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ABSTRACT

An experimental system for wireless control and monitoring of
airport lighting was developed with the objective of providing a cheaper
more flexible and reliable system than existing cable gystems.,

The system provides 16 channel capacity on a single FM carrier with
a maximum range of 3 miles. Three channels (selectable) provide on-off,
S-step of continuous control in the form of 0-10 volt dc commands.
Remote stations reply automatically with identical signals to actuate
displays.at the master station. Elecctrical comparison of signals indi-
cate incorrect reply or failure in any channel. Failsafe provisions at
each remote station switch the lighting equipment to full on, full off, or
the last commanded brightness in the event of system failure.

High spectrum efficiency, and maximum rejection of noise, cross-
talk, and interference is achieved through the use of a previously
developed multiplex technique. Orthogonal pulse waveforms are employed
as subcarrier signals, which are generated digitally and amplitude-
modulated by diode multipliers. Channel separation and demodulation
is accomplished by correlation with locally-generated subcarrier wave-
forms. All remote stations are automatically synchronized to a timing
reference subcarrier by similar correlation techniques.

When engineered for quantity production, system cost is estimated
to be approximately $2,000 per 2-way channel, including R¥ equipment.
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INTRODUCT ION

The purpcse of work cn this contract was to develop a multi-channel
wireless ccntrcl system suitable fer remote actuation, control and monitor-
ing of airpert lighting instalilations, which would be cheaper and more flex-
xnle then existing buried cable systems,

The airpert lighting installations to be controlled are those which
serve as visual aids to aircraft landing, surface mcvement, and take-off
cperaticns. Tc meet changing cecnditions of weather and traffic, these
l:ghts must be selectively contrclled in brightness by airport tower per-
scnnel, A need exists not enly ror on-off control but also for S5-step
cantrol or continucus (stepizsss) controi oi hrightness.

The lightaing installaticns to be controlled are usually remote
rrom the contrnl tower itseli - at distances as great as 3 miles for the
larger airports, Selective control cf these installations which are widely
dispersed cver the airport surface requires a ccmplex distribution system
rcr coemmand data., Tne preblem is further compiicated by the fact that the
lights are often cvirected away from the tower and are nct directly visible
to centrel perscnnel, A need also exists, therefore, to send back moni-
tcring dsta over the same distribution system to assure control personnel
that command signals have actually produced thz proper response,

tUntzl the present t:me, ccntrol signals for airport lighting have
beer. carried cver bturied cable systems, which are relatively expensive and
int'lexzble, Minamum cost of opening and clcsing a cable trench is about
$i.C0 pe- fcot, sc that a 3-mile installation might cost as much as $15,000,
If the trench must crcss an existing apron or runway, the cost could easily
be higher, Furthermore, expansicn or modification of the airport surface
laycut frequently entails cabie relocation costs comparable to the initial
installation cos?,

By way cf contrast, a waireless control system can be provided at an
znitial cecst of something like $2,000 per 2-way channel, including r-f
equipment, Negligible expense is involved in relocation nf the terminal
staticns, Wireless ccntrcl systems dc present the following problems in
acplications of this type.

(1) The radio spectrum evailable for airport surface use
is extremely limz2ted, and the necessary control and
monitoring signals must be fitted into a minimum band-
width r-f cnannel,

(2) The wireless control system must not interfere with the
multitude of active radio channels existing at airports,
ncr must 1t be susceptible to interference by the
existing radio spectrum environment.
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On the present contract, most if not all of these objections have .
been met by means of a new multiplex modulation scheme, This previously ’
developed technique makes use of erthogonal pulse waveforms as data sub-
carriers for efficient multiplexingjand correlation detectien for optimum
rejection of crosstalk noise, and interference, By adapting this multiplex
technique for two-way transmission on a single narrow-band F-M carrier, a
very efficient, flexible, and reliable wireless control system has been ob-
tained. The equipment required iz sufrficiently simple, that when engineered
for quantity production, it should offer significant cost savings over buried
cable systems,

SYSTEM REQUIREMENTS |

The basic requirements for the Wireless Control System developed on
this contract were set forth in the Statement of Work (Article I of Contract
No. FA-WA-4632). These requirements were subsequently expanded and modi-
fied where necessary, as a result of conferences held between Bernard
Electronics Company and technical representatives of the FAA, The system
requirements ultimately agreed upon are summarized below.

(A) Operational Requirements ,

The Wireless Control System developed on this contract will permit
a number of airport lighting installations to be controlled remoteiy from
the airport control tower. The system design will permit as many as sixteen
(16) remote stations to be controlled from a single master station; however,
equipment for the control of u.ny three (3) remote stations will be con-
structed for the experimenta. :valuation model, .

Using two-way FM transmission on a single r-f frequenty, the system
will provide the following operational features for each lighting irstalla-
tion controlled.

1. Initiation at the mester station and transmission to each
remote station of brightness information in the form of
continuously variable, S~step variable, or on-off commands.

2. Repeat-back and display at the master station of brightness
information as received (or operated upon) at each remote
station.

3. Automatic alarm at the master station in the event that any
remcie station fails to reply, or replies incorrectly.

4, Automatic provisicn for causing the remote lighting installa-
tion to go to full on, full off, or the last commanded bright-
ness in the event of system failure,

5. Provision for a standby mode of operation in which all equip-
ments are turned on but none is transmitting on-the-air,

-2-
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S {B) Performance Specifications

Number c¢f Control Channels:

Brightness Control Data:
l. Continuously variable
2. 5S-step variable ¢ off
3, On-off

Recetion Rate of Commands:

Duration of Commands:

Query Signal (to initiate reply):
Repetiticn Rate =i Query/Reply
Duration of Querv/Reply

Type of Emission:
R-F Frequency:

R-F Bandwidth:

R-F Power:
Frequency Deviation
Subcarrier Signals:

Subcarrier Moduation:

M: t=; Stetion Indicators (each chan :1):

1, Command Data

2. Reply Data

3. System Failure
4., Incorrect Reply
5. Correct Reply

Remote Station Output Signals
1, Command Signal
2. Reference Signal
3. System Failure Signal

Primary Power:
1, Master Station incl,
control units
2. Remote Station, with
heater

Operating Environment
1. Contrul Units
2. Master Station
3. Remote Station

st

e

Up to 16
(3 supplied initially)

0 to 10 volts d-c
g, 2, 4, 6, 8, or 10 volts d~c
0 or 10 volts d-c

16 cps

1/8C sec, simultaneous for all
remote stations

~10 valts d-c

1l cps, each remote station

1/80 sec, time-shared for all
remote staticns

16F9

162.225 mc 3 ,00OS%

16 kc maximum

10 watts maximum

2 9 ke macimum

Orthogonal Pulse Waveforms

Amnlitude Modulation

Control Lever Setting

4-1/2" Vertical Edgewise Meter
Red Indicator Lamp

Yellow Indicator Lamp

Green Indicator Lamp

0-10 volts d-c

+ 10 volts d-c

Release of relay contacts
(1 Foxm C, 2 amp rating)

200 watts maximum

200 watts maximum

For use in manned control tower

-10°C to + 55°C,,0-95% humidity

-30°C to + 55°C, 0-95% humidity,
wind, rain, sard, dust, salt spray
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(B) Performsnce Specifications
Number of Control Channels:

Brightness Controcl Data:
‘1. Continuously variable
2. 5-step variable + off
3. On-off

Repetion Rate of Commands:

Duration of Commands:

Query Signal (to initiate reply):
Repetiticn Rate of Query/Reply
Duration of Query/Reply

Type of Emission:
f-F Frequency:

R-F Bandwidth:

R-F Power:
Frequency Deviaticn
Subcarrier Signals:

Subcarrier Moduation:

Maszter Station Indicatars (each channel):

1, Command Data

2. Reply Data

3. System Failure
4. Incorrect Reply
5. Correct Reply

Remote Station Output Signals
1., Command Signal
2. Reference Signal
3. System Failure Signal

Primary Power:
l. Master Station incl.
control units
2. Remote Station, with
heater

Operating Environment
l. Control Units
2. Master Station
3. Remote Station

o ——— .

Up to 16
(3 supplied initially)

0 to 10 volts d-=
0 or 10 volts d-c

16 cps

1/8C sec, simultanecus for all
remote stations

-19 volts d~c

1 cps, each remote station

1/90 sec, tinme-shared foxr all
remote stations

16F9

162.225 m= + .0005%

16 kc maximum

1J watts maximum

+ 5 kc maximum

Orthngonal Pulse Waveforms

Amplitude Modulation

Control Lever Setting

4-1/2" Vertical fdgewise Meter
Red Indicator Lamp

Yellow Indicator Lamp

Green Indicator Lamp

0-10 volts d-c

+ 16 volts d-c

Release of relay contacts
(1 Form C, 2 amp rating)

200 watts maximum

200 watts maximum

For use in manned control icwer

-10°C to + 55°C, ,0-95% humidity

-309C to + 55°C, 0-95% humidity,
wind, rain, sand, dust, salt epray
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(C) Modifications To Original Reguirements

The principel modifications to the original requiremsnts, snd the
reasons for their adoption, were as follows:

(1) The system capecity was increased from 12 to 16 channels, since:the

latter design was found to be easily cbtainable without incurring any psnalty
in other system parameters.

(2) In view of the many types of power-handling apparatus which
might be connected to the remote station output signals, it was agreed to
standardize input-output signals to the range 0-10 volts dec with S-step
contzrol corresponding to equal 20% increments of t-e full scale voitage, The
degsign of interface equipment for adapting such signals to verious power-
handling devices waoc agreed to be outside the scope of the currsnt contract,

(3) Since the master staticn equipment will be eventually integrated
intouexisting FAA cabinet racks, it was decided that this equipment need not
be supplied in a weatherprcof case, and that operation only down to -10°C
would be sufficient for the experimental model,

(4) A panel size of 6=3/4" by 4=1/4" for each control unit was
deemed acceptable in the feasibility model, provided that the design did not
prohibit future reducticn toc a 6" by 4" panel area,

{5) Successful operation of the remote station equipment at -10%
was considersd sufficient to satisfy the low temperaturs requirsment for the
experimental model of this equipment prgvided that it becequipped with e
heater to maintain a temperature of ~10 C or higher inside the cass,

(6) The system standby mode was included as a desirable feature to
eliminate unnecessary r-f radietion when lighting control is not neseded; yet
aveiding excessive warmup time when control is naeded.

{7T) Failsafe protection was expanded to include an out-of-sync
condition at any remote station, because such a failure might otherwise dis-
turb the entirs sysgtam,

PRINCIPLES OF DESIGN
(A) Input/Butput Technigues

The types of lighting apparatus now in use at airports or under
development ars extremely varied, Som= are merely on-off power relays while
others provide 3 or 5§ step contral of brightness by tap-switching on a
powex transformer. S5Still others provide stepless control of brightness by
means of a saturakle rsactor whose impedance is varisd by a motoy«driven ..
variec, More zecently, solid-state dsvices using milicon-controlled recti-
fiers (SCR's) have been developed for both step and stepless control,

In designing a wireless control system for use with any of these
devices, the nead for standardizing the form of input/ocutput sigrals soon
became apparent. It was aleo clearly desirable that the wireless control

o
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gystem characteristics stould remair~ i~gependent of the calibration curve
(brightness vs, cortrol sigral level) *or ary pariiczuiar type of lamp or
powsr control device.

For these reaso~s, it was decaded to standardize all input/output
signals {c a single form, The form selected wes (1 to +10 volte d-c, pri-
marily oecause such signais zan ba processed readily with circuits using
general purpose tra-sistors, For stepless control, it was decided that the
system should simply reproduce at each remote station, a linear variation
of voltage betweer 0 a~d +10 volts d-c, Ur-off or S-step controi is ob-
tained if the command mecharism at the master station is detented in equal
20% incremerts, correspording to 0, 2, 4, 6, B, or 10 volts d-c.

{1} Master Statior

Figure 1 illustrates the input/output techaniques adopted for the
master station. Commanrd signals are inserted by means of a thumbwheel is a
pointsr over-lying the scale of a vertically-mounted edgewise meter, The
couplirg is such that the pointer traverses the full range of the meter as
the thumbwheel is moved from the “irst to the last detent position,

A two-sectior potertioreter is also coupled mechanically to the
command thumbwheel to ganerate proportional electrical signals. The two
sections are energized from fixed reference voltages of +10 volts and -10
volts respecrively. Equal ard opposite commend voltage (& = O to +10 vdc,
-c_= 0 to ~10 vdc) are taksn “rom the potentiometer arms, and applied to
one set of channel imrput terminals of a multiplex.transmitter. “The use_of
equal and cpposite deta sigrals was adopted to simplify design of the bal-
anced full-wave vodulator circuits in the multiplex transmitter. The ¢llvdc
refererce voitages are common to all date channels and are transmitted to
each remote station on a separate refsrence channel of the multiplex trans-
mitter.

Each remote station will periodically send a reply sigral to the
master statinrm irdicating what command has heen receivsd or what action has
occurred in response to that command, The refersnce signal as received at
each pemot= etation is also repeated back to the master ststion as a check
on channel continuity.

Both: the reply reference sigral and the reply data signal for each
channel are storecd in output holding circuits to make them appear ag con-
tinuous d-c voltages. CLorrect opsration for a given channsl is verified
by comparing the reply reference sig=al, which should be a fixed -10 volts
d-c, with the local +10 vclts d=c refererce supply at the master station,
If they are not equal and oppuosite, a feilsafs relay will releass, causing
the red alerm lamp for that chan~el to glow, If the reply reference vol-
tage is approximately correct, the failgsfe relasy will energize, the red
lamp will extirguish, and either the yellew or grsen lamp will glow,

The variable reply dats signal {0 to +10 volts d-c) received for
vuch charnel is applieg cirectly te the verticazl edgewise meter for that
channel. The command and reply sighals €or sach channels can therefore be
comparec visually with maximum ease c¥ irterpretation, The command and reply
signals are alst comparsc alecteicellv :n cetermare if a discrepancy exists,

.
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If a discrepancy dnes exist, an erro- reiay will turn on the ysllow alarm
lamp, calling the attention of the cperator to that particular channel meter,
If the command and reply signals are spproximatsly equal the error rélay
will not operate and o ly the green lamp will glow. A green lamp assurss
the operator that his commands have been carried out correctly.

The reference voltage source, multiplex transmitter, and multiplex
receiver in Figure 1 zepresent common equipment for channels. All cther
equipment shown is duplicated for each channel,

(2) Remote Station

Figure 2 illustrates the input/output techniques adoptsd for esch
remote station, In the present design, only one data channel is provided at
each remote station, The system can be sasily expanded, however, to provide
more than one data channel psr remote station,

The multiplex receiver is designed to extrect and demodulate the
refersnce channel and one dsta command channel of the composite signal re-
ceived from the master station, The channel assigned to s pasticular
remote station is selectable by means of a l6-position switch, The fixed
-10 volts d-c reference voltage and the variable O to +10 volts d-c command
voltage are stored in output holding circuits to make them appesar as con-
tinuous d-c vcoltages, Both reference and command voltages ars supplied as
external output signals at low impedance, Locally-producsd reference sig-
nals at $10 volts d-c are also supplied as output signals,

As a check on channel continuity, the received reference signal is
coupled directly to the multiplex transmitter at the remote station for
repeat-back to the master station. The rcceived reference voltage is also
compared with the local +10 volt reference supply, and if they are not
approximately equal, the failsafe relay at the remote station will release.
The contacts of the failsafe relay are available for connsction to external
apparatus in several ways as discussed in the next paragraph.

Either an internal or external reply signal can be sslected as the
second input signel to the multiplex transmitter. For intsrnal reply, the
received command signal is rspeated back directly, FfFor external reply,
signal representing the response of lighting equipment to the received
command, is gpplied to the multiplex transmitter,

(3) Failsafe Features

Round-trip transmission of the rsfersnce signal to and from each
remote station provides a constant channel-by-channel continuity check on
the system, Continuity checking is independednt of ths amplitude of the
command and reply data signals beirg transmitted,

Any failure in the command or reply circuit for a particular channel
will cause ths failsafe relay at the master station to relsase and light the
red alarm lamp for that channel, The control operator is therby alerted to
the fact that a particuler channel is not opsrating corrsctly and that
corrective action must be taken,
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If tre failure occurs in the command circuit, the failssfe relay in
the affected remote station(s) wiil also release. In this avent, the failaafe
contscts can be used to override any received crimiande and to switch the
i1ghting apparatus being controlled either to 2 full on or full off condition,

ne tailsat'e contacts can also be used to mairtain the lighting apparatus
at i1ts last commanded brightness by removing power from a sevvomechsnism
device having mechanical memory.,

Should the failure bte of orliy very brief duration, the electrical
memory provided by the output holding circuits will prevent any interruption
tc nermal operation. The holding circuits are designed with a discharge time
constent of 10-15 seccnds,

Specaal failsafe features have also been designed into the multiplex
re~eiver and transmitter equipments to protect against specific kinds of
failure, If no r-f signal is received at any of the multiplex receivers,
fcr example, the demodulation circuits are disabled to prevent noise from
reaching the cutput circuits, In addition, the remote station receiver
centains provasions for disabling the demodulation circuits if synchronism
wit> the master staticn has not been estaplished, Furthermors, a remote
station transmitter can be actuated only if valid signals are being demod-
«lated by its companion receiver,

(B) System Timing

Timing relaticns for the wireless ccntrol syst=sm are illustrated in
Figure 3, All stations transmit or the same r-f frequency on & time-shared
basis. Although the experimental system contains only three remote stations,
system timing has been designed to accommodate up to 16 remote stations,

Since a resporse from each remote staticn is desired within 1 second,
an cverall frame rate of 1 cps was chosen, The 1 seccnd frame interval is
divided intc 16 equal intervals, each interval of 1/16 second being associated
with a particular remotz station, In the present design, zach 1/16 sscond
interval is alsoc essociated with a particular channel of the system, If
more than one channel were provided at a remote station, the system could
sti11l accommodate up tc 16 remote stations with no change in timing.

Tre master station transmits repstitively at a 16 cps rate. Modulation
1s applied only for 20% of the cycle, or for an interval of 1/80 second, To
prevent switchang transients from interferring with the modulation, the r-f
ctarctier 15 turned on for approximately a 1/40 second interval which brackets
tre modulaticn interval,

The composite modulation signal at the master station can contain
v2 te 17 subcarriers (16 channels plus reference), In the experimental
system, however, only 3 channels pius relernce are used, Each remota
station receives repetitive signals on its assigned subcarrier at a 16 cps
rate, [t also receives the reference subcarrier at a 16 cps repetition rate,

To cause each of the remote staticns to reply at the proper time,
the modulation on each data subcarrier is switched from a command {0 to 410
volts modulation) to a query (-10 volts modulation), once every second,
Ttes an each one second interval, each remote station receives 15 commands
and one query, The remote stations are queried in time sequence; and reply
to the master statiocn in the same sequence,
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The timing at each remote station is slaved to that of the master
station by means of automatic frecuency control (AFC) techniques, The re-
ference signal broadcast as a part ot each master station transmission pro-
vides the necessar' timing reference, independent of modulation on the data
channels,

When each remote station receives a query signal on its assigned sub-
carrier, it will reply 1/80 second later, Its modulation signal also lasts
for 1/80 seccnd, and tontains a repeat-back of the reference signal plus a
modulated data reply on its assigned subcarrier, The remote station r-f
signal is turned on for approximately a 1/40 second interval which brackets
the reply modulation interval, and follows almost immediately after the turn-
off of the master station carrier, A remote station will transmit only if
it has been properly queried. Special failsafe protection circuits have
been incorporated to eiiminate spurious reply transmission,

Even though a remote station has locked into synchronism, its reply
signal will not be received at the master station exactly 1/8B0 second after
the end of the corresponding query, Thers will always be some additicnal
delay due to the propagation delay and the finite bandwidth of the r-f equip-
ment (approximately 3.5 kc), Of these two factors, equipment delay is the
more significant by far. Round-trip equipment delay was found experimentally
to be about 700 ps, while the two-way propagation delay for a maximum range
of 3 miles is only about 30 pys. A single delay compensation circuit in the
master station can therefcre be used satisfactorily for receiving from all
renrote stations, regardless of their range, Since the master station timing
oscillator operates at 2560 cps, the required 700 ps timing delay for syn-
chronous reception represents about 1,75 pericds of the oscillator frequency.
The circuits develooed to switch the master station from ncrmal timing for
transmitting to delayed timing for receiving are described in detail later.

(C) Multiplexer Design
(1) The ORTHOMUX Technique

One of the unique features of the wireless control system designed
on this contract is the use of a previous%y developed technique of multiplex
modulation/demodulation known as ORTHOMUX" (patent pending). The technique
makes use of orthogunal pulse waveforms as subcarrier signals, The subcarrier
waveforms can be generated by means of simple digital circuits, and exhibit a
high degree of bandwidth efficiency. All subcarrier signals are transmitted
simultanesusly with independent amplitude modulations., At che receiving ter-
minal, the data channels are separated and demodulated by means of a correlation
process which is optimum for rejecting noise, crosstalk, and interference,
By reserving one channel for a timing reference signal, the receiving circuits
can automatically be synchronized by simple and reliable AFC circuits,

Compared to more conventicrnal techniques of multiplex modulatian/
demcdulation, ORTHOMUX exhibits a unique combination of efficiency, flex-
ibility, reliability, and low cost, Unlike frequency division multiplexing
with AM or FM tones, all subcarriers are derived from a singie oscillator

1. A. H, Ballard "Telemetry Multiplexing with Orthogonal Pulse Waveforms®,
Paper 10-2, Proceeding of National Telemetering Conferasnce, 1963,
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with digital-type circuits, thereby minimizing the use of bulky inductors

and the associated problems of frequency stability, Higher spectrum .
efficiency is obtained than with tone multiplexing because crosstalk is

eliminated without the waste of spectrum guard bands between channels,

Unlike conventional time-division multiplex techniques, all the
channels are transmitted simultaneously, and the problems of automatic
synchronization are greatly simplified. For channel accuracy of a few psr-
cent, ORTHOMUX is much more efficient in bandwidth utilization than either ;
PCM or PDM. ORTHOMUX is alsoc more efficient than PAM since the PAM data 1
rate for a given bandwidth wculd have to be reduced to achieve an acceptable
level of crosstalk,

(2) Subcarrier Signals

Figure 4 illustrates the orthogcnal pulse subcarrier waveforms chosen
for this aspplication. All are binary waveforms having a (normalized) ampli-
tude of 4 1, and a common recetition rate of 80 cps. Eech waveform, desig~
nated as F 0t starts at the +>1 level and during eech repetition interval
(T-1/80 sefond) undergoes a number of polarity reversals equal to its index
number n,

Where the index number is an exact power of two, the waveform
transitions occur at odd multiples of T/2n, as in the following chart:

P Transition Points .

P, 1/2

P2 /4 {1, 3) Not shown in

Py T/8 (1, 3, 5, 7) Figure 4 ;
Pg /16 (1, 3, 5, T, 9, 11, 13, 15)

P.g 0dd multiples of T/32

Pa2 Odd multiples of T/64

Where the index number is not an exact power of two, the waveform transitions
consist of binary combinations of those in the chart, Thus Py combines the
transitions of Pg and Pj because in binary notation, 9 = 23 +72°, Similarly
Plﬂ combines the transitions of P, and P,; P,, combines the transitions of
Fos P L and P,; and so on. In theory, this set of waveforms could start

at n z 0 and ée extended to higher index numbers ad infinitum, The wave- '
forms illustrated in Figure 4 were chesen as subcarriers for this system ‘
because of their frequency spectrum characteristics as discussed later.

The pulse waveforms in Figure 4 have the property of being mutually
orthogonal, whict mmans that they obey the mathematical law:

T

; Dif md£ n
J/ﬁ Pn(t)met)dt = {} ifmen (1)
0
Thus the prod st of any two different waveforms in an orthcgonal set averages
to zero., Trhe product o¢ any wavstorm times itself averages to unity, if its
amplitude is suitably normalized, That the waveforms of Figure 4 satiafy
equation {1) above, can be verified by visual inspection.
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The product of any pair averages to zero, because they will always be

equal in polarity for one half of the interval T and opposite in polarity
for the remaining half, Each waveform also has a mean square value of
unity because iis normalized amplitude is always ¢l. It is their property
of being orthogonal which permits these subcarriers to be separated and de-
modulated without interaction in the receiving portions of the system,
Although many sets of orthogonal waveforms exist, the pulse waveforms chosen
have the advantage of being easily generated and detected by simple,
digital-type circuits,

The frequency spectrum corresponding to the 16 data subcarciers
P through Pg ; and the reference subcarriers P.. and P_.,, are shown in
]

Fzgura 5. spectrum for esch subcarrier, when unmodulated, can be
computed as} T
Fo)e -l"fP(t) T g (2)
n T T g "

A line spectrum at discrete multiples of 80 cps is obtained with no modu-
lation, In the presence of amplitude modulation, the energy spreads out
into symmetrical side-bands extending 80 cps on either side of the lines
shown,

As shown in Figure 5, the spectrum for each odd numbered waveform
is the same as for the next higher even numbered waveform, since they
differ only in phase., Each even numbered waveform Ry exhibits a spectrum
peak at the k = n/2 harmonic of 80 cps. Spectrum peaks for the data sub-
carriers range from 400 cps (P and P ) to 960 cps (P and P The
reference subcarriers (P and P ) exgzbzt a spectrum peak at 1280 cps.
All of these waveforms can be pasged easily through a nominal 300-3000 cps
asudio bandwidth,

All of the waveforms contain higher harmonics of 80 cps which
decrease bsyond the spectrum peak at a rate of 6 db per octave, Thése higher
harmonics, which arise from the sharp edges and corners in the original
pulse waveforms, do rot have to be preserved to maintain an acceptable
amount of orthogonality. Experience has shown that a system btandwidth
equal to twice the highest spectrum peak (2560 cps in this case) is suf-
ficient to maintain croestalk levels down about 40 db (approximately 1%
of full scale).

(3) Modulation/Demodulation

Information is conveyed in an ORTHOMUX system by multiplying each
subcarrier P_ with an associated modulation voltage 8. The multipli~
cation process is equivalent to double~-sideband amplltude modulation, and
because of the binary nature of the subcarrier waveforms, can be accomplished
by simple diode switching circuits, The composite signal obtained after
linear addition of the modulated subcarriers can be expressed as:

N
Elt) = # o F (t) (3)

1
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In this particular application, the mcduiating vcltage . ranges from

) to +10 volts for a command or reply, and iz equal to -10 volts for a
query. A constant +10 volts moduiation is always used ior the reference
channel, During any given repetition interval T, the moduiatien voltages
8, remain sssentially constant, thereby assuring that the subcarrier wavs-
forms remain orthogoral,

After transmissicn cver an r~i Jaink, the composite sigral is
demcdulztad for each channel by means nf a correlation prccess:
T

-

am="%'j ECEIP () ct (a)
0

That is, the modulation vcltage for a particular .haniiel is extracted

by multiplying the received composite signal by the subcarrier waveform
associated with that channel, and integrating with the proper scales factor.,
Equation (4) can be verif. . 17 E(t) is replaced by the sum of terms given
in equation (2), All product terms having unequal subscriots average to
zerg by virtue of equation (1), while the product Lterm aum(t)Pm(t)
averages to a . '

Figure 6 illustrutes the modulation and demndulation procasses just
described in terms of typical waveforms. In the a2xamole chcsen, the P
subcarrier is modulated at negative full-~scale (inverted) representing’a
query. The P., subcarrier is modulated at cre-nalf positive full scale
representing a data command, The composite signal is a complex pulse wave-
form exhibiting four different emplitude levels,

The sane compusite wavefcrm is recovered at the receiving terminal,
{Waveform rounding and delay which would occur in practice have been omitted
for clarity.} At the receiving termiral, multiplication of the composite
signal by a local P, waveform gives a product signal whese average value
is -1, Integration’cf the product sigral gives s negative-going sawtooth
waveform which reaches the value ~1 at the end of the interval T, 0Only
tre d-v component of the product signal affects the final inteqrated
voltage, Other components cf the product signal always integrate to zero,
In @ similar manner, multiplication of the composite sigral by a local
P,, waveform gives a d-c compunent of +0.5 in the product signal, wiich can
be extracted by integration. Demodulation using a local P, waveform, on

. 23
the ather hand, ' ivms a zero result,

The noise bandwidth of a correlation detector such as this depends
only on ths integratisn time T, Assuming additive Gaussian naoise of uni-
form spectrun, the noise bandwidth of zuch channel demnculator will be
1/27, or 40 ecps in this case,

{4) Automatic Synchronization

Correct operation uf the demodulation circuits requires that the
timing of the locally-generated subcarrier signals

2. W. B. Davenport and W. L. Root, Rgndom Signals and Noise, McGraw~-Hill
1958
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be accurately synchronized to the received composite signal. For this

vrasann  tha 0 wavafarm is hroadersat an a nart of sach master atation
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transmission,” It acts as a timing reference for automatic synchroni-
zation of all remote station timing oscillators,

Figure 7 illustrates the techniques employed at each remote station
for automatic synchronization, The local timing oscillator opsrates at
a nominal fregusncy of 2560 cps., After suitable shaping, the oscillator
signal triggers a flip-flop to produce a 1280 cps square wave, This
signal is the local Pa reference waveform, [t is aspplied to a switching-
type multiplier, the o%her input of which is the received composite signal,

Only the P3 reference component of the composite signal is shown
in Figure 7 fou clagity. The other subcartiers when multiplied by the
local P,. waveform will always have sr everage product of zero even though
a timing error exists, If the local oscillator frequency is slightly
low, the P_.. waveform will be slightly delayed from its correct position
and the mui%iplier will produce a positive average voltage, If the local
oscillator frequency is slightly high, the P3 waveform will be slightly
advanced from its correct position and the muitiplier will produce a neg-
ative average voltage,

The average voltage of the multiplier signal is extracted by
means of a low pass filter and applied as an AFC voltage to the local
oscillator, The polarity of the AFC voltage is such as to pull the oscil-
lator fregquency in the airection which will correct the timing error and
reduce the average multiplier voltage to zero. A double time-constant low-
pass filter was found to give the best dynamic performance of the AFC
loop. A long time constant of ssveral seconds prqvides memory ovsr many
16 cps transmissions of the timing reference. A shorter time constant
is also used to superimpose the average voltage over a single referance
burst, to aid in acnisving rapid pull-in, It was found experimentally
that if the pull-in range of fregqusncy wae mads too wide, the local oscil-
lator could also lock on frequencies spaced at multiplss of 16 cps away
from 2560 cps. This phenomenon arises because the timing reference eccurs
in bursts, and is in effect modulated at a 16 cps rate, It is possible
therefore for the local oscillator to. lock onto the sideband frequencies of
the modulated reference signal, To minimize the possibility of false
locking, the natural frequency of the oscillator was stabilized to drift
no more than about B cps on either side of 2560 cps.under all environmen-
tal conditions, Accurate pull-in was achieved from approximatsly 10 cps
on sither side of 2560 cps., In the svent that the oscillator does lock
onto an incorrect frequency, thie condition will be detected in a failsasfe
manner by the out-of-sync detector described below,

The AFC circuits just deacribed should bring the local oscillator
and P, flip-flop into accurate synchronism., The AFC voltage vs delay
error curve exhibits ambiguities every 1/1280 second, howevar, and the
lower spsed counters can still be delayed by some multiple of 1/1280
gecond relative to the received composite signal,

The timing reference for the lower spssd counter flip-flops is

taken from the turn-on time of ths master station r-f carrier. When the r-f
carrisz turns on, (slightly before tha start of modulation), the remote
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station counter flip-flops should be 1n a knowrn state, A coincidence
circuit in the out-nf-sync detector is used to determi-e wheiher or not the
flip-flops are in the correct state at that time, 1If the timing is correct,
an integrating capacitcr is charged to gresent an "in-sync" voltage indi-
caticn to the failsafe circuits, If the timing is not correct, the integra-
ting capacitor will discharge until its voltage drops below the "out-of-
syrc" threshold, A reset culse is then generated te force the courter
flip-flops to their correct state, The circuits used for this purpose are
described in greater detail later,

(D) R-F Design

An r-f frequency in the 162-174 mc band was specified in the ori-
ginal requirements, This band is available for fixed or for mobile ground
ccmmunications, when applied for public safety or industrial cse, A total
emission bandwidth of 16 kc was specified, because channel allocations are
spaced by 30 kc in this band, The actual {requency used 1n this system
(162,225 mc) was selected by the FAA, and an experimental license was ob-
tained from the FCC to use this frequency for one year in the Washington,
D, C. area.

FM modulation of the r-f carrier is rormally vsed in this band,
and was considered toc be highly desirable for this application, The use of
FM makes the system highly resistant to ncise, interference, or fading and
virtually eliminates any need for system calibration as a ‘unctien of range
or propagation conditions,

A maximum deviation of 5 kc was established for the Wireless Control
System to insure an r-f emission bandwidth of 16 kc or less, This maximum
deviation must of course be distributed among all cf the multiplexed channels
et the system, To provide a capacity of 16 channels plus reference, the
deviation per channel must be held to approximately 0.3 ke, In contrast to
voice communication systems, the maximum modulating voltage of the ccmposite
signal in the Wireless Control System is pre-determined by circuit design.

Figure 8 illustrates in simplified form the r-f spectrum which
would be obtained for a 3-channel and a l6-channel system, In the case of
3 channels plus reference, maximu, deviation is assumed to be 1,25 kc. The
modulation is assumed to be a 1,28 kc sine wave (spectrum peak of the high-
est frequency subcarrier P,.). Deviation ratic is approximately unity, and
the spectrum curve, plotted from standard Bessel functions is a single narrow
lobe lying well within the allowed bandwidth of 16 kc, In the case of 16
channels plus reference, the same assumptions have been made except that the
maximum deviation has beern increased toc 5 ko, Deviation ratio is approxi-
mately 4 in this case, and a three-lobed Bessei zurve is obtaired, In
practice of course, a single broad flat spectrum would be obtained because
of the many lower frequency components present in the composite modulating
signal. The r-f spectrum will still be well within the allowed 16 kc band,
however,

A maximum power output of !0 watts was selected from considerations
of propagation loss at the maximum system range of 3 miles, The curves in
Figure 9 show how path loss varies with distance at 160 mc for propagation
in free space and for propagation near a plane earth3. The secend curve is

3. H, Jasik, Antenna Engineering Handbook, McGraw-Hill, 1961
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the appropric‘=z one to use ir. this case, except that the attenuation can
never be less than the free space loss, If the anterna heights have a
product of 300 feet? (30 ‘eet at the transmitter and 10 feet at the re-
ceiver, for example), the path lcss varies from 60 db at 0,1 mile to

120 db at 3 miles,

Assuming antenna gains of 0 db, a power output of 10 watts from th
transmitter would produce a signal level of -80 dbm at a receiver 3 ailes
away. The corresponding voltage developed across 50 ohms would be approx-~
imately 20 microvelts., Since typical receivers have sensitivity cf
at least 1-2 micrcvolts, a 20 db margin for the system can be assured,

Several commercial FM transceivers, desiyned for mobile woice
communications but coming very clcse to the performance desired for this
application, were found to be readily available, Among the equipments
considered were transceivers manutfactured by Motorola, General Electric,
and Hammarlund, The one finally selected was the Motorcla Censclette
Base 5tation, Mcdel L43GGB-1100A. The ejuipment has been certified by the
FCC to hawv~ the following perfcrmance:

Frequency Range 144-174 mc

frequency Stability +0.0005%

Power Qutput 10 or 25 watts

Spurious Radiation At least 60 db down
Modulation 0 to 5 kc, adjustable
Sensitivity 0.5 pv for 20 db quieting
Selectivity 100 db at +15 kc

Spurious Resporses 100 db down

After experimenting with a pair of these equipments, it was found
that the following changes were required for successful incorporation into
the Wireless Control System:

1. The audio input amplifier and pre-emphasis network ahead of
the phase moduiator were rot usable because of the system
requirement for a lower frequency response, The pre-emphasis
required to cbtain frequency modulation from the phase mcdula-
tor was achieved by an external integrator circuit for the
composite modulating signal.

2. The clioper stage at the audio input to the phase modulator
was removed because modulating signals in this system already
have a predetermined maximum amplitude,

3. The transmit-receive relays used for power supply and antenna
switching were replaced by mercury-wetted relays, The latter
type of relay is rated for a life of 1 billion operations,
which at 16 cps corresponds to almost 2 years of continuous use,

4, The discriminator circuit had to be re-designed to achieve a
lirearity of 1% over a 5 kc range,
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5. The last 455 kc i-f stage was modified ta derive ar external

®carrier detector® signal from the sigral-developed bias
voltage in its grid circuit,

6. The audio output stages of the receiver were also found to
have a lower frequency response than required for this
system and were replaced by external amplifier circuits,

7. Voltage regulator tubes had to be added for adequate power
supply stability,

8. The equipment was re-packaged fcr rack mounting,

DESCRIPTION OF EQUIPMENT
(A) Physical Characteristics

The equipment constructed on this contract consists of one master
station (Figures 10 and 11) and three remote station equipments (Figures
12 and 13),

With the exception cof its antenna assembly, the master station
equipment (Figures 10 and 11) is designed for operatior in an indoor en-
virgnment, It consists of three 7-inch panel assemblies mounted in a stan-
dard 19-inch rack, Maximum depth behind the panel, including cable clearance,
is 15 inches, Weight of the master station equipment is approximately 75
pounds,

The three assemblies comprising the master station equipment are:

1. A modified commercial FM transceiver (Motorola Consclette Base
Station, Model L43GGB-1100A). The audio input/output portions
of this equipment have been removed, and the power switches and
indicators relocated, An r-f cornectcr at the back of this unit
is provided for connection to the remote antenna assembly.

2. A printed-circuit card enclosure with 18 cards, approximately
5" x 6" in size, comprising the transistorized muitiplexer
circuitry, Nine of these cards contair common circuits which
are required regardless of how many channels are used, In
addition, three cards are required for each channel used.

3. A combined control unit and power supply assembly which can be
separted into two parts. The power supply assembly in the
rear furnishes power at +24, +15, -15, and -24 volts d-c to the
transistorized multiplexer circuits, Carrier selector switches,
for channels 1, 2, and 3 are also located on this assembly.
The control unit assembly in the front can be removed and oper-
ated remotely from the remainder of the master station equipment.
It contains three identical control units for channels 1, 2, and
3, as well as the main power controls and the system standby/
operate switch, Located on the front panel of =ach channel
control unit is a brightness setting lever/indicator, a verti-
cally-mounted reply signal meter, red/yellow/green status indi-
cator lamps, and a lamp dimming control.
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operaticn ir an autdoor env.coiment. It is housed in a weatherproof, tamper-
proef case whose overall dimersicrs exclusive of aitenns are approxirately
27" wide by 35" figr by 14" deeo, At least 3" clsarance is reguired at the
bottom fcr cables which are brought out through conduits, The remote station
equipment exclusive «¢f antenna weighs approximately 115 pounds., It is de-
signed for installation or a wal! cr post by means of four 1/4" bolts (18%
horizantal spacuing, 25" vertical spacing). The antenna mast (not supplied)
cen consist of a 1" D pipe ¢t s fiicient height to insure line-of-sight
propagaticn,

12 and 11) is

Whaen the front door is opened, the three mein assemblies of the equip-
ment are zccessible for routine alig-ment and maintenance. These assemblies
can also be swung cuvtward ar a hinged frame fcr servicing if recessary. The
three elect-ical assembl!ies i+ the remste station equipment are:

1, A modified cowmercial FM transceiver identical with that in the
master statian eguiprent, excegt that it does not include a
time-delay relay in the transm:it control circuit,

2. A combired muitiplexer end power supply assembly. The transis-
torized rultiplexer is romacsed ¢f nine printed-circuit boards
similar to, and in meny cases identical with, those in the

master statior multiplexer. The power supply circuity is electrically

identicai with the corresponding c¢nit i the master station,

3. A contrzl parel assembly containing the main power switch and
indicater, the carrier seiector switch; and internal/external
reply selector switch, The failsafe relay and a dual terminal
board for external connections are located crn the back of this
assembly,

Each remcte station equipnent is equipped with an internaé 75~watt
case heater, Ig is thersostatically contrclled to turn on at +10F and to
turn off at +38°F,

(B) Detailed Descripticn - Master Station

A detailed functioral block diagram of the master station is shown
in Figure 14. Waveforms at significart test points are shown in Figure 15
tc - xplain the cperaticn further,

(1) Tirming Circuits

The timing and prograrming circuits at the top of the diagram re-
present commor equipment needed regardless ot the number of ckannels used.
All timing signals are derived fror a sirjie cscillator whose {requency,
2560 cps, is cortrolled by a tuning fork to be accurate within ¢0.1%. At
the negative zero crossings (180 ) of the cscillator signai, puises are de-
rived (TP-2B) which trigger the reference flip-flop to produce a 1280 cps
square wave having a 90 phase shift (TP-7P). This phase-shifted square wave,
designated as P32, is included in every waster station transmission as a
timing reference signal,

-28.
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I. P, CARRIER TP-T1 2. CARRIER TP-TL
(gw. POS. 1, 10V/CM) (ée POS. 2, 10V/CM)

3. CARRIER  TP-T0 4. CARRIER  [P=TP
(éﬁ POS. 3, 10V/CM) (3@rene~cc, 10V/CM)

5., COMPUSITE TP-8R 6. CuMP. 5IG. TP=2R
SIGNAL (2v/CM) INTEGRATOR (2V/CM)

TIME BASE:s 6CM = 1/80 SEC.

FIGURS 15, MASTER STATION MODULATION WAVEFURMS
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Pulses are also derived at the positive zero crossinge (0°) of the
oscillator signal (TP-1B). The 0° pulses drive a chair of five flip-flops,
which divide the pulse rate by 32. The output signal from the first of

theae flin.flone is an unchifted 1280 cps squars wave, designated at P53
(TP=1C), This signal is used to reset the refere~ce flip-flop to insure that
the P.. square wave is positive at the 0° times. It is also used in demodu-

lating the reply reference signal.

The positive~going edge of each flip-flop waveform triggers the
next flip-flop. OQOutput signals are slso derived from the negative-going
edges of the five flip-flop waveforms which appear a8 non-overlapping
pulses at 1280, 640, 320, 160, and B0 cps. These pulses are applied to
the carrier selector switches where they are combined in any of 16 combin-
ations to oroduce the trigger pulses associated with each of the data carrier
waveforms, In addition, a B0 cps reset pulse is derived from the positive-
going edge of the last flip-flop waveform (TP-3C) which is used to insure
that all data carrier waveforms start with positive polarity., The 80 cps
rate is the common repetition rate of all carrier waveforms in the multi-
plexer, including the reference waveforms,

The 80 cps square wave (TP-3C) is also applied to a chain of three
flip~flops, coupled back on itself so as to divide the pulse rate by five.
The S5-counter serves to control the transmit-receive cycling of the master
station and supplies various 16 cps control signals to other parts of the
equipment.,

The S-counter operates in the following way. If continuous pulses
were applied, the three flip-flop wculd step through the eight states;

1! 2' 3¢ 4! 5¢ 6! 7' 8!

TP~1E o 1 0 1 0O I 0 1
TP-3E g o 1 1 ¢ 0 1 1
TP-5E c 0 0O 0 1 1 1 1

In this table, binary 1 » ~15 volts and binary O = +15 volts, To make the
flip-flops count by five, the second state (100) is detected by means of a
NOR gate (output = 415V only if all inputs = -15V), The next pulse applied
is blocked from the counter input and connected instead to reset the third
flip-flop. Thus the counter jumps from state 2' (100) to state 6' (101),
and continues thereafter to cycle through the five new states:

1 2 3 4 3

TP-1E o 1 1 0 1
TP-3E 0 0o O 1l 1
TP-5E g 0 1 1 1

This sequence permits many of the required 16 cps control signals to be
taken directly from the counter flip~t.ops,

The waveform at TP-5E for example, is used to select either normal
timing for transmitting or delayed timing for receiving. The inverted wave-
form at TP-6E is used as a relay drive signal for transmit-receive switch-
ing of the FM transceiver., The XMT gate signal (TP-3D) is used to apply
modulation to the FM transceiver only during state 2 of the 5 counter, and
is taken from the same NOR gate usec for counter re-cycling.
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When a reply is received from a remote station, it will occur during
state 4 of the S-counter, The RCY gate signal (TP-2D) is genarated by do=
tecting atate 4 (011) with an additicnal NuR circuit, This signal is used
to sslsct only ths reply porticn i the rM disciiminator output and to
suppress noise or unwanted signals at cther times, To prevent noise from
entering the demodulaticn circuits when there is no reply, the RCV gate
signal is disabled by the input to its NOR circuit which is cannected to the
carrier detector signal from the FM receiver,

The INTEGRATE gate signa: (TP-3E) allows the demodulation circuits
to integrate during state 4 and hold during state 5 of the S-counter, The
sarnple pulse (TP-1D) is generated during state 5 by an additional flip-flop,
provided that reply signal is present, The sample pulse transfers the
results of integration to the cutput data holding circuits,

o Compensation for timing delay when receiving is achieved by delaying
the 0 oscillator pulses applied to the 32-counter during states 3, 4, and 5
of the 5-counter., The needed delay of 2bout 700 ps represents a shift of
about 1,75 periods ut 2560 cps. It is necessary therefore to block one
timing pulse, and to delay the next 96 pulses by 0,75 periods.

The delay flip-flop (TP-1F) is used to generate a blocking signesl for
Lhe first pulse. This gignal, together with the delay select signal (TP-SE).
is used toc gate the 180" pulses (TP-2B) which already have a delay of 0.5
pericds, The delay flip-flop is set by the positive-going edge of the delay
select gate, and is reset by the next positive-going edge of the P32 refer-
ence flip-flop 1.5 periods later.

The next 96 pulses are applied to the dalay m:1ltivibrator (TP-3Q)
where they are delayed by an adjustable amcunt (aporoximately 0.25 periods).
The delayed pulses are applied to the 32-counter, which in turn drives the
S5-counter until it r=aches state 1 again and the delay select gate shuts
cff., The equipment then reverts to ncrmal timing., In switching back to
normal timing, howsver, an extra pulse must be added to the 32-cuunter to
make up for the pulse dropped in geing to delayed timing, If this were not
dcne, the master station transmissicns would not recur at exactly 16 cps and
the remote stations would not achieve synchronism, The additior of one count
in reverting to normal timing is acccmplished by resetting the first flipe
flop in the 32-counter from the positive-going edge of the INTEGRATE gate .°

signal (TP-3t).

Timing pulses at 16 cps (TP-5E) also drive an additional chain of four
flip-flops arranged te count by 16 and prcduce rhannel gating signals at 1 cps.
These gating signals centrol the sequential querying of remote stations,
causing them to reply in prescribed order.

(2) Modulation Circuits

The subcarrier waveform generator and modulation circuits for each
channel are contairned in a channel module, shown in cashed outline in the
block diagram of Figure 12, Circuit boards G, H, I comprise the channel 1
module; boards J, K, and L the channel 2 module; and boards M, N, and O the
channel 3 module, All circuits in the channel mndule are duplicated for each
channel of ths system Associated with each channel module is a separated
but identical control unit,

A carrier flip-flop (TP-71, 7L, 70) in each channel module generates
<33~
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the carrier waveform for that channel. The caexrier Tlip-Tlop is aiways set

for a positive output voltage at .the beginning of each 1/80 sec period., There-
after, it reverses state in response to the trigger pulses supplied from its
associated carrier switch, Switch positions 1 through 16 correspond to carrier
waveforms P9 througn P24 respectively., With switch positions 1, 2, and 3 used
for channels 1, 2, and 3 the waveforms at (TP-71, &1, and 70 appear as shown

in Figure 15-1, 15-2, 15-3 respectively, The P32 reference carrier at TP-T7P

is shown in Figure 15-4 on the same time base,

3
s

The amplitude of each carrier waveform is modulated by a fullwave
diode multiplier, The amplitude of the reference carrier is kept constant st
+10 volts, while the amplitude of each data carrier is controlled between
0 and +10 volts by the dual potentiometer in the associated control unit., For
15/16 second, the data carrier is modulated between zero and positive full
scale to represent a brightness command, For the remaining 1/16 second, the
data carrier is modulated at negative full scale to represent a query signal,

The modulated carriers for each data channel (7TP-51, 5L, 50) and the
constant amplitude reference carrier (TP-5P) are summed in linear fashion
by means of a resistor network (TP-8R). The photograph in Figure 15-5 shows
a composite signal at this point containing the earriers P9, P10, Pll and
P32. The modulation voltages are a, = -10V (Query), an = +20v(100%

brightness) 3, = Ov (0% brightness}, and aj, = 8y = +10V.

Since the FM transmitter employs a phase modulator rather than a
frequency modulator, the composite modulating signal cannot be applied di-
rectly but must be pre-emphasized by means of arn integrator circuit (TP-2R,
Figure 15-6), The rectangular composite signal is converted by this circuit
into a sawtooth signal in which constant slope corresponds to constant fre-
quency deviation of the FM carrier,

The integrated composite signal is applied directly to the deviation
sdjustment potentiometer in the FM transmitter, by-passing its audic stages
which were found to be inadequate for this application, The relay drive
signal (TP-4R) applied to the transmit-receive relays in the FM transmitter
causes the r-f carrier to turn on slightly before, and to turn off slightly
after, application of the modulating signal, i

(3) Demcdulation Circuits |

Whenever a remote station is queried during a master station trans-
mission, it should reply approximately 1/80 seconds later., The discriminator
output signal (TP-7A) during the reply time fcr channel 1 will consist in
this case of a P31l reference carrier at negative full scale amplitude, and a
P9 data carrier at positive full scale amplitude. Noise which is present
when no carrier is on the air, as well as undesired carrier signals, are
suppressed by means of the RCV gate (TP-2D), The gated discriminator signal
is applied to a push-pull amplifier (TP-4Q) which produces output signals c .
equal in amplitude but opposite in polarity, These are applied to the full-
wave diode multiplier in each channel demodulator and also to the multiplier
in the reference demodulator circuits,

To demaodulate the reference component of the reply signal, the P31
waveform generated locally (TP-1C) is alsn applied to the reference multi-
plier., The multiplier cutput signal (TP-4P) will have a negative average
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voltage level durinyg the reply time, This negative level is detected by

a reset integrator circuit (TP-1P), which is held initially at zero by

the INTEGRATE gate (TP-3E)., The circuit is allowed to integrate during
the 1/80 second RCV gate interval, and to nold its integrated voltage

for the next 1/80 second interval, during which no input signal is applied,

The reset integrator waveform for the reference demadulator circuits
is applied to a sample-and-hold circuit in each channel modulp. For the
channel which was queried in the previous master station transmission,
sample pulses (TP-1D) gated by the apprcpriate QUERY signal (TP-3G)
cause the integrated reference voltage to be transferred to a sample-and-
hold circuit (TP-5H), The holding time-constart of the capacitor in
this circuit is long enough (10-15 seconds) to make its output voltage
appear continuous, even though replies are received orly for 1/80 second
at a 1 cps rate,.

The reference voltage output (TP-5H, 5K, S5N) will be apprcximately
-10 volts when that particular channel of the system is operating correctly.
This output voltage is compared toc +10 volts in a difference network (TP-
TH, 7K, 7N). If the difference is large (about 5 volts or more), a relay
in the associated control unit will release, causing the red indicator
light to glow., If the reply reference voltage is approximately correct,
the red light will extinguish, and either the yellow or green light will
glow,

The data subcarrier component in the reply signal is demodulated
in a similar fashion, The locally-generated carrier applied to the signal
multiplier is the P9 waveform in this example, The signal multiplier out-
put signal (TP-41) has an average d-c voltage which can vary from 0O to
+10 volts d-c. This average vcltage is integrated and stored temporarily
in the corresponding reset integrator (TP-1I). Sample pulsSes gated by the
proper QUERY signal transfer the integrated voltage tc a second sample-
and-hold circuit for that particular channel (TP-4H).

The sampled and smoothed data reply voltage for each channel
(TP-4H, 4K, 4N) is applied directly to the moritoring meter in the asso-
ciated control unit, It is also compared to the command voltage by means
of a difference network, If the differerce voltage is within prescribed
limits, the green light indicating correct respcrse will glow., If the
differerce voltage is outside of prescriced limits, a second relay in the
control unit will extinguish the green light and turn on the yellow light,
indicating an incorrect response, A difference voltage cf about 2 volts
is required to turn on the yellow light, while a difference voltage of
about +0.5 volts is required to restore the green light.

(C) Detailed Description - Remote Station
Figure 16 shows a detailed functicnal block diagram of the remote
station equipment., Waveforms at significant test points of remote station

are included in Figures 17 and 18, In many respects, operation of the
remote station is identical with the master station, *
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1, DISCRIMINATOR TP-T1 2.
(INCLUDING REPLY 1, 2, 3)
(2v/cM, 13 tM = 1/4 SEC)

CARRIZR DETECTOR TP-1]
(INCLUDING REPLY 1, 2, 3)
(10v/CM, 10 cM = 1/4 SEC)

MILTIPLIER TP-5B
(CK. 1 QUERY EXPANDED)
(10V/CM, & CF « 1/30 SEC)

3. DISCRIMINATOR  TR.71 . ¢ AFC MATILIE
(CH. 1 QUERY EXPANDED)
{1V/CN, 8 CM = 1/60 SEC)

FIGURE 17, REMOTE STATION COMMOM CIRCUIT WAVEFORMS
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(1) Timing Circuits

The 2560 cps oscillator at the remote station employs an L-C
resonant circuit, To maintain the natural oscillator frequency within
a tolerance of about 0.25%, the bulk of _the tuning capacitance is main-
tained at a constant temperature of +75°¢C by means of a small oven., A
small amount of capacitance has been left outside the oven.?o compensate
for temperature variations in the tuning inductance, When signals are
bsing receivad from the master stotion, the remcte station oscillator is
slaved by automatic frequency control (AFC) techniques to match the free
quency and phase of the received reference signal.

The output signal from the remcte station oscillator (TP-6B) is
a 2560 cys sine wave, At the positive-going zero crossings of the sine
wave, g” pulse sre desived (TP-2C) which trigger a chain of five flip-
flops arrarged to count by 32, The 1280 cps square wave produced by the
first flip-flop (TP-1D) is the P31 local referencs waveform for the re-
mote station,

The fiva flip-flops comprising the 32-counter operate exactly the
same as in the master station, axcept that there is no need to switch be-
tween normal and dvlayed timing., Only cne set of trigger pulsss for gen~
erating a data carrier waveform is produced; however, a rotsry switch is
provided for selecting any cns af the 16 available combhinations of trigger
pulses. The 80 cps square wave produced by the last flip-flop in the 32-
counter (TP-3D) is ised to produce a set pulse for the carrier flip-flop
(TP-TH), and also tc drive the S-~ounter which generates various 16 cps
coentrel signals,

The S5-counter in the remote station differs slightly from that
in the master station because the 16 cps transmit control signals and re-
ceive control signals must he interchanged in time, The three flip-flops
which comprise the S-counter in:the remote station are cornected to cycle
through the five states:

1 2 3 4 5

TP~ 1 0 1 0 O
TP-3F 1 0 O 1 1
TP~5F 1 G 0 0 1

State 4 (010) is detected by means of a NOR logic circuit, The next
80 cps input pulse is blocked from the input terminal af the S-counter
and used instead to reset the third flip-flop, thus producing state 5 (011),

Vo Magter station transnmissiongshcould occur when the ramote 3tation .
Secounter is in state 2 (000). This state is detected by means of another
NOR logic circuit to produce the remote atation RCV gate (TP-2E). The
carrier detector signal (TP-11) is alac connectad to the input of the

NOR circuit which gencrates the RCV gate. In this way, noise is pre-
vented fxom entering the dermdulation circuits wher: the master station is
not transmitting, -

The INYEGRATE gate for the remote station (TP-3F) is taken di-
rectly from the second flip~-flop of the S-founter, since it must unclamp

«~30-
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the resst integratos circuit during states 2 and 3, The cample pulse
{YP-1E) ia ganersted during state 3 by an anditisnal flin.flon circuit,
provided that the carrier Jdetector signal is present and the remote
station has pulled iInto synchronism, The sample pulse flip-flop is
raset by the trailing edge of the INTEGRATE gate.

The XMT gate for the remote station (T#-3E) is generated by the
game NOR circuit used t» mske the S-counter re-cycle, It occurxs during
state 4, ond is used to activats the composite signal integrstor pro-
vided that the reply fiip-flop (TP-1J) has been triggerad.

The reply flip-flop can be triggered only if master station
signals are being received (carrier detector signal present during RCV
gate interval), if the ramote station has nulled into synchroniem (sample
pulses being gensrated), and if a query signal (negative modulation of
data carrier) is detected by the demcdulation circuits, If all of these
conditions exist, the reply flip-Tlop will cperate the relays in the M
transceiver, switching it into.the transmit mode. The reply flip-flop'
and relsy drive signals start at the beginning of state 3 of the S-counter
causing the r-f carrisr to turn on elightly before modulation is applied,
The reply flip-flop is reset at the end of state 4 causing the r-f carrier
to turn off slightly after modulation has besn removed,

The discriminator output wavefoim in Figure 17-1 illustrates the
query/reply sequence for channels, 1,.2, and 3, The various remote stations

~ always reply sequentially in the order of theiy assigned channel numbers
- (not necessarily the same as their selected carrier numbers),

 The remote statioh osciliator and P3l flip-flop are pulied into
synchronism by the AF( circuits described imtprinntherlés8.four flip-flops

of the 32-counter and all three flip-flops of the S-countexr are pulled

into synchronism by the out-of-sync dgotectaor circuits,

The out-of-sync detector contains an inteygrating capacitor, which
when discharged, causes a positive vnltage {approximately +10V) to appear
&t TP-8B). This positive voltage is applied to a NOR circuit at the input
to the sample pulse flip-flop, thus preventing the generation of sample
pulses when the remote station is out-of-syrc,

Whenever signale are being received from the master station, the
carrier detectc: signal (TP-11, Figure 17-2) appears as a negative-going
rectangular pulse, After amplificstion, filtering, and clipping, the
carrier detector signal is applied to a one-shot multivibrator (TP-31).
The multivibrator shouid trigger only on the leading edge of the master
station portion of the carrier detectos signal (regardless of romote
station replias), The duration of the multivibrator pulse is not critical;
only the position of its leading edge is important,

Whan the multivibrator pulse occurs, the S-counter should be in
state 1 (111), If it iz in some other state, it will be reset to state 1
by the leading edge of the multivibrator pulss. The last four flip-fiops
of the J2-counter should also be in an all 1's state when the multivie
brator pulse sccurs, If they are in some cther state, the intsgrating
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copaciter in ths ocut-of-sync detector will discharge and eventually pro-
duce a positive voltage at TP-8B, This positive voltage will turn on a
puise gate (TP-7Bj permitting the leading edge of the multivibrator pulse
to pasa through and reset the four flip-flops to their all 1l's state,

If the 2560 cps oscillator and P 1 flip-flop have been properly
locked~-in by the AFC circuits, the succeealng flip-flops will again be in
their all 1l's state when the next, and all future, multivibratur pulses
occur, As long as this condition exists, the NOR circuvit connmected to the
last four flip-flops of the 32-counter will open another pulss gate
(TP-9B), permitting the leading edge of the multivibrator pulse to pass
through and charge the integrating capacitor, The d-c level at TP-8B
will then go to a negative voltage (approximately -15V) and sliow Sampling
pulses to be generated,

Should the AFC circuits not be locked, the integrating capecitor
in the out-of-sync detector will alternately charge and discharge at a
rate determined by the frequency error of the cscillator, The charging
time constant is sufficiently slow that 4-5 gsequential multibrator
pulses must occur at the proper time relative to the co nter flip-flops
before the level at TP-8B exceeds the in-sync threshold (approximately
-5 volts), The discharge time constant is also sufficiently slow, that en
occasional dropped multivibrator pulse will not cause lose of synchronism,
nor will an occasional spurious multivibrator pulse reset the counters
falsely,

(2) Demodulation Circuits

The discriminator output signal from the FM receiver (TP-T7I)
during a master station transmission is shown expanded in Figure 17-3.
It is a limited-bandpase reproduction of the composite modulation signal
generated at the master station, As before, the example shown is for
channel modulations:

ag = -10V (Query)
ag = +10V (100% modulation)

a8, = OV (0% modulation)
%32
Noise in the discriminator signal when no carrier is present, as

well as the remote station raplies, are suppressed by means of the remote
station RCV gate (TP-2E), The RCV gate is held to approximately the correct
timing by the out-of-sync detector circuit already described, even though
the AFC circuits may not have achieved lock, After gating, the discrim-
inator signal is applied to a push-pull amplifier (TP-41)., as in the¢ master
station, The equal but opposite cuvput signals from the push-pull ampli-
fier are applied to a full-wave diode multiplier in the AFC loop, and to an
identical multiplier in the signal demodulation circuits.

= +10V (reference)

In the AFC multiplier, the received composite signal is multi-
plied by the locally generated P5; waveform (TP-1D). When the locsl P
waveform has the proper frequency and phase relative to the received com-
posite signal, the multiplier output waveform (TP-5B, Figure 1i7-4) appears
as a series of "S®™ curves having a zero average voltage, If the local P3l
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square wave should be slightly delayed in pnase (frequency too low), the
#S* curvea becomea mora rounded an top  nproducing = positive gverggs
voltage, If the local P31 square wave should be slightly advanced.in
phase (frequency ton high), tha "S" curves become more rounded on the
bottom, producing a negative average voltage., Only the P32 reference
component of the received composite signal affects the average voltage
in the AFC multiplier. The other carrier components when multiplied

by P31, always produce an average voltage of zero, even in the prasence

of a timing error.

The average voltage produced by the AFC multiplier is extracted
by means of a low-pass filter (TP-4B)., A double time-constant filter
is used to achievd a proportional-plus-integral type of control in the
AFC loop., After d-c amplification (TP-1B), the filterad AFC voltage is
applied as a control signal to the 2560 cps oscillator. The polarity
of the control signal applied is such as to pull the oscillator frequency
in the direction which will correct any timing error in the local P31l
weveform and produce a zerc average voltage in the AFC muitiplier, The
pull-in range of the osc‘llator is approximately 10 cps on either side
of 2560 cps. Near the limitssof the pull-in range, a static phase error
cen still exist. For this reason, the natural oscillator frequency
should be maintained as close to 2560 cps as possible,

The demodulstion of data signals operates in a similar way as
in the master station, The received composite signal is multiplied by
the carrier waveferm (P9 through P24) generated locally at the remote
station (TP-7TH). Ths multiplier output signals (TP-4H) when P9, P10,
or Pll is selectsd are shown in Figures 18-1, 18-3 and 18-5 respectively.
The corresponding reset integrator waveforms (TP-1H) are shown in
Figures 18-2, 18-4, and 18-6, The P9 integrator charges to -1l0V in %his
csse, indicating a query, The P10 integrator charges to +10V, and the
P11 integrator to OV, corresponding to the modulations applied at the
master station,

When the integrated voltage is more negative than about -5 volts
(ss in Figure 18-2), the Schmitt trigger circuit (TP-6G) reverses state,
csusing sampling pulses tp transfer the peak negative wltage to the re-
ference dats holding circuit (TP-5G) and tc trigger the reply flip-flop
(TP-1J), When the integrated voltage is zero or positive (as in Figure
16-4 or 18-6), the Schmitt trigger does not operate, Sampling pulses
then transfer the integrated voltage to a command data holding circuit
(TP-4G).

The sampled and stored reference voltage (approximately -10
volts d-c) and command data voltage (0 to +10 volts d-c) are brought out
as external signals from the remote station. The stored reference voltage
is slso compared to a local +10 volt d-c supply by means of a differsnce
network {TP-7G). If the difference is more than about 5 volts, the fail-
safe relay on the control panel will de-energize, indicating a system
falilure,
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{3} Modulation Citcuits

The reply transmiseion from the remote station consists of a '
data carrier modulated betwesn O and +10 volts {TP-SH), and a P31 reference
carrier modulated at -10 volts, Modulation of the data carrier is controlled
either internally by the demodilated dota command (TP-4G), or externally
(TB1-9) from a device such as a servomechanism which resppnds to the data
command, Modulation of the reference is always controlled internally by
the demodulated reference voltage from the master station, These portions
of the remote station operate almost identically with those at the master
station,

One exception is that half-wave rather than full-wave multipliers
are used in the remote station. This simplification is possible because
the modulation voltages change very slowly (no command/query switching).
Dne of the signal input terminals can be grounded, because after a-c
coupling of the multiplier output signal, its peak-to-peak amplitude will
still vary in the desired manner,

(D) Detailed Description - Special Circuits

Compiete schematic diagrams of all circuits in the Wireless Control
System are included in the Maintenance Instructions submitted as a separ-
ated document, Most of the circuits are conventional and should not require
further explanation here, A few circuits are unique, and were developed
specifically for this equipment as described below.

(1) Diode Multiplier

A schematic diagram of the diode multiplier circuit is showniin
Figure 19, The basic multiplier circuit composed of transistors @, and Q?
is used both for modulation and demodulation, In the-modulation circuits™
only, transistor Q, is added for command/query switching. .

The basic multiplier circuit operates very much like two AND gates
followed by an OR gate, except that cne input signal to each AND gate is &
continuously variable vcltage. Ffor modulation, the variable inputs are
+a_ (0O to +10V) and -8, (0 to -10V). The base voltage of Q, goes to the
+a_ level if Pn = 415V (noimalizeéd +1 level), but is clampeé to +15V if
Pn = «15V {normalized -1 level)., Similarly, the base of goes to the
-a level if P = =15V, but is clamped to +15V if P_ = +15V, The common
emitter of Ql and 02 goes to the more negative of tge two bass voltages,
which is +a if Pn = +15/ or -8 if P = «15V. The output signal has
the same waveshape as Pn, but its pean-to-peak amplitude varies from 20
volts down to zero as & variss from +10 volts to zero,

During query modulation, transistors Q. and 02 are cutoff by
clamping their bases to +15 Volts, Transistor §,, which was held cutoff
in a similar way during command modulation, is unclamped during query
modulation, The signal appearing at the common emitter terminal is -Pn
under these conditiona, The smplitude of the inverted Pn carrier is held
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FIGURE 19. DIODE MULTISPLIER
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to +10 volts by clipping diocdes,

(2) Reset Integrator

Figure 20 shows a simplified schematic diagram of the reset
integrator used both for demodulaticn and for pre-emphasis of the compo-
site modulating signal.

The capaciter C is initially clamped at ground potential by the
reset transistor {,. When Q, is cutoff by the INTEGRATE gate signal,
capacitor C charges through resistors R anc R, towards the input voltage
e . Resistor R, is made variable as a means o? controlling the rate of
charging, or slope, The capacitor voltage is amplified by means of a
stabilized d-c am.lifier whose gain is set at approximately 10 by nega-
tive feedback. The amplifier is adjusted to give zero volts output for
zero volts input,

To eliminate the usual exponential curvature of an R-C integrator,
the in-phase agutput of the d-c amplifier is fed back to the junction of
R, and R, through the linearity adjustment resistor R,. If the capacitor
voltage is e, and the amplifier input resistance is R 4’ the capacitor
charging currant is:

10R e
i i e ¢+ e -e -=
c Rl b RZ c c R4 (5)
where Rl’ RZ => R3

If the linearity control R, is properly adjusted, the charging current
can be made exactly propor%ional to the input voltage e that is:

ex 1
i == and e = -—-~[; dt
Rl Rlc x
{6)
108 (R + R )
if R2 2?**
R

Since the output signal from the amplifier is lOe s the circuit provides
gain as well as linear ‘ntegration,

(3) Sample-and-Hold Circuit
The sample-and-hold circuit shown in Figure 2. is used in deno-

dulation to store the final voltage of sach reset integrator and to
precent this voltage as a continuous d-c output signal at low impedance.

The reset integrator waveform is connected through emiiter followers
Q, and Q,, to the bases of charging transistors Q3 and Q, respectively.
During the sampling interval (1/80 second)},. capacitor C is charged either
positively through qd or negatively tt ab 93 to the voilage of the
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FIGURE 21. SAMPLE-AND-HOLD CIRCUIT
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of the integrator. Small resiators in the emitter circuit of Q3 end Q4

limit tha charging current tc sbout 100 ms, Emititer followers {1 and @
prevent the charging current from causing any significuant change in the

integrator voltage,

At the »nd of the sampling interval, the charging transistors arz
cutoff by removal of the ¢ sampling pulses, The - samplirg pulse signal
reverts to its resting level of 415 volts, and clamps the base of Q3 to
the same level., The base of Qg is clamped to -15 volts by ths resting
level of the ¢ sampling pulse, Additional clamping diod2s are provided
at the bases cf Q, and q4 to permit selective sampling. In the remcte
station, these additivnal diodes are controlled by the Schmitt trigger
tircuit to store command and query voltages separstely. In the master
station, they are controlled by the query gating signals to select reply
voltages only from a particular remote statian,

Between sampling intervals, capacitor C holds the last &tor=sd
voltage, The value of C is 100 puf, and the holding time constant is
about 10 seconds, The output stage composed of Q. and is a complemen~
tary emitter follower having an input impedance o? approximately 100 K
and an output impedance of approximately 500 ohms for both positive and
negative voltages.

(4) Temperature Compensetion Circuits

During temperature testing of the equipment, it was found that
the zero and full scale calibration of the various channels varied as
much as 2 volts out of 10 under extreme temperature conditions. It was
also found that the remote station oscillataess would drop out of synch-
roniam at extreme temperatures unless compensation circuits wers provided.

2 ' o ' Lt PR L weal
. In the modulation circuits, gain of the master
station composite signal had to be decramased slightly with increasing
temperature to maintain system calibration., This effect was achieved by
connecting a thermistor network from the summing junction to ground.

In the remote stations only, the natural frequency of the timing
oscillators was stabilized by using a small oven to maintain the tuning
capacitors at +75 C. In addition, the AFC multiplier exhibited a zero
offset which varied with temperature, tending to pull the natural fre-
quency away from 2560 cps., The latter effect was compensated by a ther-
mistor network at the input to the multiplier.

A similar thermistor network was connected at the input to each
signal demodulation multiplier, to maintain the 2ero signal level inde-
pendent of temperature., In the remote stations only, the reset integrator
capacitor was placed in the same +75 C oven for the oscillator, Overall
gain compensation of the demodulator circuits was obtained by a thermistor
network at the input to the common push-pull amplifier,
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The compensation networks were designed by substituting z cali-
brated variable resistance in place of each nnthnrk and racording the
values required for correct operation at -10° Cs #25 C, and +55°C. In
every case, a resistance which decreased with increasing temperature was
needed, The resistance variation required in most cases was obtainable
wlth a thermistor R, which decreases exponentially with tempezature

(-4. 4%/ C), having a fixed resistor R, in parallel and another fixed
resistor R2 in series, The design equations are:

l.llAlA2 (4, +4,)

R, = T = . (7)
TT () -0.352 2)
. 5.56RT(1§£-0.352A2) "
R.R §
11
R, = R = (9)
2 o RT+Rl

where Ro = desired resistance at +25°C
4;1 = desired resistance increase at -10°C
llz = desired resistance decrease at +55°C

An exact 3- point fit to the desired resistance curve is cbtain-
able, provided that 0,325 < A /B, < 6.58. 1In a few cases, no change
or even a slight increase in reszs ance was needad at +55 C. This type
of curve was fitted approximately by conriecting & positive temperature
coefficient Sensistor across the series resistor Rz. The best fit was
obtained by trial and error.

(S5) Transceiver Modifications

Figure 22 shows all of the circuit modifications made in the
Motorola L43GGB-1100A taansceivers, The modifications include the removal
of audio input-output stages, replacement of transmit-receive relays,
provision for a carrier detector output signal, redesign of the discriminator,
and stabilization of power supplies,

DISCUSSION OF POSSIBLE IMPROVEMENTS

As indicated by the test results in Appendix A, the experimental
model of the Wireless Control System performed quite satisfactorily with
respect to system range; bandwidth, crosstalk, accuracy, linearity, and
failssfeness, One aspect of its performance which does need improvement is
its stability under extreme temperature conditions,

In future models, it is quite feasible to eliminate the temperature
problem and alsc to meke the equipment smaller, lighter, and -ziler to use,
The ultimate cost of the equipment, when engineered for quantity production,
should be very attractive,
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(A) Components and Circuitse

One of the circuits which should be improved in future models is the
remote station oscillator, The natural frequency of this oscillator must
be inherently stable, and yet be capable of control by an AFC voltage. In
place of the oven-stabilized L-C circuit ncw used, oscillators employing
tuning foik or crystal stabilization should be investigated.

The majority of temperatu': problems encountered could be ~liminated
by using silicon .transistors and cioces exclusively, Such semi-conductor
components are now appearing on the market which are very competitive with
germanium units in price, In particular, silicon PNP transistors which
were formerly much more expensive than the NPN type are now becoming avail-
able at reasonable cost,

Variations in system gain with temperature could be eliminated
through the use of amplifier circuits having higher open-loop gain and
greater amounts of negative feedback., Similar techniqees could be used to
eliminate the temperature-variable d-c offset voltages which were encountered
in the multiplier, reset integrator; and sample-and-hold circuits.

System size, weight, and power drain could be significantly re-
duced if transistorized r-f equipment were used. The present wariup time
of 1-2 hours could also be significantly reduced, Depending upcn the results
of FAA evaluation test:, it may be possible to reduce the r-f power output
below 10 watts,

With these igprovementa, it is believed that the original .aperature
specification of -55C to +55C can be met., The present equipmen ize,
weight, and power drain could probably be reduced by at least one .aird.

Another area for possible improvement is in the control units at
the master station, It is questionable, for 2xampl=, whether the use of
reply metersywhich are relatively fragile and expensive, is really justified
for future models, The information most needed by a control operator is
contained in the command lever setting and the red/yellow/green status
lamps, The control units can also be simplified by eliminating the
gearing currently used to adapt the 360° potentiometers to the 75° meters,
Sector potentiometers can be used if recessary. With these improvements,
it should be possible to meet or surpass the original size limitation of
4" x 3" panel space per channel, A commun dimming control for all channels
would also be an improvement.

(B) Alternate Simplified Systems

The Wireless Control System in its present form is prcbably more
complex than it needs tc be for general use, Much of the complexity arises
from the inclusion of the reply path and its associated problems of transmit~
receive switching on a single r-f frequency., Reply signal monitoring does
appear desirable from an operational standpoint; however, its value must
be weighed against the system cost and complexity which it introduces.
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fFuture systems might be designed with the idea of uging l-way
:gntrol to achieve & Lesic, 1Gw CORL sysiem.

Thic basic mastsr ststion
aquipment would transmit only, and the basic remote : tations would rzeceive
only. In a system of this type, the master station could trzrnemit con-
tinuously (except when in stancby), thereby eliminating all probleus of
transmit-receive switching, The Stcounter and lé~counter circuits rould
probably be eliminated, and single potentiometers and half-vave multi-
pliers could be used for modulation, At the remote stations, the r-f
transmitters would not be nceded, nur would the 5-countor and its associated
control circuits., The reset integrators and sample-and-hold circuits could
probably be replaced with simplified d-v amplifiers and low pasa filterxs,

Reply signal menitoring, where desired, could be incluced as an
add-on feature, Maximum system performance and flexibility would be . i

achieved if a 2nd r-f frequency were provided for the time-shared reply
signals,

Another possibility for greater system flexibility is to provide
for more than one channel per remote station, The amount of additional
equipment required at thes remote station would be sometning like 10% per
channel, The additional channels could be used not only for lighting

control, but for various other switching or proportional control functions
as well,

Since the multiplex madulation/demodulation portions of the present
system are essentially independent of the r-f link, system economy might
also be enhanced by sending the composite signal over existing power cables,
The problems of by-passing the control signals around various power devices,
or adapting them to multiple power sources would have to be investigated.

(C) Production Cost Estimates

The figures given below represent a best current estimate of pro-
duction costs for a Wireless Control System of the type developed under this
contract, These estimates assume a completed and approved prototype
design of good commercial quality. The figures given represent cost per

channel (either 2-way or l-way). A production run of at least ten 16-
channel systems has been assumed,

The three categories of equipment shown represent (1) remote
station equipment all of which is associated with a particular channel,
(?) master staticn equipment which must be duplicated for each channel, and

(3) master station common equipment which can be pro-rated by 1/16 for
each channel o
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1,

2.

3.

Remote Station

R-F equipment
CRTHOMUX equipment
Power Supply
Case and Hardware
Assembly and Test

+wWa

450
500
200
250
150

$1,550

Master Station Channel Equipment

Control unit
ORTHOMUX equipment

150
200

$350

Master Station Common Equipment

R-F equipment

Timing and control circuits
Power Supply

Case and Hardware

Assembly and Test

Total Cost oer Chadnel

450
250
250
250
40C

$1,600/16

$2,000
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100
100

$200

250
100
125
125
200

$600/16

$1,050
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CONCLUSIONS k -
1, The experimental model of the Wireless Control System has demonctrated
that the basic design approach is valid, .

2., System objectives have been met with respect to range, bandwidth, cross-
talk, accuracy, lineurity, and failsafeness,

3. Temperature stability of the system needs improvement; however this pro-
blem is not basic and can be eliminated through redesign of critical circuits
and the use of silicon transistors only.

4, Expansion to 16 or more channels appears entirely feasible,

S. The use of standard, continucus 0-10 volt d-c signals makes the system
usable for numerous applications other than lighting control; however special ,
interface equipment at the remote stations will be needed for each application, )

6. In its present form, the system is probably over-complex for general use.
Much of the complexity is accounted for by the inclusion of time-shared Teply
‘signals! drid the associbted 'problems ‘uf traremit<receive ‘ewitching,

7. The vacuum tube r-f equipment accounts for a large part of the syatem size,
weight and power drain; as well as the needed warmup time of 1-2 hours.

8. The estimated producticn cost of $2,000 per 2-way channel appears attrac-
tive, and can be reduced to roughly half that amount for simpler types of :
control,

RECOMMENDATIONS

1, It is recommended that the design of the experimental Wireless Control
System be improved in the following respects:

(a) Improved temperature stability.

(b) Use of transistorized r-f equipment,

(c) Use of l-way control only to achieve a simplified, low-cost,
basic system,

(d) Provision for reply signal monitoring ss an add-on feature,
preferably using a 2nd r-f frequency to ease the problems of
transmit-receive switching,

(e} Improved design of control units for simplifisd operation,
possibly eliminating the reply meters,

(f) Expansion of the system to 16 or more channels,

(g) Provision far more than one channei per remote station,

2. A study and development program covering appiopriate interface equip-
ments at the remote stations is also recommended.,

3. To enhance the flexibility and economy of the system, it is recommended !
that an investigation be made of the possibilities of sending the composite
command and reply carrier signals over existing lighting power circuits,
bridging power apparatus as necessary,

4, It is further recommended that studies be undertaken to determine how the
Wireless Control System can be adapted for other airport uses than lighting
control, .
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WIRELESS CONTROL SYSTEM
FOR AIRPORT LIGHTING
CONTRACT FA-WA~4632

ACCEPTANCE TEST PROCEDURE
1. General Workmanship

Inspect the components, wiring, and mechanical assembly of each
equipment to verify that the workmanship meets the standards of good
commercial practice,

2., Locking Provisions

Inspect each remcte station equipment to verify that it is
equipped with adequate tamperproof locking provisions,

3. Primary Power Consumption

The equi.ment alignment procedures should be completed before
making this test, Connect the antenna jack of the master station and each
remote station equipment to a 4-arm, 50-ohm attenuator as in Figure A-l,
inserting 30 db attenuation in each arm, Measure the current drawn by
each equipment from the nominal 115 volt, 60 cps primary power source,
Verify that the average power consumption is ndt more than 500 watts for
the master station, nor more than 200 watts for each remote station,

4, Parel Dimming Provisions

Verify that the panel illumination for each control unit of the
master station can be varied from full bright to full off by means of the
panel knob provided,

5. Control Provisions

Verify that ON-OFF, S-step, and continuous control are provided
for each of the three controi channels of the system, The five detented
steps should occur at 20%, 40%, 60%, 80%, and 100% of full scale., Con-
tinuous control should be possible everywhere excegt in the immediate
vicinity of each detented step,

6., Failsafe Provisions

6.1 Remote Station Failure

With: the system fully adjusted and each remote station set for
internal regply, verify that the grsen light on each control panel is 1lig,

and that the failsafe relay in aach remcte station is energized (7B 1-5
to TB 1-6 open, and TB 1-5 to TB 1~4 closed), Turn off the power switch

at each remote station in turn, and verify that the corresponding green light

turns off, the corresponding red light turns on, and correspending remote
failsafe relay de-energizes, Measure the time elapsed before the master
station red light tuzns on,
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6,2 Master Station Failure

Turn on power at all remote stations, and turn off power at the
master station, Verify that all lights extinguish at the master station
and that all remote failsafe relays de-energize, Measure the time elapsed
before each remote station relay drops out,

6.3 Incorrect Reply

Turn on power to all equipments, At each remote stations, set the
reply selector to EXTERNAL and simulate an external reply signal as shown
in Figure A-2, Verify that the green light turns off and the yellow light
turns on for each channel under the following conditions:

Reply Meter Indication Brightness Control Knob

100 80
80 100 or 60
60 80 or 40
40 60 or.20.
20 40 or 00
(0]1] 20

Return the reply selector switch in =ach remote station to INTERNAL.

7. Operation Time

Verify that the panel meter and remote station oputput voltage
(TB 1-10) for each channel respond within 1 second to changes in the control
setting knobs,

8. Char =1 Accuracy

Set the carrier selector switches in Channels 1, 2, and 3 (master and
remote stations) to positions 1, 2, and 3 respectively., Set all brightness
control knobs at 80, Taking each channel in turn, set its brightness
control knob to O, 20, 40, 60, 80, and 100, Verify that the corresponding
meter indication at the master station and the d-c voltage at TB 1-10 of
the corresponding remote station agree with the control knob setting within
+2% of full scale,

9. Channel Crosstalk

Set all brightness control knobs at 80, Change the carrier selector
switches (master and remote stations) as indicated below. For each com-
bination of carrier, vary the channel 1 control kncb from 0 to 100 and
measure the change in the channel 2 and 3 meters., Similarly vary the
channel 2 and channel 3 knobs from 0O to 100% and measure the change in the
other two meters,
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(It mey be necessary to readjust the zero, slope, and linearity of the
reset integrators after switching the carriers,)

GChannel 1 Carrier Channel 2 Carrier Channel 3 Carrier

1l 2 3 to 16

3 4 5 to 16

5 6 7 to 16

7 8 9 to 16

9 10 11 to 16
11 12 13 to 16
13 14 15 to 16
14 15 16

10. System Range

An attenuation of 120 db between stations simulates the maximum
system range of 3 miles, while an attenuation of 60 db simulates the ex- ,
pected minimum range of 0,5 miles, Verify that when 60 db attenuation is
placed in each arm of the attenuator of Figure A-1, no more than 2% change
occurs in the panel meter readings. §

11, R~F Spectrum

The requirements on carrier stability and spurious emission supressiaon
are covered by the FCC certification of the Motorola L43GGB-1100A trans-
ceiver equipment, If the peak FM deviation does not exceed 5 kc, an
emissiu, bandwidth can be assured. Measure the peak FM deviation as
described in the equipment alignment procedure and verify that the de- .
viation does not exceed S kc, -

12. Interference Rejection

The requirements on interfersnce rejection are covered by the FCC
certification of the Motorola L43GGB-1100A transceiver equipment,

13, Temperature Test - Master Station

Remove the control panel aseembly from the master station equipment,
Using extension cables for the contrecl panel assembly, primary power, and
r-f signal, place the remainder of the master station aquipment in a con-
trolled temperature chamber, Calibrate the system with all brightness
control knobs set to 00 and to 80, Measure the change at the control
panel meters and at each remote station (TB 1-10) during the following
temperature cycle:

Ambient Temp, 1 hour
-10% 1 hour
Ambgent Temp, 1 hour
+55 C, 95% humidity 1 hour

A-4
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14, Temperature Test - Remote Station

Repeat the test sbove with the equipment of one Remote Station
in the controlled temperature chamber instead of the muster station
equipment,

15. Weather Proof Test ~ Remote Station

With an2 Remote Station equipment housed in its case, simulate
conditions of heavy rain and wind for 1 hour, Repeat the test of para-
graph 8 to verify correct operation,
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WIRELESS CONTROL SYSTEM
FOR AIRPORT LIGHTING
CONTRACT FA-WA-4632

FINAL TEST DATA
Test Procedure Reference Par's 1, 2, 3, 11

i D W 4 AT

DATE 6 November 1964

rerronven__2, B, Zallocd

WITNESSED BY

A6

MASTER BEMOTE REMOTE REMOTE
Ser, #1 Ser. #2 Ser., #3 Ser.#4
R-F Peak Power, watts 10 10 10 10
Peak FM Deviation, kc + 1.0 + 1.0 +1.0 +1.0
Peak-to-Peak Discriminator
OQutput for Given Deviation,
Volts 3.5 3.5 3.5 3.3
Carrier Detector Sensitivity
PV 5 5 5 5
Primary Voltage, volts 115 115 115 115
Primary Current, amps,
. STBY 1.4 1.1 1.1 1.1
HEAT - - l.a lca loe
Primary Power, watts 180 max,] 200 max.| 200 max,|{ 200 max,
Locking Provisions ——- 0K 11 4 0K
Gensral Workmanship 0K 0K 0K 0K




WIRELESS CONTROL SYSTEM
FOR AIRPORT LIGHTING
CONTRACT FA-WA-4632
FINAL TEST DATA

Test Procedure Reference Par's 4, 5, 6, 7

CHAN, 1 CHAN. 2 CHAN, 3
Remote §2 Remote #3) (Remote
Panel Illumination
FULL ON (1] ¢ 0K oK
FULL _OFF oK 0K LK
Response Time, Command Immediate Immediate Immediate
Reply 1 sec, 1 sec, 1 sec,
Holding Time, Master Station 15 sec. 10 sec. 20 sec,
Remote Station 27 sec, 37 sec, 80 sec,
Brightness Command 00 0o 00
Error Alarm (High) 20 a0 20
Error Alarm (Low) — == -
Brightness Command 20 20 20
Error Alarm (High) 40 40 40
Error Alarm (Low) go 00 00
Brightness Command 40 40 40
Error Alarm (High) 60 60 60
Erroxr Alarm (Low) 20 _20 20
Brightness Command 60 60 60
Error Alarm (High) 80 80 80
Error Alarm (Low) 40 40 40
Brightness Command 60 80 8o
Error Alarm (High) 100 100 100
Error Alarm (Low) 60 60 60
Brightness Command 100 100 100
Error Alarm (High) -~ - -
Error Alarm (lLow) a0 8o 80

A-7

DATE__10 November 1964

PERFORMED BY
WITNESSED BY
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WIRELESS CONTROL SYSTEM
“OR AIRPORT LIGHTING
CONTRACT FA-WA-4632
FINAL TEST DATA

Test Procedure Reference, Par, 8

Attenuation Between Stations €0 db
Environmental Conditions
Master Station Ser. #1 Ambiant

:
!

Remote Station Ser, #2 Ambient
Remote Station Ser. #3 Ambient
Remote Station Ser, #4 Ambient
CHAN, 1 CHAN., 2 CHAN. 3
(Remote #2) (Remote #3) (Remote #4)
Carrier Selector Position 1 2 3
Reply Selector Position INT, INT, INT,
Brightness Command 0o 00 ao
Remote Output fa 01 00
Reply i 0o 0o 00
Brightness Command 20 20 20
Remote Qutput 22 22 21
| Reply 22 21 21
i Brightness Command 40 40 40
Remote Output 42 42 41
Reply 42 42 41
Brightness Command 60 60 60
: Remote Output 61 61 60
! Reply 61 61 59
| Brightness Command 80 80 80
» Remote Output 80 80 80
i Reply 80 _80 80
Brightness Command 100 100 100
Remote Output 101 101 102
Reply 100 100 100
DATE 9 November 1964
PERFORMED BY A
WITNESSED BY
A-8
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WIRELESS CONTROL SYSTEM
FOR AIRPORT LIGHTING
CONTRACT FA-WA-4632
FINAL TEST DATA

Test Procedure Reference, Par, 10
Attenuation Between Stations:(A) 60 db (B) 120 db
Environmental Conditions

Master Station Ser.. #l Ambient

Remote Station Ser. #2 Ambient

Remote Station Ser, #3 Ambient

Remote Statii 1 Ser, #4 Ambient

CHAN, 1 CHAN. 2 CHAN. 3
_(Remote #2) (Remote #3) (Remote #4)

Carrier Selector Position 1 2 3
Reply Selector Position INT. INT, INT,
Brightriess Command 00/80 00/80 00/80
Remote Cutput 00/80 00/80 00/80
Reply 00/80 00/80 00/80
Brightness Command 00/80 00/80 00/80
Remote Qutput 00/80 00/80 0o/80
Reply 00/80 00/80 00/80

NOTE: Correct operation was also verified
in an on-the-air test between master
station and remeote station #4,

Range was approximately 1.25 miles,
line-of-sight,

DATE November 1964

PEREORMED BY_4£.
WITNESSED B

A-1C
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WIRELESS CONTROL SYSTEM
FOR AIRMIAT LIGHTING
CONTRACT FA-WA-4632

FINAL_TEST DATA

Teat Procedure Reference, Par, 13

Attenuation Between Stations 60 db

Environmertal Conditions

Master Station Ser, #l__

(A) Ambgent
{B) -i0°C

(C) +55°C, 95% Hum,

Remote Station Ser, #2 Ambient
Remote Station Ser., #3 Ambient
Remote Station Ser, #4 Ambient
CHAN, 1 CHAN. 2 CHAN, 3
(Remut= #2 Remote #3 Remote #4
arvier Selector Position »y 2 2
Reply Selector Position INT, INT, INT,
Brigntness Commard 00/80 00/80 00/80
Remote Qutput 0o/80 00/80 00/80 (a)
Reply 00/80 Go/8 oo/eu
Brightness Command 00/80 00/80 00/80
Remote Output 01/890 go/7e a0/76 (B)
Reply 02/178 04/79 00/75
Brightness Command 20/80 00/80 Jo/80
Remote Output 06/80 0o/80 00/80 (A)
Reply 00/e0. 00/30 pp/e0
ightness Command 00/80 00/80 00/80
Remote Output Go/79 go/8e0 00/80 {C)
Reply -02/16 -02/78 -01/80

DATE 3 November 1964
PERFORMED BY &£. 4.
WITNESSED BY
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WIRELESS CONTROL SYSTEM
FOR AIRPORT LIGHTING
CONTRACT FA-WA-4632

FINAL TEST DAT
Test Procedure Reference, Par, 14, 15
Attenuation Between Stations 60 db
Environmental Conditions
Master Station Ser, #1 Ambient
Remote Station Ser. #2 Ambient
Remote Station Ser, #3 Ambient :g; i;::i::ed rain, Wind
Remote Station Ser., #4 (€) -1ogc
(D) +55°C, 95% Hum,
CHAN, 1 CHAN, 2 CHAN, 3
(Remote #2) (Remote #3) (Remote §#4)
Carrier Selector Position 1 2 3
Reply Selector Position INT, INT, INT,
Brightnees Command NON. 0P
Remote Output NON. OP. NON. OF (NG'VISIBLE  (A)
BReply LEAKAGE )
Brightness Command 00/80 0o/80 00/80
Remote Qutput ou/80 00/80 00/80 (B)
Reply 00/80 00/80 00/80
Brightness Command 00/80 00/80 00/80
Remote Output 00/80 0o/80 05/80 (C)
Reply 00/80 00/80 06/175
rightness Command 00/80 00/80 00/80
Remote QOutput 00/80 CG/80 00/80 (B)
Reply 00/80 00/80 00/80
Brightness Command 00/80 00/80 00/80
Remote Output 00/80 00/80 -01/77 (D)
Reoly 00/80 0o/8c -04/78

A-12

DATE

4 November 1964
PERFORMED BY
WITNESSED BY
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