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AROD
VEHICLE TRACKING RECEIVER DESIGN

1.0 INTRODUCTION

The Vehicle Tracking Receiver incorporates several
unusual applications of phase-locked loops and signal proc;
essing techniques. The purposes of this r;porf are to docu-
nment the design characteristics of the receiver, to present
the constraints upon the design, and to provide a background
for evaluation of the'equipment performance. Inclu@ed~in
this report are some detailed performance data in the form
of ecurves, photographs, and recordings which were measured
on a breadboard version of the receiver operating with a
breadboard Transponder‘Transmitter. This date is presented
in the section of this report detailing that portion of the

receiver design.

1.1 DESCRIPTION OF RECEIVER

The receiver is pomprised of four receiving channels
which operate independently. A portion of the receiver,
specifically the S-Band Mixer and Preamplifier, the Frequency
Synthesizer, and assorted Distribption Amplifiers,.¥s common
to the four channels. Excluding the common equipment, the
equipment in the remainder of the receiéer channels is identicsal

for each channel except for buﬁing and the selection of reference
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frequencies. ‘The non-common portion of esch receiver channel
is physically constructed in three subséetions. These are
the Carrier Tracking Loop, tﬁs Modulation Tracking Loop, and
the Code Control Subsection. These subsections operate
together to provide amplification, demodulation, and tracking
of the input signal. Initial acquisition and station release
is controlled by the AROD System Control Logic which proﬁfdes
appropriate steefing signals to the receiver.

The received signal is “transmitted from a Transponder
Station as a suppresé%d—carr{er, pseudonoise—coded waveform.
During initial acquisition, the transponder has applied
Doppler compensation to the carrier frequency of this signal
to ensure that the buried carfier lies within ready capture
range of the Vehicle Receiver. The impressed code during
this initial acquisition is a 127 bit code with a bit rate
of 6,25 KHz. This code is searched at a rate of 50 bits
per second in the receiver resulting in an inspection time
of 20 milliseconds for each code bit.

The receiver 1s programmed to Acquisition State V-1
to perform this code sesrch. The receiver requirements in
this state are:

(1)‘ Rapid capture of code and carrier,

(g) Rapid detection of_che;synchronization,

(3) Auvtomstic termination of the code search, and

(ui Demodulation of the data on the signal to determine

station identification and status.



-3~

After the initial code and carrier acquisition, the

Doppler compensation is removed Sy the Transponder Station

with a linear sweep from Reversed Doppler to True Doppler.

The receiver tracks this sweep in Acquisition State V-2

while maintaining code lock. The receiver requirements in

this state are:

)
(2)
(3)

Track the frequency sweep with acceptable lag,
Maintain code synchronization, and
Demodulate the data on the signal indicating the

completion of the sweep.

When the Doppler Reverse sweep is complete, the

Transponder Station signal is modified to include a high

frequency code. This code is 511 bits long with a bit rate

of 6.4 MHz.

This entire High code sequence is included in

each bit of the Low code which was initially acquired. Upon

recognition of the Doppler Reverse Complete signal, the

Vehicle Receiver advances to Acquisition State V-3 for capture

of the High code. 1In this state the receiver requirements ‘are:

(1)
(2)
(3)
()

Continue to track the suppressed carrier,
Continue to track the Low code,
Perform a restricted search for the High code, and

Detect High code synchronization.

When High code synchronization is detected the receiver

is automatically advanced to the final Track mode V-L. In this

state the receiver tracks the suppressed carrier and the H{gh
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code. The Low code is retained in the tpansmitted signal,
but is not used for tracking in this-mode. The réceiver
requirements iﬁ Acquisition State V-l are:

(1) Track thélsuppressed carrier through the
expected signal environment due to vehicle
dynamics, signsl fading, and Transponder to
Vehicle propagation loss,

(2) Perform optimum filtering of the carrier and
extract the carrier boppler shift fof determin-
ation of Transponder to Veﬁicle velocity data,

(3) Track the High code and perform optimum filtering
of its phase for éxtraction of Transponder to
Vehicle range data, and

(4) Detect data on the received signel indicating
Transponder identification and status.

The received‘signal_power at the Vehicle Tracking
Receiver is shown graphicelly in Figure 1. The region of
primary intérest is enclosed in the dashed line box. This,
region covers slant ranges from 100 KM to 2000 KM. The .
antenna gains, transmitted power, and cable losses are those
anticipated for the System Teét Model and may not be repre-

sentative of operational- conditions.
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2.0 MODULATION PROCFSSING AND CARRIER TRACKING

The Tracking Receiver is intended to track the carrier
frequency of the incoming signal for coherent velocity extrac-
tion, and to recover the range code modulastion for the extrac-
tion of range dats. To sccomplish these tasks, the receiver
design is based upon the principle that the carrier and the
modulation are best extracted through two parallel paths.

This principle can be summarized by considering a recaived
signal which is the product of a carrier and its modulation,
or M(t) cos (wct + ) and the parallel extraction paths
being the multiplication of this signal by two different
references for range and veloclity extraction. The reference

for the extraction of the carrier for velocity data is
d
M(t + T) — t+
( ) or o0n (wg @)
which yields the product
[H(t) M(t + -r)] [cns (w,t + 6) sin (w t + @)

The term [M{t} M(t + T)l represents the correlation of the
ranging signal and its cross-coupling into the velocity
extraction. The remaining term ylelds the desired carrier

tracking function, for by trigonometry,
cos (w.t + 0) sin (w,t + @)

- % lsin (2wet + 6 + @) + sin (¢ - 6]]
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This is seen to be the sum of two terms, one of which
is a high frequency signal at twice the carrier frequency, -
and the other fe;ahed only to the phase error between the
incoming carrier and the locally generated replica. These
signals can be separated by & low pass filter which yields
the desired error signal of

A sin (¢ - 0)

The carrier channel thus develops a steering signal
which is proportional to the sine of the phase error. This
steering signal.is properly sign-sensitive (i.e., positive
phase error leads to positive voltage and pegative phése
error leads to negative voltaée) and reduces to zero wﬁen
tracking with no phase error.

The modulation is recovered.by a similar means. As

the modulation may in general be represented as

N
M(t) =z an cos (wpt + ay)
=0

the received signal is
N

8 =z ay cos (wpt + ap) cos (wetl + )
n=0


http:recovered.by
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The desired reference is

=4 ;
R =37 M(t + 7) cos (wst + ¢)

which can be represented Sy

R =) by sin (wypt + By) cos (wet + @)

oM1=

=

upon multiplication with the received signal, the result is

N M
cos (w,t + #) cos {wet + ¢) z Z ay by cos Wyt + ay,) sin wyt + Bu)

o o

The average value of which is everywhere zero except

when m = n. The low frequency part is then

N .
cos (wct + 6) cos (wct + @) z ¢, cos (wnt‘ + an) sin (wnt + ﬁn)

n=o

Employing the trigonometric identities used in the derivation
of the carrier steering signal, the term cos (Wt + 6) cos (wet + é),
after selection of the low frequency terms, yields cos (6 -~ ¢)
and represents the degree of correlation of the carrier signals
and its cross~coupling into the modul'ation tracking syétem.
The remaining terms inside the summation are all of

the form cos x sin y which is equal to
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% sin. (x + y) + sin (x - y)

and is the sum of signals at twice the frequency of(Jn and
phase error terms which can be selected by appropriéte low
pass filters.

The resultant low frequency part of the modulation

steering signals is then
N
%chsm(a-ﬂ)
o

which is proportional to the phase error petween each
component of the modulation signal and is properly sign
sensitive.

The physical generation of the desired reference
signals required some compromise of the forgoing development.
The carrier tracking reference is straight-forward, for if the
modulation signal could be generated in the transmitter it
can be erected in the receiver also. The development -of the
derivative of the carrier signal represents merely a 90 degree
phase shift of the carrier which introduces no particular
problems.

The modulation reference is more difficult for
complex waveforms. As the selected modulation is a binary
pseudonoise sequence, its derivative is a series of positive

and negative impulses. This derivative can be approximated
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by a "split-bit" whereby the impulses are stretched and
balanced to ease the mechanization problems of three-level
modulation and infinite bandwidth.

The relationship of a "split-bit" reference with an
ideal reference is shown in Figure 2. There are two majdf
differences. The first of these is the stretching of the
impulses into a finite duration and the second is thé
gubstitution of a gero-mean square wave for the third level
of the derivative reference. It should be noted that the
frequency of the square wave, f,, ‘can be any integral multiple
of the code clock frequency to establish the correspondence

of the "split-bit" and derivative references. This charac-

teristic is used in the design of the receiver.
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2.1 SEQUENTIAL PROCESSING
The effect. of multiplying thée received signal by the
split-bit reference does not necessarily affect the carrier

tracking capability. Let the received signal be
AM(t) cos (w3t + @)

and the reference be
2M(t + T)Eos w, (t +71)

where
[bs w, (t +7)
is a square wave with the timing of a cos w, (t + T) function.

The resultant product

aM(t) M (v + 1) [os w, (b +7) cos (wyt +¢)
can be amplified, translated, and gain leveled before separation
into the modulation and carrier error detectors. The low freq-
uency terms after multiplication by cos (a&t + 0) was shown to
be 2 proper modulation tracking signal, and the low frecuency
term after miltiplication by sin (W3t + 6) [os w, (t + 7)
yields the desired carrier error signal.

It is significant that the product of the received
signal with the reference code contains timing information
for the éarrier. The speétrum of this'éignal is a sinusoid

balance-modulated by the square wave. The residual center
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frequency amplitude is proportional to the modulation tracking
error and its phase reverses when the modulation timing goes
from early to late. In this form, the error signal for the
modulation timing is highly insenéitive to equipment drifts.
This method of processing the signal is shown in
Figure 3. Also shown on this diagram is the method of recover-
ing a measure of the signal smplitude. This amplitude is used
to drive the automatic gain control circuitry and to provide

a means of detecting code synchronigzation.
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2.2 SELECTION OF GATING SIGNALS

The necessity of rapid automatic secquisition and
tracking of both the low-speed code and the high-speed cods
requires a modification of the simple square wave gating
signal which was shown to modulate the receiver code and to
extract the error signals. The received code'actually takes
one of two forms, depending upon the particular portion of the
acquisition sequence in process.

During initisl acquisition, Vehicle States V-1 and V-2,
the received code is simply the low code (L-code). The receiver
reference code is modulated with a square wave which is twice
the code bit rate. This requires that the modulation error
signal be gated to remove the ambiguous nulls, The development
of the modulation error signal as a function of the timing
errdor is shown in Figure li. The timing gate GR is placed at
the input to the modulation loop filter shown in Figuge 3.

The L-code 1is acﬁuired by the receiver by a sequential
code search which causes the receiver code to shift relative
to the received code one bit at a time. Code synchronization
is detected by the presence of a signal at the output of the
signal emplitude balanced gates. The carrier tracking loop
during this code search is held to center frequency by &
"Frequency Preset” mechanism and autoﬁatically locks when
the correct code tiﬁihg is achieved. When thé L-code lock

is complete and is so reported by the'AL detector, the S-Band
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frequency is lineasrly swept by the.Transponder Station to
establish two-way Doppler coherénce.~ The Vehicle Receiver
tracks this sweep in Acouisitioﬁ State V~2. At the end of
the sweep the Transponder Sfa%ionfﬁodifies the transmitted
code and simultaneously informs the receiver that the Doppler
Reverse is complete. The Vehicle Receiver then advances to
Acquisition State V-3 to acquire high-speed code. The develop-
ment of the modulation tracking signal in State V-3 is shown
in Figure 5. It can be seen that the modulation gating signal
is necessary to generate a proper tracking signél in this
mode., The presence of the residual "rabbit ears" is of no
concern because the receiver timing has been correctly
preset during the initial Acquisition State V-1.
When the receiver is tracking the L-code in Acquisition
State V-3, the signal amplitude is monitored both during the )
tracking period snd in the interval of time where the H-codes
are'present. When H-code alignment is sensed in the Ay detéctor
the receiver codeé and gating signals asre switched to track on
the H-code alone. The development of the modulation tracking
signal in this final "Track" State V-l is shown in Figure 6.
The application of these signals to fhe tracking
receiver in the process of signal gcguisition is shown in
Figure 7.- Included in this timing diagram is the effect of
the i.f. gating signal to proﬁibit éhe L-code from introducing

tracking errors in the final Track mode V-l.
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The tracking receiver in the final Track State V-l
is seen to be time shared between carrier tracking intervals,
modulation tracking intervals, and intervals of time during
which the L-code is received but the intermediate frequency
amplifying chain is cut-off. One-half of the time is assigned
to this normally unused L-code transmission to provide a means
of rapid reacquisition in the event of signal discontinuities
which cause loss of H-code lock. This protection affords the
capability of continuing L-code lock by reverting to State
V-3 without modifying the Transponder Station transmitted
signal.. The extent of this protection is apparent by
considering that a timing error of +.159 usec (+Ty) causes
loss of H-code lock, but the error must be incressed to
+160 usec (tZTi)‘to cause L-code loass,

The other half of the time is equally shared between
carrier track and modulation track intervals. Theée intervals
both correspond to periods when the H-code is received from
the Transponder Station. The receiver reference code is
different for modulation tracking and carrier tracking in
State V-li, being L ® H ® Ty for modulation track and I & H & fy
for carrier track. This processing differs from that used
in the earlier acquisition states where one reference provided
both tracking signals. The resson fér the difference is that
although the L & H & fH reference provides a proper split-bit

reference and both carrier and modulation error signals result,
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the carrier tracking signal exists as the phase of sidebands
about the normally suppressed center frequency and the sideband
frequency is 2Fp or +12.8 MHz. It is not practical to support
this bandwidth through the intermediate freguency channel as
the noise entering the detectors would become excessive.’
Accordingly, the reference signal of L & H & f; is substituted
for carrier tracking and the intermediate frequency sidebands
are at tfy or +12.5 KHz which is the same frequency as the -
resultant in the earlier acquisition states.

The measured spectra of the recekved code, the reference
code, and the resultant products are shown in Figures 8, 9, and
10. Although the time sharing in acquisition states V-3 and
V-l is apparent in the spectra as additional spectral lines,
the continuity of tracking signals can be seen in the 12.5 Kiz
gidebands which are retained throughout the acquisition and

tracking modes.
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3.0 LOOP DESIGN

The Vehicle Tracking Receiver employs phase-locked
loops for tfacking of the received carrier and range modula-
tion. The amplifying channel of the receiver is gain leveled
by a coherent automatic gain control system, and a phase-
locked Rate-Aid loop is used to assist the modulation loop
in following signal dynamics. The following paragraphs are
concerned with the constraints upon the design of these

tracking loops.

3.1 LEVEL CONTROL AND AGC LOOP

The receiver is intended to operate over the.rénge
of input signal levels from -70 dbm to ~130 dbm. Reference
to Figure 1 shows that this is a much larger dynamic range
than that expected for slant ranges of 100 km to 2000 km
which is the primary region of interest. The larger dynamic
range provides increased system versatility and protection
against signal fading in operation. The receiver gain and
amplifier distribution have been désigned to afford this
increased dynamic range and to control the magnitude of
crogs~-channel intermodulation in the course of receiving
multiple station responses.

The selection of the receiver intermediate frequencies,
the order of mixing operations, and the gain control system

are based upon the desired dynamic range, the relative power
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difference between station responses, the minimizstion of
internally generated bilas effects, ahd saturation due to
thermal noise in the receiver.

The primary purpose of the AGC system in the recelver
is to establish a relatively constant signal level into the
phase detector driving the carrier phase-locked loop. This
is necessary to control the carrisr loop bandwidth between
the limits required %o track vehicle dynamics and to prevent
carrier tracking of the range code modulation. The configura—
tion of the amplifiers, detectors, and AGC system is shown
in Figure 11.

The action of the automatic gain control system is
to hold the level at the detector input nearly constant,
however, the amg}ifier which drives the detectors will modify
this level near receiver threshold due to the controlled
limiting characteristics. Thig provides a means of allowing
a predictable smount of loop bandwidth expansion in the
receiver loops under normal conditions. The smplifier-limiter
is a band limited circuit, and will hold nearly identical
signal-to-noise ratios at the input and output, and as the
total output power capability is restrictéd, the avallable
signal power at the output will be decreased as t@e sipgnal-
to-nolse ratio decreases. The automatic gain control system
clamps the signal level very near the minimum value to which

it is suppressed by the noise as shown in Figure 12a.
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The AGC loop is designed to be a first order servo

with a transfer function of

_
Hpee = 757 &S

where
K= T/, = —b
/G | Kok
15<K,<180 db/v = galn slope of IF amplifier
.037< K3 <.05 v/db = detector sensitivity

A=h.3x 3.5 x 2.0 = amplifier and gate gains

e

"

0.35 sec = filter smplifier lag

The resultant noise bandwidth of the AGC loop will
vary from 12 Hz at the receiver threshgla to 160 Hz under
very strong signal conditionms.

Although the phase-locked carrier loop has been
tightly constrained after acquisition, and its bandwidth
has been restricted to prohibit code tracking, the coherent
nature of this AGC offers no assistance during initial
acquisition. To restrict the bandwidth under strong signal
L-code search, a non-coherent detector supplies the AGC '
function. Under weak signal conditions and after acquisition,

this detector is non-operative.
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3.2 CARRIER LOOP DESIGN

The design of the carrier tracking lbop is constrained
by the range of input frequencieé to be tracked, the inpuﬁ
signal dynamics, the time required for capture of the received
signal, and the effects of the loop performasnce upon the code
synchronization detecto£s. The resultant design is the result

of a number of trade—éffs between these constralnts.

3.2.1 Bandwidth Selection

During initial acquisition the tracking receiver is
to acquire the received signal in the Doppler Reversed mode.
The L-code is searched at a rate of 50 bits/second and the
carrier loop must acquire the signal upon the correct code
bit. Upon capture, the coherent signal strength is detected
in the Ay detector terminatiﬁg the code search.

The Doppler Reversal is not exact, as therg is no
perfect measure of the vehicle master oscillator at tﬁe
Transponder Station, so the received signal will differ
from the receiver center frequency by an error. The
receiver carrier VCO is p?ogrammed to center frequency by
the Frequency Preset Circgitry with zero static error, so the
frequency error can be attributed entirely to the accuracy
of the Doppier Reversal. The equivalent model of the Doppler
Reverse ié shown in Figure 13, and the resultanf capture
time of the carrier loon is plotted for several carrier loop

bandwildths.
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As there is only 26 ms available for inspection of
each search step, it is seen that the 1opp‘éapture xime will
degrade the acquisition threshold. The relationship is
linear for the acquisitioﬁ detector (AL detector) is a ﬁatched
filter with essentially linear characteristics. Acquisition
bandwidths of the éarrier loop must be greater than about
500 Hz to avoid a serious loss of acquisition sensitivity.

After initial acquisition, the Doppler Reversed
signal is linearly swept to the true Doppler condition. This
ramp of freguency is to be tracked by the vehicie receiver.
The magnitude of the ramp may be estimated at escape veloclty
from the two-way Doppler shift of the 1800 MHz signal to be
about 140 KHz, and the transponder station performs this
sweep with a linear rate of 100 KHz/sec. The corresponding
lag in the vegggie receiver will be a function of the
carrier loop bandwidth as shown in Figure lha.,

When the Doppler Reverée cycle has been completed,
the signalAdfnamics will be oﬁiy‘those agssoclsted with the
range-rate from the vehiélq td;tﬁé transpond{ng station.

This rate may be as high as 6 KHz/sec but will always occur
under strbng signal conditions.

The recelver lag to the Doppler rates from these
vehicle dynamics is plotteé-as a function of receiver band-
width in Figure 1lhb, It can be seen that a considerably

narrower loop can be tolerated after acquisition has been
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completed.

There is an upper limit to the allowable carrier band-
width which is .a £esult of the type of modulation employed.
As the code strucéure includéé domponents down to about 50 Hz,
and as the code is modulated directly upon the received carrisr,
the carrier loop will attempt to track a portion of the modu-
lation. The wider the loop bandwidth, the more modulation is
tracked, and the greater the degree of apparenthcode correla-
tion even though the transmitter and receiver codes are not
in synchronism. This complicates the problem of correct
detection of ¢ode synchronization for the apparent code-noise
level can become high under strong signal code search. The
effects of this code tracking are minimized in the receiver
by the three separate mechanisms.

(1) The basic bandwidth is minimized.

(2) The bandwidth expansion under strong signal

conditions is controlled by non-coherent AGC.

(3) The carrier loop is constrained by the frequency

pfeset.

The measured code correlation characteristics of the
receiver for two basic carrier bandwidths, with and without
the bandwidth expansion due to strong input signals, is shown

in Figura-lS.. The bandwidth expansion can be- calculated from
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the expression
Bo G
== (1+2=)
/3‘3 G

where

actual noise bandwidth

®
1

B, = design noise bandwidth

[o]
It

actual loop phase gain

[»]
|

= design loop phase gain
These recordings were measured by opening the
recelver range loop and permitting the receiver and trans-
mitter codes to drift through synchronization. The high
peaks of correlation in each case correspond to code synchron-

ization, and the remasinder of the graph is unwanted noise.

3.2.2 Preset and Gain Control Effects

The effect of the frequency preset, which during
L-code acquisition holds the mean carrier loop to center
frequency, is more to enhance the probability of acquisition
than to decresdse the code noise. Ths ﬁreset voltage does,
however, reduce the loop phase gain during initial acquisition
and prevent large frequency fluctuations. The recordings of
Figure 16 show the code noise and the frequency of code
capture with and without the frequency preset loop connected.
For these'tests, the V-2 acquisition signal was disabled so

that the code search was not terminated. The code was then
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continuously shifting at 50 bits/sec, and synchronization
should be detected once each code word or 2.5L seconds. It
can be seen that without the preset loop, the carrier loop
frequency is driven by’modulatiﬁn tracking over abouf +12 KHz.-
If the frequency is far from center when code synchronization
occurs, the loop capture time exceeds 20 ms and detection of
synchronization is not succegssful. The application of the
preset loop constrains the carrier frequency, ensuring that
thehcapture time will be small.

The final precaution against modulation trécking by
the carrier loop under strong signal acquigition is the
application of non-coherent AGC to the receiver to 1limit the
expansion of the carrier loop bandwidth. This AGC is developed
by rectification of the apparent code noise during code search
and is applied through the normal AGC system. The effectiveness
of this in reducing the code noise is shown in Figure 17 under

strong signal search conditions.

3.2.3 Design Summary

The final design of the carrier loop is summarized on
Pigure 18. The.gating sequence of GGl and Gao is in accordsance
with the basic receiver timing diagram shown on Figure 7, where

Ggy 1s the positive going portion of G, and @ 2 is the hegative

[ [«
going portion.

The configuration of these gates is that of a basic
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volﬁage doubler, although the necessity of providing a
relatively constant output impedance required heavy loading
of the circuit. The gain of this final detector. is thus
drdppéd from 2 to 3/2 by resistive loading. This gain is
further decreased by the duty eycle of gate Gup resulting
in a predictable change in carrier loop phase gain as the
receiver is programmed through the acquisition states.

This change in loop gsin is used to perform the
bandwidth switching between acquisition states. As the
loop natural frequency(on‘is related to the filter lag
and the 106p phase gain by %; = %; it is necessary only
to modify the filter lead between states V-2 and V-3. This
is particularly desirable in preventing switching transients

from perturbing the loops.

3.2.t  Doppler Extraction and Frequency Preset

One of the functions of the receiver is to extract
the two-way Doppler shift of the S-band carrier frequency
for measurement of the relative velocity-between the Vehicle
and the Transponder Station. The mechanization of the receiver
is such that this entire frequency shift is contained in the
frequency of the 6.0 MH% VCO in the carrier tracking_loop.
The VCO oqtpﬁt is then multiﬁlied by .eight to increase the
resolution of the measurement and is’thén heterodyned down

to 3.2 MHz for delivery to the velocity extraction circuitry.
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This method of recovering the two-way Doppler shift of the
carrier is shown in simplified form in Figure 19.

As the oubput signal to the velocity extraction unit
is an accurate measure of the center frequency to which the
receiver is tuned, comparison of this frequency against the
master oscillator frequency generates the error signal for
frequency preset. At the time when initial acquisition is
initiated, the signal at the receiver input should contain
no’Doppler shift, and the output frequency of the Doppler
mixer should be precisely f,.

The measurement of the receiver error is accomplished
by digital comparison of these two signals resulting in a
positive voltage if the receiver frequency is low and &
negative voltage if the frequency is high.

A detailed analysis of this mechanization, and a
simulation of the~receiver capture characteristics, is

contained in Technical Memorandum M-33 dated April 15, 1965.

3.3 MODULATION LOOP DESIGN

The modulation loop derives the receiver reference
code and maintains synchronization with the received code.
It also performs near aptimum filtering of the range infor-
mation prior to presenting it to the.Range Extraction Unit.
The loop is strongly Rate-Aided from the carrier loop to

permit the use of very narrow bandwidths.
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3.3.1 Bandwidth Selection

The bandwidth requirements for the modulation loop
are much more easily derived than those of the carrier~ldop.
The received signal dynamics on the modulation are low, és
they are simply the Doppler shifts end rates which are
associated with the modulation frequencies.

The modulation loop has two operating modes. The
first of these is the acquisiﬂioﬁ mode in which the L-code
ig tracked. The loop remasins in this mode in acquisition
States V-1, V-2, and V-3. The other mode is t@e final
Track mode which occurs in state V-li. The eguivelent block
diagrams of the loop in these two operating modes is shown
in Figure 20.

The derivation of the error sensing curves was
outlined in Section 2 of this report and was shown on
Pigures L, 5, and 6. These curves pertain to the output
of the equivalent detectors which includs the effect of the
Gr sampling gate.

The range loop is very strongly Rate-~Aided from the
carrier trackiné loop to almost completely remove the require-
ments of dynamié tracking from the loop design. This Rate-
Aid mechanization will be described in Section 3.4 and its
effect is-to significanfly reduce the tracking requirements.

The signal dynamics in the modulation loop, as seen by the
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squivalent detector, are tabulated below.

Maximum Doppler Shift

Maximam Doppler Rate

Acquisition Without With Without With
State Rate-Aid . Rate-Aid Rate-Ald Rate-Aid
V-1 1.0 Hz +1.0 Hz .02 Hz/sec .02 Hz/sec
V-2 1.0 Hz ‘1.0~ £.0029 Hz .02 Hz/sec .0j2—>.0001
\}-3 +1.0 Hz +.0029 Hz .02 Hz/sec .0001 Hz/sec
v-h +511 Hz 1.0 Hz 21.3 Hz/ssc 006 Hz/sec

It is seen that although the Rate~Aid is ineffective while

operating with the Reversed Doppler in the Transponder Station,

it becomes effective in state V-2.

The signel dynamics which

remain after Rate~Ald are small and do not constrain the

selection of the loop responses.

The selection of the loop bandwidth is almost entirely

dictated by the filtering, or data smoothing requirement. As

the final data output occurs at i readings/second, it is desir-

able that each sample be smoothed to provide a near optimum,

estimation of range delay.

This smoothing corresponds to a

loop low pass noise bandwidith of the order of Ly Hz. Comparison

of this andwidth with the residusl Doppleér shift shows that

the Range Loop may be first order in states V-1, V-2, and V-3,

but must be second order in state V-i.
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The application of the strong Rate-Aid also relieved
the range loop of the high gain requirements to track the
Doppler extremes. The loop lag will be the greatest in V-1
and will be about 2l degrees for a first order loop with L Hz
noise bandwidth. The lag in tracking state V-l, will not be
as great, but the lag will contribute directly to a range

measurement error.

5.3.2 Drift Effects

Although the signal to be tracked has been greatly
reduced by the Rate~Aid, oscillator drift and amplifier bias
effects must be t?acked out with low lag. Assigning a net
bias of ted to the output ‘of the equivalent detector, where
€d includes the net-effect of 8ll DC drifts, and assuming
that the 12.8 MHz oscillator drift is +Af, the range error

will be

T

H

A= (-l_—ed + —~4—f—) -—Q seconds
A ASK, en/p

T AP Ty
= (+€d % ——r— / seconds
( AlAZKV> €m

The range loop gain at threshold in state V-l will be

ffzg (_z_) x Ajh, (g) x §z cycles x T sec

&, =
L TH/2 sec .2 v - sec H cycle

- €mA1A2Kv sec-l
2
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The ranging error due to drift sffacts in the modulation loop
will be
= €d | Af '
4= (i pee + EEZ) Ty seconds

and as Tﬁ = 0.156 usec

[~
4}

23.1t [_ prog ZG ] meters range error

It can be seen that the loop gain is ineffective in
reducing range error due to smplifier or detector drifts,
but does directly reduce error from oscillator center frequency
stabillty. Allocating a peak error from sach of these sources

of 0.2 meters at the receiver threshold,

AL €d

'0.2 > 23.) oy 0.2 >23.4 &
Let Af = 6l Hz (5 ppm) Let em = 0.25v (threshold)

;L Gy > 3600 - €d < £2.1 mv

At the nominal AGC clamp level, the detector gain will be
increased by a factor of two, or em = 0.5v, further reducing
these drift effects under normsl operafing conditions.

The selected gating method derived in Section 2 of
this report shows that there is an gutomatic increase in
detector gain by a factor of ;%— or 256:1 when tracking
is sw1tched from L-code to H-code in state V-li. This permits

the use of a type one first order 1oop in V-1, V-2, and V-3
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with a noise bandwidth of lp Hz. This requires that
= -1
Gy,2,3 16 sec )
The gain will then increase to Gu = 16 x 256 = )100 sec™t
in V-l satisfying the gain constraint. The detail design of
this modulation loop is summarized in Figure 21, and the measured

performance is shown on Figures 22 and 23.

3.4 RATE-AID LOOP DESIGN

The receiver velocity tracking (carrier) loop and
the range tracking (modulstion) loop normally operate
independently. There is a small dégree of cross-coupling
due to tracking lags in the loops as was shown in Section 2,
but these cross-coupling coefficients have deliberately been
made small. It was shown in Section 3.3 that the Doppler
shifts and the D;;;ier rates which the modulation loop must
track are those shifts and rates associated with the modulation
frequencies. The receiver is intended to operate with relative
velocities'up to 12,000 m/sec and accelerations up to +1,00 m/secz.
These dynamics are not compatable with the desired smoothing
function of the modulation lobp corresponding to a low pass
bandwidth on the order of I Hz. The modulation tracking loop
gain would be forced td Ee in excess of 6 x 1oh, requiring a
filter time constant on the orderxof 1000 sec, and the acceler-

ation lags would exceed 100 degrees with corresponding loss of

fracking capability.
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The carrier tracking loop must also track the signal
dynamics, but as it has no correspon&ing smoothing function
in the loop design it has a relatively wide bandwidth and is
able to trackléfoperly. This permits the use of carrier to
modulation Rate-Aid in which the Doppler effects on the carrier
are scaled down and used to program the modulation tracking
loop. An extremely effective Rate-Aid is possible in the
AROD receiver design due to the basic coherence between the
received carrier frequency and the frequency of the modulation
on that carrier, Referripg to Section 3,2fu, Figure 19, it is
seen‘that the carrier and the modulation are both derived from
the same frequency source and are synthesized coherently. The
ratio between the frequency of the 6.0 MHz voltage controiled
oscillator and the 12.8 MHz voltage controlled oscillator is

N N
fy carrier _ (P ¥ Q-X- 1”) fo + P % (2 Dy)

£y, mod . hry + L(2 D)) .

Dividing the 6.0 MHz oscillator output by the factor E% will

yleld the synthesized frequency
h[l-%%(Q+k+1h) fo + k(2 Dy)

which contains precisely the expected Doppler shift of the
12,8 MHz oscillator in the modulation tracking loop sﬁperimposed

on a frequency offset fRA’ where

fpa = 4 [1 - g_N_‘,(g;'F X+ | £
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To satisfy the coherence of the Doppler extraction system when

there is no Doppler shift, from Figure 19

8r

1}

v carrier ~ 1ufo To

8f

"

8(r

2=

v carrier = 15T, -Q-X~1l) £,

L,

8 Py ©

[1 - %ﬁ (Q + % +'1ﬁ$] £,

The offset frequency for the Rate-Aid signel is then

Tpa = %ﬁ %ﬁ %o
. This signal is applied to the modulation tracking loop as
shown in Figure 2l.

This Rate-~Ald transfer loop replaces the 12.8 MHz
oscillator shown. in the modulafion loop.design. Tpe transfer
loop bandwidth has been made wide with respect to the modulation
loop response so the effects upon the tracking can be expressed
in terms of the phase of the carrier oseillator (90), the
phase of the modulation loop oscillator (05), the resultant
phase of the range oscillator (OR), and the transfer loop
response Y(s). )

o = (0, + ) (o)

It can be seen that the nqise.on the ranging signal

phase is increased insignificantly by the-Rate-Ald due to the
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high division ratio. The response of the .transfer loop is

that of a 500 Hz low pass noise bandwidth where

.1+ ,0016S
1 + .0016S + 1.12 x 10-6s2

Y(s) =

which is a second order loop with

@, = 945 rad/sec
£ =0.7
BL = 500 Hz

In the range of frequencies up to about 100 Hz, the
response of this transfer loop to an error signal in the
modulation loop is wery nearly unity. Thus, the entire
transfer Rate-Aid loop appears to be an equivalent 12.8 MHz
VCO with the galn constant (and frequency stability) of the
12.7574l47 MHz VCO.
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h.0 '~ RECEIVER INTEGRATION

The final block diagram of the Vehicle Tracking
Receiver, showing only one of the four receiving channels,
is shown in Figure 25. This diagram is oriented toward the
physical construction of the receiver as each block is one -
of the modular assemblies of the receiver. The terms
"Carrier Tracking Loop," "Modulation Tracking Loop," and
"Receiver Coder," as used on this diagram, refer to the
ma jor subassemblies of the receiver and include assorted
bits and pieces in addition to the-loops as discussed in
Section 3 of this report. The ‘detailed circult design, the
methods of implementing the switching functions, and discus-
sions of -eircuit performance ‘will be réserved for an additional
report. -

The receiver as a complete unit has several constraints
upon the design which result from the effects of the multiple
receiving channels, and are not directly relatéd éo single
channel performance. These include the effects of inter-
modulation, adjacent channel jamming, and the spectral
purity requirements of the reference éignals supplied from

the frequency synthesizer.

L. INTERMODULATION AND JAMMING
Tﬁe four'receiving channels are not widely separated

in frequency. There is a nominal 400 KHz channel spacing, but
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this is modified by the range of Doppler shifts which cause
each of the incoming signals to be independently variable
over a 1,0 KHz range. As ‘the rebeiver signals~are.biphsse
modulated by the trangmitter coders, the resultant.spectra
will occupy ‘a wide bandwidth with an envelobe oﬁ the form

sin® x s . . .
2= - The signals from each responding station will then

2
overlap each other and power from each transponder willi;ie
in-band to every receiving channel.
There are two major effects from this adjacent
channel interference. The first of these:isjthé production

of intermodulation products and the second i3 outPight jamming

of a channel by another due to power level differences.

L.1.1 Intermodulation Effects

Direct intermodulation of the reqeived codes, or
multiple products of one code with another code can degréae
the receivervﬁerformance. Ag the codesAare all of the same
sequence, and differ.oﬁly in their phases, products will be
of the form of the original code at a new phase modulated
upon the difference freauency. The difference frequency wiil
be ;00 KHz, 800 KHz or 1200 KHz as tﬂe chanpél spacing is a
uniform L00 KHz and thépe are foﬁrvchannels. This cen in
turn reflect into a third channel with a modulation which

can be correlated and cannot be discarded by subsequent

narrow band filtering.
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Saturation effects will have s similar behavior.
The second harmonic of a signal will be formed which is
not suppressed carrier modulated.- This will mix witﬁ"
another channel signal reflecting into a third chanmel.
The signal levels and power handling cafabilities of all
stages prior to demodulation and channel separation have

been carefully arranged to provide 70 db protection against

these potential interference sources,

"L.1.2 Adjacent Channel Jamming

Limiting occurs in each receiver channel with an
output level of 2.0 volts peak. The loops become under-
damped with the levels less than 0.25 volt peak in V-3 or
V-l and 0.5 volt peak in V-1 or V-2. The linear region
is then either 18 db or 12 db and the recei?ers can toleréte
these jamming to signal power ratios in the i.f. channel.

As intermodulation and other inadvertent products between
signals have been controlled, the primary effect of adjacent
channel jemming will be suppression {n the limiter of the
desired signal by ?he jemmer. The degree of protection against
this effect depends upon the amount of adjacent channel power
which can enfer one of the tracking receiver channels.

Both the desired signal gnd the adjacent channel
interfepeﬁce wili be of the same form,'that is the trans-

missions will be biphase-modulated pseudonoise coded signals.’
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The codes may be either the Low code aslone or the Low and
High codes together. The code sequences on each of the
transmissions are identical although the phases are dependent
upon the particular slant ranges and are arbitrary.
There are a number 6f combinations of the form of
the interferring signal and the particulér reference code
in the receiver channel which affect the amdunt of interference
power which can enter the receiver. These combinations sre:
‘ (1) Interferring signal is L-code
Receiver reference is L & fy
Interferring and tracking codes are synchronous
- (2) Interferring signal is L-code -
Receiver reference is L & fy
Interferring and tracking codes are non-synchronous
(3) Interferring signal is L-code and H-code
'Receiver reference is L & £y,
(1) Interferring signal is L-code
‘Receiver reference is L ® fy and L & fy
(5) Interferring signal is L-code and H-code
Receiver reference is L @ f; and L & fy
In all cases the interferring signal is.assumed to be the
adjacent channel and separated by 40O KHz from the signal
which is being tracked. The bandwidth ﬁhrough which the
interferring'signallcan entér the tracking chsnnel is that -

of a single pole filter with a 3 db bandwidth of 125 KHz
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corresponding to a nolse bandwidth of 200 KHz. Although the
transmitted signals sppear -to be broad band noise, they are
actually composed of a large number -of spectral lines separated
by about 50 Hz. The interference power which will. affect the.
tracking channel will then be of the form of a number of these
spectral lines.

In the particular case where the transmitter signal
is L-code, the receiver is tracking L-code, and.the codes
are synchronous because the ranges to the desired station and
interferring station are identical, the receiver reference
code will demodulate the interference resulting in a 12.5 KHz
square wave modulated signal LOO KHz off center frequency.
The power in-each component will be 85 (n odd) where J

ner
is the interference power and n is the order of the side-

band. The noise bandwidth of the predetection filter- will
be about 200 KHz so sidebands from n ='25 to n = 39 will be
effective. This power will be about 22 db below the total
interference power. As the receiver is tracking L-code, it
can tolerate a 12 db interference to signsl ratio resulting
in a 3l db protection against this combination.

When both of the transmissions are L-code, but the
codes are not in synchronism, the resultant interference
spectrum out of the balanced demodulstor will include the
cross product between the interference code and the reference

code with spectral- components -spaced at 50 Hz intervals. The
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total power in the 300 KHz to 500 KHz region will be nearly
the same as 1f the codes were correlated even through more
components are involved resulting in about 3L db protection
against non-synchronous L-code interference.

When either but not both of the transmissions are
L-code and H-code, one half of the power will be in the H-code

and one half in the L-code. The effective interferring power
1 _ 200 x 103
2 T - 106

6. x 100
the H-code and 25 db below the total power from the L-code.

will be or 18 db below the total power from
The effective suppressing power is then 17 db below the inter-
ference level giving 29 db protection against H-code interference
while tracking L-code.

When the receiver is tracking L-code and H-code and
the interference is also L and H, the result will be 3 db
higher than if one of the signals were L-code alone for all
of the power is spread uniformly through the region of interest.
The receiver, however, is able to tolerate a 6 db higher inter-
ference level when tracking in V-L. The protection against
this interference mode will then be about 32 db.

The primary region of interest for receiver operation
lies between 100 and 2QOO ¥m transponder to vehicle range.
The relative difference in received power will then be as
great as 26 db for simultaneous bpeggtion with maximum and
minimum station distances. The protecfion which the receiver
provides is in all cases greater than the maximum expected

interfepencp to signal ratios.





