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1. INTRODUCTION

This volume presents a detailed description of the subsystems that comprise
the Satellite-Based Advanced Air Traffic Management System (SAATMS). The Surveil-
lance Subsystem is presented in Section 2, the Navigation Subsystem in Section 3,
the Communications Subsystem in Section 4, the Data Processing Subsystem in
Section 5, the Airport Subsystem in Section 6, and the details of the electronics
required to implement each subsystem are presented in Section 7. Sections 2 through
6 include detailed descriptions of the subsystem mechanizations, the rationale for
their selection, and the expected performance of each subsystem. Section 7 presents
block diagrams and performance characteristics of each equipment. Particular
emphasis has been placed on the integrated avionic hardware. In general, the details
of the analyses and assumptions underlying the data presented in this volume can be
found in Volume IX of this report.







2. SURVEILLANCE SUBSYSTEM

The SAATMS surveillance subsystem is an air-to-satellite~to-ground,
asynchronous, multilateration system which provides high speed, accurate, and
reliable user location data. The proposed asynchronous system design has
been analyzed in detail and found to be a valid solution to the surveillance
problem.

The surveillance system will track a large number of aircraft within
the satellite system coverage boundary. Altitude limits and the degree of
dispersion within the coverage boundary have no effect on the system operation.
There are no regions of high or low accuracy such as exist with ground based
systems. The system accuracy is a slowly changing function until the outer
boundary of the satellite system coverage is reached.

There are only two factors which affect the growth potential of the
selected surveillance scheme. The ultimate number of users is bounded by
multi-access noise resulting from asynchronous user surveillance pulse trans-
mission and by ground processing capability. The former problem can be
alleviated by the addition of additional surveillance channels. The latter
problem only requires more ground based equipment to absorb the growth.

Both of these are valid techniques for system expansion,

2.1 Surveillance Subsystem Described

Satellite multilateration techniques are utilized for surveillance
data determination. Each active user in the system transmits an aircraft
identification encoded surveillance pulse at a periodic rate. These pulse
transmissions are unsynchronized between aircraft. These pulses are trans-
ponded by a constellation of satellites and received by a ground station.

The ground station measures the times of arrival of the pulse sequence
as they are transponded from the satellites. From these data, the user's latitude,
longitude, altitude, ground velocity, and heading are computed.

Figure 2.1~1 shows the general timing involved in the surveillance process.
A single pulse is transmitted, transponded by a group of satellites, and received
(after decoding) as a sequence of Time of Arrival (TOA) data. Since the arrival
times are known, the positions of the individual satellites at the transponding
times can be computed. The transponding times and positions of the satellites will
allow computation of the unique position of the aircraft if four or more TOA's are
received. The four signals are required since an a priori knowledge of the time of
transmission is not assumed. :
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If a sequence of positions is available, the velocity and therefore the
heading of the user can be computed. The velocity is in terms of ground speed
since all positions and velocities are relative to the reference geoid, i.e., a
mathematical description of the earth's shape used to compute geographic latitude
and longitude.

In practice, the mechanization that is employed is substantially more
complex than the simple explanation given. In principle, the system operates
exactly as indicated.

The asynchronous air-to-satellite-to-ground configuration was selected
based on the simplicity of the ground receiving sites, its low altitude remote
area coverage, low user equipment costs, and the low communication requirements
for surveillance. Any alternate system approach is substantially more complex
and restrictive than the selected system. Further, the selected system is feasible.

In the SAATMS design study, a substantial amount of the effort was
directed toward three aspects of the surveillance subsystem; the RF links
and the identification coding scheme, the mechanization equations to be used,
and the performance of the subsystem. Although other aspects of the subsystem
certainly are important, these three areas essentially delineate the system
and its potential.

2.2 Detection Assures Proper Surveillance

The surveillance RF link, identification, and detection scheme employed
assures that all CONUS users can be surveyed with high probability. This can
be achieved regardless of the asynchronous nature of the surveillance pulse
transmission.

The essential problem with the selected mechanization lies in the multi-
access noise. The aircraft transmit pseudo-noise encoded, spread spectrum,
jdentification pulse sequences. The satellite receives pulse sequences from
users in a random fashion and retransmits a data stream consisting of a large
number of individual pulses. The ground based receiver processor must accept
this data stream and reconstruct individual aircraft identification sequences
and TOA's. TFor each individual identification sequence, all other sequences
may be considered to be noise. This is generally referred to as multi-access
noise.

A detailed study of the multi-access noise problem has indicated that
this problem is not severe and the asynchronous air-to-satellite-to-ground
system is feasible. Experimental validation of these results, however, has
not as yet been accomplished.



The aircraft identification code consists of three pseudo-noise (PN)
pulses as shown in Fig. 2.2-1. Each 40 psec PN pulse consists of 400 chips of
100 nsec each. The interspacing between the first and second pulses and between
the second and third pulses can be set in increments of 100 nsec. With the
selected PN structure, there are 2400 possible codes of which 2% codes with
good autocorrelation and cross-correlation properties are used. There are also
2% unique interpulse spacings between the first and second and the second and
third pulses. The PN code sequence was used both to lower user power require-
ments and to increase timing accuracy relative to other coding schemes.

40 usec

— ~<— 100 nsec

,///// PN Code

£ 0.3 <t < 1.8 usec
i— t3 4‘___7 ty _f[ 45.0 < tp < 46.5 usec
! 40.3 < t3 < 41.8 psec
Lot o =3z
\-» t) f=— | 7‘ | 44,7 < ty, < 46.2 usec
| I | 125.0 i.Ts < 126.5 usec
NS | A B C e
™ 40 usec \ '\ 40 psec \"— — 40 usec [
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Fig. 2.2-1. Aircraft Surveillance Identification Coding
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The aircraft ID code thus consists of an A pulse code, an A-B pulse
spacing, a B pulse code, a B-C pulse spacing, and a C pulse code. With the
assumed structure, there are 2% x 2% x 2% x 2% x 2% = 220 = 1,048,576 possible
ID codes.

The ground receivers used with this coding structure contain Analog
Matched Filters (AMF) that detect individual PN coded pulses. A post-detection
processor combines the pulses into ID code sequences and associates the TOA
of the first pulse with the ID code. The response of the AMF to a correctly
coded PN pulse is shown in Fig. 2.2-2.

200 nsec

Fig. 2.2-2. AMF Operation

The output of the AMF is constrained to be above a reference threshold
for pulse recognition to be acknowledged. Two factors can cause a failure of
the pulse to be recognized. The signal from an aircraft can be weak due to a
high user-to-satellite range (because a satellite is in a low gain orientation



with respect to the user's antenna pattern) or other factors that reduce the
signal energy. An excessive amount of multi-access noise may occur during an
interval, leading to false pulse decoding or missed detection. Note that false
pulse detection can occur as well as missed detection.

There are a number of events that can occur as a result of the pulse
detection scheme and the recombination of pulses into ID codes. These events
include:

(1) Missed Detection - Failure to detect one or more pulses
results in failure to detect the ID code.

(2) Phantom Detection - Pulses can be combined to yield an
ID code that was not transmitted.

(3) Ambiguous Detection - More than one closely spaced
ID code is detected.

(4) Unambiguous Detection ~ Only one ID code is properly
detected.

Each of these events has a meaning with respect to the reception of
signals from a single satellite.

The missed detection case has only a slight effect on the surveillance
problem as a short—-term phenomenon. A basic factor in the selected surveillance
mechanization is that a given user-to-satellite link is dispensible. If detection
is missed in one channel, the 7 to 10 other channels available with the redundant
satellite constellation will still provide sufficient data. A severely dis-
advantaged user with an extremely high missed detection rate in all channels
will cause surveillance to be lost. This possibility is reduced by requiring
that tracking acquisition be made and the user informed prior to entry into
the system. Subsequent in-flight failures will be detected based on track
update times.

The phantom signature problem results from inauspicious combinations
of overlapping surveillance signals and by false detection of real pulses or
random detection of non-transmitted pulses. Phantom signatures can result from
any coding scheme of this type having more than one PN pulse per identification
code.

Figure 2.2-3 shows the phantom ID's that can occur using a three-pulse
ID sequence, assuming no more than two signals are present for detection. Note
that incommensurate A-B and B-C pulse spacing is employed so that, for example,
if an A pulse combines with a valid ID sequence in the B time slot, the B pulse
will be placed outside the possible C pulse time region.




Case 1. Coincident First Pulses

{————-Leading Pulses in Initial Position in Register

—] <— Possible B Pulse Times
| | 8 Possible Codes (A1B;C;, A;B1Cy, A1ByCy,
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|
I
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|
I —] =— Possible B Pulse Times
| | | 4 Possible Codes (A;B;C,, A/B.C , A/B.C.,
D1 ' A B.C»)
‘Tl B) Ci1l 1 Real Code (A;B.C;)
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ID 2 !
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l
: Case 3. Other Cases
|
|
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: 1 Real Code
Other l I 1 Possible Phantom ID
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Fig. 2.2-3, Three-Pulse Code Phantom ID's
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Even if phantom ID's are detected, the effect on the surveillance system
is slight. The system software will reject the data if the ID has not been
assigned. If the ID is valid and the aircraft is not being tracked, multiple
satellite detections over a sequence of transmission times are required before
the phantom ID would be accepted. This is unlikely since the acquisition surveil-
lance rate is 0.5 Hz rather than the 0.125 Hz tracking rate and, therefore, the
phantom rate from acquired aircraft cannot result in acquisition of a phantom
aircraft. If the ID is valid and the aircraft is being tracked, the data are
acceptable only if the phantom data occurs at the correct time and the true
associated data do mot occur.

The likelihood of phantom ID's reaching the surveillance data are extremely
slight. The effect of phantom ID on the surveillance data is, even then, only a
temporary increase in surveillance position error. Phantom ID problems are not
an asynchronous surveillance system problem for the select system coding and
mechanization scheme.

Ambiguous detection can occur due to phantom ID's (unlikely) or due to
multipath effects. If ambiguous detection occurs during the acquisition phase,
no effects on the initial surveillance position will result. Because only four
TOA's are used for the position computation associated with acquisition, the
presence of a single ambiguous detection will result in the selection of some
other links for the TOA data. Ambiguous detection during tracking is unlikely
due to window tracking, but the effect of simply eliminating the data is the
same as for a missed detection.

During the tracking phase, received ID/TOA data are subjected to window
tracking. After the ID/TOA data are received, the data are tested to see if they
occur 8 + § sec after the last data. Here § is selected to account for the maximum
time uncertainty due to aircraft and satellite motion and measurement uncertain-
ties . If unambiguous detection occurs, the next window time is set at 8 + & sec
later. If ambiguous or missed detection occurs, the window is increased to +2§
and finally +36 for the second occurrence. If the window is +35, ambiguous
detection caused no change in the window; missed detection causes loss-of-lock
for the channel.

The probability of unambiguous detection is a fundamental measure of the
air-to-satellite-to-ground surveillance system. A mathematical model of the
satellite surveillance scheme was developed to guide the selection of the coding
scheme and RF link parameters. This model also allows evaluation of the selected
system. Although a number of different aspects of the surveillance system were
studied (see Ref. 1), only the effect of the number of PN pulses in an identifi-
cation sequence (n) and the number PN codes per pulse (Cn) will be considered
here. (The references for this section are presented in Section 2.5.)



The effect of varying n, the number of pulses per ID sequence, causes
two conflicting events with respect to unambiguous detection. Clearly, if n
is increased, the S/N ratio required to achieve a given performance level
decreases since the energy is increased (analogous to post-detection integration
radar systems). Conversely, increasing n causes more pulses for a given user
population, thereby increasing the multi-access noise.

The performance sensiti&ity of the model to the number of codes per PN
pulse was extremely small. An arbitrarily small number of codes (16) was planned.
This eases the problem of finding codes with good orthogonality properties, i.e.,
good autocorrelation and cross-correlation properties. These correlation
properties are expected to have large impacts on the actual performance.

The model used assumed that no coherent, i.e., no absolute phase refer-
ence, AMF's are used to detect individual pulses. This technique is used,
rather than whole sequence detection, because of the difficulty in mechanizing
whole sequence identification and because of phase and frequency instability in
long codes.

The model also assumed that the multi-access noise to any AMF was band-
limited, Gaussian, white noise. The assumption was made to obtain a relationship
between noise and pulse detection probability statistics. Some evidence that
as much as a 6 db error may result from this assumption has been noted (Ref.2).
That study was based on a particular coding scheme which is not representative of
the selected scheme. The applicability of that analysis to the selected coding
scheme is uncertain. This area requires further study to settle the uncertainty
in the selected assumption.

The number of active aircraft (N,), the surveillance pulse repetition
interval (Tgye), the bandwidth of the system, and the average received energy
per pulse also were modeled. The multi-access noise was assumed to be independent
of the omni-present thermal noise, and both noises are combined to yield the
total background noise.

The results of the model runs on the probability of unambiguous detection
for the three-pulse code is shown in Fig. 2.2-4. Here the lower bound on proba-
bility of unambiguous detection is plotted versus S/N ratio. For a 13 db S/N
ratio, this probability exceeds 0.998. This assumes that four out of four
satellites are required to achieve error-free detection.

The selected power budget to achieve the required S/N ratio plus margin
is shown in Table 2.2-1. This budget is based on a geosynchronuous satellite.
The effect of varying n for this budget is shown in Tables 2.2-2 and 2.2-3 for
35,000 and 100,000 active users, respectively.
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Fig. 2.2-4., Probability of Unambiguous Detection
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Table 2.2-1. Surveillance Uplink (L1) Power Budget for Geostationary

Satellite Channel

Parameter Power

Transmitted Energy Per Pulse (2 kw for 40 usec) -11.0 dbj
Aircraft Antenna Gain 4.0 db
Satellite Antenna Gain (10 deg beam; 70 percent 24,6 db

Efficiency)
Pointing Losses 1.0 db
Miscellaneous Losses (Plumbing = 1 db, Attenuation = 1 db) 2.0 db
Path Loss (f = 1.6 GHz, d = 26,000 mi) 189.0 db
Received Signal Energy per Pulse -174.4 dbj
Effective Multi-Access Noise Power Density -204.2 dbw/Hz

(NA = 3,5 x 10" aircraft, %~= §§2§%29§3 Bandwidth = 20 MHz)
Receiver Noise Density -201.0 dbw/Hz
Total Background Noise -199.3 dbw/Hz
Downlink Degradation (100 w Transmitted Power; 0.1 db

10 ft ground antenna)
Detection Loss (Limiter and Decorrelation) 2.0 db
S/N Ratio/Pulse 22.8 db
Required S/N Ratio 13.0 db
Margin 9.8 db
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It should be noted that the constellation GDOP nominal studies were
performed using an equivalent S/N ratio of 16.0 db. This is 6.8 db less than
the available S/N ratio of 22.8 for 35,000 users and 5.3 db less for 100,000
users. The GDOP visibility results are, therefcre, very conservative for the
assumed RF power budget and multi-access noise assumptions. Even if the effect
of the multiple access noise is off by several db, there appears to be several
db margin available before the onset of even minor surveillance degradation. The
S/N margin can be further increased by using multiple beam antennas at each satel-
lite. If two beams are used, each with twice the gain of the single beam case, the
S/N ratio increases by approximately 1.5 db.

2.3 Surveillance Mechanization Concept

The mechanization and software requirements for the surveillance subsystem
have been investigated and a unique solution to the problem has evolved. A
method has been proposed which will allow the application of filtering techniques
to a large number of users without the usually attendant computer complexity.
This method provides substantially improve accuracy over the more usual deter-
ministic surveillance mechanization.

Figure 2.3-1 is a block diagram of the surveillance subsystem mechanization
concept. Five major elements have been identified as containing the bulk of the
software requirements, as follows: the TOA correction software, the acquisition
algorithm, the surveillance tracking algorithm, the regional gain and calibration
algorithm, and the acquisition correlator. This latter task and the other book-
keeping functions are considered in detail in a later section.

The TOA corrector includes all pre-processing of the TOA data for use in
surveillance tracking. This includes correcting the signals for delays due to
ionospheric and tropospheric effects, due to downlink pseudo-range adjustments
arising from satellite motion, and due to calibrated equipment. In addition, the
corrector processes signals for window tracking consideration prior to using the
data as inputs to the tracking filter.

The acquisition position computer contains the software mechanization
required to enter a newly acquired aircraft into the surveillance system. Since
no prior estimate of the entering aircraft's position is available, the function
performed by this algorithm is to initialize the aircraft position on the basis
of measured TOA's. A whole value algorithm based on an explicit closed form
solution to the hyperbolic position determination equation is used in this mode.
This mode allows extremely rapid acquisition to take place since only four TOA
measurements are required.
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Fig. 2.3-1. Surveillance Mechanization Block Diagram

The primary task of surveillance is to keep the aircraft state vector
(vector of positions and velocities) updated. A suboptimal Kalman recursive
filter was selected due to its inherent accuracy. The filter processes scalar-
valued TOA difference measurements since the filter size can thus be fixed
regardless of the number of visible satellites. This algorithm is well suited
for optimally combining successive position estimates, providing optimal velocity
estimates, and providing for variable satellite visibility.

The more usual method of updating the aircraft state vector is to use the
method selected for the acquisition mode. This deterministic method suffers from
several disadvantages with respect to the proposed method. The basic deterministic
algorithm employs only four TOA measurements per update. Since more than four
satellites are always visible, the excess information is simply ignored. The
state vector computed by the deterministic solution does not include velocity
states. An outboard filter or curve fitting routine must be implemented to
estimate the velocity states.
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A major modification to the deterministic filter is required to achieve
the same state vector from the basically overdetermined data set available. This
requires a substantial amount of software. This same criticism also applies
to the normal filter routine due to the amount of data storage required to
implement the usual filter algorithm. A modification to this normal routine
will allow substantial software.simplification.

In practice, it is known that the convergence of the Kalman estimate
state vector is not very sensitive to the Kalman gain matrix. An approximation
to the correct gain matrix primarily affects the transient performance of the
filter. This factor can be utilized to substantially reduce the complexity
of the Kalman filter routine.

Since the Kalman gain matrix is determined by the user-satellite geometry,
a single set of gains can be computed for all aircraft in a given geographic
region. This is possible since the gain matrix is a weak function of the user's
location within restricted geographic regions. Further, the gains do not change
rapidly with time. Since a major portion of the Kalman algorithm software is
involved in the computation of the proper gains, a substantial speed and storage
processing gain can be achieved at a slight cost in accuracy.

To compensate for correlated system errors in high density airspace, a

calibration station concept is employed. This routine corrects certain errors
such that improved absolute surveillance accuracy can be achieved.
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2.3.1 Surveillance TOA Model

Figure 2.3-2 depicts the geometry of a typical surveillance signal path
for a pulse emitted by the aircraft and received by the ground tracking system.
The user transmits a pulse at time T when at position P(ty). This pulse is
transponded by a satellite at time Tp later and received and measured by the
ground system at a still later time, Tgy. The measured time of arrival is related
to the pulse transmission time, the re raction delays, and the scalar transmission
distances corresponding to the uplink and downlink signal paths by Eq. (1) and (2).

1
= - S(T -
T = Tat Mgt 18T - BTy 1 (1)
T = v +n +% || B(x) -8(T) | 2
n n n c n - n
where
an = Time-of-arrival at ground station
'1‘n = Time the signal was transponded by the satellite
T, Time the pulse was emitted by the aircraft
Ny = Downlink refraction delays due to the ionosphere
& and troposphere
n, = Uplink refraction delays due to the ionosphere
and troposphere
gﬁTn) = Satellite position vector at time L when pulse is
transponded
R (T ) = Ground receiving antenna position vector at time of
B e signal reception. (This position vector is constant
in the earthfixed coordinate frame in which surveillance
computation will be performed.)
C = Propagation speed of light
gjrn) = Position vector of aircraft at time 1, pulse is emitted

- bet tellit t d d
[ §ﬁ1n) Bg(Tgn) [ Range between satellite at t ~and groun

antenna at T
gn

H P(t) - s(t) | Range between aircraft at time T and satellite

at time T
n

A

Euclidian norm of the vector
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Assuming a set of K satellites visible to a given aircraft, there will be
K equations of the form of Eq. (1) and (2). The unknown parameters are the three
components of aircraft position P(1p), the initial pulse transmission time 1p,
and the time the signal is transponded from the satellite, T,. Together, there
are five parameters and two equations per measurement. This is reduced to one
measurement equation and four parametérs by eliminating Tj.

Equations (1) and (2) are combined to yield a single measurement equation
with T related directly to the uplink and downlink transmission distances.
Thereby, in effect, the unknown pulse transponding time Tp is eliminated. This
is accomplished not without a certain amount of pre-processing computation. For
satellites at synchronous altitudes, a valid approximation (less than 1 ft) to Ty
is obtained by solving Eq. (1) as follows:

T
P L
. 1 gn =n ,
T o= Tgn "en E1>gn+——c2 §(Tgn) (3)
where
P N = || s(T n) - R (T n) l| = Pseudo downlink signal path length at
g & B B measurement time Tgn
S(T_) - R (T_))
L = g s&n = Unit direction vector of downlink path
n S(T - R (T
(st - B (701D
éﬂTgn) = Velocity of satellite computed from

ephemeris at Tgn

Substituting Eq. (3) into Eq. (2), the measurement equation is given by
Eq. (4) (where T, has been eliminated).

P LT

1 gn —m . _
T n c Pgn + ——EE——-§1Tgn) = T otn, +

(@]

I B = s || (4)

Equation (4) is mnext cast into a slightly different form. By transposing
the known terms, both measurable and computable on the left side and the unknown
terms Ty and P(1,) on the right side, one can write the equation as
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[l BCr) - s(T) | (5)

where the left side is the measured and/or computed term.

T

P L
1 gn —n o
T = - - P
T n n c Pgn + o2 _s_(Tgn) (6)

This is the desired measurement equation basic to the present surveillance
problem. It is assumed the refraction delays are modeled and computed during the
signal preprocessing mode. The unknown parameters to be estimated at this point
are the three components of the position vector and the initial pulse transmission
time, T,. All other parameters in this equation are either measured or computed
during preprocessing. As can be seen in this equation, the preprocessing software
can be considerable. It includes correcting the TOA measurable for refraction
delays, downlink signal transmission time, and motion of satellite during down-
link transmission time. This latter correction contributes about 3,000 ft to the
range equation; therefore, it cannot be ignored in the measurement model.

2.3.2 Acquisition Algorithm

Having developed the basic measurement equation connecting the TOA to air-
craft position, the next problem is to consider computational techniques required
for obtaining position. This section considers the algorithm to be used during
the acquisition phase.

In the initial phase when the aircraft first enters the surveillance
system, no a priori estimate of its position is available to the system. To deter-
mine initial position, a whole value algorithm based on a closed form solution to
a set of equations obtained from Eq. (5) is used. Suppose there is a set of K
satellites transponding a given aircraft pulse. This results in the K equations
(Eq. 7).

1

Tg = T, tG ||B(Tn)—§1(Tn1)]l

nl
T = © +3 || et - sp(T) |

S n ' C -‘'n 228 42

n2

@)

T =T+£||P(T)—S(T)[|

S n C -''n k' "nk

nk
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where TS (i=1, 2, ..., k) is obtained from Eq. (6).
ni

In the particular case of just four measurements, Eq. (7) is deterministic,
reducing to a problem of solving four equations in the four unknowns P(T,) and 4.
Closed form solutions are available for this special case. The particular solu-
tion considered here is given by Puri using time-of-arrival differences. Figure
2.3-3 gives the complete acquisition algorithm based on this solution.

Denoting satellite number one as a reference, three TOA differences can be
computed from Eq. (7) relative to the reference satellite.

1 1
dl = TS - TS = I || B(Tn) - §1(Tnl) || - a H E(Tn) - §2(Tn2) ||
nl n2
1 1
dp = T =Ty = g R -sir ) | -5 I RG - saT ) ] (8)
nl n3
d3 = T -T - 1 || BCt) - s1(T_ ) || - = | BCt) - su(T ) ||
3 S S C =*'n =13 4q1 C = 'n =48 ng
nl n4

where TSni (i =1, 2, 3, 4) are obtained from Eq. (6)

These are the so-called hyperbolic position fix equations. The position
vector P(7p) is uniquely determined from this set provided that the four satellite
positions are not coplanar,

To solve this set for P(tp), Eq. (8) is transformed into the following
equation, originally derived by Puri.

4 Py = Pid; - % (di - éi) @)
where
i = (2, 3, 4)

A, = 8(T ;) -8, (T ) where i =2, 3, 4
§i(Tni) = Position of satellite i at the time it transponds
§1( nl) = Reference satellite position at the time it transponds

P1 = Range from aircraft to reference satellite (to-be-determined)

Pi = Range from aircraft to the ith satellite

~23-



Ll = Unit direction vector from aircraft to reference

satellite

§1(Tnl) - E(Tnl)

dls (@ p -2 PID

i Clrg - Tg
nj

nl where ]J

From Eq. (9), the following system
vnknowns PjL; can be obtained.

Unknown (to be determined)

=2, 3, 4

of three equations in the three

1
Ap * PiLp = Pidy - 5 (d3 - AD)
1
Ay + PiLy = Pydg - 5 (43 - A%) (10)
1l 2
A, + P1L; = Pidy - 5 (di - AR)
This set is solved for PjLj from which aircraft position is obtained. Let the
components of the vector PiL; be defined as
Plx
I—)l = PhLy = Ply (11
Plz
The set in Eq. (10) is written as the matrix equation.
2 .
A A1 A1 | Fix d a7 = 4y " 4
- P
Ao B2 80 |P1y| = B1 ||z |92 A " A (12)
2 _ .
A3 A3 A3 | P d d3 = 83 * 44
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d1 = C(Ts - TS
TOA Signal |—p nl n2 »{ Compute
Preprocessor _ _
dg = C(Ts Tg ) 5 = d' Pd -1
nl n3 = =
d; - ofTg —TS) no= d"Pb - d" Pe
nl n4 >
e1=d% Y=£(13TP_b_—2gT‘P13+gTPg)
e; = d
2
ey = d3
y
; -1
[B] = [A] - 82
P = TN -y
L 2
by = A - A 1 vl 4o
Satellite 1 1
Constellation f.p] bz = Ay + Ap P1L1 = [B] Pld 7 e + 3 b:l
Data Bank
b3 = A3 -+ A3
P(t ) = §,(T_ ) - PL
[P] = BT B " Phnl :
y
Pz
(5 - -1 _2
"’(rn) = sin -
P
EE(‘n) = sin”! ———L_
P2 + P?
X y
r(t ) = /P2 + p? + p?
n x z
y
Geographic Coordinates
e'(r)) = ¢ + 35.6635" sin 2¢
)\E(Tn) = ¢ + 35.6635" sin 24
G.0067247
n(Tn) = (r - 6356912) |1 - -
(1 + 0.98660 1< ¢')
Fig. 2.3-3. Surveillance Acquisition Algorithm
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Or more simply as

1 1
A, = Pd-ze+3h (13

El is then obtained from Eq. (13).

-1 1 1
where
-1 1 | |
(Al T A, v A, X A A, * A8y X 4|4 X 4, (15)
- - - | !
The scalar magnitude of B, is obtained from solving the quadratic
aP% + 0Py +y = 0 (16)
where
a = QT Pd - 1
n o= d Pb-d Pe
Yy = % (ET Pb - 2§T Pb + §T Pe) .
This yields the solution
-8 + /B2 - 4a
P, = LB ! (1n
2a

where the sign ambiguity is easily resolved.

Having determined P;, its vector value is determined from Eq. (14).
Finally, position is obtained from

B(T) = §,(Tp - Pl (18)
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If the satellite coordinates are expressed in the earth centered fixed
frame, the geocentric latitude ¢ and east longitude AE are obtained from the
following:

PZ
= ain=l _2Z
¢(Tn) sin p-
Py
= '—1———.
() = s —m—s (19)
X y
r(t) = VP2 + p? 4 p2
n X y 2

where

Px’ Py, P are the components

4

E(Tn) is the earth centered fixed frame

The corresponding geographic latitude and altitude are obtained from standard
formulas of the oblate earth.

When the set in Eq. (7) is overdetermined, that is, when more than four
measurements are available, the redundancy can be utilized to provide a solution
with better accuracy. This is accomplished by partitioning the set of measurements
into groups of four. Each group is simply averaged, and the Puri method is applied
to the partitioned set. Puri's original solution can be shown to be singular when
the satellites are in a coplanar configuration. The poorly conditioned geometry
of this configuration is minimized by partitioning. Furthermore, random measure-
ment TOA errors are reduced by averaging.

2.3.3 Surveillance Tracking Algorithm

The Kalman mechanization depends upon linearizing the TOA measurement, Eq.
(5), with respect to a nominally estimated aircraft position. Let P*(ty,) be the
predicted aircraft position vector. Then Eq. (5) is written as

H
[}
—
+
(@]l

s n T B*Cr) + BCr) - 2R + s(T) | (20)
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Assuming the error in the estimate, E(Tn) - P*(1,), is relatively small, the
following equation is obtained upon linearizing Eq. (20).

- 1 a 1.T
=3 - * - - - *
Ts % %WtE [ B*(r) - SCx) || + 35U, [B(ry) - B*(r)] (21)
where
PH(t ) - S(T)
u = n - = unit direction vector between
n (llp*(Tn) - S(Tn)ll) the satellite and the aircraft
(ﬁ) = Symbol used to denote computed or estimated value

The computational and measurement errors associated with iS are not shown. Adding
a subscript k to denote the particular satellite type can be expressed as

Toy = Tl R - g @) [+ z 0

g Uy [R(p) - PR

The unknown parameters in this equation are T, and the coordinates of
P(ty) - P*(Tnz. To simplify the surveillance algorithm, T, is eliminated by

differencing TSnk with two measurements. This yields the equation
-~ - 1 a7 1 ~
T - T = = p* -, (T -z || p* -
Snk Snk+l C |! = (Tn) =k ( nk) Ii C || - (Tn) §k+1 (Tnk+l) ll
N AN N R ICR I SO (23)
o Ty n n

Transferring the known parameters on the left side, this equation is written in
the form

Yy, = Mn Xn + €, (24)
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where

1 - 1 -
-z Hexr) -8 (T, ) I+ 1 ex¢) -5, Tt ||

T, -1
" St Smy

M = [% (UT - uF ) 00 {]
n e My

B(t,) - B*(z)

T V(1) - U*(r)
€, = Random measurement error of zero mean
y(rn) = Aircraft velocity
Y*(Tn) 2 Predicted aircraft velocity

The transition equation for the state X, is modeled as

n nn—l n-1 =n
[
I, | ATyl
¢ = l
h-1 0 I I
z I Z
AT = T -T (25)
n n n-1
0
u =
W
n
W = Random uncorrelated aircraft velocity

error of zero mean

The Kalman estimation equations are developed from the more easily under-
stood maximum likelihood estimator. Given the following equations
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Ya = Man + En (26)
X' = X +4A% (27)
n n n

Where Eq. (26) is the scalar measurement equation obtained from the TOA difference

A

computed in Eq. (23), Xj is the predicted state, and Aiﬁ is the error in the pre-
diction. Combining these equations into a single equation

Y M €

n n n

X = X, + ) (28)
X! I AX!

n n

This set is always overdetermined with respect to the number of parameters in X,.
Assuming the prediction error AXY is a zero mean, uncorrelated, random variable,
a maximum likelihood estimate of Eq. (28) is obtained as follows. Writing the
overdetermined set in the form

Y* = M*X_ 4+ e¥
n nn n
The maximum likelihood estimator is
X = E&*T W M%]_l Mxl W oyx (29)
n n n n n

By substituting in Eq. (28), this equation reduces to

% = M clm +cz Ty ez, X (30)
n n £ n AX! n ‘e ’n AX? “n
n n n n
where
C.s = E(AX! AX'T)
AX& n n ‘6x%6
C = E(e ET) = sgcalar for single TOA differences measurement
€ nn
n

w o= (U -uf 0 0 0
n e TRl 16
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Equation (30) shows how a predicted estimate of the state iﬁ is optimally
combined with the measurable, y,. This form is undesirable for an algorithm if
the number of measurables in the vector ¥n is less than the rank of X,. In the
present mechanization, the rank of ¥n is one and the rank of X, is six. Therefore,
Eq. (30) is transformed as follows. It can be shown that the matrix in Eq. (30)
is equivalent to

ML el M+ c T con M M co, Ml e |0 (31)
n Csn M, AXA Mn Cen - AX] "n | mn AXh T €n

The latter matrix formulation is obviously simpler when Yo is a scalar.

Substituting Eq. (31) into Eq. (30), the estimation equation reduces to
Eq. (32) and is the Kalman gain filter.

= _ -
X (I-K M) X +K y (32)
where
-1
R T R T
Kn N CAX' Mn E{n CAX' Mn + Cs:l
n n n
T
Zt = 9 C.z: ¢
AXn nn_1 Axn_l o1
CAﬁ = (@- KnMn) Caxe
n n

Note here that the inverse matrix is a scalar, hence essentially no matrix inversion
is required in this formulation.

Recognizing that the set of equations must be computed for each aircraft,
it becomes obvious the software requirements for surveillance can be enormous.
Thus, every effort was made to seek simplification of the equations. One sim-
plification which appears to have considerable promise is to simplify the Kalman
gain update routine. Indeed, if the gain matrix is held constant with time and

over some geographic area, this in itself will effect a tremendous software
savings.
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From Eq. (32), the gain matrix update is written as

!
A R EEE
k+1 |
T
C,5v = ¢ C.3 $
AX no_q AXn_l nn-l
(33)
T -1
Ky ° CAX' M [%n CAi' Myt Ce;}
Cog = (T KM Cppo
n n

For a given satellite pair, k and k+1, the elements of Mp will remain nearly con-
stant a fairly wide interval of time and over a large ground area. This is
apparent upon drawing the unit direction vectors to scale for synchronous alti-
tude satellites. Since the measurement covariance error C is assumed to be
constant in the mechanization for all measurements, the galn matrix Kp can be
approximated as a constant matrix for any given satellite pair. These values

are stored in a gain matrix bank and used for all aircraft flying in the geo-
graphic area during this time interval. Periodically, the gains must be updated
because the relative configuration of the satellite constellation appearing over
the ground area will have changed.

Tt would appear that both position and velocity can be estimated via this
suboptimal Kalman filter. The velocity estimates, however, will tend to have
longer settling time to reach steady-state values primarily because they depend
upon the time-rate-of~-change of the TOA measurements.

Justification of why this suboptimal mechanization will work for the
surveillance problem can be given qualitatively. 1In general, small changes in
the gains from their correct values do not affect the convergence of the estima-
tion to the true state. It only increases the settling time to reach steady state.
Furthermore, the gains are primarily a function of the unit direction vectors from
the aircraft to a given satellite. For synchronous satellites, these vectors are
nearly constant over a fairly large ground area (typically 200 nmi square) and over
a wide range in time (typically several minutes) and, hence, change very slowly
with time and position. Taking advantage of this fact, a suboptimal Kalman
mechanization would use constant gain values based on area, the particular satel-
lite, and time. Thus, two aircraft in the same region transmitting to the same
satellite essentially use the same gains.
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The implications of this simplification as it applies to the surveillance
problem is obvious. Needless to say, a tremendous saving in software is possible
for updating the surveillance data of a large number of aircraft. Furthermore,
processing speed is enhanced because the gain computation can be performed off
line, independent of any given aircraft.

The gains are computed open loop as a function of time for different
predetermined grid areas. For each grid area, a certain number of K satellites
will be visible for some nominal length of time. This time is a function of the
periodicity of the satellite constellation appearing in this grid. For each
satellite, a 6x1 gain matrix is computed, giving a total of Kx6 gain matrixes
per area for the visible portion of the constellation. The size of this matrix
will vary as the number of visible satellites varies.

2.3.4 Calibration Mechanization

One final consideration regarding the present surveillance mechanization
is noted here. In an area where air traffic density is high, the corresponding
requirement on separation standards is considerably more severe than during the
enroute flight phase. This, in turn, imposes a requirement on the surveillance
system to hold fixes to an even higher accuracy than can be achieved by the
presently mechanized surveillance algorithm.

The surveillance algorithm has been simplified to provide high speed
updates on a large number of aircraft. To achieve this, certain systematic
correlated errors (for example, the satellite ephemeris uncertainty) have not
been modeled in the state estimation equations. Rather, in the error analyses,
it has been shown that during the enroute flight phase, the estimation errors
resulting from these systematic error sources are entirely acceptable. It is
in the terminal area where the errors become unacceptable.

The problem of enhancing the surveillance accuracy around the terminal
was studied. A solution which appears to have promise is the use of ground
calibration stations in the vicinity of the terminals. These calibration stations
(whose positions are known very precisely) would transmit coded pulses in the same
way as the aircraft. The surveillance subsystem measures the TOA's and processes
them for station state estimation via the surveillance algorithm. These are com-
pared with the a priori known state and the difference between estimated and
known is applied as bias offsets to the aircraft state estimations in the same
vicinity.

Let subscript ¢ denote calibration station. Using the acquisition algo-
rithm, Fig. 2.3-3, the surveillance system provides the calibration station error
Xen. From this estimate in the steady state, the station position and velocity
errors are obtained.
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P (%) - B () AR (T3)

X = = (34)

cn "
vV (t%) =V (1% AV (T*
-c(Tn) -c(Tn) -C(Tn)

This error estimate is given in the same earth centered frame coordinate system
used by the aircraft. Subtracting this bias from the aircraft state estimate,
the following new aircraft state is obtained.

p(r) = B(t) - 82 (tH
(35)
v(r) = ¥(r) -8y (h

The bias offset vector AR(TH) and AYC(Tg) are periodically updated at arbitrary
times Tp to account for relative motion of the satellite constellation over the
ground station. It is assumed that, nominally, the time 1, is close to Tg in
order to prevent the bias estimates from "aging" relative to each other.

The theory on which this bias offset is based is that the same set of
correlated systematic unmodeled errors affect both aircraft and the calibration
station in the same way. Using the calibration stations to compute the offsets
"off-line" provides a means for compensating the effect of unmodeled errors in
aircraft surveillance without unduly loading the software.

2.4 Surveillance Performance

The accuracy of the surveillance system is essential to system operation
and overall system performance. Since the user control algorithms are directly
based on the surveillance data, the surveillance accuracy impacts system safety
(through conflict intervention) and system capacity (through transition and
arrival control algorithms). :

The system surveillance accuracy is composed of both relative accuracy
and absolute accuracy. The relative accuracy takes into account that two closely
spaced aircraft have highly correlated errors. Thus, the absolute accuracy of
the measured position relative to the ground is different from the relative accu-
racy. The relative accuracy is important from a safety standpoint since it
determines how close aircraft may be spaced before a potential conflict can result.

This section of the report describes the approach taken to determine the
relative and absolute surveillance accuracies. The results are summarized in
Table 2.4-1. A detailed discussion of the results and a complete description of
the models used to obtain the accuracy data are presented in Volume IX.
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Table 2.4-1., Surveillance Subsystem Performance

Absolute Relative
Error Error
(1-0) (1-0)
Along-Track Position 36 m 6 m
Cross-Track Position 115 m 7 m
Vertical Position 48 m 4 m
Along-Track Velocity <1 m/sec <1 m/sec
Cross-Track Velocity <1 m/sec <1l m/sec
Vertical Velocity <1 m/sec <1l m/sec

2.4,1 Approach to the Analysis

A description of the surveillance mechanization has been presented in the
previous paragraphs. A specific filter design has been assumed for this analysis.

The surveillance accuracy is affected by satellite ephemeris errors,
atmospheric model residual errors in the L-band uplink and C-band downlink, system
inaccuracies in measuring TOA's, aircraft dynamics, and the use of a suboptimal
filter. An analysis of the surveillance system was performed using a particular
realization of the suboptimal filter.

The covariance analysis of the surveillance subsystem was accomplished
using an existing error analysis program, State Space Analysis of Multisensor
Systems (SAMUS). A separate definition of the system and filter states is allowed
using this program. Both system and filter covariances and cross covariance can
be computed when a suboptimal filter is employed.

The use of a dual state vector implies that separate models and a priori
statistics for the system and filter states be employed. Since the system state
models are a function of the aircraft dynamics, a scenario was selected for analysis
purposes. Satellite visibility models were used that are based on the RF link
energy loss similar to that employed for GDOP analysis.

2.4.2 Modeled Errors and A Priori Statistics

The error sources involved in the satellite surveillance consist of those
physical effects which lead to user—-to—satellite-to-ground timing errors. The list
of potentially significant errors include the following:

(1) Aircraft dynamics

(2) Residual ionospheric and tropospheric delays on the
L-band uplink

(3) Satellite location errors
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(4) Satellite transponding delays

(5) Residual ionospheric and tropospheric delay on the
C-band downlink

(6) Speed of light uncertainty
(7) Ground clock errors
(8) Ground site location errors

(9) TOA measurement errors

Most of these errors lead to absolute position errors in surveillance. With the
exception of aircraft dynamics and TOA measurement errors, all of these effects
are highly correlated for two closely spaced users.

Representative statistics for both the system and filter were selected for
error analysis purposes.

The dynamic model assumed for the aircraft state is a very simple model
that is representative of an aircraft in straight and level flight. The aircraft
velocity states are driven by a random walk noise. This leads to a position error
over the time between observations.

The residual atmospheric delays on the L-band uplink are based on empirical
studies as noted in Volume II, Section 2.4.2.2.2 Exactly the same assumptions are
made for the surveillance uplink as are made for the L-band downlink used for satel-
lite range tracking.

The satellite location error model was derived from the satellite range
tracking estimation and prediction model of Volume II, Section 2.4.2. Each of the
15 satellites is characterized by a covariance of position and velocity states.

The model propagates these covariances to surveillance transponding times. When a
satellite is visible, the correlated uplink and downlink line-of-site errors are
translated to equivalent aircraft position uncertainties. The effect of the satel-
lite covariances are thus transformed to equivalent aircraft position covariances
for error analysis purposes.

The C-band downlink atmospheric delay models are based on the same empir-
ical studies previously mentioned for the L-band uplink. The modeled values differ
because of the frequency differences between these links.

The satellite transponding delay arises from finite times between the time
the surveillance pulse is received and the time it is retransmitted. Since all
satellites will have approximately the same delays, the overall effect is slight.
The transponding delay error is assumed to be a white measurement error.

The speed of light uncertainty is approximately 1/3 parts per million.
However, since this effect is correlated to the same effect modeled in satellite
range tracking, the net effect on surveillance is small. A separate error of 2 m
is accounted for outside of the system error model.
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The ground clock errors result from random variations and uncertainties in
the high precision atomic clocks. The errors include a bias offset, a clock drift
(or frequency offset), a random walk phenomenon, and a flicker noise or fractional
Brownian motion effect. The assumed errors are the same as assumed in Volume II,
Section 2.4.2.2.2, for the range tracking clock.

The ground site location errors are estimated during satellite range track-
ing. The initial covariances assumed during range tracking (see Volume II,
Section 2.4.2.2.2) are substantially reduced during the range tracking estimation.
Only the residual effects are assumed for this analysis.

The TOA time measurement error is extremely small for the surveillance
situation. The time measurements are made at the leading and trailing edges of
the compressed pseudo-noise pulses leading to a 10 nsec quantization level ref-
erenced to the center of the compressed pulse. This error is treated as a white
measurement error.

There is only one potential error source that is not correctly modeled in
the state model for the surveillance error analysis. This error source arises
from the formation of TOA differences as the filter observable rather than the
use of TOA measurements as the observable. This leads to a somewhat higher
surveillance estimation error than would normally be the case if this effect were
correctly modeled.

The basic error is easily visualized by assuming that each group of
satellite returns were batch processed to yield a single estimate. If n satellite
returns are received, it is easy to show that the covariance of the measurements
is

2 -1 ]
-1 2 -1 0
-1 2
T _ 2 °
E{yn Y } =B : (36)
2 -1
0 -1 2 -1
-1 2

- —(n-1 x n-1)
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where the variance of the individual measurements are assumed to be o¢, If the
correlation between samples is ignored, the covariance would be 20I, where I is an
(n-1 x n-1) identity matrix. Clearly, in the batched process case, the use of the
the inverse of the covariance matrix of Eq. (36) as a weighting matrix would yield
a better estimate in the least-squares sense than an unweighted estimator.

It is not obvious that this principle extends to the case of the Kalman
filter. If the effort is expended to derive the Kalman filter from the recursive
least-squares estimator, it is easy to show that the principle invoked in the batch
process argument will extend to the recursive least-squares and the Kalman filters.
Extension of the argument to an optimal Kalman filter is obvious.

In the case of the suboptimal filter, it is obvious that the filter
estimate can be no better than the estimate using a fully optimal estimation model.
Clearly, ignoring the correlation of the sequential measurements will lead to a model
less optimal than the true model. Therefore, the suboptimal filter will yield
slightly higher estimation errors than would be the case for the correct model.

The system state vector a priori models and their statistics are summarized
in Table 2.4-2,

The suboptimal Kalman filter for the surveillance mechanization is very
simple. It consists of three position error states and three velocity error states.
In the selected mechanization, the position error states are assumed to be a random
walk which accounts basically for the position uncertainty of the aircraft due to
satellite position uncertainties. The velocity error states are also driven by a
random walk to account for aircraft maneuvering. This model leads to additional
aircraft uncertainty between measurements due to the aircraft dynamics.

The values selected for the driving noises for the filter are a compromise.
The values are larger than required for an aircraft on straight, level flight but
less than for a maneuvering aircraft. The initial covariance for the position is
an estimate of the initial uncertainty in the acquisition position determination.
The velocity covariance assumes the aircraft is stationary during the acquisition
phase.

The filter state vector a priori models and their statistics are summarized
in Table 2.4-3.

2.5 References

1. (€72-1206.1/201, Preliminary Technical Report, System A Concept Definitions,
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3. NAVIGATION SUBSYSTEM

The SAATMS navigation subsystem provides two different types of navigation
to users. For users with the requirement for high accuracy navigation, a satellite-
to-air, synchronous, multilateration system is provided. For other users, a navi-
gation system using surveillance data is provided.

The satellite based navigation system has been analyzed in detail and
found to be a high accuracy method of achieving navigation position and velocity.
This system is fully independent of the surveillance subsystem and provides all
altitude coverage throughout the domain of the satellite coverage. There are
no regions of high and low accuracy as exist with ground based systems or time
degradations as exist with inertial systems. The system is also unaffected by
the number of users since the user's role in navigation is entirely passive.

The low cost user's navigation is based on active transmission to the
user of navigation signals. The content of the data is derived from surveil-
lance position data and requested flight path data obtained from the user's
flight plan. This system is called virtual VOR (VVOR) due to its operational
similarity to VOR. The system is saturable since communication loading increases
with the number of users. The main advantage of this system is the low cost of
avionics relative to satellite navigation.

3.1 Satellite Navigation Subsystem

The satellite navigation subsystem employs active transmission (by all
satellites in the constellation) of navigation timing and ephemeris data pulses.
The satellite-transmissions are synchronized and the equipped user receives
the navigation data at a periodic rate from each satellite. These data are
used by the aircraft navigation processor to compute the aircraft position and
velocity.

The individual aircraft employs a pseudo-range, multilateration algo-
rithm using a suboptimal Kalman filter for navigation. Pseudo-range in this
context results from the measurement of the satellite-to-user timing (or range)
based on the user's estimate of time rather than true time.

Figure 3.1-1 shows the general timing involved in the navigation process.
The navigation timing pulses are generated at the satellite. The ephemeris data
are relayed from the ground via the satellite over the same channel. These
data include the position of the satellite and timing error in the satellite
~ 'timing pulse for the preceding timing pulse. This timing error allows the
user to synchronize his clock with the system master time.
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Given an estimate of the master time, the TOA of the pulse can be
measured. If the positions of four satellites are known and the times of
arrival of their signals are measured, both the position of the user and his
timing error can be estimated. If a sequence of positions is available, the
velocity of the user and his heading can be computed. The velocity and heading
are with respect to the ground since all satellite positions are given in an
earth fixed frame.

In practice, the mechanization is more complex than this, if for no
other reason than that the satellite transmissions are not all simultaneous.
Further, the TOA receptions are not periodically received since all satellites
are never visible to any given user. The basic principle of trilateration is
merely extended for the selected mechanization.

The satellite-to-air navigation mechanization was selected due to its
simplicity and passive nature. Alternate systems tend to require demand-

sensitive communications loading.

In the following sections, the RF link, the mechanization equations,
and the performance of the satellite navigation subsystem will be discussed.

3.1.1 Navigation Waveform and Link Analysis

The navigation signal is composed of two distinct portions: a timing
frame and an ephemeris frame. The timing frame is used for TOA measurement
by the aircraft. The ephemeris frame is used for transmission of the satellite
position and timing error data.

The TOA frame consists of seven Pseudo-Noise (PN) pulses. Each PN
pulse is a 40 usec (400 chip/pulse, 100 nsec/chip) spread-spectrum pulse. The
structure of the frame is shown in Fig. 3.1-2. Each satellite transmits a TOA
frame each 3 sec. The satellites generate the TOA pulses using their on-board
clocks.

The particular structure selected for the TOA frame has several advantages.
Not only is there an energy gain through Analog Matched Filter (AMF) detection,
but only four of the seven PN codes in the TOA frame need be detected to yield
unambiguous TOA timing.

The ephemeris data are transmitted via the ground-to-aircraft digital
data link using a separate PN code. The aircraft receives the ephemeris data
pulses approximately 50 psec (+50 psec) after the last TOA pulse. The data are
transmitted by the RCC on four separate ground-to-aircraft digital data channels.
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TOA Frame -

0.5 usec 0.2 upsec 0.1 usec 0.2 usec 0.5 usec
Vo
40 usec
(Typical)

Fig. 3.1-2. TOA Frame

The satellite which transmitted the TOA pulses is used as a relay for the ephemeris
data. The ephemeris frame is separated from the TOA frame by 50 + 50 usec. These
data are transmitted from the ground and simply relayed by the satellite. The
ephemeris data are encoded in the same manner as the ground-to-aircraft data, thus
allowing common user decoding equipment to be employed for communication and navi-
gation data. See Section 5.2.1.4 for a complete description of the ephemeris
encoding scheme.

The L- and C-band links used for navigation are both time shared and
spectrum shared with ground-to-aircraft digital data links. The TOA frame uses
a 20 MHz L-band spectrum which is also used by the four 5 MHz digital data channels
(3 RCC channels and 1 ACC channel). The ephemeris frame uses 15 MHz of this
L-band spectrum which is utilized by the three RCC channels. The ephemeris data
uplink shares the 20 MHz C-band spectrum used for RCC-to-satellite relay of digital
data.

The navigation signal transmission time for both the ephemeris and TOA
frames is shown in Table 3.1-1. The ephemeris data are the satellite's
estimated position vector in an earth center fixed frame and the estimated
error in the satellite's time with respect to master time. The satellite
estimations of position are compared to the predicted transmission times thus
eliminating the need for user interpolation of ephemeris data. These data
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are quantized to one meter. The clock error allows up to 1 msec error in the
satellite clock before it must be reset and provides 10 nsec resolution. With
129 bits required for position and 17 for timing and allowing for error detection
pulses, it is estimated that 61 information frames of 53.6 usec will be required.

Table 3.1-1. Navigation Signal Time Requirement

E . Time
ven (usec)
TOA Frame 281.4
TOA Frame Guard Time 100.0
Ephemeris Sync Time 121.2
Ephemeris Data 3269.6
Total 3772.2

Since the navigation signals are both time and spectrum shared with the
ground-to-air digital data links, the ground has the primary time-sharing
responsibility for the system. Each RCC and the ACC's must control their
transmissions such that there is no signal overlap due to time share errors.
Several different types of problems can occur.

Transmission oi a navigation pulse and its associated ephemeris data
takes place for each satellite on a periodic basis. Normally, one or two
satellites are so far into the southern hemisphere that no navigation data
are required and digital communications can occur throughout the navigation
time. If the communications and navigation function is from the same satellite,
very little time need be devoted to switching between functions.

When navigation signals are to be provided from a different satellite
than the communications function, it is necessary to provide guard times
between the events. This guard time prevents signal overlap in the user's
avionics. The total guard time is a function of the satellites involved and
their relative spacing. The maximum guard time is about 32 msec and the average
value is about 19 msec.
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For the case of the ACC's, the digital data transmissions need only be
silent during the time the navigation data are being received within its local
area. Since the propagation times are very short over the coverage region, only
about 1 msec guard time is required.

With average guard plus navigation times of 19 + 4 = 23 msec each 200 msec,
the digital data must be silent about 11.5 percent of the time. For the case of
the ACC's, about 2.5 percent silent time is required.

It should be noted that an error in the system that would result in
overlapping signals is not disastrous. Overlapping signals cause only an
increase in the effective noise power (multi-access noise) since separate AMF's
are employed for communications, TOA pulses, and ephemeris data.

A power budget for the navigation TOA pulses is shown in Table 3.1-2. The

satellite—to-aircraft digital data link power budget is applicable for the ephem-
eris data pulses.

Table 3.1-2. Power Budget for Navigation (Satellite-to-Aircraft)

TOA Pulses

Parameter Units Comments

Transmitted Energy -14 dbj 1000 w, 40 usec
per pulse

Satellite Antenna Gain 24.6 10 deg beam
Aircraft Antenna Gain 4.0 db S
Pointing Losses 1.0 db -
Miscellaneous Losses 2.0 db Plumbing, attenuation
Path Loss 189.0 db f =1.6 GHz, d = 26,000 nmi
Received Signal Energy -177.4 dbj -
Receiver Noise Density ~198.0 dbw/Hz -
Detection Losses 2.0 db =
S/N Ratio per pulse 18.6 db -
Required S/N Ratio 11.0 db 4 out of 7 pulses
Margin 7.6 db =
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3.1.2 Satellite Navigation Mechanization Concept

The mechanization and software requirements for the satellite navigation
concept have been investigated and a viable solution to the problem has been
found. The method selected is a suboptimal Kalman filter operating with scalar
TOA observations. The filter can be mechanized at several levels of complexity
depending on the user's accuracy requirements and willingness to acquire the
required processing capability.

The basic satellite navigation mechanization elements are shown in
Fig. 3.1-3. The TOA measurement is made with respect to the user's clock
(pseudo-range measurements). The data are corrected for user and satellite
clock errors and for ionospheric and tropospheric delays. The corrected TOA
is then made available to the filter mechanization.

The Kalman filter mechanization is based on linearization of the nonlinear
multilateration equations about the estimated user's position. Therefore, the
Kalman filter is designed to estimate errors in the system state vector rather
than the whole value state vector. The whole value state vector is extrapolated
independent of the filter. Each time a TOA is available, the estimated state
vector error is used to reset (or update) the state vector.

The best estimate of the system state vector is provided to the navigation
computation element. This element accepts user inputs (such as waypoint data)
and provides display and steering data to other user avionics systems.

The differences between levels of complexity in the users' equipment
are in the size of the system state vector and the complexity of the navigation
computation element. Clearly, there is a minimum acceptable state vector size.
This would include three orthogonal position error states, two level velocity
error states, and the user's clock error states. This simple state vector could
be expanded to include vertical velocity, a more comprehensive user's clock model,
and other error states. The navigation computation element essentially performs
an RNAV computation role as well as a data formatting role. Other avionics
system inputs can also be implemented. An example would be to provide true
air speed and heading inputs which would allow computation of wind speed and
direction. There is a wide choice available in the complexity of the navigation
processing that is dependent only on the user's willingness to afford the
equipment.

3.1.2.1 Basic Navigation Problem

The basic navigation problem can be visualized by considering the basic
transmission and reception of timing pulses. Assume that the Kt satellite

transmits a pulse at time tgg and the user receives the pulse at tyk. Now the
user's estimate of the reception time is
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o teg * (1/¢) RK + £y + £ + Nk (1)

where
C. = Speed of light
RK = Satellite to user range
tD = User's clock error
nK = Measurement error noise

The user to satellite range is

B = ooge = by | 2
where
ESK = Position vector of satellite
EUK = Position vector of user

I

Euclidian Norm

Clearly, this equation is nonlinear in terms of the user's position since

Re = 7 (g = Xy ? + (Vg - Vo) 2 + By = 2)? (3)

This is in terms of X, Y, and Z components of the satellite and user's position
vectors in some given orthogonal coordinate system.
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Given that the satellite's position, time of arrival, and an estimate of
the atmospheric delay are known, there remain three user position terms and a
clock error term which are unknown. If four simultaneous equations of the form
of Eq. (1) were available, it would be possible to compute the four unknowns. Here,
the measurement error term would lead directly to a position uncertainty.

There are a number of obvious problems in using the preceding deter-
ministic approach to the navigation problem. One such problem is that the
satellite transmission times are not simultaneous. This can be rectified by
including the user velocity to obtain a sequence of the form

Ry = ||ESl—EUlH
R, = || pgy = oy + vy (£gy = Egyp)] ||
R, = |l pgy = [oyp * wylegy = )1 I (4

Clearly, this introduces more unknowns (since the user's velocity is also
unknown) , but it affords the use of nonsimultaneous satellite transmissions.
The user's states must be expanded to include three velocity states in addition
to the three position and clock states.

Note that this formulation requires more observables than the previous
four to yield a deterministic solution. Further, this formulation assumes a
constant user velocity. These equations are, as before, nonlinear in position
but are also nonlinear in velocity.

At this point, it is helpful if the problem is linearized. Consider that
the system state is defined to be the vector of unknowns, X. The state vector
will be assumed to be

-50-



[5<
i

<>
+

=

(5)
where
X = An a priori estimate of the system state
X = The error in the system state estimate
Clearly,
tgg = tox T Floge Bty g (6)
where F(EéK’ X) is a nonlinear function of the satellite position vector and the
system state vector. This function can be expanded in a Taylor series about the
estimated state vector yielding
tUK = tSK + F(pSK, X) + VﬁF X+ tD + Nk (7)
where VxF is a sensitivity vector and the higher order terms in the expansion are
ignored.
Equation (7) can now be placed in a vector form so that
bk = Esx t Flogg, X) + A X + £ + ny (8)
where A is a matrix composed of the row vectors ZXF. Clearly, if a determined
set of equations is available and A is nonsingular, then
o~ A_l ~ _ -~
X = - - - - -
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The bracketed term on the right side of Eq. (9) is in reality the difference
between the time the pulse was received and the time it would be received if the
system state estimate were exact.

The development to this point has neglected a certain complexity in several
factors. .Essentially, Eq. (9) explains how the problem is formulated as a linear
equation by expansion of the nonlinear equation about the estimated state. In
point of fact, several system states must be modeled to account for the other
system errors.

It should be noted at this point that the system states and the state vector
for the filter are not the same. The system states are equations involving the
aircraft position, velocity, and clock. The filter states are errors in these
states, and additional states required to model system noise.

The system states can be modeled in a number of coordinate systems. For
example, the X, Y, Z orthogonal coordinates may be an earth centered fixed coordi-
nate system; a latitude, longitude, altitude coordinate system; or any other
convenient set. A generic X, Y, Z coordinate set will be considered here. The
clock model assumes that the clock reset will be made as appropriate. The state
equation propagation is then

X = K+ X (e - g0

Yn+l - Yn + ;ln (tK+l - tK)

Zn+1 - Zn * én (tK+l - tK)

.n+l - kn

.n+l - Qn

-n+l - in

Bn+l - Bn * l.a'n (tK+l - t:K)

én-l-l - én (10)

or
Er = ¢ (e 80 X (11)
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Here, the system velocity states (X, Y, Z) and clock bias rate (B) are assumed
constant.

The filter state model is used to compute errors in these states. Since
the filter state model is based on a differential equation that includes stochastic
models that account for system noise propagation, the filter state model is larger
than the system state model. Neglecting for the moment the actual estimation
process, assume that an estimate is made. The state model is updated by

g{;=gK+Ang (12)

where AS is a system reset matrix. The reset matrix properly distributes the
estimated filter state element into corrections to the system states. The filter
estimates are then updated using

~ -~ -~
~ ~. s

¥ o= X - AP X a%

The matrix AF accounts for the control (or reset) applied to the state
equations that must now be removed from the filter states.

For the selected mechanization, the system states and the time of state are
held constant. Each time a TOA is received, the filter state is updated. The
system reset and control matrices are used to update the system and filter states.
The system state time is updated to the corrected TOA time. The state propagation
for the navigation computational element will then take place outside of the state
vector storage element. This allows simpler timing to be involved in the estimation
cycle.

3.1.2.2 Filter State Model

The derivation of the filter state model is the crux of the navigation
mechanization development. This model is based on a state and measurement model
of the general form

-53-



$X, | + GU, (14)

el

TS s

where

¢ = Filter state propagation matrix

= Noise distribution matrix

I = Observation vector
MK = Measurement matrix
EK = Observation noise

The system state vector model and the measurement model are used to mathe-
matically describe the relationship between system errors and the observables. The
only observable for this problem is the TOA measurement. Identification and
modeling of those phenomena that affect the errors in the TOA measurement is the
basis of the filter development.

The general Kalman filter equations will be presented first and then will be
related to the specific problem at hand.

The following specific quantities will be defined first.

Zh = Estimate of the system error at time t, given measurements
through time tp

g; = Extrapolated or predicted estimate of the system error at
time tp given measurement through time tp-1
y, = Observed measurement at time t
jn = Predicted measurement at time £,
n " Filter weighting at time tn
p: = Filter covariance matrix

e {& - & -TT)

~54—



~ ~

Y S~
P= E{(X -X) & -X)

n

F = Error model description matrix where ¢ = exp (-FAt)
U = E{U gKT}

R = E{ng QKT]

At = tn - tn—l

The discrete Kalman Filter equations are

X_ =0 (16)
X = ¢(e) X (17)
Prass _ ~'
YT =M% (18)
Xr1 = Forr T 01 Oper ™ nwd) (19)
* =
Pn+l ¢ (At) Pn ¢ (At) + N(AL) (20)
At p~ At -
N(At) = f f ¢ GUG ¢ dry drp (21)
0 0
T T _
= * 1
byt Px, M (M PX M+ R] (22)
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= - *
P (T-b ™ PR, (23)
P~ P T
P = EX X 7} (24)
(o] -0 —0

Full development of the filter state model requires a substantial knowledge about
the error processes.

There are a number of factors which will affect the predicted measurement
at time tngin). Clearly, position errors will affect this value as will velocity
errors through propagation into position errors. Satellite clock errors will also
affect the predicted TOA. A less obvious error source is signal delay in tran-
sition through the ionosphere and troposphere.

The clock error model is an attempt to replicate those phenomena physically
observed in crystal controlled clocks. The error model consists of a bias offset,
a frequency drift, and a random fluctuation. Fmpirical results have indicated
that the random fluctuations consist of a random walk plus flicker noise which can
be modeled as a fractional Brownian motion. The selected models for navigation
consist of a two-state model of the form of a bias plus drift model.

The ionospheric and tropospheric effects cause a diurnal variation in
signal delays. The mean value of this effect is modeled as a function of electron
densities, transition angles, and other factors. These errors are used to correct
the received TOA's. The residual effects serve as system noise but are not modeled
in the selected mechanization.

The selected state vector is

xd |
y Position Errors
.|
X = |x (25)
§ Velocity Error
z
b Bias Error
B J Drift Error

More complex mechanizations are possible by inclusion of the neglected effects.
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In the selected mechanization, the position and velocity states are driven
by random walk noise and the clock states are assumed constant over the interval
between observations. The state transition matrix thus accounts only for aircraft
dynamics. The initial covariance of the system states is a simple diagonal matrix.
The measurement matrix associated with the state vector is

e B )R (HE 0 00 a1

The range functions are determined by the satellite ephemeris data, the estimated
location of the users at the TOA time, and the coordinate system selection. The
measurement noise is assumed to be a white noise process due to quantization errors
and fluctuation in RF time delays prior to measurement of the TOA.

3.1.2.3 TOA Corrections

Correction to the raw measured TOA data must be accomplished prior to its
use in the filter. These corrections remove the major biases due to the user and
satellite clock errors and atmospheric delays. The ephemeris data include a clock-
ing error which allows synchronization of the user's clock with master system time.

The satellite transmits a signal at time tg which is not at master time zero.
The user's clock measures ty when the pulse is received. The time required is given
from Eq (9) as

(27)

where

Measured clock time

[nd
]

rt
]

Satellite clock error from ephemeris error

F(ES, X) = A nonlinear function

lnd
1

Atmospheric delay
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The nonlinear function F(BS, X) is approximated by computing

_ Sie 28
to B+B(tU t) (28)

where t = time of last state vector update.

t, = EU— ta (29)
X(t) = ot - £) X(t) (30)
Flog, = 1/¢ || bg - ayte) ||+ tg (31)

The atmospheric delay is computed based on empirical formulas similar to
those discussed in Volume II, Section 2.4.2.

The corrected time value is then provided to the filter as

Intl ~ tF (32)

The measurement provided to the filter amounts to the difference between the
measured and the predicted TOA.

3.1.2.4 Filter Equations

The filter equations given in Eq. (16) through (24) may now be specialized
to the particular case under consideration. First, note that the entire filter
state vector is used to reset the system states each cycle. Thus,
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X, = 0 (33)

zn+l =0 (34)

This results in the simple equation

~
P

31l T Potl Yan (35)

where bn+l is a vector of dimension 8 x 1.

The system transition matrix is

(36)

-

]
o O O O O O o
O O O O O o +F o
o ©O O o o = O o
o O O O = O O
O O O = O O it O
c O = O O o O O
o = O O O O O o
= O O O O © O o
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The noise distribution matrix is

G 0 0 0 0 0 0 o |
X
0 G 0 0 0 0 0 0
y
0 0 ¢, O 0 0 0 0
¢ = | o 0 0 G; 0 0 0 0 (37)
0 0 0 0 G- 0 0 0
y
0 0 0 0 0 G- 0 0
0
B
0 .

The matrix U, which is the covariance of the system driving noise, is a unity
matrix with the scaling requirements implicit in G. The initial covariance is a
diagonal matrix with the individual elements equal to the a priori selected variances
of the associated states. These quantities are sufficient to allow completion of the
mechanization.

3.1.3 Satellite Navigation Performance

The accuracy of the satellite navigation is of fundamental importance in
providing users with the data necessary for flight conformance. Although the navi-
gation accuracy can be segregated into errors that lead to relative and absolute
navigation inaccuracies, only the total or absolute accuracy is of importance.

This stems from the system philosophy of distributed (or user responsible) flight
conformance. While the use of calibration stations for navigation is possible, they
have not been incorporated in the SAATMS concept since they would only improve the
absolute accuracy. The improvement, however, would not be great enough to permit
satellite navigation to replace instrument landing systems. Further, system F&E and
O&M costs would be greatly increased with little improvement in system performance.

This section of the report describes the approach, models, and results of the
navigation analysis performed to date. The results are summarized in Table 3.1-3.
A complete description of the results and the analysis is presented in Volume IX.

Table 3.1-3. Navigation Subsystem Performance

Absolute Error (1-0)
Along-Track Position 29 m
Cross-Track Position 66 m
Vertical Position 29 m
Along-Track Velocity < 1 m/sec
Cross-Track Velocity < 1 m/sec
Vertical Velocity < 1 m/sec
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3.1.3.1 Approach to Analysis

A description of the navigation mechanizationm, including a description of the
Kalman filter has been presented in the preceding paragraphs. This filter mechaniza-
tion has been analyzed in detail to determine the navigation accuracy for a specific
filter design.

The satellite navigation accuracy is affected by satellite ephemeris
errors, atmospheric model residual delays, user inaccuracies in measuring TOA's,
aircraft dynamics, and the use of a suboptimal filter rather than the full system
model filter. The use of the suboptimal filter forces several design compromises
that are required to implement a practical filter.

The analysis of the satellite navigation mechanization is a covariance
analysis based on the use of a suboptimal filter. This analysis is based on the
use of an existing error analysis program, State Space Analysis of Multisensor
Systems (SAMUS). For the navigation analysis, the system error states and the
filter states are defined. SAMUS propagates both the system and estimation co-
variances and the system/estimation cross covariances. This allows a complete
analysis of the estimation error even though the filter states differ from the
system states,

The use of this dual state vector requires that the a priori statistics
associated with both the system and the filter be defined. Since the system states
are a function of the assumed flight path, a scenario was selected for performance
evaluation. Satellite visibility also affects the navigation error analysis. This
fact was accounted for by using the same visibility criteria employed for GDOP
calculations. A modification of the RF link energy computations were included.

3.1.3.2 Modeled Errors and A Priori Statistics

The error sources involved in satellite navigation account for all known
physical effects which can lead to satellite-~to-user time errors. The list of
potentially significant errors includes

(1) Satellite location errors

(2) Satellite clock errors

(3) Residual ionospheric and tropospheric delays

(4) Speed of light uncertainty

(5) User clock errors

(6) Aircraft dynamics

(7) TOA measurement quantization

To perform the error analysis, sets of representative statistics for both

the system and the filter must be assumed. The system error states and a priori
statistics will be discussed first.

The satellite location errors and the satellite clock errors are estimated
during satellite range tracking. Since both errors are estimated concurrently,
these errors are correlated. Each satellite was therefore assumed to be charac—
terized by a position error. Since the satellite ephemeris are estimated and then
predictions made based on this estimate, a high degree of correlation exists from
one navigation position transmission time to the next.
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The system satellite model consists of a six-state model of position and
velocity covariances that are propagated to each time in the orbit the satellite
transmits. Independent propagations are employed for each of the 15 satellites
in the system. When a satellite is visible, the position covariance of the
satellite is used to compute the equivalent effect on the aircraft covariances
(based on the line-of-sight from the aircraft to satellite). Thus, the satellite
covariance is translated into an equivalent position uncertainty in the aircraft.

The quantization errors in the satellite position and timing amount to

1/V12 meter rms per axis and 10/Y12 nsec rms, respectively. These errors are
treated as measurement errors.

The residual ionospheric and tropospheric delays are based on empirical
studies as noted in Volume IT, Section 2.4.2.2.2. Exactly the same errors are
assumed here as were assumed for range tracking.

The speed of light uncertainty was not used in the navigation state model.
Since the effect on navigation is almost fully correlated to the effect during
satellite tracking, no provisions need be made in the navigation analysis. A
separate rms speed-of-light induced position uncertainty of 1 meter rms was added
outside of the covariance analysis to account for the uncorrelated portion of this
effect.

The error model for the user's clock is composed of four separate effects.
The user attempts to synchronize his clock to the master time but makes an initial
error. This time bias is an initialization error but is quickly estimated. The
user's crystal oscillator has a frequency offset which produces a clock or time
drift rate. The selected value of this parameter is representative of the fre-
quency accuracy obtainable with a moderately priced oscillator. The two remaining
terms in the clock model are a random walk error and a flicker noise. The random
walk term arises from a white noise at the frequency level. The flicker noise is
a fractional Brownian motion term that has been empirically observed (see Volume II,
Section 2.4.2.2.2). Neither of these terms can be prespecified in procuring oscilla-
tors. Typical values were selected for purposes of this analysis.

The aircraft dynamics may be modeled at several levels. The method selected
for this study is to drive the velocity state with a random walk noise that leads
to a position error over the time between observations. This method was based on
straight and level flight scenarios.

The TOA quantization term is the rms error in digitizing the TOA data. This
is treated as a measurement noise.

The initial covariance states are important in the transient response of
the system. Since the steady-state response of the system was desired and not the
transient response, somewhat arbitrary values were selected for all of the pre-
ceding errors. An attempt was made to select values representative of system
initialization at an airport.

Table 3.1-4 lists the models selected for the system state errors.
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The suboptimal filter model is an eight-state vector model. The model
contains three position error states, three velocity error states, a clock bias
error state, and a clock drift error state. This model is attempting to reproduce
the effects of the 102-element system state vector. Most of the missing state
vector terms involve the satellite position error states. It is desired to form
a filter model which will nominally replicate the system model during all normal
system operating conditions.

The suboptimal filter is at best a design compromise. It is desired to
design the filter for the smallest practical error during normal steady-state
flight and still be able to handle the maneuvering aircraft case. The user posi-
tion error states are used to absorb the satellite position and atmospheric delay
states. The effects of aircraft dynamics are included as velocity error driving
noises. The clock error states are prevented from converging too rapidly by
assuming driving noise.

The model selected for the user position error is a random walk driving
noise. This model is an attempt to produce the effect of the satellite errors on
the system. The velocity error states are similarly selected to have random walk
driving noises. The value of noise is an attempt to compromise between a dynam-
ically stable and maneuvering aircraft situation. The random walk noise models
for the clock states are an attempt to free—-up these states so that the gains are
high enough to preclude divergence of these states.

The models selected for the filter state model are as given in Table
3.1-5.

3.2 Virtual VOR Navigation Subsystem

The Virtual VOR (VVOR) subsystem is based on transmission of navigation
quantities to users. The navigation quantities are derived by the ground based
system elements using the user's surveillance data and the user's requested flight
plan data. The navigation data are transmitted to the user using the ground-to-
air digital data link.

3.2.1 Mechanization Description

Two different forms of VVOR navigation are available to users dependent
on the type of steering information desired. The accuracies of the two methods are
substantially different but the inherent flexibility of the less accurate method is

higher. Neither form of the VVOR equations requires any degree of sophistication
in the user avionics.
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The first option provides a system similar to present VOR system operationms.
In this option, the user may select any arbitrarily located VVOR site as a desired
destination. The steering data that are provided to the user consist of the bear-
ing and range from his present position to that VVOR site. The user may change to
other available sites at his option.

The advantage of this option is in the flexibility of changing VVOR sites
at any given time. This allows full option to return to any VVOR site (e.g., an
airport) from any point. The disadvantage is that the cross-track errors are a
function of the range to the selected VVOR site. This type of option is most
useful for flight within a local area rather than cross country flights.

For long distance flights, a second option is provided. In this option, a
sequence of VVOR sites is entered which defines a sequence of great circle paths
between VVOR sites. In this option, the steering needle is driven by the distance—
of f-track rather than heading. This allows flight path conformance to the selected
great circle path. Distance to the selected VVOR site is also provided.

The advantage of this option is that it allows the user to conform, with a
high degree of precision, to a given flight path. The cross—track error is
independent of distance from the VVOR site. The disadvantage of this option is
that it presumes a specific preselected route will be flown. Revisions to the
preselected route can, of course, be made in flight.

The mechanization of both VVOR forms is based on great circle flights.
Figure 3.2-1 shows the geometry involved for either option. Here (¢i, Ai) repre-
sents the terminal VVOR site for the desired flight leg and (¢p, Ap) represents
the user's present position. The flight leg desired for the second option is the
great circle path from (d1-1> Ai-1) to (¢4, Ai). The VVOR sites are defined as a
set of latitude/longitude coordinates.

3.2.2 Bearing Range Mechanization

The bearing range mechanization is based on simple spherical trigonometry.
Let 8p be the spherical angle from the user's position to the VVOR destination.
From Fig. 3.2-1,

X = cos (GA) cos (90 - ¢p) cos (90 - ¢i)

+ sin (90

¢p) sin (90 - ¢i) cos (Ai - Ap) (1)
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Polar Axis

Aircraft Present Position

VVOR
Destination
Site

Previous VVOR Site

Fig. 3.2-1. VVOR Geometry

6, = cos (X) (2)
) —1 I3 .
n, = sin [éln (90 - ¢p) sin (Ai- Ap) _ (3)
sS1h @A
Rpg = 28, )
where
RTG = Range to go
a = Earth's radius

ny = Bearing angle
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The values (¢p, AP) are the surveillance positions propagated from the last
state vector time to the present time. The quantities na and RTG are then computed

and transmitted to the user.

3.2.3 Cross—Track Deviation Method

The cross-track deviation method is slightly more complicated than the
bearing range method but is still based on spherical trigonometry. The quantities
8pi, the spherical angles between VVOR sites, are computed once as

1
eDi—l = cos~ { cos (90 - ¢i) cos (90 - ¢._l)

+ sin (90 - ¢i) sin (90 - ¢i_l) cos (Xi— Ai—l) } (5)

The distance between VVOR sites, Npi» is similarly precomputed as

1
Npi = sin {sin (90 - ¢i—l) sin (Ai - Ai_l)/sin eDi} (6)

The quantities 6p and np are computed each update time exactly as previously
given in Eq. (2) and (3). The range-to-go (RTG) is computed using Eq. (4). The
cross—track error is then computed using

Ryr = @ Sin—1[sin 6, sin (n - nA)] (m

The quantitie and re i .
he q ties Np» RTG’ n RXT a then transmitted to the user
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3.2.4 VVOR Performance

The VVOR performance is predominately a function of

equations and only a weak function of surveillance accuracy.

the update rate of the
Both mechanizations

may be characterized by an Rpg error (8Rpg) and a cross-track error (SRy).

The range-to-go error is a function of the aircraft
rates., If a 0.1 mile quantized Ryg value is transmitted to
lance error is negligible compared to the system accuracy.
linearly between update times. Both mechanizations exhibit
The bounding range error as a function of aircraft velocity

velocity and update
the user, the surveil-
The Rrg error increases
similar performance.
is shown in Fig. 3.2-2.

This assumes that the aircraft is flying directly toward the VVOR site, which leads

to a worst-case Rpg.

3.0 Just Before
~ Next Update
a
—
g 2.0
~ 30 sec Update
o
2 8 sec Update
4 1.0
©
gf ‘ At Update
0 } + —
0 100 200 300

Aircraft Velocity {(mph)

Fig. 3.2-2. Bounding VVOR Range-to-go Error
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The cross—track performance of the two mechanization options differs
substantially. The cross—track performance of the bearing range mechanization
is directly a function of range. The cross-track deviation allows much better

cross-track accuracy.

Assuming that the user fly to null his steering needle and that a heading
accuracy of 1 deg is provided, the cross-track uncertainty of Fig. 3.2-3 is
achievable wusing the bearing range mechanization. This uncertainty is relative
to where the pilot assumes he is, rather than an error from a given ground track.

5
°
o
E 4
o)
s
E 3
o]
]
~
9
g 2
jan]
o5
Mo

0

0 100 200 300

Range From VVOR Site (mile)

Fig. 3.2-3. Option One Cross-Track Uncertainty

The cross-track error for the second option is range independent. Assuming
that the user is flying to null the steering needle, the cross-track error is
dependent only on the cross-track distance quantization of 0.1 mile. The ability
to null the steering needle will probably introduce some uncertainty in cross-
track errors between updates. Total error of 0.2 miles is probably realizable
with a position uncertainty of 0.1 mile at update times.
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4, COMMUNICATIONS SUBSYSTEM

The SAATMS design concept employs an integrated communications subsystem
that interconnects all ground based system elements and ties user aircraft to the
controlling ground jurisdictions. The major features of the subsystem include
several unique items that enhance the integrated communications capability.

The subsystem is based on the premise that integrated user avionics will
be of primary importance in achieving a cost effective system design. For this
reason, a single transmission-reception band (L-band) is employed for all inform-
ation dissemination to or reception from user aircraft. All user communications
(as well as surveillance and navigation) system data interfaces are in the L-band
spectrum (1535 to 1660 MHz).

The interface between the users and the ground jurisdictions is primarily
via satellites with supplementary direct ground-to-air interfaces at airports.
The satellite relayed communications insures continuous coverage at all altitudes
within the satellite system boundary. A user within the system is always assured
that communications links are present regardless of his geographic position within
CONUS. At airports where communications loading is highest, supplementary direct
line-of-sight links are used to relieve the satellite communications load.

By defining the system as primarily a digital data system with voice backup,
the system is conducive to automation, Digital data links allow a degree of
flexibility, speed, and backup to be implemented in conjunction with the automation
routines, The voice option enhances safety by allowing human intervention
in the event of automation or equipment failures.

The system is designed to require relatively few user frequency changes for
the primary digital links. The small number of voice and digital frequency changes
assures that a minimum of user induced errors will either occur or persist.

The ground-to-ground communications subsystem allows for extremely large
amounts of data transfer between sites, The subsystem is satellite based and
allows direct links to be implemented throughout the system., There are no
remote sites except in a geographic sense,

In the following paragraphs, an overall description of the communications
system will be presented. This will be followed by a detailed description of

each link.

4,1 Communications System Description

The RF links used to interconnect the various system elements are shown in
Fig. 4.1-1. This diagram indicates the links by functions. The links of interest
in this section are the digital, voice, and ground-to-ground links.

Table 4.1-1 shows the communications links. All links involving aircraft
are at L-band (1535 to 1660 MHz) to permit an integrated avionics design. Links
not associated with aircraft are at C-band (5000 to 5280 MHz) primarily because
of the spectrum availability. Except for airport to user line-of-sight links,
all communication is via satellite,
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To accommodate a relatively high degree of automation, digitally encoded
message data are assumed for the majority of the air-ground and ground-ground
communications, The air-ground communication relies on wideband, high speed,
digital channels, thus reducing the number of required channels and frequency
changes. The possibility of losing air-ground communications due to frequency
error is practically eliminated.

Digital data from aircraft-to-ground are transmitted via a spread-
spectrum, random access channel, The aircraft transmits its unique ID as the
basic component of a Pulse Position Modulation (PPM) scheme. The ID has the same
waveform structure as the surveillance ID to allow integrated equipment. The
RCC in whose region the aircraft is located is responsible for message decoding.
If the data are intended for an airport, the RCC must relay the decoded message
via the ground-ground links. Approximately 100 kilobits/sec (kbs) can be
accommodated before the channel becomes multi-access limited (i.e., the average
multi-access noise power becomes larger than the satellite receiver thermal
noise power). The spectrum occupancy is 15 MHz each at L-band and C-band.

Digital data from ground to aircraft are transmitted via four separate
channels. Each channel occupies a 5 MHz bandwidth and operates at 93 kbs.
Three channels are used by the RCC's and these channels are satellite relayed.
One channel is time shared by all ACC's, which have a digital data capability.
The airport channel is a line-of-sight link and widely separated airports use
the channel simultaneously. The total spectrum occupancy for ground-to-aircraft
digital data is 15 MHz of a 20 MHz channel at L-band and 15 MHz at C-band. The
15 MHz channel is shared with the navigation function which uses the entire
20 MHz spectrum about 6 percent of the time. This 6 percent includes the necessary
guard (or dead) times in changing fuctional use for the channel.

There is a total of 150 air-ground voice channels which are relayed via
satellite. There are also 400 line-of-sight voice channels between ACC's and
aircraft. Thus, a total of 550 two-way voice channels exist. The channels
are spaced 25 kHz apart. The spectrum occupancy is 17.5 MHz at L-band and
7.5 MHz at C-band.

Air-air communication is provided by the line-of-sight voice links which
are not satellite relayed. In very special cases, the RCC could relay messages
via satellite between aircraft very widely separated. An additional air-to-air
mode is available for navigation data interchange as accessory to support the
air-to-air collision avoidance.

Ground-to-ground information transfers are handled by 2400 digital
channels. Each channel operates at up to 2.4 kb. Four of the geostationary
satellites are used as relays with each satellite capable of relaying 600
channels. The channels are the same in each satellite and space diversity is
used to permit simultaneous use (by different users) of the same frequency in
all four satellites. The spectrum occupancy is 6 MHz at C-band.
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4.2. Ground-to-Aircraft Digital Link

There are four separate ground~to-aircraft digital links; three for RCC-
to-aircraft usage and one for ACC-to-aircraft usage. These channels are time
shared with the navigation function which demands about a 6 percent duty cycle.
The characteristics of the channels include a 5 MHz bandwidth which allows a
93 kbs transmission rate (46.5 kbs information rate), a pulse position modulation
encoding scheme based on 40 usec PN codes, and redundant transmission.

The coding scheme employed uses three components per message: synchroni-
zation, address, and message. The basic coding scheme is shown in Fig. 4.2-1.
The basic coding scheme is structured on a 40 usec, 400 nsec/chip, 100 chip/pulse
PN encoded pulse. This is the same type code used for navigation data transmittal
to aircraft. Only one code is required for all functions.

At the beginning of any transmission, synchronization is achieved by
transmitting three PN codes separated by 0.4 usec. The sync pulses alert aircraft
that an address is forthcoming. Following the syne frame, there is a four pulse
address frame. This is followed by an information frame.

The coding scheme used by the address and information frames allows five
binary bits (25) to be encoded per pulse. Within a coding frame of 53.6 usec,
there are 32 distinct time slots where the PN code can be positioned. The first
coding frame starts 0.4 usec after the last sync pulse. A coding frame always
begins and ends with an empty 0.4 usec timeslot. This restricts address and
information PN codes to a 0.8 usec spacing to prevent confusion with sync pulses.

With four coding frames per address frame, there are 25%25%25%25 or 220 unique
addresses possible. This corresponds to the 220 possible surveillance ID codes.
Aircraft communications processors are thus only required to decode those informa-
tion frames specifically addressed to the correct ID., The information frames
immediately follow the address frame and contain a variable number of bits depend-
ing on the message type.

Each 5-bit PPM information frame symbol is transmitted twice and a simply
implemented two-out-of-two decoding algorithm is used. More sophisticated
decoding algorithms can be used if they prove cost effective. With the two-out-
of-two algorithm, threshold detection is used and a single pulse position must
exceed the threshold both times. Retransmission is requested if no position
within a frame or if more than 1 position per frame exceeds threshold. With 14 db
S/N ratio (Pg = 0.9999, Pf = 3x1073), the probability of correctly decoding a
symbol is approximatelg 0.9995. The probability of an undetected symbol error
is approximately 6x107°. By using an error detecting frame at the end of each
message (a modulo 32 check), the probability of accepting a 100 bit message
(20 pulses) with an undetected error is approximately 6x10~ 1%,
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Three of the ground—-to-aircraft digital channels are satellite relayed
and used by the RCC's. The two RCC's have exclusive use of one channel each and
time share the third channel. All three satellite relayed channels have uplink
frequencies at C-band and downlink frequencies at L-band.

The downlink (i.e., satellite-to-aircraft) is the critical RF 1link in the
satellite relayed channels. Table 4.2-1 contains a power budget for this link.
The uplink has approximately 24 db more S/N ratio, primarily because of the large
ground antenna gain (45 db).

Table 4,2-1. Satellite-to-Aircraft Digital Data
Link (L2) Power Budget

Parameter Units Comments
Transmitted Energy -17 dbj 500 w, 40 usec pulses
Satellite Antenna Gain 30.6 db 5 deg beam
Aircraft Antenna Gain 4.0 db 150 deg beam
Pointing Losses 2.0 db
Miscellaneous lLosses 2.0 db Plumbing = 1 db

Attenuation = 1db
Path Loss 189.0 db f =1.6 GHz

d = 26,000 miles
Received Energy per -175.4 dbj

Pulse

Receiver Noise Power
Density

-198.0 dbw/Hz

Uplink Degradation 0.1 db 50 wy 15 ft ground
antenna

Detection Losses 2 db

S/N Ratio per Pulse 20.3 db

Required S/N Ratio 14 db 10~7 undetected symbol
error

Margin 6.3 db
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All airports with digital data capability time share the remaining channel.
Since an ACC jurisdictional area extends only about 5 miles, the links are line-
of-sight, The time available to each airport would be roughly proportional to
need. To ensure no interference from adjacent airports, a maximum guard time of
approximately 600 sec is necessary each time the channel is switched to a
different airport. Assuming 50 switches/sec, about 3 percent of the channel is
consumed by dead time (in addition to the 5 percent dead time needed for navigation).
Airports separated by approximately 100 miles can use the channel simultaneously.
If an average of 140 airports use the channel simultaneously, the total airport-
to—aircraft digital capability is approximately 600 kbs.

As an example of the time sharing between airports, suppose the channel
is divided into 100 equal time slots of 10 msec each. Each time slot occurs once

per second. A small airport might need only one time slot. Every second it could
transmit approximately

(46.5 kbs) (9.4 msec) = 435 bits

A high density airport might be assigned nine time slots. Every second it could
transmit approximately

(46.5 kbs) (89.4 msec) = 4150 bits

4.3 Aircraft-to-Ground Digital Link

To minimize the aircraft avionics cost, digital data from aircraft-to-
ground are transmitted via a random access channel., The aircraft transmits a
unique ID of similar structure to the surveillance ID (i.e., 3 PN pulses of 40
usec duration). The ID is used as the basic component of a 7-bit PPM scheme.
The ID is transmitted once per frame and the ID start time within the frame is
chosen from 128 time slots. Each time slot is 0.l pusec and each frame is 139.4
usec. The first 0.1 usec of each frame is not used so that the end of any pulse
is separated from the beginning of the next pulse by at least 0.1 usec. At the
beginning of any transmission, the ID is transmitted three consecutive times
for synchronization (see Fig. 4.3-1).

Since the channel is random access, an aircraft can transmit digital
messages at any time. Since each frame is 139.4 usec and contains seven bits,
information is transferred at the rate of approximately 50 kbs.

The RCC in whose region the aircraft is located is responsible for the
decoding. Signals from three satellites are used in a majority decoding scheme.
An RCC would normally use the returns from one geostationary and two geosyn-
chronous satellites to obtain triangular coverage. The aircraft's wide antenna
beamwidth and the multiple satellite coverage should provide sufficient protection
against aircraft banks. If the message is intended for an ACC, the RCC must
relay the decoded message via the ground-ground communications link.
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The power budget for the aircraft~to-ground digital data link is shown
in Table 4.3-1. The total information rate relayed by the satellite is assumed
to be 35 kbs., The effect of increased information rates, because of more bits
per aircraft or simply more aircraft, is shown in Table 4.3-2.

With 13 db S/N ratio per pulse from each of three satellites, it is
estimated. that symbol error rates of approximately 10~5 can be attained.

Table 4.3-1. Aircraft-to—Ground Digital Data Link Budget

Parameter Units

Transmitted Energy per Pulse

(2 kw, 40 usec) ~11 dbj
Aircraft Antenna Gain 4 db
(Curved Turnstile, 150 deg Beamwidth)

Satellite Antenna Gain

(5 deg Beam) 30.6 db
Pointing Losses 2,0 db
Miscellaneous Losses 2.0 db
(Plumbing, Attenuation) °

Path Loss

( f=1.6 GHz, d = 26,000 miles) 189.0 db
Received Signal Energy per Pulse ~-169.4 dbj

Multi-Access Noise

y 1 bit/sec 1 pulse
(3.5x10%, aircraft > 7 bits ? -208.2 dbw/Hz

15 MHz Beamwidth)

Receiver Noise Density -201.0 dbw/Hz
Total Background Noise ~200.2 dbw/Hz
Downlink Degradation

(30 w transmitted, 15 ft ground 0.1 db
Antenna)

Detection Losses 2,0 db

S/N Ratio per Pulse 24,7 db
Required S/N Ratio 13.0 db
Margin 11.7 db
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Table 4.3-2. Effect of Total Information Rate on Aircraft—-to-Ground
Digital Data Link Margin

ToFal MultiTAccess Margin
Information Rate Noise
(103 bits/sec) (dbw/Hz) (db)
35 -208.2 11.7
70 -205.2 11.1
105 -202,2 10.0
140 -199.2 8.5
175 -196,2 6.5
210 -193.2 4,0

4.4 Ground-Aircraft Voice Links

Two types of voice links are planned between aircraft and the ground.
One is a two-way link between the RCC's and aircraft which is directed through
a satellite relay; and the other is a direct line-of-sight link between airports
and aircraft., Transmissions to and from the RCC occur in C-band, and transmissions
to and from the aircraft are performed at L-band.

The modulation technique used for all of the voice transmissions is
narrowband FM with each transmission requiring 10 kHz of bandwidth. Frequency
division multiplexing is used to support the multitude of voice channels. The
center frequencies of the individual voice channels are spaced by 25 kHz., The
number of channels available for use by an aircraft will depend upon the type
of aircraft involved and will range from 20 to 550. Each RCC is provided with
75 voice channels. The number of channels an airport has is dependent upon its
location and traffic density.

Four of the geostationary satellites will be capable of relaying 25
channels each. These channels would all be distinct. The other 50 channels
would be relayed by the geosynchronous satellites. Each geosynchronous satellite

relays a set of 25 channels. Thus, at any instant, a maximum of two geosynchronous
satellites serve as voice relays.

Power budgets for the various voice links are provided in Tables 4.4-1,
4.4-2, and 4.4-3.
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Table 4.4-1. Aircraft-Satellite Voice Link (L5 and L6) Power Budget
Parameter Units Comments

Transmitted Power 16 dbw 40 w

Aircraft Antenna Gain 4 db 150 deg beam

Satellite Antenna Gain 30.6 db 5 deg beam

Pointing Losses 2.0 db

Miscellaneous Losses 2,0 db

Path Loss 189.0 db 3 = 76,000 nites

Received Power -142 .4 dbw

Receiver Noise Density -201 dbw/Hz ~198 dbw/Hz for aircraft

Carrier-to~Noise Density 58.6 db-Hz

Kequired Carrier—~to-Noise 46 db Phase-locked FM, 10 kHz IF

Margin 12.6 db 9.6 db for satellite-to-aircraft
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Table 4.4-2.

Ground~-Satellite Voice Link (C6é and C7) Power Budget

Parameter Units Comments
1 w (Required for the
Transmitter Power 0 dbw uplink; 100 mw required
for the downlink)
Ground Antenna Gain 45 db 15 ft antenna
Satellite Antenna Gain 24,6 db 10 deg beam
Pointing Losses 1.0 db
Miscellaneous Losses 2,0 db
Path Losses 198.9 db g : 26?280 miles
Received Power -132.3 dbw
Receiver Noise Density =201 dbw/Hz
Carrier-to-Noise Density 68.8 db-Hz
Required Carrier-to-Noise 45 db Phase-locked FM, 10 kHz IF
Margin 22.8 db Reduced to 12.8 db for

satellite-to-ground
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Table 4.4-3. Line-of-Sight Air-Ground Voice Link (L7) Power Budget

Parameter Units Comments
Transmitted Power 3 dbw 2w
Aircraft Antenna Gain -3 db
Ground Antenna Gain 0 db
Miscellaneous Losses 2 db
Path Losses 133 db f = 1.6 GHz, d = 40 miles
Power Received ~135 dbw
Receiver Noise Density -198 dbw/Hz
Carrier-to-Noise 63 db-Hz
Required Carrier—to-Noise 46 db Phase-locked FM, 10 kHz IF
Margin 17 db
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4.5 Air-to-Air Digital Links

The air-to-air digital links are used to support the interchange of
navigation information for performing the airborne collision avoidance function.
This mode is implemented only by controlled aircraft. These data are transmitted
asynchronously.

The avionics would be modified to include this capability. The
transmission frequency would be at L-band and would occupy two of the many
voice channels available to the system.

Aircraft will transmit their derived navigation data at a rate of
approximately once every 4 sec. Assuming 100 bits of information (see Table
4.5-1), 40 usec pulses, and 1 bit per pulse, each transmission is then 4 msec.
With 200 aircraft in a region, an aircraft will receive messages an average of
once every 20 msec. The probability that a given message is received without
any overlap is approximately 0.67.

Fortunately, when overlaps do occur, the near/far phenomenon will allow
useful information to be extracted. The smaller the separation between aircraft,
the larger the probability that useful information will be exchanged. For
example, the path loss advantage of a signal traveling 3 miles over another
traveling 30 miles is 20 db.

Table 4.5-1. Approximate Estimate of Message

Length
Message Approximate Estimate
Latitude 16 (1 Sec out of 17 deg)

Longitude 16 (1 Sec out of 17 deg)

Altitude 9 (100 ft out of 50,000 ft)
D 20 (1 out of 10%)

Intent 8 (1 out of 256)

Velocity 12

Total 81 bits =~ 100 bits
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4.6 Ground—Ground Digital Links

The ground-ground communication links interconnect the various ground
elements of the system. For example, the links are used to transmit surveillance
data, handoff messages, and traffic information from RCC to airport, All data
are assumed routed through one of four geostationary satellite relays.

Exclusive use of geostationary satellites as relays is possible because
ground terminals, unlike aircraft, have no antenna pointing problem. Four
satellites are used instead of only one because space diversity can be utilized
to permit simultaneous use of the same frequency channel. Thus, for the same
spectrum, four times as many channels are available.

The digital data are transmitted by bi-phase modulation at 2400 bits per
sec. Frequency division multiplexing is utilized to multiplex many channels within
a total system bandwidth.

Each RCC is provided with approximately 1200 channels for both the transmit
and receive modes. The number of channels assigned to an airport is dependent
upon its need but four channels might be typical. The total bandwidth occupancy
for the ground-to-ground transmission system is 6.0 MHz,

Table 4.6-1 contains a power budget for the satellite-to-ground RF link

(downlink). The ground-to-satellite link (uplink) is similar except that the
transmitted power is increased to 2 w.
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Table 4.6-1. Satellite~Ground Link (C4 and C5) for
Ground-to-Ground Communication

Parameter Units Comments

Transmitted Power 100 mw; increased to 2 w in

-10 dbw

(from Satellite) ground-to-satellite link
Satellite Antenna Gain 30.6 db 5 deg beam

Ground Antenna Gain 45.0 db 15 ft Antenna, 0.85 deg beam
Pointing Loss 1.0 db

Miscellaneous Losses 2,0 db

Path Loss 198.9 db f =5 GHz, d = 26,000 miles
Received Power -136.3 dbw

Receiver Noise Power -198.0 dbw/Hz

Density

Noise Bandwidth 33.8 db

Uplink Degradation 0.1 db

S/N Ratio per Bit 28.0 db

Required S/N Ratio 12 db P, = 1076
Margin 16 db
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5. DATA PROCESSING SUBSYSTEM

The data processing subsystem is that portion of the SAATMS design concept
concerned with the computations required to implement the system functions and
services. The data processing subsystem is resident in the CCC, the two RCC's,
and the ACC's. Interconnection of the subsystem is achieved through the ground-
to-ground communications links of the communications subsystem

This section of the report is directed toward defining the major aspects
of the processing subsystem. The processing functions are described, processing
speed and processing memory requirements are estimated, and the hardware and soft-
ware requirements are estimated. The processing subsystem is highly dependent on
the level of system automation desired. This section assumes a certain achievable
automation level.

The general data processing subsystem requirements are first summarized.
The individual requirements for CCC, RCC's, and the ACC's are then described
in detail. The basic processing categories discussed include surveillance,

user, control, flow planning, satellite tracking, communication, and executive
processing.

The terms used in this section are as follows:

AMF Analog Matched Filters
APE Any Pulse Enable

CP Checkpoint

CPU Central Processing Unit
FT First Time

GFT Greater Than First Time
I0P Input/Output Processing
IPS Instruction per Second
ROM Read Only Memory

STC Satellite Tracking Center
WPS Words per Second
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5.1 Data Processing Subsystem Summary

A block diagram of the processing requirements for SAATMS is shown in
Fig. 5.1-1. The majority of these are real time processing functions that result
in the issuance of a communication to the user or to ground based elements. The
communications include commands/advisories to operations personnel; i.e., pilots
or control system operating persomnel, as well as to other elements in the process-
ing subsystem.

The magnitude of the data processing subsystem requirement can be seen
in the summary of the processing listed in Table 5.1-1. In this table, lines 1
through 4 are surveillance; lines 5 through 7 and 10 and 11 are user control;
lines 8 and 9 are flow planning; lines 12 and 13 are satellite tracking; lines
15, 20, and 21 are communication; and the rest of the lines are executive and
miscellaneous processing.

The surveillance processing includes those functions necessary to detect
and quantify aircraft surveillance signals, acquire newly entered aircraft,
compute surveillance data, and maintain files of aircraft data and status.

These tasks are performed with a combination of special purpose and general
purpose computers due to the speed and demand level requirements. These tasks
are performed for as many as 20,000 active users at each RCC. The CCC provides
complete backup of this function for either or both RCC's and is sized for a
35,000 active user capability.
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The user control processing includes the generation of control commands
and advisories for active users and transfer of data between jurisdictional
areas. The user control processing is, in general, based on the surveillance
data generated by the surveillance processing subsystem. User control processing
is essentially located at RCC's and ACC's, with RCC backup at the CCC. The
user control processing is generally parallel, real time computation performed
in general purpose (GP) computers.

The satellite tracking processing includes satellite tracking pre-
processing and satellite emphemeris estimation and prediction. The preprocessing
data manipulation occurs at STC's. These data are collocated at the CCC, RCC's, and
ACC's. This GP processing represents a very small computational load and will
probably share collocated facility processing equipment. The prediction and
estimation routine is accomplished at the CCC using real time, general purpose
computers.

The flow planning processing is performed in the batch mode on a processor
located at the CCC. The functions include strategic flow planning, tactical flow
planning, traffic demand data processing, and weather and system status dis-—
semination.

The communications processing functions include all those data formatting
and routing functions required to interconnect the system elements. The processing
is performed by GP computers with the exception of user-to-ground communications.
This latter function requires special purpose parallel and general purpose processing
similar to surveillance data acquisition.

The executive and miscellaneous functions include executive programs,
display and man/machine interface programs, and system and self-test programs.
For completeness, the aircraft navigation and ACC ground traffic surveillance
and control are also included. These processing functions are all general
purpose computer functions.

The general philosophy behind the system design has been discussed
previously. No particular claims for the optimality of some of the automation
algorithms are made. The automation functions described are feasible and serve
the purpose of sizing the data processing subsystem. The majority of the
efforts in the design were directed toward the SAATMS specific special purpose
hardware. Feasible solutions to these areas are critical, and viable solutions
have been identified.

5.2 CCC Data Processing

The CCC data processing includes those functions used throughout the
system; Fig. 5.2-1 shows these functions. These CONUS oriented functions
comprise three groups. The first group of CCC data processing functions consists
of those functions that are performed only at the CCC.
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The second group of CCC data processing functions consists of those real
time functions that are normally performed for each region by an RCC. These
functions are also performed for both regions by the CCC as system backup. That
is, in case an RCC fails or an RCC function is unavailable for some reason, the
functions are performed by the CCC on a backup basis. In addition to providing
real time near instantaneous backup for the RCC functions, this redundancy in
the system provides a means of achieving an early operational capability since
the CCC will be completed before the RCC's. Thus, an aid to a phased transition
from the then existing system to the SAATMS is provided.

The third group of CCC data processing functions consists of service
and executive functions. Each of these categories of functions are discussed

separately in the following paragraphs.

5.2.1 Functions Performed Only at the CCC

The CCC performs those functions that are necessary to plan and maintain
the flow of controlled and cooperative aircraft throughout CONUS. These
necessary functions include

(1) Strategic flow planning

(2) Tactical flow planning

(3) Compilation of weather service data into a file for accessing
by the flow plenning functions

(4) Compilation of historical flight data as a function of time
and weather conditions

(5) Compilation of flight schedules

(6) Satellite orbit computations

5.2.1.1 Strategic Flow Planning

A functional diagram for strategic flow planning is shown in Fig.
5.2-1. The results of strategic flow planning consist of tables of words
which list the numbers of aircraft of each of the four classes that are expected
to pass through each checkpoint (CP) during each of M time increments. These
tables of words are assembled by first estimating the unscheduled aircraft that
will pass through a CP and then adding to it the traffic that is scheduled,
taking into consideration the forecast weather and other constraints such as
runway closures.
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For each time increment at each CP, the predicted weather is accessed
and is used in turn to access the predicted unscheduled traffic that will pass
through during this time increment. Traffic of each aircraft class is entered
into the flow plan and a check is made to determine if any traffic of that
class is scheduled for that CP at that time. If traffic of that class is
scheduled, tests are made to determine the effects of wind, other weather
conditions, and other traffic constraints on the scheduled traffic and, after
passing these tests, the scheduled traffic is entered into the flow plan. If,
under predicted wind conditions, aircraft of a certain class will not be able
to maintain schedule, the resulting delay is computed and that aircraft class
is again subjected to the tests to determine the effect of constraints or
traffic. If aircraft of a certain class are precluded by weather, congestion,
or other constraints from passing a CP, an attempt is made to find an alternate
CP and, if found, that aircraft class is subjected to the tests to determine
the effect of constraints on traffic at the alternate CP. The number of
occurrences of requirements for an alternate CP is not expected to be high.

Figure 5.2-2 shows the strategic flow planning functions in sufficient
detail to allow the derivation of data processing requirements; i.e., central
processor use, memory, main frame and auxiliary memory, and input/output use.

The data necessary for assembly of these flow plan tables include the
following which are entered into the processor from the auxiliary memory for
each CP prior to its being planned.

(1) Predicted wind and other weather conditions and planned constraints
on traffic flow such as runway closures. For each time increment,
one 32-bit word containing the following data is required; wind
speed and direction, weather type, duration of weather, and other
constraints. The filing order of these data will be sequential
according to time, thus facilitating their access by sequential
indexing.

(2) An array of predicted unscheduled traffic versus aircraft class,
time, and weather. The data in this array, consisting of one
8-bit byte per aircraft class, time, and weather type will be
derived from historical records of actual unscheduled traffic
through this CP at similar times and under similar weather
conditions. These data will be filed according to time and
weather. Random access toc them can be had by computing a
displacement address from the time and weather type and combining
this displacement with the starting address of the array to obtain
the address of the desired quantity.
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(3) A file of flights that are scheduled to pass through this CP.
For each aircraft class, time increment, and last CP, one 32-bit
word containing the following data is required: quantity of
aircraft, distance and direction from last CP, and indications of
the allowable delay and the next CP. The schedule files for the
CP's will be assembled by means cf ancther program which will use
as inputs all periodic flight schedules defined in terms cf CP
passage times. Addressing of the schedule file data will be by
means of a base plus displacement scheme with the latter computed
from the aircraft class, time, and last CP.

The relatively long interval that elapses between strategic flow planning
runs indicates that this function can be treated similarly to a batch operation
and can be run during off-hours, e.g., early morning prior to the daily inception
of heavy air traffic. Thus, the amount of data processing hardware required
at the CCC is minimized with no degradation of system performance.

With 4000 CP's planned and the number of time intervals over which they
are planned equal to 100, typical data processing requirements for strategic

flow planning are

(1) 200 x 10® instructions per run

(2) 200 x 10% words input or output per run

(3) 15 x 10% words of auxiliary, e.g., disk storage

(4) 16 x 103 words of main memory

It can be seen that this function tends to require a large number of
central processor instructions, a large number of input/output operations, and
a large off-line auxiliary memory. This function can be readily performed by
means of hardware similar to that used for real time and on-line functions as

long as it is done during a different time period than the real time and on-line
functions.

5.2.,1.2 Tactical Flow Planning

The flow plan that results from the strategic flow planning function

is the basis on which short-term changes to aircraft flow in an area are taken into

consideration. The types of changes that will affect a flow plan include

(1) Unplanned increases or decreases in traffic density

(2) Constraints or traffic flow such as closed airports or
runways, winds, and other weather conditions

(3) New flight plans
(4) Changed or cancelled flight plans

The latter two items, the process of updating flow plans and clearing
flight plans or changes thereto,are two facets of one task.
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A functional diagram for the tactical flow planning task is presented in
Fig. 5.2-1. The results of tactical flow planning consist of recommendations
to control processors, modifications to flow planms, and flight plan clearances
(with or without changes). As in strategic flow planning, constraints on traffic
such as wind, weather other than wind, and airport and runway closures are taken
into consideration.

Entering the messages that initiate tactical flow planning actions into
the flow planning processor can be a rather large task in itself. One or more
processors may be assigned to this task. One hardware mechanization, as indicated
in Fig. 5.2-2, would have a front end processor performing message processing
and placing the messages in a queue in the memory that is accessible to the
main processor.

In addition to the input messages, performance of the tactical flow
planning function requires data on predicted weather and other constraining con-
ditions and the strategic flow plans. The volume of these data is large and
thus most likely be stored in the auxiliary memory.

Each message that is received is first processed to determine its priority.
Any necessary formatting is done and the message is queued on the basis of its
priority. Then, as each message comes up, it is tested for type. Here three
general types have been assumed: (1) traffic density changes, (2) traffic con-
straints, and (3) flight plan initiations or changes.

A message that describes a change in traffic density, either up or down,
results in a recommendation to the affected control processor(s) that tighter or
looser control is to be exercised. Also, the flow for the affected CP's is
replanned and the changed plans are disseminated to the appropriate control
processors.

A message that indicates an added constraint on traffic at certain CP's
results in replanning of traffic at and/or around those CP's. Removal of an
existing constraint results in file searches to determine traffic that was
rerouted, and the replanning of traffic flow to use preferred routes or
destinations.

A message that describes a new flight plan or a change to an existing
flight plan results first in tests to determine whether it is new, cancelled,
or changed. If it is a cancellation, the flow plan is modified. If it is a new
or changed plan, constraints and capacity at each planned CP are checked and if
necessary, alternate legs, destinations, or times are selected. In either case,
the flight plan clearance or modification is transmitted to the requester and the
changed flow plan is transmitted to the affected control processors.

Figure 5.2-3 shows the tactical flow planning function in sufficient detail
for derivation of processing requirements.
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Tactical flow planning being an on-line function will require the
dedication of certain hardware capabilities to its needs. With the rate of
messages and therefore the rate of tactical flow planning actions equal to
150 per second, typical data processing requirements for this function are

(1) 200 x 103 instructions per second

(2) 1-5 x 106 words input or output per second

(3) 300 x 103 words of main memory

5.2.1.3 Data Compilation Functions

Under strategic flow planning above, mention was made of the data input
requirements. Hardware and software must be provided to compile these data into
formats which correspond to both the stragetic and tactical flow planning soft-
ware and hardware. The required data compilation tasks (those for weather service
data, historical flight data, and flight schedules) will be performed off-line in
a more or less batch mode. Multiple use of data processing hardware can be accom-—
plished with no degradation or real time or batch functions by using hardware,
normally used for real time functions, during off-hours for the performance of
these data compilation tasks.

5.2.1.4 Satellite Tracking and Ephemeris Computation

Performance of data processing associated with the tracking of satellites
for the purpose of acquiring and correcting the present position of each satellite
is a function that does not fall into one of the categories previously presented.
While it is a necessary function, it is not a demanding function for control proc-
essor, input/output processor, and memory capabilities. Thus, the satellite track-
ing function can be performed at all locations where needed: CCC, RCC's, and the
ACC's. The data processing capability that will exist at these locations can be
used for this function. The number of data processors tends to be minimized by this
collocation of functions.

To estimate the orbits of the satellites from the corrected tracking data,
however, involves the use of a large (48-element) state vector which processes the
data in this vector with a recursive maximum likelihood estimation algorithm (a
Kalman filter). The outputs of this filter, which are computed only at the CCC,
are used to predict future satellite positions and velocities. These data are
used by the RCC's to determine the positions of aircraft. The data are also used
to perform satellite navigation functions.
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The data processing equipments for satellite tracking and ephemeris
computations are

(1) 170 x 103 instructions per second

(2) 12 x 103 words of main memory

The input/output traffic for these functions is on the order of 10 words per second.

5.2.2 Functions Performed at the CCC to Back Up the RCC's

The CCC must include the capability to perform those functions that are
primary to an RCC but which must be backed up if the RCC fails. These backup func-
tions will be performed for the entire CONUS in parallel with the RCC's. If one or
both RCC's is down due to failure or some other cause, the backup functions are
continued in a normal manner.

The backup functions performed at the CCC include

(1) Acquisition of aircraft for surveillance

(2) Computation of positions of newly entered aircraft
(3) Computation of positions of tracked aircraft

(4) Maintenance of file of active aircraft

(5) Conflict prediction and avoidance

(6) Intrusion prediction and avoidance

(7) Handoff determination and initiation

(8) Virtual VOR

(9) Transition and arrival control

5.2.3 Service and Executive Functions

The following functions must be performed whenever the CCC is operating:

(1) Communications processing
(2) Display and man/machine interface processing
(3) System and self-test
(4) Executive functions
When the CCC is substituting for one or both RCC's, the display and man/machine

interface processing functions will allow the operations personnel to control the
appropriate airspace.

5.2.4 CCC Processing Hardware Organization

Figure 5.2-4 shows a configuration for data processing hardware that is
capable of performing the functions listed in Table 5.1-1. A discussion relevant
to Fig. 5.2-4 can be found in Section 5.3.
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5.3 RCC Data Processing

Figure 5.3-1 shows the data processing functional block diagram for an
RCC. The principal data processing functions to be performed at an RCC include:

(1) Acquisition of aircraft surveillance signals, filtering of these
signals to separate new ID's from tracked aircraft ID's, TOA
computation of newly acquired aircraft position, and assignment
of primary surveillance responsibility

(2) Computation of tracked aircraft position
(3) Maintenance of a file of active aircraft

(4) Prediction of conflicts between aircraft and determination of
the required action for avoidance

(5) Prediction of impending intrusions into controlled airspace;
airport airspace, or restricted regions, and determination of
the required action to avert such intrusions

(6) Determination of a need for a handoff to the other RCC
region or airport and performance of a handoff to or from
other airspace.

(7) Computation, for those cooperative aircraft that request them,
of area navigation commands by means of the Virtual VOR
mechanization

(8) Computations related to entry of aircraft into, exit of aircraft
out of, and control of aircraft while within transition airspace

between airport airspace and enroute airspace

5.3.1 ID/TOA Decoding and Preprocessing

The SAATMS concept uses periodic surveillance signals from all active
aircraft in CONUS that include an identification code. L-Band surveillance
signals are transmitted to satellites for conversion to C-Band and for retrans-
mission to the CCC and RCC's. At each of these control centers, up to 12 C-Band
controllable antennas track each of the visible satellites. The received
signals are translated and sent to a bank of 16 Analog Matched Filters (AMF)
for detection. The identification signal is shown in Fig. 5.3-2.
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125.0-to0-126.5

- usec -
40 usl
Pulse A B C
e [ —

where: t; = Tp + At
t2=T2+5t
Ty and Ty are nominal pulse position times

At and 8t are times in increments of 100 nsec assigned for each identification

| Fig. 5.3-2. Aircraft ID Signal Format
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Each of the three pulses is pseudo-noise modulated. The second and third
pulses will be positioned in time relative to the first. Sixteen code combinations

and 16 relative positions for the pulses provides a total identification capability
of [(2%)(2%) (2%)(2")(2%)]1 = 1,048,576.

As noted, these pulses are processed through AMF's. The 40 usec pulse
widths are then compressed into 100 nsec pulses.

The surveillance system parameters are given as follows:

(1) Total aircraft to be identified = 106
(2) Active aircraft at any time = 35 x 103

(3) Update time per aircraft = 2 and 8 sec for entrance and
tracking, respectively

(4) Compressed identification arrival < 100 usec
(5) Time to receive all satellite signals from an aircraft = 80 msec

(6) Number of satellites = 10

Acquisition is based upon receipt of the same identification number from
four or more receivers for three successive identification transmissions. After
the establishment of a legitimate identification, four TOA's from different
receivers are used to obtain three differential TOA's. The differential TOA's,
the signal velocity of propagation, and satellite positions are used to determine
the aircraft location. This location data is supplied to the surveillance tracking
function.

Figure 5.3-3 presents the overall surveillance concept for the CCC or
RCC's.

The time alloted to extracting the identification data from the pulse
trains and the characteristics of the pulse trains dictates the use of special
purpose digital processing equipment to perform the function of identification
processing.

As noted earlier, the received signals are time compressed in matched
filters and shaped to provide 100 nsec pulses. These pulses are routed to shift
registers forming a 100 psec sample of the received codes. The processing problem
is to associate the three pulses which form legitimate identifications and assign
a TOA upon doing so.

One concept for performing the pulse association process is shown in Fig.
5.3-4 and 5.3-5. The 100 psec sample is dynamically stored in shift registers
and updated every 100 psec. The ends of the 16 shift registers are logically
OR'd to initiate the identification processing each time a possible A pulse occurs.
This signal is used with two others generated by examining the time slots corres=-
ponding to the B and C pulse position. If all three are present, an aircraft
jdentification is required; if not, this pulse is not an A pulse and no further

action occurs.
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The sensing of a possible identification (A, B, and C pulses present)
results in immediate transfer of the pulses in the shift registers to a fast
buffer storage whose function is to store a snapshot of the pulses in the
shift register. The pulses and their corresponding TOA's must be stored
within 100 nsec. A nominal method using a 12-word by 32-bit, 25 nsec buffer
is shown in the upper right portion of Figure 5.3-4.

The transfer control contains the timing and logic to address and
control the loading and unloading of the buffer in response to legitimate
Any Pulse Enable (APE) signals or requests from the computing complex.

The rapid storage provides the ability to process multiple valid or
possible identifications received within a short time. The following cases are
considered to be of reasonably high probability of occurrence as to warrant
processing provisions:

(1) Multiples of three identification sets received during a 100 usec
interval

(2) Two concurrent A pulses due to multiple identification or false
alarms due to noise or previous pulse trains

(3) Single A pulses and multiples of up to three B and/or C pulses
for each

(4) Double (concurrent) A pulses and multiples of up to three
B and/or C pulses

(5) Three successive A pulses within 100 nsec of each other with
up to three B and/or C pulses for each.

The worst of these, item (4), results in 18 possible combinations of
identification to be analyzed by computer processing to segregate legitimate
returns from false alarms.

The buffer thus provides a means of capturing the identification pulses
under the above situations. The rest of the identification processing is
concerned with formatting the identification pulse in binary and associating the
B and C pulse codes with their respective pulse times. As shown in Fig. 5.3-4,
the information is transferred from the buffer storage through a demultiplexing
network to Code Segment Logic (CSL). (Five CSL's are shown. Alternately, a
design using two could be employed at the sacrifice of processing time.) The
outputs of the CSL's are directed to identification registers prior to transfer
to the computer complex for further processing.

The CSL design is shown in Fig. 5.3-5 and consists of scanning logic
with conversion to binary and storage of the resultant code segments. A
fifth output bit per segment is shown to indicate a valid zero is stored.
Logic is included to permit the association between the pulse code and position.
The 20 MHz clock provides a scanning capability of 50 nsec per step. It
takes a maximum of two complete scans to convert the pulses. This results in
a conversion time range of 0.8 to 1.6 usec.
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A design for precise TOA requirements and recombination with ID's is
not shown here, but is required.

The considerations involved in the identification of a new aircraft are
shown in Fig. 5.3-6.. When a new set of possible identifications (maximum of
18 as noted earlier) is received, it is first compared with known aircraft. Known
aircraft here include previously acquired, nonissued, and calibration identities.
These will be eliminated from consideration with the remainder providing the
input to the surveillance tracking function. They must then be compared with the
remainder file of unknown aircraft for all of the other "R" receivers. A record of
the numbers of comparisons must be noted.

If the number of receivers which have an identification corresponding to
the one being processed is fewer than four, it is because (1) the other receivers
have not received the signal via their satellites or (2) this is a false alarm. 1In
order to determine which, the TOA of each receiver's identification must be
examined to see if 80 msec (the maximum transmission time expected between an
aircraft code emission and its receipt via a remote satellite) has elapsed. If so,
and fewer than four receivers have identified that aircraft, the data must be
removed from the file. If not, the identity information must be saved for later
comparisons.

If the receiver number is greater than or equal to four, this identification
must be compared with a table of possible new aircraft. This table is the accumula-
tion of identifications received by four or more receivers over a given time
period. A further detection requirement is that at least four of these receivers
must process the identical code for three consecutive bursts. Thus, if any of the
stored possible identifications have elapsed times exceeding 6 sec, they must be
eliminated from that file.

If all detection/criteria are met, the identification being processed
represents a new aircraft. The processing exits to that activity for handling new
identification. This includes the setting of the appropriate files and assignment
for routing control.

It is apparent that a large quantity of information must be examined in order
to extract the unknown from the false alarm and known aircraft.

It is evident, by the surveillance procedure defined to this point, that all
active aircraft must be examined during the 8 sec basic burst interval. Table 5.3-1
illustrates a typical distribution of aircraft identification codes for a receiver.

Assuming 10 receivers are used, approximately 500,000 identifications
must be compared with a known aircraft file within 8 sec. This amounts to 16 HUsec
per comparison if these are done sequentially. If performed in parallel, 16.0 usec
can be allotted for each comparison.
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Table 5.3-1. Distribution of Aircraft Identification

e . Total Aircraft ' Possible
Identifications/100 usec 2) TOA's Identifications
'l 85 29,750 29,750
1 plus 1

false alarm pulse 2 15760 3,500

2 9 3,150 12,600

3 1 350 6,300

Total 35,000 52,150

S O E B

These times represent an average and include that amount needed to access
the data and update the file. It is reasonable to expect that unless the data are
processed at the fastest rate expected some buffering is required. The size of
the buffer is interrelated with the speed at which comparisons can be made.

There are a number of concepts which could be developed to accomplish
these comparisons. These could encompass various direct and associative addressing
schemes. One reasonable approach is to provide a memory which has a bit assigned
to the indication if the identification is known. The identification itself would
be the address of this bit. A memory of 32,000 x 32 bits would supply the total
storage needed to contain this activity status. Further, with rapid memory
accessing possible and projected, it is reasonable to assume that such a file will
be fast enough to perform the comparison in real time.

Figure 5.3-7 is the flow chart of the front end processor computational
functions. Its primary function of separating the known identifications from the
unknown is shown in more depth since the majority of the computer requirements
are derived from this chart. The data processing requirements are

(1) 4,000,000 Instructions per Second (IPS)

(2) 80,000 words of main memory

The output result of the front end processing will be those identifications
which are considered unknowns and include the false alarms. If the approximate
17,000 identifications per receiver remaining were to be conveyed to the next filter
action (i.e., the comparison between receiver unknown files), a substantial amount
of computing still would be required.
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It is possible, however, to reduce the number which must be compared. One
method would be to revise the received ID set when an identification is made by
removing that one from the set and redetermining a new set based upon the remaining
codes. This approach may result in the elimination of a possible new identification
for one or even a few burst intervals. However, the likelihood of all receiver's
replicating ambiguous identifications is extremely remote. Therefore, new aircraft
would probably be quickly entered into the system. Also, since no return acknowledge
signal is transmitted until the aircraft does enter, no danger to the system
operation is possible.

If the above is done and if allowances are made for replication of known and
nonexisting identification, it is estimated that 4,000 identifications per receiver
need further processing. Table 5.3-2 shows this analysis.

Table 5.3-2. Estimate of ID Processing Load

Type ID/100 usec Possible ID's Possible ID's after Revising ID Set
1 29,750 0
1 plus 1 false alarm 3,500 0
2 12,600 3,150
3 6,300 1,400

Subtotal 4,550

Less estimate for replicate known and unassigned 550

Total per receiver 4,000

The actual number of aircraft entering and leaving the system would be within
this number. With 1,000 airports and a worst case entrance/exit time of 80 sec,
about 100 new identifications per 8 sec is expected.

The number of ID's per second per receiver is 500; the number per 80 msec
interval is 40. A major reduction in the number of identifications to be processed
can be obtained by storing all of the same identifications from all receivers for
80 msec. After this time, only those with more than a four-receiver responses would
be saved. The others would be dropped. It is expected that less than 1 percent of
the possible false alarms will remain. A conservative allowance number of ID's to
be further processed is estimated as four per receiver per 80 msec.

Figure 5.3-8 is a flow chart describing this processing activity. The

logic for placement of data in various files and the tests for validation of an
identification are presented. Also shown are methods to remove old data when
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accumulated in these files. These are based upon the various maximum receiver time
allowed. As noted, the time checks are accomplished at the end of the routine and

are only needed if new information is being supplied. Thus, computer performance

is not consumed in making periodic file checks.

It is expected that some memory protection as file address bounding will be
supplied in the computer to protect the files. File overflow or intrusion for any
reason will result in notification of the executive for appropriate action.

As noted from the flow chart, a check on the location calculation is made
using other TOA's of an identification (if available) to compute a second location.
A comparison difference results in the executive being notified and data supplied
to a fault isolation routine. This routine can further check the TOA's by accumulat-
ing these over a period of time and computing the location several ways. If required,
checks can be made on the receiving and processing equipment. Should problems
persist, maintenance/operations personnel can be alerted.

The final filter action of requiring three bursts from four receivers should
eliminate all false alarms. If an aircraft is falsely identified as entering the
system when it has not, an acknowledge command would be given to it. Since it is not
active, the command would not be received or executed (i.e., change of burst rate
from every 2 sec to 8 sec). The known aircraft list would be adjusted and the
tracking surveillance function notified. Should the identification fail to be
received, the tracking function initiates the removal from the system. This may
also result in an operator alert. If it continues to be received, perhaps because
of system component failure or degradation, a problem of granting entrance of the
aircraft with this identification will occur. The aircraft will not receive its
acknowledge command and must use some other form of communication (typically, voice)
to bring this fact to the attention of the controllers.

At this point, it is worth noting that the entering and exiting of aircraft
into and out of the system is worth printing out and/or placing on magnetic tape.
Such recordings can be useful for flow analysis and fault isolation using reasonable-
ness checks on time of flight and points of departure and arrival.

. From the preceding discussion and flow chart, a number of files have been
indicated as required for the detection and identification of new aircraft. Proper
organization of these files is necessary to keep to a minimum the amount of memory
and speed required.

Table 5.3-3 presents information on one possible file structure for the
80 msec file and the burst file.
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Table 5.3-3. File Structures

511: ;;:Z Format Storage Method Size Comments
am ID's |Slots
80 msec|First time|ID-RCVR No.- |Individual ID's 400 400
(FT) TOA in order of TOA
Greater ID-RCVR No.- |Grouped by 40 400 |Ten slots allocated for
than first|TOA identification, each possible ID.
time (GFT) Within group,
in order of TOA
Burst ID-RCVR No.- |As with GFT 100 |1,000
TOA - file
Activity tags

Two methods considered for the 80 msec file for storing information and which
show the effects of file structures on processing needs are

(1) According to identification and receiver numbers. If this were
done, 4,000 slots must be provided. (A slot is defined as the
memory needed to contain all information pertaining to an
identification.) The earliest TOA for an identification would
be the first of the blgck of 10 slots. Therefore, to test for
ATOA > 80 msec, the equivalent of 400 (maximum) comparisons must
be made each 80 msec. An address pointing method to fill vacated
slots would be required. To insert a new identification, up to
400 comparisons would be needed to establish that this is a new
identification.

(2) According to whether one or more than one receiver has received
an identification. The first list, the First Time (FT), would
hold all received identifications which have been received only
once. These would be in the sequence of their TOA. The second
list is the Greater than First Time (GFT) and would hold
identifications received from more than one receiver. Due to
the elimination of false alarms, 800 slots are needed with this
approach. The test for ATOA > 80 msec would require 41 com-
parisons (40 in the GFT and 1 in the FT). A newly received ID
would be compared with the GFT 1ist first and then with the FT.
With this approach, the equivalent of 440 (maximum) comparisons
must be made each 80 msec. However, the average number should
be less than the first approach since those that are most likely
identifications are examined first.

-127-




Table 5.3-3 and Fig. 5.3-8 reflect the second file organization for the
80 msec file. Information is received at a rate of 40 identifications per receiver
per 80 msec. This filtering results in an estimated two identifications per
80 msec being conveyed to the burst file.

in 2 sec, the burst file will receive 50 identifications. 1In the next 2 sec,
half of these are expected to be true identifications (some for the first, second,
or third time) and will be retained. The other from previous intervals are dropped.
Each 2-sec interval should provide similar behavior. Thus, a 100 identification or
1,000 slot storage is anticipated to be a requirement.

Those identifications which have been received for a third time will be
examined for four TOA's and a position calculation made. A check can be made by
substituting other TOA's for all or some of the first four. The result is the
ability to identify a new aircraft every 80 msec.

The files required for the surveillance function can be rearranged during
processing to access by sequential addressing or not arranged and accessed by random
addressing. The former requires executive overhead to maintain the location
information and may involve considerable data movements. The latter can be achieved
with associative methods. The conception and evaluation of the most suitable approach
must be deferred for future studies.
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5.3.2. Computation for Newly Acquired Aircraft

noise pulses and associated intervening times that constitute an aircraft ID and
conversion of these data to an aircraft ID, the position of that aircrafet must be
computed. This position computation is based on the difference in TOA of surveil-

In addition to the TOA's of surveillance signals for the Nth time, it is required
that the satellite positions be known. Ephemeris data satisfy this latter require~
ment. Figure 5.3-9 shows a mechanization for a deterministic computation of
untracked aircraft position.

The process for determining the position of an aircraft consists of con-
verting the TOA measurements to range differences and, knowing the position of the
satellites from the ephemeris data, computing the position of the aircraft.

The position determination equations are presented in Fig. 5.3-9, MOD 1
converts and corrects the time-of-arrival signals to range differences. MOD II
and III combine the outputs from MOD I with the ephemeris data to arrive at the
uncorrected position of the aircraft with respect to the designated "master"
satellite. MOD IV then computes the aircraft position relative to the ground
station and applies position calibration as required. MOD V is used to determine
the aircraft's bearing, relative to true North, and the corresponding solid angle
(range). MOD VI computes the latitude and longitude of the aircraft in spherical
coordinates while MOD VII transforms the outputs (latitude, longitude) of MOD VI
to spheroid coordinates.

When the position of an untracked aircraft has been computed, the data are
used in two ways. First, they are used to determine in which of the two regional
airspaces the aircraft is located. Surveillance of the aircraft is then assigned
to that region. Since the initial position determination ig performed by each of
the two RCC's and by the CCC, the actual acceptance of an aircraft for surveillance
by either of the two regions will be based on the result of a majority vote wherein
the CCC and the two RCC's will each have one vote. Secondly, they are used by the ccCC
and the RCC to which the aircraft is assigned to initialize a maximum likelihood
estimation mechanization (Kalman filter) which determines the position of tracked
aircraft,

The memory, speed, and input/output demands on the central computer
at each of the RCC and CCC is

(1) Memory 32,000 of 32-bit words
(2) Speed 250,000 instructionsg per second
(3) Speed/Output 60,000 words per second
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Fig. 5.3-9. Surveillance Mechanization Equations
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5.3.3 Compute Position and Velocity Tracked Aircraft

center of a time window., The CCC and the RCC to which the aircraft has been
assigned will use the window to reject false alarm data. If a surveillance pulse
falls outside of the window, it is discarded as being a false alarm. Receipt

and decoding of the pseudo-noise pulse group from the appropriate aircraft is
performed by receivers, AMF's, and decoding hardware. One set of the previously
mentioned hardware is dedicated to the receipt and decoding of pseudo-noise pulse
groups from each of the satellites. The TOA's of the pseudo-noise pulse groups
from the satellites and the ephemeris data for the satellites are used to establish
measurables for each surveillance transmission by the appropriate aircraft. These
measurables are then used in the maximum likelihood estimation filter that was
initialized by means of the position data derived from the third transmission from
that aircraft while it was yet untracked.

The computation of the position of tracked aircraft, since it is done for
each aircraft that is currently active within the airspace of a region is a very
demanding load on the data processing subsystem. Except for the filter gains
which are done separately, all other surveillance computations are performed at the
surveillance rate for each tracked aircraft,

If the number of satellites visible to the ground antennas is assumed to
be an average of 10, and if the peak number of aircraft active within the airspace
of a region is 20,000, the peak data Processing requirements for the computation
of the positions of tracked aircraft within the airspace of a region include

(1) 3.4 x 10% instructions per second

(2) 3.0 x 103 words input or output per second

(3) 1200 words of main memory

5.3.4 Maintain File of Active Aircraft

A central file of position, velocity, and status data on active aircraftc
is maintained for the use of a number of RCC real-time functions. A multiple
level file is used as a means of minimizing processing by testing the status of a
file entry before proceeding with further pProcessing of the contents of that entry.
Aircraft within the control region will be entered into two duplicate three-level
files, as shown in Fig. 5.3-10, which will serve as the source of data for the
conflict prediction, intrusion prediction, handoff, virtual VOR, and transition
and arrival control functions. Duplicate files are required since access to these
files during performance of the previously mentioned functions will be simultaneous
and at rates that will preclude their being handled by one main memory subsystem.
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However, if identical files are stored and maintained in duplicate, the central
processors that compute aircraft positions will have the capability of writing
these position data into memory. Processor speed capability is adequate to allow
a doubling of processing rate, whereas memory speed capability probably is not.

The active aircraft file will be organized on a geographical basis; i.e.,
the RCC region will be divided up by a latitude/longitude grid. On the top and
least detailed level for each division of the RCC region, one bit in a group of
computer words will be set if one or more aircraft are present within that two-
dimensional cell. The second level of the file will include an indication of the
number of aircraft in each cell. The third level will contain, for each aircraft
in a cell, the aircraft ID, which is used to address indirectly all required data
on each active aircraft. The aircraft ID includes information on the aircraft
class. Access to the aircraft ID's can be by means of a base plus displacement
addressing scheme wherein the count of aircraft is added to a base address.

This approach requires that for each cell, storage be provided for aircraft
ID's for the maximum number (between 2 and 16) of aircraft expected in that cell.
Thus, though the number of active aircraft that can be handled is 65,536, the
storage required for aircraft ID's is on the order of 16 times that number. This
memory requirement could be reduced by resorting to other approaches that involve
indirect addressing and/or content addressing. Selection of the most appropriate
mechanization scheme should be subjected to further detailed study.

Storage within each active aircraft file as shown in Fig. 5.3-10 will be
provided for two sets of data on active aircraft since new data will be entered
and derived while the last set of data is being used for conflict checking. The
indirect address of the appropriate file will be 16 bits, thus providing for access
to 65,536 active aircraft.

Storage required for the files described above will be as follows:
(assuming 32-bit words)

(1) First Level

N
_ No. of Cells _ ¢
Number of Words = 37 =71
(2) Second Level
N
Number of Words = EQ;—E%-QELL§-= 7%

(3) Third Level

Number of Words 2 [8Nc (Average No. of Aircraft/Cell)]
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Aircraft ID 1| Indirect Address 1 & Flags
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Aircraft ID 3| Indirect Address 3 Time of
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Aircraft ID 41
64 000| 1

w°rds LAircraft |

List of Available
Active Aircraft
Data Addresses

Fig. 5.3-10 Active Aircraft File Organization
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Third level storage is provided for:

(a) Latitude

(b) Longitude

(¢) Altitude

(d) Heading

(e) Horizontal Velocity

(f) Aircraft ID

(g) Flight Plan File Indirect Address

(h) Time of Arrival of Last Pulse Group

(i) Expected Time of Arrival of Next Pulse Group

(j) Count of Time Windows with no Pulse Group from this Aircraft

(k) Flags including

Aircraft has requested transition to airport
Alrcraft is using VVOR

Aircraft has requested clearance to an airport

As an adjunct to the active aircraft file, and for use in the acquisition
of aircraft, there is a file of 106 fast memory bytes each of which is 4-bits long.
Each of these bytes contain the ID that is used to address the aircraft; one bit
that indicates if that aircraft ID has been assigned to an aircraft, one bit that
indicates if the aircraft with that ID is being tracked by the RCC at which the
file is located, one bit that indicates if the aircraft with that ID is being
tracked by the other RCC, and one bit that indicates if the aircraft with that ID
is being tracked by the CCC. By making use of this fast memory file, the aircraft
acquisition processor can make decisions as to whether groups of pseudo-noise pulses
represent aircraft ID's that have actually been assigned and therefore are valid,
if the aircraft ID has been assigned and is currently being tracked, or if it is
an untracked aircraft entering the system.

When an aircraft goes out of the system, i.e., lands, goes into an Airport
Control Area, or goes into the adjacent region, the aircraft ID for that aircraft
must be removed from the list of aircraft active in the appropriate RCC and CCC
(backup). This is done automatically if a handoff occurs, but if an aircraft leaves
the system for some other reason the following capability is made use of:

(1) A 4-bit count (to 16) is maintained in the 8-word block of
data stored for each active aircraft; this count is incremented
each time the time window is opened for receiving surveillance
if no signal is received via any of the satellites.
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(2) 1If the count reaches a threshold of 16, the 8-word block of
data is made available for use by placing its starting
address in the list of available active aircraft data blocks.

(When an aircraft leaves the system under nonhandoff conditions, this
fact is made known to the operator monitoring the area of interest.)

Each time an aircraft enters or leaves a cell, the aircraft count for the
appropriate cell must be incremented or decremented, followed by a test of the

aircraft present bit for that cell and if need be a setting or resetting of that
bit.

Maintenance of the Active Aircraft File requires storage in that file of
all new position and velocity data as these data are computed. Other tasks that
are part of this file maintenance function are

(1) Update active aircraft file keys, i.e., the aircraft present
bit and aircraft count

(2) Modification to the file of addresses available for the
storage of active aircraft data blocks

Data processing requirements for the active aircraft file are

(a) 350 x 103 instructions per second

(b) 2.2 x 10° words of main memory

5.3.5 Conflict Prediction and Avoidance

Conflict prediction is based on aircraft location within cells. The entire
airspace is segmented into cells. The first level file of a cell is checked. 1If
there are aircraft present, the second level file is checked for the presence of
more than one aircraft. For each aircraft within a cell, a check is made for a
possible conflict with each of the other aircraft in that cell and with each air-
craft in adjacent cells. The data that are required for the performance of
conflict checks are stored in the third level file.

A check for a conflict between two aircraft can be performed as shown in
the accompanying flow diagram, Fig. 5.3-11.

When it has been found that a conflict between two aircraft is possible,
the angle between the velocity vectors for the two aircraft will be computed for
use in determining the type of evasive action that should be taken., Fig. 5.3-12
is a flow diagram of an algorithm for determination of the types of action to be
taken by two aircraft with an impending conflict.
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The airspace cells on which the mechanization for conflict prediction is
based and around which the active aircraft gg}e is organized are of two sizes.
The larger of the two sizes of cells is 30 min (=30 miles) on a side and is used
in the less congested areas that account for 90 percent of the airspace. The smaller
of the two cell sizes is 6 min (=6 miles) on a side and is used in the most congested
10 percent of the CONUS airspace. Most of these cells will not contain aircraft, but
some will contain a number of aircraft. The data processing requirements for conflict
prediction and avoidance under the conditions that 8 percent of the cells contain
aircraft and 2 percent of the cells contain more than one aircraft are

(1) 150 x 103 instructions per second
(2) 34 x 103 words inputted or outputted per second
(3) 300 jords of main memory (data storage is covered by the

Active aircraft file)

5.3.6 Intrusion Prediction and Avoidance

This function entails the prediction of impending intrusions of aircraft
into restricted airspace and the computations of means_to avoid such intrusions.

The file of data on aircraft within the RCC as described in Section
5.3.5 will also be used in performance of the intrusion prediction and avoidance
function. A file of the boundaries of volumes of airspace which cooperative and/or
controlled aircraft are prohibited to enter will also be required. This file will
be organized similar to the Active Aircraft file but will have only two levels.
The first level will specify the number of restricted air space volumes in cell
number (s) and specifications of the restricted airspaces therein described in
terms of surfaces of constant latitude, longitude and altitude. In some cases,
this may somewhat enlarge the restricted volume. In those cases, such as
enroute corridors, where the altitude boundaries are surfaces of constant
altitude, and ascent and descent corridors, where none of the boundaries are
surfaces defined by a constant, the definition of the boundaries can be by means
of the equation of the center line of the corridor (Form: Y = Mx + B) along with
a radial dimension from that center line, and coordinates of the end points of the
center line.

This function, which is diagrammed in Fig. 5.3-13 requires that each air-
space cell in an RCC be looked at for (1) the presence of aircraft, (2) the number
of aircraft present, and (3) the presence of restricted airspace. TFor each cell
that includes aircraft and restricted airspace, the present position of the aircraft
is extrapolated to the boundaries of the restricted airspace by using the X and Y
velocity vectors. The X and Y coordinates of the intersection of the aircraft
within the restricted airspace is computed.

As shown in Fig. 5.3-14, depending on the angle of approach of the aircraft

velocity vector to the restricted airspace boundary, the aircraft is directed to
fly left or right to avoid the restricted airspace.
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The data processing requirements for intrusion prediction and avoidance
under the conditions that 50 percent of the airspace cells that contain restricted
airspace also contain aircraft, and 25 percent of the cells that contain aircraft
contain more than one aircraft are

(1) 50,000 instructions per second

(2) 25,000 words of main memory

(3) 3,000 words inputted on outputted per second

5.3.7 Handoff Initiation

Handoff is the transfer of control from one control entity to another. If
the handoff decision block in Fig. 5.3-13 indicates that a handoff is required
because the aircraft is approaching the boundary of the other RCC, the Handoff
Program is called. The Handoff Program includes a check as to whether the air-
craft's flight plan calls for it to enter the airspace of interest which may be
the region controlled by the other RCC, an airport, or the transition airspace for
an airport. To do this the file of flight plan data must be accessed to obtain
data on whether the flight of the aircraft is planned to enter the other RCC. This
accessing of flight plan data from auxiliary memory is likely to take 10 msec or
more of real time. However, it does not use more than a few microseconds of central
processor time and therefore does not present a significant load on the central
processing capability of the data processing subsystem.

The flags that indicate active requests for transition and clearance are
checked for compatibility with the aircraft position and flight plan. If there
are incompatibilities, the pilot is notified.

Assuming 100 handoffs/sec (a worst case) the data processing requirements
are

(1) 21,500 instructions per second
(2) 1,300 words of main memory

(3) 30,000 words inputted or outputted per second

5.3.8 Virtual VOR (VVOR) Processing

The VVOR navigation processing algorithm is mechanized to provide the user
with the selection of two navigation options. The first of these two options pro-
vides the same capability and display technique offered today's aircraft flying
normal VOR navigation (bearing and range). In this case the user, having selected
the flight path of his choice, can fly normal radial navigation relative to any VVOR
station along that path. The advantage of this method is the user's ability to
position the station any place of his choice. The disadvantage of this technique
is that the cross-track error increases with range from the selected points.

For example, a 1 deg error at a range of 100 nmi would produce an approximate
1.75 nmi error,while at a range of 10 nmi, the cross-track error would be 0.17 nmi.
Thus, this technique offers more to the user flying shorter ranges.
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The second option lends itself more toward long distance navigation. 1In
this case, the user, selects two VVOR stations of his choice, thus defining a
route leg. He will then fly a great circle route from one station to the next.
The instrumentation, although basically the same as that for the present VOR,
will be mechanized somewhat differently. This results from driving the steering
indicator with cross-track error derived as a measure of distance rather than
angle; i.e., in the first option the steering needle was driven simply by the
angular error between the actual radial (transmitted by the system) and the desired
radial (introduced by the user). In the second option the steering indicator will
be totally driven by the system wherein the error is computed in terms of distance
off track. In addition, the system will also provide the user with range-to-go and
bearing angle relative to true North. The advantage of this option is that it
offers the user an accurate long range means for navigation. The logic flow diagram
depicting the VVOR algorithm as described is given in Fig. 5.3-15.

The steering equations mechanized for the two described navigation options
use the so-called great circle steering technique. The basic geometry illustrating
both options and the great circle steering geometry are presented in Fig. 5.3-16.

The resulting equations for both options and the data to be transmitted by
system to the user are as follows:

Option A
cos GA = cos (90 - ¢A) cos (90 - ¢i)
+ sin (90 - ¢A) sin (90 - ¢i) cos (Ai - AA)
GA = cos™1 GA

N, = sin™! [%in (90 - ¢A) sin (Ai - AA)/sin GA-]

Rg = 28,

Transmit to user
Bearing Angle: n

Range-to-Go: RTG
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Option B

cos BD = cos (90 - ¢i) cos (90 - ¢i—1)
+ sin (90 - ¢i) sin (90 - ¢i_1) cos (Xi - Ai—l)
SD = cos”! 9D
cos 6A = (See Option A)
eA = cos™! N
n, = sin’} Ein (90 - ¢,_;) sin O, - A,_)/sin eD]
n, = (See Option A)

§ = sin SA sin (nD - ﬂA)
RXT = aé

Rpg = 88,

Transmit to User
Cross-track Error: RXT

Range-to-Go: RTG

Bearing Angle: nA

The processing requirements in terms of Instructions Per Second (IPS) and
memory storage are given below. The IPS are written in equation form as a function
of the number of instantaneous users.
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Option A (Update rate = once per 8 sec)

IPS

4,000 + 10/user
Storage = 1,000 + 20/user* (32-bit words)
Option B (Update rate = once per 8 sec)
IPS = 5,000 + 20/user

1,500 + 20/user* (32-bit words)

it

Storage

5.3.9 Transition and Arrival Control

The processing requirements to be applied during the transition through the
arrival phase of the flight are predicated on the following criteria:

(1) Airport classification

(2) Runway configuration

(3) Runway reversals

(4) Instantaneous runway capacity

(5) Separation standards

(6) Airspace structure about the terminal area

(7) Class or type of aircraft

(8) Aircraft performance characteristics

Arrival transition and arrival control is provided for primary aircarrier
airports. The concept assumes that the high density primary airport consists of
three sets of parallel runways, two sets specifically designated for the aircarrier

aircraft and one set for general aviation. The low density primary airport con-
sists of one set each plus one additional aircarrier runway.

Runway configurations are considered to be unique, as they are today, for
the various airports. Typically, runway reversals and the instantaneous runway
capacity are considered dependent upon the local weather and/or runway conditions
existing at the various airports. 1In essence, this implies that the processing
algorithm must be capable of handling parameters which vary with conditions unique
to each of the airports.

*Approximately 10 percent required on-line.
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The airspace structure, relative to the aircraft's descent profile,
remains constant for all airports. The specific geometric azimuth orientation of
the structure is, however, considerate of the specific airport runway configuration.
The structure provides for 25 arrival entry slots per major route, Fig. 5.3-17.
On entry, the slots are so designed as to provide both vertical and lateral separa-
tion as a function of the aircraft's altitude and nominal performance velocity.
Class segregation is dependent on the altitude and speed capability of the aircraft.

The separation standard between aircraft is considered to be fixed except
for those aircraft producing extreme wake turbulence. For these aircraft an
additional buffer zone is provided. The separation between aircraft will provide
for a safe volume about each aircraft plus a buffer zone between them.

The class of aircraft and its performance characteristics about its
nominal speed profile is the driving function for the applied 4D control law;
i.e., the control to be applied must be capable of merging aircraft having sig-
nificantly different speed profiles onto a single runway. The one single facet
permitting a merger of these aircraft is that their speed differential, although
initally large, becomes increasingly smaller as the aircraft nears the runway.
Thus, if the control system can provide proper separation while speed differentials
are large, as they become relatively small, in-trail merging on an approach to the
runway can be easily accommodated.

The processing control algorithm monitors the aircraft for clearance to
a particular airport. Once a clearance request is detected and confirmed by
the user and the system, a 4D conflict-free flight plan is computed and issued
to the user. The flight plan is automatically entered into the navigator which
in turns computes and displays the command information necessary to fly the
particular 4D flight plan. The system then surveys and computes the conformance
of the vehicle to the plan. When the user exceeds certain tolerances, a dis-
crete command is issued to the user to either fly up, fly down, turn left, turn
right, speed up, or slow down. The aircraft, having reached the outer approach
marker properly sequenced and in-trail is then handed off to the airport controller
for landing.

The basic logic and control functions performed by the transition/arrival
processing control algorithm are illustrated in Fig. 5.3-18. The File and Mainte-
nance Program module will check for clearance requests initiated by the user.
Whenever a clearance is detected and confirmed, the File and Maintenance module
will route that aircraft's active data file to the particular processor performing
the 4D control for the specified airport. This action constitutes handoff
between enroute, transition, and arrival.
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Fig. 5.3-17. Front View of Arrival Airspace Structure
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Once the aircraft is handed off, the 4D control processor computes where
the aircraft will be "n" seconds from the last point of location. Next, the air—
craft's class and estimated loading factor is accessed from the flight plan file.
Using these data, the velocity profile for this class vehicle is determined
from a lookup table. The velocity profile contains the nominal velocity beginning
at the arrival entry point with acceptable performance tolerances. Based on this
nominal velocity and his present altitude, an arrival track is selected, again
from a lookup table. Knowing the present velocity and the expected position in
"n" seconds and the position and velocity at the arrival entry point, a great circle
track and time-to-go is computed. It should be noted that the arrival tube is a
predetermined 4D flight plan designed to move the aircraft from the point of entry
to a point of merge on approach to the runway. The time down each tube to the
approach marker will be normalized to the existing runway acceptance rate which
translates into aircraft separation. Thus, once having computed the time-to-go
to the arrival entry point (rounded off to the nearest separation standard) the
time down the tube is added and this opening is searched for. If this time is
filled, an earlier slot is searched for, keeping within the performance tolerance
of the vehicle. TIf no slots are available, the time of the last aircraft is sub-
tracted from this time, and depending on the difference, the aircraft is either
path stretched or put in a hold pattern.

Assuming that a slot is found, the aircraft is then given a clearance to
proceed to the airport. Meanwhile, the flight plan to be flown is transmitted to
the aircraft and automatically read into the navigation computer. The user then
switches to the landing arrival mode and navigates the aircraft in accordance with
the 4D steering commands provided by the navigation processor. Note, that by
translating the present position in time, a smooth maneuver can be made onto the
transition track.

Once having issued the aircraft transition track, the aircraft is monitored
for conformance to the issued flight plan. To do this, the vertical and horizontal
cross—track error is computed as well as the rate of error. Whenever the rate
of error and/or position error exceed certain boundaries, a command will be issued
to the user to get him back on track. Conformance to the flight will continue until
the aircraft reaches the approach marker and is handed off to the airport control
center. This should occur somewhere between the 3 and 5 nmi markers.

In order to provide for conflict intervention between aircraft flying in
the 4D airspace, a dimensional matrix will be structured for locating the various
aircraft relative to each other. The location of the aircraft within this matrix
will be updated each sample period. Thus, if an aircraft is found outside the
flight plan and not responding, the aircraft flying in the immediate area can be
warned and issued temporary commands for resolution of the conflict.
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In summary, if aircraft fly in accordance with the issued flight plans, a
conflict-free flight through the transition and arrival phase is inherent.

The basic control equations representative of the control law to be
applied are given below. The geometry used in their derivation is shown in

Fig. 5.3-19.

The terms for these equations are as follows:

¢o’ Ao Initial waypoint latitude, longitude
GD Desired great circle track angle
nD Desired track bearing angle
MHD Slope of track (approximate)
n Present update
Tp Time constant (used for initial waypoint)
¢B, AB Aircraft navigation bias error
¢E’ AE Position of arrival track window
&, hy Rate of change _
RED Range from starting point to arrival entry
t Time-to-go from starting point to arrival entry
ED ) .
(normalized to separation segments)
tMD Time-to~-go to approach marker (normalized to

separation segments)

Variation in t as function of acceptable aircraft

performance

VN Nominal aircraft airspeed
AVN Acceptable speed tolerance about nominal
Te Latest airport separation segment

GA Actual great circle track angle

Ny Actual track bearing angle

§ Cross—-track angle of error

M Along-track angular component
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Great Circle Navigation
Steering

Fig. 5.3-19. General Transition Arrival Geometry
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Initial Waypoint/Track Computations
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Fly Left/Fly Right

£ (Ryps Ry

Fly Up/Fly Down = f(h h

DAT’ DAT)

Slow Up/Speed Up = f(RAT, RAT)

Conflict Avoidance Computation

The equations for Conflict Avoidance Computation are basically the same as
shown in the Surveillance Mechanization Equations, Fig. 5.3-9.

The processing requirement needed to accommodate the transition/arrival
control function including the display of information to the controller was esti-
mated. The equation relating instructions per second as a function of the
instantaneous aircraft including the display of information to the controlling
monitor is

IPS = 30,000 + 1,350/aircraft

This figure is based on an update rate of once every 2 sec. The estimated memory
storage requirements in terms of off-line and on~line storage are

(1) On-Line
(2) Off-Line

8,000 (32-bit words)
24,000 (32-bit words)

The on-line memory storage requirements include the operational program, the input/
output, and the active display buffer. The off-line includes the aircraft
velocity profiles, the short-term arrival flight plans and the corresponding
required display formats.

The given requirements are defined for any one given 4D controlled airport.
Thus, where two or more airports are combined into the processor a certain percentage
of savings can be made. This saving would result from sharing common routines and
common off-line storage information, e.g., the aircraft velocity performance data.
The saving is estimated to be approximately 20 to 30 percent of the total.
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5.3.10 Communications Processing

Communications processing required at each RCC (and also at the CCC) falls
into two categories:

(1) Special purpose processing of aircraft—to-ground digital
communications messages

(2) Processing associated with the formatting of digital data
before and after communication between an RCC and other
SAATMS control locations; the other RCC, CCC, ACC's, and
aircraft.

5.3.10.1 Processing of Aircraft-to-Ground Digital Messages

Processing similar to that described for surveillance is required at the
RCC's and CCC for air to ground digital communications. A general purpose proces-
sing capability will be required to associate the signals received from three
satellites and perform error detection and correction. Figures 5.3-20 and 5.3-21
outline the general purpose processing that is required. Error detection is per-
formed by means of majority voting whereby the seven-bit code derived from the
position of a given pulse as received from three satellites is taken to be that
of the majority; i.e., two or three satellites, If the value is different for all
three satellites, an error is declared and retransmission by the aircraft is
requested. The general purpose data processing requirements for this latter
function are

(1) 250,000 instructions per second

(2) 32,000 words of main memory

5.3.10.2 General Communications Processing

The transmission of digital data between processing equipment requires
that most of the processors have the capability of formatting data into messages
and extracting data from message formats. In most cases, the processing load for
this type of function is under 30,000 instructions per second. This can be con-
sidered essentially as overhead for these functions. However, in the case of
the transmission of active aircraft file data from an RCC to the ACC's, the
processing load is approximately 100,000 instructions per second and this may
call for the use of a dedicated processor.
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5.3.11 Display and Man/Machine Interface Processing

Positions of all active aircraft and other data, e.g., aircraft ID,
clearance requested, VVOR in use, must be displayed at the RCC. Each position
will include two displays, one of which will present an overall plan view of
the sector covered by that position while the second display will be available
for a close look at portions of the sector down to one cell (30 x 30 ft). 1In
addition to the displays, each position will include a function keyboard similar
to that currently used in the ARTS IIT system by which the operator can manage
the display.

Processing for the displays will consist principally of those instructions
necessary to transform aircraft position data to the coordinate system of the
display of interest, and formatting these data and other data from the active air-
craft file as required for use by the display subsystem. Transformation here is
merely a shifting of origins and requires no trigonometric computations. Since
sectors are of different sizes and the close-look display is generally on a
different scale than the primary display at a given location, the equations for
these transforms will probably be unique to each display.

Processing is also required for the man/machine interface; however, this
function is limited by the speed at which a man can process information and react.
Since man's reaction time is slow, this will not pPresent a sizable processing load
to the subsystem.

In addition to the display of active aircraft positions, there is a need
for other displays at an RCC for use in the performance of tactical flow planning
and for monitoring the status of the hardware elements of the system.

5.3.12 System and Self-Test Functions

System and self-test functions will include:

(1) Self-test of each computer

(2) Testing of all computers by one or more other computers in
the computer complex

(3) Display of status of equipment at this location

(4) Display of status of equipment at other locations (RCC and
CCC)

(5) Transfer of system status to other locations (RCC and CCC)

5.3.13 Executive Programs

The Executive Programs for data processing equipment at a location will be
distributed among all computers within that location. In addition, one computer
will be designated as a master for any executive functions that are used by more
than one computer and can be centralized. Due to the relatively small number of
programs that run in any one computer, the overhead for executive functions in
all but the master computer will probably be less than 4 percent of the processing
capability.
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5.4 Hardware Mechanization of RCC and CCC Functions

This section will present a suggested approach to the organization of the
major hardware elements required for performance of the RCC and CCC functionms. The
first to be presented will be the processing and memory capabilities necessary for
performance of the functions, without specific consideration to fail-soft require-
ments. This will be followed by a brief discussion of the inherent fail-soft
capabilities of the RCC processing equipment as backed up by the CCC, and the
measures that will be required to satisfy the system failure-prevention require-
ments.

5.4.1 Basic Hardware

The hardware necessary for performance of the RCC and CCC functions falls
into three general categories:

(1) General purpose data processing hardware that performs most
of the required functions

(2) Special purpose parallel processing hardware that is used
for the selection and separation of aircraft ID's trans-
mitted as pseudo-noise pulse codes for surveillance and
air-to-ground communications purposes

(3) Associative processing for rapid table searching.

Figure 5.4-1 is a block diagram presenting the principal features of the
suggested organization of the data processing equipment in an RCC and CCC.
Fig. 5.4-1 is separated into computers which include central processing (CP), main
memory, and Input/Output Processing (IOP) on the basis of functions performed.
The function numbers listed are those shown in Table 5.1-1. In some cases this
results in a rather large amount of processing capability being interfaced with a
bank of memory. In that case, the majority of the processing will be performed by
moving blocks of data to the fast cache memory within the central processor. The
processor will then perform a series of operations using instructions in fast Read
Only Memory (ROM) within the central processor, and then store the data in the main
memory. In this manner, the main memory cycle time need not be less than 500 nsec
for all the computers shown in Fig. 5.4-1, except computer 1. Computer 1 has a
processing throughput capability of 4,000,000 instructions per second. The achieve-
ment of this speed may require multiple processors if the state of art in component
technology and architectural design at the time of implementation dictate it.
Throughout, the system General Purpose Data Processor should have the capability for
double word, word, half word, byte, and bit addressing.

The special purpose processors in computers 1 and 5 are as described
previously in the description of Function 1. The communication processor in
computer 3 will handle the relatively high volume of traffic between an RCC and
aircraft. Communication processing is performed in other computers by one of
the central processors.
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Associative, content addressable memory, processors are shown for Functions
1 and 20. As noted earlier, the sizing estimates reflect the use of an associative
processor for use in the performance of Function 1. When a new identification
is received by the central computer, it is sent to the associative processor for
comparison to determine if it is in the FT, GFT, or B (burst) files (see Fig. 5.4-2).

These files are organized as:

(1) GFT and B: These files contain words formatted with identification,
tag bits related to file type and status, and the address in the
central computer's memory where the actual GFT and B files are
stored.

(2) FT: This file contains words formatted with identification, tag
bits, and TOA's.

The above allocation of information is beneficial in reducing the data flow
between the associate processor and the central computer. Rapid search capability

for the high processing rate routines can still be achieved with the reduced amount
of associative logic.

The comparisons on a new identification are made immediately, and indications
are provided from the associative processor to the central computer. The central
computer tests these identifications and proceeds to executing the program
accordingly.

5.4.2 Fail-Soft Capabilities

The CCC, being capable of performing all the functions performed by an RCC
will provide a certain degree of fail-soft capability. Also, within an RCC (or CCC)
the large computing capability and its modularity will allow undegraded performance
of most functions. In addition to the modularity of processing, as shown in Fig.
5.4-1, the storage capability would be modularized by making the system capable

of operating in a degraded mode and by removing the failed memory modules from
the system.

It may, however, be necessary to provide totally redundant hardware for
some functions such as those performed by Computer 1. Figure 5.4-3 shows a configu-
ration which may be used. This organization will provide a capability for Fail
Operational-Fail Safe-Fail Soft operation. Cross checking by two computers can
ensure this performance.
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The associative processing capability for which no inherent hardware
redundancy exists in the system, will probably have to be duplicated to assure
adequate system operation.

The GP hardware present in the system can preclude system downtime by
providing redundant modules of a number less than that constituting full
redundancy. A similar approach is appropriate to the parallel special purpose
processors used for surveillance data filtering and for user-to-RCC communications
pseudo~noise pulse filtering.

5.5 Airport Control Center

Figure 5.1-1 shows those data processing functions that are required at an
ACC. At each ACC a need will exist for a mini-computer to perform processing of
data received from the RCC for display in the airport control tower. Processing
of these data at the ACC include

(1) Communications Processing

(2) Display and Man/Machine Interface Processing
(3) Handoff Processing

(4) Compute Self-Test

(5) Compute Executive

Table 5.1-1 indicates the range of data processing requirements for these
functions. At some airports the number of aircraft in the vicinity to be displayed
will be in the hundreds, and at others in the tens. Thus, the range of requirements
for ACC display and communications is broad. However, it is felt that a mini-
computer with a capability of up to 32,000 words of main memory can handle these

functions. At some small airports the main memory requirement will be as low as
8,000 words.

At the larger airports there will also be the need for processing associated
with surveillance and control of aircraft on the ground. This, being a low rate
function will also fit into a minicomputer along with such functions as display,
communications, handoff, etc.

5.6 Processing in the Controlled Aircraft

Processing in the controlled aircraft will include two principal application
functions plus executive and self-test functions. The two principal application
functions are

(1) Satellite Navigation
(2) Display and Man/Machine Interface Processing
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Both of these functions are associated with satellite navigation, the second
merely formats the display of the first. Data processing requirements for those
functions are on the order of 50,000 operations per second or less, and 2,000
words of memory. These requirements can be satisfied quite economically by a
computer that utilizes high density MOS LSI for both logic and memory.
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6. AIRPORT SUBSYSTEM

6.1 Airport Ground Control System - Fully Compatible with Airport and Avionics
Equipment

To minimize both aircraft and airport equipment costs, a trilateration
TOA scheme, similar to the satellite surveillance, is recommended for the primary
SAATMS airport ground control system. The advantages to this system, particularly
at large airports, are high accuracy, self-contained aircraft identificationms,
simultaneous tracking of all aircraft, adaptive update rates, and minimal blind
spots. In addition, the technique is fully compatible with SAATMS aircraft
transceivers

Ground control is accomplished using the normal aircraft three-pulse ID
waveform, in this case, received by towers rather than the satellites. The
towers are local to the airport and uniquely configured to maximize accuracies
and eliminate blind spots. Employing local towers allows the use of the normal
aircraft RF system and antenna. Although the total RF gain may be reduced by
10 db, the ranges are such that high S/N ratios can be obtained. Directional
tower antennas will be used to reduce the density of received signals and,
therefore, the overlap and near/far problems where signal sources close to the
receiver come in stronger than do remote signals. They will also help to minimize
the effects of multipaths.

The towers receive the aircraft signal and transpond the signal to the
ACC. Time-of-arrival differences are measured at the ACC and the aircraft position
is determined. The position data are used for two purposes. First, they are
used to perform aircraft surveillance and provide separation advisories. Second,
the data are retransmitted to the aircraft for navigation.

The navigation position data are retransmitted to the aircraft on the
normal digital link, and the navigation mode requires no additional avionics
receivers. A special navigation display would be required but can be integrated
with the existing situation display.

The tower ground control system was analyzed for Los Angeles International
Airport. Using a five-tower system (Fig. 6.1-1), a mean GDOP value of 1.26 was
obtained. As shown in Fig. 6.1-1, four towers are located at the corners of the
airport. A fifth tower was placed on the commuter terminal to account for signal
blockage caused by buildings and hangars and to increase the system reliability in
the event of a failure. The GDOP contours for both normal and failed operations
are shown in Fig. 6.1-2 through 6.1-7.

Although this particular five-tower configuration has resulted from a
comparative analysis of several tower geometries, no attempt was made to optimize
the geometries. The results should be viewed as illustrative of the potential
of this technique.

The estimated error budget for the trilateration system is shown in
Table 6.1-1.

-171-



T
- o

PN
A
Y/
as 77
ol
sy ""“VI\.--

T uawmiyere

FESTns “atgcamy
INTERCONTINENTAL

AIRPORT DATA

) | L
| - — ]
" ] } =
== Ej — =

Fig. 6.1-1.

Los Angeles International Airport with Proposed Tower Locations

-172-



SANTL MOMICA AMBQAT o T =

L | }I
. Ao |
. ,Ji = PR AneGRT
" * " DI <t R AN Wyrs oy — i
} d
\ v
i Lo
[y H 1
B .
i H : 0% ansILLy
) H AT nA
% -
. - —

nuGHES AjnpoRT ¥

e (LA
0 vy AN /\

A - SRR S\
DESIGNATION MAP THIS _ORAWING _SUPERSEDES —WIR| ;i)
il DRAWING _6849-105

— T Proposed Tower '/
11Tt arzaa
NTERCONTINENTAL

Locations

LEGEND : : niserthtns or dibredts)
N B P _ IO
T I A ; ! LOS ANGELES
Tua | mmm runer wwont souaa '] INTERNATIONAL AIRPORT
T w Low UNDERLROUND N

- LEASL L i -

r:u: n"n- oo e} * _{_‘ ’m’ﬁgr).’.l- !-MJ M‘I{’.“m

T I s e TUTT LT | seler fos

Fig. 6.1-1 (Continued)

=173~




Teuotieaadp y pue ‘g ‘g ‘1 SIdMOL YITM SIN0IUO) JOAD ‘€-T°9 °*STd

L |

=

- b
6 uSnoayy ¢ Mrm
[ Z
7,
£ z
TeUOTIRI8dQ SI9MOJ, [TV SINOJUo) JO@D *Z-1'9 *81a
. \\\ T
3 q

L ySnoayz 4 “.\ /AM €
§ K

(28}
o~

-174-



1 g
el d

N
R

-175-



6 ysnoayl ¢ “

6 usnoayl ¢ w

TeuorjeaadQ G pue ‘4 ‘¢ ‘g siasmol YIFM sanojuo) Joao “L-T°9 *3T14

y.d

|
5
,§ L

2
i

\\% g y3noayl ¢
Y%
%

TRUuOT3eIadp G PUR ‘4 ‘g T SaemoJ YITM sanojuo) Jodo ‘9-T°9 814

Lzl

A

_\\\\\R

L L

ya

-

\

@

|7

7%

N
N
>

2

7t

4

13 i

-176-



Table 6.1-1. Trilateration Error Budget Source

Parameter Error

Ranging 3 nsec
Multipath 25 nsec
Clock 10 nsec
Computation 2 nsec
Total RSS Error 27 nsec

TOA Difference Error Per Tower Pair 38 nsec
Relative Ranging Error Per Tower Pair 19 ft. (1-a)
GDOP (Mean) = 1.26 (Normal Operation) 24 ft.

The ranging noise error is primarily a function of the bandwidth of the
system and the available S/N ratio. However, due to the decreased range and,
thus, the increased S/N ratio, the receiver noise error should be no greater than
3 nsec. The multipath error of 25 nsec is by far the dominant error source and
is considered worst case. The wide bandwidth pseudo-noise coding technique will
minimize the effects of multipath. The use of crystal clocks with a short-term
stability of 10-8 and a long-term stability of 1076 wil1 produce an error of
approximately 10 nsec. Computation errors are considered small because of the
small ranges involved.

The trilateration technique is fully compatible with both the aircraft
and airport equipments and can be used for both surveillance and navigation. In
addition, with proper tower location, control and guidance at the ramp areas,
the runways, and taxiways can be obtained.

While the trilateration scheme is, in general, suitable for ground
surveillance, it is felt that an auxiliary discrete sensor technique should be
used. These discrete sensors can be used at high density intersections where
airport configuration creates special blind spot trouble areas or at lower
class airports where a less costly surveillance scheme is desired. This technique
makes use of discrete scanning infrared (IR) sensors located at critical points
at the airports. The sensors detect the xenon beacon normally used on aircraft.

The lamp has the spectral intensity as a function of wavelength indicated
by Fig. 6.1-8. Significantly, the intensity peaks around 0.9 microns where there
is a window for infrared transmission in the atmosphere. A silicon detector
response curve is also shown in Fig. 6.1-9, and it appears that the xenon lamp
and silicon detector are a proper combination for the IR system.

Infrared sensors, consisting of multi-element silicon detector arrays,
are placed on each side of the runway for reception of the lamp emissions
(Fig. 6.1-9). The sensors on either side of the runway measure the angles to
the aircraft, thereby providing sufficient information to determine aircraft
position. The sensor outputs are transmitted to the ACC computer. The ACC
computer determines aircraft position, transmits guidance information via RF
digital data link to the aircraft, and simultaneously displays all aircraft
positions.
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Autonetics has conducted some limited testing to investigate the range
improvement factor of the IR over the visual (Fig. 6.1-10). Although the data
points are limited, good correlation with the theoretical curve is obtained.

It should be noted that the theoretical improvement is better at shorter
ranges. Additionally, at short ranges, the location accuracy is very good. For
example, at a 200-ft distance, a 2-deg sensor can locate the aircraft beacon
within 6 ft. Thus, high accuracy navigation data can be retransmitted to the
aircraft. These data are particularly important in Category III conditions for
keeping aircraft on runways and for indicating and directing turns. The accuracies
required for these functions are probably beyond the capabilities of the trilater-
ation scheme but well within the performance of discrete IR sensors.

The IR system has the advantages of high accuracy, low cost and high reli-
ability. Furthermore, with the lamps located under the aircraft, the system lends
itself to operation with sensors located in the housing of the center lights
installed on the airport taxiway and ramp areas. This technique can also be used
on ground vehicles such as cars, trucks, etc., for complete control of all airport
ground traffic.

6.2 SAATMS Landing System

While the exact design of the proposed Microwave Landing System (MLS) can-
not be completely specified at this time, the impact of the SAATMS navigation capa-
bility on the MLS requirements can be discussed.

The primary requirements for the MLS in the final approach, landing, and
rollout phases of flight include high precision data, in all weather conditions,
at low altitudes in severe multipath environments. The costs of providing these
services are estimated to be quite high compared to other SAATMS services. A
large part of the cost is due to the requirements for wide angle coverage and a
30 nmi range. These requirements are primarily based upon the need for metering,
spacing, and curved approaches for noise abatement.

The satellite SAATMS provides high accuracy and complete coverage for the
surveillance and navigation functions regardless of aircraft location. In addition,

all SAATMS users will be able to fly complex RNAV routes. New airport routes can
be optimized for minimum environmental impact.

The impact of these SAATMS capabilities on the MLS is considerable.
First, the need for backcourse missed approach guidance is obviated since high
accuracy surveillance and navigation data are available. Second, the range and
azimuth requirements for the MLS can probably be reduced. For example, an
azimuth coverage of +10 deg and a range of 10 to 15 nmi is probably adequate
when coupled with the flexible routing capability of SAATMS. 1If the range is
reduced, the number of simultaneous users is correspondingly reduced and the
requirements on the MLS DME substantially lessened.
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In summary, the MLS for the SAATMS has the potential of utilizing the
satellite feature to substantially reduce costs. The impact of the SAATMS per-
formance on coverage and range requirements should be addressed in detail.

Besides the coverage and range considerations, the impact of waveform on user
avionics costs and the possibility of integrating the MLS function with the SAATMS
designs should be investigated.
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7. SAATMS ELECTRONICS

The SAATMS electronics considered here consist of those equipments directly
associated with communications, surveillance, and navigation and not the associative
processing, display, and control hardware. The equipment considered herein are
those specifically required to establish the basic structure of the system irrespec-—
tive of automation levels.

7.1 Control Center Equipment

The CCC and RCC equipment are similar in most respects. This follows from
the CCC backup capability for RCC functions. The major functions in the RCC and
CCC are as follows:

(1) Receiving surveillance data

(2) Receiving air-to-ground digital and voice data

(3) Transmission of ground-to-air digital and voice data
(4) Transmission and reception of ground-to-ground data
(5) Satellite navigation ephemeris data insertion

(6) Receiving navigation timing data for satellite tracking
All of these functions involve RF links between the control centers and satellites.

Table 7.1~1 shows the antenna requirements for each control center. The
surveillance function requires six fixed and nine steerable C-band antennas for
reception of surveillance data. This allows the use of one steerable antenna
as backup for either a fixed or steerable antenna. The navigation function re-
quires four antennas to receive satellite navigation signals. These four antennas
yield hemispheric satellite coverage without any steering requirements. The air-
ground and ground-air links require three antennas plus one spare. The ground-air
ephemeris insert requires four additional antennas with the capability to reposi-
tion within 0.6 sec to allow ephemeris insert each 0.2 sec. A completely redundant

set of ground-to-ground communication antennas is provided to insure fail-opera-
tional operation.

All of the C-band antennas at the control centers are 15 ft in diameter.
These provide approximately 45 db gain. The steerable antennas have a 0.2 deg
pointing accuracy. The L-band antennas are electronically steerable to allow
nominal pointing for navigation pulse reception.

A separate surveillance receiver as shown in Fig. 7.1-1 is associated with

each of the 15 satellites. The local oscillator frequency is adjusted to remove
most of the doppler shift caused by the inclined orbit satellite movement. The
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frequency offset due to the change in carrier frequency of the uplink surveillance
signal is based on the satellite's radial velocity with respect to its subsatellite
point. The frequency offset due to the downlink signal can be computed exactly
because of the known RCC-satellite orientation.

As discussed in Section 2.2, an aircraft surveillance ID consists of three
pulses with each pulse containing one of 16 PN codes. Each of the 16 different
pulse types are detected individually and a TOA is associated with each detection.
The individual pulse TOA's are then combined in a processor that extracts ID's. The
ID's that satisfy the correct criteria are then used as inputs to the position
computation.

The diagram of the RCC receivers to accept digital data from aircraft is
shown in Fig. 7.1-2. Each RCC has three such active receivers. The output from
the three receivers is used to majority decode the received data. Since each air-
craft transmits a unique ID, the detection circuitry is exactly as in the sur-
veillance receiver except for the narrower bandwidth. The communications pre-
processor shown in Fig. 7.1-2 must combine the outputs of the 16 individual detec—
tion circuits and form ID's. The TOA of an ID represents a pulse position carrying
7 binary (128 decimal) bits of information.

The transmitter section of the RCC-satellite-aircraft digital data system
is shown in Fig. 7.1-3. The same transmitter is used for the transmission of
navigation ephemeris data.

Each RCC has three transmitters for digital data excluding spares. These
three transmitters are used for both digital communication and navigation ephemeris
data. Four transmitters in each RCC are used by the RCC to send navigation data
only.

The equipment associated with voice communication between the RCC and air-
craft are shown in Fig. 7.1-4 and 7.1~5. The modulation technique is 10 kHz
narrowband FM. The voice channels are frequency division multiplexed in sets of
25 with 25 kHz spacing between channels. Each set of channels is connected to the
appropriate antenna. Each RCC has a total of 100 two-way channels.

The equipment associated with ground-to-ground communication is shown in
Fig. 7.1-6 and 7.1-7. Data are biphase modulated at 2.4 kbs. The channels are
frequency division multiplexed with 5 kHz channel spacing. An RCC has two identical
sets of 600 channels which can be operated simultaneously. The separation between
sets of channels is provided by separate satellite relays and separate high gain
ground antennas.

The equipment associated with a Satellite Tracking Center that is
collocated at the control centers is shown in Fig. 7.1-8. This L-band equipment
is essentially the same as the navigation portion of an integrated user avionics
package. Similar equipments are located at four ACC's in addition to the CCC and
RCC's.
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7.2 ACC Electronics

An ACC contains electronics equipment to support line-of-sight communica-
tion with aircraft and satellite~relayed communication with other ground terminals.

The digital data transmitter for transmissions to aircraft is shown in
Fig. 7.2-1. The transmitter is the same as that shown in Fig. 7.1-3, except
that the transmitted frequency is at L-band and less transmitted power is required.
The differences between Fig. 7.1-3 and 7.2-1 arise because the ACC transmits
directly to aircraft while the RCC transmits to a satellite relay.

The equipment to support line-of-sight voice communications between the
ACC and aircraft is shown in Fig. 7.2-2 and 7.2-3. Although 50 channels are shown,
the exact number of channels used by an ACC is dependent upon its location and
traffic density.

The ACC electronics required for ground-to-ground communications are shown
in Fig. 7.2-4 and 7.2-5. Except for the number of channels involved, Fig. 7.2-4
and 7.2-5 are identical to Fig. 7.1-6 and 7.1-7, respectively. The exact number of
channels used by an ACC is dependent on its traffic density.

7.3 Satellite Electronics

The satellite relays serve as the means of providing RF links interconnect—
ing the various widely spaced elements of the ATM system. Except for the generation
of navigation time pulses, the satellite merely serves as a relay. Incoming
signals are simply shifted in freqpency and retransmitted.

The electronics in the four centrally located geostationary satellites are
shown in Fig. 7.3-1. The inclined orbit satellites have the same electronics
except for the deletion of the ground-to-ground channel. It might also be desirable
to delete the voice channels from the inclined orbit satellites if sufficient con-
fidence is gained concerning the cost of convenient input-output devices in the
aircraft for digital communications. If all emergencies can be readily handled
without voice, the satellite weight can be drastically reduced.

Table 7.3-1 shows the transmitted power required to support the various
functions. The ground-to-aircraft voice channels require the largest proportion
of average power. If the number of these channels can be reduced, the satellite
power requirements will correspondingly decrease.

Each satellite requires four antennas, two each at L-band and C-~band.
Separate antennas are assumed for transmission and reception. The 1links
involving surveillance and navigation time pulses require 10 deg beamwidths,
while all communication links require 5 deg beamwidths. Thus, each antenna has
an aperture size corresponding to a 5 deg beam and a separate feed to obtain the
10 deg coverage. The L-band antennas are approximately 8 ft in diameter and the
C-band antennas are 2.6 ft in diameter.
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7.2-4. Airport Digital Transmitter, Ground-to-Ground

Fig.
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7.4 User Integrated Electronics

A primary design goal of the SAATMS concept is the maximization of system
capacity, services, and safety with a minimum of user costs. An integrated avionics
design is used to meet the low cost goal.

The aircraft transmitter and receiver sections are shown in Fig. 7.4-1 and
7.4-2, respectively. All RF signals are at L-band and only one broadbeam antenna
is required. The navigation portion of the receiver is optional and would not be
required for most users.

The required power for the various aircraft transmissions is shown in
Table 7.4-1.

Table 7.4-1, Aircraft Transmitted Power

Peak | Average

Function Power | Power Comments
) (w)
Surveillance 2000 0.048 |5 sec update rate; three 40 usec

pulses for ID
Digital Communications 2000 0.034 |1 message of 100 bits every 5 minutes
Satellite~relayed Voice 40 40 To RCC

Line-of-sight Voice 2 2 To ACC
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