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ABSTRACT

An experiment was conducted as part of the continuing study
of sound propagation in the Straits of Florida. A 420- Hz continuous
wave (CW) signal was transmitted, received at the 7- mile hydrophone,
and processed by the Linc-8 on-line digital processor. The process-
ing yielded the magnitude and phase of the reception in a 1,/16-Hz band,
the magnitude of the reception in a 1-Hz band but excluding the 1/16-Hz
band, and the magnitude of the reception in a 16-Hz band that excluded
the 1-Hz band. All bands were centered at 420 Hz.

The purposes of the experiment were to verify the possibility
of such a three-band analysis and to obtain "typical’ relative power
ratios to aid in the design of analog triband phase coherent demodu-

lation.
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1. INTRODUCTION

1.1 MIMI Description

The project MIMI is a joint experimental effort of the Acous-
tics Group of The Institute of Marine Sciences (IMS), University of
Miami, (MIMI-A), and the Stochastic Signal Processing Group,
Cooley Electronics Laboratory (CEL), University of Michigan,
(MIMI-C). The nickname "MIMI'" was generated by concatenating
the first two letters of both Miami and Michigan.

The acoustic and environmental test facility is maintained
and operated by MIMI- A, which is also responsible for the majority
of the environmental studies and propagation studies. MIMI-C is
responsible for the development of signal processing techniques to
improve the reliability and relevance of the experimental propaga-
tion data.

The signal source is a flextensional transducer mounted at
the focusofa 24 ft compliant-tube parabolic reflector. The whole
assembly is located off Fowey Rocks at a depth of 85 ft (Ref. 1).

The experimental channel used in this study is that portion
of the Straits of Florida approximately located between Fowey Rocks
and the ""seven-mile" hydrophone. The relevant features of the chan-
nel are illustrated in Fig. 1. The bottom profile shows a 350 meter

deep shelf just beyond the hydrophone. In addition to added interference

_1_



7 R Ertz Depthin|fathoms ."5
sofl - e 6r &
.. 170 5/1‘5 3194 a7
MARINE LAB =2 432 ?\
MINI
virginA key = ] N Bl
- E i . !
ol 2l ™ eaTiaNTIC o AR s mu
//@ 197 214 ! 5 %
>
. 170 ! 3sz, ~
| N o
EY ROCK$ / a8 - )WCATCAY %
150 440 N b
30 4 73 213’, 240 339 =
! OCEAN =
142 12 =
9l /zu LR
. 'o .
. i / 3s9 490 e 447 . ‘_
EL- T .6
. / 460 2t
o/, )
so & /  LPOWER B SIGNAL CABLES
/ 2.SOUND [PROJECTOR 8 ENVIRONMENTAL SENSORS
g . g e
'0 K 3. HYDROPHONES & ENVIRONMENTAL SENSORS
V4
10 80° 50' 40' 30' 20' 10’
Fig. 1 (a) Straits of Florida, Miami to Bimini
80°00' T 79°s0 79°40' 79°30' 79°zo W
0 * “——TGCATION OF —OCEANOGRAPWIC DATA STATIONS LONG.
-~ —p L e b nd ——— Gy L nd L ad
] 2 % 3 4 5 6 7 (}
2004 L
&2
w
o 400 s
=
z
T 600+
a
w
(=) 9
8001
(VERTICAL SCALE = 37 x HORIZONTAL}
0 ' 0 ) 20 . 30 . 40 N. MILES
{

(ONE TO ONE SCALE)

Fig. 1(b) Bottom Profile, Fowey Rocks to Bimini

2

1




from biological noise, surface related noise, and shipping noise, the
signal is distorted by the slowly changing multipath structure and the
rapidly changing instantaneous position of the surface. A quantita-
tive measurement of the effects of this last, the surface waves, is
one of the purposes of the triband processing.

The data acquisition devices consist of the hydrophone, seven
miles of underwater cable and its amplifiers, a telephone line from
Fowey Rocks to MIMI-A and the terminal amplifiers there, and then
in parallel, amplifiers and filters to a phase coherent demodulator,
Sanborn strip chart recorders, and two on-line Linc-8 digital com-
puters. One digital computer was used as the primary processing
device for this experiment. Figure 2 shows the overall system

configuration.

1.2 Proposed Model

From the earliest MIMI studies, and continually on all studies
at all phones, the effect of the surface waves as a source of modula-
tion has been evident. Power spectra of continuous wave (CW) ampli-
tude fluctuations, carrier phase fluctuations, and local wave height all
coincide in shape, although differing in magnitude. This is a wel]l-
known phenomena, well understood in-the-small (one surface inter-
action, small ensonified area) but not often quantitatively measured

or modeled to the extent necessary for prediction.



Examination of Sanborn strip chart records of the received
CW amplitude and phase indicate that the major effect is an amplitude
modulation (AM), with some minor phase modulation (PM). Both AM
and small angle PM primarily produce first order sidebands. The
wave periods at MIMI have 2 second to 10 second periods, giving rise
to sidebands of 0.1 Hz to 0.5 Hz on either side of every transmitted
spectral line. Most MIMI processing has used narrower filters for
CW or narrow tooth comb filters for sequence transmissions to elim-
inate this modulation effect from the analysis.

Therefore we have been confident that this surface-wave-
modulation is present, but have no quantitative measurement to
establish its magnitude or to study its behavior under changing
conditions. The primary purpose of triband analysis is to obtain
such quantitative measurements.

Continuing studies of the MIMI 7-mile and 42-mile channels
almost invariably measure two types of carrier power fluctuation
sharp,deep fades typical of multipath destructive phase interference
with recurrences of the order of 15 to 60 minutes, and gross level
changes in the maximum "'between-fade' levels with changes spread either
over months or occasionally with rapid transition in a few hours. The
second purpose of triband analysis is aimed at the type of fade with
the 15 to 60 minute recurrence. Are these fades accompanied by an in-

crease in the power in the surface-wave sideband region +0.5 Hz off

4



carrier? If this occurs, the implication would be that the carrier was
being angle modulated by the waves present. It is well known that for
the case of pure angle modulation, the total power remains constant;

it is merely exchanged between the carrier and its modulation side-

bands.
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2. BACKGROUND AND PURPOSE

In this experiment, the signal from the channel is separated
into carrier and sideband components. The sidebands are further
divided into a narrow sideband (nsb) and a wide sideband (wsb). The
power in each band is calculated and averaged over a fixed time period.
The correlation coefficient for these samples was calculated and
examined. If the proposed model is correct, a strong negative corre-
lation between the carrier power and the sideband power is expected.

The use of a three-band filter gives rise to the nickname "TRIBAND".

2.1 The Experiment

The experiment called for a 420-Hz continuous wave signal
to be transmitted through the channel. The signal would then be re-
ceived and digitally processed.

The MIMI project is unique in that measurements are made
between two fixed sites, thus eliminating the necessity of correcting
for drifting sites. The transmitter consists of precision oscillator
(1 part in 1010) from which the 1680-Hz clock frequency is derived.
The 1680 Hz is further divided to 420 Hz which is then transmitted
by cable to the amplifiers at Fowey Rocks lighthouse. The amplifier
output is then coupled, by cable, to the transducer. The piezo-elec-
tric hydrophone receives the signal which is then conducted to IMS

via cable. At IMS the receiver signal is amplified to a range of



less than +1V in order that the input to the fixed bandpass filter and
the A/D converter is not exceeded. From there, the signal is passed
through a passive, fixed filter with a 120-Hz passband centered at

420 Hz and sampled by the A/D converter for subsequent digital pro-
cessing. After processing,the digital data is written onto magnetic
tape for post-processing. The data is also typed out on a teletype for
correlation with the taped data.

Our primary concern will be with the signal after it has been
received at IMS. A synchronizing signal is provided to ensure that
phase coherency is maintained. The 1680 Hz is also used to sample
the signal waveform. Ideally, the 420-Hz signal is sampled four times
per cycle which is more than adequate to recover all of the informa-
tion and is exactly four times the carrier frequency to facilitate
demodulation. The computer then performs the filtering in accordance

with the description in Section 2.5.



2.2 Bandpass Filter Implementation

The concept of the filters for the experiment is sketched in

Fig. 3.
1 fl < f
——D LP — v, (t) H () = | 1
f 1 LP 0 elsewhere
b
1 £ <) <f
t P > 9
e (T s GRS
f 1 0 elsewhere
i 1
in O wm e b RS
| ,Z S Y3 BP
f 2 0 elsewhere
£y

Fig. 3. Three band filter

The implementation of the bandpass filters posed the most
difficult problem. The bandpass filters might be realized by using the

following scheme:



Fig. 4. One bandpass filter implementation

That is, a low pass filter and a high pass filter are cascaded
to form the bandpass filter (Fig. 4). The same effect could be achieved by

combining two low pass filters as in Fig. 5 .

T |
| LP, |
I .Lf I
x(t) —:-—— £ v(t)

| LP, +

|
R =tk
N "

Fig. 5. Another bandpass filter implementation

The output of the narrower filter is subtracted from the output
of the wider filter forming a bandpass filter. For ease of digital im-

plementation, this is the method that was chosen.
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2.3 Analog Filters

Consider the analog filter which is analogous to the digital

process (Fig. 6). The proposed filter would have impulse response:

hit,7) = 1/7 It < 7/2

(1)
0 Itl > 7/2

hit,n
1/1 ’

-7/2 7/2

Fig. 6. Analog filter impulse response

This filter may be realized if sufficient delay is incorporated. The

transfer function is

HE, 1) = [ e, n)e i@t g

where

11



7/2
cos wt dt

o

H(t, 7)

o™

I
~—
wn
ety
=
€
-
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2nfT

_ sSinwfr

5 = sinc (f 7) (2)

If two low pass filters are combined as illustrated in Fig. 5, one hav-
ing m times the averaging time of the other, the transfer function for

the combination becomes

© ot
H (f, 7) = _fw h, (¢, 7) e 19 gt
= sinc (f7) - sinc (fm7) (3)

where

ho(t, 7 = ht 7 - b, 1)

This function can be factored to yield the corresponding high pass and

low pass filters as in Fig. 4.
Hc(f, 7) = sinc (f'r) - sinc (fm7)

sin 7fT sinafmrT

H (5, 7) =

7f7 = wfm7T
(4)
_ sin7f7t sinmTmfr| _
T oafT [ " m sin wa] - HLP(f’ 7 HHP(f’mT)

12



The power transfer function of the high pass filter is:

2 _ _ singmfr)?2
fgp(hm7) = [1 m] %)

The important characteristics of the high pass filter are:

. _ — Sinzmf7t _
FlrSt, HHP (f) =0 = m 1 (6)
or

sSintmf7 = msinafr (7)

which only occurs when f7 is an integer. In particular,at f = 0,

the power transfer is zero.

HfIP(O) = 0 (8)

Second, HHP(f,mT) =1 = sintmf7r/msinnfr = 0

or
sintmfr = 0 = 7mf7 = kg
=> f = k/m7
Hence,
H%P(k/m'r) =1, k=1,2, ..., m-1 (9)

For 7=1/16 and m = 16, the 3 dBbandwidth of the reject region

about dc is approximately 1.4 Hz.

13
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The "overshoot" of the high pass filter for m=16 is approxi-

mately 47 percent and occurs at a frequency of about 1.5 Hz (Fig. 7).

2.4 Digital Block Averaging

The objective is to obtain a bandpass filter by differencing two
low pass filters. For our processing, the averaging time of the digi-
tal narrow band low pass filter was 16 times the averaging time of
the digital wide band low pass filter. This means that for each value
out of the narrow filter, there were 16 values out of the wide filter.
That is, there was one value from each of 16 wide filters
which were selected sequentially in time during the averaging period
of the narrow filter. Although this digital situation is similar to the
analog just considered, the processing is not time invariant. The
output of the narrow filter will have to be subtracted from each of the
outputs of the 16 wide filters. This method of processing is called a
"block averaging' or a "'synchronous, cyclostationary' technique. The
analog impulse responses are illustrated in Fig. 8.

These impulse responses are not realizable, but may be made
so by allowing sufficient delay. The required delays are given in Eq.
10, where:

(a) 1/2 7 is the delay necessary to make each wide filter
realizable,
(b) k7 is the delay necessary to pick the appropriate output

for differencing, and

15



h(t, m7)
1/167
— t
t=20
hk(t, 7)
1/7 _
k=0 |lk=1 k=15
—» {
— 7= 157 t=0 1457 1557

Fig. 8. Analog filter impulse responses

(c) 87 is the delay necessary to make the narrow filter realizable.

h (7) = h[t- (k+3)7;7] - h(t- 87;167); k=0,1, ..., 15
(10)

The transfer function for Eq. 10 is:

Hk(f) = exp[-j2n(k+3) 7] sinc(f7) - exp(-j16af7) sinc (16£7)
| (11)

. . ' . _ sin(167£7)
H, (f) = exp(-j16ni7) sinc (f7) Eaxphﬂ(ﬁ 2)I7]~ TG sin(atr

where Hk(f) has been factored into a low pass and high pass product.
The power transfer characteristic of the low pass filter is the familiar

sinc?(f7) function. The high-pass filter power transfer characteristic
is a function of the delay, k.

16



sin(n16£7)|2

Hyp O lexpljn(15- 2K)£7] - TSomi s (12)
Recall: HI? = HB* (H complex) (13)
and

e g = @1 ) i g
= 1+p%- g4 &1
= 1+ 8%- 20 cos (14)

Therefore, a more convenient form of the high pass power transfer

characteristic is the real equation

2 sin(rl6f7)f * , sin(rl6f7) )
= N -7 - _ f
’HHP, k(f)‘ 1+ ,:1 6sin(a17) T6sin(at?) cos (15-2k) 7ft

k =01, ..., 15 (15)

The individual power transfer characteristics for k = 0,1,
..., 15 have been plotted and are given in Appendix B. It is evident
that each of them varies about the desired rectangular pass band.
However, our processing calls for a fairly rectangular pass band with
variations reduced to a minimum.

In our processing, we are interested in the power in the band.

We estimate the power by averaging the magnitude squared of the output

17



of 16 outputs. Hence, we look at the average of the individual power
transfer characteristics which is averaged over the 16 delays in the
block averaging process.* Accordingly, the bandpass power trans-
fer function is the average of the individual bandpass power transfer
functions that are a function of the delay, k. Using this approach,
we see from Eq. 11, that only the high pass filter is a function of the
delay, k. The low-pass filter is merely the sinc?(f7), unconditional
upon k. From Eq. 15, it is noted that the third term is the only one
which is affected by k. Accordingly, we shall average over the co-
sine term.

The average value of a set of cosines at uniformly spaced fre-

quencies and symmetric about zero is

15 .
1 _ sinm16f7
16 Z cos 1(15- 2k) f7 = 16 sin b7 (16)
k=0
From which,
H. (f)]2 = = 1251{ (M2 = 1 - (Sinmmir \* g0
"upO" = 16 2 [Hpp, k)] m sin 117

This average high-pass power transfer characteristic is plotted

in Fig. 7 and also in Fig. 9.

*See Appendix A for development.

18
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To obtain the bandpass power transfer characteristic we use

Eq. 17 and Eq. 12.

ppl0]* = (B RO [Bgp) 19

2 _ [sinwfr)\?2 sin 7mf7 \?
‘HBP(f)‘ - < af7 > [ - <m s7iTn ﬂfT) ] (19)
lHBP(f)Iz = sinc?(f7) - sinc?(mf7) (20)

Equation 20 is the bandpass power transfer characteristic of inter-
est and turns out to be simply the difference of two sinc® functions
which is the power transfer function of the bandpass filters described
in Section 2. Figure 10 is a plot of the bandpass power transfer char-

acteristic.

20
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2.5 The Digital Process

The signal is digitally demodulated and then summed to obtain

the desired outputs. Figure 11 is a block diagram of the process.

z(t) 16 + )
—>1Demod. ), 9= Store |—= Ditf > 7, (T)
1 T
1/16
A
Y
16 A
2 ° Store }—»{ Diff ——»zB(T)
1 T
1/16

(=Y
HM@ ot
e

)

N

Fig. 11. DPartial digital process

The signal is sampled at the 1680 Hz clock frequency. Prior

to sampling, the analog signal is passed through an analog filter with

22



a 160 Hz bandpass centered at 420 Hz. Hence, an alias is avoided
since signal components of 840 Hz and above are negligible. The

demodulation process essentially shifts the band of interest down to

dc. The transfer function (Ref. 2) of the demodulation process is

H(f) = je—j21:’f‘ sin 47f T

= (25a)
cos T
|cos nf T

T = 1/1680 sec

The output rate from the demodulation process is 210 complex values/

sec.

The summation may be viewed as a filter whose impulse re-

sponse is a string of impulse functions (Fig. 12).

—> t
0O T 2T 3T 4T

T = 1/210 sec

Fig. 12. Summation impulses
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As a digital filter, the response is:

N:\l
h(t) = ), &(t- nT) (26)
n=0
The transfer function is:
(N-1)T _ §
HE) = [ Y 6t - nT) e 2™ 4

n=0

(N-1)  (N-1)T .
- 5(t- nT) e J27Ht

n=0 0
_ N'Zl o~ j2mtnT 27)
n=0
Recall:
1+x+x2+....+xn511—}_{2;1—; x< 1 (28)
Therefore,
H(f) = 1:2_;::?

e-janT (ejanT _ e-jﬂfNT)
T Tyt ( T -jwa)
e e - €

24



~§7{(N-1)T sin (@INT)

- © sin (7fT) (29)
_Isin (rfNT)|
HO = | sin(7fT)| (30)

where:
N =16 for the 1st filter => NT ~ 0.08 sec
N = 256 for the 2nd filter => NT ~ 1.22 sec

N = 4096 for the 3rd filter => NT ~ 19.5 sec

These numbers have step ratios of 16 and were chosen so that the
surface wave periods of approximately 2 to 10 seconds fall between
NT =1.22 sec and NT =19.5 sec. From Eq. 30 and Fig. 11 it

can be seen that the resulting averaged difference power transfer

characteristics are

2 _ |sin 4096 7fT] 2
|H3 (0)! [4096 sin wa] (81)
in 256 7{T] 2 sin 4096 7{T] 2
/12 - |sin )
| Hy ()] [256 sin 71T 4096 sin 7fT (82)
in 16 7T 2 sin 256 7fT] 2
|H, (f)12 = [SWD20mIy" | sin 256 7fT 33
1( ) [16 sin #fT 256 sin 7fT (33)

These are plotted in Fig. 13.

25
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H3 (f) has a pass band of approximately 50 MHz and is thought
to contain primarily carrier energy. H2 (f) is thought to contain both
surface modulated energy and some local noise. H1 (f) is thought to
contain primarily local noise energy. Notice that the transfer char-
acteristics are periodic in 210 Hz. However, this does not become
an important factor since the analog input filter has removed all sig-
nals 210 Hz away from the carrier

Figure 14 illustrates the complete digital process. It is un-
derstood that the so-called "y'"" components out of the demodulator go
through a process which is identical to that shown for the "k
components. Samples are taken for 19- 53/105 seconds which
yields 4096 complex values from the demodulator. These values are

processed as follows:

0<m< 16, 0<2 < 256, 0 <k < 4096

16¢4+15

x (2) = zo(k) (34)
k=164
16m+15

X, (m) = 2, (0) (35)
{=16m
15

Xq = Z zz(m) (36)
m=0
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AN 2

where = = integer part of 2/16

Ry
Do
8
o
]

xz(m) -2 Xq

Pp=x+y
Py = x9+y,
5 = 2 2
By = (xg)? + (7)

(37)

At this point in the processing, the power estimates 131 )

i=1,2,3 are written onto magnetic tape for further processing.
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3. RESULTS

This chapter describes the results obtained by the three-
filter analysis, summarizes the analysis processes, and discusses

an interpretation of these results.

3.1 TRIBAND Graphical Results

In Appendix C the plots of the processed data are presented.
Data are presented in frames of approximately seven minutes length;
hence, each page represents about two hours of data. Frame #1
started at 1600 hrs., 3 October 1969.

The Pi (i=1,2,3) which were stored on magnetic tape were
post-processed by a compﬁter program which yielded the plots indi-
cated. The program gives the output in decibels (relative) which is
what is actually shown. The scale ranged from a minimum of 10 dB
to a maximum of about 68 dB. This range was chosen because the
calculated powers never exceeded these limits. In these plots, the

following correspondence is used:

1
(2) B, = P@)
(3) 1‘53 = P(C)

Since the phenomena of interest are the relative power levels, the
fade occurrences, and the correlation between the three powers, the

actual power level is not calculated exactly.
30



results indicate that there are periods of both strong negative and

strong positive correlation over each of the time periods used.

3.3 '""Phase Jumps' in TRIBAND

The graphical data for the power estimates indicate a strange
phenomenon occurring at random intervals. These are the abrupt
changes in carrier phase associated with a change in each of the esti-
mated power levels. 131 and 132 both increase whenever the phase
changes while 133 (the estimate of the carrier power) decreases.

There appear to be spurious pulses getting into the sample
circuitry and causing 90° (or some multiple of 900) phase jumps

during one sample period. These spurious pulses are thought to be

caused by a radar transmitter located in the nearby ESSA laboratory.
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The phase information for the carrier is given below the three
power level plots. The phase angle is expressed as being between
-180° and +180° with only -180° being indicated on the plot. The +180°

value is understood to be equivalent to the -180° value.

3.2 TRIBAND Correlation Results

The correlation coefficients in power (not in dB) for the three

bands was calculated. The relationship used was

N — —_
jéi Cxi- X)(yi- y)

Z
)=

N
Lo - %7 ) - 5)
i=1 i=1

where ny is the correlation coefficient between the sample points

{x} and {y}. Also,

X =

2
e

1l
LY

1
N
i

The results are given in Appendix D.
The correlation coefficient was calculated for periods of

about 28 minutes and 63 minutes. (That is; N =56 and N =126
with the sample points occurring at 30 second intervals.)
Since this is a nonstationary situation, the correlation coef-

ficient must be viewed as a nonstationary statistic. The calculation
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4. CONCLUSION

The initial objectives were met, in that the digital three-band
filter was implemented and used to obtain the relative power levels
desired. The stability of the phase was again displayed as was evident
on previous MIMI CW experiments. This fact tends to establish the
validity of the processing.

The carrier power varied from over 60 relative dB (rdB) to
about 30 rdB (which occurred during deep fades). This also agrees
with the fade situation previously experienced. The local noise level
was fairly constant (background noise) with some bursts which may be
attributed to biological noise or man-made noise (e.g., shipping).
The incoherent power level appeared to be relatively stable, again
with the bursts which occur in the local noise band.

As expected, the correlation between the local noise band and
the incoherent band is, in general, strongly positive. An interesting
observation is that the correlation between the noise band and the
coherent band is highly negative on the short time (28 min ) basis,
and negative to a lesser degree on the longer time célculations.

This tends to indicate the presence of higher frequency (> 1 Hz)
modulation components which are angle modulating the carrier. To
make this definitely conclusive, however, more studies must be

carried out.
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The digital process described in this report was intended to
be a predecessor of an analog process that is to run continuously
over a long period of time. When the results of the analog processing

are known, the validity of the types and amount of modulation present

may be more firmly established.
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Appendix A

ON THE QUADRATIC CONTENT TRANSFER FUNCTION

OF A NONLINEAR PROCESSOR
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ON THE QUADRATIC CONTENT TRANSFER FUNCTION

OF A NONLINEAR PROCESSOR *

A.1 Background

Consider any time invariant linear filter situation where '"the
power or energy spectrum' of the input has meaning (Fig. 15). For a
steady-state deterministic process, one means a time average; for L2
deterministic process, one means a time integral; and for a wide sense
stationary random process (real or complex), one means the Fourier

transform of the autocorrelation.

) Filter H(; — X

Fig. 15. Filter diagram

One common property of the power or energy spectrum for all

these diverse situations is that commonly called Parseval's Theorem.

X
Ave [x*(t)] = [ P _()af (1)
-

where Px(f) is the appropriately defined power or energy spectrum

for whatever type of variable x is, and the definition of "Average'
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is the corresponding appropriate time or ensemble average.

A.1.1 Quadratic Content Transfer Function

The power transfer function of a linear time-invariant filter is
Power Transfer Function = |H(f)|2 (2)

where, loosely,

H(f) ='g'{impulse response h(7)} = Qz{h(’r) at Re s =0}

One can relate the average squared output of a linear filter to

the input power or energy spectrum and the filter power transfer

function by

P _(f) = P_{f) |H(f)I? (3)
X
and
C
Ave[x®] = [ B_(f) IH({)? at (4)
-x X

Equation 4 can be used to define a transfer function for both linear
and nonlinear processing. Let x be the input to a processor and y

be the output. We shall say T(f|x = y) is the Quadratic Content trans-

fer function iff
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xc

Ave [x?] = [ P (f) T(fIX ~ x) df (5)
-

A.1.2 Quadratic Content Transfer Function of an Average

Consider a finite number of filter outputs and their simple

average as diagrammed in Fig. 186.

x, (t)
H, () 1 =
H, (f) 2 i A
x(t) D x(t)
D
|y
—{ " [
Fig.16. Linear averager
— 1 M
x(t) = 3 L xpt) (6)

Because x- xk-—i is a linear processor, we may work directly with

the usual transfer function, and then find its magnitude squared.

;M
Hf) = 3 k21 H, (f)



2

TEx-%) = | DH @ (7)

Let us not bother to try to simplify Eq. 7.

A.2 RMS Averages

A.2.1 Quadratic Content Transfer Function of an RMS Averager

The first nonlinear processor to be analyzed begins like the
simple averager of Fig. 16, with multiple parallel filters. However,
instead of the simple average consider the root- mean- square value

of the xk(t) .

1 M
rt) = Y4 kzl x, 2 (t) (8)

Here we may not use the usual transfer function, but reason as fol-

lows:

o oavell B,
Ave[r®] = Ave|y: ) x (92)
k=1

The average of the sum is the sum of the averages.

1 M
Ave[r?] = W Z Ave [xkz] (9b)

But



S0
ANEEN'D)
Ave[r?] = = P_(f) |H, (f)1% af
M k=1 - £ k k
o 1 M
Ave[r?] = [ P_(f) % L VH (D17 af
- X k=1
Thus
;M
T(tlx~x) = 5 ) H, (51
k=1

(9¢)

(9d)

(10)

A.2.2 Quadratic Content Transfer Function of the RMS About the Average

The second nonlinear processor again begins like the previous one

b

with x(t) filtered to yield the set {x (t)}. Equation 6 still defines
*k

x(t) . However, let s(t) be

M 2
s(t) = \/Tla Zl (xk(t)—?;(t)>
k=

I
=]
]
WN
[\}]
]
DN
>
/—\
=]
]
>
=
N—
+
Pl
[\
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s? = r?-2xx+x% = r?2-%? (12c)
s?(t) = r2(t) - x2(t) (12d)

Again using the linearity of average
Ave[s?(t)] = Ave[r?(t)] - Ave[x2(t)] (13)

and the linearity of the integral over frequency yields
T(lx=s) = Tlx=r)- T(flx—Xx) (14)
Gathering together (7) and (10) yields

Tlx~s) = L1017 - |1 Y )] (15)

A.3 Delay Lines and Averages

A.3.1 General Delays

In this section we shall consider the case when the parallel

filters are pure delay functions.

h (1) = 8(r- 1) H@ =e K (16)

(17)
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M -j2nfT

Tlx-1) = & ) le SR (18)
k=1

T(f!x=s) = 1 - T(flx=x) (19)

Apparently the rms averager, (18), is the only nice result.

A.3.2 Uniformly Spaced Delays

Let us consider

T = k A+ T (20)
The corresponding filters are realizable iff = A+ 7 > 0. From
experience we learn to factor the exponent
-j2nf(kA + TO) = -juf(MA+A+ 270) - jrf(2k-1- M) A (21)
1 M
M Z H.k(f) = exp <—]7Tf(MA+ A+ 270)>
k=1
1 M
= Z exp (—jﬂf(2k- 1-M) A) (22)
M3

The sum is the sum of a finite geometric series, with ratio between

terms of exp(-jrf2A). Its sum is

M e-jﬂ’f(l -M)a e—jﬂf(M+ 1)A

;l exp(---) = L e—jﬁfZA (23a)

42



Factoring out e A from every term

S jri-M)A - jrfMA

jufA -jmfA (23b)
e -e
_ sin7MfA
T sinwfA (23c)
Returning to Eq. 22,
W 1\24’ H @) = exp -imf(MA + A+ 7 )> SinTMfA (24)
M k=1 0’) MsinnfA

The first factor represents the average delay of Tyt - 5(M+1) ; and

has unity magnitude. The second factor is real; it is the periodic

analog of the sinc function

. _ Sin 7fT
sinc(fT) = T (25)
The rest is a quick summary
— i MfA |2
T x = _ |sina
(flx~x) [M sinntfA (26)
Tlx=r) = 1 (27)
in7TMfA |2
T(flx=s) = 1 - |SM7TMIA 28
( . ) [Msinan (28)

43



A.4 Analog Triband Using Uniform Delay

The subprograms in the digital triband processor use all three
kinds of average discussed above (simple, rms, and standard devia-
tion) and also use analog filtering between the raw inputs and the com-
puter, and a demodulation process through synchronous sampling.

In this section I should like to consider an analog analogy to
that processing that occurs after the input filtering and demodulation.
We know that these yield a complex signal that is physically limited to
low frequencies, and that only values at discrete instants of time are
available because of the sampling. In this analogy I shall suppress
these features until late in the analysis.

The processing is block diagrammed in Fig. 17.

_ Average < R p— PC
—4 Average z
b
Std Dev SQ PB
z(t) ——
S a
~—{ Std Dev RMS SQ PA

Fig. 17. Triband post demodulation processing
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What is desired is the Quadratic Content Transfer Characteristics
between z(t) and a(t), b(t), and c(t). If the input power (energy)

spectrum Pz(f) is known, then the Quadratic Content Transfers could

be used to obtain Ave[P,], Ave[P_], and Ave[P.

B cl-

The first average and standard deviation processors use M

1
values each, and the time separation is T1
3 sin 7 My T, £)°
Tlz=2) = |\ gr—<mrt T (29)
1 1
, sin 7 M, T, f 2
T(lz=~s) = 1- M1 sinnTlf (30)

The second layer of processors use M2 values, and the time separ-

ationis T, =M, T

2 171
3 sin 7 MleT1 f\2
T(flz=-c) = - (31)
M2 sin 7 MlTlf
_ sin 7 M1M2T1f 2
Tiflz=b) =1 - (& sinw M,T. T (32)
2 171
T(fls-a) = 1 (33)

The Quadratic Content transfer function of a cascade of these proces-

sors is the product of the individual Quadratic Content transfer functions.
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Hence

T(flz=c) = T(flz=z) T(flz= c) (34a)

sinm MM, T, f\2

27171
T({lz=c) = . (34Db)
M1M2 sin 7 Tlf
T(flz=b) = T({lz-=z) Tz~ b) (35a)
. 2 : 2
R e ) IR e S
S | 12 1
T(lz-a) = Tflz-=s) T(fls—a) (36a)
sin 7 MITI f\2
T(flz=a) = 1 - M. sina T 1 (36Db)
1 1
Because the sum of these three transfer functions is unity
Tflz—-a)+ T(flz-=b)+ T(flz-c) = 1 (37)

we call these three ""complementary," that is, "all the input power is
split, and gets through so none is lost or reflected."
Equations 34, 35, and 36 are the basic equations used in under-
standing the special features of TRIBAND. They are repeated below
8 105

for M1=M2=16 and T1=1—5 . Let f1 =g = 13.125 Hz



sinm 256 f/f1 2
Tflz~c) = 256 sinﬂf/q (34c)

sinnm 16 f/f1 2 sin 7 256 f/f, \?

_ 1
T(tlz~b) = 16 sin7i/f; | ~ \ 256 sin 7 £/1; (35c)
sin 16 £/1, \?
T(lz=~a) = 1 -

16 sin7 f/f1 (36c)

All of these transfer functions are periodic, with period 13.125 Hz.
The carrier band, "C band," is centered at 0 Hz and has first zeros
at +.051" Hz. The first sideband, "B band," first nears unity trans-
fer at .051 Hz, and has its first zero (other than 0 Hz) at + .820" Hz.
The "A band" first approaches unity transfer at +.820 Hz, and has

its first zero (other than at 0 Hz) at + 13.125 Hz. The crossover fre-

quencies are fCB =+.026 Hz, fBA =+ .410 Hz.
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Appendix B

INDIVIDUAL POWER TRANSFER CHARACTERISTIC

PLOTS
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TRIBAND GRAPHICAL RESULTS
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Appendix D

TRIBAND CORRELATION RESULTS
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The correlation coefficient is calculated over N points
(N=56,126), which corresponds to approximately 28 and 63 minutes
respectively. The coefficients given are between the noise band and
the incoherent band (NI), the coherent band and the incoherent band

(CI), and the noise band and the coherent band (NC).
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CORRELATION COEFF. CALC.
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# OF RLKS TO CORRELATE 4

# OF POINTS ouT 101
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# OF WORDS/GROUP (MODULUS){g

N=56, T~28 min
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+997662E+00 «773150E+00 «TTR983E+A0
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- +871714E+00 «338151E+00 - +278595E+00
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CORRELATION COEFF. CALC. N=196, T~ 63 min
ENTER:

# OF BLKS TO CORRELATE 9

# OF POINTS OUT 45

STARTING BN 1

# OF WORDS/GROUP (MODULUS) 18
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-+759288E-01 s A44894E+00 «309548E+00
+998951E+00 «273988E+00 «276698E+00
«461461E-01 +291178E+@@ - .243310E+00
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