi fY the polarizatiOn properties of emitter5~ 
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APPENDIX A

DIFFERENTIAL PHASE AND AMPLITUDE RESPONSE
IN MEASURED RADIO CHARACTERISTICS

A — i  .0 INTRODUCTION

The use of crosspolar communication links requires a separate receiver for

eac h of the channels. If a sing le-tap correct ion network is to be used (tha t is , frequency

independent correction is to be used), t hen it is assumed that the two receiver paths do

not have differential phase and amplitude responses across the bandwidth of the desired

si gnals. This appendix ana lyzes some data recorded at RADC in order to determine if this

is an accepta ble assumption .

A-2.0 MEASURED RADIO CHARACTERISTICS

The receiv er characterist ics measured at RADC were ana l yze d in the

fol lowing manner to give an estimate of the crosspo le cancellat ion limitations to be

expecte d. Fi gures A— 2-1 and A—2—2 are the data measured by RADC and the curves for

both R (A and R ( B I  ha ve been transferred onto the graph paper in Fi gures A- laand A—lb.
x x

Fi gure A—lb  represents the characterist ics for R (B) , while Fi gure A— la  i l lustrates R (A)
x x

and a comparison of R (A) and R (B) made by overlay ing the R (B) curves . The top curves
x x x

in each of t hese fi gures represent the group delay measurements with the phase sh ift versus

frequency (t he middle curves l Hing obtained by graphica l integration . The lower curves

represent the amp litude response , wh ich are traced directl y from the measure d data .
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T he phase 5h~ft and amplitude curve~ from Fi gure A- lb  are traced on

Fi gur e A - la , wit h ~he 1 ur ves being lined up by eye to give the cl osest correspondence.

From th is , it is seen tha t the phase shift tra k s  with less than a degree of error , while the

amp litude response t racks  to about .2 dB.

A-3.O EFFECT OF ERRO R~
, ON CANCELLAT ION

To determine t L~~ effect of these errors on the obtainable cancellation ,

consider the case w hen the rece ived  si gnals x
1 

and x
2 

are orthogona l and the crosspo lar

c oup ling power is equa l to the desired si gnal (t hese si gna ls being represented are s 1 and

T his gives the received si gna ls as

X
1 ~i

~2 ~l 
—

‘Hs s i t uat ion mi ght co rrespond to a 45
0 

ro tat ion of a l inearly polarized antenna and

should represent  a w o r s t — c a s e  for the ef fect  of errors. Modeling the correction network

-,4 t h t h e  flow diagram

_
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gives the outputs y as

= (1 - C
1
) 

~i 
+ (1 +C 1) s..,

y2 
= (1 + C

2
) S

i 
+ (-1 + C

2
) 

~i

Ideally, C 1 
= —i and C2 

= 1 to completel y el iminate the crosspole interference. The

si gna I—to— interference ratio at the coup ler output is then
2

fs\ - 

1 - C1
( i i  I + C\ f o

und a similar equotion app lies for y2
. Suppose we have an amplitude error ~ such that

C 1 
= — l + i~~. Then

f s \ - 2 ~ 2

If we have a phase error 9 such that C 1

(s\ — 
i + e~

9 2~~~~~ \
2 4

~i) 
- 

1 - e~~ 

- 

(
s

tan 9/2) 
—

Tabulated below are values of phase error and amp litude errors corresponding to various

output si gnal—to— inter ference ratios .
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(S ’\ Amp litude error
\ l  L~ - 

(dB) Phase Error (Degrees)

40 0. 172 1 .15

35 0.304 2 .04

30 0. 533 3.62

25 0.926 6. 44

20 1 .584 11 .4

Thus an out put s iona l - to—inter ference ratio of 40 dB requires that the amp litude and phase

errors be less than 0. 17 dB and 1 .15°. A reasonable budget for (S/ I’) of 40 dB would

a II ow

Amp litude Error 0. 707 x 0 .172 0.12 dB

Phase Error 0. 7O7 x 1 .15 0.810

Since both errors mi ght be present at the same time. These errors can be thought of as

errors in t he coupling networks but the effect is the same If the medium or the receivers

have amp litude or phase dif ferent ia ls .  T his indicates that the approximate 1
0 

phase and

.2 dB amp l itude errors of the measured characterist ics would limit the achievable -
~~~ toI /o

between 35 and 40 dB. If better performance is required , then frequency dependent

mu ltitap correction networks must be used .
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APPENDIX B

AN A LY SIS OF MI NIMUM LOSS CIRCUI TS

B-i .0 INTRODUCTION

It is the purpose of this appendix to relate the inherent loss of an optimum

“minimum loss decoupling network” to a number, p, wh ich measures the degree of non-

orthogonal lty of the two polarizations , it is found that loss is at least 10 log ( 1—p) For

idea l orthogonalizing circuits preceding the low noise amp lifiers and 10 log (1-p2 ) for

orthogona lizing circuits fo llowing the low noise amp lifiers . In addition, the effect of

vary ing the transmitted polarization is ana lyzed, and the improvement in signal-to—

noise ratio for incomp lete decoupling is computed .

3-2.0 M I N I M U M  LOSS IN PASSIVE POLA R I ZATI ON DECOU PLING CIRC UI TS

Figure B-i shows a dua l po lar ization communication system. Two

independent data transmitters , operating on the same frequency, are connected to a dual

po lar ization transmitting antenna . After propagation through the medium the two signals

are rece ived with a dua l polarization antenna . It is assumed that the rece iving antenna

incorporates o matching network* such that the reflection coefficients at Termina ls I and

2 are zero and the coupling coefficients between Terminals 1 and 2 are zero . With these

assumpt ions, the power available from the antenna is simp ly the power inciden t on the

po larization decoup ling network .

A matchi ng network can be imp lemented with a lossless backward wave coup ler , to

el iminate coupling between the term inals, and followed by two convent ional two-port
match ing circuits .
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The problem to be solved may be stated as follows: Let P1 denote the

power availab le from the receiving antenna due to Transmitter I. This power can be

divided in some arbitrary manner between Terminals 1 and 2. Define P2 
in a similar

manner for Transm itter 2. Now a po lar ization decoup ling c ircuit decoup les Transmitter 1

from Terminals 4 and Transmitter 2 from Terminals 3. At Terminals 3 the power available

from Transmitter 1
~ 

is 
~~ 

P1 
and similarl y Ti2 P2 is the power available at Terminals 4 due

to Transmitter 2. The problem is to determine the largest possible salues for Y1
~ 

and

w hich can be realized w ith any passive decoup ling circuit consistent w ith conservation

of energy.

Chu
15 has described polar ization circuits which cons st of rotary joints , a

differential phase sh ifter and a differential attenuator. Using these components , he

gives designs hav ing minimum differential phase sh ift and minimum differentia l attenua-

t ion . It could be expected that minimum differentia l attenuation equivalent to maxi-

mum ~ and 
~2’ however , some clever pass ive decoup ling circuitry may be conceived

wit h even better efficiency than can be achieved by Chu ’s c i rcu it ry.  This was the

mot ivation behind this section .

In order to establish bounds on and 
~2 

it is necessary to define in more

detail the response of both transmItters at Terminals 1 and 2. Using conventiona l

scatter ing matrix notation let a( and a~ denote the comp lex amp lit’ides of wave

15 T . S. Chu, “Restoring the Orthogonality of Two Polarizations ir Radio Communica—
tion S ystems ,” Part I, BSTJ , Vol.  50, No. 9, Nov . 1971 , pp. 30o3-3069, Part II ,
BSTJ , Vol. 52, No. 3T~ iarch 1973, pp. 319-327 .
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trave lling to the r ight at Terminals 1 and 2, respect ivel y, due to Transmitter 1 . Similar l y

define a~~ and 0
2 

in a similar manner for Transmitter 2. The available received powers ,

defined ear lier , can then be written

Pi it + ~~~~~ 
~2 ~~~ 

+ Ia~’ 
2 (B-i)

As subsequent ana lysis wi l l  show , t he parameter which determines the achievable values

for 
~i 

and is g iven by

~~~~~~~ + a~~(a~i~p = — _________ . (B-2)

\
P 1 P2

Note th0t the total available power from both transmitters is

P T P2 ~ 2 p 5 P 1 
p (B-3’)

Where c is a measure of the relat ive phase between the transmitters . Thus , if the phase

is ad justed proper ly at the transmitt ing end, the maximum available received power is

~TM 
= p

1 
+ p

2 
+ 2p 5 P 1 P

2 - (B-4)

This ‘~u j ~~’t ~ t hat P k a rather fundamental characterization of the received si gnals. In

particular , p is independent of the exact Form of the loss less matc hing circuit which

fol lows t 1 ic- antenna; and the power transfer coef f ic ients and 
~2’ 

for a minimum loss

decoup ling circui t , satisf y the relationshi p

(rJ - 1) Ti’
2 

- 1) = p2 
(B-5)
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Thus, if it is desired to receive only from Transmitter I set TI
2 

0, and the highest

poss ible value of ?1~ is

= 1 - p
2
. TI

2 
= 0 (B-6 )

A lso, if the interest is in receiving from both transmitters , and 77, 77, then

- P  . (B-7)

A decoupling circuit is a four-port device and its properties are specified,

at one frequency, by a 4 x 4 matrix (16 comp lex numbers ). Since the decoup ling circuit

is completely general, it may be assumed, w ithout loss of genera lity, that it feeds

matched loads. This assumption leads to considerable simplificat-ions . Using conven-

t iona l scattering matrix notation , and with the ports numbered as in Figure 8-1, the

operation of the decoupling circuit is described by

b1
b2 — s 

0
2

b3 
- 

0

b4 0

wh ich gives the desired output as

b3 
= 53) Q

J 
+ S32 02 (B-8)

- - 

b4 
= 

~41 0) 
+ S42 °2 (B-9)

Decoupling is achieved if b4 is zero when 0
1 

and 02 are due Jo Transmitter 1, and

b3 
= 0, when a 1 and °2 ore due to Transmitter 2:

I-
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b~ S41 a( + 
~42 02 

- 0,

b~’ ~31 0~ 
+ 

~32 
02

’ - 0,

or

~41 
- - 

~42 
- 

~42 ~1 
(B— b )

S32 
- S 31 ~~T - 

~~31 ‘°2 
( B — i l )

In the last equations

r~ e 1 
= = a~ /’oj ’ (B— 12)

and

r
2 e~~2 P2 aj

’
~

’o~~ 
(B-13)

Substitution of (Equation B—i l ’ )  in (Equation B-8) allows the output power due

to T~ to be written as

~31 0
1 

~~ 
- 

2

and since the power avai lable from Transmitter 1 is

P 1 = r 
~a2 

- J a 1 [i + r
i I

then 2 
1 - 

~~~ 

2 

(B-14)
p

1 1

Simi lar l y 2 2

- h42 ‘_~_.~?J_ 
. (B-15)

1 r2
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The remaining problem is to find restrictions imposed on 
~3i 

2 
and 1s 421 

2 
by con-

servation of energy. For any input (a i, 0
2

), the nutput of the decoupling circuit ,

(b 1, b
2), can be written as

b
11 ~31 ~~~~~ 

a l

b2j 
= 

—P1 S42 ~42 °2 
‘ (B— 16)

or

b T a

The total power in b is g iven by 1b 11 

2 
+ J b 2 1

2 
and is related to the input by

— + — +  + +

(b) b (Ta) T a a  (T T)a

where the dagger denotes the conjugate transpose operation . It is we l l  known from matrix

algebra that the output power b~~b, for a given input power a~~o, is maximized by

choos ing a to be an elgenvector of the matrix T + T . Furthermore , the power gain is

simp ly the largest e igenvalue of the matrix 1~~T. Thus , it is known that values of 
~42

and 
~31 which cause the largest eigenvalue of T + T Jo be larger than unity, v iolate con—

servotion of energy .

Direct computations of the matrix T + T shows that it can be written as

+ 
A B

T T =  
B* D
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where

A s31 
2 

~ S42 1
2

D = 
~

S42~~
2 i~~31 i~

B = 1S 31 1
2 p

2 
- 

I~~42 I  P1~ . (B-)7)

Also , the eigenva lues of T + T are g iven as the roots of (A — X) (D — A) — B 1
2 = 0

or 

\
~I~~~~ 

(A D)
2

Thus , the bounds on S 31 and S42 are obtained by sett ing

1 = A + D 
+ ‘ ~ (A~~~~D)2 (8- 18)

which reduces to

18I 2 A - D - AD - 1 = 0 . (B -19)

Substitution of definitions B—17 , B— 14 , and B— 15 into (Equation B— 19) y ields , after con-

siderable al gebraic mani pulat ion , to the desired result

- 1) (n2 - 1) = P 2 
(B-5)

where /3 is as defined earlier by (Equation B—2) p is also given by
) + )

P — -—-—--—_____ -—-~~~--- — (8—20)
2 2 1/2

[(1 r
1 

) (1 4 r
2 

)]
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(Equat ion B—5) is the principal result of this section . It shows that loss is

necessary to uncoup le the two rece ived signals unless P = 0. It also shows how the

efficiencies can be traded between the two signals w ithin the limits of 1 - P2 
and 0.

It is also seen that a circuit which obeys (Equation B— 5 ) becomes lossless for a particular

input exc itation . It is expected, then, that a minimum loss decoup ling circuit would

introduce loss like a lossy cord in a circular waveguide — i .e., the loss is zero for a

polarization normal to the card .

B-3.0 A MINIMUM LOSS DECOUPLING CIRCUIT

In the prev ious section, bounds on the maximum achievable efficiency of

po lar ization decoup ling networks were obtained . In this section , is shown one realiza —

tibn of a decoup ling network which achieves this bound. There are many other possible

rea lizations . Chu’s decoup ling circuit can be shown to be minimum loss with 7?
~ 

TI2.

The circuit to be described is shown in Fi gure B—2. Referring to this

figure, let Transmitter 1 produce waves 1/11 + r 1
2 and (r

1 e~~1)’-J 1 + r 1
2 into the

coup ling network at Terminals 1 and 2, respect ive ly. S imilarl y, let Transmitter 2

produce waves r 2 e~~2/~/1 + r
2

2 and i/~,/ i  + r
2

2 at Terminals 1 and 2, respectivel y.

The first operation is a differential phase shift — ~, wh ich g ives in—p hase responses * to

Transmitter 1 at plane a - a. The second operation is equivalent to a coordinate rotation

Terminals I and 2 can be viewed as vertica l and horizonta l po larizations in a circular
guide. With this viewpoint , the phase sh ift —~P~ g ives linear polarization for Transmitter 1.
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through an ang le ~ where tan 6 = r1. Together with the phase sh ift - ‘�~ , this rotation

uncouples Transmitter 1 from the bottom line . So far , no loss has been introduced and

the phase sh ift ~~ond 6 ore independent of the response to Transmitter 2. One method

of imp lement ing the rotation is shown in Figure B— 3. Neglect ing common phase sh ifts

the outputs following the coordinate rotation can be written as:

- 
1 cos 8 sin O

11 + r
1
2 —sin 0 cos 6 r

1

1 r
1 ~1 =

1 r 1~ 0

due to Transmitter 1. The response due to Transmitter 2 is

j ( ~~~ +~~~ ) -

1(1 + r
i
2) (1 + r2 ) 

[ 
ir ~ ] [ r2 e 1 2 ]

1 
r 2 e ’ 1 

+ 

~~ + r
i 

p e~~ 
~~

1(1 + r
1
2) (1 + r2

2 ) [ 
-r~ r

2 e 1 (~ 
+ 

~~ + i 
] = e

In writing the last equation the fact is used that

j (4~ + 0 )r,,e 1 2 + r 1
__________________ P - (B—2 1)

+ r
1
2) (1 + r

2
2)
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Also, j ’ is defined as the angle between x = r
2 

e’ ~~i 
+ 

~~ + r
1 
and

y = 1 - r
1 

r
2 
e~~~1 

+ 
~~~ i.e., ~ ‘ is the ang le of x y * .

r2 (1 + r1
2) sin +

tan I~’ = 
2 2 . (B—22)

r1 (1 — r
2 

) + r
2 (1 — r

1 
) cos +

The common angle a is the angle of y and is unimportant for the present purpose. The

next operation shown in Figure B-3 is to apply a differential phase shift ~t’ so that the

responses due to 12 ore p and li - p2 , i.e., the responses are in -phase . The final

operat ion employs a pair of directional couplers . The couplers have transfer matrices

g ven by

k. 1 /~~ k.2
_ _ _ _  

= 1 ,2

j li -k 1
2 k.

Decoupling is then achieved if

/ i — ~2 1~ — k2
2 /~ - k1

2 
= k 1 

p (8—23)

This equation does not specif y k1 and k2 uniquely. Note that the efficiency for

Transmitte r 1 is

=

and the efficiency for Transmitter 2 is

2 2
~ 

- p ) k ~

-
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p
Substitution of the lost two equations in (Equation B— 23) gives

- 1) 
~ 2 

- 1) =

whkh is the bounding relaflonship for and 
~2 obtained in the previous section .

~ then

k 1
2 

= 1 - p

2 
______ 1

2 
= _____

1 - p 1 + p

Since 1 - P i/i +P for small p it is possible to make k 1 
= k2 for simp licity and end

up wit h efficiencies that differ somewhat. For examp le if p2 
= 0.1 then, from

(Equation B-23)

( 1 — 0.1) (1 — k2) 2 0.1 k2

or

k2 
= 0.717624

T hus

k2 0.717624

= (1 - p2) k2 
= 0.64586

compared to = 

~~ 
1 - fô.i = 6838 when k 1 and k2 ore adjusted proper ly for

equa l efficiencies .
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8-4.0 EFFECTS OF DECOUPLING CIRCUIT ON SIGNAL-TO-NOISE RATIO

Polarization decoupling circuits cause a reduction in the overall signal—

to-noise ratio whose magnitude depends on

1. Degree of nonorthogonality p

2. Relative efficiencies 1i~ /?7~

3. Location of lossy elements with respect to the low noise amplifiers

(LNA’s)

Case I - Decoupling Circuit After LNA

If the decoupling circuits follow the high gain LNA, noise generation

within the circuit itself may be neglected. At the output of the LNA’s, wave

x s 1 +r 2 e~~2 s2 +n 1

on one line

and

y s 2 + r 1 e~~1 S 1 + n 2

on the other line. To eUminate 
~2 from x odd to it — r2 e

’~
2 y to obtain

1 j
~2x s1 ( 1 — r 1 r2) + s 2 (r2 r2) + n 1 r2 e n2

Assuming n1 and n2 to be uncorrelaled ond to hove the same variance N, write the output

signol-to-nolse ratio for TransmUter 1 as

2 2
‘(s \ — 

1 — r 1 r2

~1ZT I 1T 2\ / 1

t
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Now 1 s 2 were not present , add r 1 e~~~ y ro x (optima l diversity combiner) to obtain

2
X = 

~ 
(1 + r 1 ) + n2 r 1 e n1

which gives a signa l—to—no ise ratio of

‘
~‘/ \ s

= __!__ (1 ~ r
N 1

T he degradation in signa l—to—noise ratio due to removing 
~2 is then

‘f s \  2

= 

1 — r 1 r~

(1 + r j
2 ) (1 + r2 )

Using (Equation B— 2 1) for P the above equation can be put in the form

‘(S/N)1 2
“(S/N)1 

= 1 - P

It is possib le to retrace the some steps and verif y that (Equation B—24) also

app lies to the second si gna l.

Case II - Decoup ling Circuit Before LNA

If the decoup ling circuit k placed before the LNA’ s , the effecflve gain of

the antenna wil l  be reduced by the factors 77~ and 
~2 Suppose it is desired to receive

from Transmitter 1 only. In that case make k2 0 in Figure B—2. With this arrange—

ment, the pods in the coup ling circuit radiate noise out of the antenna but not toward

the INA . Further , assuming equa l and uncorrelated antenna noise from Terminals I and

2 (Figure B— i),  it is readil y argued that the antenna noise temperature is unchanged by
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the decoupling network . Hence, the loss in signal-to-noise ratio is simply equal to the

. .  . 2loss in signal which is 1 — P

Now, consider the case where both signals are to be received with

equal efficiency: 
~ 

= 

~2 
= 77 = 1 — P. In this case the effective antenna gain is

reduced by I - P, but In addition, coupler k2 in Figure 8-2 radiates noise power

T0 (1 — Ic2
2) toward Terminals 4, and T Ic2

2 (1 — Ic1
2) toward Terminals 3; 1 being the

temperature of the couplers. As discussed in the previous section, equal efficiency is

obtained with

k1
2 

= 1 - p

and

k 2 — 1
2 1 + P

Thus the couplers radiate

T p
~ ‘1 k 2’k 2 — °- 1 ‘ 2 

— _ _ _

toward Terminals 3 and

T ’ l  k ’ — Ta ’ 2 ’  o 1 + P

toward Terminals 4. Also, the antenna noise as seen at Terminals 3 is

2 2 2 T 2 T
Ta (Ic1 + (1 — k2 ) (1 — k1 ) = 

~ 
~ap and T k2 = 1 +

°
~ 

at Terminals 4. Thus

the system noise temperature referred to the LNA Input as

I
= +°p + T0 1 4~

’P + T LNA • (B 25)

I
I
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T his results in a degradation g iven by

(1 — P ) (T + I LNA

T 
° (B—26)

_~~~~~~ • + 
T P + T LNA1 ÷ P  ° J + P

T his factor is 1 — P ii the INA’s noise temperature dominates . It is 1 — P2 if the antenna

noise dominates.

The preceding discussion is summarized as follows . The use of a polariza-

tion decoupling circuit preceding the LNA’ s reduces the overall signal—to—noise ratio

by 10 log (1 — p2 ) when onl y one of the two received signa ls is extracted from the

antenna . T his neg lects incidenta l losses present in the decoup ling circuit. The same

signal—to—noise ratio loss, 10 log (1 — p2), app lies to polarization decoupling networks

following the INA , but in that case, both signals can be extracted with this loss. No

bonus is to be had if onl y one signal is of interest . The use of a polarization decoupling

circuit which delivers both signals with equa l efficiency preceding the LNA’s causes a

signal loss of 10 log (1 — p), and in addition , generates noise in the coupler . A simple

formula giving the minimum degradation in that case is given by (Equation B—26). The

loss can be as small as 10 log (1 — p2 ) when the antenna noise dominates, but can also

be larger than 10 log (1 - p) if the noise from the LNA’s dominates.

B-5.0 EFFECT OF TRANSMITTED POLARIZATIONS ON SIGNAL-TO-NOISE
RATIO

In the prev ious section, it was assumed the received polarizations were

arbitrary but fixed . With this assumption, the complete system to the left of Terminals 1
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and 2 in Figure B—i was described by three real numbers: P1, P2 and p. In general,

these three parameters depend on the transmitted polarizations. In this section, is

investigated the dependence of the output signal—to-noise ratio on the choice of trans-

mitted polarizations. The system to be considered is shown in Figure 8—4 .

The fixed portion of the system in Figure 8-4 is a four—port network and

genera lly requires a 4 x 4 matrix for its description at one frequency. However, it is

assumed again that the antennas incorporate lossless matching networks such that the two

parts of either antenna have zero mutual coupling and reflection coefficients. With this

assumption, a 2 x 2 matrix is all that is required to describe the fixed portion of the sys-

tem. For this purpose we can also describe the fixed portion of the system as a cascade

of a lossless coupling circuit, a lossy uncoupled circuit, and another lossless coupling

network as shown in Figure B_5* . The input lossless coupling c ircuit can be lumped into

the variable coupling circuit at the transmitting end; also, the output lossless coupling

network can be neglected, since, as discussed earlier, it has no effect on P1, P2 and p,

* 
The validity of the equivalent representation follows from the theory of matrices . An

arbitrary square matrix . A can be written as

A = B L U  .

U is a unitary matrix whose rows are the eigenvectors of the matrix A~~A, I is a diagonal
matrix whose elements ore the square roots of the eigenvalues of the matrix A +A and B
is a unitary matrix given by
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nor on the antenna noise characteristics*. Therefore, the system of Figure B-4 can be

simp lified to the equivalent system of Figure B—6 . In Fi gure B—6, A 1 is the power trans-

fer coefficient for the polarization that propagates best (minimum loss) and A2 
is the

power transfer coefficient for the polar ization that propagates the poorest . These two

polarizations are alwa ys orthogonal (eigenvectors of the matrix A
+
A are orthogonal). If

there is no preferred polar ization from the present theoretica l standpoint . But

if > the output signal—to—no ise ratios do depend on the choice of transmitted

polarizations . IF a sing le signal were to be transmitted use should be made of the polari-

zat ion that propagates best and realize a power transfe r coefficient A 1. But with two

si gnals to be transm itted, what const itutes a good choice of transmitted polar ization ?

Suppose that Transmitter 1 excites waves and at Termina ls 1 and 2,

respectivel y, in Figure B—2 and define a2 and 
~2 

in a similar manner for Transmitter 2.

Since the variable lossless coup ling circuit has a transfe r matrix equivalent to a rotation,

it is necessary to have

a
1 

= cos 0

a
2 

= 
“~~T2 ~~~

= “
~~T1 

SIfl

= /i’.1.~~~COS & e ~~ 
(B-27)

where 0 and 4 are arbitrary and P and P are the powers available
T~ T2

Antenna noise voltage at Termina ls I and 2, Figure B—2 , are assumed to have equal
variances and are uncorrelated . A lossless coupler preserves variance and lack of
correlation .

• 
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4

from Transmitters 1 and 2, respective ly. The received power From Transmitter 1 Is

then

P1 
= P11 (A 1 cos 9 + A

2 
sin2 9) (8-28)

and, similarl y,

P2 
= P12 (A 1 sin2 9 + A

2 cos
2 9) (B-29)

Also , the correlation coefficient defined in Section B—2 ~~

9 cas O (A 1 
—

2 2 2 2~~~ 
(~~30)

I (A 1 
cos 9 + A

2 sin 9) (A 1 sin 9 + A 2 cos 9)

It is seen in Section 8 4  that post LNA decoupling leads to an effective power loss of

— p2 . Thus, the effective received power from Transmitter 1 is

X X  P
= 

1 2 
= 

Ti (B—3 1)el A 1 sin2 9 + A 2 COS 9

Similarly, we have
X X  P1 2  

= —12. (B—32)
e2 T2 A 1 cos

2 
9 + A 2 

sin2 
9 L2

Note that the transmission loss factors lust defined are such that L + L = + —L
independent of 9.

* Note that the maximum value of p (A 1 
- A 2

)/(X 1 
+ A

2
)
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Now suppose that the transmitted powers are equal and it is desired to have

equal effective received signal powers (or output signal—to—noise ratios). Taking

s in 9 = cos 9 = 1/~f2, the effective received power is

2 A  A
~
, 

~ 
1 2 ,e I

p = p = p (B—33)e el e2

P
T 

= 

~
‘TI 

=

As a matter of interest , the same effective received powers are achieved if the total

transmitted power is set

PT1 
+ P

12 
= 2 P

1

and select 9 0 and adjust P11 and P12 suc h that equal powers are rece ived, i.e.,

P11 A 1 
= P

T2
X

2

The results of the preceding section may be summarized as Follows. A

transmission system consisting of dua l polarized transmitting and receiving antennas with

the intervening medium is equivalent to two uncoupled paths having power gains (much

less than unity) A
1 and A2. With post LNA decoupling circuits , the effective power

gains depend on the transmitted polarizations in a manner given by Equations (B-31 and

9—32 ) such that the sum of the effective power loss factors (reciproca l of power gain) is

independent of the choice of orthogona l transmitted polarizations. With equal transmitter

powers , the signal—to-noise ratios at the output of the decoupling circuits are equalized

184

_ _ _ _ _ _ _ _  
— -.--



from Transmitters 1 and 2, respectively. The received power From Transmitter 1 is

then

P1 
= P11 (A 1 cos

2 9 + A sin2 9) (8—28)

and, similarl y,

P12 (A 1 sin2 9 + A 2 cos
2 9) (8-29)

A lso, the correlation coefficient defined in Section 8—2 is *

9 • cos 9 (A 1 
—

2 2 2 2 (B— 30)
I (A 1 cos 9 + A 2 s in 9) (A 1 sin 9 + A 2 cos 9)

It is seen in Section B—4 that post LNA decoupling leads to an effective power loss of

1 — p2. Thus, the effective received power from Transmitter 1 is

A X  P
= 

1 2 
= 

_
~L!_ (B—3 1)ci Ti . 2 2 LA 1 sin 9 + A 2 cos 9 1

Similarl y, we have
X X  P

~e2 
= ~T2 2 

2 
. 2 

= (B—32)
A 1 cos 9 ± A

2 s,n 9 2

Note that the transmission loss factors just defined are such that L 1 + L
2 

= —!_ + ....L 
,

independent of 9.

* Note that the maximum value of p = (A 1 
- A

2
)/(A 1 

+ A
2

)
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by having each transmitter divide its power equall y between the maximum and minimum

gain paths. If this 1:1 power sp lit is not used, different signa l—to—noise ratios wil l  be

ac hieved , one above and one below the value realized with the 1:1 power sp lit. For

examp le , if A~ � X~ because of the presence of ablate rain drops in the med um, use

can be made of orthogonal circu lar polarizations or linear polarizations aligned +450

from the major axis of the raindrops) to equalize the effective path loss for both trans-

mitted signals . This statement applies only when a post LNA decoup ling circuit is used .

If the receiving system does not use polarization decoupling circuits the transmitted

polarizations recommended above would result in maximum crossta lk .

B-6.O IMPROVEMENT IN SIGNAL-TO—NOISE PLUS CROSSTALK RATIO WITH
INCOMPLETE DECOUPLING

In Section B—4 , it was shown that the presence of the cross po larization

signa l causes a degradation in the signa l—to—noise ratio at the output of a post LNA

decoup ling circuit . The degradation factor was found to be -P  based on comp lete

removal of the interfering signa l. Figure B—7 shows an LNA decoup ling circuit whic h

optimizes signa l—to—noise plus crossta lk power ratio . In Figure B—7 , P1 and P2 denote

signa l powers , n1 and n2 are independent noise wit h the some variance N, and P is as

defined ear lier . The inputs to the decoupling circuits have been written in a ~rm to

simp lif y the computations to fo llow . These inputs could be written in apparently more

genera l forms but the overall result wou~d be the some .
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T his circuit delivers a desired signal power P1, crossta lk power X, where

X = P2 P
2 ( i-g) 2 

,

and noise power

/ 2 2
N o = N ( 1  + ~ 

P
2\ i - i’  

-

The signal—to—noise pius crosstalk power ratio is then

P1 P1 (1 —P 2)(
~ 

= 
X±No 

= 

p p 2 (1 p2) (1 )2 +N (1 2 2 2  . (B-35)

Wit h g = 1 this equation reduces to

/ s — 

P1 ( I — p 2)

\~
NT J  N

in agreement wit h the results of Section B—4 .

It is readily verified that (S/N) T can be maximized by choosing

P2 l~ — p 2)
g = g =  (B 36)

N + P 2
( 1 — p )

Defining V 1 and V2 as the signa l—to—noise ratios , wit h g = 1 i.e.,

P1 (1-p
2)

N

P2 (I — p 2)

N

gives
“ 2

90 
- 

1 + V 2

4
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and subst itution in (Equation B—35) gives

(V 2 +1)
- V 1 (y +1) .p2

— 

P1 ~~P2
N 2

l_
y + l  (B—37)
2

Since V2 will genera lly be at least 10 it is concluded that the advantage

resu lting from the best setting of g is not very significant.

In summary, it is seen that a better signal—to—total noise power ratio can

be realized by allowing some crosstalk power. With this noise, pius crosstalk power

criter ion for odlusting the decoupling circuits, the output signal—to—tota l noise power

ratio is as given by (Equation B—37). Rather small improvements are realized with this

new criterion unless the signa l—to—noise ratios are very small.
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APPENDIX C

ALTERNATIVE ADAPTIVE CROSS POLARIZATION CANCELLATION TECHNIQUES

C-i .0 INTRODUCTION

In this appendix a number of interference reduction techniques ore dis-

cussed, some of which have been breadboarded.* These techniques inc lude correction

at RF , eit her before or after the low—noise amplifier (LNA), IF correction, and combina-

tions of some of these schemes. In general , eac h of these techniques has a sing le corn—

mon denominator; that is, each scheme must apply differentia l amplitude and phase

correction to the interfering signals in a manner that will reduce the coupling between

the signals. Hence, in order to implement working hardware, three elements are

required . These are:

a. Correction (or “Wei ghting ”) Network

Amplitude and phase adjustments on each signal channel to enable

cance lling the interfering signal in each .

b. Performance Measure

A measure of the performance of the weighting circuits , so that

improvement can be made by the adaptive controller.

c. Controller

A contro l network which takes the performance measurement and

adjusts the wei ghts to improve performance .

*AAFE Contract NAS1-13942, Harris ESD, August 1976
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C— i .1 Polarization Correction (Weighting) Networks

C—i .1.1 Trade—Offs of Loss Versus Location and System

The polarization correction network will cause some signal—to—therma l noise

loss whi le minimizing the polarization crosstalk. Considerations of the location of the

correction network for trading loss versus crosstalk minimization are;

a. “Minimum” (or optimum) loss in S/N during polarization correction

b. Resistive loss

c. Obtainable crosstalk reduction, considering circuit dispersion

Cross polarizations of two signals can occur in two ways;

a. Orthogor~a l polarizations (elliptical or rotated linear)

b. Nonorthogonal polarizations

Chu15 and others16 have analyzed correction networks for such polari zations . It s know n

that orthogonal polarizations can be corrected using only lossless phase-shift networks ,

such as the first part of our RF correction network, and most other proposed RF correction

networks. On the other hand, if the polarizations are nonorthogona l, some signal-to—

noise loss wi ll occur even in optimal correction networks; this loss wil l  be called the

“minimum loss .’ Most minimum—los s correction networks consist of a “Iossless ” phase—

shift section, followed by an orthogona lizing circuit such as a coupler in the second part

of our RF correction network . Appendix B analyzes this minimum loss in detail, using the

inner product or correlation coefficient , P, as a measure of orthogonaflty of the two

T5, 16 (See Reference Listing after Appendix E)
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polarizations . The minimum loss varies according to where the low—noise amplifiers

(INA’s) are placed , as wi ll be discussed below . In addition , resistive loss contributes to

noise temperature , depending upon the position of the LNA’ s.

On the other hand, correct ion circuit losses are not the only considerations

for where to put the LNA’s, since mismatch of the INA’s, if placed before the correction

circuit , will limit the obtainable cross polarization cancellation . Severa l placements of

correction network that have been studied are;

a. LNA before RF correction network

b. LNA after loss less RF correction , but before RF orthogonalization

circuit

c .  LNA after the RF correction network

d. IF correction networ k (after LNA , m xer , IF omp lilier, etc.)

e. Hybrid correction network

• RF loss less network

• IF orthogonalization circuit

These alternatives are show n in Fi gure C— i for RF correction , and Figure C—2 for IF and

hybrid corrections.

C— i .i.1 .i LNA Before RF Correction (Fi gure C—la)

This is the lowest noise confi guration. “Minimum loss is (1 — P 2 ) from

Appendix B. For a “worst-case rain at 11 GHz , P~ 0.06 , from Appendix E. Thus , the

“minimum loss ” is 0.02 dB. Resistive loss does not add si gnificant ly to noise temperature
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because of LNA’s. However, typica l LNA mismatch (e.g., 0.5 dB and 100) could cause

limitation in the obta inable additional cancellation of cros s polarization to approximatel y

15 dB. For examp le, for a worst—case rain of —20 dB input cross polarization , a limitation

of approximately —3 5 dB crosstalk after cancellation is the best that could be obtained.

This is not too serious, since our circuit limitations are of this order . However , input

cross polarizations of —10 dB, even from lossless rotations, cou ld not be corrected to better

than —25 dB crosstalk. Thus , this circuit is usable mainly for rain cross polarization,

unless extremely well—matched LNA’s become available .

C—i .1 .1 .2 LNA After Lossless Correction (Figure C—l b)

The “minimum loss ” is sti ll, as above, approximately 0.02 dB. The resistive

loss of the theoretica l “lossless ” phase—shift network will now raise the noise temperature.

Wit h the Harris Corporation breadboard, this loss was approximatel y 0.2 dB, causing

approximately 130 K increase in noise temperature . A lower loss design, perhaps a 0. 1

dB, would add approximate ly 6.7° K.

The main advantage of this placement of LNA’ s is that “ lossless ” phase—shift

correction of the cross polarization can be obtained before the LNA’ s, wit h their mismatch

errors which limit cross po larization cancellation . At ii GHz , correction to — 25 dB cross

polarization or better , before the LNA, s possible (at 6 GHz, correction of typica l rain

cross polarization to -35 dB is possible). Thus , a limitation of approximatel y 15dB addi-

tional cancellation imposed by typical LNA mismatch errors a fter lossless corrections
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wou ld still allow -40 dB crosstalk after both cancellation networks at ii GHz. More

important ly, arbitrary rotations , and other phase shift causes of higher input cros s polari-

zation, cou ld also be corrected with similar performance.

C—1 .i.l.3 LNA After RF Correction Network (Fi gure C—ic)

For the LNA after the correction netw ork , the minimum loss is (i — P) from

Appendix B, or 0.27 dB for a ‘worst-case ” rain at ii GHz with P 0.06 . In addition,

resistive loss wi l l  contribute more to the noise temperature , since a ll loss occurs before

the LNA ’s. For our breadboard, losses were approximately 0.7 dB for both ports of the

correction networ k , adding approximate ly 430 K to the noise temperature . On the other

hand, for systems where the ultimate noise temperature iS not required, but max imum

ut ilization of bandwidth is required, this configuration offers the maximum cross polari-

zation cance llation to at least —35 dB to —40 dB crosstalk , as limited by waveguide circuit

match ing in our breadboard . Such residua l crosstalk can be obtained even with very large

input cross polarization , suc h as the —7 dB experiments with the NASA breadboard. Also,

if only one channel is being received (e.g., as in a sma ll single ground station receiving

from a large dua l po larization satellite) , the minimum loss would be (1 — P 2) from Appendix

B, or 0.02 dB.

C— l .Li .4 IF Cance llation (Fi gure C— 2a)

In this case , the LNA’ s precede the correction network , yie lding low—noise

performance as in Section C—i .1 .1 .1 . However , mismatc h errors affect ina cancellation

depth include both LNA ’s and the RF/ IF equipment . T yp ica l mismatch budgets lim t

195

-—-—- p - - - _ . .~~~ - - — — -— • - - - — - -- - - — -



additiona l cancellations to approximatel y 10-15 dB over a full 500 MHz bandwidth . Thus,

a worst—case rain at 11 GHz of —20 dB cross polarization can be reduced to —30 to —35 dB

crossta lk. However , muc h larger cross polari zation cannot be corrected sufficientl y. Of

course , the greatest advantage of this network is the cheaper , simp ler , a ll—electronic

c ircuitry .

C-i . 1 .1 .5 Hybrid Cancellation Network

This network would perform and have the advantages of the RF network with

LNA’s after the lossless portion of the RF correction network (see Paragraph C—i .1 .i .2) .

Since the lossless correction is at RF before the LNA’s, the large lossless corrections (e.g.,

rotations) cou ld be performed . The orthogonalization circuit at IF would not have the

correction capability of the RF orthogonalization circuit ; nevertheless, for worst—case

rains at ii GHz, —25 dB crosstalk can be achieved by the first lossless phase—shift network ,

and — 35 dB to -40 dB crosstalk can be achieved after the IF orthogonalization network .

This circuit is quite simp le , with two electromechanical axes forming the lossless correc-

tion networ k (which can also perform feed rotation , etc.), and an a ll—electronic orthogo—

nalization network .

C-i .i .1.6 Summary of Performance Versus Location Trade—Offs

— - - -  Table C—i summarizes i comparison between RF techniques and IF po lariza-

tion correction techniques . The advantages of the RF correction include the fundamental

wi deband nature of waveguide networks coming before most active device mismatch errors

can limit cancellation depth . However , RF correction is usuall y done with electro-

mec hanica l correction networks , wit h their associated control , wea r , and inertia problems.
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The advantages of the IF correction is mainly that it is all—electronic , thus considerably

cheaper . In addition , it can be made flexible for various different RF frequencies without

redesi gn, and can use lossy correction networks due to the IF amplification. Even better

cance llation can be achieved with adaptive transversa l equalizer approaches . Disadvan-

tages of IF cance llation are that it is usually re latively narrowband for deep cancellations ,

and requires very carefu l front-end design. In addition, coherent loca l oscillators are

needed; otherwise, complex frequency trac king cancellation circuits would be required.

Any of the above networks can correct the worst— case rain at 11 GHz to

better than —30 dB crosstalk over 500 MHz, which is satisfactory for present QPSK and

most video app lication . Thus , the simp ler IF cancellation network s recommended.

Future app lkations , using modulations requiring greater si gnal—to—crosstalk ratios or larger

input cross polarizations may require the hybrid network , which can produce —35 dB to

—40 dB crosstalk. This is also the limitation of our RF network, dur to slight waveguide

mismatch perfections which must occur in any cancellation network . A 130 K to 430 K

increase in noise temperature wou ld be incurred wi th this hybrid network , depending on

the position of the LNA’ s. For be~ er crossta lk ratios , the RF correction network before

LNA’ s cou ld be used . Finally, for requirements of ultimate low—noise operation (deep

space app lications) and fairly low crosstalk , LNA’s should be placed in front of the RF

correction networ k , wit h ver y careful attenuation attention to matching the LNA’ s across

the bandwidth.
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Table C— i . IF/RF Correction Comparison

RF (Mechanical) IF (Electronic)

Advantages

1 . Widest Bandwidth 1 . All Electronic

2 . Largest Cancellation 2. li ghtweight Potential

3. Compatible with

Existing Receivers

Disadvantages

1 . Moving Parts 1. Less Cancellation and/or

2. Heaviest Less Bandwidth

3. Higher Noise Figure

(If Before LNA)

For the NASA contract , both an RF and IF correction network were imple-

mented. A lthough no low —noise amplifiers were used in the measurements , the second

location of the low—noise amp lifiers (before the orthogonalization network, but after the

phase-shift network) is preferred for the RF approach; measurements were taken of the

effec t of mismatc h errors for low—noise amplifiers at this location . Also , an IF technique

was imp lemented in this contract , showing that a substantial wideband (500 MHz) cancel-

lation is possible. The hybrid technique was a lso briefly tested , since bath networks are

avai lable in cascade .
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C-i - 1 .2 Specific Candidate RF Con-.ct on Networks

Severa l RF Correction Networks have been propos ed and built . In this

section , some of these are contrasted to the Hon is ESD network, as already briefly

described.

C-i .i.2. 1 Chu’s RF Correction Network

The possibility of using RF correction networks In wavegutde has been dls—
15cussed by Chu . In this paper , Chu shows that by using differential wav.gwde phase

shifters and d fferential attenuators, each properly oriented with respect to th. Incoming

polarizations, D is possible to orthogonalize two arbitrary polarizations arriving from an

antenna. In his article, he emphasized depolarizations due to rain, but the networks are

genera l and capable of ortfi ogo nalizing depolar zat lans due to multipath or nonperf.ct

antennas. A representation of a possible wav.gWde correction network s shown In Rgur.

C-3. An antenna is dep icted that has two foca l plane feeds For vertical and horizontal

polarization. The vertical and horizontal polarizations ore then fed bock Into ver tic al and

horizonta l exciters in a circular waveguide via an orth omode transducer (OMT). In th is

wave guide , thre e rotating section s exist . Two oi these sections have some mechanism to

change phase shift or attenuation, such as dep icted in the figure by a variable vane In the

waveguide. The rotations , as we ll as the variations of the vanes , are contro lled by elec-

trom echanical devices , such as motors . The section produces a diff erent lol phase shIft

between the horizonta l and vertical po lar izations . It is rotated In orlontoflon (aspect)

ratio, and con also produce variable phase shift, for example, as depicted by a rotating

15 (See Reference Listing after Appendix E)
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vane varying in andoutof thewavigulcla to ochl.veavariobl.phae dilft (os well as a vari-

able or entotion) with respect to the two polarizations. This Is the differential phase

shifter , as required by Chu’s correction technique, which finearizos Incoming elliptic

polarizations. The second rotati ng section con also ha varied In orientation In the clr ’

cular wavegulde. It Is depicted as a rotating att.nuaflon vane (card) that con be Inserted

vary ing amounts depending on the amount of attenuation required. This Is Ph. dIfferential

attenuator, required by Chu’s technique, which rotat.s the linsorized polarization kto

spatial quadrature. FInaHy, a properly oriented phase ,hlft vane ro ates both polariza-

tions together to match the vertical and horizontal probe pickups In the circular wav—

guide. Dual channel receivers would then follow, fed by th. corroct.d,pure pol&zatlons

generated by the RF correction network .

Of cour se, there ore many possible ways of actually Implamenting Chu’s or

other RF correction techniques. SpecIfically, th. rotating vanes dsplct.d In the previous

example do not appear desirable, due to the r.qu r.d wov.guld. slots, VSWR, etc .

At least Ph. fIrst part of this n lwork has been ImpI~~.~ t.d by ~ont c Car.

porotion for Bell Telephone. Because of th. law RF frequency of Interest, 4-6 GHz, the

range s essentially entirely corrected by the lossl.ss differential phase shift operation.

The control of this network approach can be seen to be potentially difficult,

and it is believed that It has not yet been done . Direct analog control of each axis

appears too diff icult, since any control of an a*Is wou ld have to sense complex nwasures

of on orthogonaflty and axis rotation.
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• 1 .2 .2 Cross Coupling Technique

An alternative method for restorin g orthogona lit y has been suggested by

D fOnzO )ó~
,d The adoptive circuit emp lo ys coup lers interconnected via ser ies phase

shifters as shown in Figure C—4. It con readily be shown that a sol ution exists for the

coup ler values (K) and the phase shifts (ø) that will orthogonalize the two nonorthogona l

el liptica lly polarized input waves . The circuit operates by coupling a portion of each

signal channel into the other channel so that the interference is cancelled in each channel.

In order to effect an interference reduction, it is necessary to adjus t the value of the K’ s

and 0’s so that the coefficients of the unwanted si gnal vanish at ports lÀ and lB. In prac-

tice a ll necessary phase shifts may be obtained with only 
~14 and 

~23 variable. In add—

tion the net-work may be simplified by making K2 
= K3, K1 

= K4, and 
~12 = 034

This network can be arranged for direct control of each axis, since each

coupling path corrects one of the two signals incident. Therefore , cross corre lations of

the separate signals can independent ly control the respective cross—cou p ling path .

C-1 .l .2 .3 Marconi Network

The Marconi Corporation, under an INTE LSAT contract , has designed the

network shown in Figure C—5 . The first portion consists of a variable phase shifter that

a lso rotates about the waveguide axis with rotary joints like Chu ’s network. The objective

of this phase shifter is to linearize both polarizations simultaneousl y. Fo llowing that is a

rotary 1800 
(ir plate) phase shifter , which rotates to the linear polarizations to angles

symmetrica l to the horizonta l and vertical polarization axes , as in the last part of the
l6c 

DiFonzo, D, “Adaptive Antennas for Polarization Isolation in Frequency Reuse Systems ,”
COMSAT Memorandum, TCLT/71—2085, July 15, 1971;
l6dDifoflzO D. ,‘lnterference Reduction Cfrcuit ,” COMSAT Memorandum, TC 11/72—2018 ,
March 2, 1972. 202
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Fi gure C—4. Cross Coup li ng Interference Reducti on Circuit
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Chu network. Rather than using the variable rotating attenuator of the Chu appro ach ,

this network uses on OMT, and a dual cross -cou pled netw ork, w hich is actuall y imp le-

mented as shown by Iwo mag ic tee ne tw ork s , and a variable gain device. This device

orthogonolizes the two linea r polarizations simultaneousl y, since they are at equal angles ,

a , from the horizonta l and ve rtical po larization axes .

Direct control of each ax is in this network is also difficult , since the opera-

tio ns involve both pola r izat ion s simultaneousl y. Search optimization algor ithms can be

used.

C-l ,1.2.4 N ppon Network

Nippon Corporation , in a contract from INTELSAT , developed a network 16°

shown In Figure C—6 . Iwo fixed rotary phase shifters are used, similar to the Harris

Corp oration approach. Howeve r , the first phase shifter ort hogono lizes the princi pal axis

of the two polarizat ions , leaving both elli ptica l. The second rotary phase shifter (180°)

rotates the two axes to vertical and horizontal polarization s , respect ivel y, althou gh both

ore st ill different elli ptica l pola rizations. A cross—coup ling network then comp letes the

ort hogonoli zation .

The key d ifference between the Nippon netwo r k and the Harris network is the

-- way in w hich the com ponents ore used , i.e. , the approac h to ort hogonoflzat ion . This

network does not operate on one polarization at a time . Therefore , s ince direct control

of each axis is difficu lt or impossible , search algorithms can be used .

16°DiFonzo, D., Wil liams, A., and Tracktvnan, W., “Adaptive Polarization Control
for Satellite Frequency Reuse Systems , “Internal Memo, COMSAT Laboratories ,”
Clarksburg, Maryland, 1976.
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C—i .1.3 Specific IF Correction Networks

The Harris approac h for IF polarization cancellation has been briefl y

discussed in Section 1. It operates by a cross—coup ling from each channel to cancel

cross polarization-caused crosstalk in the other channel. The varia ble cros s coupling is

performed by electronicall y va riable PIN diode attenuation of in—p hase and quadrature—

phase (I—Q) components . In contrast , JP117 has developed the cross poladzotion cancel-

lation network shown in Figure C—7 . The cancellation for only one channel is shown .

Another simi lar network , wit h additional front end mixers , is required for the other

channel .

The princi pal discriminan ts for each polarization are two assumed carriers,

at least slightly separated in frequency. The phase—locked loop at the l eft, using a

reference CW carrier Frequency, tracks the carrier , cos w..~I, for the “LCP” channel

shown on the left. The cross polarization A cos (a~ I + 0) exists in the RF channel that

is to be cance lled . This is done by phase—shifting the RCP channel via the variable phase

shifter , ~~~~, in the local oscillator line, and applying variable gain, G, so as to satisfy

the equation:

c o s ( u T ) - G A c o s ( ~, T +  0 -

The control for the adaptive phase shifter is driven by a quadrature— phase detector that

detects and minimizes a quadrature component of the output residual cross polarization.

A variable gain device is driven from the in-phase detector of the residual cross polariza-

tion . Thus, both in—phase and quadrature-phase components of the residual cross polariza-

tion are driven to zero by the feedback circuit , in a manner similar to “LMS ” contro l

17 ’System for Interference Signal Nulling by Polarization Adjustment ,” U.S. Patent
3,883,872 (to NASA), May 13 , 1 975 .
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Figure C—7 . The JPL IF Adoptive Polarization Correction
(One Channel Shown at IF 10 MHz).

208

- ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—.—• p — - .

~~- .~~ -.___ —.-.-- f__4___ • #
_____ — __________.._ . -_a.. —i—— -•—~ —— --



(as discussed in Paragraph C—i .3.1). In contrast to the Harris IF cancellation circuit ,

this circuit was construc ted at 10 MHz IF for convenience, and did not demonstrate a

significant cancellation bandwidth . The Harris circuit was built mainl y to demonstrate

perfo rmance over a large bandwidth, and used a high IF (2.3 GHz) to assure this. In

addition, t his circuit does not require sep arate sets of mixers for each channel; but the

above approach does require these because the adaptive phase—shift is applied via the

local oscil lotor. Nevertheless , the above circuit has the potential advantage that this

mixer phase—shift approach is inhe rentl y very broadband. Also, the gain-loss coupling

circuit does not inhe rentl y hove a larg e loss , as does the Harris l—Q PIN diode weighting

circuit , thus requiring less amplification.

Another possible IF cancellation circuit is adaptive delay line coup ling

show n in Figure C—8. This circuit has the adv antage of being able to null as many fre-

quencies as there are taps, and thus achieves broaderbandwidth cance llations than a sing le-

couple—line approach. This circuit can compensate not only for a circuit mismatc h across

o bandwidth, but nonf lot media effects such as multi-path. Such effects can cause c ross

polarization to vary over frequency, preventing correction with a sing le coup led—line

approach. The cost is the obvious complexity of this circuit. However , for ground—to-

grounds links, or other applications with strong potential multi—path , the approach

has promise.
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C-i .2 Performance Index Measurement Techniques

In on adoptive polarization correction system, performance must be monitored

periodically or continuously to allow the coupling network to be adjusted for best perform-

ance. A nunther of different methods can be used to measure performance. Some possi-

bi lities are discussed below.

C-i .2.1 Pilot Signal Injection (used in the NASA breadboard)

A pilot si gnal can be added to each modulator output. Often these will

be available, used for other purposes such as Doppler measurement , etc . The presence

of Pilot 1 on the Signal 2 receive line is a measure of coupling. Of course, the pilot

signols must be low in power so as not to require much power , and so as not to interfere

wit h the desired signals. Furthermore , the two pilot signals should be orthogonal so as

to be readily distinguished from one another. The pilot signals con be carriers modulated

wit h different PN sequences or they can be tones at different frequencies . A tone system

is simp ler to implement but it measures coupling at a single frequency. In broadband

systems , the tones con be placed at nulls in the data signal spectrum to alleviate the

interference problems with the desired signal. Adaptive polarization correction systems ,

using pilot signals , have the advantage of a simple interface with the receiving system .

It allow s one or many demodulator channels, possibly of various types . A lso important is

the capability for coherent detection using pilot signals , allowing a direct gradient “LMS”

optimization, rather than requiring a search optimi zation.

21 1



C—i .2.2 Carrier Offset Frequency

A very simi lar technique that would be usable with certain modulations is

to s lightl y offset the carrier in one polarization , and use this new frequency for the other

carrier . The two channel modems can then often provide these carriers. Additional

circuitry cou ld detect the amount of cross polarized carrier in a given channel , thus

providing the performance measure without odditianal pilot si gnal generation and receivers.

However , most modulations have little or no carrier .

C-1.2.3 Known Pattern Injection

In systems where the data rate can be increased , it is possible to transmit

a fixed format on each signal to allow detection of the presence of coupling. The known

formats could be fixed bit sequences, but a simpler scheme can be obt&ned by alternately

blanking (turning off) eoch modulator output. The presence of S~ on the Channel 2 receive

line, when S2 is turned off , is a measure of coupling.

C— 1.2.4 Bit— Error Rate

Wit h a known b;t sequence one might attempt to measure the bit—error rate

on the received sequence. However , w hen operating at low error rates , this technique

is very insensitive and wou ld lead to slow response time . For examp le, error rates cannot

be used to sense a 30 dB si gnal—to—interf erence ratio. A more sensitive approach is to

mea~’j re signal—to—noise ratio continuously wit h unknown data as discussed below .
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C-I .2.5 Decision Voltage or S gnol—to—Noise Ratio (for digital modulations)

Under ideal conditions, the decision variable for digital modulations should

take on a set of discrete values. For example, in a quadrophase system, the decision

var iable is a pair of volta ges nominally equal to ±A. However, the presence of thermal

noise and ot her noises, including polarizat ion coupling, will cause deviations in the

va lues taken on by the decision vari ab les. A suitable normaliz ed variance of the decision

variables. A suitable normalized variance of the decision variable can be taken as a

measure of the system error rote . This approach to measuring error rate is much more

sensit ive than a direct measurement of error rate with a known format .

The signal—to—noise performance measure has the advantages that it will

produce a higher overage S/N over a wider bandwidth than pilot performance measures

This is accomplished without wasting power and equipment on pilot tones.
15The usual approach (e.g., Chu ) of:

a. Completely cancelling cross polarization

b. Equaliz ing toss In each channel

does not produce optimum S/N. Spec ificall y:

a. Incomplete decoupling generally yields higher S/N than complete

decoupling because less signal loss occurs while still allowing the

residual cross polarization to be much smaller than the thermal noise;

however , the improvement is generally quite sma ll. For examp le,

less than 10 percent improvement in the loss occurs F or signal—to— noise

ratios as low as 10 dB, and less than 1 percent improvement in loss

occurs when signal—to—noise equals 20 dB.
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b. In general , since rain and other phenomena differentiall y attenuate

one channel with respect to another , i~ is preferab le to have a cor-

rection circuit wit h less loss in the channel which has been most

attenuated by the media , and more loss in the other channel. The

so lution for the minimum loss decoupling circuit in this case would

equa lize the output si gna l—to—noise rat ios , rather than equalizing the

losses incurred in the decoupling circu its . Thus S/N would appear to

be a preferable performance measure as in Chu’s approach. Neverthe-

less , an adaptive contro l network would be required to measure si gna l—

to—noise ratio in the two channels , rather than more direct measures

like correlations of pilot cross po larizations.

A disadvantage of the S/N performance measure s that it is incoherentl y

detected (i.e., measures the performance , not the gradient of performance) and thus

cannot be used direct ly wit h a gradient (LMS) optimization approach . Nevertheless , a

search optimization techni que can be used or gradients can be measured by modu lating

the adaptive wei ghts.

Another potential or disadvantage of this approach is that is usuall y requires

that the decision variables be made available at the demodulator output, a potentia l inter-

face problem especiall y wit h multi plexed signals.
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Another possible disadvantage of the S/N performance measure is that it

requires th. amount of coupling be less than unity, when the system is turned on and

during the operation of the system. Oth.rwlse, the system could possible deliver a signal

“one” in th. place of signal “two,” and vic e versa , since the performance measure does

not distinguish between the two sig nals, but only minimizes the amount of noise on each

given signal. However, since th. coupling Is usually considerably less than unity, this

featur. should not represent on operational problem In most cows.

C-i .3 Control Algorithms

An knportont element of an adaptive polarizat ion correction systr~ is the

technique employed to develop the drive signals for the variable coupling network . This

problem is similar to the control problem found in adaptive antenna orrays, the main

difference being that a single weight needs adjusting for the present problem, w hereas

many weights require adjustment In an adaptive phased array. Of course, this difference

d s app.ars if the coup ler involv.s an N—top delay In, or other form of frequency response

equalizer .

There are at least two major control approaches that con be used for the

control of polarization correction networks:

a. Gradient (LMS) algorithm (used In the Harris breadboard for both

networks)

b. Search algorithms
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C-i .3.1 LMS Algorit hm

18,19The LMS algorithm can be described as follows . Suppose that the two

antenna po rts , horizontal polarization and vertical polarization ports for example, carry

signa ls with comp lex envelopes x 1 
(t) and x2 (t ), and it is wished to form a linear com-

bination of these two signals

y(t) = W 1 (t) x i (t) + W 2 (t ) x
2 

(t )

such that y (t) approximates some known signal 
~d (t). It turns out that the mean square

error between y (t) and y
~ 

(t) is minimized if when

W 1 (t) = x
i 

( A ) e ( X ) d A

W 2
(t) f x2 ( X ) e ( X ) d A

where e(t) ist heerrory (t) — y~(t ). Figure C—9 shows a block diagram of this control. *

The use of the LMS algorithm requires the know ledge of the “desired Signal,”

(t) , whic h it is wished to approximate , based on the performance measure to be used.

The simplest desired signal is zero, i.e., Yd(t ) = 0, so that the error signal is available

immediately for minimization by the algorithm. For examp le:

a. Pilot Signal (or offset carrier) Performance Measure . The “ desired

signal” for each channel is the pilot transmitted on the orthogonall y

polarized channel. This cross polarized pilot is desi red to be zero for

eac h channel and is minimized by the LMS algorit hm, as shown in

*Fcs. simp licit y, comp lex operations are denoted by rea l operations.
18,1 See Reference Listing (18a,b; 19a ,b) after Appendix E
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Fi gure C-iO. The narrowband filters are needed to separate a correct

pilot , in order to control each correction network .

b. Known Blanking Pattern : Eac h si gna l is blanked for a small percentage

of the time . During this time , channels signal is desired to be zero

(i.e., no cros s polarization). The LMS algorit hm varies the cross

coup ling adaptive wei ght in order to minimize each channel only during

the blanking period for that channel. Figure C-li shows the LMS

control for one channel of correction .

Rather than making the desired signa l zero in the LMS algorithm, spread

spectrum pilot or si gnal estimates for yd (t) cou ld be provided by a spread spectrum modem,

as is done in null steering arrays.

Even though pilot tones are used for adaptive performance measures , an

LMS algorithm cannot necessari ly be used for the control of the correction network .

Implicit to the preceding discussion is the assumption that a s ingle pilot (or other perform—

once measure ) for each channel controls the corresponding coupling network which corrects

that channel. The Harris RF correction network uses this approach. In contrast , the other

RF correction networks which have been described operate on both polarizations with each

axis. Thus, direct control by simple analog control with the LMS algorithm appears

- - difficu lt or impossible , although search optimization algorithms can be used.

C— 1.3.2 Search Algorithm

A block diagram of an adaptive polarization correction circuit based on

the search algorithm is shown in Figure C— 12 . In its simplest form , the search involves
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vary ing one weight at a time in small steps . After eac h step the performance index

is measured . If the lost step caused the performance index (RI) to increase , another

step in the same direction is taken. The process continues unti l the P1 decreases at

which point the weight is returned to its previous value and the other wei ght s varied

using the some procedure .

Unlike the LMS algorithm, whic h minimi zes some mean square error , the

searc h algorithm can be used with any measurable performance index such as decision

voltage signal—to—noise ratio or bit error rate. It can also be implemented in systems

w he re no special s gnol format or pilot tones can be used. However , some “searc h noise ”

degradation of the signals is inevitable. Also, acquisition time and trac king rate can

be degrated from typical LMS mplementations.
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A P P E N D I X  D

THE CROSS PO LARIZATION PROBLEM IN A S A T E L L I T E  LINK

D-1.O INTRODUCTION

This appendix discusses the cross polarization effects generall y associated

with a sate llite to ground link.

D— 1 . 1  Sources of Cross Polarization

There are several possi ble sources of cross polarization in a ground sa tel l ite

link:

a. Weat her , particularl y rain

b. Antennas

c. Faraday rotation

d. Multi —path fading

Briefl y, the lcst two effects are generall y small for most satellite — to-ground links .

Antenna depolar ization is difficult to estimate; however , reasonably high per fo rmance

satell ites , with a high-gain stabilized antenna will have cross polarization down to at

least -30 to -40 dB. Generall y, rain can be shown to be the dominan t effect.

D — l . 1 . i  Rain Cross Polarization

Rain cross polar ization results from differential phase and differential attenu-

ation of the electric field components parallel and perpendicular to the main axis of the
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oblate raindrops. Polari zation coup ling levels depend upon frequency, ra in rate , path

length through the rain , type of polarization (linear or circular) and for linear polariza-

tion , raindrop canting ang le. A good review of rain cross polarization effects on satell i te

communicat ion has been g iyen by Hogg and Chu .~
9a Appendix E reviews typical rain

cross polarization calculations and data. A summary of this data for a typ ical 11 GHz

satell i te link is g iven below .

Chu 19 
has shown that cross polarization can be expressed as a function of

t he total rain attenuation . This theory (supported by cons iderable data), is plotte d in

Fi gure D—i for horizonta l and vertical antenna polarization at 11 GHz , along with some

very severe experimenta l data , 
18 and theory from a worst—case “rain sheet ” mode l by

Oguchi . In this appendix , a 10dB fade marg in (i.e., max imum rain attenuation) was

assume d. As can be seen , theory and data in the fi gure predicts that between —20 to

—29 dB cross polarization results for a 10 dB rain a t tenua t io n .

Circu lar po larization iS more severe ly depo larized by rain than vertica l and

horizontal polarizations at 1 1 GHz . Fi gure D—2 shows theorc~ cul curves that predict

o minimum of 7 dB worse cross polarization for circular rain polarization using the “ra in

18 , 19 .sheet model . Calculations by Chu indicate greater than 10 dB difference. This

strong l y indicates advisabil ity of horizontal and vertical po larizations at ii GHz

(Faroday rotation , discussed later , is neg lig ible at ii GHz).

i9a . . . . .
Hogg, D. D. and 1. S. Chu, The Ro le of Rain in Satel l i te Communications , Proc .

IEEE , Vol. 63, No. 9, September 1975, pp. 1 557—1579 .
18, 19See Reference Listing (18a ,b; 19a,b) after Appendix E.
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Relationshi p between ra in at tenuat ion and rain rate 21 
is shown in Fi gure

D— 3. The fi gure shows the rate attenuation over a typ ica l  mt l l i te—gro und link of 5

kilometers , a s a  function of rainfal l .  For examp le , approx imate l y a 10 dB attenuation

results from approximate l y 50 mm per hour ra infa l l  over the 5 ki lometer path . As was

seen from the last figures , at 11 GHz , attenuci t ions approaching 10 dB are required to

get signifi cant depolarization such as —20 dB.

Such rainfolls onl y occur infrequentl y. Figure D—4 show s the frequency of

19a
occurrence of rainfall rates ar various locations in the countn, . A 50-mil l imeter per

hour ra in rate occurs onl y 100 to 300 minutes per year even in the wors t locations such as

Newark and New 0- leans. In very dry areas , onl y seve ral minutes per year are involved .

For circular polarization , ra infalls less than 25 mil l imeters per hour can cause subs tantial

cros s po larization ( —20 dB at 11 GHz) w hich involves greater than 30 minutes per year

rainfall in Salt Lake Cit y, but greate r than 500 minutes per year in New Orleans.

In order to assess the relat ive effect of d i f ferent ia l  attenua t ion and diffe r-

ent ial phase shift of raindrops in causing cross polarization , Figure D—5 shows the effect

of both differential attenuation and differential phase shift  as a f~’nctio n of rain rate for

severa l different frequencies . lóa This p lot is for c i rcular  polarization , w hereas the effect

for linear po lar ization is known to be at least 7 dB less , as has been discussed. A differ—

ential phase sh ift of rain causes the largest part of rain cross polarization . In most RF

~~
0DiFonzo , D., A . Will iams , and W . Tr oc htmar i , “Adaptive Polarization Contro l for

Satel l i te  Frequency Reuse S y~teni ,” lnh- rnnl Memo , COMSAT Laborator es , Clarksburg ,
Mary land, 1976 .
21 Ryde, J. W. and D. Ryde , “Attenuation of Ce r i t ime t& i Waves by Rain , Hail , and
Clouds ,” Genera l Electr ic Co., Researc h [ cih - - k~ port No. 8516 , 8670, Wemb ley,
Eng land, August 1944 , and May 1945.
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Figure D—4 . One—Minute Rain Rate Distributions for a Five Year Period
(1966-1970 ) Measured at Several Locations in the U. S.
(From Hogg and Chu, 19a)
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correct ion networks , this differential phase shift is removed by the first network of lossless

phase shift operations . After the phase shift networks , the remaining cross po larization to

be corrected is that caused by the differential rain attenuation O i l ,.
The effect of differential rain attenuation is to cause nonorthogonality of

the two transmitted polar izations. Th is effect can be neg lected below 4 GHz , and for

most cases 6 GHz , so that in these cases the orthogonalization network may be unnecessary.

However , at 11 GHz , si gnifi cant nonorthogonality and cross polarizations can occur . For

example , w ith a 5-mm/hr ra in , Figure D—5 shows that —22 dB cross polarization is caused

by differential rain attenuation for circula r polar ization . For linear polarizations , the

figure woul d indicate that differen tial attenuation causes approximatel y 7 dB less (or

—29 dB) cross poladzation . However , other computations show an 
~2 cross talk of -22 dB

or higher into our coup ler networ k. To correct this nonorthogonalit y, correction networ ks

involving cross coup ling or attenuation are required , wh ich in turn cause some loss in

S/ N even in an optimal network . In addition , the network is usuall y more comp lex than

the initial phase shift networ k.

In summary , su bstantial rain cross polarization ( —20 to —25 dB~ occurs at 1 1

GHz for onl y a few tens to hundreds of minutes per year at ra i ny  locat ions , onl y a few

minutes per year in the desert . A link marg in approaching 10dB is requ ired to communicate

in this rain. The cost of any cross polarization correction system for this rain must be less

than the cost of this loss in data , or the cost of addit ional power needed to overcome

cross polar ization without cancellation networks , w hen possible. Rain cross polarization
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is at leas t 6—8 dB less for horizonta l and vertical polarization s than for circular polar-

izations; thus, horizonta l and vertical polarization should be used at frequencies of 11

GHz or higher.

D— 1.1.2 Antennas

We ll designed satellite antennas exhibi t good polarization isolation at on-

axis direction . Iso lation in excess of 60 dB has been measured at 8 GHz. As the antenna

s moved off the boresight null , cross polarization isolation rapidly decreases to -40 dB

at 8 GHz and 35 dB at 15 GHz around the 3 dB point of the main beam. This s primaril y

due to a shift iri the electromagnetic modes in the feed . A pure ly geometrica l contribu-

tion is a lso made in that the polarization axes move with the antenna. It should be noted

that these levels of cross polarization can be attained only if care is taken in the manu-

facture of the on tenno .

In addition to these, there are other degradations . These include wate r on

the antenna feed and ref lector , and distortions caused by external interfering forces . The

effec ts of wind loading have been extensivel y studied . Wind induced antenna rotation

about the boresight axis has a very significant effect on linear polarizations . The effect

of depolarization due to water on the surface of reflecto rs, radomes , and feed windows ,22

- - can be minimized by the proper design of the antenna system .

Severe antenna depolarization s , of course , possible; for exomp le , w ith

sma ll antennaswell off axis. Nevertheless , with high qua lit y widebond links , it  appears

likel y that good quality antennas w ill be used.

22 See Reference Listing (22a , b) after Appendix E
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D— 1. 1 .3 Faraday Rotation

Faraday rotation affects linearly polar ized waves passing through the iono-

sphere (50 kilom e te rs to 400 kilometers). Therefore , Faraday rotation has no affect on

terrestrial links but does impact satell i te links . Furthermore , c ircularl y polar ized waves

are not affected by Faraday rotation since both orthogonal linea r components are rotated

equall y.  For the same reason , the orthogonality of dual—linear channels is not impacted

by Faraday rotation . Therefore , cross—channe l coup ling can be removed by rotation of

the receiving antenna feed, or rotot ion of the 180° (iT —p late ) phase shifter in the RF

correct ion network . The magnitude of the Faraday rotation is dependent on frequency as

well as t ime of day . The peak rotation is at noontime when the frequency dependency

approx imated as rotation R = 90
0
/F

2 where F is in GHz. The minimum rotation is at

dawn when the angular rotation is given approximatel y by R 18°/F
2 where F is in GHz.

Therefore , at 11 GHz the Faraday rotation varies from approximatel y 0.740 to 0.150
.

For perfectl y al igned antennas , this results in a range of polar ization isolations of 52 dB

at dawn to 38 dB at noontime . At 4 GHz , the rotation is much more severe vary ing from

5.60 at noon to 1.10 at daw n. These rotations correspond to isolations of 20 dB at noon

and 34 dB at dawn . An additional factor that is believed to impact the magnitude of

Faraday rotation is solar flares . Note that a period of increased solar flares is expected

in the late 70’s and earl y 80’s. However , no exper imental results or theoretical pred ic—

t ions appear to be available in the literature .
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0—1 .1 .4 Multipath Fading

The third phenomena affecting the cross polarization ratio is po larization -

selective fading . This appears to be a problem only in terrestr ial links and not in satell i te

commun ication links . Narrow beomwidth antennas appear to remove the probability of

mult i —pa th fading due to reflections , which is the factor that causes deep polarization —

selective foding . It is worthwhile to stress that fading causes degradation in the received

cross polarization ratio , not because of cross polarization coup ling, but because of

reduction of the level of the desired signal at the receive antenna. Nevertheless, mult i-

path scattering can cause cross polar ization coupling as wel l .

For apo lications to satellite-ground links , mult i—path does not appear to be

a ma jor problem .

234

______ - ,- ~~1~~~~~



APPENDIX E

RAIN CROSS PO LAR IZAT ION ANALYSIS

E— 1 .  THEORETICAL MODELS OF RAIN

The basic theory and measurement data of rain depolarization has been

19b,7,19a . 20 4 16e
studied by Chu , Oguchi , Ryde and Ryde , Taur , and many others

(re ferences 2,5,8,9,11 ,16a ,23—45). It is not intended to reiterate all the rain anal ys is

here . However , some rev iew wi l l  be g iven in order to;

a. Briefl y summar ize a rather comp lex literature

b. To present typica l amp litude and phase cross—polarization voltages

c. To show the trade—off between linear and circular polarization

Most anal yses of rain ~imu late the po lar ization effects via a sing le lossy

phase shifter (i.e., or “ra in—sheet ” model), at some ang le w ith respect to the horizonta l

ax is. This mode l is used because the individual ell i pt ical raindrops behave as a small

lossy phase sh ifter at some ang le from the horizontal. The value of the attenuation and

phase shifter used in the sing le—p late s imulation model result from theoretical and experi-

mental data of rain.

19b
The effect of a sing le phase shafter plate has been derived by Chu and

Oguchi •
20 For an incident field wi th hor izonta l and vertical electr ic f ields of E H and

Ev, respectivel y, acted on by a phase shifter whose ef fects are expressed by a matr ix T ,

the resu lting outpu t fields , E H’ and Ev ’ are g iven by:

2 ,4,5,7,8,9,11 ,16o ,e ,19a ,b,20,23 45 (See Reference Listing after Appendix E)
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T~2 E H
= (E- 1)

Ev ’ 12 1 122 Ev

where

111 
= V2 cos~ 8 + V 1 sin2 8

122 
= “ 1 cos

2 8 + 

~
‘2 sin 8

- ~2~~~~l . 2112 
— 121 2 sin 8

— —(a~~— I $ ~)L
— e f o r i — 1 ,2

= tota l attenuation and phase shift constants per unit length for the

major (1) and minor (2) axis of the raindrops , respect ivel y.

L = path length through the rain

These equations show that cross—polarization can occur if 112 ~ 0, 
wh ich

occurs if the rain cant ang le , 8 ~ 0, and is not equal to V2 (i.e., the ra indrops are

oblate , so that the major and minor axis have different V.). Note the path length, L,

must be known as wel l  as the V. (a function of the rain rate) in order to calculate the

fields .

The total attenuation and transmission phase sh ift (in the direction of the

ma jor rain ax is) can be factored out , resu lting in simp lified equations involving simp ly the

differential phase shift and differential transmission coefficients of the rain . The equa-

tions then become;
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= 

111 ~~~~ E H

Ev ’ 1
21 

1
22 ] Ev

where

2 . 2Y cos 8+ sin 8

2 . 2I cos 8 + Y s i n  8

t V — i  . 2112 
= 12 1 

= k 2 ) sin 8

= e ( I
~~~

~~~~~~ 
~~(ci1.) 

= the differential attenuation and phase shift , respectivel y,

between the major and minor axes of the rain sheet , over

a path length, which yields the total attenuation , ciT
.

The resulting rain attenuation and phase (and the differential attenuations

and phase shifts) versus the amount of rainfall (in millimeters per hour) is shown in Figure

E— I  and E 2 , respectivel y.~
oe Note that differential attenuation and phase between the

ma jor and minor axis of the raindrop, wh ich indicates >‘~ is not equal to The plot of

rain attenuat ion shows that a rain of over 50 mill imeters per hour produces a total attenu-

ation of approximate ly 2d B per kilometer , or 10dB attenuation total over a typ ica l

satell ite—to—ground link of 5 km. This case (10 dB fade ) has been selected as the “worst—

case ” ra in fade for our desi gn; thus approximatel y 50 u rn/hour of rain corresponds to our

“worst—case ” ra in; i .e., t he maximum rain that w i l l  s t i l l  allow communication with the
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10dB fade marg in . Another older set of theoretical curves of rain attenuation4 also show

that 50 mm/hour of rain corresponds roughl y to 10 dB attenuation in 5 km , Figure E— 3 .

This k a very heavy rain.

In order to assess the frequency of occurrence of such a rainfall , Figure

E-4 shows the number of hours per year of a g iven amount of rainfa ll. A 50 mm/hour

rain fal l  occurs approximate ly 350 minutes per year in New Orleans at one extreme , or

6.5 minutes per year in Salt Lake City at the other extreme . Althoug h the 50 mm/hour

ra infall is roughl y our worst —ca se on the basis of link marg in, ra in considerabl y less than

this can cause cross—polarization at the 30—35 dB leve l; t hese rains and cross—polarizations

w ill occur more frequentl y than the 50 mm/hour rains.

E-2. DIFFERENT IAL ATTENUATION AND PHASE SHIFT
NORMALIZED TO TOTAL RAIN ATTEN UATION

In order to eliminate questions of how much path length is to be used , and

w hat rainfall to use in cornp~it ing cross— polarization , differential phase shift and differen-

t ial attenuation can be expressed as a function of total rain attenuation . Thus the total

rain attenuation can approA imatel y measure the a nount of rain present , and in addition

t he maximum allowable rain attenuation is usuall y specified as fade marg in . For examp le ,

for 10 dB fade margins , it is possible to obtain the worst—ca se differential amp litude phase

• • 19b ,7 .shif ts expected from a rain. Figures E—5 and E 6  ~from Chu ) show the relationship

of this differential amp litude (in dB) and phase (degrees), respecI~ve I y, norma lized to

tota l attenuation , versu s frequency. The various curves are fo~ different rain amounts ,
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and the fact that they are close together shows that after normalization , the differential

attenuation phase shifts are theoreticall y essent ially independent of rainfall. A t 1 1  GHz ,

and for the nominal 10 dB fade marg in, the differential amplitude is found to be approx-

imate ly 2 dB, and the differentia l phase shift is found to be approximate ly 300
. Other

ca lculations have predicted somewhat less rain effect s . The figure s 1 .5 dB and 250

have been used, respective ly, to represent a 10 dB fade in the calculat ions of this

appendix.

The absolute value of rain cant angle , 8, a measure of the average dev ia-

tion of the raindrops from horizontal , can be evaluated from the rain data . The measured

differentia l attenuation is compared with the theoretical formula available from the

previous equations ,

T 2 2 . 2 2
11 V cos 9+~~~ 9

— 

2 . 2T22 cos 8-f  V s i n  8

in order to f ind the averag e 8. Note that T 1 1 and T22 are independeut of the si gn of

the cant ang le , wh ich aiiows the average absolute angle to be est imated From this data .

Ch~ has foU nd that the averag e absolute ang le of the rain cant (a meosu e of deviation of

the rain cant angle from horizontal) is approximatel y 250. Others , us ing the rain can t

angle to rnaPc ’i measured cross—p o lari zation , have used values of 15° for the rain cant

ang le.
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E-3 RAIN CROSS POLARIZATION FOR LINEAR POLARIZATION

Even wit h the differential phase shift attenuation and rain cant angle , it is

sti ll not possible to correctl y compute the cross polarization of the rain for linear po lariza-

tions. This is due to the fact that cross polarization due to large numbers of rain drops

having both posi tive and negative cant angles tend to cancel for linear incident polar iza-

t ion. This cancellation is due to the fact that the cross coupling term , sin2 
9, is an odd

function, while the rain cant angles have a distribution of va lues between both positive

and negative cant angles. The factor € has been introduced by Chu to account for the

overage cant angle of the rain that actuall y causes cross polarizat ion. This val ue of E is

found from the measured rain cross polarization by the equat ion;

T 2

C 1 
(2 12

11

Figure E—7 shows t he calculations of the cross polarization versus rain attenuation for values

19b,7of E to 0. 14 and 1 .0. The curve for € 0.14 is supported by considera ble data ,
but other rain data at 11 GHz as shown by the dark circles. 19a It is c lear that a range of

r is required to match various rain data; i.e., that a given value of rain attenuation does

not impl y a sing le value of polarization crosstalk . From the physical situation , polariza-

tion crosstalk can vary as the rain blows and tilts the given ra indrops more or less with

respect to the horizontal axis . The value of ~ I is used in this appendix for worst—case

calcula tions of the polarization decoupling networks.

Figure E—8 shows further theoretical curves for other crequencies ,
19b 

using

the value ~ 0. 14 in all the theoretical curves . Because of t he small value of used,

7,19o,b (See Reference Listing after Appendhc E)
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these curves cannot be considered worst—case . For examp le , theoretica l curves from

Chu show that at 11 GHz, 10 dB path attenuation results in approximatel y 30 dB cross

polarization , whereas data exists at —22 dB cross polarizat ion .

The published rain curves show cross polarization , but do not give specific

phase shifts of the horizonta l and vertical components for use in simulations. Several

specific rain cases were computed, as shown in Table E—1 . In order to assure that cal-

culations of the coup ling network are essentiall y independent of specific rain mode l

chosen , five rain case s were chosen, representing different cross po larizations , rain

cant ang les , and contributing rain fractions € -

The first case is the worst possible case . Cases 2—4 are for smaller cant

angles, where the total rain E 1 is used in the calculation , and the rain cant ang le

determines the cross polarization . Case 3 is the nominal worst —ca se model to support

the —22 dB worst—case rain data . Case s 5 and 6 use rain fractions , € < 1 , w ith the

250 cant angle found by Chu . Case 7 indicates that for negative cant ang les , the

cross polarization phasor ang les change by 1800. These cross polarization phasors are

found from the formulas:

r , = T21/122

r2 
=

The va lue of the cross correlation , p, which measures the orthogonality of the polari-

za tions , was then computed from the formulas in Appendix B. This ort hogonality can be

used, as in Appendix C, to compute “minimum loss ” of correction circuits.
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E-4 . CIRCULAR VERSUS LINEAR POLARIZATION

Using the equations in the previous sections , the cross polarization due to

linear po larization may be compared wit h the cross polarization if circular polarization

was used. In circular polarization, a rain cant angle of 450 is use d to compute the cross

po larization isolation. Note tha t this is the worst possible case for linear polarizations .

Figure E—9 shows the calculation of cross polarizat ion isolation , using the rain model

with € = 1 rain cant angle 8 = 15~ (similar to the rain Case 3).

The linear polarization is clearl y better than c ircular po lar ization for all

rain attenuations. This difference is sufficientl y great so that there is l i t t le doubt that

linear polarization is considerably superior to circular polarization for the 11 GHz fre-

quency range and above . On the other hand, it is with much lower frequencies , suc h as

4 GHz , w here Faraday rotation effects and increased phase shifts in the rain predominate ,

circu lar polarization may be superior , and is used by INTELSAT V and other 4—6 GHz

sate llites.

To provide quantitative examp les of the cross polarization coup ling effects

of the transmission media comparing 4 and 11 GHz , and linear versus circu lar polariza-

t ions, two ra in situations were hypothesized . The first case is a worst—case situation

consisting of a cloudburst with a rain rate of 125 millimeters/hour . This rate of rain

would be expected in an area such as New Jersey, 5 minutes/year . The second case is

for a heavy rain with a rain rate of 25 millimeters/hour. This rate of rain would be

expected to occur 1800 minutes/year. The quantitative results are tabulated in Table E—2 .
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E—5 . EFFECT OF DIFFERENTIAL PHASE VERSUS ATTENUATION ON THE
CROSS POLARIZATION TO CIRCULAR POLARIZATIONS

Although the previous rain models included both differential phase shift and

differential atten~ ot ion together , as actuall y occurs , t he cross polarization due to either

the attenuat ion or phase shi ft can be computed separate ly. Fi gure E— l O  shows the results

of such a calculation for circularl y polar ized incident signals. 6 The main use of these

ca lculations is to show that phase sh ift is the predominant cross po larization effect at all

frequencies shown, although diffe rential attenuation can cause —22 dB cross polarization

wit h 50 mm/hour rain rate at 11 GHz (for circular polarization). This is the nonorthogon—

al ity portion of the cross polarization . Therefore , phase shift networks alone can correct

ra in cross po larizat ion at 4 and 6 GHz , but not at 11 GHz , if —30 dB crosstalk minimum

is required .

For linear polarization , cross polarizat ion is approximate ly 7 dB less , as

shown in Table E— 2 , so t hat differential attenuation w i l l  cause approximate ly —29 dB cross

polarization that w i l l  have to be corrected by an ort hogonatization rs ~ twork , not by phase

shift .
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