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ABSTRACT

A functional description of a communications satellite beacon
receiver is presented. The system, designed primarily for
LES-5/6, is capable of reliable unattended operation, and pro-
vides a frequency and time reference for fixed and highly mo-

bile satellite communications terminals.

Theoretical and experimental data are given, with particular
emphasis onautomatic acquisition and tracking of the satellite
beacon signal at low signal-to-noise-density ratios under ad-

verse channel conditions.
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Chief, Lincoln Laboratory Office
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GLOSSARY

AM Amplitude modulation

BPMF Bandpass matched filter

°K Degree(s) Kelvin

EIRP Effective isotropically radiated power
HLDC High level downconverter

IL Insertion loss

LES Lincoln Experimental Satellite

LPF Lowpass filter

LPMF Lowpass matched filter

NF Noise figure

Pr/No Signal-to-noise-density ratio

RFI Radio frequency interference

RHCP Right-hand circularly polarized
TATS Tactical Transmission System

S/N Signal-to-noise ratio

vVCO Voltage-controlled oscillator

VCXO Voltage-controlled crystal oscillator




A LES-5 BEACON RECEIVER

I. INTRODUCTION

Lincoln Experimental Satellites 5 and 6 (LES-5 and -6) radiate a
narrowband UHF beacon signal suitably modulated to provide a frequency and
time reference, together with auxiliary telemetry data, for communications
terminals using the satellites. To use the information transmitted on a bea-
con frequency, a terminal must be equipped with a special beacon receiver.

In many applications the receiver must operate under channel conditions con-
siderably less than ideal.

This Technical Note describes a beaconreceiver that provides reliable un-
attended operation for fixed and highly mobile terminals. As such, the receiver
can acquire and track the satellite beacon signal automatically at low signal-to-
noise ratios in the presence of such channel perturbations as multipath, strong
in-band RFI, and doppler frequency shifts. The receiver, expressly designed
to accommodate LES-5 signal levels as seen by a nondirectional antenna, is
quite complex. A design based on the higher beacon effective isotropically
radiated power (EIRP) of LES-6 could be substantially simpler.

The receiver described can reliably acquire a beacon signal within one
minute at a received signal-to-noise-density ratio (Pr/No) of 30db (Hz), and
maintain coherent tracking down to a Pr/No below 20db (Hz). The standard
deviation of the time jitter is less than 25usec at the latter Pr/No' A sum-
mary of the major technical characteristics is given in Table 1. Clearly,
the receiver has applicability to many other timebase synchronization problems.

Several of these receivers were built and tested during the last two years.
As shown in Fig. 1, panel controls and indicators were included to facilitate
testing.

The body of this Note describes beacon signal characteristics and receiver
functions, together with theoretical and experimental performance. Detailed

technical discussions appear in the appendices.




TABLE 1
UHF BEACON RECEIVER CHARACTERISTICS

Acquisition Mode

a.
b.
C.

d.

e.
f.

g.

Frequency search range: *1kHz

Frequency search rate: +37 Hz/sec

Probability of missing correct frequency on any one sweep:
less than 0.1 for P./N, = 30db (Hz)

Average time from reset to completion of synchronization:
35sec for P /N = 30db (Hz)

Frequency trackmg rate: #10 Hz/sec for P./N, = 30db (Hz)
Maximum pause for fade recovery: 8sec

Automatic switching to monitor mode when acquisition complete

Monitor Mode

a. Average time to loss-of-lock: 7 hr for Pr,/N0 = 23db (Hz),
230 yr for Pp/N, = 29db (Hz)
b. Peak time Jltter in a 2-min interval: less than #30pusec for
P./Ng = 20db (Hz)
c. Maximum time tracking rate: #5usec/sec
d. Maximum pause for fade recovery: 8sec
e. Delay after loss-of-lock before automatic reversion to
Acquisition Mode (coherent search duration): 60sec
f. Probability of false start of coherent search: <10-10 for
P./Ngy = 20db (Hz)
General
a. Noise figure: 3db
b. Overload level: —55dbw within #13 MHz of beacon frequency
c. Tunability: programmable over a 1 MHz range on 5-kHz centers
LES-5 beacon carrier frequency 228.43 MHz
LLES-6 beacon carrier frequency 254.14 MHz
d. Long term frequency stability: *1 part in 107 per 24 hr
e. IF selectivity: 60db rejection at F + 6.5kHz
f. Power required: 175 watts, smgle phase, 115 vac, 50 — 400 Hz
g. Size: Receiver 253 X 19 X 7 in.; Power supply 213 X 19 X 54 in.
h. Weight: Receiver 46 lb; Power supply 66 1b
Outputs
a. Synchronized beacon timing data (serial and parallel)
b. Synchronized 1 MHz clock
c. Status indicators (10)
d. Pp/Ng, Received power level, and frequency meters
e. Demodulated telemetry
f. Simulated beacon modulation




Fig. 1. LES-5/6 beacon receiver front panel.

II. BEACON SIGNAL CHARACTERISTICS

The LES-5 timing beacon is an RF carrier slightly above the edge of the
satellite downlink frequency band, biphase modulated with an interlaced set
of timing signals. The EIRP in the beacon signal is approximately 3 watts.1

The LES-6 beacon is similar, but with an EIRP of approximately 30 watts 2

A. Available Signal-to-Noise-Density Ratio

The nominal downlink power budget for a mobile terminal with a blade
antenna using LES-5 signals is shown in Table 2. The system noise temper-
ature is taken as 700°K, representative of operation over rural land with a
3-db receiver noise figure.3 Irregularities in the antenna pattern can result
in lower gains.

Three primary sources of downlink degradation are encountered

occasionally:

1. Operation over large cities can result in system noise
temperatures of 10,000°K (Ref. 3). Fortunately, such
noise is important only for terminals within about three
city radii of the urban border.




TABLE 2
UHF BEACON NOMINAL DOWNLINK POWER BUDGET

Satellite RHCP EIRP +5 dbw
Downlink path loss

(quasi-synchronous orbit) —172db
Receiver antenna gain™ 0 db
Received power, P, —167 dbw
Noise power density, N —200dbw/Hz

o
P./N, 33 db (Hz)

*Gain is measured relative to an isotropic RHCP
antenna. See Ref.4 for further characterization
of simple antennas on large aircraft.

2. Narrowband RFI from such sources as lower band trans-
mitter harmonics can be of sufficient strength to override
completely the satellite signal. For reliable operation,
the receiver must not lock onto such signals.

3. Multipath fading can occur over water or polar ice. Early
experiments indicated this fading could be very severe,5
but later measurements indicate fading of only 5db need

be considered.6

Several features were included to ensure that the receiver behaves grace-
fully and recovers rapidly in the presence of such unfavorable conditions.
However, comparison of the nominal downlink calculation (Table 2) with the
receiver characteristics listed ir. Table 1 indicates little margin is available
for initial acquisition of the LES-5 beacon signal.

Since the EIRP of LES-6 is 10db higher than that of LES-5, operation
with LES-6 should be very reliable.




B. Frequency Uncertainties

Three sources contribute to uncertainty in the effective frequency at which

the beacon signal is received:

1. Error in the satellite beacon oscillator

2. Doppler frequency shift on the satellite-mobile terminal
link (for a quasi-synchronous satellite, this shift is in-
duced primarily by the motion of the terminal)

3. Error in the terminal's receiver local oscillator.

For the first of these sources, the satellite oscillator on LES-5 was ex-
pected to be within £2 parts in 106 of its nominal frequency (this allows one
part in 106 for variations with temperature, one part in 106 for aging)® Sub-
sonic aircraft contribute a maximum of one part in 106 doppler shift. Com-
pared to these, the local oscillators in the terminal should contribute negligible
error (less than one part in 107). An upper bound, then, for the received
frequency uncertainty is #4 parts in 106, or roughly £+1000 Hz at the expected
beacon frequency. This is the range over which the beacon receiver must be
able to acquire a received signal.

The maximum expected relative drift in modulation timing is 1 usec/sec,
corresponding to a doppler shift on one part in 106. The relative drift in fre-
quency will almost always be less than 8 Hz/sec, corresponding to a maximum
acceleration of 1 g in the direction of the satellite. The timing drift require-

ment is easily met, but the frequency drift requirement limits the minimum
PF/NO.
C. Modulation Structure

The function of the modulating signal is to provide a timing reference with

resolution better than one millisecond;lr and ambiguity, or repeat cycle, greater

* Measurements to date indicate this goal was achieved.1

T This particular value is for AJ-TATS. The achievable resolution depends
on the available P./N,. For the P./N,'s of interest, it turned out to be pos-
sible to provide two orders of magnitude greater resolution at no additional
cost.




than one day. The modulation structure must allow rapid, unambiguous ac-
quisition of the signal by a receiving station having no a priori knowledge of
time.

A suitable signal structure is generated by biphase modulating an RF car-
rier with a set of interlaced binary sequences of properly chosen period.7
The particular structure chosen for the LES-5 beacon is shown in Fig. 2. The
modulation format consists of frames of 10 msec duration, each of which is

divided into eight 1.25 msec pulse intervals.

10 ms

— |~—l.25 ms

S8 | S1 | S2 | S3 | S4 | S5 | S6 | S7 | S8 | S1 | S2 | S3

S1: Framing signal, all =1's
S2: Binary sequence, period = 25

S3: Binary sequence, period = 27
S4: Binary sequence, period = 29
S5: Binary sequence, period = 31
Sé6: Binary sequence, period = 32

S7: "Future contingency" slot, unused on LES-5 and -6 (:!:1 s)
$8: Telemetry data slot

Fig. 2. Beacon modulation structure.

The first slot (pulse interval) of each frame contains a signal that is al-
ways —1. This signal has low correlation with the other sequences and is used
by the receiver to quickly and unambiguously acquire framing. Slots S2 through
S6é contain binary (+1) sequences with periods 25, 27, 29, 31 and 32, respec-
tively. Because these periods are relatively prime, the period of the inter-
laced sequence is the product of the individual periodé, or 19,418,400 frames.
Since each frame has a duration of 10 msec, the period in time is thus 194,184
seconds, or approximately 2% days.

The binary sequences chosen were selected largely on the basis of sim-
plicity of the logic. However, the associated correlation functions are suitable

for unambiguous acquisition.




Slot S7 provides "growth potential! In LES-5 this slot is occupied by
alternating +1's and —1's.

Slot S8 carries bit-to-bit differential telemetry in the standard LES for-
mat. In LES-5 this telemetry transmission is redundant in that the same
telemetry data are radiated on a separate frequency to provide a telemetry
system as independent as possible of the remainder of the satellite.

The beacon modulation format has the advantage of simplicity in both
concept and implementation. Once the receiver establishes framing, it must
determine the phase or epoch of five short binary sequences. However, the
interlaced structure makes each of these determinations independent, so that
they may proceed in parallel, if desired, to increase the speed of acquisition.
The shortness of each sequence assures rapid acquisition of the individual
sequences.

The time resolution afforded by this modulation structure is related
directly to the pulse length (1.25msec). The ultimate achievable resolution
is limited by the signal-to-noise-density ratio at the receiver; however,
successful acquisition of the time sequences implies synchronization to a

fraction of a pulse period, say to the order of 0.25 msec.

III. FUNCTIONAL DESCRIPTION

The primary function of the beacon receiver is to deliver to a communi-
cations terminal the frequency and timing information contained in the received
beacon signal. To perform this function, however, the receiver must first find
and lock onto the received signal. This is the most difficult part of its task, and
accounts for a substantial part of its complexity. The acquire mode, in which
the receiver carries out this function, is described in part A of this section.

Once frequency, phase, and time have been acquired by the receiver, it
switches to the monitor mode to verify continuously that alignment is main-
tained. The signal-to-noise-density ratio necessary for operation in the mon-
itor mode is considerably less than that required for initial acquisition. In
typical applications the receiver will almost always be in the monitor mode.

The monitor mode is described in part B of this section.




Various auxiliary functions were included in the receiver to provide in-
formation of interest in ground and flight testing, and to facilitate verification
of proper functioning. A demodulator that extracts telemetry information from
slot S8 was also included. These provisions are described briefly in part C.

The following discussion outlines the principles of beacon receiver opera-
tion. For convenience we explain signal processing in terms of bandpass
representations. However, the actual equipment (as described in Appendix A)

was realized almost entirely at baseband.

A. Acquire Mode
Acquisition of the beacon signal occurs in two distinct stages:

1. The receiver adjusts its primary frequency standard to
coincide in RF frequency and phase with the received
signal.

2. Framing time is established and the receiver binary
sequence generators (replicas of those in the satellites)

are aligned with the modulation on the received signal.

Phase acquisition permits coherent correlation techniques to be used in
sequence alignment, which in turn permits reliable acquisition at lower signal-
to-noise-density ratios than possible with simpler approaches. At the initial
acquisition design point, approximately the same average time is required to

complete each stage.

1. Frequency and Phase Acquisition

Acquisition in frequency and phase is somewhat complicated because the
biphase modulated satellite beacon signal has little real carrier component.
A "reconstructed" carrier is generated in a conventional manner by passing
the received signal through a square law device. This reconstructed carrier

is used for frequency and phase synchronization as long as the receiver is in

the acquire mode.




To see how the carrier reconstruction works, consider a biphase modu-
lated signal m(t) sinwt, where m(t) is +1 and —1 with equal probability at the
input to the squarer. At the output, (sin wt)2 equals 1/2 — 1/2 cos 2wt. The
second term is a "line" at twice the input frequency. To maximize the signal-
to-noise ratio out of the squarer at low input signal-to-noise ratios, the
squarer is preceded by a filter matched to one chip (1.25msec, see Fig. 2) of
the modulation. In addition to the desired "line" and noise, the squarer output
also contains a pair of weaker lines #+800 Hz from the desired lines. Circuitry
was included to prevent locking on these lines. Further discussion of carrier
reconstruction is given in Appendix B.

Acquisition of beacon RF frequency and phase proceeds in three steps.
The receiver (a) scans the frequency uncertainty region in search of a recon-
structed carrier, (b) phase locks on the reconstructed carrier of the detected
signal, and (c) tests the acquired signal for biphase modulation (i.e., for very

small real carrier).

a. Frequency Search

Figure 3 shows the essential elements of the frequency search operation.
In response to the search control input, a voltage controlled crystal oscillator
(VCXO) is tuned continuously over the frequency uncertainty region. The
mixer output is passed through the matched filter centered at the IF frequency

Wig and is then squared to reconstruct the carrier. The cascaded narrowband
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SEARCH CONTROL |-

Fig. 3. Essential elements of frequency search.




zonal filter, squarer, and threshold stage constitute a detector which examines

the energy in the vicinity of 2w.., and stops the search on sensing a "line" of

sufficient magnitude. .

The equivalent voltage-controlled crystal oscillator (VCXO) sweep rate
referred to the satellite beacon frequency is 37 Hz/sec, and the narrowband
first-order filter has a 3-db bandwidth of 3.2 Hz. For these parameters a
biphase signal with a Pr/No of 30db (Hz) is detected with a probability greater
than 0.9. The probability of detection for a given sweep rate is very sensitive
to Pr/No. In particular, a decrease in Pr/No to 28db (Hz) results in a prob-
ability of detection less than 0.1. These parameters determine the minimum
Pr/No for successful acquisition. Further discussion of the frequency acqui-
sition scheme is given in Appendix C.

In the event of a fade, the receiver waits about 8 sec, which is considerably
longer than the duration of a normal multipath fade experienced by an aircraft
terminal. If the line is not redetected during that interval, it is assumed that
the link doppler has changed sufficiently to shift the line out of the filter pass-

band, and the VCXO sweep is reactivated.

b. Phase Lock

A second-order phase-locked loop (Fig. 4) is enabled when the frequency
search detector announces the presence of a line within the narrowband zonal
filter. If this loop does not pull in and lock within 8 sec after line detection,
the search control reactivates the frequency search.

The loop is designed to have a noise bandwidth of 10 Hz with good transient
response characteristics when the Pr/No of the beacon signal is 27db (Hz)
and should be able to maintain phase lock in the presence of a 10-Hz/sec drift
at that Pr/No' Appendix D treats the loop performance in detail.

The phase lock detector is also included in Fig.4. When the reconstructed
carrier is coherently demodulated, the lock detector lowpass filter provides
a predictable DC output. Phase lock is assumed if this filter output exceeds
threshold, and the inclusion of a fixed output delay enables the detector to
tolerate short fades and/or occasional loop cycle-slipping without re-initiating

a search.
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Fig. 4. Conceptual diagram of phase-locked loop and lock detector.

A brief analysis of this unconventional detector is also given in Appendix D.

Phase locking to the reconstructed carrier results in a 180° phase am-
biguity relative to the actual carrier phase [i.e., (—1)2 is the same as (+1)2].
The receiver logic is arranged to prevent any difficulty due to this ambiguity.

In the event of loss of phase lock, all other operations are inhibited. If
the signal is not recovered within about 8 sec, it is assumed that changing link
doppler has shifted the received signal out of the pull-in range of the phase-

locked loop, and the frequency search is restarted.

c. Carrier Test

The ZwIF frequency component at the squarer output may arise either from
a biphase modulated signal such as the beacon or from a carrier, unmodulated
or amplitude modulated. One distinguishing feature of the biphase modulated

signal is the zero or very small carrier component (i.e., component at wIF)
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in the unsquared signal. To identify and quickly reject any "false locks," i.e.,
phase lock on signals other than the desired beacon signal, the receiver tests
for a carrier component at Wip immediately after phase lock is established at
ZwIF’ This is accomplished by the addition of a downconverter, lowpass filter,
and amplitude detector at the output of the bandpass matched filter used in the
carrier reconstruction circuit. If this line detector at Wip detects a carrier
component larger than that which could arise from the beacon signal, the search
control reactivates the frequency search. If the phase detector output remains
below threshold, acquisition of a valid signal is tentatively assumed, and the

receiver proceeds to acquire timing synchronization.

2. Time Acquisition

The second part of the acquisition process, that of aligning local framing
and sequence replicas with their received signal counterparts, begins when
phase lock is established. As the time demodulator coarse-aligns framing
and the five binary sequences one by one, a parallel fine-align operation re-
solves the error in the composite timing pattern (framing plus aligned se-
quences) to a small final value.

Time acquisition and tracking proceed only while the undelayed phase-
lock detector indicates phase lock. Because of the 180° ambiguity in the
reconstituted carrier relative to actual carrier phase, the receiver must test,
and if necessary correct, the polarity of the framing signal when phase lock
is re-established after loss of lock. For convenience, before resuming an
interrupted search, the receiver also checks all sequences aligned prior to
loss of lock. Since this checking is quite rapid, acquisition in most fading
environments does not require substantially more time than in nonfading en-

vironments with the same direct path signal strength.

a. Framing Acquisition

The framing signal is a periodic sequence of 1.25-msec pulses that occu-
pies the first position within each 10-msec frame. Framing acquisition is ac-

complished by successively cross-correlating the received signal, coherently

12




demodulated to lowpass, with all possible time shifts of a locally generated
replica of the framing signal (Fig.5). The local signal is stepped in increments
of one-half pulse period (625 usec), so that the maximum misalignment with

the received signal will ordinarily be one-quarter of a pulse period. However,
because of the 180° ambiguity in carrier phase acquisition, the polarity and
time offsets of the local replica are equally significant. Accordingly, by
adopting an interlaced invert/shift search, a signal may be found by examining

32 positions, at most.

=TT pias J
COARSE
MULTIPLIER .
" SIGNAL
O ™ <2 \z/ o] THRESHOLD
Fig.5. Sequential coarse
time-alignment. abter
SEQUENCE > ]
REPLICA
GENERATOR
NOISE
t THRESHOLD
COARSE

SEARCH
CONTROL

The coarse timing section uses a sequential search to minimize average
acquisition time. The integrator output (Fig. 5) is examined until it crosses
one of two thresholds, corresponding to either "signal present" or "no signal
present" (i.e., misalignment).

If no framing signal is acquired within a set number of search cycles fol-
lowing frequency lock, the receiver assumes it has locked on a false signal
and resumes the frequency search. Similar action is taken if any of the timing

sequences cannot be acquired after several attempts.

b. Sequence Acquisition

As soon as the framing signal is detected at a particular time offset, the
coarse-align loop begins the task of aligning the five binary sequences. The
sequence acquisition procedure is much like that indicated in Fig. 5, except
that with framing aligned, a 180° ambiguity no longer exists, and timing is

slewed in one-frame increments. Sequences are acquired one at a time,

13




eliminating the need for more than one correlation-detection system. The

acquisition procedure is analyzed in Appendix E.

c. Fine Time Alignment

The fine-align, modified delay-lock loop is shown in Fig. 6, where the
demodulated input signal r(t) is multiplied by phased versions of the local
composite replica. A discrete correction signal is generated by correlating

one-half pulse period lead and lag replicas with r(t), integrating the difference

o )
™) Nt
1/2 PULSE LAG
) CE\ S f
S ] Fig. 6. Fine time-alignment
RESET delay-lock loop.
1/2 PUI’?‘S(é)LE&O i

SEQUENCE FINE
REPLICA SEARCH
GENERATOR CONTROL

of the products, and measuring the error at the threshold detector output.
Utilizing a fixed 5-psec correction increment, the fine-align servo loop re-"'
duces receiver timebase offset to a small residual jitter. In response to
changes in polarity of the error, the initial slew rate of 25 corrections/sec
is first switched to an intermediate 5 corrections/sec rate; then to a final
rate of 1 correction/sec. This 3-speed scheme reduces loop pull-in time
without compromising steady-state performance.

As each sequence is detected by the coarse-alignment circuitry, it is in-
corporated into the reference signal of the time-locked loop (Fig. 6) along with
the framing signal. This makes more energy available for loop operation,
increasing the effective signal-to-noise-density ratio, and because of the com-
plex nature of the timing sequences makes the loop less susceptible to
interference.

The time loop tracking performance has a standard deviation of about
10 pusec with a received beacon Pr/No of 30db (Hz). At higher signal-to-noise-

density ratios the fine time error is limited by the minimum step size.
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Corrections are made each second so the maximum rate of change of time

delay that could be tracked is 5usec/sec.

B. Monitor Mode

Upon completing synchronization of framing and all sequences, the receiver
automatically switches from the acquire mode to the monitor mode. The local
replica of slots S1 through Sé of the beacon modulation, having been synchro-
nized with the beacon signal, now multiplies the received signal to remove the
latter's modulation. The multiplier output is zeroed during slots S7 and S8.
The resulting demodulated carrier replaces the reconstructed carrier, per-
mitting tracking at received Pr/No's nearly 10db below the minimum using
the reconstructed carrier.

The receiver continually checks the alignment status of each slot within
the beacon timing pattern. In the event that a misalignment is detected, the
receiver provides an external error status indication, and attempts to realign
the sequence in error. Once the sequence is properly realigned, the test is
repeated with the next sequence. Misaligned sequences, when detected, are
removed from the fine time loop reference.

In the event of loss of phase lock, all timebase and sequence shifting is
inhibited. If the signal is not recovered within about 8 sec, the receiver re-
verts to a search mode, identical to the acquire mode, except that the local
replica is still used to provide a demodulator reference. If this search does
not reacquire the signal within about one minute, it is assumed that the local
timebase replica may have drifted out of alignment with the received signal.
Therefore the receiver reverts to the acquire mode by replacing the local
reference demodulator output with the squarer (reconstructed carrier) output.
The logic is arranged so that the timebase is maintained at the most recent

known alignment to minimize reacquisition time.

C. Auxiliary Functions

This part describes additions to the receiver that increase test convenience

and operational utility at nominal component cost.
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1. Telemetry Detector

Slot S8 contains telemetry information in standard bit-to-bit differential
format. Since suitable timing signals were available from the sequence syn-
chronization scheme, an integrator, a threshold device, and a very simple
decoder were added to provide telemetry output. Because the timing reference
is essentially perfect in this application, the achieved telemetry error rate
performance is essentially identical to that of a perfect detector operating at
the same Pr/No‘

2. Signal-to-Noise and Frequency Indicators

The VCXO control voltage is connected to a front panel meter to give an
indication of frequency. Because all mixer reference signals are derived
from the VCXO (Appendix A), calibration of this meter provides a highly
accurate frequency measurement.

The output of the phase-lock detector narrowband filter is applied to a
front panel meter to indicate the received signal-to-noise-density ratio. The
meter indication is actually an indication of the total power passed by the
narrowband filter centered on the received carrier (reconstructed carrier,
in the acquire mode), normalized by the total power in the IF bandwidth (about
4 kHz) of the receiver. Assuming the only interference is Gaussian noise,
the meter can be calibrated directly in Pr/No' The resulting display can be
read to within 1 db for Pr/No's less than 38 db (Hz).

3. Beacon Timing Simulator

A beacon timing generator is included within the time demodulator section.
This permits a baseband self-check of receiver timing acquisition and track-
ing, and also provides a convenient modulation source for synthesizing a UHF

beacon test signal.

IV. RECEIVER PERFORMANCE

A breadboard receiver, tested extensively to verify basic design ideas,
was first used for a preflight check of LES-5. During launch, it operated
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with the 30-ft-diameter paraboloidal antenna atop B Building, Lincoln
Laboratory, Lexington, Massachusetts, to monitor telemetry data contained
in the beacon signal.

Based on experience with the breadboard receiver, a second generation
unit was built (Appendix A). This receiver received LES-6 signals on several
test flights and has monitored the LES-6 beacon from the 30-ft antenna in
Lexington, Mass., as well as via a 10db-gain helix.

Several copies of the second generation receiver were built by a private
contractor. Two of them have been tested sufficiently to establish their proper
operation. Test results agree with theoretical predictions.

Receiver performance is illustrated by three tests made on one of the
copies. For the tests, a simulated beacon signal was added to a known noise
source and fed to the receiver. Calibration accuracy of the resultant Pr/No

is believed to have been better than 1 db.

A. Acquisition

Over a range of Pr/No values, ten or more trials were made during which
the receiver was reset to the acquire mode and allowed one sweep through the
frequency uncertainty region. Results (i.e., acquisition success or failure)
were recorded for each trial. Three distinct sets of results were observed.
While acquisition was always possible at high Pr/No's and never possible at
low Pr/No's, there existed an intermediate region [Pr/N0 = 29db (Hz)] within
which acquisition was sometimes possible. Twenty-five trials were made at
this intermediate signal-to-noise density ratio. The percentage of first-sweep
acquisition is shown in Fig. 7. These results are in good agreement with the

theory (Appendix C).

B. Dropout

To test receiver performance at Pr/No's below the initial acquisition
threshold, the receiver was permitted to complete acquisition at a Pr/No
above threshold. Then the Pr/No was lowered in 1-db steps, holding at each

* AFSC C-~135 aircraft.
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value for about one minute to see if the receiver maintained reliable synchro-

nization.

The test was repeated five times (Fig.8). In reasonable agreement

with theoretical predictions, the receiver never lost synchronization at Pr/No's

of 18 db (Hz) or greater.

C.

Time Jitter

Synchronization was established initially at a Pr/No of 50db (Hz). Timing

reference waveforms from the beacon simulator and receiver demodulator

were compared on an oscilloscope for about two minutes. The peak time jitter

observed was recorded, the Pr/No was reduced by 2db, and the experiment

repeated. Observations (Fig. 9) were made down to a Pr/No of 16 db (Hz).

These results are in reasonable agreement with the analysis in Appendix F.
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Fig. 9. Receiver time tracking jitter based on a two-minute
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19







APPENDIX A
REALIZATION

The following discussion outlines the operating algorithm for the LES-5
automatic beacon receiver, and develops the baseband frequency search re-
alization. The overall receiver is discussed in terms of its RF, frequency
demodulator, and time demodulator sections. Salient characteristics and de-
sign features of each section are given.

1. GENERAL

The overall receiver operating algorithm, as described within the report,
is presented in the flow chart (Fig. A-1). Operation is discussed in terms of
ACQUIRE and MONITOR modes. Whenever the system is in ACQUIRE mode,
the receiver uses a matched filter-squarer scheme in conjunction with a second-
order control loop to phase-lock on the reconstructed carrier of the detected
signal. After validity of the detected signal is confirmed, the local timing rep-
lica (framing plus sequences) is aligned quickly with the detected satellite mod-
ulation by slewing the local timing reference. On completion of timing syn-
chronization, the receiver switches automatically to the MONITOR mode. At
this time, the demodulated carrier replaces the reconstructed carrier within
the phase-locked loop, and the alignment status of each slot within the beacon
timing pattern is checked continually. Provision is made for the automatic
restoration of frequency and time sync after a temporary loss of RF signal.

The essential elements of the frequency search and the phase-locked loop
have thus far been discussed in termsof their bandpass representations (Figs. 3
and 4). However, the actual frequency demodulation section (i. e., frequency
search, carrier phase-lock; signal recognition) was realized at baseband. The
following discussion presents the evolution of a baseband frequency search
model, including detectors, and cites the reasoning behind each choice.

Referring to the bandpass frequency search model (Fig. 3), the cascaded
narrowband zonal filter, squarer, and threshold stage constitute a detector of

energy at twice the intermediate frequency, ZwIF' Because narrowband filters
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are more easily realized at lowpass,Ai it is useful to implement the energy de-
tector as shown in Fig. A-2. Whenever energy is sensed within the narrow
band of the detector, the search is interrupted and the control loop attempts

to phase-lock on the reconstructed carrier.

The conceptual diagram of the second-order control loop, together with
phase-lock detector, was originally presented in Fig. 4. The baseband equiv-
alent model of the loop is shown in Fig. A-3. When beacon carrier phase-lock
is achieved, the lock detector LPF output exceeds threshold, and announces
phase lock to the search control.

To identify and reject phase-locks on signals other than the correct beacon
signal, the system tests for a carrier component at Wi If a carrier compo-
nent is detected that could not possibly have arisen from a valid beacon signal,
the carrier detector (Fig. A-3) reactivates the frequency search.

Recalling that narrowband filters are more easily realizable at lowpass,
that part of the demodulation system up to points A and B can be replaced
with a two-phase synchronous scheme described by Costas.AZ A brief trigono-
metric exercise verifies equivalence of the squaring and Costas schemes.
Figure A-4 shows the final squaring mode configuration, including energy,
phase-lock, and carrier detectors. Absolute value circuits have been substi-
tuted for all squarers used in baseband signal processing. The approximation
to the square-law characteristic is a good one at the specific signal-plus-noise
levels of interest.

Earlier reference was made to the use of a modified frequency loop con-
figuration after time synchronization is achieved. For coherent operation, the
loop of Fig. A-5 replaces the Costas loop, and permits narrowband tracking at
signal-to-noise-density ratios several db below minimum for squaring mode.
Note that the loop error signal is now derived by cross correlation of the quad-
rature baseband signal with the aligned local timing replica, and that the car-
rier detector is no longer used.

Figures A-4 and A-5, respectively, present the receiver configuration for
(a) frequency acquisition and carrier phase lock in ACQUIRE (squaring) mode,
and (b) coherent narrowband tracking in MONITOR (coherent) mode. From a

hardware standpoint, it is more convenient to consider the receiver as a system
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composed of three sections; viz., an RF section, a frequency demodulator,
and a time demodulator. Physically, each section is comprised of one or more
modules (Fig. A-6).

2. RF SECTION

The basic function of the RF section is to translate, amplify, and convert
incoming beacon signals to in-phase and quadrature lowpass signals for the
frequency and time demodulators. The RF block diagram is shown in Fig. A-7.
To obtain good dynamic range, overload, and out-of-band rejection character-
istics, selectivity-determining components were preceded by the minimum
gain possible without compromising sensitivity. Specification and maintenance
of conversion signal frequency and phase characteristics were simplified by
deriving all frequencies from a single oscillator. Other design features of

note are:

a. Doubly balanced mixers to provide wide dynamic range.

b. A first mixer injection signal derived by a divide-and-
phase-lock stalo programmable in 100-kHz steps over a
1-MHz range.

c. A second mixer injection signal derived by a divide-and-
phase-lock stalo programmable in 5-kHz steps over a
100-kHz range. This feature was included to permit op-
eration with future satellites.

d. A second IF amplifier having very wide dynamic range
and high gain with an internal constant average envelope
AGC. This IF amplifier offers somewhat better perform-
ance than would be possible with a hard limiting IF am-
plifier under certain conditions.

e. Balanced high-level downconverters to provide fractional-
volt baseband signals with millivolt DC offsets.

3. FREQUENCY DEMODULATOR

The frequency demodulator section accepts quadrature baseband input
gsignals from the RF section, and controls the frequency search and subsequent
narrowband tracking of the beacon carrier at low signal-to-noise-density ratios.

The frequency demodulator, with both squaring and coherent configurations

denoted, is shown in Fig. A-8. Conventional digital timers within the search
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control operate in response to detector inputs to provide appropriate delays

for phase lock, signal fades, and coherent search (Fig. A-1). Noteworthy

hardware features are:

a.

Low leakage FET switching between squaring and coherent
configurations.

Absolute value circuits used as approximations tosquarers.

An active loop filter having a limited and resettable output
(VCXO control) with negligible drift.

Baseband multipliers realized via a "half linear" scheme
in which an analog multiplicand and a digital multiplier are
processed using logic-driven FET switches with an inte-
grated circuit operational amplifier.

4. TIME DEMODULATOR

The time demodulator section accepts the in-phase baseband signal from

the frequency demodulator, r(t), and uses coherent decorrelation techniques

to align a local timing replica with the received satellite timing pattern.

As outlined earlier in this report, time synchronization is carried out in

parallel by coarse and fine control loops. Simplified conceptual diagrams of

the coarse and fine loops, plus the telemetry detector, are shown in Fig. A-9.

Salient receiver features associated with the time demodulator are:

a.

The ability to recognize unacceptable signals, and to com-
mand a resumption of the frequency search.

Automatic monitoring of timing sync status, with time fly-
wheel capability in the presence of signal fades.

Built-in self-check circuitry.
Serial and parallel timing data outputs.
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APPENDIX B
CARRIER RECONSTRUCTION

The biphase beacon signal of average power Pr may be written
ZPr m(t) cos wt

where m(t) = +1. The probability that m(t) is +1 is almost 1/2, so m(t) is ap-
proximately zero and the real carrier component of the beacon signal is quite
small. A conventional technique for generating a coherent reference carrier
is to pass the biphase signal through a square law device.

This appendix describes some aspects of this carrier reconstruction tech-
nique that are not well known, but which are useful in system design.

The beacon signal is received in the presence of additive white Gaussian
noise of real (single-sided) spectral density No' Therefore, the received sig-

nal plus noise may be written as
[ 2Pr m(t) + ni(t)] cos wct + nz(t) smwct

where n1(t) and nz(t) are lowpass Gaussian random processes with double-sided
spectral heights of No‘ The received signal plus noise is filtered and squared.

With ~ to denote "filtered," the double frequency output of the squarer is

?112(t) . Ezz(t)
2

~2 ~ ~
[Prm (t) + ZPr m(t) n1(t) +

cos2w t
©

+ [f2P m(t) ’ﬁz(t) + Ei(t) Ez(t)] sin2w t

The desired "line" is Prmz(t) cos cht; the remainder of the output is a sum

of spurious signals and noise.

1. Optimum Filtering

Since very narrowband processing techniques must be used for operation

at low Pr/No's, a reasonable design approach is to precede the squarer with




a filter that maximizes the squarer output ratio of line power to the equivalent
noise density near the line. Let H(s) be the equivalent baseband transfer func-

tion of the filter. Ignoring the self-noise term
~ 2 2
Pr [m (t) —m (t)] cos wct s
a straightforward calculation shows that
a_ NG .2
|H(s)|“ = (G sinc“ wT/2)/(1 + ZEC/NO sinc® wT/2)

where

an arbitrary gain

It

duration of one beacon signalling chip (1.25msec
for LES-5 and -6)

E
Cl

energy in one chip

N
o

input noise spectral density

and sinc X £ sinX/X. From the form of this equation it follows that an optimum
filter at low EC/N0 is matched to a single chip of the modulation.
The corresponding squarer output signal-to-noise density ratio (PS/NS) is

o0

sinc4wT/2 dw
27

2
(P./N_) . =1/2 (E_/N ) g
s’ " 's’opt ¢ Jow 4 4 2E_/N_sinc® wT/2
An analytic expression for this integral was not obtained. However, two upper

bounds derived by simplifying the integrand are

< 1/2 (P /N_) (E_/N_)/(1 + 2E /N )]

(Ps/Ns)opt =

and

(Po/N) . < 1/3 (P /N ) (E /N )

opt

The true (PS/NS) is asymptotically equal to the first bound for high Ec/No’

opt
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and to the second bound for low Ec/No' Two lower bounds, derived by applica-

tion of the Schwartz inequality, are

(Py/NQ) ooy > (27/64) (P/N ) (E/N)/(3/2 + 2B /N )]

and

(Py/NQ) ooy > (1/3) (PL/N ) (E/N)/1 + 33/20(E /N, )]

opt

which are most useful at high and low Ec/No’ respectively. For low Ec/No
the upper and lower bounds are identical. Plots of these bounds on PS/Ns for
T = 1.25msec (Fig. B-1) correspond to the LES-5 modulation. Note that the
upper and lower bounds differ by 1.5db, at most. The optimum filter, and the

second upper bound on (PS/N were first given in Ref. B1.

s )opt’
2. Matched Filtering

Because a filter matched to one chip is fairly easy to realize, and because
the optimum filter (neglecting self-noise) at low EC/N0 is a matched filter, we
evaluated the squarer output Ps/Ns’ including self-noise, for such a filter over
the full input range of Ec/No' The result is

P_/N_=1/3(P_/N ) {(E_/N_)/[1 + 33/20 (E_/N ) + 1/12 (E_/N_)*]}

The three denominator terms are due to noise X noise, sig<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>