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Chapter 1
Introduction and Summary

The objective of Technical Task No. 1 is to develop a marine-beacon based network for
the communication of navigation related data to civilian users of the Global Positioning
System (GPS). GPS is a worldwide satellite-based navigation system, currently being
developed by the U.S. Department of Defense. It will include at least 18 satellites, all
of which will broadcast ranging signals for many user communities. The accuracy of any
user’s position determination will be limited by the various error mechanisms which limit
the accuracy of the range measurement. Some of these errors vary very quickly with time
or space and cannot be treated with “differential” techniques. However, some vary rather
slowly with time and space and can therefore be reduced by using a technique known as
differential GPS (DGPS). Such errors include unmodelled ionospheric delay and “selective
availability”, which is introduced intentionally for the purpose of national defense.

A DGPS system includes a local reference station which uses a high quality GPS
receiver to continuously measure range to all satellites in view. Since the reference station
is fixed and its location has been surveyed, all slowly varying errors can be measured.
Corrections for these errors can then be communicated via some suitable link to local
users and these users can remove the errors from their range estimates. This procedure
will improve the position fixing accuracy of the public GPS service from 100 meters to
better than 20 meters.

Several communication links have been considered for the DGPS data. One proposed
link adds a digitally modulated subcarrier to existing transmitters in the marine radiobea-
con network. The frequency of the subcarrier is 0 to 500 Hz above the beacon’s main
carrier and the DGPS information is applied using either MSK or FSK modulation. This

approach is attractive for the following reasons:

e A well located and widespread radiobeacon network is already in place, which means

substantial site and equipment costs can be avoided.



Based on the analysis of these ADFs, MSK modulation with a frequency offset of 325
Hz is recommended. Additionally, a power offset of -3dB, a rate 1/2 error detecting and
correction code are recommended.

A frequency offset of 325Hz is required to move the DGPS signal energy away from
the “passbands” of the ADFs studied. A frequency offset of 0 Hz is not recommended for
3 reasons. First of all, some aviation ADFs use coherent detection and these detectors
develop a coherent reference by phase tracking the radio beacon carrier. DGPS energy
at 0 Hz could introduce unacceptably large levels of phase jitter at the phase lock loop
output. Secondly, the DGPS bandwidth is relatively wide (even if MSK modulation is
used) and could interfere with the operation of ADFs having small switching frequencies.
(Switching signals are explained in Chapter 2.) Finally, the ADF switching signals will
modulate DGPS at OHz directly into the passbands of the detectors. This will produce
unacceptably large noise in the bearing estimates.

A frequency offset of 325Hz does not yield appreciable DGPS interference from the
neighbor beacons, because of the 15 dB protection ratio. The rate 1 /2 error correcting
code “spreads” the spectrum of the DGPS signal relative to all ADF passbands and hence
reduces interference effects. The error correcting code also greatly increases the DGPS
range as discussed below. CPFSK cannot be used even though it spreads the DGPS
energy over a wider spectrum. CPFSK has 2/3 of its energy at two discrete frequencies,
and can produce severe bearing errors whenever the discrete frequencies enter an ADF
passband.

Subtask No. 2 studies the effect of atmospheric noise and multipath on the performance
of the DGPS link. Atmospheric noise and skywave (MF multipath) are described in CCIR
Reports and this information was stored in a computer data base for use in analysis.
Atmospheric noise is impulsive and therefore motivates the combined use of limiting or
clipping in the receiver and error detecting and correcting (EDAC) codes. The probability
of DGPS bit error (Pr(e)) is computed for such receivers and a variety of codes. These
curves reveal that significant performance improvements are achieved if codes of moderate
complexity are used. Specifically, convolutional codes of rates 1/2 and 2/3 are analyzed.
These codes both have constraint lengths (v) of 6, where constraint length roughly measures
decoder complexity and data latency. The signal to noise ratio required for Pr(e) < 107°
is 31, 12 and 6 dB for uncoded, rate 2/3-coded, and rate 1/2-coded systems, respectively.

Probability of link availability is defined as the probability that the SNR required for
Pr(e) < 1075 will be achieved. The atmospheric noise and skywave data bases were used
to compute Pr(link available) as a function of range away from the beacon. The following
results were obtained for the noisiest time block in Boston, Massachusetts. A link without

coding and with a 30 nautical mile beacon will be available with probability .9 if the user



Chapter 2

Modulation Scheme

2.1 Modulating Radiobeacons for DGPS

In this section, we evaluate the impact of various DGPS modulation schemes on the perfor-
mance of existing DF equipment. Key assumptions underlying the analysis are presented
first, followed by possible alternative modulation schemes. The status of DF and auto-
matic direction finding (ADF) equipment will be considered next, based upon a survey of
manufacturers of both marine and aeronautical units. It is argued that manual DF units
are insensitive to DGPS modulation and we concentrate on a taxonomy of ADF technolo-
gies. Finally a general analysis method is described that yields the parameters required
for DGPS modulation to ensure aceptable DF service by a given class of ADF receivers.

Based on these requirements, the following recommendations are made:

e Modulation should be MSK.
e DGPS carrier offset should be 325 Hz.
¢ DGPS amplitude should be -3dB from the main carrier.

A rate 1/2 error correcting code should be incorporated.

2.2 Key Assumptions

In the absence of a program of bench testing, and faced with limited details about many
ADF units, a model-based analysis of interference effects was performed. To ensure that
degradation of service would be detected in such an analysis, a number of conservative,
worst-case assumptions were employed. This allowed recommedations to be based on ADF
designs most sensitive to DGPS interference, even if the complete description of such units

was unavailabie.



m or for non-integer m have even boader spectra than MSK or CPFSK(m=1) but offer
possible receiver cost differentials. These cost advantages are already small in comparison
with total unit costs, and are expected to disappear by the time GPS becomes operational.
Other classes of modulation such as QPSK, or PSK have broader spectra as well. PSD’s
of MSK and CPFSK(m=1) are shown in Figures 2.1 and 2.2 for symbol rates of 75 and
100.

A bit rate of 50 bps is required for the DGPS signal, but error detection and correcting
codes will increase the channel symbol rate to 75 or 100 symbols per second. The PSD’s in
Figures 2.1 and 2.2 are normalized to 1 to show the relative spreading of CPFSK compared
to MSK, and to show the spreading due to increasing the symbol rate. In addition, note
the discrete components in CPFSK at f; = B/2.

The DGPS protection ratio is the ratio of radiated DGPS power compared to radiated
beacon carrier power. DGPS protection ratios of -3dB and -6dB are considered.

An adjacent beacon having DGPS modulation is assumed, giving rise to Figure 2.3. As
shown, the carriers are separated by 1000Hz, the minimum USA spacing, and the adjacent
beacon is 15dB below the beacon being used for bearing. Each has an MSK modulated
signal offset by the subcarrier and 3dB down from the carrier. The adjacent beacon DGPS
is therefore at -18dB. In Europe, beacon spacing of 500Hz has been proposed.

The general nature of interference possibilities can be explained from Figure 2.3.
There can be self-beacon or adjacent beacon interference. Self-beacon interference arises
because ADF operation depends on detection of signals in sidebands located within a few
hundred Hz of the beacon carrier. With small offset, fpgps, the DGPS spectrum overlaps
and corrupts signals near the carrier. A narrower DGPS spectrum delays the onset of
interference as fpgps decreases, but eventually some fpgps is reached with substantial
DGPS energy reaching the ADF.

Increasing fpgps avoids these problems for self-beacon interference but simultaneously
moves the DGPS spectrum of the adjacent beacon towards its higher frequency neighboring
beacon. If fpgps becomes too large, adjacent beacon DGPS power will reach the ADF.
The narrowness of the DGPS spectrum and the protection ratios for DGPS and adjacent
beacons limit the interference effects.

Table 2.1 below summarizes the modulation scheme parameters that were analyzed.

2.4 Manual DF User Equipment

Manual DF equipment is quite similar to the ADF equipment described in the next section.
Rather than automatically finding the bearing, manual DF equipment instead produces an

audible tone or meter display whose magnitude indicates bearing error. The user manually
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Table 2.1: Modulation Variables

' DESIGN CHOICE OPTIONS CONSIDERED
" Type of Modulation | MSK or CPFSK(M=1)

DGPS Protection Ratio -3dB

Adjacent Beacon Protection Ratio -15dB

Adjacent DGPS Protection Ratio -18dB

Adjacent Beacon Spacing 1000 and 500

Offset of DGPS (fpeps) 0 to 500 Hz

Error Correcting Codes rate 1/2 or rate 2/3

rotates the antenna until a null is reached and the tone disappears.

Interference from DGPS will appear in a manual DF unit as modulation of the tone or
meter signal. The overall function of the unit will not change although a true aural null
might be impossible with DGPS noise being present. While experienced users may notice
the different sound of their DF, DGPS is not expected to contribute to bearing error except
in weak signal regions where it might be difficult to detect the aural null of the beacon
compared to the DGPS noise. Because of DGPS’s expected minor impact on manual DF
performance, and the difficulty of assessing that impact quantitatively in a technology
strongly dependent on user experience, we conclude that manual DF interference will not
determine the design of the DGPS modulation scheme. Manual DF’s will not be considered
further.

2.5 Characterization of ADF User Equipment

Over 110 companies that were possible marine or aeronautical ADF manufacturers and
distributers were contacted. Of the original list, 16 companies claimed to be active in-
dependent suppliers of ADF equipment in the radiobeacon band. These were contacted
a second time with a detailed request for information about their units. Only 14 offered
ADFs (the other two had only manual units), and information was received for 20 different
models. We estimate, from indirect references in sales materials, that at least another 5 or
6 models are offered by these companies, but no information was provided on those units.

The quality of the information varied greatly. Several companies provided technical
manuals with block diagrams, theory of operation, and schematics. Others provided in-
stuction booklets intended for non-technical users. A few supplied only data sheets and
promotional descriptions. One company responded with a brief letter mentioning that
they offer several ADFs, but provided no documentation or descriptions. Finally, a few

companies forwarded our detailed requests to overseas engineering offices in Europe and
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determines fss while the phase ¢ is the angle to the beacon compared to some fixed refer-
ence position of the rod, e.g. the ship’s centerline. Here the switching signal is sinusoidal
and the signal is of the form cos(27 fsst — ¢). The upper right design uses fixed crossed
loops, with each loop output, cos ¢ and sin ¢, being multiplied by quadrature switching
signals, cos(27 fsst) and sin(27 fsst). Once again the signal is of the form cos(27 fsst + ).
In the lower example, the goniometer serves to recreate the field configuration at the an-
tenna within the goniometer coils. A rotating search coil within the goniometer functions
just like the rotating ferrite rod or loop, but has the advantage of allowing fixed antenna
equipment. The signal fss is determined by the motor speed. In all these examples, the
sense antenna is switched on when ambiguity must be resolved. Note that all these signals
are modulating the carrier, and will appear as sidebands offset by fss.

Figure 2.6 shows antenna configurations where bearing information is carried by the
magnitude. At the left a fixed crossed loop antenna and goniometer are used to recreate
the beacon field in the search coil. Letting ¢ be the bearing angle error in this system,
the search coil determines the magnitude of the received carrier according to Asin ¢. The
switching signal multiplies the carrier to create sidebands at =+ fgs whose magnitude reflects
the bearing error. The sense is usually connected in such systems to resolve the ambiguity.
Since loop signals and sense signals are generated by the H and E fields of the received
beacon, respectively, the sense is sometimes shifted another 90° and added to the loop
signal. The summed signal now varies between 0 (sense and maximum bearing error signal
cancel due to 180° phase difference and same amplitude) and A (sense only since loop
magnitude goes to 0 at true bearing). The right hand system is similar, except the sense
is switched at fss in addition to phase shifting.

For interference analysis, the key characteristics of an antenna configuration are:
1. Is bearing information in phase or magnitude?

2. Is the sense always connected?

3. Is switching signal applied to loop or sense?

4. Is the switching signal sinusoidal or square?

5. What is fg5?

2.5.3 RF/IF Stages

ADF's employ a variety of designs in their RF and IF stages. Bandlimiting may be done in
a number of locations and more than one IF stage is used in some units. Many units are

suited for reception of signals from several bands, including commercial broadcast stations,
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emergency beacons and aeronautical beacons, and utilize a switchable bandwidth. The
most common intermediate frequency was 455k Hz.

Our interference analysis only requires knowledge of the overall IF passband. While
a few units claimed IF -6dB points of =1000Hz or less, most fell in the range of =2kHz
to +4kHz for -6dB points. The -60dB points available were on the order of +10kHsz.
Our conclusion is that the RF/IF stage will pass all the DGPS energy, and need not be
considered in detail.

2.5.4 Detector

The detector block functions to bring the output of the RF /IF stages back to baseband.
The detector could be determined in 14 of the ADFs studied; in 10 units a non-coherent
AM detector was employed. Four units, all of which were avionics models, used coherent
detection.

The non-coherent detectors can be thought of as simple low pass filters that extract
the signal at fss and block higher frequencies. Some protection against DGPS interference
would occur here if DGPS is well above the cutoff of the detector. However, most detectors
appear to have been designed primarily to eliminate beacon tones or adjacent beacons, and
have wide passbands compared to fss. '

Coherent detectors in avionics ADF's relied on phase-locked loops to extract the refer-
ence phase from the carrier signal. While these designs provide improved performance at
low signal-to-noise levels, they can be vulnerable to several DGPS-induced problems. See
Figure 2.7.

The phase-locked loop consists of a mixer that multiplies the incoming signal and the
signal of the voltage controlled oscillator. Normally the incoming signal is

s(t) = cos(27 ft + 0)

where f. is the beacon carrier. The VCO operates at sin(27 f.t + ) such that their product
is
e(t) = cos(2n fct + 8) sin(27 f.t + 6)
or ) )
e(t) = [5 sin2(f — 6) + -z—sin(47rfct + 20 + 26))

This signal then passes through the low pass filter, eliminating the 2f, term and pro-
ducing a signal proportional to the phase error, # — 8. When § — 0 is small, sin(@ —8) is
approximated by § — § and the loop can be analyzed as a linear system. This corresponds
to the ‘locked’ condition. When ’unlocked’, the sin(f — f) term must be considered and a

nonlinear system results.

17



The modulation schemes under consideration use continuous phase changes to represent
information, and have the potential to cause false lock or PLL unlock. Unfortunately
the available information on ADF PLLs is insufficient to allow a detailed analysis of the
nounlinear noise effects of DGPS on the phase estimate. In general, it is extremely difficult
to analyze nonlinear PLL operation in the presence of noise, even with detailed knowledge
of the PLL design [18]. PLL unlock can best be avoided by locating DGPS far enough
from ADF filter passbands to ensure no PLL interference effects.

A false lock could occur if DGPS carrier were mistaken for the carrier of the PLL
during pull-in. This would depend on the relative signal levels of DGPS and the beacon
carrier and the acquisition characteristics of the PLL. PLLs are specified to have some
‘lock-in range’ over which they will locate and lock on a signal. For the ADFs we studied,
this range was on the order of +£250Hz to +300Hz. If DGPS were locked, the PLL output
would no longer be coherent with the bearing signal and bearing error would result. Two
units had ‘lock detector’ circuits that effectively shut off the ADF function whenever the
frequency difference between the oscillator and the RF /IF input exceeded 10Hz. These
same units had 100Hz cutoffs on their PLL low pass filter.

Unlock due to a 10Hz difference might occur when DGPS contributed a string of 1’s
or 0’s, producing a progressive phase change. For example, at a bit rate of 100 bps, and
90° shift per bit, a string of similar bits appears as a 25Hz modulation. This 25Hz modu-
lation might create jitter in the bearing estimate, or it might be interpreted as an unlock
condition, causing the lock detector to operate. The loop would then try to resynchronize.
This situation could cause noticeable jitter in the bearing estimates.

Another PLL unit warned of such jittér when locking on weak stations. That unit
controlled the loop antenna from the lock detector. When unlocked, the loop is disabled
and the signal is acquired from the sense antenna only. When locked, the loop is enabled
so ADF can begin. If, for a weak station, the extra noise introduced by the loop causes
unlock, the unit will audibly click on and off as the loop is enabled and disabled repeatedly.
The manufacturer suggests tuning another frequency to resolve the problem. No data is
available as to the relative signal-to-noise ratio required to prevent this problem.

Key characteristics for interference analysis are

1. Is the detector coherent or non-coherent?
2. What is the bandwidth of coherent loop filter?
3. What is the bandwidth of the non-coherent detector?

4. What is lock-in range for a PLL?

19



2.5.6 Servo/Display Filter

The last generic block concerns the display of the bearing information. While conceptually
important, this block was the least well described by technical materials on the ADF s, and
will be considered part of the switching signal filter.

Generally the bearing is shown by electrical or mechanical displacement of an indicator.
Most servos move an arrow or compass card against a reference circle to show bearing with
respect to the ship or aircraft centerline. These devices must remove the ambiguity as part
of the display. Units with CRT displays create a ‘propeller’ shape that is oriented in the
true bearing direction and at 180° from true bearing. Enabling the sense blocks part of the
display and removes ambiguity. Digital readouts gave bearing directly, while LED arrays
gave readings to 5° steps around the compass. Claimed bearing accuracies were from +0.5°
to over +5°.

On most units, the servomotor is used for both switching signal filtering and display.
The indicator would be directly attached to the shaft, and the last two blocks of the generic
ADF are quite naturally combined. Virtually no data was obtained to allow separation of
these functions for servomotors. Similarly, no information was available for characterizing
the digital and LED displays. CRT’s have no appreciable dynamics in representing the
ADF switching filter outputs.

2.5.7 Taxonomy of ADF Approaches

From the perspective of interference analysis, ADFs we reviewed can be placed into 5
groups, described by their switching signal (fss and waveform), their detection method
(coherent or non-coherent), and their switching filter/display methods (servo, CRT, or
digital). Not all combinations were found. Though we were not able to determine the
design of all 20 units, 14 were described in sufficient detail for classification, and the others
have been assigned based on similar units. The categories include:

1. Sinusoidal, coherent detection, servomotor (4)
2. Sinusoidal, noncoherent, servomotor (7)

3. Sinusoidal, noncoherent, CRT (6)

4. Square wave, noncoherent, servo (2)

5. Square wave, noncoherent, digital (1)

One unit had both CRT and servomotor display, but was placed in a servo category since
that determines the switching filter characteristics. Figure 2.8 shows the distribution of
units in each category versus fsg.
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2.6 Motor Analysis

Servomotor systems were the most common ADF design used both for detecting and
displaying the bearing angle. Despite employing a variety of antenna and goniometer
configurations, modulation and detection schemes, and display devices, servomotor ADF's
all shared a common system structure. The received signal bearing is transformed to either
magnitude or phase information at the switching signal frequency. Passing through RF
and IF stages, this information is eventually detected and applied as a control voltage to
the servomotor. In all units but one, a two phase AC induction motor was used. Two
phase induction motor servos are widely used for position control, and here serve to alter
the effective antenna position. On units with fixed crossed loop antennas and goniometers,
the servo merely rotates the goniometer search coil; on units with ferrite rod antennas,
the rod itself is rotated. Rotation of the goniometer search coil or ferrite rod changes the
received signal and eventually the control voltage. As the antenna bearing approaches the
true bearing of the received signal, the control voltage decreases. At the true bearing the
control voltage goes to zero and the servo stops. Usually the bearing indicator is mounted
on the same shaft as the goniometer search coil. For ferrite rod antennas, the display
usually surrounds the antenna mount. The bearing readings therefore approach the true
bearing with a time constant determined by the motor/shaft combination.

Two phase AC servomotors [20] typically have a reference phase voltage at sinusoidal
frequency f, that establishes a rotating flux field. The control phase sinusoidal voltage,
also at f, but usually phase shifted 90°, creates its own flux field that couples with the
reference phase flux field to produce mechanical torque. When the voltages of the two
phases are balanced, no torque is developed. Control voltages above or below the reference
magnitude produce torque in one direction or the other. Servomotors have good stability
characteristics, due to their very high rotor resistance which causes their torque-speed
curve to be negative.

To understand the dynamic performance of AC servomotors we must consider three
factors. First, the servomotor loses net torque when the control phase frequency differs
from the reference phase frequency. Because developed torque depends on coupling two
rotating fields, the coupled fields actually create a pulsating torque (always in the same
direction) at the reference phase frequency. In many common servo applications, f, =
400Hz. In ADFs, f, ranged from 32Hz to 200Hz with most values about 100Hz to 135Hz.
This pulsating torque encounters the motor mechanical damping which has a time constant
on the order of 7, = 0.5 sec, so that only the DC component of the pulsating torque is
seen. Servomotors therefore can be considered as a mechanical form of coherent detector.

Second, there are two quite different time constants in servomotors. The first is the

mechanical 7,. Typically this ranges between 0.5 sec and 1 sec. Although no direct data
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Figure 2.10: ADF Servo System Model

as a phase or magnitude, depending on the particular ADF. The error passes through
the RF/IF stages and is detected in the first block. Since the RF/IF stages typically have
passbands of several kHz, it is assumed that their total effect on the bearing error is a gain,
A. The second block is the motor from Figure 2.9. The motor output is a displacement
angle 6 that represents the rotation of the antenna. The objective of the servo system is to
drive the bearing error, 8, to zero. Due to the mechanical system associated with display of
the bearing, the correct bearing is displayed when 8, is zero,. The unity negative feedback
represents the direct coupling seen in most units between motor position and antenna
position.
The closed loop transfer function of Figure 2.10 can be written as:
AKK,
5(57m + 1)(37, + 1)(8? + 2¢w,s + w?) + AKK,

H(s) =
where
5= j(lw - w )
and
§ = Jw
The distinction of § and s reflects the coherent behavior of the servomotor. Motor

dynamics are determined by frequency variations about the reference f,, or equivalently,
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Figure 2.14 represents the coherent detectors. The coherent units all had phase locked
loops at the carrier frequency to detect either magnitude of phase information on bearing.
As discussed earlier, the linear performance of these systems is like a very narrow filter
about the carrier. We approximate this by a low pass filter with a cutoff of either 2Hz or
4Hz. In some coherent detection units using amplitude modulation, the PLL is cascaded
with a synchronous filter. The one unit with sufficient detail to describe the synchronous
filter had a cutoff of about 2Hz around the switching signal. We have cascaded our low
pass PLL filter with a 2Hz synchronous filter in both curves. This representation cannot
describe the unlock conditions of the PLL, but does approximate the normal operation of
the coherent ADFs.

These passbands bound the performance of all the units we have studied. Modulation
decisions that do not affect these extreme units should provide satisfactory performance
for units at intervening frequencies and with filter parameters similar to those we have
been able to examine in detail.

Qualitative assessment of competing modulation schemes can begin with these pass-
bands and the previous diagrams of MSK and CPFSK spectra. For example, it is apparent
that oﬁ'éetting the DGPS signal in the O to 200Hz range could lead to interference by al-
lowing DGPS energy to enter the passbands of some units. At the OHz end, the coherent
detectors would be vulnerable to unlock, and non-coherent units with fsg in the area of
35Hz to 90Hz could be affected. At offsets near 135Hz, several servo and CRT units would
be vulnerable. Increasing offset above 200Hz increasingly removes the danger of interfer-
ence, although it is desirable to keep offset low to avoid adjacent beacon effects. The single
unit found at fss = 200H z does not seem to play any significant role in the ADF market.
It is a ferrite rod marine unit, and is apparently no longer in production. Designed in
Japan, there is a domestic company distributing literature on the unit, but they cannot
provide engineering support or information. Below this unit, there are next a number of
ADFs at fss =135Hz; therefore we will consider a passband at 135Hz to be the critical

upper passband in our remaining analysis.

2.7.2 Interference Spectra

In this section we begin to quantify the significant mechanisms determining the exact
nature of interference. This will allow us to replace the above qualitative arguments
with quantitative measures of interference. The resulting recommendation about DGPS
modulation will be based on this quantitative analysis and some inescapable qualitative
concerns dictated by our conservative approach and the uncertainties around issues like
PLL unlock in coherent detectors.

Because the switching signal of the ADF modulates DGPS as well as the beacon, inter-

31



SENSE

LOOP LOOP

JAVAWAY

fc fo+fogps - fss) fc+ foGps+fss
]

fc + foges

LOOP

SENSE SENSE

JAVAWAN

fe fe +foaps - fss ) fo+fogps + s
(]

fc + foges

SENSE

LOOP LOOP
LooP LOOP

: <P

fe ! fo+ foeps -fss ) fo+ fDGPS +fss  fo+fogps+3fss
]
{] ]
fe +fpgps - 3fss fc+fogps

Figure 2.15: Host Beacon Switching Signal Effects

33



ADJACENT A
BEACON
A SENSE ,JF
LOOP Loorp
J:\ : /'\
fc-fa bofss 1 fgs 0 fe
' : '
fc -fa + fpges
A
LOOP A
T
SENSE SENSE
f( - fA ] 'fss ! fss [} f(
' ; '
fc-fa + foges *
SENSE 4
LOOP LOOP
LoOP /\ /\ LooP
R s
fC b fA : : 'fss : fSS : : fC
e 3, + 3fs -
: '
ADJACENT fc-fa + fogps HOST
BEACON BEACON

Figure 2.16: Adjacent Beacon Switching Effects on DGPS

35



25

Bearing Error versus SIR
20 _]
=)
O
a
[ 1S5
o
C
C
(W]
o
c 10
C
o
©
a
s _
© T T T T T T T T 1
0 S 10 1S 20 25 30 35 40 435
1-APR-86 1012713% SIR dB
Boston University Dept. of ECS Engineering

Figure 2.17: Bearing Error vs. SIR

37



Table 2.3: Py, Values for Bearing Error
TI ADF Spectra 3° 2° | 1°

| Self-carrier | 0.0110 A 0.0049 | 0.0012 |
| Self-sinusoid | 0.0219 | 0.0097 | 0.0024
Self-square 1 | 0.0271 | 0.0121 | 0.0030

Self-square 3 | 0.2492 | 0.1108 | 0.0277

Adj-carrier 0.3481 | 0.1551 | 0.03797
Adj-sinusoid | 0.6931 | 0.3070 | 0.0760 |
Adj-square 1 | 0.8576 | 0.3820 | 0.0049 |
Adj-square 3 | 7.8861 | 3.5063 | 0.8765 |

_ P S |SSF(f)*Pi(f)df
SIR = B, = = Ps(F)dF

where P; is MSK. Figure 2.21 shows the results for a second order filter when P; is
CPFSK(m=1). Note that the CPFSK discrete frequencies cause a peak in the energy
entering a passband when the DGPS offset corresponds to B/2. The peak should be on
the order of 1/3, since that is the energy in the discrete components. This is reduced
somewhat since the passband value must be considered. The clipped shape of the Q=100
curves is an artifact of the integration and plotting step sizes. It is also clear how the
higher symbol rate spreads the MSK spectrum and produces a smaller Py, at low off-
sets. However, at larger separations, the higher symbol rate modulation has more energy
in its sidelobes, and Py, is greater. Comparing the motor curves with the PLL curves
indicates servo and PLL ADFs are similar in their interference behavior. In fact, since
most PLL units also have a servomotor display and/or a digital filter, the PLL perfor-
mance will generally be better than the simple motor switching filter configurations. The
PLL- servomotor combination is not reflected in these figures. High Q second order ADF's
are similar to motor and PLL systems as well. Only low Q units show dramatically higher

vulnerability to noise effects.

As DGPS offset increases, the train of spectra consisting of the DGPS spectrum at the
DGPS carrier and its sinusoidal or squarewavesidebands, slide across the various passbands
we have shown. We seek a value of fpgps that will prevent unacceptably large bearing
errors in any ADFs. For any particular ADF, as fpgps increases, there will be a series
of peaks in 0(55) as successive self beacon sidebands pass through the ADF passband. At
very large fpcps, the adjacent beacon sideband and DGPS carrier spectra cause another

-

series of peaks in o(¢), but with considerably lower magnitude due to the adjacent beacon
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squarewave harmonic would create 3° or more bearing error.

2.8 Conclusions

Based on the above analysis, we make the following recommendations:

1. Modulation should be MSK. CPFSK, with its discrete frequency components, is

subject to Pjy., values near 0.3, and could produce unacceptably large o(¢) even at
large offsets due to its DGPS sidebands having discrete components.

2. Offset should be greater than 325Hz. One unit with fss = 200H z and second order
units with low Q might experience errors greater than 3° for this offset. However,
such units are apparently out of production or of comparatively low quality. An
offset to include these units would have to be between 450 and 600Hz.

3. DGPS protection ratio should be -3dB. A -6dB ratio would still require an offset
sufficient to reach the sinusoidal sideband. Going to -6dB would only reduce the

need to slide somewhat beyond the sinusoidal sideband, changing the total offset
from say 325 to 275Hz.

4. Symbol rate should be 100 symbols per second (rate 1/2 coding). This serves to
spread the energy in the spectra, and reduces o(c}). For a given ADF, this reduction
occurs because the DGPS interference spectrum is widened compared to the ADF
passband. It also improves the range of the DGPS transmission, as discussed in

section 3.

Two major concerns should be mentioned. First, there may be further ADFs that we
did not encounter in our survey. If their characteristics differed greatly, the conclusions
might need revision. The conservative worst case approach employed here makes it unlikely
that any ADFs will have significantly different interference characteristics from those seen
here. Second, a linear analysis is only approximate for ADFs. It is suggested that bench
testing be performed on at least a subset of ADFs to ensure that nonlinearities do not
degrade ADF performance in the presence of DGPS.
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in section 3.6. It assumes that the noise power, skywave amplitude and skywave phase are
fixed, and it results in a family of curves, which give probability of bit error versus signal
to noise ratio.

Section 3.4 computes the probability of link availability, which is defined as the proba-
bility that the SNR required for Pr(e¢) < 107° is achieved. As such, Pr(link available) =
1 — Pr(outage). This portion of our overall analysis incorporates the variation of the noise
power, skywave amplitude and phase as described in (4], [5], [6], and [13].

Section 3.5 presents and discusses the combined results of sections 3.3 and 3.4. It gives
the range to which the link will be available with probability 0.90 under “worst case”
conditions in Boston, Massachusetts.

Finally, section 3.6 considers the burst nature of atmospheric noise and the techniques

which must be used to overcome these bursts.

3.2 Error Detecting and Correcting Codes

In the sections that follow, we will show that error detecting and correcting (EDAC) codes
greatly enhance the performance of the radiobeacon-DGPS link. In this section, we briefly
introduce coding and its associated terminology. Error correction coding is essentially a
signal processing technique used to improve the reliability of communication on digital
channels. Even though specific coding techniques differ widely in their details, they all
share the fundamental features depicted in Figure 3.1.

As shown, the data sequence is broken into vectors of length k. There are 2*¥ such
data vectors and the code maps each of these into a unique n-tuple (a vector of length.n)
and these n-tuples are known as codewords. For each codeword, there are 2" * n-tuples
with no corresponding data vector. A good code is designed such that these extra n-tuples
form buffer zones around the codewords. Consequently, many channel errors must occur
before a given codeword is confused with an n-tuple from another codeword’s buffer zone. |
Good codes have a large distance between all codewords in the code. The most common
measure of distance is Hamming distance, which is the number of places in which the two
codewords differ.

There are two classes of codes:
e block codes
e convolutional codes

In this report, we consider convolutional codes only and a convolutional encoder is shown
in Figure 3.2. As shown, two new information bits are input to the encoder in each cycle

and three channel symbols are output from the encoder in each cycle. Consequently,
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Rayleigh” ([12]) and a computer program (APDAN) exists ([1]), which returns values
of the exceedance distribution for a given value of envelope and voltage deviation.
We have modified APDAN so it also returns the envelope density function (fg(r))

and we use this feature extensively in what follows.

e Finally we assume that the skywave/groundwave interference is such that the fade
depth is constant. This assumption is reasonable, because the skywave phase and
amplitude have a long correlation time (tens of minutes) at LF and lower MF fre-

quencies.

With independent noise samples (7,) we may apply the Chernoff bound to equation
(2)

N
P; < min II E(ezpA(m(yn, ) — m(Yn, 24)) | zn)
=" n=1

If we define
D = I§1>1£1 E(CIPA(m(yn, j‘771) - m(yn?z")) | In)
then, we have
P < pvu(=2) (3.3)

where wy(z,%) is the Hamming distance between z and Z.
For a hard limiter, -

D = \/4¢(1 —¢) (3.4)

e=Pr(n > \/E,)

We can compute € as a function of the envelope density provided by APDAN by using a

€= % /;_ pr(r)cos™ (‘/rE_) dr (3.5)

where

result from [12]

For a clipper, we have
D()) = E(ezpA(Znyn — ZnYn) | Zn)

= E(exp/\yn(—Z\/E))

For simplicity, we consider a piecewise constant clipper with 2I + 1 pieces and which clips

at y = clipo,. In this case
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frequency. For a given season-time block, the variation of measured noise power (in
decibels) away from the average noise power is adequately represented by a two-sided
Gaussian distribution. For values of noise power below the average noise power, one
standard deviation (o,:) applies and for values of noise power above the average
another standard deviation (0,,,) applies. Both o, and o,,, can be computed using
the NTIA Report.

e Groundwave field strength is accurately predicted using the curves in [3]. These
curves give field strength versus distance with center frequency and ground conduc-
tivity as parameters. The example curves we present later assume a center frequency

of 300 kHz and propagation over seawater.

o Skywavefield strength is accurately modelled by the techniques summarized in CCIR
Report 575-1. These methods use the following form for the median skywave field
strength

S(dB above 1uV/m) = C — 5(d) + P + Aa — I\

where C is a constant which depends on the prediction method used and s(d) gives
distance dependence. P is a correction for transmitters which radiate other than 1k W
and the A, belong to set of correction factors. In our case, we use the correction
factors for the vertical directivity of the transmitting antenna (A4) and time of
day (A¢). The distribution of skywave field strength away from its median may be
estimated by using a set of curves in [5|. For the times when the median skywave
is strong, we find that the distribution of skywave strength (in decibels) is well
approximated by another 2-sided Gaussian distribution. In other words, 2 standard
deviations (0s,u and os;) will approximately characterize the random variations of
skywave at a given time.

e Finally, we assume that the relative phase of the received groundwave and skywave
is uniform on [0, 27). This assumption seems reasonable at 300 kHz where the wave-
length (1000 meters) is reasonably small compared to the irregularites in ionospheric
height.

In the case of groundwave only propagation, we can write

Pr(linkavailable) = Pr(SNR > k) = Pr(= > k)

2|

= PT(En’dB S _kdB + GdB + P) (37)

where E,, 4p is the noise power in decibels above 1uV /m. kqp is the required signal to noise
ratio from Figures 3.4 through 3.9. Gp is the groundwave power for a radiated power of
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where we have approximated an integral by a sum. The first term in the above sum can
be written as
PT(SNR >k | fi,dB -A< Fup < fi,dB -+ A)

~ Pr(Enap < —kap + Gag + P + fi4p) (3.10)
Unfortunately, the second term in the above sum requires more work.
Pr(fiap — A < Fyp < fiap + D)

- PF(lo(f-',¢B+A)/20) — pF(lo(f.,ae—A)r’ZU) (3_11)

where Pp(f) = Pr(F < f) is the distribution function of F. With F =| 1+ Scosf |, we
find

&U%ié/%ﬂimﬁw

where D is the region where | 1 + Scosf |< f. After some algebra, we find that if f is less
than one, then

1= 1+ f 1-f
Pe(r) == [ » Po.an(2000010(="5)) = Py g5 (0logio(——2))d0  (3.12)

where P; .5 is a two sided Gaussian distribution.

PE‘,dB(I) =

1_Q<z—§dB+GdB

Osl

L3

) if 2< Sip — Gyp

I_Q(z—§d3+GdB

Uau

) if £> Sap — Gup

If f is greater than 1, then

1 r7/2 — T
Pe() =2 [ Prastogiao+ 2 [ by (L e (3.13)

T cosl —cosf

Equations (3.8) through (3.13) have been used to generate Figures 3.10 through 3.20,
and these Figures are parameterized by the quantity ky5 — P.

As shown, as kyp — P increases the range of reliable communication decreases. This is
reasonable, because increasing k;p means the required signal to noise ratio is increasing.
Decreasing P means that less power is being radiated relative to 1 kW. The Figures
show separate curves for groundwaveonly propagation and combined groundwave /skywave
propagation. As shown, groundwave only propagation would give more reliable service
at short and medium ranges, but would give less reliable service for longer ranges. The
combined propagation modes do result in possible fading effects at medium ranges. Figures
3.10 through 3.20 are further discussed in the next section.
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3.5 Numerical Results and Discussion

The main results of Chapter 3 are given in Table 3.1. which shows the range to which
a link will be available with probability 0.90 under “worst case” conditions in Boston,
Massachusetts. In Boston, worst case conditions occur summer nights near midnight,
because the mean atmospheric noise power is greatest and skywaves are strongest. Table
3.1 gives the 90 percent range for no coding, the rate 1/2 (v=6) and rate 2/3 (v=6)
codes. As shown, the uncoded system performs very poorly when the noise power is high.
However, the coded systems have much greater operating ranges. Remember, atmospheric
noise power is very variable and most of the time any of the systems will have much greater

ranges.

Table 3.1: Beacon Ranges with and without Coding

10 nautical mile beacon | 30 nautical mile beacon
kag — P Range kip — P Range
No Coding
Limiter | 84 (dB) < 10km 75 (dB) 15 (km)
Clipper | 84 < 10km 75 15
Rate 1/2, v=6
Limiter | 59 100 50 195
Clipper | 58 110 49 210
Rate 2/3, v=6
Limiter | 65 55 56 130
Clipper | 66 50 57 120

The table was derived using the following procedure.

1. The required signal to noise ratio for Pr(e) < 107 is determined for hard limiters
and clippers from Figures 3.4 through 3.9. For hard limiters, these SNRs are 28,
9, and 3 dB for no coding, rate 2/3 coding and rate 1/2 coding. For clippers these
SNRs are 28, 10, and 2 dB. To these values we add a 3 dB “pad” to account for
departures from the ideal conditions used in the analysis. These required SNRs are
represented as kqp in equations (7) and (10).

2. The term P in equations (7) and (10) is the radiated power of the beacon relative to
1kW. The radiated power of a beacon is indirectly specified. A “30 nautical mile”
beacon produces a field of 50,V /m at a range of 30 nm over seawater. A “10 nautical
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Figure 3.21: ELF Waveforms Recorded in Florida (June 1968)

77



1.0

Pr(eg)
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If input symbols have separation less than J = jI, then they will have minimum channel
transmission separation of I. Consequently, the interleaver of Figure 3.23 is known as
a (I.J) interleaver. We should select J and I such that all symbols which are decoded
together will be separated by B seconds. Consequently, J should be at least equal to the
codeword length if block codes are used or the “decoding span” if convolutional codes are
used. I should be equal to the maximum burst length in channel symbols (B/T.).

The delay introduced by this (I,J) interleaver is J(I — 1)T, or approximately NB,
where N is either codeword length or decoding span. To determine delay, we need values

for N and B and we now consider those topics in turn.

3.6.3 Decoding Span (N)

The decoding span of a convolutional code depends on the constraint length of the code

and the type of decoder used. There are 3 classes of convolutional decoders.

e Viterbi decoding
e syndrome decoding

e sequential decoding

The decoding span for Viterbi decoders may be estimated using the following rules of
thumb. If the code has R = 1/2 and constraint length equal to v, then N = 5v/R channel
symbols. If the code has R = 2/3, then N = 8v/R channel symbols and if R = 3/4, then
N =10v/R.

Syndrome decoders can have much shorter decoding spans, but achieve this reduction
by sacrificing some of their error correcting capability. This tradeoff will be investigated
in Technical Task No. 2.

Sequential decoders are generally used with codes which have much greater constraint
lengths (v > 20) than the codes considered in this Report. Nonetheless, they will be
studied in Technical Task No. 2.

3.6.4 Atmospheric Burst Duration (B)

Atmospheric burst duration has been measured by (8|, [9], and [11], and in this subsection
we summarize the observations made by J. Evans ([8]). Evans defined z as the length of

the interval between bursts and used noise data from Florida to compute

e the sample probability density function of = (px(z))

e the sample “survivor function” of z (R(z)). R(z) is the fraction of burst intervals

greater than z. So R(z) = [° px(u)du
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