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ABSTRACT

A frequerncy hoppiny (FH) technigyue in which syrbols are
transmitted as unigue multiple hop seguences is the basis of
this researem The receiver, of primary interest, uses a
phase locked 1loop as a frequency to voltage couverter and
then uses dJdifference amplifier circuits to compare tae
received sequence with all utilized sequences for data
recovery. This report presents the design and results of
this FH techriqgue. A bit probability of error of 0.001 at

1.6 dB SNR was obtained. /2% /A
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TABLZ OF SYMBOLS AXKD ABBREVIATIONS

b bandwidth of transmitted signal

d1,4z2 transmitted data bits

div,42¢ recovered data bits

m data bits per symbol

AVM analog voltage multiplier

BPF bandpass filter

BW total availakle bandwidth

DAC digital to analog converter

3| fregquency hopping

FSR feedback shift register

H rumber of hops per sequence

HSG hop sejuence yenerator

MC master clock

MUX multiplexer B
N noise povwver ‘
PLL phase locked ioop ]
P/S parallel to serial converter

S signal power 1
SJR siynal to jamming ratio ?
SNR signal tc noise ratiao




TTL

VCO

vi

dwell time fer hop
Transistor-Transistor Logic
voltage controlled oscillator

voltage hopring
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I. INTRODICTION

¥ith an increasing demand fc¢r reliable military comamuni-
cations, Ifrequency Lopping (FE) 1is becoming an irpcrtant
digital comaunication technigue. Documented advantages of
FH 1include a moderate amount of imaunity to jamming and
nultipath interference rejectior.

A FH technigque usirng multigle hop sejuences to represent
a symbol is the subject of this researct. In contrast to
conventional FH where one bit is transmitted per freguency
hop, a system i1s designed, lfuilt, and tested 1n which
svubols are transmitted as wunique nultiple hop sequernces.
The receiver uses a pnase locked 1loop as a IZrequency to
voltage converter and then difference ampiifier circuits to
compare the received sequence with all utilized seguences
for data recovery. Performance of this system compares
favoraply with <conventionai FE (similar to <conventiornal
FSK) . A bit probability of error of 0.001 at 1.6 dP S¥NE is
obtained as compared to 10 dB SKR for conventional FH.

This report incorporates the desiyn of the experimental
system with the results of performance tests. Chapter II
presents a brief comparison of conventional and multiple hop
Scyuence FH technigques along with a gemeral Jescription of
tle research. A description of the experimental svyster and

it's operation 1is given in Chapter III. Chapter IV inciuldes

the procedure for testinjy the system and an evaluticn of
periormdnce. Finally, <Chapter V presents the conclusions

and reccmmendations c¢f this research.
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3. Receliver

The receiver 1is designed to distinguish the FH )
sequences and recover the data lits. The received FH sigral
is converted to a voltage hoppirg (Vi) seguence by a phase
locxed loop (PLL). This VH seguence is compared to each of
the 2™ possible seyuences stcred in the receiver. The
compariscn consists of generating tne difference of the
received and reference seguences 1an the form of a voltage.
If the reference VH sequence 1s like the received VH
sequence, the Jdifference voltage 1is zero. If the VH
sequences applied to a comparison circuit are not alixke,
then a bLipolar wmulti-level discrete voltage appears at the
output of the comparison circuit (Figure 3.5). This is true
for all 2mcomparison circuits. Using an analog voltage
multiplier (AVM), this output is made unipolar by sguariny
(Figure 3.5). The sqguaring prccess minimizes small voltage
differences (low-level noise effects) and augments large
voltage differences resulting from the comparison of unlike

se juences. The squared difference voltage is integrated
(processing gain) and sampled at the end of each symkol
interval. A "least of" detector (cocbinational logic)

generates the m bit data word.

The basic components of the receiver are the demodu-

lator, comparison circuits, araloj voltaye multipliers,
integrate and dump circuits, sample and hold <circuits,
comb irational logic, and parallel to serial converter. A 1

tlock diagram of the receiver is suwown in Figure 3.b6. Since 1
the froblem of synchronization i1s not addressed in this
experimental systen, the transmitter and receiver use thoe

same master clock.

To demodulate the received Fi sinusuid, a gJeneral B
purpose Dphase locked 1loop (PLL) is used {Natiomnal ]
Semiconductor Li1565). The FLL output (or received Vi i

sequence) 1is shown in Figure 2.7.
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")'s"-—adequately "random" to tes
bits making up each data word are
sixth stages of the FSR. These tw
ered, using D-type flip-flops,
being ap,lied to the address (ar
MUx. Proper timing is achieved u
ejual to the length of a VH sequen
clock with a freguency one-sevent
for the hop seguence generator FSR
The output of each DAC is
the MUX. The proper VH sequence
worl that appears at the address
selected VH sequence is sent to
(op-amp) circuit and, then, the V
transmitted signal--a FH sinuscid.
VCO are adjusted for the desired ¢
ranye, and aaplitude cf the trarnsm
circuit schematic of tke trarn

Appendix A.

2. Chaunel

The block diagram of the
the channel is shown in Figure 3.
ar actuai clannel, the transaitte
noise within the channel and is t
er.d of the receiver. In the expe
noise is added to the transmitted
the receiver consists of a bandgas
tand equivalent to the bandwidth
This filter represents the IF amj
heterodyne receiver. The BPF i
signal with negligible distorticn.

matic of the channel is presented
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t this systen. The two
tapped from the fifth and
o data bits are then Ebuff-
for proper timing beiore
selection) inputs of the
sing a clock with a period
Ce or, 1in other words, a
n  that of the clock used
's.
connected to a channel of
is selected by the data
inpats of the MUX. The
an operationali amplifier
co. The VCO produces the
The op-amp circuit and
enter freguency, frequerncy
itted signal. A detailed

smitter 1is presented in

circuit used to simulate
4. Somewhat analogous to
d signal is combined witn
hen delivered to the front
rimental system, Gaussian
signal. The front end of
s filter (3PF) with a pass
of the transmitted signal.
lifier/filter of a super-
s confijured to pass the
A Jdetailed circuit sche-

in Appendix B.
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)
TABLE I
Symbol Sequence
’
)
)
DATA WORD 00 01T 10 N
SYMBOL . A B C D
'
SEQUENCE 3 6 5 4
5 7 6 2
2 3 7 5 .
1 5 3 6 '
4 2 1 7
6 1 4 3
7 4 2 1
)
:
' 1
4
21 R
-
3




e Jnan aneRain - B S mae S 2 o 4 e 1 . — —p— e
g L r—
mﬁ

FPigure 3.
op: Sﬁnbol Clock
op

e 3

T
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the actual FH signal usiny a voltage controlled osciilator
(vco). A block diayram of the transmitter is presented in
Figure 3.2.

The VH sequences are prcduced by hop seyuence gener-
ators using maximal lenyth sequences (m-seguences). The hop
sequence generators are each composed of a three-stage feed-
back shift register (FSR) and a digital to analog converter
(DAC) . Each FSR generates, serially, a seven bit m-sequence
and, as a parallel output, seven 3-bit pseudo random words.
Ar Exclusive-0r gate is used for the feedback logic [Ref.
2]3. The 3-pit pseudo random words are applied to the DAC
waich produces a pericdic sever-level VH seguence. Figure
3.3 shows one of the four VH seguences.

Each of the four VH seguences (each seven hops in
length) represents a two-bit data word or symbol as shown in
Table 1I. In order to obtainm four VH sequences, four
m-sequences must be generated. Since oniy two unigue
m-seguences can be generated from a three stage FSEK, VH
sequences A and C are delayed and used as VH seajyuences B and
D, respectively.

The delay and start of each VH segjuence is chosen to
ninimize any correlation between the VH seguences. Takle I

shows the VH sequences represented by the decimal eyguivaient

of the seven 3-bit pseudo randcm words associated with each
m-sequences. To insure that each data word is represented ‘
by it's proper VH seguence, all FSR's are reset at the ',?}
beginning of transmitter operation or when a FSR ojerates )
improperly (jumps to a disallcwed state, skips a clock .
cycle, etc.,).

The data words, also generated by a FSR and accoapa-

nying circuitry, select the apfropriate VH seyuence by the

-

.. o L
: e e,

PP U )

use of an analoy multiplexer (MUX). The data words are
generated by a FSR identical to that used in eacih HSG except f“f
that the FSR has seven stages. This seven stage FSR fyf'
produces a 127 bit m-sejuence ccaposed of 64 "1's"™ and 63 )

18
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Figure 3.1

Experimental Systen
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ITI. EXPERIMENTAL SYSTEH

A. GENERAL SYSTEM CCNSTRUCTION

The experimental system was constructed using standard ;'

monoliithic integrated circuits and typical electronic

circuit components. The integrated circuits and accomia-

1 nying coaponents were mounted or breadboards. A picture of

the experimental system ard test equijment is shown in »
Fiqgure 3.1.

In the transmitter, 2m different FiHd seyuences are
generated. A particular dgroup of m data bits (symbol)
selects a particular one of these sejuences which 1is then »
transmitted. For simplicity, m =2 and H =7 thereby
requiring the generation of four sequences.

The receiver reccgnizes the particular F4 sequence and
recovers the m data bits. Reccgnition is done by comparing
the received sequence with all possible seguences. The
pmanner in which this comparison is made is the main feature
of this research.

The problem of synchromizatior is not addressed in tais
study. Therefore, the transmitter and receiver use the same

clock.

B. SYSTEN CONPONENTS

1. Transmitter

The transmitter 1is simiiar to a freguency hoppiny

(Fi) transmitter designed by Cay [Ref. 1] in which four

voltage nopping (VH) seguences are produced by four separate
hop sequence generators (HSG). An analog nmultiplexer
selects one of the VH seguences which, in turn, represents a
specific data word. The selected Vi sequence then produces

2
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o

FH) . A greater noise reducticn is obtained with a lcnger
integration time. Second, = greater iIlexibility 4irn symtol
representation is realized when using muitiple hop seguence
Fd. The number of data bits (m) per symbol represented by a
particular sequence may pe varied. Perhaps more significant
is the ability to vary the numter of hops (H) per seguence
independent of m.

The disadvantage of multiple hop seguence FH 1is added

hardware (complexity). Wher using a greater numzber of
sequences for data representation, more ecuipment in the
transmitter and receiver is needed. Also, the receiver

bandwidth is now 3BW instead of 2b and so the systez noise
power is increased by a factor of B¥W/2b which degrades the
system signal to noise ratio. This degradation is partially
overcome by the increased integration time available in the

receiver.
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II. DESCRIPTION OF RESEARCH

A. CONVENTIONAL FREQUENCY HOPPING

Frequency hoypinyg (FH) 1s a spread spectrim comaunica-
tion technique. The carrier freyuency in a FH transmittecr
"hops" from frequency to freyuency according to a predeter-
mined pattern.

Figure 2.1 shows the freguency-time diayrar for a
conventional FH schene. Typlical FiH uses one bit per hop
with a frequency ofiset to distingjuish either a "1" (shaded
frequency band) or a "O" (cross-hatched freguency banrd). BY%
is the total available bandwidth rfor hopping, T is the dwell
time rer hop, and b is the bandwidth per Lop or bandwidth of
the transmitted signal. The tandwidth of the transmitted

signal, b, is approximately equal to 2/T.

B. BULTIPLE HOP SEQUENCE REPRESENTATION

The multiple hop sequence scheme differs from conven-
tional frequency hopping in that one symbol is transmitted
by sending a unique FH sequence. A syambol represents m data
bits thereby requiring 2msequences. For example, if m = 3,
ther 3 data bits are simultaneously transmitted ani 8
different sequences are required. Zach seguence is comyposed
of H hops. H is arbitrarily selected and not related to n.
A frequency-time diagyram for a multiple hop sejuence scheme
(§ = 7) is shown in Figure 2.2.

There are two distinct advantages in using multiple hop
sequence FY over conventional FE. First, wher an integra-
tion process is incorporated in the receiver (as is done in
this system), the integration is performed over the symbol

length or m bits (in contrast tc one bit as in conventional

12
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The comparison circuits generate the difference of
the received and reference VB sejuences witi. an ogf-amp
circuit. The reference VH seguences are identical to the
four VH sequences Jyenerated ir the transmitter and would, in
actuality, ke stored in the receiver. The delay between the
transmitter VH seguences and the PLL output, over the symbol
interval, is observed to be negligible and, therefore, tiae
transmitter sequences are used also as the receiver refer-
ence seqguences. Figure 3.8 shows the difference voltagjes
produced by comparing both like and unlike received and
reference seyuences. Both traces in Figure 3.8 are shown
for one repeating trarnsmitted symbol (two data bits). Z€ErXo
and non-zero voltages are generated by comparing 1like and
unlike sequences, respectively. Subsequently, for any
symbol interval, only one of the four difference voltajes is
zero depending on the data word transmitted.

EFach difference voltage 1is then squared using an
analog voltage multiplier. The difference voltages in
Figure 3.8 are shown squared in Figure 3.9. Squaring
converts the bipolar difference voltage to a unipolar
voltage. Additionally, squaring suppresses small voltages
(low-level noise effects) and emphasizes large voltages
resulting from the ccmparison of unlike sequences.

The squared diiference voltages, which are now
unipolar, are then integrated and sampled. Intejraticn,
performed over a symbol interval and then duwmped, is accom-
pirished Lty an op-amp integraticn circuit. The integration
of the voltages shown in Figure 3.9 is presented in Figure
3.10. Just prior to the integration dump, the voltajes are
sampled and heid for a symbol interval Ly a sample and hold
circuit.

Lepending on the data wcrd (or symbol) transmitted,
three of the four sample and hcld output voltages are posi-

tive while the fourth is zero. A zero voltage, produced by
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Figure 3.10

Integration of Squared Voltages froa Fig.3.9
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comparing like received and reference VH seguences, identi-
fies the transmitted data word--the data word is that which
corresponds to the reference VH sejuence used in that brarncua
of the receiver which generates a zero voltaye.

The correct data word is generated by applying the
output vcltages of the sample and hold circuits to a five
gate comltinational logic circuit. The integration gains are
adjusted and five vclt zener diodes are used to make these
output voltages compatible with digital circuitry, specitfi-
cally transitor-transitor loyic (TTL). A positive voltage
at any sample and hold output is generated as a TTL logicai
"in and a zero voltage is, likewise, generated as a ITL
logical "0". The combinational logic uses these voltages to
produce the appropriate data word (a two Lit parallel
output). '

The combinaticnal logic circuit cornsists of five ITL
gates (see Figure C.6, Appendix C). For a zero voitage
produced by a particular sample and hold circuit, the logic
circuit generates the corresponding two bit data word. As
an example, if sample and hold cutput A (see Figyure 3.6) 1is
low (logical "0") and outputs B, C, and D are high (logical
"1y, then the logic circuit generates the correct data
word: 00. If output B is low and outputs A, C, arnd D are
high, then the data word 01 is generated aand so on tor the
two other data words. The 1logic eyuations a3sociated with

the lcgic circuit are presented below.

(ABC) + (ACD)

least significant hit

(BCD) + (ACD)

most sigaificant bit

Finally, a parallel-to-serial converter 1is used to
present the data bits serially. A detailed <circuit sche-

matic of the receiver is presented in Appendix C.

31

e T T et et et SRR I I R U . .. i
P TR VR SRPULAR So S V0. 0 G PPN, S WU WL AP WA 2 W TN SPRE WP Wy W ¥ WP R W A W P G P o PP LI G W O W)

WP S W g SRt




4. Error Detection Circuit

The error detection «circuit provides bit error
information to determine probability of error. The trans-
mitted data is delayed and applied to a two input
Exclusive-0r gate along with the received data. A logical
"0" is generated if the transmitted and received bits are

the same arnd a logical "1" if they are different. This

logical "i1" represents a bit error and is counted. Data
bits are also counted. The @it error «count to data kit
count ratio is used as the [frobability of error. The

circuit schematic for this circuit is shown in Appendix D.
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IV. PERFOBMANCE

A. EXPEEIMENTAL PROCEDURE

1. Systea Parameters

To test the experimental system, adjustments or
settings are nade in the transmitter and receiver. Alter
applying power, resetting all FSk's, and enatling the Data
FSR, the master clock (MC) is set to a frequency of 6.3 kHz.
Therefore, the data rate (or tke <fIreguency of NC/7) 1is
approximately 971 bits per second.

The transmitter VCO is adjusted for a center
frejuency of 88 kHz.  5.47 kHz separates the individual
hopping fregyuencies by the adjustwment of the yain of the VH
sequence input to the VCO. Consejuently, the FH signal is

composed of seven evenly spaced hopping frejuencies ranginyg

[ Y Gy P |

. _‘J; Y

from 71.4 kHz to 104.Z kHz. The total bandwidth (BW) of the

FH signal centered at 88 kidz is calculated below. ]

.Y

5

BW = 104.2 kHz - 71.4 kHz + 2 (1/7) _;

= 32.8 kHz + 2(1/294 microseconis) ]

= 39.6 kiz ]

]

where T = the dwell time for one hop. Since the spectral }
occupancy of the transmitted signal is 68.2 kidz to 107.8
kHz, the upper and lcwer cutoif frequencies of the receiver
bandpass filter (BPF) can be adjusted accordinyly. Due to

the non-constant frequency response of the Krohn-Hite BPF - ]

over tne pass band, constant amplitudes for all seven ;j

frequencies were obtained by wideuninj the pass band--66 kHz .;

5

1
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= the lower cutoff freyuency, 140 kHz = Jpper cutofif

frequency. -
In order for the receiver «coabinational logic to

generate the correct two bit data word, a TTL logical "1'" or

won procduced by the sample and hold circuits must be within

the correct TTL voltage limits (0 to 0.8V for a logical "Qv,

2.4 to 5.0V for a logical "1iw), The integrator 5V zener

diodes limit the voltages to a maximum of +5V,. In the

aksence of channel noise, the sample and hold voltages are

minimum, This 1is due to the squaring of the differernce

voltages by the AVM. Channel noise, <contaminatiuy the ®

comparison circuit output, is also sjuared (rectified) Dy

the AVM and therefore, only increasas the ampiitude of the

squared difference vcltage. When a larger «mount of channel

noise 1is present, toth sampled voltages, generated by ®

compariny like as well as unlike sequences, increase. With

no chanrel noise present, each of the four integrator gains

are adjusted so that sanpled voltages from like sequence

comparisons are set to the lower limit of the TITL logical ) ®
")" and those from unlike sequence comparisons are set to
the lower limit of the TTL logical "iv, Because the inte-
gration time varies with data rate, a change in data rate
rejuires a change in integrator Jain. This jain adjustaeant )
ailows voltages, frcm unlike sejuence comparisons, to vary
from 2.4 to 5.0V. Voltayes frcm like sejuence comparisous,
however, may vary frcm OV to voltayes gJgreater than 0.8V. As
an input to the receiver conmbinational logic, this voltage °
excursion above 0.8V (due to noise), for like seguence
comparisons, unavoidably degrades receiver performance.

After some testing of the system with the integrator
gain adjusted as discussed in the preceeding paragraph, a Y
modification was made to the receiver. Noting that an error
could occur if a vcltage from a like sequence comparison
were to increase from OV to a vcltage greater than 0.8V, tae
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integrate and dump circuits are reconfigured to lower the
value or the logical "0" lower limit. A 2.3V voltage souarce
and a 3 kilohm resistor are cornnected to the inverting input
of the og-amp integyrator (see Figure C.4, Appendix C) to
kias the output low by approximately 1.7V. As shown in
Figure 4.1, this allows a vcltage from a like seguence
comparison to increase from -1.7v to 0.8V before causing an
error. {As in the original configuration, the integrator
gain is adjusted, in the absence of noise, so that the volt-
ages generated from unlike and like seguence comparisons are
set to their lower limits--2.4V and -1.7V, respectively.)
This modification effectively expands the "decision regioa"”
for the logical "O" thus allcwing more ‘"room" for noise
generated voltage excursions before 0.8V 1is exceeded.
Diodes connected to the output cf the integrator insure that
0V is the lowest voltaye applied to the TTL combirational
logic.

The experimental system, using the expanded decision
region, 1is superior to the original system configuration. A
1.5 @B signal to noise ratio (SHR) 1improvement is obtained
at a bit probability cf error of 0.001.

2. Measured Perfcrmance

In this research, the probability of error is deter-
mined for different vaiues of SNR. The SNR 1is measured
using a true RMS voltmeter. The R4S voltage (s) of the
signal and the RMS voltaye (k) of the signal plus noise are
mneasured. For all measurements, s = 0.2V. SNR 1s calcu-

lated as follows:

It
w0
1}

Signal power s2

Noise fower

1}
P4
n

k2 - s2

SNR (dB)

10 log (5/%)
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Ffor a measured SNR,

rrobabilit; of error = bit errors / tits transmitted

where the number of kits in error and the number of bits
transmitted are obtained from the error detection circuit.
For each determination of protability of error for a given
SNR, the number of bit errors is counted for approximatel;y

one millicn bits transmitted.

B. RESULTS

Figure 4.2 shows the five experimental probability of
©I[TOLS curves. A11 five curves are obtained at a systen
data rate of 971 bits per second using the expanded decision
region as discussed in the previous section. Zach curve 1is
plotted using at least twelve data points.

In addition to data for probability of error vs. SNR
using Gaussian noise, system performance in the presence of
tone jamming is also measured. Tones, selected from the
seven frequencies used in the transmitted signal, are
produced by separate signal generators and are added to the
si¢nal in the system channel. Trerefore, signal to jamming
ratio (SJR) is measured in the same manner as SNR.

The curves in Figure 4.1 indicate better system perform-
ance in the presence of high fregquency single-tone jamminyg.
The 1LM565 PLL characteristically produces a low voltage for
a high frequency input and a high wvoltage for a low
freyuency input. iligh frequency jamming Jenerates a low
voltage component in the PLL output that, in turn, has a
smailer effect on the gJererated difference voltajes.
Two-tone jamming (power in tomnes equally split) further

degrades the performance of the receiver.
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Y. CONCLUSIONS AND KECOHMENDATIONS

The major benefit from using a aultiple hop seguence FI
scheme 1s the flexibility 1in symbol representation. The
number of data bits per symbol (r) represented by a partic-
ular sequence may be varied. Perhaps more significant is
the abiiity to vary the number of hops per sequence (H)
irdependent of m.

The receiver, performing well, hLas two desiga advan-
tages. First, the receiver design is reliatively simpie.
Increasiny the numker of seqguences and addressing the
problem c¢f synchronization will increase complexity, but thae
sasic recelver design is siaple. Second, two major compo-
nents of the receiver help to minimize noise. The aralo}
voltage multiplier reduces noise present in the difference
voltages and the inteqrator reduces noise by rroviding
processing gain (the integrate and dump circuit is a4 watchel
filter realization).

Further testing of this system 1s recommended. Gheceiver
periormance in the presence of different tone jaakibLy
schemes could be evaluated as welli as receiver synchroniza-

tion and it's effect cn performancs.
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APPENDIX C
RECEIVER CIRCUIT SCHEMATIC

The phase locked loop (PLL) used in the receiver is a
National Semiconductor LM565 PL1 (Figure C.1). The PLL is
configured for a free-running or center frequency of 88 kHz
(the center frequency of the FB signal). Consequently, the
hold-in ranye of the PLL is 17.2 to 154.8 kHz--sufficient to
cover the Dbandwidth of the transmitted FH signal (see
Chapter IV). The output of the PLL is filtered witk an kC
lowpass filter and a capacitor removes the D.C. bias.

Figure C.2 shows one of the four comparison circuits.
Because the PLL characteristically generates an inverted VH
signal than that delivered to the input of the transmitter
VCO, the PLL output is simply added to each of the four
transmitter HSG outputs to produce the difference voltage.
An op amp adder and adjustalble voltage divider networks are
used to sum these two signals. A D.C. blocking capacitor,
voltage folliower, and RC lowpass filter are connected to the
op amp output to reduce noise ard ainimize distortion.

Each of the four difference voltayes are squared with an
analog voltage aultiplier (Figure C.3). The 20 kilohn
potentiometer is adjusted for desired peak output signal
level.

The output of the analog vcltage multiplier is appiied

to an integrate and dump circuit (Figure C.4). An op-amp
integrator with adjustable gain is used for iuntegration. As
discussed in Chapter 1V, a 2.3V voltage source and a 3
kilohm resistor are connected tc the inverting input cf the
op-amp integrator to bias the output low by approximately 1
1.7v. The integration 1is dumped by shorting the feedback '
capacitor at the end of the symbol.interval. MC/2 and MC/14

50

o e 4

T
)

. L e . . .- DR
C Al T - L J T o A e mt e e

- . - - he - = o ~ " - - - - . - . . - - . - . - - . - . - . -
. -~ - . h - N - = e At ATy et e * - » et T By - - - ~ S e -~ . ~ - ~ - - - - - - - - - . . - - - » .
S atatata aatalac et s e’ sl dlat et et o ol PRI G S AP I U AP . I Sl WY Vollf VLA Sl WP Y ¥ AP U S Wl A LAl UL Sl SHY U ST W W Sl W0 ‘*




eT——

P —r——

rrer

wuae
deeinTiéoad
[= VOISR RIS
oLl

Tauuey)

t-9 ainfryg

Jo

Vel UsdUla

duwVdi Ly
u{wuz

WYLZSOVY

e et
adluloihival

LA JaE Al 2ot an

A Shan aur e e




CHANNEL CIRCOUIT SCHEMATIC

Figure B.1 shows the circuit used to simulate tae
channel in the experimental system. The transmitted TFH
signal is added to wideband Gaussian noise by an op amp
adder (ygain = -=1). The combined sijnal and nroise is then
avplied to the front end of the receiver-—-a BPTI configqgured
to pass the FH signal with minimum dJdistortion (see Chapter
IV for details concerrning spectral occupancy of the Fil
signal). The filtered siynal and noise is then delivered to
the PIL.
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Figure A.4 shows the Data FSR and buffer circuit. Using
a [7,1] feedback tap to produce a 127 bit m-sequence, the
two Lits, for the data word, are taxen f{rom the two adjacernt
registers of the FSR--5 and 6. By using two D-type flip-
flops (buffer circuit) and appropriate clock signal
(inverted MC/14), the two data kits, d1 aund d2, are obtained
from the 127 bit m- seguence without overlap between two
data words. Neither are any lkits skipped. Additionally,
the eighth register of the FSE (pin 13) is used in the eiror
detection circuit as the serial presentation of the trans-
mitted data.

Ccmparators are used (Figure A.5) to <change the 27T
levels of the Jata bits to those coupatible with CHA0S logyic.
Dependiny on the data bits, the multiplexer (MJX) selects
one of the four VH sejuences (applied to the four channels
of the MUX from the HSG's) and passes the sequence to two
cascaded o; amp circuits (Figure A.6) then, the VCO. The

variable gain of the first op amp is used to adjust the

frequency hop interval of the FH signal generated by the ”1
VCO. The second op amp inverts thLe sequence for the desired

sequence configuration,
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TRANSMITTER C IT SCHEMATIC

Appendices A, B, C, and D ccntain the schematic diagrams

-

for the experimental system. In the diagrams, all resistor
values are in kilohms and capacitor values are 1in micro-

farads. Specificaticns for the dijital and analog inte-

grated circuits can be found in References 3, 4, and 5.

Figures A.1 and A.2 show the clock circuits and reset
switch. The three generated clock signals, in Figure .1,
are used in both the transmitter and receiver. The master
clock (MC), produced by a Wavetek 142 siynal generator, is
set at 6.8 kHz. The frequency of the MC is divided in half
by a JR flip-flop to obtain MC/:Z. Dividing the frequencies
of MC and MC/2 by seven, MC/7 ard MC/14, resrpectively, are
produced. A 4 bit parallel lcad counter accomplishes the
division by seven. The counter is loaded by the carry out
and RESET so that every seventh clock pulse will activate
the carry out signal. The reset switch allows NMC/2 to reset
the divide-by-seven circuits, the FSR's of the HESG, and tiae
Data FSR within the positive cycle of the clock Lut away
from the triggeriang edge. This 1insures that all are reset
on the same clock cycle. The reset switch uses a double-
pole doukble-throw switch, an RS flip-fiop, and MC/2 to
generate the RESET signal (Figure 1.2).

A hopr seguence generator (HSG) is shown in Figure i.3.
There are four HSG's in the transmitter--one for each
syabol. Which of the four different VH seguences are
produced by the DAC is determined by the word loaded into
the FSR upon reset (see table welow FS5R 1in Figure A.3).
Figure A.3 also shows the feedbdack <c¢onnections to the
Exclusive-0Or gate for edach symbcl.
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(nade CMOS compatible by a comparator circuit) are botn higa
at the end of the symbol interval and are usel to activate
the charnel of the multiplexer that completes the short. A
5V zener diode limits the output voltaje to a range or 0 to
5V. Two cascaded envelope detectors are used at the output
to reduce noise and limit the output voltage to OV (lower
limit).

Figure C.5 shows a sample and hold circuit (Natioral
Semiconductor 1r398) and the «circuitry to generate the
saaple pulse. The sample pulse is produced Ly appiyin]
MC/14 and inverted MC/2 to an AND gate creatinj a pulse just
prior to the time «c¢f the integration dump. The samplel
voltage is held until the next sample pulse.

The outputs of the four sagple and Lold circuits, now
TTL ccmpatible by the use of the 5V zener dicdes in the
integrator circuits, are applied to the combinational logic
circuit (Figyure C.6). The latels for the sample and hold
outputs (A, B, C, and D) 1indicate the reference VH sequence
used in that branch of the receiver (in the comparison
circuit). With the low sample and hold output indicatinjy
the received data word, the ccmbinational 1logic generates
the correct two-bit data word. For example, if A is lcw and
3, C, and D are high, the received data word is 00 (symbol
a).

Figure C.7 shows the parallel to serial converter. The
circuit makes use of the inverted MC/14, sample pulse, and
MC/7 tc convert the parallel data bits, d1* and d42', to
serial form.
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ERROR DETECTION CIECUIT SCHEMATIC

The error detection circuit is shown in Figure D.1. The
transmitted data is obtained frcm the eighth register of the
transpitter Data FSk and has an appropriate time dJdelay so
that a direct comparisor with the received data can be made.
The transmitted and received data are applied to an
Exclusive-Or jate. If the two compared bits are different,
a logical "1" is generated--a "0" if tuney are alike. Every
logical "1" indicates a bit errcr and is counted. 7To insure
the bit ccmparison occurs when the transmitted and received
data Lits overlap in time, the Exclusive-Or gate output is
strobed in the middle of the time overlap by the use of a
monostable multivibrator and an AND gate. The number o2
bits trarsmi‘ted is determined by counting the positive
pulses of 4C/7 (or, equivalently, the data rate clock).
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