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ABSTRACT

Under a previous effort “Antenna Alignment Study," F30602-74-C-0276, a
technique was formulated to align troposcatter antennas by swinging the beams
while noting the symmetry of the received Doppler spectrum, The measure of
symmetry was computed from the cross-correlation of the quadrature components
of the received complex envelope signal. A concern in this study was the need
for synchronization of the transmitter and receiver clocks. This report
details the computation of the Doppler spectrum skew which is fairly insensitive
to clock offset. A microprocessor was designed and programmed to provide a
real-time skew estimate that could be used as an alignment indicator. Tests
on the RADC Verona-Ontario link employing TRC-97 radios showed that alignment
accuracy better than + 1/3° or approximately + 1/10 beam-width could be
accormplished in about 10 minutes. It was found necessary to set the average
frequency shift equal to zero by adjusting the receiver clock in order to

estimate spectrum skew corrently using the algorithm presented here.
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Evaluation

This report summarizes work aimed at providing a rapid and accurate align-
ment technique for troposcatter antennas. An initial program, "Antenna Align-
ment Study," performed under contract F30602-74-C-0276 established a basis for
a new alignment procedure that is based on received spectrum symmetry rather
than received power level techniques presently employed. This fnitial work
though was validated using a Hewlett Packard correlator which was not optimi-
zed for inclusion into existing troposcatter radio systems.

The work under the present contract was aimed at providing for an alter-
nate implementation that will ultimately provide for a fieldable plece of
hardware that will accomplish the goals of rapid and accurate alignment. Be-
sides providing for rapid alignment it is important to realize that the tech-
nique provides for accurate alignment on the great circle path while power
level based techniques can only provide for short term alignment which is not
necessarily the great circle path and thus requires updating.

Before fielding several 1ssues require further work, these are valtdation

of the alignment technique over the full breadth of troposcatter medfum varia-
tions, reworking of the experimental model to eliminate erroneous results due
to aircraft and further optimizing the implementation.

Based on results and the recommendations for future work the improve-
ment to troposcatter alignment is viable and much closer to delivery to the

field.

PAUL SIERAK
Project Engineer

viii




Section 1

INTRODUCTION AND SUMMARY

Objectives of the Program

Until recently, azimuthal alignment of troposcatter antennas was accomplished
by averaging received power to find the proper pointing angle of each antenna.
The procedure is arduous, slow, and often inaccurate because of the deep, per-
sistent fading present in the channel. 1In earlier work, Birkemeier and Sill [1]
established a new technique for alignment. According to their method, a
monochromatic signal is transmitted and the shape of the received Doppler spectrum
is used to determine alignment. The original method involved moving the receiving
antennas until the Doppler spectrum was symmetric about zero frequency. When this
was accomplished, the receiving antenna was defocused and both antennas moved
synchronously clockwise or counter-clockwise until the Doppler spectrum was again
symmetric. The beams were then shown to be pointing along the great circle path,
The first Doppler measurements were obtained with a mini-computer that
performed an FFT on the incoming data. This method required expensive equipment
and operator interpretation of the shape of the spectrum. A less expensive
method requiring little operator skill was sought. The next approach made use
of the fact that if the spectrum is not symmetric about zero frequency, there
will be a non-zero average frequency. The average frequency can be used as a
measure of the symmetry of the Doppler spectrum and thus of antenna alignment.
There are several known algorithms for the estimation of the average frequency.
Birkemeier, Sill, and Fontaine adapted the correlation method [2] so that it
could be run in real time on a microprocessor. However, the scheme has a
particular disadvantage in that the average Doppler frequency @ will be in
error by an amount equal to any frequency difference between the transmitter
and receiver clocks. Thus a substantial alignment error would occur with this

method if the clocks were not in synchronism as shown by S$ill [2].




In this program we provide a microprocessor design together with
software to estimate the 3rd central moment or the skew of the Doppler
spectrum. The skew provides an alignment indicator that is a direct
measure of the symmetry of the spectrum about its mean frequency and
therefore does not depend on exact clock synchronization.

In order to use the microprocessor with the TRC-97 radio it was also
necessary to provide coherent signal sources for the TRC-97 equipment.

This report also details the design of this auxilliary equipment.

Technical Approach to Doppler Moment Computations

In order to compute the skew, we will need to determine various spectral
moments of the input process and it is worthwhile to review the significance
of these moments.

The first moment, 6, is the sum of two independent frequency terms.

The first component is due to the frequency difference between the receiver
and transmitter clocks, and the second term is due to the lack of symmetry
in the spectrum,

The second spectral moment (w-a)2 is a measure of the spread of the
spectrum about the mean frequency.

The third central moment (m45)3 is used to estimate the symmetry of the
Doppler spectrum about its mean frequency. If the moment is zero, the spectrum
is symmetric about the mean; if positive, the spectrum is skewed positively:
if negative, the spectrum is skewed negatively.

We begin by defining the skew to be:

oo

f w22 s aw

-0

Skew = (1)

a0

[ S(w) dw

-00

where w is the average frequency defined by (4]
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f @ S(w)dw
) (2)
f S(w) dw

—0

Expanding (1) yields

o0 aoc oo -]
{ w3 s@) dw - 35{ w? s(w) dw + 352 J @ S(w) da 53f S(w) dw
-0 - -0
Skew =
(<]
j S(w) dw
0 (3)

We now note that the received signal can be written as a narrow band

process ([5].

s(t) X (t)cos w.t + Y(t)sin wct

jo t (4)
re{[X(t) + j¥(t)le €}

n

The quantity X(t) + j{Yt) is known as the complex envelope of the received
signal and X(t) and Y(t) are known as it's “inphase" and "quadrature components"
resdectively. Calling the complex envelope Z(t); we now proceed to determine

the Doppler spectrum of the correlation functions of X(t) and Y(t) as follows:
2(t) = X(t) + jyY(t) (5)

Ry (T) E{[X(t) + JY(E))[X(L+T) =~ Y (t+T)}
. (6)

Rxx(t) + P\”(r) + jlglx(t) - jP‘w(r)

n

If we assume that the amplifiers in the quadrature channels have equal gain

and phase characteristics, the assumption Rxx(T) = RYY(T) can be made. If we
further assume that X(t) and Y(t) are uncorrelated random variables, it can be
implied tha* ny(r) = -RYx(T) [5]. Using these assumptions, (6) can be simplified

: to yield
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Rzz(T) = 2(Rxx(T) - jRYX(T)) (7

If we define S{w) = F(RZZ(T)), then (8) follows:

o

J S{w) e

-0

jwo - =
dw = Z"RZZ(O) = 4nRxx(0) (8)

Papoulls [5) has shown that
o (T = - () 9

This result will be used to calculate w. The differentiation relationship of

the Fourier transform allows us to write (7]:

o

1 . B0 o
T { jws (w)e d(u-RZZ(T) (10)

-0

Using this relationship, it follows that

oo

f jus @ eI g = 2rR,(0) (1)
-0
[-+]
20
J ws(w) dw = Tf'RZZ(O)

We combine (9}, (10), and (11) and use the fact that Ry, (1) is even to find W,

Thus

W = 41rRxx(0) (12)

Using (10) twice, we get the second moment

oo

[ o s@ed au = -2mr,,(0) (13)
, -0
f Papoulis (5] has also shown that
} “
RZZ(T) = RZZ(T) (14)
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Since RXY(T) is an odd function, even derivatives at 1=0 are zero. This allows

us to combine (13) and (14) to yield:

-2
w® = 4nRxx(0) (15)

Finally, the third moment is computed in the same fashion.

a0

3 on - ﬂ "
f o’ s@e® aw = 2L gy (0) (16)
.
R (0) = Ry5(0) an
a3 = anr__(0) (18
- ank_ )

We now combine (8), (12), (15), (18), and (3) to yield the formula for the
skew:
3
Sxow = R)'d;(O) ) 3RX‘}(O)R)'().( (0) . 2[93(?(0)] (19)
R__(0) Rxx(O)Rxx(O) (Rxx(o)]3

XX
This is the theoretical formula for the relative skew, Several assump-

tions about the process have been made. They are Rxx(T) = RYY(T), RXY(T) =
-RYX(T) and that the X(t) and Y(t) processes are jointly stationary. For
the computation algorithm to function properly, all of these assumptions must

hold.

Practical Implementation of the Skew Estimator

The validity of each of the assumptions made earlier must be examined
in light of the data. The most basic assumption made earlier is that the
in-phase and quadrature components of the signal are uncorrelated random
variables, that is RxY(O) = 0. It is clear that if both channels possess a
DC term, this assumption cannot hold. All amplifiers, no matter how carefully
designed, will have some DC offset. This is especially true of amplifiers that
must operate at frequencies close to zero. The software must preprocess the

data to remove the offset.
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The second major assumption is that Rxx(O) = Ryy(O). This statement

implies that the statistics of the channels are equal and that the gains of
the amplifiers in both channels are equal. If this is true, we should be
able to interchange the roles of X(t) and :(t) and get the same results.
This does happen with data that is not properly preprocessed. Certain
terms are immune to differences in the X and Y channel gains. 1In practice,
terms that contain both X and Y are immune to interchanging roles. Terms
such as RXX(Y) or RYY(T) do not have mixed terms and will be wvulnerable
to both short term and long term variations in the gain, These terms are
particularly sensitive because they contain derivatives which accent the
temporal variations in channel gain.

The long term variation in the difference in the amplifier gains can
be taken care of in software by correcting the gain of the Y channel by
the ratio of the rms value of X(t) and Y(t). This is slow agc which cannot
compensate for the short term variations in Rxx(o) and RYY(O)' To correct
for these short term variations we have obtained good results by taking

the geometric mean of x(O) and RYY(O) and using this number to replace

RX
Rxx(o) in the 2nd term in (19).
The following section describes the microprocessor implementation of

these programming objectives.

Summary of Results

Tests of the Slope algorithm on the RADC link indicated that alignment
could be accomplished to within about 0.3° or about 1/10 of a beam width
with a period of about ten minutes. The Slope Algorithm actually measures 6,

the average Doppler shift and its success depends on exactly synchronized

clocks.




The skew algorithm indicated that the antennas could be aligned to
1/3 degree or better, also in a time period of about ten minutes., These measure-
ments were basedon single observations of displayed skew which occur once each second.
Visual averaging would lead to substantial improvement in expected accuracy,
but such improvement is not quantified in this report. Exact clock synchronization
was not required in alignment using skew indication. Instead, @ was set equal

to zero by varying the receiver clock before each skew measurement was made.

Organization of Report

The microprocessor hardware and software design is summarized in Section 2.

Section 3 details the design of the frequency synthesizers and detector components

necessary to interface the microprocessor to the TRC-97 and the TRC-170 equipment.
The antenna alignment tests on the RADC link are presented in section 4.

Appendix A contains the microprocessor drawings, Appendix B lists processor
program. Appendix C presents complete drawings concerned with the design and
fabrication of the synthesizer modules together with parts lists. Appendix D
contains a more detailed theoretical description of the nature of troposcatter

Doppler spectrum and the estimation of its parameters.
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Section 2

MICROPROCESSOR HARDWARE AND SOFTWARE

Introduction

A block diagram of the microprocessor hardware is shown in Fig. 2.1.
The major components consist of the 8085 microprocessor, 4-2716 PROMS (one
with test data, one with a debugging monitor and two with the alignment
programs), AM9511 arithmetic processor, AD571 10-bit A/D converter, 8251 serial
terminal andphone line interfaces for the program development and front panel
switch, light and BCD display hardware. The schematics for the microprocessor
system are in Appendix A. The system operates in five modes (reset, clock,
slope, correlation, and skew) that are front panel push-button selectable by
the operator.

The reset mode resets all hardware in the system and then uses the
slope algorithm to process five seconds of digitized test data that is stored
in a PROM. This provides a self test for the system. The clock mode is used
to measure and display the offset frequency between the transmitter and receiver
oscillators while the slope, correlation and skew modes are the three alignment
algorithms. Front panel switches are scanned at a ten per second rate by the
program and whenever a switch is found pressed the program is restarted using
the algorithm that is indicated by the switch.

A five digit BCD display provides the operator with a floating point
(four-digit mantissa, one-digit exponent) digital readout of alignment
information. In all cases the displayed quantity represents an average
that has been exponentially averaged with a time constant of several seconds,
Although the time constant is several seconds the display is updated once
a second with the new value of the running average.

The arithmetic processor allows arithmetic expressions to be pro-

grammed very easily -- much like a hand calculator. The 10-bit digitized

values for the in phase and quadrature signals are immediately converted
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to a 32-bit floating point format by the arithmetic processor and all sub-
sequent processing of these is done using the floating point format,

Two programs are listed in Appendix B. One in FORTRAN and one in 8085
assembly, are included. The FORTRAN program was used on a Raytheom 704 with tape
recorded data to develop the processing algorithms. A deliberate attempt was
made to maintain a close correspondence between the FORTRAN and the 8085 code

and in most cases each line of the FORTRAN program is included as a comment in

the 8085 instructions that are used to implement the FORTRAN expression.

General Signal Considerations

The inphase and quadrature signals are filtered with analog filters
before they are digitized by the A/D system on the microprocessor board.
The pass band of these filters is 0 to 30 Hz when the clock and skew
algorithms are used and 0.3 to 20 Hz when the slope and correlation algorithms
are used. In this section and in the program listings the inphase and quadrature ?
signals will be called X and Y respectively.

The tape recorded data used in the FORTRAN program was sampled

at a 100 sample per second rate. IThe programs were written with the
intent of using a timer-drive microprocessor interrupt to sample X and Y
every 0,01 seconds, accumulate data from 100 samples, and update the display
once a second with the new data included in the running average. The timer
interrupt was not implemented because the microprocessor program when operating
at full speed result in approximately a 100 sample per second sampling rate.
The displayed variables for clock or antenna alignment algorithms are
averaged quantities and hence statistical in nature. Two conditions exist
that can introduce large errors in these averages, ©One situation is when X

and Y simultaneously become very small and the other is reflections from

PO, VPR
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aircraft. The first situation is easily programmed: the incoming data are

ignored whenever the magnitude of both X and Y are less than 2% of the maximum
value,

The aircraft contamination is more difficult to detect. Aircraft introduce
higher than normal frequencies into X and Y and these are particularly trouble-
some in the skew algorithm that requires the second derivatives of X and Y.

In an attempt to eliminate data with aircraft contamination the frequency X
and Y is estimated from each successive pair of samples and the data ignored
whenever the frequency exceeds 8 Hz. The first and second derivatives are

calculated using

N 2 N N+1

Thus whenever data are ignored, three valid samples are required before the

derivative calculations can continue.

Measurements made on the inphase and quadrature detector outputs indicated
that both contained non-zero dc components and that the gain of the two detectors 3

varied slightly. Both effects are removed in the processing by computing long

time dc and mean square values of the detector outputs and equalizing the h

sampled values with them:

As mentioned earlier an exponential averaging technique is used to

. 2 ¢ .
form a running average of xdc, X", XY, skew, etc. If AN-l is the current

value of the running average and IN is the new input to be added to the

average the new average is computed from
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8085 Processing - Overall View

The four FORTRAN subroutines described above perform identical processing
in the 8085 microprocessor system, A brief description of additional routines
is given in this section. The X, Y sample pair is obtained by the subroutine
ATOD. The routine will return either test data that is stored in PROM or will
sample live data with the A/D system. Test data is returned if the AC power
system has just been turned on or if the operator has pushed the RESET button;
otherwise, sampled live data is returned.

The front panel switches are scanned with the routine RDFRNT. If a switch
is found depressed the system is reset and a logical flag corresponding to the

switch is set, Other subroutines use the flags to determine the processing that

is required.

A scheduler routine, SCHED, is used to direct the real-time processing.
t ’ Every call to SCHED results in a call to ATOD for a new data sample and a call
to PROCES to process the data sample. Every 10th call to SCHED results in a
call to RDFRNT to scan the front panel switches and every 100th call produces

a call to UPDATE and DISPLY. As mentioned earlier the system was designed

for a programmable timer to produce a call to SCHED every .0l sec but this

is not implemented. Instead each return from SCHED is immediately followed by

another call to this routine.

Program Implementation of Clock and Alignment Algorithms

Under ideal conditions of noise free, zero doppler shift, transmission
with the transmitter and receiver oscillators operating at a frequency dif-

ference of wd' the X and Y signals become:

x(t) = cos mdt and y(t) = sin wdt .
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where N is the number of samples that have been taken. This algorithm acts
like an RC averaging circuit with a time constant of NT seconds where T is

the time between new inputs IN. Thus new information is weighted heavily

and old information is forgotten. In addition N is varied during the measure-
ment starting at a value of one and increasing to a maximum of 16 or 60

depending on the variable that is averaged.

FORTRAN Processing - Overall View

The FORTRAN program has four subroutines INITAL, PROCES, UPDATE, and
DISPLY for processing the data and each of these has a counterpart in the
8085 program. A program listing of the FORTRAN program is in Appendix A.

The data used in the FORTRAN is read in from magnetic tape in blocks of

1024 digitized (12-bit), pairs of samples Xi' Yi by the main program. The
main program then passes one pair of samples at a time to the subroutine
PKOCES just as the A/D subroutine in the 8085 system would pass one pair

to the 8085 PROCES routine. Each subroutine contains the processing necessary
for all four algorithms: clock, slope, correlation, and skew but uses logical
flags to select only the processing that is necessary for the algorithms in
use when the subroutine is called.

The subroutine INITAL is used to initialize all arrays, exponential
averaging parameters, etc. each time a run is started or whenever the operator
decides to reset or clear the program of accumulated data.

The PROCES routine is called once for each X, Y pair of samples. Data
are tested for validity, derivatives calculated, one-second sums of dc and
mean square values of X and Y are tabulated for the 100 samples that are
passed to PROCES. After 100 samples (equivalent to 1 second of data) are
processed, the accumulated runs are used by UPDATE to add to the running averages
of these variables and the parameters in PROCES are reset to allow for the

accumulation of the next 100 samples. After the running averages are updated

the routine DISPLY is called to display the new values.
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The frequency Wy can be obtained by defining 6 = tan-l(y/x) and calculating

@,y gdx
dat at " Y g " Y% -

In termsof signals that are sampled every At sec the difference frequency is
estimated as
A, X Ay, - Y AX,
i i1 ii

£ i =

d 2nAt ~ 2mAt

A8,
The running average (16 sec time constant) of the gquantity Eﬁf; is continuously

displayed when the clock algorithm is used.
(Ax.)Y,
The slope algorithm displays a running average of the quantity ——
x2At
The xi and Yi used in this expression and in all calculations are the sample values
with the dc removed and normalized to the same mean square value. The x2 term is
a running average of the mean square value of x that is used to normalize the
slope statistic so that it is independent of signal strength,
The cross correlation between continuous function of time x(t) and y(t)

is defined as ny(T) = x(t)y(t~T). For sampled signals the cross correlation

becomes

ny (MAT) = x(kAt)y (KAt-mAT).

The cross correlation is computed for -1.5 < T < 1.5 seconds by using

At = AT = 0.03 sec and a table to store the 100 values for ny(mAT) that
correspond to ~50 < m < 50, Since .03 is three times the sampling interval,
every third sample of raw data is used in calculating the cross correlation.
These data samples are placed in a "delay line", first in first out type
table, 50 samples long for X and 100 samples long for Y. As each X sample
reaches the bottom of the table it is correlated with the 50 samples of Y for-

ward and backward in time and then discarded. Since the alignment criteria
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with the correlation algorithm is to minimize the absolute slope about T=0,
the slope of a line from the origin to the maximum value of ny(mAI) is the
quantity that is displayed to the operator.

The equation for skew was developed earlier; and although it is a
straightforward arithmetic calculation, it is a sensitive measure with a
larger variance than the slope or correlation measures. This is due to the
subtraction of terms in the expression that frequently are very large and nearly

equal.

Summary and Recommendations

The hardware and software have proven to be very trouble free and reliable,
The higher doppler frequencies that were present in data on the RADC link, but
not on the UW link, frequently caused the system to reject the data as aircraft
contamination. Other means of detecting aircraft reflections should be tried
and the most promising of these is to look for rapid fluctuations in envelope

that exceed a peak to peak threshold.
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Section 3

INTERFACING WITH TRC-97 AND TRC-170

Frequency Synthesizer Design

The Air Force troposcatter TRC-97 and TRC-170 equipment requires a
frequency synthesizer that will convert a precision frequency reference into
coherent 70 MHz and 50 MHz outputs. The receiver also requires a quadrature
detector for its 70 MHz intermediate frequency signal. A block diagram of
“he system is shown in Appendix C, Figures Cl and C2. As the figures show
t ‘e radios are to use their own internal 50 MHz and 70 MHz sources when
operated in the non-alighment mode and the synthesizer's coherent oscillator
signals in the alignment mode. Coaxial relays are included in the aligner for
switchiig these signals. The 50 MHz and 70 MHz synthesizer outputs must have
a frequency stability of at least 1 part in 1010, and both the 50 MHz and
the 70 MHz outputs must provide 18 dbm to a 50 ohm resistive load. Harmonic
content within 10 MHz of the fundamental was to be down at least 20 db.

These specifications were met with an "indirect" frequency synthesizer,
employing phase locked loops (PLL) for frequency multiplication. The basic

designs for these synthesizers are shown in Figure C3 and C4.

The Precision Quartz Clock

The precision 5 MHz crystal oscillator which provides the source for the
phase lock loops is a double-oven Vectron model CO-246V-1 oscillator with
frequency stability of 1 part in 1010. The oscillator frequency can be
externally controlled by a DC voltage. The connection diagram for the

frequency standard is shown in Figure C5.

The 25 MHz and 35 MHz Phase Lock Loops

The 5 MHz reference signal is power divided between the 50 MHz and
70 MHz phase locked loops. The basic phase locked loop design is shown in

Figure C6. The voltage controlled oscillators, VCO's, oscillate at half
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the desired output frequency (35 MHz for the 70 MHz unit and 25 MHz for the
50 MHz unit) because integrated circuit PLL's are limited to a maximum
frequency of about 35 MHz. A balanced mixer is used to double the VCO frequencies
to the desired 70 MHz or S50 MHz values.

The XR215 PLL integrated circuit chosen consists of a phase detector and
VCO. The lowpass filter corner frequency for the control signal and the VCO
frequency range are determined by an external capacitance connected to the
XR215 chip. The frequency divider is the 93S05 variable modulo counter. For

the 70 MHz circuit it is wired to frequency divide by 7; for the 50 MHz circuit

it is wired to divide by 5.

The 70 MHz phase locked loop schematic is shown in figure C7. Due to
the variation in characteristics from one VCO to another the VCO capacitor
C107 must be selected to give the correct VCO frequency range. C107 should
be no larger than 12 pF. Cl05 and C106 determine the corner frequency of the
tuning voltage low pass filter. The filter transfer function has a single pole
at 1.33 x 10% gg% or 212 KHz, K100, the VCO free run frequency adjusting
resistor, should be adjusted to allow the PLL to achieve lock. @Ql00 is part of a
' of a common emitter amplifier that raises the VCO signal amplitude to the level
required to drive the Schmidt Trigger, Ul0l. The Schmidt Trigger converts

the analog 35 MHz signal to a TTL compatible signal to prevent erratic operation i

of the frequency divider which follows it. The frequency divider, U102, takes

the 35 MHz signal from the Schmidt trigger and divides its frequency by 7.
Thus the output of Ul02 has a frequency of 5 MHz, This signal is coupled to i
the phase detector in Ul00 where it is phase compared with the 5 MHz frequency
standard. The output of the Schmidt trigger is also coupled to [101 which is
part of an emitter follower power amplifier. This power amplifier drives a
double balanced mixer, Ul03, with the 35 MHz signal. The mixer is used as a
frequency doubler to generate the desired 70 MHz signal. This signal is passed

to the 70 MHz amplifier for amplification and band pass filtering.
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The 50 MHz phase locked loop schematic diagram is shown in Figure (8.
and its parts list follows., The 50 MHz PLL is similar to the 70 MHz PLL,
The only differences are a larger coupling capacitance, C214, a different
wiring of the frequency divider to divide by 5 instead of 7 and a resistor,
R218, in series with the 50 MHz output. This resistor attenuates the 50 MHz
output to prevent it from saturating the 50 MHz amplifier and generating

excessive harmonic levels,

The 70 MHz Amplifier

The original design with minor modifications was used for the 70 MHz
amplifier, The schematic diagram is shown in Figure C9. The output of the
amplifier goes to the detector in the receiver and to jack Jl on the trans-
mitter A-17 assembly by way of the 70 MHz coax relay.

The original design with minor modification was also used for the 50 MHz
amplifier. The schematic diagram is shown in Figure C10. R400 was added to the
amplifier input to eliminate self oscillation. L400 and C400 were also added
to the amplifier input as a series tuned circuit to reduce the 75 MHz spurious

output from the 50 MHz phase locked loop.

The Quadrature Detector and Low-Pass Filter

The receiver also requires a synchronous quadrature detector. This
detector must demodulate the 70 MHz intermediate frequency signal into its
quadrature components. These signals must then be low pass filtered with a
corner frequency of 20 Hz. The schematic diagram of the detector is shown
in Figure Cll. The low pass filter contained in the detector was designed
to have a voltage gain of 10, This should result in 2 volt peak-to-peak output
levels from the X and Y channels under nominal channel conditions. This is
the level required to drive the following stage which is a DC blocking filter.

The low pass filter is a Sallen and Key configuration designed to have the

following transfer function:

PR

—

PR SRR ———
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H(s) = rad, 2

10
2 rad )
sec

s + 178(—)s + (1.58 104)(
sec

This results in a two pole low pass filter with a corner frequency of 20 Hz

and a Q of 0.707. This Q gives the steepest possible skirt without any

passband ripple.

Low~Pass, Band-Pass Filter

The output of the detector module is next fed to the Low-Pass, Band-Pass
Filter. One section of this filter additionally attenuates frequencies above
20 Hz by 6 db/octave and outputs this low-pass signal to the microprocessor
to be used in the "slope" program to compute the average Doppler frequency
or the slope of the cross-correlation function at zero lag. The band-pass
filter section adds a high pass filter in cascade to the low=-pass section to
remove frequency components below 0.3 Hz, The band-pass filtered outputs are
fed separately to the microprocessor to be used to compute the average
frequency whenever a strong specular signal at zero Doppler shift exists in
the signal. In tests at RADC this output was not used. The schematic

diagrams and parts layout are found in Fig, Cl1 and Fig. C23, respectively.

The Power Supply

The frequency synthesizer power requirements are 5 volts for the phase
locked loops, 12 volts for the phase locked loops, amplifiers and detector,
24 volts for the frequency standard and =12 volts for the detector. The power
supply schematic diagram is shown in Figure Cl2. The power supply module
contains the bridge rectifiers, filter capacitors and 24 volt requlator. The
outputs of the module are 24 volts regulated for the frequency standard and
relay coils, 40 volts unregulated for the 12 volt and 5 volt regulators and
-20 volts unregulated for the -12 volt regulator. The 12 volt, 5 volt, and

-12 volt requlators are preceeded by voltage dropping resistors to reduce

the voltage regulator dissipation. The 12 volt, 5 volt, and -12 volt
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regulators are mounted on the frequency synthesizer base plate for heat
sinking. Because the transmitter does not have a detector circuit, components
C601, R602, CR601 and U603 are not used in the transmitter power supply.

Each phase locked loop, amplifier and detector circuit was built on its
own printed circuit board and mounted in its own box. All power supply
connections to the boxes are made with feed through capacitors. All other
connections to or between boxes are made with TNC connectors or feedthrough
terminals. This connection scheme is used to eliminate electro-magnetic

interference between the frequency synthesizer and other system components.

Test Results

When the synthesizers were tested, the phase locked loop selected
capacitors and VCO tuning potentiometers were adjusted while observing the
50 MHz and 70 MHz signal outputs with a spectrum analyzer. These components
were adjusted to values that allowed the phase locked loops to achieve lock
at 50 MHz and 70 MHz after the internal temperatures stabilized with an
ambient temperature of 25° C. The 50 MHz and 70 MHz output spectral purities
and signal levels are recorded in photographs C13 and Cl4. The units were
each driving a 50 ohm resistive load for these results. It can be seen from

the photographs that the signal output level requirements are met with these

synthesizers,

Additional Suggestions

The spectral purity of the frequency synthesizers could be improved
at an added cost. The noise sidebands on the 50 MHz and 70 MHz signals could
be improved by replacing the RC VCO's in the phase locked loops with voltage
controlled crystal oscillators, VCXO's. VCXO frequencies would be more stable
with age and temperature variations. The use of VCXO's should also reduce
the VCO frequency variations from IC to IC. This would eliminate the need

for selected capacitors in the PLL circuits. The XR215 can be used as a VCXO.




The spectral components that are spaced every 5 MHz about the 50 MHz
and 70 MHz desired signals could be greatly attenuated by installing crystal
filters between the phase locked loops and amplifiers. An additional stage

would need to be added to compensate the insertion loss,

Printed Circuit Boards

Art work for PC boards used in the synthesizers are shown in Appendix C

Figures C 15-C18,

Parts Layout

Layout of parts for the various synthesizer modules are shown in
Figures C19-C22. The 50 MHz PLL is identical to the 70 MHz parts layout

shown, except its parts are numbered in the two-hundreds.

Parts Lists for Synthesizer and Filter Modules

See pages C.28 through C,36, Appendix C.

TRC-170 Interfacing Requirement

The TRC-170 equipment is fully coherent using automatically controlled

clocks to drive its frequency synthesizers. As such there is no problem in

interfacing this radio with the aligner's microprocessor. The aligner's
detector package, however, must be driven by the TRC 170's detector, which

in turn must be driven by a 70 MHz source. This source is provided by the
aligner's synthesizer using its own internal S MHz standard or by substituting
the TRC-170's S MHz standard. The latter would be preferred, since it
eliminates the need to set the clock according to skew estimation procedure

kL outlined in Section 4.8,
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Section 4
TEST RESULTS

UW Link Tests

The antenna aligner tests were performed in accordance with the Proposed
Test Plan/Procedures (clin i1tem 0004), Test efforts on the 940 MHz University
of Wisconsin link held on 12/14/79 and 12/15/79 were largely unsuccessful as a
result of more-or-less continuous aircraft intrusions on both days. Moreover,
it proved impossible to skew the Dopple spectrum by azimuthally displacing the
receiving antenna. This is possibly explained by the occurrence of equal and
opposite cross-path wind fields in scattering layers of equal cross-section,

although we have no meteorological proof of such a situation existing,

UW Test of Skew Algorithm

We observed the skew algorithm to correctly reflect the changing slope

of the Doppler spectrum when an aircraft crossed the common volume, but

unfortunately, the skew measure also was influenced by the clock setting
contrary to theoretical expectations. We speculated that this was the result
of a program deficiency that causes the lst and 2nd derivatives of the
quadrature components of the received data to be underestimated when the
fading is too slow, Fading on these days was extremely slow due to a

strong specular component in the received signal. We expect faster fading

at 4 GHz to mitigate this problem.

UW Test of Slope Algorithm

Aircraft traversals provided the only way to test the slope algorithm.
The slope changed sign as the aircraft crossed the great-circle in every

case qualitatively indicating proper operation.,
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UW Test of Clock Setting Algorithm

This algorithm was testad by varying the 5 MHz clock frequency in the
' recejver, The average frequency displayed agreed with the amount of observed

clock offset.

UW Test of Correlation Algorithm

The correlation algorithm is protected from false data during on
aircraft intrusion by a scheme that rejects an entire 30 second data
stream if the phase of the received signal changes by more than eight
degrees from one sample to the next (0.1 sec). Since aircraft were
particularly numerous, this algorithm succeeded only on brief occasions
and could not be evaluated realistically. Later it turned out that fast
fading on the RACD link was able to activate the protective device and

therefore defeat the estimation algorithm,

Conclusions from UW Tests

While these tests were far from satisfactory they indicated that
we could expect proper operation under the conditions to be expected
) on the shorter, higher frequency RADC link. We therefore begin tests

in Verona, New York on 1/17/79.

RADC Link Tests

The RADC TRC~97 link from Ontario, New York to Verona, New York was
operated at 4880 MHz using Cesiuum-beam clocks and HP synthesizers to
establish all signal sources in the transmitter and receivers. Detection
was accomplished using the coherent quadrature detector package of the

Antenna Aligner together with the 70 MHz reference signals established by

the 5 MHz Vectron oscillator also contained in the aligner. Observation
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of the X-Y display of the quadrature components on an oscilloscope revealed
random phase jitter of approxihately + 45° on the rececived signal. This

was pure phase jitter that apparently was generated in the TRC-97 transmitter.
(No phase jitter was observed when the receiver was fed the 4880 output from
a coherent source), This phase noise caused us no problem because most of
its frequency components were above 20 iz ard were therefore eliminated by
the low-pass filters in the aligner. Nevertheless, such jitier constitutes
a potential source for error if the filter bandwidths are expanded as
explained later. Other troubles in getting the link up were due to cold
environmental temperatures (< 40° F) at the Verona site. In particular

the aligner's phase-lock loops were reluctant to lock and the microprocessor

clock chip refused to operate until raised to room temperature.

Test of Slope Algorithm, Step 1

The slope algorithm measures the presence or absence of a Cross=-
correlation function by measuring its slope at the origin. Zero slope implies
that the Doppler spectrum is symmetrical about zero frequency shift. In order
to provide unambiguous results, the shift due to clock error must be zero. 1In
these tests the signal contained no zero-Doppler-shifted component so the
receiver clock could not be set to zero beat. We therefore set the alignerx's
clock to zero beat with the Cesium~beam standard supplying the receiver. The
slope display was sampled and recorded each second for 60 seconds. Three
such runs were made -- the first two about one hour apart, and the third on
the next day. The data summary is presented in Table 1 below. In each
case the transmitting antenna was set on the great-circle and both antennas

. 2 . . co.
were focused, The slope, S, in volts /sec is given for the receiving antenna

displaced + 1° from the great-circle.
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Table 1. Slope Estimation for Step 1 of Alignment Process

Rec. Amt. = 1° S of

Rec, Ant. = 1° N of great-circle . v
Great Clrcle

Run 1 | 3:00 EST [ S=-1.68 |0.=.27{ S5/0.=6.2 |5=1.09 0g=.14|5/0.=7.8

12/21/79 5

Run 2 | 4:30 EST 5=-1,08 0 =.33 §yos=3.2o §=2.56 0g=.22 §yos=11.6
2/21/79

Run 3 | 8:30 am S=-1.008 0.=.33 §yoq=3.os S=1.46 0.=.39 5/0_=3.75
12/22/79 : S

From the table above we estimate the alkqnment accuracy for the first step

in the procedure by noting that the ratio ofbthe mean slope S to the standard
deviation of the data, Os, has a minimum value of 3.05 in Run 3. This means
that 1 degree of receiving antenna offset resulted in a mean slope reading
about three times larger than the rms fluctuations in the displayed slope
data. The expected accuracy is thus about 1/3 of a degree. That is, treating
the 1 second samples as independent data, a single sample of the slope measure
has probability of .64 of lying within + one standard deviation of the true
mean. Note that in Run 1 on the previous day about twice this accuracy

would have been obtained. Note, however, that the increase appears to be due
to increased S when the receive antenna was 1° North and due to decreased

rms fluctuations when the antenna was 1° South. Presumably spatial and temporal
nonstationarities in the scattering structure were responsible for these
variations, The minimum obtained accuracy of 1/3° is less than the back-lash
in the TRC-97 antenna gearing and is therefore probably sufficient in this
case. The actual obtainable accuracy is much better, since the operator

of the aligner mentally averaqes as he observes the displayed numbers.

The rms value of the fluctuations drop with 1/vN where N is the number of
independent observations averaged. While the one-second data values displayed

are not entirely independent, a substantial improvement is certain to be

obtained in actual practice by a experienced operator.
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Test of Slope Algorithm, Step 2
Step one of the alignment procedure accomplishes straddling antenna
beams. In step two of the procedure the receiving antenna is defocused and -
the beams are synchronously swung until the cross-correlation slope is again
averaging zero. The beams are then in great-circle alignment. Several
runs were made using about 60 samples of slope data with the beams displaced
by various equal and opposite incremental angles starting at a maximum of 4
+ 1 1/2°. The results are tabulated in Table 2 below. All five runs were
made within one hour from 12:10 EST to 13:10 EST on 12/21/79.
Table 2. Slope Estimation for Step 2 of Alignment Procedure
Run | Antenna Setting from s OS gyos Remarks
Calibration on Mast.
1 R=11/2°N|T=11/2°58 -.04 . 308 -——— Both antennas focused
Focused Focused
2 R=11/2°N|T=11/2°S +1.19 | .22 5.4 Receiving antenna
De focused Focused de focused 4
3 R=1° N T =1°S +.98 .20 4.9
De focused Focused
4 =1/2°N |T =1/2°S +.11 .24 —-——— Both antennas very close
De focused Focused to great circle
5 R = 0° T = 0° -.783 f.32 —-——
De focused Focused

Note from Run 4 in Table 2 that the data implies the correct antenna settings
would be about 1/3° N for receiving antenna and 1/3° S for the transmitting
antenna. This is just the amount of the apparent back-lash in the antenna

pointing gear train and accounts for the displacement due to the wind loading

on each antenna. (A north to south wind prevailed during the experiment.)
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Test of Skew Algorithm, Step 1

It was noted in preliminary checks of the skew estimation algorithm that
the measure was sensitive to the ireceiver clock setting which is contrary to
theoretical expectations, It was possible to align the antennas with an
improper initial clock setting using the skew algorithm, however, To accomplish
this we simply set the clock to force the average "Doppler" frequency G.equal
to zero as indicated by the clock mode display of the aligner. With w equal
to zero the skew mode of the aligner then displays the true skew measure of
the received spectru. To estimate the alignment accuracy we measured skew
with the receive antenna set off the great circle. Data for two antenna
positions are shown in Table 3. The transmit antenna was set to the zero
degree mark or a true position of about 1/3° N, (The wind now was south or north
across the link). The receive antenna was set L 1° S or a true position of
about 2/3° S for Run 1. For Run 2 the receive antenna was set at 1° N or a
true position of about 1 1/3° N. The skew measures correctly reflect these

antenna positions as shown in Table 3 below,

Table 3. Skew Estimation for Step 1 of Alignment Procedure
Run Antenna Setting SK OSK SK/OSK
Both Antennas Focused
1 R =2/3°5 T =1/3° N =176 3.95 4.4
true true
2 R=11/3°N|T = 1/3° N +428 114 3.75
true true

In order to estimate the alignment accuracy from this data note from Run 1 that

a displacement of the recéiving antennas of only 1/3° from its correct straddle

point produced a significant average skew value SK that was 4.4 times larger

than its standard deviation. This implies an alignment accuracy of about




1/12 degree. In Run 2 the receive antenna was displaced twice as far as in
Run 1 and also toward the displaced transmit antenna. As a result the Doppler
spectrum is strongly skewed in the opposite direction to that of Run 1. Note
SK has correspondingly changed sign and increased in magnitude over Run 1,

The standard deviation of the skew has also increased so that the ratio

of average skew to its standard deviation remains close to 4. More data
would be required to determine whether or not this ratio tends to remain
constant with displacement of the composite antenna pattern. Nevertheless,
these data suggest that the Skew estimator is as good or better than the Slope
estimator as an alignment indicator, but with the advantage that absolute
clock setting accuracy is not a requirement with Skew. The Skew approach does
depend on the extra step of setting the clock to make a'equal to zero before
each Skew measure is attempted. This step is not time consuming and we
estimate from this experience that complete Step 1 and Step 2 alignment pro-
cedures could be completed in about ten minutes with the TRC-97 as configured
in these experiments. Because of time limitations it was not possible to
attempt Step 2 of the alignment procedure. There is no reason to believe that
the results would differ greatly from those experienced with the slope algorithm
since ratios of mean to standard deviation of about 4 were observed with both

Slope and Skew measurements.,

Overview of Test Results

Both the "slope” and "skew" estimation techniques were shown to provide a
sensitive measure of antenna misalignment and a fast and accurate method of alignment
based on these estimates was demonstrated. The "correlation" technique could not be
tested because the program was devised to eliminate fast fading data as a safeguard
against aircraft signals. The fading rate on the RADC link was so fast that the
scheme was nearly always defeated. However, both "slope" and "skew" were sufficiently

successful to perhaps negate the need to test the correlation approach.
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Accuracy and Alignment Time

Both the successful modes of operation provided azimuth alignment to within
+ 1/3 degree of the great circle, which is about the same as the backlash on the
TRC-97 antenna gear drive. This degree of accuracy is implied by the fact that
at 1/3 degree error, the average value of the displayed quantity equaled the rms value
of its l-sec¢ fluctuation. The displayed quantity is derived from 16 seconds of data,
and this is the amount of time required for the rms fluctuation to reach their
minimum value after data taking is started. It is important to point out once again,
that an operator of the aligner would tend to mentally average the l-second
displayed numbers before making an estimate of the misalignment. If 15 seconds of
observations are permitted, a total of 30 seconds would elapse before each
adjustment of the beam could be made. Assuming about ten such adjustments are
necessary to reach final alignment, 300 seconds of data processing time would be
required to align one antenna using the Slope technique., Data averaging by the
operator will also tend to improve the alignment accuracy, so it would be reasonable
to predict that accuracy at least twice as good as + 1/3° could be achieved in

practice.

Comparison of Slope and Skew Methods

The tests indicated that the slope and the skew methods achieved essentially
the same degree of accuracy. However, the slope method is not usable unless some
method is available to synchronize the transmitter and receiver clocks. If the
propagation medium provides a strong specularly reflected signal with zero Doppler
shift the aligner's clocks can be synchronized by zeroing the average frequency
read on the display using the aligner's "clock™ mode. In the absense of a specular
signal it is necessary to use the skew mode and to correct the receiver clock at
cach new antenna position. Correcting the clock takes an additional 10 or 15

seconds at cach antenna position which about doubles the time required to align

1
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the antennas. An estimate of the total time to align using the skew mode is thus
about 600 seconds.

Our experience at troposcatter frequencies near 1 GHz indicates specular layers
are usually present, At the TRC-97 frequency near 5 GHz specular reflections are
much less likely to occur. Based on this the skew algorithm is the only choice for
the TRC-97 radios providing alignment is about 10 minutes for each antenna. Newer
coherent radios such as the TRC-170 with atomic frequency control would be able to

use the slope algorithm and achieve alignment in about 5 minutes for each antenna.

Connecting the Aligner to the TRC-97

The overall block diagrams in Fig. C.l1 shows the aligner attached to the TRC-97
transmitter and receiver when the system is in the alignment mode. This mode is

accomplished by placing the align-nonalign front panel switch in the align

position which applies the IF output to the aligner's product detectors and
substitutes the aligner's coherent frequency sources for the TRC-97's incoherent
sources. The operating frequency in the alignment mode is 4880 MHz. Figure C.2a
and C.2b show details of the relay switching of the signa} lines from the TRC-97
to the aligner and back. In Fig. C.2a the port labeled "INCOHERENT 50 MHz IN"
receives the TRC-97's 50 MHz synthesizer output that normally connects to J3Al7.
The pert labeled "INCOHERENT 70 MHz IN" receives the TRC~97's 50 MHz synthesizer
output that normally connects to J1 of the upconverter Al17A4. The remaining signal
lines and perts are self-explanatory and should be followed in installing the
aligner with the TRC-97.

when the align-nonalign sgswitch is in the nonalign position or when the aligner

is powered-off the TRC-97 is returned to its normal configuration.

Step-by-Step Operating Procedure for Skew Method

1. Test the aligner's microprocessor by depressing the "test" pushbutton. The

-2
display should read 019(-2) which represents the decimal number 19 x 10 ~. If

it reads correctly proceed to step 2.

L.




With the aligner installed according to the preceding description and the

align-nonalign switch in the align position the tropo signal should be acquired
following the standard procedures outlined in the TRC-97 instruction manual. If
desired,the inphase and guadrature outputs from the back panel of the aligner
can be displayed on an oscilloscope to aid in visualizing received sianal
strength.

With both antennas focused the aligner should be placed in the clock mode by

depressing the front panel pushbutton labeled "clock."” The displayed average
frequency, J, should then be set to zero with the front panel clock frequency
adjustment control.

With w set at zero the skew-estimate is made by depressing the "skew" pushbutton.
The numbers displayed will vary randomly each second around an average value.
(If an aircraft intrudes the common volume the skew measure will vary widely
with time as the aircraft Doppler varies. The "reset" pushbutton will clear
the memory allowing a new skew estimate to be obtained when the aircraft clears
the antenna beams.)

When a stable skew estimate is obtained the receive antenna should be rotated
about 1/2° in one direction and fixed.

The clock mode is again used to set w equal to zero,

The skew mode is next used to reestimate the skew. If the average value has
been reduced the correct direction of antenna rotation was chosen. Continue to
reset the antenna in small increments until the skew display

changes sign. This is evidence that the receiving beam has gone through the
symmetrical stradding beam position,

With the receiving beam positioned to give zero average skew, the defocuser is

attached. 1If the skew remains zero the beams are correctly aligned. 1If the

skew becomes non-zero proceed to step 9.

2o M
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The transmitter and receiver beams are now swung synchronously in, say, 1/4°
increments, both clockwise or both counter clockwise., An order-wire voice
channel back to the transmitter is necessary to coordinate this synchronous
beam swinging procedure. At each position w is set to zero and the skew
measured. If the correct direction of rotation (CW or CCW) has been chosen,
the skew measure will fall with each new increment until it reaches zero. At
~his point the two beams are producing a non-skewed Doppler spectrum indicating
that they have met at the great-circle.

The receiving beam is then refocused to complete the alignment procedure,

It should be noted that if the incorrect direction of rotation had been chosen

the skew would have increased as the beams diverged from the great-circle.

Step-by-Step Operating Procedure for the Slope Method

1.

The signal should be acquired by following the standard methods outlined in the
TRC instruction manual.

The atomically controlled 5 MHz receiver clock should be substituted for the
5 MHz quartz standard contained in the aligner, It is also assumed that the
transmitter and receiver atomic standards are in zero-beat.

The aligner's microprocessor is tested by depressing the "test" pushbutton.
The correct display is 019-2 or 19 x 107%.

Depressing the "slope" pushbutton will cause the aligner to read the 3lope

of the crosscorrelation function of the quadrature components of the received
signal. The slope will be non-zero when the antennas are misaligned.

The receiving beam should now be moved in azimuth about 1/2 degree and fixed.
The slope is remeasured, If it has decreased the antenna movement was in
the correct direction.

Continue to increment the antenna in the direction that decreased slope until

the slope equals zero.

-~
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8. The receiving antenna is next defocused. If the slope remains zero both beams

are correctly aligned. If the slope becomes non-zero proceed to step 9.
9. The transmitting and receiving beams are now swung synchronously, both clockwise
or both counter-clockwise in say, 1/4 degree steps. If the correct direction
is chosen the slope will decrease with each increment until it reaches zero.
At this point the beams are correctly aligned.

10. The defocuser is removed to complete the alignment procedure.

Suggestions For Further Study

1. Deficiency of Skew Estimation Program

For reasons that are not entirely clear, the skew algorithm displays
sensitivity to clock error, As noted in the introduction this is contrary
to theoretical expectations, but may be due to the fact that the Doppler
spectrum is bounded by an 8 Hz low-pass digital filter. Therefore when

the X(t) or Y(t) spectrum is spread by offsetting the clock, either the

upper or lower edges of the Doppler spectrum are attenuated depending on
whether the clock is raised or lowered in frequency from zero beat. This
could induce positive or negative skew respectively. Widening the filter
bandwidth should be tried as a solution to this problem.

Another factor that should be considered is the possibility that
the skew programming of the microprocessor is deficient in computing the
first and second derivatives of the quadrature components of the received
signal. Since these signals are first quantized by an A/D converter,

successive samples falling in the same level bin will yield a first

derivative of zero and three successive samples in the same bin will vyield

a second derivative of zero. Thus, when the signal derivatives tend to be
small, they may often be under estimated. Slowly fluctuating signals may

therefore lead to errors in the various terms that make up the Skew
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equation. This equation yields a small difference from large numbers and ;
is therefore quite sensitive to errors associated with the various terms. H
See equation (19).

During UW tests Doppler spreads were much narrower than on the RADC
link. We experienced skew estimates sensitive to clock-offset particularly

when the Doppler spectrum was extremely narrow as evidenced by a zero-Doppler

spike in the spectrum, suggesting the derivatives as the primary cause. The
8 Hz filter cutoff apparently was no problem on the UW link, since we were
able to obtain skew estimates insensitive to clock-offset on two occasions
when the Doppler spectrum was narrower than 8 Hz, but free from a specular

component. ?

If the above two problems prove incorrect as the cause of skew sensitivity
to clock offset, it might be expedient to attempt to make clock correction (to
force @ to equal zero) an automatic process. Since W is outputted by the
slope algorithm an estimate of it could be used to correct the receiver clock
by feedback to the clock control voltage input. This would remove the extra

step that otherwise must be provided by the operator.

2. Additional Testing Requirements

Time permitted a fairly limited amount of testing on the RADC link.
During these tests the fading rate was high and signal characteristics were
consistent for the several days of the tests, Testing under a variety of
signal conditions should be attempted before decisions concerning filter
bandwidths are finalized.

The skew algorithm was tested only with focused beams. It is reasonable
to expect the final accuracy with a defocused beam to parallel the results

of the slope algorithm test, however. Nevertheless, it would be appropriate

to check this when additional tests are run under different signal conditions.
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APPENDIX A

MICROPROCESSOR SCHEMATICS
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Location

MH
KH
14
P2
2
Kl6
H17
E17
26
K37
H39
C38
A38
M48
K48
148
652
c49
A49
E39
K65
M64
h59
H61
6l
Ccl5
C15
C1s
Cc15S
C15
H61
H61
E61
E6]
Kl6
M27

Parts List Microjrocessor Board #1

Intel 2114,
Intel 2114,
Intel 2114,
Intel 2716,
Intel 8212,
CTs 760-1-R1K, Resistor

Intel B15

5,

Intel 8085

National
Nat ional
National
National
National
National
National
National
National
National
National
American
National

DM
M
DM
DM
DM
DM
DM
DM
DM
DM
DM

1¢
I
Ic
IC

Ic
ICc

741532, IC
74151138, IC
74108, IC
7415138, IC
74LS155, IC
7415244, 1C
7418244, 1C
7415273, 1C
741574, 1C
741504, IC
7406, IC

Micro AM9S511,

AM

3705CN, 1IC

Analog Devices AD571JD,
Intel 2114,
National LF398, S/H IC
National LF398, S/H IC
56K Resistor 1/4 W, 5%

4 MHz Crystal

180 pF Capacitor-Ceramic
1 uF Capacitor

1N44 Diode
.01 UF Capacitor-Ceramic
0.1 UF Capacitor-Ceramic
.01 UF Capacitor-Ceramic
0.1 UF Capacitor-Ceramic
1K Resistor 1/4 W, 5%
Dip Switch 8 section, SPST

1c

Item

Network

IC

A/D convertar




Parts List Microprocessor Board #2

Intel 2114, IC

Intel 2114, IC

.Intel 2114, 1IC

Intel 2114, IC

Intel 2716, 1IC

Intel 8253, IC

Motorola MC1489, IC
Motorola MC 1488, IC
Intel 8251, IC

Intel 8251, 1C

MNational DM74L514, IC
National DM74L501, IC
Nat ional DM741.532, IC
Intel 2716, IC

1K Resistor 1/4 W, 5%
4.7 K Resistor 1/4 W, 5%
4.7K Resistor 1/4 W, 5%

Parts List Microprocessor Display

- National DM74LS156, IC
- National DM74LS$175, IC
- Monsanto MAN72, Display
- Fairchild 9374, IC

Power Supplies

+15 Volt, 100 mA Power Mate MD15A

+ 5 Volt, 6 A Power Mate ETR-142E
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APPENDIX C

SYNTHESIZER DRAWINGS AND PARTS LISTS
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. A 0. ] PRE - AMP, Ix
Tl PRE-AMP| [ T.0.4MP | | T.0.4NP € MIXER PRE - AP
At AlAl A1A3 ATAd LIAS ALAS
l TRC-97 RCYR A -1 ASSY. |
{F A

| 1543 X 9 FREQ. MULT. PONER reve. | :':1

l AJASAI—~AJATA2 DEVIDER n

l J1A3 Al

J

$0 [MHz ]
FREQUENCY QUADRATURE 20 MHz
SYNTHESIZER | 10 DETECTORS

MHz
IN - PHASE| MICROPROCESSOR
§ MHz SKEW ESTIMATOR LED
OR DISPLAY
cLocx & [ SLOPE ) ESTIMATOR
DEVICE
QUAD. PHASE ( SELECTABLE )

cLock
EREQUENCY
CONTROL ALIGNER SYNTHESIZER AND MICRO PROCESSOR

ALIGNER CONNECTIONS TO RECEIVER

TRC - 97 TRANSMITTER A - (7 ASSY,
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-AIT A4 Als FIRAL AMP,

X 16 FREQ MULY

X § FREQ. MULT.

I
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FREQUENCY 80 MH2 I
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S MMz SYNTHESIZER
cLocx
CLOCK
CONTROL
J
ALIGNER CONNECTIONS TO TRANSMITTER.
Figure C.,1 INTERCONNECTIONS OF ALIGNER AND TRC-97
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C.5

IF IN
DETECTOR 70 MH2 70MHZ 50 MHz 50 MHz
(RECEIVER AW PLL PLL , AvP

ONL

v POWER
o1ISPLITTER
1 CHANNEL 5 MHz
ouT IN L 50 MH2z

Q CHANNE 70 MHz OUT TO RELAY

ouT ouT Ky

{TRANSMITTER
ONLY)
5 MHz
FREQUENCY
STANDARD

Figure C.3, RECEIVER FREQUENCY SYNTHES!ZER BASIC DESIGN




r
70 MHz 70 MHz 50 MH2 50 MHZz
AMP PLL PLL AMP
[ . ’
70 MHzZ l 5 MHz } 50 MHZz
ouT IN L_ourt
5 MHz

FREQUENCY
STANDARD

Figure C.4. TRANSMITTER FREQUENCY SYNTHESIZER BASIC DESIGN
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PIN No. OCTAL PLUG

NO CONNECTION

5 .Hz
2 CASE
VECTRON
OSCILLATOR 3 -_-1—____
5MHz out 4r———0' +24V DC IN
-— 5 NO CONNECTION
BNC
CONNECTOR 6 NO CONNECTION
7
10 TURN INSTRUMENTATION
8 20 k@
FREQUENCY
ADJUST
Figure C.5. 5MHz FREQUENCY STANDARD CONNECTION
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Figure C.13. 50 MHz Amplifier Output Spectrum. Full Scale = 20 dbm;
Vertical Scale: 10 db/Div; Horizontal Scale: 10 MHz/Div;
Center Freg. = 0 MHz.

Figure C.l4. 70 Miz Amplifier Output sSpectrum, Full Scale = 20 dbm;
Vortical Scale: 10 db/Div; Horizontal Scale: 10 MHz/Div;
Center Freq. = 0 MHz,
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Figure C+i5b. PHASE LOCK LOOP GROUND PLANE
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C109,
S RiOI—g— B/CQ Clio

E HUI T |

2 , R104]

> S
Q—P B[j rm | 5 | &
Z2cis cm EI0E]
S°R||4 Ry

70 MHz PLL

C100, 101, 108. ilé \
L100, L1i02, RI0O ON WALL OF BOX

70 MHz Phasz Lock Loop. The 50 MHz PLL is identical
except for part numbers in the two-hundreds,

Figure C-19,




C.o

70 MHz AMP

c308, cwr,_cans
S OO
Ghn ] g G Rwe
|
CDC316 |70 iy W

C31I5 C300
b
e

Figure C-20,

o] (300 ] c102 |
R302 — -
— Rl 7 ~
R300 C3C301 ‘gio0  (RIWIY
C310. 309
R 307 MOUNTED ON WALL

70 MHz amplifier.

C409 | R405 | Bc4os
C407

—3—C403 C402 @400, C404
L4o Cas |3
3 [|O

Figure C-21,

50 MHz AMP
C4l11. R407, C4 ON BOX WALL

50 MHz amplifier.
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RS09

Cs10 —
RS04, dcsos @ Cs16
csil-

€502
us04 b (y Cs07
so|
R503 R500 _C500
o ~
csou ' usol | Csi7
Csis chos —
o Us03 s
(=2 ]
usos [usos | O CS"‘N:; 2 -
=i R
[ 44
L
CRs08

C513. 512, 508, R510. R5I!
MOUNTED ON WALL OF BOX

Figure c-22. Detector and Low-Pass Filter,




Figure C=~23,
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Parts layout for low-pass and band-pass filter. Zener diodes
are not shown,




Parts List 70 MHz PLL

Capacitors:

C100 1200 pF

C101 1200 pF Feedthrough
Cc102 10 microFarad, 25 Volt,Electrolytic
C103 0.01 microFarad
C104 330 pF

C105 120 pF

C106 120 pP

c107 selected

€108 1200 Feedthrough
C109 0.01 microFarad
C110 330 pF

c111 330 pF

c112 330 pF

c113 330 pF

C114 20 pF

C115 330 pF

C116 1200 pF

c117 47 microParad, 25 Volt, Electrolytic
c118 330 pF

C119 330 pF

Cc120 330 pF

c121 330 pF

c122 330 pP

c123 4,7 pF

Transistors:
Q100 2N918
Q101 2N3866

Resistors: All % watt, 5%
R100 500 Ohm, 20 turn potentiometer
R101 470 ohm

R102 2k ohm

R103 2k Ohm

R104 2k Ohm

R105 S«1k Ohm

R105 5.1k Ohm

R107 510 Ohm

R108 20k Ohm

R10°9 33k Ohm

R110 18k Ohm

R111 2.2k Ohm

R112 2.7k Ohm

R113 1k Ohm

R114 1k Ohm

R115 12k ohm

R116 47k Ohm

R117 330 Ohm

Diodes:
D100 1N4148
D101 1N4148

P




Inductors:

L100 4.7 microHenry
L101 4.7 microHenry
L102 4.7 microHenry

Integrated Circuits:
U100 XR215

U101 745132

U102 93s05

U103 Mini Circuits Laboratory SRA~1 balanced mixer

R e LT YT DN Y S DUV

—d

p-

]

F



ST

Parts List 50 MHz PLL

Capacitors:

c200 1200 pF

c201 1200 pF Feedthrough
ca202 10 microFarad, 25 Volt, Electrolytic
c203 0.01 microFarad
c204 330 pF

C205 120 pF

C206 120 pPF

ca207 selected

c208 1200 pF Feedthrough
c209 0.01 microFarad
c210 330 pF

c211 330 pF

c212 330 pF

c213 330 pF

c214 43 pF

Cc215 330pF

Cc216 1200 pF

c217 47 microfarad, 25 Volt, Electrolytic
c218 330 pF

c219 330 pF

Cc220 330 pF

c221 330 pF

c222 330 pF

Transistors:
Q200 2N918
Q201 2N918

Resistors: All ¥ Watt, 5%
R200 S00 ohm, 20 turn potentiometer
R201 470 Ohm

R202 2k ohm

R203 2k Ohm

R204 2k ohm

R205 S.1k Ohm

R206 5.1k Ohm

R207 510 ohm

R208 20k ohm

R209 33k Ohm

R210 18k Ohm

R211 2.2k Ohm

R212 2.7k oOhm

R213 1k Ohm

R214 1k Ohm

R215 12k Ohm

R216 47k Ohm

R217 330k ohm

Diodes:
D200 1N4148
D201 1N4148

sttt S
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Inductors:

L200 4.7 microHenry
L201 4.7 microHenry
L202 4.7 microHenry

Integrated Circuits:

U200 XR215

U201 745132

U202 93505

0203 Mini Circuits Laboratory SRA-1 balanced mixer
U204 Mini Circuits Laboratory PSC-2 power splitter




Parts List 70 MHz Amplifier

Capacitors:
C300 1000 pF
C301 62 pF
Cc302 1000 pF
C303 16 pF

C305 100U pF

C307 18 pF

Cc308 1000 pF

C309 1200 pF Feedthrough

C310 1200 pF

C311 47 microFarad, 25 Volt, Electrolytic
C312 0.01 microFarad

Cc314 12 pF
C315 1000 pF
C316 1000 pF °

Resistors: All % Watt, 5%
R300 100 ohm

R301 2.2k Ohm

R302 3.9 Ohm

R303 330 Ohm

R304 2.2k Ohm

R305 2.7k Ohm

R306 330 Ohm

R307 10 Ohm

Inductors:

L300 0.28 microHenry
L301 2.2 microHenry

L302 2.2 microHenry

L303 0.28 microHenry

Transistors:
Q300 2N918
Q301 2N918
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Parts List 50 MHz Amplifier

Capacitors:

C400 27 pF
C401 62 pF

C402 1000 pF

C403 1000 pF

Cc404 1000 pF

C405 27 pF

C406 47 microFarad, 25 Volt, Electrolytic
C407 0.01 microFarad
C408 1000 pF

C409 1000 pPF

C410 1000 pF

C411 1200 pF Feedthrough
c412 1200 pF Feedthrough
Resistors: All % Watt, 5%
R400 100 Ohm

R401 2.2k Chm

R402 2.7k Ohm

R403 330 Ohm

R404 3.9k Ohm

R405 2.2k Ohm

R406 120 Ohm

R407 10 oOhm

Inductors:

L400 0.39 microHenry
L401 0.39 microHenry
L402 2.2 microHenry

L403 0.39 microHenry
L404 2.2 microHenry
Transistors:

Q400 2N918

Q401 2N3866

Y200 o b et
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Parts List Detector

Capacitors:

CS00 0.001 microFarad
CS01 0.1 microFarad

Cc502 0.1 microFarad

C503 0.001 microFarad
CS504 0.1 microFarad

Cc505 0.1 microFarad

C506 0.01 microFarad
CS507 100 microFarad, 15 Volt, Electrolytic
cs508 1200 pF Feedthrough
C509 1200 pF

Cc510 0.01 microFarad
CS11 100 microFarad

C512 1200 pF Feedthrough
C513 1200 pF

C514 0.01 microFarad

C515 8.01 microFarad
g)ig 0.81 m)croFarad

Resistors: 'Yf‘%*ﬁé%c, 5%
R500 51 Ohm

R501 20 u
RS502 10K

R503 10k Ohm

R504 100k Ohm |
R505 51 Ohm ‘
R506 1k

R507 1k &

RS08 10k Ohm |

R509 100k Ohm
R510 10 Ohm
R511 10 Ohm
R512 51 Ohm

Integrated Circuits:
usoo Mini Circuits Laboratory PSCQ2quadrature power splitter

Us01 SRA=1 balanced mixer
uso2 " " " SRA-~1 balanced mixer
Uso3 " " " PSC2-1 power splitter

U504 LM741
Us05 wM741 4




Parts List Low-Pass and Band-Pass Filter
1. Operational Amplifiers U601-U610 13741 (LM 741)
U611 LM 7815 +15 volt regulator
U612 LM 7915 ~15 volt regulator
2. Capacitors €619, C620 100 microfarad, 56 volt DC

Capacitors C601 - C618, 1 microfarad, S0 volt

3. Resistors $641, 642, 150 2, 10 watt

All resistors arr 1/4 watts

R601, R614, R627, R634  --= 313 kQ
R602, R605, R606, R707 | ___

3 R615, R616, R619, R620 510 k&
R603, R617 --- 12 k0
R628, R635 --- 15 kQ
R604, R609, R613, R618
R622, R626, R629, R633 } =--- 10 kQ
R636, R639
R608, R621 --- 1.5 kQ

!
R610, R611, R623, R624 L ___ . o .9
R630, R631, R637, R638
R612, R625, R632, R640  --- 5.6 k{Q




Parts List Power Supply

Capacitors:

C 700 1000 microFarad, 56 Volt, Electrolytic
*C701 1000 microFarad, 56 Volt, Electrolytic
c702 1200 pF Feedthrough

Resistors:

R700 100 Ohm, 10 Watt
R701 150 Ohm, 10 Wwatt
*R 702 200 Ohm, 5 Wwatt

e

] Rectifiers:
CR700 2 Ampere, 50 Volt PIV, Diode Bridge
*CR701 2 Ampere, 50 Volt PIV, Diode Bridge

Integrated Circuits:

U730 LM7824, 24 Volt Regulator
U701 LM7812, 12 Volt Regulator
U702 LM7805, 5 Volt Regulator
*U703 LM7912, =12 Volt Regulator

T700 Power Transformer, Primary Voltage = 117 VRMS, 60 Hz

Two secondaries, 28 VRMS, 1 Ampere each
eg. Signal Transformer Co. Inc. Model 56=1

[ *Not required for the transmitter power supply.
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Appendix D
Theory of Doppler Alignment Estimators
and
Tropo-Channel Simulation

Contents
Fart 1
"Doppler Spectra as a Function of Tropo-Link Parameters and
Accuracy Analysis of 'Slope' Estimators”
Interim Report for 12/11/77 t0 1/11/78. v e icvecacannn CeeeevevenensassasD,2

Part IT

"Estimation of Quadrature Correlation Function for all Delays by
Analog and Polarity~Coincidence Methods”
Interim Report for 1/11/78 t0 2/11/78. i ieiecoctcecacoaransocncsnsasneesaD.26

Part II1

"A New Complex Gaussian Troposcatter Channel Simulator”
Interim Report for 6/11/78 t0 7/11/78..cueeescnecannsscsvsnscssnsnsasesasD.49

Summary of Appendix D

Part I reviews the relationship between troposcatter link geometry, the
meteorology of the scattering structure, and the Doppler spectrum imparted by
the mean cross-path wind. It is shown that Doppler spectrum symmetry or its
lack can be used to test for correct antenna alignment. Various estimators
for measures of symmetry are then discussed including average Doppler shift
and skew. The variance of these estimators and their sensitivity to link
parameters are calculated and tabulated for several types of signal processing.

Part II is essentially devoted to the analysis of the variance of the
cross-correlation or slope estimator when one or both guadrature component
signals are hard clipped. The increase in variance of 6 db due to clipping
was the main reason for using non-distorted signals in the final version
of the aligner.

Part III is a description of a tropochannel simulator in which delay-line
tap gains are Gaussian random variables with quadrature statistics
that produce Doppler cffects analogous to those found in true channels.
skewed spectra can be synthesized and thus the effects of aircraft intrusion
can be modeled.

[ SN -
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Doppler Spectra as_a Function of Tropn-lLink Parameters

Introduction
When a monochromatic carrier is transniitted, the received signal is
normally spread about the carrier frequency becaus: of atmospherically-
induced Doppler shifts. 1In this chapter, the relative accuracy of the
alignment scheme by 'slope method' is related to the Doppler spread function
which is shown to depend on the antenna patterns and their position relative
to the great-circle, the angular dependence of scattering, the cross path
wind spced, and the link geometry. HNext we show that the accuracy of the
slope estimators is degraded by factors which increase the fade-rate such
as beam-width or cross-path wind speed. Finally, we show that the

accuracy is further degraded if ‘'hard-clipped' estimator is used instead

of 'truc' estimator of slope of quadrature correlation function at zero lag.

Review of Link Geometry: The paths taken by the transmitted and scattered
signals are slightly bent toward the earth due to the average decrease in
refractive index with height. Bean and Dutton (1966) have shown that under
normal conditions the average refractivity variation near the earth's
surface is linear, thereby permitting the use of an earth model whose
radius is approximately 4/3 that of the true earth radius. The equivalent
earth model has several distinct practical advantages: 1) the refractive
index surrounding the earth is uniform and constant, 2) the curved radio
paths become straight lines (or ray-paths}, end 3) the ray paths have the
same length as their curved counterparts. Assuming this equivalent earth

model, the Doppler spectrum is written in terms of angular depcndence and




antenna function using the Doppler-shift model of Birkemeier (1968).

To each point in space there corresponds a ray path length L(x,y,z)
which is defined by a ray from the transmitter to the receiver passing
through the given point. Surfaces of constant path or phase are apprcximately
ellipsoids of revolution having the radio terminals as foci {Fig. 2). A
signal obtained via any single moving point is shifted in frequency by an
amount proportional to the rate at which the point cuts equiphase surfaces.

Thus the 'single scatterer' Doppler-shift f is given by

-y 9L (1)

-

"

1
>|—
D.IQ.
|

n

]
> | —

where ) is the wavelength and v is the velocity of the moving scatterer.
Using the coordinate system of Fig. 1 with origin at the midpoint of the

straight {chordal) line between the terminals:
&
L= [(a+x) 3y 2422 + [(d-x)24y%+220" (2)

Applying (1) and (2) yields, Birkemeier (1968},

4 ux(1-4d2/L%) +vytwz (3)

f= -
A qexldlL

where (u,v,w) are the (x,y,z) components of v. The relative importance
of the various terms in (3) depends upon the position of the scatterer
and on the relative magnitude of the velocity components. The along path
(u) contribution is negligible because the ellipsoids are longitudinally

2
very 'flat'. The factor (1 - i%;) is small, and equal to 4 zm2/L2 = 4 hmz/d2

L
where z and q“ are the midpath heights ¢f an ellipsoid above the chordal
ax1s and spherical earth, respectively. This factor ranges frum 10’4 to

10'2 from the bottom to the top of the common volume. Since at a given




point, the average horizontal velocity normally greatly exceeds the
average vertical velocity, Eq. (3) can be simplified to

f= - %-v(%%) = - %-v sina = - §~vu (4)

where o is the azimuthal angle of the sinyle scatterer from the great
circle. For a given crosspath wind speed, pointing the antennas to
azimuthal angles away from the great circle tends to favor scatterers at
larger angles o, which consequently increases the observed Doppler shift.
There are many scatterers at various positions, howevér, that create a
spectrum of Doppler shifts in the received signal. Birkemeier (1968)
specified the dependence of Doppler spectrum upon aziruthal pointing

angle a_ in terms of the multiplied azimuthal pattern function G(a) of

a
the antennas and the scattered power per unit azimuthal angle A(a). For

synchronously pointed antennas with boresights at ays
S(f) = Sa(u,ua) = G(a~aa)A(a) {5)

where S(f) is the Doppler spectrum, Sa(u,a ) is Dcppler spectrum written

a
in terms of a. And a« and f are related by Eq. (4).

Composite Antenna Function

The antenna functions used in the simulation are contrived to be a
simple but accurate representation of the actual antennas used in the
radio experiments. The parameters of link antennas at the UW link between
Arlington, Wisconsin and Cedar Rapids, Iowa and RADC link between Youngstown
and Verona, New York are given in Table 1. Under normal operating conditions,
the antennas are bore-sited at the horizon. Thus, rays from the lower half

of the beam are directed at the foreground and are both absorbed by the




terrain and diffusely reflected. Rays from the upperhalf of each beam
are directed over the horizon into the troposphere and their intersections
are referred to as the common volume.

Representation of the antenna field pattern by Gaussian functions is
analytically convenient and reasonably accurate. If the transmitting
antenna is assumed pointed at the horizon over the great circle but the
receiver antenna is azimuthally pointed at an angle ay (azimuthal height ya)
with respect to great circle then the nominal voltage gain at the receiver

from any scattering point at a given height Z, is given by

2
I A N2, 2
Gp(y)Gily) = 2 exp[- 2"72] exp[-(z5-20,)/20;"]
2
(y-y,)
F&f exp[- —E;—%~—J exp[-(zo-zgr)z/ZGRz] (6)
R

where rRYT S distance to scattering point from receiving and transmitting

antennas respectively.

2 2
%R %7

variance of Gaussian approximation determined by antenna
beam width.
Within the common volume

zgr = grazing ray height above link axis, and

2 2
(rpaq) (ryaaq)
o 2 R3 I 2. T3 and = da
R - {81n2) ’ T T [@nd) Ya a

where °3 js -3db beam-width of a single antenna pattern and 2d is the length

of the link axis as shown in Fig. 1.
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Assuming rp = rq = d, at midpath and grouping the constants in

£Eq. (6) by Go(zo,d), antenna function G{a) can be written as

T2 ( )2
< 2 .2 yo Y-y,
Gla) = G(y) = [Gg(y)Gy(y)]" = 65(z,,d) exp[-ozl exp[———o-f—] (7)
where
p () :
o = 1qTheT and y = da withy, = daa (8)
Substituting Eq. (8) into Eq. (7), one obtains:
2
2 (e-a_)
6la) = 65(z,4) expl- ~%] exp[- —3—] (9)
00 00

where 002 = a§/41n2.

In the above discussion, single Gaussian function has been used to
represent the main lobe of the composite. For better refinement with
side lobe structure, bi-Gaussian or penta-Gaussian function (Merriil, 1968)
can be used.

Angular Dependence

A major ingredient of turbulence scattering theary is angular
dependence. The signal received from a scatterer is a function of the
angle between transmitted rays incident upon the scatterer and the rays
from the scatterer to the receiver. The angle invoived is called the
"scattering angle". The reflection coefficient of the layer theories
(Friis, Crawford and Hogg, 1957; Ducastel, et al., 1960) involves the
same "reflection angle". Merrill (1968) called it "deilection angle" which

does not explicitly indicate a particular mechanism.




A combination of turbulence theory and wave theory results in the

scattering cross section

o= {55 sin 8 sin"P(0/2) (10)
where 8 is the scattering angle and 8 is the angle between the electric
field vector and the ray to the receiver, g8 is also a function of
position but s always nearly 90°. The factor C includes the effect of
wavelength, scale of turbulence and mean-square refractivity fluctuation
intensity. For a thin layer with homogeneous statistical properties, C is
assumed to be independent of position. The power law p depends upon the
particular version of turbulence theory advocated. The prominent Kolmogorov-
Tatarski theory (Tatarski, 1961) gives p = 11/3.

Based upon the scattering cross section function of Eq. (10), one

obtains the angular dependence function A(a) |

AG) = Aly) = Ao(sin e2)"11/3 (1)
where ;
- 2§+y2 E
sin 8/2 = 5 at midpath (x=0) and Ao is a constant
d

depending upon the wavelength and intrinsic strenath of the scatterers. y and
a are related as in Eq. (8). Equation (11) can be rewritten as
-11/6
Ala) = Rofa?+z5/d?) (12)
Frequency dependence of A(a) can be obtained from the relation between

a and f as in Eq. (4).




Approximation of Angular Dependence
forr Small Antenna Pointing Angles

For small antenna pointing angles, the angular dependence function
can be aprroximated by the Gaussiarn function of the form

(y2+20)
Ma) = Aly) = Cg expl- 18 7] (13)

where Co and 2c are constants depending upon the 3-dimensional space
correlation length. For a given thin layer at a height z,, one can
rewrite Eq. (13) as
2
Aa) = Ao(zo)exp[- 557] (14)

A
where 0A2 specifies the severity of rolloff of A(a) and is dependent

upon wavelength .

"

Functional Representation of Doppler Spectrum
When no Clock-offset is Present

s' From Eqs. (5), (9) and (14) one can write the spectral density of the
received signal as:
3
2 z
- - 2 a_ . (u'ua) + a )
S(f) = S(a,ay) = Go(zo’d) AO(ZO) exp[-(——f —7 3y ]
o o A
0 0
202+u§-20aa 02
= S,(z,,d) exp[- ez ;;51 (15)

Equation (15) can be simplified by simple manipulation as:

2 2
a “(1-k_ ) (a-k a )
S(f) = S(a) = [S,(2,,d) exp[- 2—1] exp[- —>2—] (16)
] % ko
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2
A
where k = —% and « and f are linearly related as in Eq. (4).
o 2
o +20
o] A
As seen from €q. (16), the shape of the spectrum is Gaussian but
shifted by an amount fa where fa is
2 op2
fa= -5V el —2) (7)
A 00 +20A

This is the single scatter value, as in Eq. (4), reduced by fhe factor in
brackets. For a given wind speed, the narrower A{a) is, the smaller is

the slope of % VS a The Gaussian model for A{a), howrever, yields a

a’

linear favs. a. relationship that agrees well only for small antenna

a
pointing angles (Birkemeier, 1968).

Functional Representation of Doppler Spectrum
When Clock-offset is Present

As mentioncd in an earlier report that when the transmitting clock
(wc) and receiver clock (wo) are not identical then the received Doppler j

spectrum gets shifted by an amount equal to clock offset Aw (=wc-wo). So
A

if Aa = (E?V) bw, then the shifted spectrum S(f) can be obtained from
Eq. (16) as
(a-Aa-koaa)2
S(f) = S(G) = SO<ZO’d’aa) EXP[‘ —2——] (]8)
% ko

2 2
2 0 40
a
where So(Zo,d,aa) = SO(ZO’d) exp[-(agﬁj(__%__ﬁ_z)]
o % +20A
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The received spectrum is still Gaussian but shifted by an amount f

where f is:

f= £, + 21 dw (19)

Equation (18) can be written in frequency domain as:

(f‘m])z (20) !}
S(f) = S (f,.2,.d) exp[- 2 :
2
22
. a_c 2

where m, = f , mg = %~—g A 2)](%1) !
oo+20A ‘
!
2, 2 2 !
00+0A A 2 fa H
and S (f,,z,.d) = S (z,,d) exp[-(5—=)(5}) (;——2)] i
o “OA ° E

The resulting spectra is still Gaussian. It is well known that

symmetrical Gaussian is represented by two moments of the spectrum where

the first moment (m]) gives the centroid (mean) and is defined by: 1

IES(£)df
my = ‘7§{?§EF (21)

and the 2nd central moment (m2) gives the variance of the spectrum and

is defined by

f(f-m])ZS(f)df

My = TS(f)af (22)




The expression of Doppler spectrum in Eq. (20) was derived based
on the assumption that combined antenna pattern and angular dependence
is Gaussian., This results in symmetrical Doppler spectra with mean my
and variance m, . However, experimental evidence (Birkemeier, 1968) shows
that the ~pectrum tended to be asymmetrical, when the transmitting and
receiving antennas are not pointed at the great circle. At small antenna
offsets from boresight, few correction terms in Gram-charlier expansion

of the nearly Gaussian spectrum can account for this asymmetricity factor,

e.g.,

f-m

2
fem s f-m
fxo (-3 ‘)>[1+ B ‘)+Ex H4( ‘) .

+ sraar e 2‘)] (23)

S(f) =

'ﬂ'mz

Equation (23) is the corrected form of Eq. (20) such that total

input power [sS(f)df = 1] is unity. In Eq. (23) Sk is defined as skew

coefficient or asymmetry coefficient by:
m
- 3 L
kT T8 (24)
1.3 (w-m])35(w)dm 2 ) . o
where my = (§;J NS (YT and is defined as coefficient of !

excess, e.g.

m
Ex = —- 3 (25)

118 lomm) s (0)do
where my = (77 —H@&

For normal spectral slope Ex=0. For other spectra having the same
ﬁv variance as the normal spectra, Ex will indicate whether the distribution

has a flatter (Ex0) or sharper (Ex0) peak than the normal spectrum.
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One should note that skew (sk) and excess (Ex) can be obtained from
the third (m3) and fourth (m4) central moments of the Doppler spectrum
if non-Gaussian angular dependence (Eq. 12) is considered and thus related
to tropolink parameters. In Eq. (23) Hp_(y) is a Hermite polynomial of

degree n defined by:

2 n 2
Ho(y) = ()1 e 72 4 (7172 (26)

d_yn
with Ha(y) = y3-3y and H,(y) = y3-6y2 + 3 and H_. (y) = y H_(y)-nK_ - (y)
3(y) = y -3y 4(y) = y -6y a(Y) = ¥ H(y)-nH S (y).

Autocorrelation Function of Doppler Spectrum

The autocorrelation function R{t) of the spectrun density (Doppler

spectrum) S{w) is defined as:
1 Jut
R(t) = 5 S S(w) e Tdw (27}

If S(f) is as given as in Eq. (23) then R(t) can te obtained by simple

manipulation as

22 . 33 4 4 2 6
m,t J osymyt” (Ex)mot s, m
. M k"2 2 "2 6
R(z) (exp(Jm]r 5 - s b e T (28)

Mys Moy sk,Ex are the moments of the Doppler spectrum S(f) defined
earlier (Eqs. 21, 22, 24, 25).
The first and second derivatives of Eq. (28), which will later be

used in alignment accuracy analysis, is given as:

R TP S N R oy
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2
k(r)‘(exp(jm]t-mz2 )) [jm]-mgr-j 5 1

4 6
r (Exhmomy Skmp o (EAm  symp g
=73 6 /T 24 12
26 2 8
.MM 6, k"2 7
VT vttt (29)
and  R(x) = (-B]+8212-8314+B416-8518)-J’(c11+c213-c3rs+c4r7) (30)
2.2
where B] = m] + m,
(Ex)m,
By =my + mysym, + —
42 5
Ex Ym m m,s, m
' 6 5 26 (EX)mmy msm
By = 2 (Exmy + 17 symy + —7— + — 3
2 6 8
g .13 28, MM (Bm
4~ 72 5™ 72 28
b Znl0
Bs = 73
C, = m3 + 2m,m
1 %M 1M2
f m-, Skm2 Zskmg skm2 m]skmg
C = 3 3 2 6
“‘lsi’“g my(Ex)m Sk’";
Cq = + +
3 3 T2 3
2 8
c. = MKM
4 36
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Accuracy Anaiysis of the Slope Method

In the earlier report {Nov., 1977), the error analysis of the slope

of the quadrature correlation function at zero lag has been shown. The

formulas are summarized below for twa estimators of the slope:

a)

b)

True Estimator: In this estimator, the slope (S) is estimated from

the expression:

S =

-

T d
s B(t) It a{t)dt {31)
0

with E[S] = RuS(O)

where 'E' means “"the expected value of" and «(t) and 8(t) are the
quadrature components of the complex process (a{t)+3j8(t)) whose
spectral density is given by Eq. (23). The variance of this

estimator is given by:
[§ -2 } 1- ) + 2
varl3] = §7 (1 IRG5(x) Reg(r)#lRy (1] e (32)
where Rm(r) = Re[R{*)] and RaB(t) = Im{R(x)].

Estimator Hard Limiting: In this estimator, the input signals are
+] x{(t})>0

first clipped by a 'sqn' operator [ 0 xgt)=0 , where x(t) is the
-1 x(t)<0

input signal] and then one of the clipped signals is differentiated,

e.g., the slope of the quadrature correlation function at zero lag

is estimated from:




T
SCL = %%—é [sgn B(t) é% [sgna(t)]]dt
with E[Sc D = l'zaB(O) (33)
nl 2
var[SCL] = ;;7 - ;— [sin” Vo(m)]
and (34)
+ %I‘ (1- 3 12 (00y 2402 145%43%423(0) [5y-07] dx
0 1-p"-v
R(t) - R('r

where D(T) Re[—T—ji and Y = Im[—(~y
where 'Re' implies 'Real’ and 'Im' implies 'Imaginary'.

Equations 28, 29 and 30 were substituted in Eqs. (32) and (34) and the
variance is compared for both estimators with different spectral moments
(m], m,, My and my is assumed zero for simplicity). The results are

surmarized below:

Effect of Fade Rate on Skew: As mentioned before, the spectral moments

are functions of tropolink parameters such as wind speed, antenna beam

width, angular dependence, transmitted frequency, the distance between the
transmitter and the receiver etc. The antenna elevation angle is assumed zero.
The variations in the link parameterscauses these coupled spectral moments

to change accordingly. So, simply varying these moments will mimic the
different link conditions, the net effect of which will result in changed
moments. In table 2, with m = 0, the effect of fade rate under different
'skew' (asymmetric) conditions is shown. Although with different 'skew'

conditions, m should correspondingly be non-zero, but in calculations
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first m is assumed zero (Table 2) and then for a given my, iny is varied
(Table 3). For a given skew coefficient, the differehce in m; can account
for the ‘residual' clock-offset (see Eq. 19). From Table 2, it could be
observed that the variance of bath estimators increases in proportion to
the spectral width. If the spectral width (or the fade rate) increases

by a factor of 2, the variance also increases by the same factor. The

theoretical explanation is given in Appendix 1. The clipping loss

. . variance of true estimator of slope s s
(defined as the ratio of variance of clipped estimator of slope ) is in
the range of -4 to -5 db. If the large amount of clock-offset is present,
then the clipping loss decreases accordingly (see Table 3). If the Doppler
spectrum is symmetrical (m3 = 0), then it is shown in Table 4 that for

large clock-offset (as m, increases) the clipping loss could result in

clipping gain.
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Path UW Link RADC Link
Antenna parameters Symmetrical, 28' steerable Symmetrical, 28' steerable
diameter parabeloids with diameter paraboloids with
circular nominal -3 db circular nominal -3 db
bandwidth of 2.8°, 0° bandwidth of .54°,0° elevation
elevation o 2=2.82 (degree o 02=.105 (degree©)
Path length (2d) 231 km 168 miles, 268.80 km
Frequency, wavelength 810 MHz, .37 m 4.86 GHz, .0625 m
Size of common volume 110.*5.6*2.8 34.9%1.26*.63
{2Lx*2Ly*lz)
(lengths in km)
4 razing ray height 1.57 km 2.12 km
gr %rom I?nk axis 9
Zc’ height of earth .78 km 1.06 km
surface from link-axis
Zup, height of upper beam 4.39 km 2.75 km
from link axis
Z, height of the inter- 2.31 km 2.40 km

sect1on of the trans-
mitter upper beam and
receiver from link axis

Iy single layer height 2.5 km 2.5 km

assumed from link axis
5,2, variance (degree’)  .045,.2,.547,1.394 001,.005,.014,.032,.077
of Gaussian angular de- 4.905 {and .135 for my=11 Hz)

pendence for fade rate
m,) of 2,4,6,8 & 10 Hz
5 wind speed 2.5 m/sec

8, angle of antenna cen- 1.55° 1.81°
tral beam to the link axis

Table D.1

Link Parameters for UW and RADC Links




Tabie 2

omrzrison of Two Estimators of Slope at Different Fade Rates and Antenna Misaligned Positions Aadum. Ex=0, T=5).
M_ﬁ VARTR vARCLP LOSS DB LOSS
omewM*m:m anM«MwmmMmMMx ndwwmemmmmmmwaow (VARTR/VARCLP) 10 dom_o (Loss)
amu.m 1.0 2.0 .5 1.0 2.0 .5 1.0 2.0 .5 1.0 2.0
-.30 .u751 .1615 .3507 L2697 .5126 .9985% L2784 (3151 .3512 -5.5540 -5.0160 -4.5447
-.40 . 0770 .1617 L3451 .2678 .5085 .9849 .2875 .3192 .3507 -56.4133 -4.9588 -4.55C1
-.30 L0793 .l636 .3431 .2663 .5018 .9728 .2983 .3259 3526 -5.2586 -4.8686 -4.5267
-.25 .0807 .1651 .3432 .2657 .5000 .9685 L3036 .3301 (3544 -5.1772 -4.8133 -4.5054
-.20 L0821 .1669 .3441 L2652  .4985 9650 .3095 .3343 .3566 -5.09383 -4.7523 -4.4782
-.15 .0836 .1€9C .3457 .2648 .4974 9623 L3156 .3399 .3593 -5.0088 -4.6066 -4.445%
-.10 .0852 .1715 .3480 L2646 .4965 .9603 .3219 3454 3623 -4.9227 -4.6169 -4.4089
0 .0886 .1772 .3543 .2644 4959 9588 .3351 .3573 .3696 -4.7489 -4.4691 -4.3232
A .0923 .1838 .3630 .2646 4965 .9603 .3487 .3702 .3779 -4.5754 -4.3152 -4.2258
.15 .0942 .1875 .3680 .2643 .4574 9623 .3557 .3769 .3825 -4.4896 -4.2376 -4.1740
.20 .0962 .1913 3736 .2652 .4985 9650 .3627 .3837 .3872 -4.2049 -4.1606 -4.1208
.25 .0982 .1952 .3797 .2657 .5000 .9685 .3697  .3%204 .3%920 -4.3216 -4.0845 -4.0667
.30 L1803 .1693  .3862 .2663 .5018 .9728 .3767  .3972 .3970 -4.2398 -4.0160 -4.0121
.40 L1046 2079 .»Qom .2578 .5065 .9340 .3907  .4105 .4071 -4.0820 -3.8672 -3.9030
.52 L1090 .2169 .4166 .2697 .5126 ,9G86 L4043  .4231 .4172 -3.9331 -+3.7352 -3.7963
pat
a
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Appendixpl

In this appendix the effect of the change in the width of the

Doppler spectrum on the variance of the two estimators of the slope of

A S p BBt 0 2 v e i s

the quadrature correlatfon function at zero lag is considered. Since the

variance is inversely proportional to the averaging time and the spectral

width is an indicator of fade rate, so the effact of the dffferent fade

rates {due to different wind velocity, antenna patterns, etc.) on the

required averaging time is estimated by assuming that the total received
power is the same under various fading conditions, e.g., if the Doppler

spectrum increases in width by a factor of k, then

Rus(t) + Raa(kt)
and (A1-1)
R“(t) - R“(k'r)

where Rus(t) is fhe quadrature cross-correlation function and R“(t) is

the quadrature auto-correlation function of quadrature processes a(t)

and B8(t). In deriving Eq. (A1-1), the well-known Fourier transform scaling
relationship is utilized, e.g.

]
L@ flan)

Substituting Eq. (A-1) in equations (32) and (34), one obtains

—

- T
var{§] = %“-6 (1- IR ()R (n)#{Rz ()12 0dn (M-2)

PRI

and




var[S., ] * 2 ) [sin”(a(T))3?
LA A ) (M1-3)

V% 2 0 & y (2101 246%)462472+24(0)[By-7] 4

1-y-p
For large 'T', Eq. (A1-2) and (A1-3) reduce to

G 2k 2
Var([s] = T} (Raz(n)Rog(n)+[R: 4 (n)]"2dn

and (A1-4)

1-92-12

A T 02001 20212224520 22 (N[ Evons
var{S¢ ] = %5 6 Y (0)(y +p" o437+ 2v(0)[py-pY] gy

For Eq. (Al-4) it is evident that the variance of both estimators
increase by the same factor as the width of the Doppler spectrum. In

other words, an increase in the width of the Doppler cpectrum requires

the increase ir the averaging time by the same factor.

. ™
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T

Estimation of Quadrature Correlation Function for all Delays by Analog
and Polarity-Coincidence Method:

é In the report (9/11/77-10/11/77), the expected value and the variance
i of the estimator of the quadrature correlation function by analog method

' have been derived which are summarized below.

If «(t) and B(t) are the quadrature processes of unit power then the

quadrature correlation function Ras") is estimated by: &
; - 1 T
; RaB(T) i é a(t)s(t-t)dt Q)

the expected value and variance of ﬁaa(r) is given by:

| E[R,4(x)] = R 4(x) @
i and
‘ . T
: var[Raa(r)J = % f} (l-l%l) (Bza(n)+ku8(n+t)Rsu(n-r)]dn (3)
% For 1=0, zero delay (lag), Eq. (2) and (3) reduce to:
! ER 4(0)] = 0 (a)
;! ”
) ) T

verliog (1 + § 1 (118l (R m)-Z (26 (s)

In the same report, the quadrature correlation function is estimated by the

polarity-coincidence method as

- =1
!“c('l') i

san[a(t))sgns(t-1)]dt (6) .

o~ =

e r e S i s A AR ACAL o P i S oMM S SR Lo v R
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where sgn is the 'hard-clipped’ operator, defined as
1 x>0
sgn(x) =0 x=0
-1 x<0 -

the expected value of Fc(r) is given by Van Vleck [1966], e.g.

E[F (1)) =

=

arc Si"(Ras(’)) (7)
In the above mentioned report, the variance of Fc(o) had been derived as
- I’} T 2 2
var{r_(0)] = —— 7 [{arc sinp(n)} - {arc sinr(n)}“Jdn (8)
¢ 2T -1

In Eq. (8), p(n) is the autocorrelation function of in-phase or
quadrature processes and r(n) is the normalized quadrature correlation
function given by Eq. (1).

In this report, the variance of the estimator of the polarity-

coincidence quadrature correlation function is computed for all delays

and the two estimators of correlation function are compared on the basis

of signal to noise ratio (SNR). If SNR is defined as

E~ SNR = {DC output of the correlation at a given 1ag)? (9)
- (variance of the output at that lag)

then clipping loss or gain [Cheng, 1968] is defined as

(SNR of polarity coincidence estimator) (10)
{SNR of analog estimator)

Eaan Y
TL7Y

variance of Polarity Cecincidence Quadrature Correlator

In this carrelator, the quadrature correlation function (rc(r» is

LA

estimated by Eq. (6). The variance of this estimator is given by:




oAy . v i b
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R 17 R
Var[rc(t)] = ff 66 E[sgnu(u)sgnu(v)sgnu(u-r)sgnB(v-t)]dudv-Ez[rc(x)] m)

In Eq. (11), one needs to obtain fourth product moment [McFadden, 1958]:
E{sgna(u)sgna(v)sgnB(u-t)sgns(v-t)],

where a and 8 are jointly gaussian with zero mean and equal variance (o).

To evaluate this equation, we write:

n-= sgna{u)
¥, = sgng(u-t)
y3 = sgna(v)
¥q = sgne(v-t)

and
Ps = Pla(u) 20, 8(u-1) 20, a(u) 20, 8(v-1)20]
Then it is known that, for example, [McFadden, 1966] and [Childs, 1967] that
] 4
P4 = 16 [“’j>1¥é]£[¥2.¥j]*£[¥].¥2¥3¥4]] (12)

¥ The problem now is to evaluate P4. To do this, we let

Z) = a(u)/c
2z, = g{u-t)/o
zq = a(v)/a

14 = B(V-T)/a
Then one can obtain (see report 9/11/77-10/11/77) the covariance matrix (C)

! of the Gaussian variables 215 Zps 235 2, with zero mean and unit variance.

If n® y-v, then

PN - bl £ ads iy

o M P P 1 T =
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1 r(t) p(n) r(n+t)
ce r{«) 1 r(x-n) p(n)
o(n) r(t-n) 1 r{t)
r(n+t) e(n) r(t) ;
M P12 13 P
P12 P22 P23 fa
= (13)

P13 P23 P33 P34
Pla P24 P3a ‘a4

It is well known that P4 for any covariance matrix can not be obtained
in closed form. In the following discussion P4 is computed by Plackett's
method (1954) which reduces to closed form expression (Eq. 8) for the zero
lag case.

We now make use of the result of Appendix 1, Eq. (12) and Van Vieck's
(1966) formula E[y;y;] = & arc siney; for i,j=1,2,3,4 and obtain the
expression for fourth-product moment, i.e.

ELy,¥,¥39,] = 1+ ﬁ%—[21]+212+13+14]

1

where l]. 12, 13 and 14 are given in the Appendix 1 (equations Al1-15, 16,
17, 18).
Substituting Eq. (14) into Eq. (11), one obtains

T -
Var(?‘c(t)) = []T _f]' (" 'J%-‘L)E[ylyzy3y4]dn]'52[rc(‘)]

: |
ARas (1 - 180y o1 e2141 01, 00120 ()]

P Y N R

(14)

(15)

(16)
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Since

T T
{ (I-J—[.;-I-)13dn = £ 0 -L"rl)144n
- -T

Eq. (16) can be simplified to

: T )
varlfe(0)] = 1+ % 1 (1- L8y 2r s2re210an) - 207 () (7)

Estimation of the Slope of the Quadrature Correlation Function (R(x)) at
Zero Delay, When the Maximum Value of R{t) is used as an Estimator.

In this section, the 'slope' of the quadrature correlation function at
zero lag is estimated by the maximum value of the quadrature correlation
function, i.e.

Stope = S = Rm(ro)- R(0) (18)
To
Here ﬁm(To) is the estimated maximum value of R(t) occurred at lag Ty

If R(1) is estimated by the Analog method, (see Fig. 1), then the
slope estimator is given by:

. R (7o) -R(0)

San = ————-;o—-—-— (19)

the expected value of this estimator is given by

i1 - IR p(r)]  Ryglsy)

T T (20)
0

If R(t) is estimated by the Polarity-coincidence method, then

g . . r:(to)-r; (0) 21)

| Spee = T

i the expected value of this estimator is given by

§ ELF (%,)]
L ElSpec) = ___E?_E*_ = %— re(ty) = % %— arcsinR g(v,) (22)
i 0 0 °

. . TRyl e 2
DUETS ST ST P U RC e ot S b




Variance Calculations:

The variance of the slope estimator is given by:
2 -~ _ ~ -~ ~ ~
1ovarlsyl = var[R (x )] + var[R(0)] - 2E[R (x )R(0)]

The variance of ﬁm(ro) and ﬁ(o) can be computed by the methods
discussed in the earlier section for both analog and polarity-coincidence

cases. Now a method is derived to compute the third term for both cases.

When ﬁm(ro) and ﬁ(O) are computed by Analog method, then

- 1 T
R(0) = T-é a(t) g(t)dt
and ;
Ry(to) = Roglty) = -}-6 a(t)B(t-r,)dt

So E[ﬁm(ro)ﬁ(o)] is given by:

- - T T
E[R (r )R(0)] = ;‘7 £LJ a(u)s(u)du 1 a(v)e(u-r,)av]
1 1L
=5 I/ E(a(u)B(u)a(v)B(v-ro))du dv
T 00

If « and g are jointly Gaussian, then
Efa(u)8(u)alv)B{v-1,)] = R g (u-vtry) Ry (u-v)

)

+ Raa(u-v) RBB(u—v+r°

If u-v = n, then Eq. (25) can be rewritten as
T .
a _1
Rz IR = 1 7 (1- ] (R, (mRgglnrey) - Ryglk glnveg)an

If Rm(ro) and ﬁ(o) are computed by polarity coincidence method, then

) T
R(0) = 7.(0) = }—{) Sgn a (t) Sgn 8(t)dt

kg

(23)

(24)

(25)

(26)

(27)

(28)




D. 32

- T
and R (1) =r (x,) = ¢  Son a(t) San (tesy) dt (28)

So E['b(‘o);b(O)]is given by:

. m
E[’rc(-ro)rc(O)] = -12— 55 E[Sgn a(u) Sgn g(u) Sgn a(v) SgnB(v--ro)] dudv (29)
1° 00

If yy, = Sgn a(u)
yys ® Sgn 8(u)
San a(v)

Yy3

¥¥q = S9n B(v-1,)

then, using Eq. (12) and Eq. (A3-12), one can obtain the expression for the

fourth-product momment E[yy] ¥, ¥¥3 yy4] (similar to Eq. (14)), {
_ 4
Elyyy vy, yy3 yygd = 1 + z (VI{+ VI, + VI5 + VI,] (30)

where VI], VIZ, VI3, and VI, are given in Appendix 3 (Equations A3-8,9,10,11).

Substituting Eq. (30) in Eq. (29), one obtains

. T
Elr (x,)r.(0)] = -]T- x (l -J-"T—l]E[yy, Y¥p ¥¥3 ¥¥4] dn

:
- 4] _Inl
! +{"2] 1 (1 n ] (VI, # VI, + VI +VI,) dn (31)

Substitution of Eqs. (27) and (31) in Eq. (23), one obtains the variance

of the slope estimator [§m] for both anlaog and polarity-coincidence methods

and using £qs. (3,5,8,17,20,22,23) and Eqs. (9) and (10), one can compare the

two estimators on the basis of signal to noise ratfo.

BT X Pk X SRR




i ,.._..._.' —_— — S U Ao i ot it e

b o

D.33

Functional Form of Doppler Spectrum

In the report (12/11/77 - 1/11/78), the asymmetrical Doppler spectrum,

- e LD

at small antenna offsets from boresight, was represented by Gram-Charlier

expansion. This expansion has been modified here in such a way that the

first four central moments of the expansion are identical to that of the
spectrum derived from the combined antenna pattern and angular dependence.

The modified Gram-Charlier expansion of the spectrum S(f) is written as

ot A

s(f) =

4 2 i fom
+|E o Jm Tom (fmI] ‘] | (32)
x mg my 213131

The autocorrelation function R(;) of the spectrum S(f) defined as

RG) = 5= 7 sto) etae (33)

§s obtained by manipulation as:

Sl

3
b}
3
2 2 4
l4m 12m]] my T ) skm2 ]

R(x) = [exp[jm]t -

(34)
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The first derivative of £q. (34), which will be used in alignment accuracy

analysis is given as:

2 1.5
m,t s
| R = (explame- o)) fimomye-3 (K2 . 3 ad)2
i 1.5 2 4
R B S
' 6 6 7
2 2.5 2.3
v 3 Exdmem | Seme g ((Ex)"‘z 5Ky
2 3 7 )
23 (2,4
LK 6, K2 7 (35)
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Accuracy Analysis of the Correlation Method of Alignment

f In the report 12/11/77-1/11/78, it was shown that the spectral moments
are functions of tropolink-parameters such as wind-speed, antenna beam
width, angular dependence, transmitted frequency, the distance betwéen

Ef the transmitter and the receiver, etc. The antenna elevation angle is

’ assumed zero. The variation in the link parameters cause these coupled

‘ spectral moments to change accordingly. So simply varying these moments

will mimic the different link conditions, the net effect of which will result
in changed moments. In Table 1, with m]=0. the effect of fade rate under
different ‘'skew' (asymmetric) conditions is shown. Although with different

‘skew' conditions, m, should correspondingly be non-zero, but in calculations,

first m is assumed zero (Table 1) and then for a given My My js varied

3 (Table 2). For a given skew coefficient, the difference in M) can account

A

Pi for the 'residual clock-offset'. From Table 1, it could be observed that
j if the spectral width (or the fade rate) increases by a factor of 2, the
H

variance decreases by the same factor. The theoretical explanation is given

- fﬁmww werrt o 4




s

Pl St o4

R R X Wy e

D.35

in Appendix 2. The clipping loss, defined as in Eq. (10), is in the range
of -1.5 to -3 db. In Table 3, the case of the symmetrical Doppler spectrum
is considered. In Table 2 and 3, it should be noted that in some cases

the clipping loss could result in the clipping gain. It would be of
significant interest to identify those cases a priori. From Tablesl, 2, and
3 it can be concluded that the variance decreases by the same factor as

the averaging time is increased.

If the slope is estimated from the correlation function (Eq. 18), then
it could be observed from the equations 23, 27 and 3), that the variance of
the slope in both cases will decrease as the spectral width (or fade rate)
is increased which is different than that of the slope estimation by True
and hard-limiter method (report 11/12/77-1/11/78) where the variance
increases in proportion to the fade rate. So it can be concluded that

the slope estimation by Eq. (18) is 'better' than the estimation by True

and hard-limiter methods.
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Appendix )

In this Appendix the expression for P4 {quadrivariate normal orthant
probability) is derived. For 4 correlated norma) variables, with zero mean

and unit variance, the probability that all 4 variables will be positive is

-
. P4 x I{{f ) (x.xz,xa.x4) dxldxzdx:,dx4 (A-1)
Where o(x],xz.x3.x4) is the joint normal density of the Gaussian variables
Xys Xgs Xgs X of zero mean and covariance matrix (c) given by equation
(13). Since this matrix is symmetrical about the diagonal, only the

upper-half is written as:

i [1 2 b c] P12 *13 14
e 1db . T 023 24 (A1-2)

where a=r(x)
; b = p(n)
g (a1-3)
i ¢ = r(y+n)
d = rlz-n)
f The inverse of the covariance matrix (c) is given by:
L}
N 12 €13 S
ol €22 23 C2 (M-4)
€33 €34
Caa .
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where

i
l-az-dz-b2+2;bd

‘N7 1<
: Con oL - (a-a3-bd¢acd*ab2-bc)
| 12" “34 17|
!
e » o u 2-a%b-braceb’-bed
2 2, cql
c.. = . 2°d-2abtctbd-cd (A1-5)
é
| = = 1-a2-b2-c2+2abc
? 22 ° €33 Tl
Can = = d-2absa’erble-cd

| and [€71} = 1-2a2-d%+4abd-2%+a%-2a2cd-202b2 +8abc+bd-2b2cd-ceca?.

'} The method followed to compute P4 is the application of the general
method given by Plackett [1954]. Let the correlation coefficients be
denoted by T (Eq. A1-2), then since the density function obeys the

relation:
a0 3%
aoij axiaxj

we have, for example

oP wn oo 2
e r| s 2 dxdx, | dx dx

)
= . Py(CqasCansCan)
é;};j;;;f?; 21€33°€34°C44

(A1-6)




! There will be 6 such equations, one for each correlation coefficient.

’ Equation (A1-€) is a special case of £q. (6) given by Plackett [1954].

Since

P,[ c ] = 1,1 arc sin -——-c34 (A1-7)
21€33:¢34°%4) * 7 * 71 TR -
33-44

combining £q. (A1-6) and (A1-7), we have
P

4 1 2 “C3a ]
. 1+= arc sin] ————— (A1-8)
39‘2 8“(]_0%’2) [ n [ (C33C44)!! ]

There are six such equations, upon combining them we obtain

v P, - dryy 3
Py = Pylkgd + g5 = / [1+5 arc sin Pq » 3 (A1-9) '
ki (cppcqq) j A‘gj ]

where (p,q,i,j) is a permutation of (1,2,3,4).
If 94{‘l0] is the normal orthant probability of four Gaussian variables

of zero mean, unit variance and covariance matrix

? 1 0o 1 9 ’,
10 1 (A1-10) 1
L ] 0 R
]
then

T T

¥
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3 a (=Caya) dx

] Py = Palkod + gr (2701 + 2 arc sin — 34 12
; 0 (€33¢44) /l-lez

b (-C,,) dr,. .
+2/[1+%—arc sin 24 ] 13

X % p—
: ! (c22¢44)" A-\2
_ 13
i c (-¢,2) dx
! +/ [H%arc sin 23 - 14
0 (cp033)”  A-R2,
| d (-cy,) A
r + 10+ are sin — 14 23, (A1-11)
| 0 (encaa)” A2, |

P4[ko] can be computed from Cheng [1968] e.g.

P4lko] = #(0,1) of Cheng = ;} (A1-12)

combining (A1-11) and (A1-12), one can obtain

g aNiath
-
"

p Tt a]_n [2sin”Va + 2sin"Tb + sin"Te + sin~1d] + 4712 FPM (A1-13)
E where
' a -c da b -c dx

FPM=[ 2 s arc sin[ 34 ,:] 12 +[2rarc sin[ 24 J“] /{]_3]
] 0 (c33¢44) 18, ! (cpacqq) -3,

C -C dx d -C dx

! +[s arc sin[ 23 ,5] 14 J+[s arc sin 14 p 23 ] (A1-14)
| 0 (pot33)" .2, O (c191¢44) /1-{;’3




Substitution of cb from (A1-5) into (A1-14), one obtains:

FPM = 21, +212 + I3+ 14

where
a 3 2 )
el e (a-22-80+ACO+A8”B)
L WA (1-A2-82-D%4+2A80)” (1-A%-B2-c%+2ABC)¥ |
LaD_ @ . sin[ (B+AZB-AD-AC-5>+BCD)
2 2 202 2.2 ZompnclE
1 /-2 (1-A°-B-D+2ABD)¥ (1-A"-B*-C“+2ABC)” |
LS dc ool (o-2a8erfeen?c-c?n)
3° 0TS Z_g2-Zaon
e (1-A%-82-2+2A8C)
and
ped o (a%-2aecs?D-co?)
40 3 (1-A2-82-0%+2A8D)
1-0

Since A, B, C, D are interrelated variables as in Eq. (A1-3), so variation in
one results in the variation of another. So the above integrals I], 12.

13, 14 can be changed as:

(r(t!)-r3(t)-br(t -n)+r(t )r(t "+n)r(t --n)'|

I, = ] et e gin "_"Lt_é_)tb -bg(t;n) ; (A1-15)
0 A-ri(t’) (1-rc(t*)-b-rc(t'-n)+2r(t* ) (b)r{t'-n))* x
(1-r(t ' )-b2-rZ(t *+n)+2r(t ' ) (b)r(t '+r))¥
(p(n')+a29(n')-a(r(r-n')+r(r+n'))-03(n')']
1, = ? éiﬂllg%;: arc sin +o(né)r§r+n‘)r£r-n') p (A1-16)
0 /{:ZZ(H.) (l-ao-p (n*)-r(t-n')+2ap(n*)r(z-n'))
(l-a‘-oz(n')-r2(1+n')+2ap(n')r(r+n'))*

78}
3

A s aime i o
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The integrals 13 and 14 are computed using the chain rule:

_dr(t'+n . dr(tsn') .
ac = 4rlinl gc s Or{®in) 4o+
n=constant t=constant
and dD = 95%%;1ﬂl at - QE%%;ELL dn'
n=constant T=constant
So -
r(t'-2n)-2r(t'-n)b+r2(t‘-n)r(t‘)
A TCUY CANNUPN . b2r(t’)-r2(t’)r(t'-2n))
3 0 ﬁ-rz(t') L (1-r2(t*-n)-b2-r2(t*)+2r(t'-n)br(t")
r(Zr-n')-2ap(n'-r)+a2r(n')+r(n') W
+ T;" r(n')dn' arc sin pz(n'—r)-rz(n')r§2t-n')) (A1-17)
0 A (1-22-p2(n'-1)-r%(n*)+2a0(n' - V)r(n*))
Similarly 3
(r(t'+2n)-2br(t"+n)+r(t* ) (r2(n+t')+b%) 'l
1, - T HEOAE e ginl rzét‘)r(t'+gn)%
0 A 2(t) (1-r®(t'+n)-b"-r (t')+2br(t‘)r(t‘+n))} ;
(l‘é?t-n')—Zap('r-n')*(az*'pz('r-n'_))r(n') J
T=N 2/ ' ' '
27 HR g | {0 ri2en ) (M-18)
0 A2 (-a%-p%(z-n')-r"(n")+2ap(z-n")r(n'))
Substituting equations (A1-15,16,17,18) in Eq. (A1-13), one obtains
Py = % [1+1+ z (2sin Vas2sin” orsinTersin™'d)
g A - | (A1-19)
? v A L2121y
: n
i

P NP SRR Y. Cege)
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Appendix 2

In this Appendix, the effect of the change in the width of the Doppler
spectrum on the variance of the two estimators of the quadrature correlation
function at all lags is considered. Since the variance is inversely
proportional to the averaging time and the spectral width is an indicator of
fade rate, so the effect of the different fade rates (due to different wind
velocities, antenna patterns, etc.) on the required averaging time is estimated
by assumina that the total received power is the same under various fading
conditions, e.g. if the‘Doppler spectrum increases in width by a factor of

k, then

RaB(T) > RaB(kT)
and _ (A2-1)
RM(T) -+ R‘m(k‘r)
where Ras(r) is the quadrature cross-correlation function and Rau(r) is the
quadrature auto-correlation function of quadrature processes a(t) and 8(t).
In deriving Eq. (A2-1), the well known Fourier transform scaling relationship

is utilized, e.q.
L p") e f(ar)
a ‘a

Substituting Eq. (A2-1) into Eqs. (3) and (15), one obtains, for large T,

Var{R (1)1 = - : (RZ () 4R g(n+c)R, (n-1)dn (P2-2)
i and

T
Var[r. (¢)] = k‘—T L ELy;Y,¥3¥,Jdn (A2-3)

where FC(T) is the clipped quadrature correlation function.
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From Eqs. (A2-2 and A2-3), it is evident that the variance of both
estimators decreases by the same factor as the width of the Doppler spectrum
increases. In other words, an increase in the width of the Doppler spectrum ;

requires the decrease in the averaging time by the same factor. i




Appendix 3

In this Appendix, the expression for P4 (quadrivariate normal orthant

probability) is derived which is required in computing the variance of the

slope estimator by polarity coincidence method.

The method is described

in detail in Appendix 1 and has been applied in comouting the variance of the

quadration correlation function estimator by polarity coincidence method.

In the case under discussion, the covariance matrix {c) is given by

where a = o(n)
b= r(n+T°)
¢ = -r(n) = r(-n)
d = p(n+r))

g = rltg)

The inverse of the covariance matrix (c) is given by:

1

i 2N 0
-1 22
c =
L
where
. 1-92-c2+2cdg-d
3 ) I IC']I

o

- 0

¢3
€23
€33

C14
C2a
€34

(A3-1)

(A3-2)

(A3-3)




_ -athgrad’-bed

C =
13 Y
Cun = ag-b-acd+bc2
14 <N
e - 1-a’-b?-g%+zabg
22 |c-l|
Cos - c-gd+abd-b2c
23 Ic-ll
Con = cg-d+azd-abc
24 IC-]I
2_.2
1-b%-d
c
33 |C']|
Cor = = g-cd-ab
34 Ic-]l
Cun = 1-a%-c?
44 k']l

and

[l = 1-g% c242cgd-d2+(-a2+2abgrald?-2abed)-b24b2c?

Similar to Eq. (A1-13), one can write

Py = %-+ gﬁ [arc sinatarc sinh+arc sinctarc sindtarcsing] + ;iz FPM
where
-C -C &
24 13 23 14
FPM = [; arc s1n[(c ] ]+ [j arc sinl y
2Cq4 ) (cpoC33)
a4 / A 0 33 G-XZ
13 14
d d -c dr
14 23 13 24
+ [; arc 51n[147 ] 1+ [/ arc sin[;
€11 )k = C. 7?
AZ ] (eyye 11€33 4 x2

“h23

(A3-4)

(A3-5)

(A3-6)
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Substituting 45 from (A3-4) into (A3-6), one obtains

where

Since

FPM = VI.l + VI, + Vig + Vl4 (A3-7)

a 2
- dA . (D+ABC-CG-AD)
VI, = J arc sin
Vo [ (1-A2-82-62+22B6)" (1-AZ-¢2)*
VLo = 3 98 arc sin (c-6D+ABD-B2C)
2 0 f 2 (1-A2-82-G2+2A86)¥ (1-B2-D°)*
c 2
dc . (B+ACD-AG-BC?)
VI, = / —— arc sin
3042 (1-62-c2-0%+2¢06)* (1-A2-C2)*
d a (A+BCD-BG-AD?)
Vl4 = f arc sin 55 7 . T 7%
1 ST (1-62-¢2-D%+2¢D6)% (1-8%-D°)

A,B,C,D are interrelated variables as in Eq. (A3-2), the variation

in one results in the variation of another. So the above integrals I].

12,13, and I4 can be changed as

Vi,

vi,

] ) ] ' 1 [ 2 ] [
= ? s(n)en' Sin[ (p(n2+r°)-o;n )rin +rg)r(n)+9r(n )-p (n})o(n +) ]
1 A-o2(n') ((1-p"(n")-r"(n'+x )-g"+2go{n')r(n"+z ))*
(1-62(n")-r2(n' ¥ ) (A3-8)
r°+n . - 2 -]
= 5 I t')dt' .c sin {c-r{t'-n)p(t')+ar(t')p(t*)-rlt')c)
—— 22 ? %
0 A-rl(t') ((1-a%-r(t")-r(t'-n)+2ar(t')r(t"-n))
(1=r2(t)-o%(t*))¥)
+ 1f:n P(n')dn' . cin _k-r(n'-ro)-gp(n‘)+p(n‘-r°)r(n')p(n')+r2(n')r(n'-r° J
0 AZon (1-0%(n*-1g)-rf(n")-g"+2p (n'-xp)r(n' o) I
(-2 (n)-02 0 ) a9 |
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,_*'} P(n')dn' o ocin |(r(n'+to);o(rt';r(n')p(n'ﬁo)-o(n')g-rz(n')r(n'ho))‘
3 4_'.2(".) ((l-gz-rZ(N')-p_ (n‘+r°)-29r(n')p(n'+r°))"
(1-p2(n*)-ri(n*))¥)

vl

(A3-10)
VI ='0;" p(t')dt! arc sin I(a'rr'(tﬂcr:(t:‘)-lr'(t')r(t‘-n)-apz(t'))
Yoo A (1-c2-p2(t*)-r2(t -n)*2co (t' Ir(t'-n)) ¥
RESCIEL N
R T";n ‘;(n')_L arc sin (o(n;-tg)-r(n')r(;'-to)o(n')-r(n')g-o(n:ro)oz(n'))
0 A_DZ(n.) ((1-g°-r (n*-t)-p (n')-Zgr(n'-ro)n(n'))
(1-r2(n")-p2(n*)) ¥) ' l
(A3-11)
Substituting equations (A3-8,9,10,11) in Eq. (A3-5), one obtains
Py = 1-]3- [1+1+%[arc sina + sin-arcb + arc sinc + arc sind + arc sing)
+ & [141,41541, 1] ‘ (R3-12)

it
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Part 111

A New Complex Gaussian Troposcatter Channel Simulator

At the present there is an 1increasing interest in the use
of communication channel simulators for the checkout and comparative
testing of modems. The cost and difficulty of obtaining operating links

i; and the impossibility of comparative modem testing with the same 1ink
{at the same time) have been the factors stimulating this interest.
Another, less obvious factor, is the need for a simulator as a “standard !
channel" to be used in the calibration of channel measurement equipment.
The only meaningful checkout of channel measurement equipment (and also

modems) prior to on-the-air use involves a synthetic channel which can |

be set up to simulate known channel parameters.

The mathematical model around which the simulators, in the past,
have been built is that of a band-limited uniform tapped delay line
[Baghdady, 1969, Bello, 1969, Daly, 1964, Fitting, 1967, Klein, 1967;
Hancock, 1966; Freudberg, 1965; Rose, 1966; Stein, 1965; Walker, 1966]
with each tap undergoing independent fading according to compliex
Gaussifan statistics. The choice of complex Gaussian statistics can be
justified on the grounds of central limit theorem as applied to the ;
contribution at each path delay caused by scattering from a large '
number of atmospheric refractive index inhomogenieties. Actually, it
has been noted [Bennet, 1948] that as few as six sine waves with
independently fluctuating random phase will give a fluctuating result

whose envelope closely follows Rayleigh statistics and whose phase is

uniformly distributed. Statistically, the problem of determining the

resultant of a set of random phasors {s familiar as that of two-dimensional

random walk. A more basic view of the two-dimensional random walk follows




by regarding the constituent {ndependently varying phasors to be resolved

into quadrature components. The simultaneous values of the quadrature

components of the resultant at any instant are then readily shown to be

o e

uncorrelated, and, by the central limit theorem, to independently approach
Gaussian variates as the number of steps in the random walk (the number
of contributing phasors) becomes large.

With regard to experiments, the short-term fading statistics of a
received signal have often been observed to have a nearly Rayleigh
distribution which is consistent with the complex Gaussian assumptions.

It is well known that the received signal is the linear combination of the
signals from the different paths (delays). The distinguishability of

several paths implies that they are resolvable, i.e., their electric

lengths are sufficiently different. More concretely, the situation usually

described as 'multipath' is one in which more than one propagation path
exists, with the time differentials between the several paths larger than
the period of the highest 'significant' frequency components in the

modulation of the transmitted signal.

Shortcommings of the Past Simulators. The above mentioned simulators,

though, give adequate performance in the laboratory, but they have several 1
F shortcommings from a meteorological and communication point of view, ' J

1. Aligned antennas are assumed. Normally antennas are less than

, optimally aligned, so the Doppler spectrum from the single tap

is not necessarily symmetrical and the quadrature components

therefore become statistically dependent processes.

2. lero clock-offset is assumed. Normally there is clock-offset é

‘} between the transmitting and receiving clocks, e.g., the clock

3 frequencies are not identical. Also there is some drift present
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in the clock, though the clocks used are usually fairly stable
(1 in lolon). Both the effects, clock-offset and drifts of the
clocks, should be included in the effective channel simulator.

3. There is no provision to include the average horizontal drift of
the scatterérs--a factor which is vitally important to a realistic
model.

4, There is no provision to include the angular dependence of the
scatterer which assigns a signal strength to the scatter as a
function of the scattering angle.

5. There is no provision to directly include meteorological conditions.

These simulators are not responsive to a change from turbulent
conditions {fast fading) characterized by a Rayleigh envelope to
an anisotropic medium (slow-fading) usually characterized by a
Rician distributed envelope except by "brute force" method, i.e.,
forcing one scatterer to be very strong.

6. Airplane free common volume is assumed. Hormally, while link
is in operation, there are airplanes flying in the common-volume,

Reflections from airplanes can be viewed as the reflections from

a "large scatter” resulting in the 'v' shape instantaneous frequency

3 of the return complex signal.

In the following description, a channel model is proposed in which
the above-mentioned effects are included. This discussion will deal with
the simulation of single tap in the tapped delay iine model (or single
path) of the channel. This model, in general, can be used for other
channels {UHF, VHF, ionospheric channel, underwater channel, etc.). This

channel model is divided into three parts as shown in Fig. 1,

i g A AN i AP il - Lk g v~ S
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Scatter model =
!
Vel - ~N !
/ , ' ~\\— Model for Yow >
\ nput +/ X frequency specular - +/~____.____}, output
~. components
Model for airplane
' 1 reflections
Fig. 1

Models for airplane reflections will be the topic of further research
and will be discussed at a later date. In the following, a model for
diffuse scattering such as would occur from a single turbulent
atmospheric layer is discussed, and then a mode) for low frequency

specular component is described.

L’ Scatter Model. As mentioned earlier, the models in the past utilized
the symmetrical Doppler spectrum with no clock-offset, the tap-gains
were varied to represent the different fading conditions. In the proposed

model, the other parameters of the tropo-channel are also included which

mimic the effects of the clock-offset, misalignment of the antennas,
spatial non-stationarities in the drifting scattering layers, etc. In
the following discussion, only single tap-delay Yine (single path) model

is considered for simplistic reasons.

In the report 12/11/77 - 1/11/78, it was shown that the received

Doppler spectrum S(f) could be represented as:

S(f) = COFLG_(f) ALf) Gylf)) (1)




where GT(f) and GR(f) are assumed Gaussian transmitter and receiver
gain functions, A(f) is the Angular Dependence function and COF is
receiver ‘clock-offset shift' operator. If there is no offset then received

spectrum So(f) can be represented as:
So(f) = GLe) AA) Gpl(f) (2)

S{f) and So(f) are related by: Solf) s S(f+af) where Af is the clock-offset.

1f the transmitter and reciever antenna beam-widths are identical with

2
0

at the horizon over the great circle but the receiver antenna is azimuthally

Gaussian beam width "measure” of ¢° and the transmitter is assumed pointed

pointed at an angle a then one obtains:

a)
2
GT(f) = G, exp(- -—::-5- ) (3)
[+]
2
and Gplf) = 6, exp(-(&-g-'-)- ) (4)

[}
)]

In equations (3) and (4), (Merri), 1968)

(da )2

2 2 .3
faz-Sva and of z-—m (s)

BTN % ° " (4en2)

Wwhere v is the cross-path wind velocity, X is the wave length of the
transmitted CW signal, 2d is the length of the link axis, aq is -3db

beam-width of a single antenna pattern and Go is constant.

Similarly angular dependence function is written as: (Merril, 1968)
atr) = A [F2a2y 118 (6)

Where A, fs constant depending upon the cross-path wind-velocity and intrinsic
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strength of the scatterers and ko is given by:

Z, v

.

S ' (7)

z, is the height of the layer in consideration. For small antenna

misaiignment and narrow beams, A(f) can be approximated by:

Alf) = Ao[f2+x§]'2 (8)

Simulation of the Complex Channel: In this discussion, the tropo-channel

will be simulated and then the clock-offset effect will be included in
the overall simulation. It is well known that a process with spectral
density So(f) can be generated by passing white noise through the filter

of transfer function H(S) such that:

[H(ga)|? = 5,(£)=6() ACE) G(f) (9)

Similarly, if
Y-
IHeliu) | = 6(f)

Hat3w) |2 = ACf) (10)
and Hgldw) |2 = Gol(f)
then one can write
() 12 = IH-(u) 2 (Hy(gu) 2 [Hp(de))? ()

Using equations (3), (4), (6), (10) and (11), one obtains

%

2
I (30} |2 = 6 exp [--£75] (12)




2
(3w} = G, exp [ -U%Ll (13)
00
Hytsal|? = A, [F2772 (14)
. 2 2
and - Mg f? = 62 A [PHET2 exp [— f—ﬂfff—‘)—] (15)
o
eqs. (12) to (15) are shown in block-diagram form in Figure 2
5,01 = 30 1 = 6 () AOG(A)
White Noise 31 H(jw)
'clock offset
1{ shift' operator > S(f)
L 2 ¢
White Noise M H(Jw) >Gi(f) = |HT(ju)| = Gyexp (- )
g
0
White Noise > (Jw) —>6,(f) = 0, (30 |2 A, [f2+K 1?2
2 f-fa)?
White Noise — A Heldw) > 6p(f) = IHR(ju)I = Goexp(- )
o
]
. - m - - oy
— ! s _(f)
White uoise__-.-t ,L o) |4 n.(ju)J». Haldu) [ — 50
n b
o .ﬁ(— y . clock- o
o offset shift 5(f)

>

operator

Block diagram forms of equations 12 - 15

Fig. 2
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Some Praperties of Alﬂ(Jw)[?. Here it is shown that the asymmetric

filter H(S) causes the asymmetrical Doppler sbectrum which results in the
cross=correlation function of the output (of the filter) quadrature

processes (inphase and quadrature). It has been mentioned in earlier
reports that the misalignment of the antennas and the clock-offset both
result in the output quadrature processes being corrﬁlated. It will be shown
in the later section that by decomposing H(S) in eve; and odd cemponents,
one can directly relate the odd part of H(S) to the cross-correlation of
the output processes.

The even and odd parts of |H(ju)|2 are defined as:

Ev[H(ju)|? = Even part of |H(Jw)|? '(1/2)|H(Ju)|2 +(1/2)|H(-1¢)lz
(16)

and 00|H(jw)|2 = 0dd part of |H(jw)|2 =(1/2) H(ju)l2 -(\/2)|H(-ju)|2

From equation (16), it is clear that the odd part of IH(jw)lz will
be zero {f IH(ju)l2 {s symmetrical about the origin (i.e., zero clock-
offset and aligned antennas). If the input process to the filter
H(jw) s symmetrical about the origin with spectral density U{w)
[constant if white noise] then the autoﬁspectrum. Saa(”) and cross-spectrum
Sas(“) of the output quadrature processes a{t) and g(t) , are given by
[Frank, 1969]

Saal¥) = Sgg(e) = Ev [H(5u) [ u(w)
) (17)
and Saal@) = -3 00IH(Ju)|° u(w)

If input complex white noise is correlated and is of asymmetric spectrum
(which results in auto spectral density Suu(u) and cross-spectral density

(w) of the input quadrature processes u(t) and v(t)), then [Frank, 1969]

SUV

W i v
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Sealo) = BV HGW) P 5, () + 5 00 WP s, (o) .
18

. 2
Saal®) = =3 00 (3" s (u) + E [KGGW) (2 s, (0)

These linear transformations on auto-correlation and cross-correlation
functions,not on the signals themselves,are shown symbolically in Fig. 3(a)
and (b). Fig. 3(b) results from 3(a) when input process is white
uncorrelated noise. These diagrams make it clear how non-symmetrical band-
pass characteristics of the channal introduces correlation between inphase
and quadrature components of the band pass process. Now a method is
discussed to obtain H(S) from IH(jw)IZ and the eigen-values of H(S)
are then related to the tropo-link parameters. First, a general complex

model will be derived, and this model is then applied to the tropo-channel.

Rou ____.l, Ev H(jw)] _(:§;> > p (1)
o ) afl
Low-pass equivalent of transformation relating input and output

into correlation functions when input Gaussian noise is correlated

Fig. 3(8)




R (<)

R (1) —A B W) T

(v)

i )2 - > Fa
—3 - 00 |H(ju)]

Low pass equivalent of transformation when input Gaussian noise is

uncorrelated

Fig. 3(b)

A Complex Model. The motivation to simulate the band-pass channel (filter)

into the low-pass equivalents (or complex filter) stems from the fact that
the inherent low-pass nature and speed limitations of the analog computer
make its operation in the low-pass mode highly desirable. In the
following discussion, we shall show how a band-pass system can be simulated
equivalently by two inter-connected low-pass systems.

Consider the band-pass filter with transfer function R(f) and its

Jow-pass equivalent H(f). The input signal is given by:

x3(t) = Re [z'](t) exp(janot)]

=(1/2)z;(t) exp(janf t) +(1/2)z1*(t) exp (-j2nfyt) (19)
where  zy(t) = u(t) - j(t) (20)
Hence  X,(f) =(1/2)Z,(f-fo) +(1/2)2,(-£-fo) (21)

The transfer function of the filter can be expressed in terms of

H(f) in a similar manner,
R(E) =(1/2)H(f-fo)+(1/2)H"(~F-Fo) (22)

vhere H(f-fo) = (1+sgnf) R(f) (23)

Ttk el
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Now for the output signal,
X,(f) = R(£) X,(f)
=(1/MH(F-Fo) Z,(f-fo) +(1/A)H™(f-Fo) Z,"(-¢-fo)
=(1/2)1,(f-fo) +(1/2)2,*(-f-fo) (24)
From eq. (24), it is evident that
2,(f) =(172)H(f) Z,(f) ‘

or ZZ(t) =(1/2)h(t) QDZ](t) (25)

eranmssm—nt

3,

Output zz(t) in complex form is written as

2,(t) = alt)-3s(t) (26)

Now we decompose h(t) into its real and imaginary parts so that

(172)n{t) = h (r) + j h,(t), (27)

where h](t) and hz(t) are real and can be considered as inpulse responses

of real low-pass filters. The corresponding transfer functions are given by

Hy(F) = 174 [H(E) + H¥(-1)]
(28)

and Hy(£) =(1/4)[H(E) - H*(-f)]

i.e., by the symmetrical and anti-symmetrical parts, respectively. It
follows that H](f) and Hz(f) are related directly to the parts of
the band-pass function R(f) which are symmetrical and anti-symmetrical,
respectively about the center frequency -fo. H1(f) and Hz(f) are
related to even and odd parts of |H(jw)|? (eq: 16) by:
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Evin(ju)l® - [Hy (F)]° + |H2(f)l2

and 00'"(jw)|2 = JHZ(f) H]*(f) = jHZ*(f) H](f) (29)

From .examples (20), (25), (26) and (27), one writes:

2,(t) = a(t) jB(t) = (i-jv) @ (h, + § h,)

(u®hy + v®h,)-j [v®h]-u X h,] (30)

or in frequency domain

a(f) = U(F) H (£) + v(f) Hy(f)

(1)

g8(f) = v(f) H](f) - U(f) Hz(f)

So by this approach, a single input, single output band pass filtering
operation is replaced by a double input, double output low-pass filtering
operation which characterizes separately the transfer of inphase and quadrature
components. The equivalent low-pass system is represented schematically by

the lattice arrangement shown in Fig. 4.

u(t)i. Hi(f) e —alt)
Xz(f) ‘Kéff;,
X, (F)— R(f) > <

e \
V(t)~£—| Hy(f) }—~ g(t)

Fig. 4. Equivalent low-pass filtering.

wrlie

A cascade combination of band-pass filters can be handled directly in

terms of low-pass equivalents as shown in Fig. (5). [Frank, 1969]
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N -
xq(t)——-3 R,(f) ] >l Rz(f)Jr———> x5(t)

n

U(t) ' H H —-; “I HI b s > u(t)
v(t) 't st
u(t) HIH; - HZHéAl—————;;——-—-% alt)
v(t) l 'H]H; - HZH;. W 5 BT)

Fig. 5 Low-pass equivalents of cascade combination of band-pass filters

We should note that if a band-pass filter exhibits symmetry about
fo' then Hz(f) = 0 and there is no cross-coupling between the in-phase
and quadrature components. This is the kind of transmission required to
avoid amplitude to phase modulation conversion on a band pass signal.

In Appendix 1, a first order and second order complex system is derived
which when driven by the complex white noise outputs the compliex narrow-
band process, In the following discussion, the eigen-values of the complex
system are estimated from the first three spectral moments of the output
Doppler spectrum {or complex spectrum). First, the individual blocks
[HT(jw), HR(jm), A(juw)] will be simulated, then the combined system
[H(jw)], simulating the tropo-1ink,will be synthesized.

Simulation of the Transmitter Gain Function (equation 12). Simulation of

the transmitter gain function {s the approximation of the Gaussian-
magnitude approximation given by equation 12, Given the ideal Gaussian

magnitude characteristic:
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|H7(jw)|-=exp(~u2/2)

where the unit bandwidth has heen selected as a matter of convenience, let us

find an all-pole transfer function

H(s) = —
Gn(s.a)
where Gn(s,Z) is a real Hurwitz polynominal with a coefficient vector
a, whose spectrum approximates IHT(jm)I2 best in the Taylor sense at the

origin, defining the error function as:

E(s.3) = 6,(5,3) 6 (-5,3) - exp[-s’]

"We readily see that the optimum Gn(s,E) Gn(-s.S) corresponds to the

truncated Maclaurin expansion:

G(;)G(‘S—)=]~2+-s—4—-§£+ -+(-|)n Szn
i M sttt - S

Finally, Gn(s,E) is isolated from the product Gn(s.i) Gn(-s,s) by

factoring and retaining only LHP factors. Based upon the above analysis
and renormalizing w.r.t. unit 3-db bandwidth, Dishal [1959] and

Humphry [1970] obtained the pole locations up to the order n = 10,

Increasing n, obviously, would give better 'matching' characteristics.

But only the case for n = 2 would give symetrical spectrum. So a

E
l
?,
3
F

simple second-order complex model is considered and it is suggested that
further work is necessary to obtain better 'matching' characteristics

- without distorting the symmetry. By considering the pole locations at
atjb, where a = - 1.28411000, and b = f §+5318950, (o° is 3-db

bandwidth given by equation5), one obtains the second-order compliex

SN S




model (see Appendix 1,equation Al1-7) as in Fig. 6

1 t
3 > i ——— .y, al( )
Uncorrelated (s+a)® + b°

complex white _. T
noise (t)

_ L2 »
CLASTALY) S (e N S 1 )
’ (s<|~a)2 + b [

Simulation of Anqular Dependence (equation 14). The angular dependence

function is given by equation 14, e.qg.,

A
2 (1]
H 2 c————

where K, is given by equation (7). From the above equation, one

3/2
2 /A% (32)

2
(s + ZnKO)

obtains

HA(S) =

The simulation of HA(s) in quadrature form can be obtained by assuming

a=c¢,b=d=0 in equation Al-3 of Appendix 1, and then substituting

in equation Al-7, one obtains:
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Hy(s) = Hel(s) and H,(s) =0
and
uy(t) L H(s) | v._ya,(t)
White noise
(uy (t)+ju,(t))
up(t) Hy(s) e Bl
Fig. 7

Simulation of Receiver Antenna Gain Function (equatfon 13). Two methods

are discussed to simulate the receiver antenna gain function given by
equation (13). It is noted that the transmitter and receiver antennas are
identical except that the receiver antenna is not pointed at the great-circle

but is offset by an amount a_ corresponding to a Doppler offset of fa’

a
Method 1. In this method, first the spectrum |HT(jw)|2 |HA(jw)|2
(6y(f) A(f)) would be shifted left by an amount f,. The shifted
spectrum would, then, be multiplied by |Ho(Ju)|? with 5 =0 (it'is
equivalent to IHT(jm)lz). Finally, the spectrum would be shifted right
by fa‘ The overall simulation is shown in Fig, 8. The spectral-shift
unit shown in Fig. 9 performs a single side-band modulation directly at
baseband. The mathematics of the signal processing is outlined below.
[Manske, 1968] '
Consider the case in which a narrow-band signal, expressed in the

form of «x(t) = I(t) Cosuct+0(t) sim t {33)

is passed through a filter having characteristics centered at a frequency
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w . which is different from o, by a small amount (m] - w, = f). The

signal can then be expressed in terms of wy s rather than we in the form

of:
X(t) = uR(t)COSm]t + Bp(t)sinut (34)

From equations (33) and (34), one can obtain (see Fig. 9)

Left | ] [ Right | 1w
Spectral - A ;Spectra
Quadrature Shift (s+a)2 + b2 Shift ' Quadrature
-_i?P?ts by fa 1 | by fa outputs
] (s+a)? + b2 7 '__’SR(t)

Fig. 8. Simulation of receiving antenna gain function (method 1)

a{t) = I(t) Cos ft - Q(t) Sin f,t
(35)

and g(t) = I(t) Sin fat + Q(t) Cos fat

Cos £,

Fig. 9. Spectral-shift unit
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Method 2. In this method, the receiver antenna gain function is simulated
by the complex model as described in Appendix 1. If in equation (Al1-3),
one assumes a =(C = 3gs d =0, b =bo, then one can obtain from equation
A1-7 that: [See Fig. 10]

b
_ 1 0 (36)
Hy(s) and H,(s) =
! (s+a _)2+b? 2 (s+a )[(s+a ) 2+p 2]
and from equation (A1-11 and 12), one obtains
. b oo b2
R(o) = -§ —5 and R(o) = - (a2 3-) (37)

Since the first moment (gives the average frequency of the spectrum) is

equal to ;ﬁ ﬁ(o) and the second central moment (related to R(o)) gives

the 3-db band-width, one derives from equation 37, that

- 0,1 =
fa=(-5 )3, or b, =-danf (38)
Similarly,
2 2 wl
ag = 5 | 224 b - B} = 2 |42 b (39)
(2n) 2 S (Zm =T

From equations (38) and (39), one obtains

a = (2m)? [oo’-- ff] (40)

For a2 > 0, one requires that |o

oh > |fa] which is intuitively obvious.




Fig. 10.

2,1 2
(s+a°) +b°

Simulation of receiver antenna gain function (method 2)

7 aglt)

Simulation of Clock-Offset [COF' operator, Equation 1]. It has been

mentioned earlier that the clock-offset ( Af ) merely shifts the spectrum

either to the left or right depending upon the positive or negative

clock-offset.

The spectral-shift unit can be implemented similar to

that shown in Fig. 9, by substituting Af instead of fa' Drift in the clock
can be incorporated by varying af accordingly.

Over-all Tropo-Channel Transfer Function 1Diffuse Scattering)

The overall channel transfer function in quadrature form is the

cascaded simulation of various terms in equation 1 and is shown in

Fig. 11.

u; (t)
Uncorrelated

white noise
1! ti_%

Fig. 6

| transmitter

antenna
gain
function

Fig. 7
angular
dependence
function

Fig. 8
or
Fig. 10
Receiving
antenna gain
function

Flock-offset
Af' operator

Fig. 9

(spectral-shift
unit)

3

| »8(t)

Fig. 11. Over-all tropo-channel simulator for diffused scattering
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Using Fig. 5, one can obtain the cascade form of the transfer functions
of transmitter and receiver antenna gain functions (Figs. 6 & 10)

and angular dependence function (Fig. 7) as shown in Fig. 12, where

1
H =
T Usva)Zeb?1sekPL(svag) oot 2]
(40)
1
and H = :
4 Tlsva) bl ek (s va ) [(sag) b 7]
uy (&) T> |5 alt)
clock-
: offset
shift
White Noise B operator
- TN Fig. 9
Pt
e
i B N |, ste)

Fig. 12. Cascade form of over-all tropo channel simulator as

shown in Fig. 11,

Models for Low Frequency Specular Components:

Duvoisin (1969) points out that in the presence of multiple scattering
layers, the total Doppler power spectrum is the sum of the spectral contributions
of the individual layers. The shape of the portion of the Doppler (power) -
spectrum of the received signal caused by a given horizontal scattering layer
can therefore be shown to be controlled by the large numbers of scattering

pofnts drifting across the scattering volume and is functionally represented

by the equation 2. Considering equations (3 to 7), Duvoisin (1969) concluded
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that the narrow power-peaks near zero Doppler could be produced by any one of
the following conditions:

1. Very low values of cross-path wind, V.

2. Very narrow beam antennas pointed down the great circle azimuth.

3. Very narrow angular dependence function.

Since neither conditions(1) or (2) were satisfied during most of the
Barrow, et al. (1968) rake sounding experiments, the specular peaks, in most
cases, were probably caused by condition 3. The angular dependence function
used in Birkemeier, et al.(1968) to simulate the narrow specular peaks

observed in the rake data was of the form

anA e )P K27 P2
_ n 2 2 0
An(f) = [———17-—4 £f© 4 ;5 (a1)
n

where kO is given by eq. 7, An is the degree of ahisotropy, (z is the

spatial correlation length in a vertical direction and p s l% for Tatar

ski scattering.

For An = 1 (isotropic case) and p = l% » equation 41 reduces to the

2n v\~ 1/3
A = [ z] (42)
\

equation 6, where

0 v

In eq. (41), the narrow-peaks can be obtained by either increasing p
or increasing An . According to Duvoisin (1969), maintaining A = 1 and
increasing p could produce sufficiently narrow specular peaks only when p

was increased by almost two orders of magnitude. However, a power law of

p = 11/3 and a degree of anisotropy of A = 20 produced peaks having the
necessary Doppler bandwidth, So equation4l can be rewritten as:

1/3 p k2| N8
- A A" 2o
ALf) = A AL o= (43)

A
n

e e At o 4




Similar to equation 8, for small antenna misalignment, A(f) can be

approximated by:

- 2,242
ACE) = A [+ Kon)

on
where A=A A V13 and k= k_/A
on o'n on o'"n
Mow similar to equation 32 and Fig. 7, one can obtain
32 /o
2n /(Aon/kon)

H, (s) =
An (s+2nk )¢
on

and

a(t)

u](t)—————————#- HAn(S) F———»

e 8(t)
uy(t) ___,{"H,‘_nm I

Fig. 13

(44)

(45)

(46)

Now similar to Fig. 11, one can obtain the overall tropo-channel simulator

for low frequency specular components i.e.,

[ Fig. 8
U](t)___ N Fig. 6 _ Fig. 13| _ or »
Transmitter Angular Fig. 10 ’
B:?g;rﬁl?::d antenna dependence %eceiving
gain function antenna gain
Up(t) ———| function -—> function >

Jclock-offset
operator

Fig. 9

alt)

e e e g | et U

Fig. 14. Overall tropo-channel simulator for low-frequency

specular components.

Overall tropo-channel transfer function can be obtained by combining

Fig. {(11) and (14) and is given in Fig. 15.

L, 8(t)
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Model for the Average Drift of the Scatters:

In the simulation of the angular dependence function, symmetrical form
of the function is assumed., Since we would expect on the average as many
up-Doppler signals as down-Doppler signals and therefore, the average total
doppler-shift for aligned antennas would be zero. If there are more scatters
on one side of the great circle, it results in the average frequency (ﬂj) to
be non-zero and the simulation of the angular dependence function {as Shown
in Fig. 7 and 13) would be modified. Using the results of the Appendix 1

(A1-15), one obtains:

\\}/A -{_H {s) \\\\j7 H](s) \ aA(t)
N %
%/ / <l [

\/ - J
VAN <
Fig. 16
where Hy(s) = [enmﬂ;ﬁ;: ] i—zz—::—::_;?m;\z
(46}
Hy(s) = [2'.1'3/2 Aon/kon] __AA_z""E

(s+2nk°n) +AA

vl
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NHow similar to equation (38), one can obtain;
AA = 2nfd (47)

If the horizontal drift of the scattering is occuring in a deterministic
or random fashion, ten AA (the imaginary part of the complex pole

-k = 2nkon + jaA) can be varied accordingly.

Examples :

In Fig. 12 a tropo-scatter channel simulator for diffused layer is
shown. The poles of this channel transfer function are related to the tropo-
link parameters., The variations in the pole locations would correspond to
various link conditions, resulting in different spectral moments as described
in earlier reports. In the following , for illustrative purposes, the pole
locations [-i‘.-ﬁz] of a 2nd-order complex system are varied to simulate
various link conditions and their effect on the spectral properties of the
output quadrature processes are tabulated in Table 1. The Doppler spectrum
(eq. A1-10) and auto and cross-correlation functions (real and imaginary parts
of the equation A1-9) are plotted in Fig. 17 and 18 for all the cases described
in Table 1. Some of the conclusions from this analysis are summarized below.
1. For symmetrical spectrum with no clock-offset, the cross-correlation
function is zero for all ¢ (case 1,2,7,8).
2. For symmetrical spectrum, the clock-offset (average freq.) is obtained by
averaging the imaginary part of the complex poles (case 3,3c,6,6c).
3. Slope of the cross-correlation function at zero by [ﬁaB(o)] is obtained
from the equation Al-11, and is equivalent to the average frequency of

the spectrum, so the sign of éaB(o) can be computed from the average

frequency of the process (1st moment).
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4. For asymmetrical spectrum, the slope, Ras(o), could be zero. This
results due to the fact that the average ffequency of the asymmetrical
spectrum due to the 'asymmetry' alone is equal and opposite in sign
of the clock-offset. So the net average frequency of the spectrum is the
sum of these two effects and is therefore zero (case 4,4c,9).

5. The auto correlation function of the quadrature processes after hard-
clipping decays faster than the case of the unclipped signals.

6. Hard-clipping of the processes does not change the zero-crossings in auto

and cross-correlation function.




System for Different Pole Locations.
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Spectrum
symmetrical

Case Pole locations & Average Cross-correlation Sense of
no. (-ki.:Fz) asymmetrical frequency Rua(r) for all 1 hae(o)

1 -1+j,-1-j symmetrical zero zero zero

2 ~142j,-1-2j symmetrical zero zero zero

3 -1,-1-j symmetrical (-ve) non-zero (-)ve
3c -1,-1+j symmetrical (+)ve non-zero (+)ve
4 -242j,-1-] asymmetrical zero non-zero zero
4c -2-2j,-1+4j asymmetrical zero non-zero zero
5 -2,-1-j asymmetrical (-)ve non-zero (-)ve
5¢ -2,-1+4j asymmetrical (+)ve non-zero (+)ve
6 -2,-2-j symmetrical (-)ve non-zero (-)ve
6c -2,-2+j symmetrical {+)ve non-zero (+)ve

7 -2+4j,-2-j symmetrical zero zero zero
8 -242j,-2-2j symmetrical zero zero zero
9 -3+3j,-2-2j asymmetrical zero non-zero zero
10 -342j,-2-j asymmetrical (+)ve non-zero (+)ve

Table 1. Summary of the Spectral Analysis of Output of the Complex
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Appendix 1

In this Appendix, a new concept of complex modeling is introduced.

This complex modeling (for complex processes or orthogonal processes) is
shown to be a special form of modeling bivariate processes. The complex

representation of narrow-band processes has already been described in
earlier reports, Here the state variable description of these processes
is considered and its application to modeling the scatter portion of the
channel is described.

In this complex state variable description [Baggercer, 1970], a complex
random process is generated by exciting a linear system having a complex
state variable description with a complex white noise. The only assumptions
made are on u(t) and i(To) where u(t) is the complex white noise and i(To) i
is the complex initial conditions of the linear system which could be

assumed to have the following state variable description.
é% R(t) = F(t)R(t) + 6(t)o(t) [Linear State Equation)

(A1-1)
z(t) = c(t)x(t) {Linear Observation Equation]

and z(t) = at) + j8(t)

where all the coefficient matrices may be complex.
With the assumptions on u(t) and i(To). one can obtain the covariance

function ki(t) of the output [Baggeroer, 1970]. From k;(‘). thg

complex spectrum of z(t), Sz(w). can be obtained. It can be shown that the
complex output z(t) = a(t) + jg(t) satisfies the conditions of narrow-band

processes {orthogonal processes).
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In this way, a complex process can be generated. It will be shown
below that the different coefficient matrices could result in different
complex models which will mimic the different channel conditions resulting
due to clock-offset, misaligned antennas, varying fade rate and spectral
shape of the channel. In the description below, an example (2nd order
system) illustrates how these conditions of the channel can be
simulated. This example is described in [Baggeroer, 1970], but its appli-

cation in channel modeling is pointed out here. Finally, 1st-crder system

is considered which would be useful in simulating angular dependence

function.

Derivation of the Channel Transfer Function

Let us consider a second-order system. In the steady-state, it
corresponds to a system with two poles. The pole locations -k] and -k2
need not be complex conjugates of one another. For this system, the state

and observation equations are:

;](t) ) 1 il(t) 0
d -
at = .. L. . + u(t)
%,(t) -k;k, -(k]+k2)_ X,(t) 1
x(t)

and E(t) = [1:0]
xz(t)

By simple manipulations, it can be shown that the above equation

corresponds to

#t) = -kyky 2(t) - (kyoky) Tt) + alt) (M1-2)
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Let z(t) = a(t) + jB(t)

R] = at+jb
ky = c+jd
(A1-3)
A = ac-bd
‘B = be+ad
E = a+c
F =b+d
The above equation (A1-2) can be rewritten as:
alt) + jB(t) = -(E+jF)(alt) + jE(t)] -
(A1 -4)
[A+jB]-[alt) + jB(t)] + U](t)*jUZ(t)
Separating real and imaginary parts in Eq. (Al1-4), one can obtain
a(t) + Ea(t) - FB(t) + Aa(t) - BB(t) = U)(t)
(A1-5)
B(t) + EB(t) + Fa(t) + Balt) + As(t) = Uy(t)

Equation (A1-4) can be written in transfer function form. Let us assume

that Uy(t), Up(t), a(t), B(t) are general input-output of a bivariate system,

such that their Laplace Transforms can be taken. Then by simple manipulations,

one can show that

2
-SSRy () o (FSHB) U,(s)
als) (s2+ES+A) 2e(F5+8)2 (s2+ES+R) 2+(Fs+8)2 2
and (A1-6)
2
s24ESHA  (Fs+8)
B(s) = U,(s) - Uy (s)
() (s2+ESHA) 2+(F548)° 2l (s2+ES+A) 2+ (F5+8)¢ !
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: 2
If H (s) = s_+ES+A . FS+B
1 and H,(s) = (A1-7)
(s2+E5+A) 2+ (F5+B)? 2 (s2+Es+A) 24 (F5+B)2

then, equation (A1-6) can be written as:

a(s) = H](s)ul(s) + Hz(s)uz(s)
(Al1-8)
and 8(s) = Hy(s)Uy(s) - Hy(s)Uy(s)

Equation (A1-8) can be written in block-diagram form as:

u,(w—T\T,H](s) e a(s)

S
i ]
U2(s) *—iH~f;5l—--::::i:>e(s)

In the above block diagram, it can be observed that the forward transfer
function H‘(s) in both the paths are the same and the transfer function in
the cross-paths [H,(s)] are equal but of opposite sign. The author points
out here that this is the condition for modeling complex processes (orthogonal
processes) in quadrature form.

If, in equations (A1-6) and (A1~8), B=0 and F=0, then Hz(s) is zero. For
this condition there is no cross-coupling between two quadrature components
a(t) and 8(t), and these two processes are uncorrelated. As discussed
earlier, zero correlation implies symmetrical spectrum with no clock-

offset. If B=0 and F=0, then a=c and b=-d e.g., both the poles are mirror

images of one another about c-axis in s(=o+ju) plane.




For non-zero, B and f constants, Hz(s) is not zero and a(t) and g{t)

processes are correlated.
system (k],kz), that implies that the pole position determines the shape of
the power spectral density of the complex process.
be simulated on an analog computer. By varying pole locations (ﬁl,iz),
one can obtain different spectrums.
equations involving a(t) and g(t) in Eq. (A1-5) are coupled equations.

‘coupled' systems (e.g. non-ideal transformer) can be analyzed by this

complex or phasor analysis.

The covariance function K;(t,t) of the output is given by

[Baggeroer, 1970]:
[ r

__ P
(Kz’k] )*

k>{1) = [

From e.g. (A-9), one

i

( Pis the input noise power).

~ kR - L *
[ kg ek17-k) e"z‘]

P Im{E1E2] ei;r N eEET]
Re[ﬁ1+E2]

A 2R I -I:'r
(RSO I

cE -k -k
Imfkk,] [e 17 -e z‘]
Re[kik,]

can compute S;(w) as:

. §2+E; . Re(izl
Let A] = —— — -
(kz-k1) Re[k]+k2]
* ~
L Re[k, ]

Equation ( A1-5) can easily

Also note that the differential

Since B and F are functions of the poles of the

So

(A1-9)

|5 R VI S,




r—yr

then
Re[RI]Re[E]]+Im[i]](u+lm[§l])

S3(w) = 2pP 5 ——
Re [k]]+[w+lm(k])] (A1-10)
. Re[Az]Re[k2]+Im[A2](w+Im[k2])
Re” [k, ML+ In(k,) 12
From e.g. (A1-9) one can obtain:
8 - . betad| . _ ;8 (A1-11)
R(0) = - § [———m 1%
and
. 2,2 2,,2
. _ alc™+d")+c(a™+b%) BF (A1-12)
R(0) = - atc i LR
First-order Complex System:
The equations that describe the lst-order system with one pole
(-() are:
dx(t) = - k x(t) + u(t) (state equation)
t (A1-13)
and 2(t) = x(t) (observation equation)
Following the steps similar to 2nd-order system, one can obtain
by letting
k = atjb
(A1-14)

and z(t) = a(t) + ja(t)
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that
Hyls) = —5—  and  Hy(s) = Lt (A1-15)
(s+a)®+b (s+a)“+b

Similar to equations (A1-9) and {A1-10) one obtains [Baggeroer, 1970]

Gla) = P o-Relk |t} -jimk]x (AV-16)
d (w) = 2Re[ k1P A1-17
o °2 (u-Im[k])2+Re[k]2 ( )

The auto and cross spectra of ao(t) and g(t) can easily be found in
terms of even and odd parts of Si(w). Note that the net effect of
allowing a complex gain in e.g. (A1-13) is that the spectrum has a frequency

shift equal to the imaginary part of the gain.
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