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EVALUAT |ON

The projected conversion of the Detense Communication System (DCS) from
a predominantly analog system to a predominantly digital system has created
the need for more efricient utilization of frequency spectrum, This is a
di~ect result of the wre demanding spectral requirements !mposed by dig!tai
signals.

A first step In obtalning efficlent utilization of spectrum over digital
microwave channels has become a reality in the Broadband Digita! Modem
Program. Sandwidth efficiencies wnich heretofore werc no better than ore biv/
sec of data per Hz of RF Bandwidth have been doubled via this program to two
bits/sec/Hz.

Hardware in breadboard form was successfully tested over the RADC

4 Microwave System. All design objectives were not only met but improved upon.

Additional work wiil continue in thls arsa to obtain even higher
Bandwidth etficiencies most notably with crcss-pélarlzaflon. more efficlent
modulation technique design, and development of |inear power amplifiers. A
fol low-on experimentai model of the Broadband Digital Modem will alsc be
devalnped In the FY76-77 time frame.

Wb

BRIAN M. HENDR|CKSON
Project Engineer
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(NTROBGU'CTION

1.1 OBJECTIVE

The objective of this program wes to develop a practical mcdem technique
providing the mecns to rrunk a large volume of digitized voice channels withia the presenr
FDM-FM handwidth allocations. Specificu!ly, a bandwidth efficiency of 2 bits per heriz
of RF bandwidth and a bit error of 10-7 or less at an Ep/Ng of 20 dB were desied. These
characteristics, provided in conjunction with hard-limiting radio se(:, allov efficient ‘
conversion of analog FDM-FM line-of-sight microwave systems to digitol operation by

replacement of the modulation elements.

1.2 APPROACH

The program consisted of three major phases. During the first phase, an

analytical study of constant-envelope modulation techniques was performed to locate

o en el SN PSS s, S St v

candidates providing the desired performance. In the second phase, the selected tech-

niques were evaluated in terms of implementation complexity and operational character-
istics. The best approach was selected and a breadboard model constructed. The bread- i
board performance chr racteristics were evaluated in the laboratory and on actual micro-

wave links in the fi..al phase.

1.3 RESULTS

It was determined that 4-ary FSK was the best signal design, givea the per-

formance objectives and the constant-envelope constraint. A continuous-phase, coherent
detection, multisymbol observation modem was constructed and successfully tested. The : i

performance objective of a 10—7 bit error rate at an Ep/N, of 20 dB was bettered by

approximately 0.5 dB in laboratory tests.
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A major accomplishment of this program was the development of a demodula-
ticn *echnique for FSK providing near optimum performance (based on the sigml structure)
with modest hardware complexity. The performance and complexity of the modem are
comparable to more conventional designs, with the added advantages of operation with

hard-limiting amplifiers and reduced RF filtering requirements.

1.4 REPORT ORGANIZATION

The results of the analytical effort are prezented in Sect’on il. The imple-
mentation considerations and trade-offs are described in Section 1ll, Section IV discusses
the design and construction of the breadboard unit. In Section V, the test program and

results are presented. The conclusions and recommendations are in Section VI.
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Section ||

THEORETICAL RESULTS

2.1 STATEMENT OF THE PROBLEM

Curront trends indicate a continued evolution toward an all-digital military
communications network. Existing analog voice/data communications ¢ er the 4-kHz
channel will be replaced by Pulse Code Modulation (PCM) and Time Division Multiplexing
(TDM). In the cxisting FDM=FM system, each 4~-kHz baseband chanrel requires a trans-
mitted RF bandwidth of approximately 32 kHz. The plenned digi‘al system requires 64
kb/s per 4-kHz baseband channe!. Conventional digital modulation techniques such as
QPSK provide o bandwidth efficiency of approximately 1 bit per hertz of RF bandwidth,
Thus, each baseband channel occupies 64 kHz of RF bandwidth and the syztem channel
capacity is reduced by o factor of 2 if the RF bandwidth is not increased. In many in-

stances, additional bandwidth allocations are not avoilable.

The existing analog FDM~-FM line-of-sight microwave system represents a
substantial investment in fixed plant. Although portions of this system are somewhat dated
and have a limited life expectancy, many sections are relatively new, and, if digital
converssion rather than total replacement were possible, o substantial invesiment savings
could result, The existing radios utilize hard-limiting power amplifiers almost exclusively,

and this pructically limits the cheice of modulation to constont-envelope techn’ques.

The objective of this pmgram was to develop a practical modem technique
providing a bandwidth efficiency of 2 bits per hertz of RF bandwidth with hard-limiting
radio sets. The RF bandwidth is defined as that portion of the rodiated signal spectrum
wherein 99% of the signa! power is contained. The perfonnance objective was a bit error
rate (BER) of 10-7 or less, at an Ep/Ng of 20 dB. It was further desired that ths modem
interface at an IF of 70 MHz and that application of the modem not requira RF filters or

linearization of the power amplifier to aci.’._ve the desired performance.
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2.2 GENERAL APPRRCACH

The analytical task focused on locating constant—envelope signals which
simultaneously provided the desired BER and spectral requireneants. The closs of signals
Investigated is of the form

S = Acos wett @)
where
A =  constant envelope
e = carrier frequency
o(t) = information-carrying angle modulation

This signal is compie*-ly def ned by a plot of the phase (relative to the carrier phase)
versus time, This plot will be referred to as the phase trajectory piot. Some examples
of phose trajector; plots for fomiliar signals are iliustrated in Figure 1. The distinction
between accumulated and nonaccumulated phase trajectories is shown in Figure 2. Two
techniques for jointly optimizing BER and spectral occupancy were utilized. It was con-
ciuded that continuous-phase 4-ary FSK was the best cheoics for the signal structure.

2.3 ANALYTICAL APPROACH

in the analyticol approach, expressions were developed for BER and spectral
occuporzy and an attempt wos made to mathematically optimize the two expressions.
The expressions used for speciral occupancy are developed in Appendix A, A union
hound approximation was utilized for BER.
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Figure 1. Phase Trojectory Plots
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Distinction Between Accumulated and Nonaccumulated Phose Trejectories
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whe e Ps = symbol error probability
'if = cwrelation coefficient betwaen the ith and jth signals
Es = energy par symbol
Ng = one-sided noise demsity

f:“vzﬂ dy

a: g
X
)

For constant-envelope signalling

#]Tm (6200~ &) ] o 2
6

P;i

where @2 (t) =  the phaose trajoctory for the ith symbol

Combining (1) and (2) and overbounding

o) < 12 SX72 @)

yields

ﬁ z: ES/ZNOT[cLs [?2(?)-%(?)] dt

0 (4)

i=1 =1
jire
Equation (4) is the union bound on symbol error rate for constant-envelope signals. Using
Equation (4) and the expression derived in Appendix A for spectral occupancy, a calculus

of variations approach was used to locate a phase trajectory which minimized spactral

occupancy subject to a performance zonstraint.

In general, this approach did not yield useful results. It was concluded that
finding an analytical soluticn for optimum trajectories was not possible within the time
scale of the study. As an alternative, the performance of specific trajectories was ana-

iyzed as described in the following paragrophs.
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2.4 COMPUTER SEARCH

Since the signal Jesign effort for finding good modulation techniques by
analytical menms wos not successful, o computer search technique was impiemented.
This effort used the computer program for spectral occupancy described in Appendix B,
and wos developed durirg the study. | is copable of computing the spectral occupancy
of very general types of angle modulation. The classes of signals considored are those
angle-modulated signals for which the only mechanism of intersymbol influence inherent
in the modulation is that the phase of the sinusoid at the beginning of a signal is depend-
ent on the dato history. Other than this storting phase, the shape of the phase function
during a symbol time is dependent cnly on the symbol being tronsmitted; the shape can be
completely arbitrory.

The computer program evaluates, on the anolytical basis presented in Appen-
dix A, the percent power within any bandwidth for any M-ary angle-modulation signal .
In the computer program, the shape of the M-ary phase functions [Ok (1), k =I,M] is
approximated by up %o 32 phase steps over the symbol time. M can range from 2 to 16,
it was found that the 32-step approximation to the phase functions gives essertially the
some 99-percent spectral occupancy bandwidth as continuous phase functions.

2.4.1 Nornaccumulative Phase Trojectories

2.4.1.1  M-ary PSK - No Pulse Shaping

M-ary PSK is one of the most common types of constant-envelope signalling.
It has the advontage of being relatively simple to generate and to demodulate. Since the
scheme is one of the more common modulation techniques, its performance relative to the
gouals of the study should be known,

Unfiltered M-ary PSK, for oll M, with the phases equispaced 0 to 271, has
the wall known (sin x/x)2 spectral density. The 99-percent spectral occupancy is roughly
20 times the symbol rate for all M. Since the bi is (log2 M) times symbol rate, the
spectral occupancy of course chonges with M. Th:  vercent spectral occupancy for

E !

A

e i P i <fim St St e




binary is 20 times bit rote and for 4-ary (quadraphass) is 10 tinves bi* rate, M-ary PSK
was ueed o3 a check cats for the spactral occuponcy progrom cnd gave the resulss of

Figure 3, which are based upon the (sin (xVx)zapocM. Thus the progrom was correct
for this test cose. o

The spectral occupancy of the unfiitered 0 to 2 equispaced phase PSK
signalling schemes is excesive in relation to the study goals. For o 99-percent speciral
occupancy of 0.5 times bit rale, for exomple, Figure 3 indicates M would have fo be
very lerge, as determined by:

T et fA o o

999% BW = 20 x symbol rate

= x kit rate
logg M :
0.5 = ..L
i 40 | !
M = 2 for 999% BW =0.5 x bit rote 1

An M this large is obviously improctical. The behavior of spectral occupancy
was exomined as the phase deviation wus reduced, as in Figure 4. The M phases cre
equispaced by 8, but for a total spread in phase less than 27 . It can be shown that the
spectrum contains a continuous part having (sin x/x)? form and a spectrol line ot the

center frequency.

If the phase relative to carrier is 8; for the ith signal, then it can be shown
that the fraction of total power placed in the currler is

i e bt e ot A e ot e

L Z o'e'l 2 (5)
|
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Figure 4.

4-ary Case Shown

Reduced Phase Deviation M-ary PSK
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The remaining froction of power, {1-P,), is in the (sin x/x)2 continuous portion of the
specirum, By the strict definition of spectral occupancy os the bondwidth within which
o given froction of total power it contained, the spectval occupancy of this type of
M-cry PSK s computed in the following way. The total power In 3 bondwidth 8 is
given by

Py = P+ Power ind of (ain x/x)7

where P, is the percent power contained in B of a (sin xg/:()2 specirum os given in
Figure 3.

Note that the corrier power is counted toward fulfilling the spectral occu-
; pancy goel. The spectral ling o? the corrier containe no data information. The continuous
spacirum is the dota-corrying portion. The presence ~¢ i~ ge discrete spectral iines con
lead to o misleading spectral occupancy figure for the signalling scheme. The 99-percent
spectral occuponcy may bear no relation at all to the required bondwidth for signoliing
with the modulation scheme. Foc esomple, one could design o PSK scheme which hos
99—percent of the total rodicted power in the corrier, which hos a strict definition spectval
occupancy of zewo bandwidth., Obviously, any attempts fo operate the signalling scheme

through o bandwidth anywhere neor as narrow as the 99-percent spectral occupancy are
donmed to failure. All this is pointed out to highlight the fact thar one should he appro-
prictely skeptical of the specification of spectral occupancy alone os an indication of the
; required bandwicth for communication with a signalling scheme.

Figure 5 shows tha performance attainable with the reduced phase deviation
M-ary PSK schemes for various 99-percei.t spactral occuponcies oround one~half bit rats.
l The curves plot the dB loss relative to coherent ontipodal binary PSK of a zoharent re-
E ceiver versus the 99-percent spectral occuponcy. An implicit parameter at a given point
f
:
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mn the curves ks the § pecing betwesn phases. As 9 Is raduced the spoctral occupancy
ls reduced, end the perfermance s simvitansously degroded. As an exomple of how
Figure 5 wes chiained, consider the binary cose. i‘Irst, let the 8 spacing necemar, to

yiold ¥9-percent spestwu! scoupancy equals one-half bit rate be found. Frem: Squation
(6), we hove

b = =P (=P P *

P, - the froction of the continuous (sin n,/n)2 power in a one-half bit rate band, is given
in Flgure 3 as .465. Therefore,

99 = P+ (1-P,) (.465)

P, = .9 @

Equation (8) indicates that 98.2 pevcent of the total trunemited power mcst be put inio
carriec 10 ottain 99-percent spectral occupnncy of one~half bit rate. Combining Equa-
tione (5) ond (8) allows one to s0lve for the 8 specing to attain this; iLe.,

w2 =L ¥, Y22
2

982 = (cos o)2= ! (1 + cos )

' 2 2

@ = 964

o = 153°

i e & o s+ A p—— S i b e s

e B ]l i et s dar ekt M i




The performance is computed by noting that the normalized correlation between the two

signals is

P = cos@ =.964

The probability of error for a coherent receiver is given by

B (1-0)
P(e) = Q\/%————-o
ZEb
P(e) =Q - {.018) (%)
(o]

2/2
LY R
Q (x) 4 o j; e dy

e e . TR T T e e

Comparing Equation (?) to the well-l.nown error rate for PSK,

ZEb

(PSK) P(e) =Q N

(o]

shows that there is a degradation of a factor of 0.018 in power, which correspoiids to
17.4 d8. Thus, ¢ 99-percent speciral occupancy of one-half bit rate binary PSK is
plotted in Figure 5 with 17,4-B degradation relative to antipodal binary PSK. The

other points ~d curves were obtained in a similar manner.

Because of the excessive amount of wasted carrier power, which serves no

purpose except to maintain a constant envelope on the transmitted signal, unfiltered

M-ary PSK was discarded as being undesirable in light of the signal design study goals.
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! 2,4,1.2 M-ary PSK - Raised Cosine Puise Shaping
The effect of pulse shaping on M-ary PSX pulses was considered next. The

pulse shaping brought under study was raised cosire, as shown in Figure 6. The peok
phase difference between udjacent symbols wos set equal to 8. The computer program
was wed to determine the spectral occupancy.

E The performonce of a coherent demod for these schemes was estimated in the

E following way. For a coherent demod, the correlation 2 betweenr two signals determiner

i the probability of making an error in additive white Gaussian noise. The probability of

E error, P (€), is given by

E

) .\

¥

! Pie)=Q 3 (1-p) 10

| | N (10)

For two constant envelope symbols, the correlation is given by

o

L P= -—f cos (¥ (1) - 2 (1) ot (am

3 T Jo

K

E

] For the raised cosine shaping as shown in Figure 6, the phase difference, ¢y (t) - 2 (t),
is given by:

| 0 2 |

i 9 HANE) -v2() = 7 [l-cos<__’_T'L>J

3

3

ﬁ t

i 9¢ (t)=6 sinz (‘l‘.') (12)

]

', Equation (11) thus becomes

.- T

P P =-lf cos [0sin? 2| db (13)

E ' T J T

b
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Figure 6,

4-ary Case of Raised Cosine PSK
Pulse Shaping
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99-percent spectral occupancy bandwidths. Comparing Figures 5 and 7, note that the

S T T RTTETR e TRET Y 7 T

binary case best performance for either shaped or unshaped pulses at o 99-percent spec-
tral occupancy of 0.5 times bit rate is approximately 18 dB worse than unfiltered binary

PR

i

- !

Figure 7 shows the degradation in dB relative to antipodal PSK for various T j
1

PSK. The raised cosine shaping also requires roughiy 1 dB more power for the same error
rate at this spectral occupancy. From this it can be seen that phase continuity is not i
necessarily all that indispensable a quality when it is desired to maximize the perform- 3

ance for a given spectral ocrupancy.

2,4,1.3 Combination of Phase and Frequency Modulation

Figure 8 shows the result of using the computer program to evaluate a 7-ary
signalling scheme with the phase trajectories shown in the figure. From the phase tra-
jectories shown, it can been seen that this schemne has three frequencies: a center fre-
yuency and two symmetrical frequencies about the center frequency. The parameter 8 3
(controlled by the deviation about the center frequency) waus varied to obtain the desired :
| 99-percent bandwidth. At 2 bits/Hz this scheme * shly 15.5 dB worse than binary
E PSK, therefore there can be no hope of its meeting the design goals.

2.4,1.4 Summary of Noncumulative Phase Schemes

: e a i eiat

The schemes we have considered above are scheme- for which the phase does

not cuinulate with respect to the carrier. For 2 kits/Hz 99-percent spectral occupancy, 3

o 0 o s n I ket KL

]
{ the phase of the transmitted signal never daviates very widely from the carrier phase.

For this reason, there is a large spectral line at the carrier in all these schemes. The

schemes examined represent signals which contain at least 94 percent of the total power
in the carrier. These spectral lines carry no information, therefore that portion of power

is wasted. This dooms these noncumulative schemes to poor periormance relative to our

 Meir i £ s 4 add R I P

design goals, even were the continuous part of the spectrum to carry information as effi-

ciently as antipodal binary PSK. On top of this disadvantage, the idea of obtaining :

narrow "spectral occupancy” on the basis of simply putting a large carrier component in,

24
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Figure 8. Relotive Degriation vs 99% Bondwidth 4~ary Phase Trajectories
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is extremely artificial. The data-carrying continuous spectrum is still very wide and
would require channel bandwidth out of all proportion to the "spectral occupancy.” For
these reasons, the ability to find any noncumulative phase-modulation schemes which
met the design goals of 99-percent bandwidth equals one=half bit rate and 1077 error
rate at 20 dB E,/N,, was discounted.

2.4,2 Cumuiative Phase Trajectories

At this point in the signal design effort, the only hope of obtaining the
design goals lay in the angle-modulation schemes wherein phase is allowed to accumulate
rolative to center frequency, such as in M—ary FSK. For these schemes, there are no
spectral lines (and hence essentially no wasted power) for the small deviations required
for 99-percent bandwidth equals one~half bit rate. Consequently, severa! schemes of
the cumulated-phase variety were investigated to see if improvement in performance or
speciral occupancy could be made on 8-ary FSK, which was the best known scheme
found here prior to this study.

Figure 9 shows the performance of M-ary FSK schemes with a one-symbol
coherent receiver versus the 99-percent bandwidth of the signal . 8-ary FSK isonly 8.8 dBworse
than PSK, with 4-ary FSK about 9.7 dB worse at 2 bits/Hz. With both these signalling
schemes a multisymbol observation receiver can do 3.0 dB better, yielding degradations
ofonly 5.8dB for 8~ary FSK and 6.7 dB for 4-ary FSK. The signalling schemes are very
powerful in terms of their performance for 2 bits/Hz spectral occupancy. In an attempt
to improve upon their performance, the possibility of allowing the phase trajectories to
contain jumps (os in Figure 10) was investigated. The analysis started with the basic
8-ary FSK trajectories (linear with ending-phase ceparation equals 45 degrees) and made
stepwise approximations with N steps (N = a parameter on the curves). Intuitively, the
jumps in phose would ellow a greater distance to be obtained between signal: and thus
yield better performance. As shown in Figure 10, the 32-step approximation to the phase
trajectories resulted in very little increase in the 99-parcent bandwidth of the signal;
however, the phase jump is at most a little over 4 degrees for N = 32 on the outermost
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trajectories. Therefure, little advantage in distenca Is obtained ovir the original linear
FSK trajectories. Thus, although a slight step in phase was allowuble without unduly
affecting spactral occupancy (at 99-percent bandwidth point), the step was so small that
negliglble performance improvement would result.

Next, an attempt wos made to obtain a performonce improvement by employ-
ing phuse trajectories for £ -ary FSK, as shown in Figure 10. Here, o step of M® in phase
between adjacent symbois wos allowed, followed by a frequency ramp in phase to a total
of m®+n° phase difference between adjacent symbols ot the end of a symbol time. The
parometers m and 7 were chosen to make the performance with a coherent receiver the
some as in B-ary FSK with 99-nercent bandwidth equals 0.53 times bit rate. As shown
in Figure 11, the 99-percent bandwidth was improved slightly from 0.53 to 0.5 times
bit rate form = 5° and n = 37°, This slight improvement is remarkable only in that it is
the only scheme fourd which cutperforms 8-ary FSK.,

An attempt wos clso made to improve the performance of 8-ary FSK by
smoothing the transition from one phasa to another in u symboi time, os shown below.

-12- cycle sinusoid phase t-ansitions
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The trenslitions vary sinussidally fram the inltial phase ot stort of a sywbol,
to ane of eight equispeced pheses at the end of @ symbel time. The erding phoses were
spoced such thet the parformance cbiained with 0 coherent demod is the :vme as 8-ory
FSK with 99-percent bundwidth agquuls one—helf bit rate. The 99-percent spectral occu-
poncy was found to be 0.95 times bit rate. Thus its spectral occupancy wos almost
dosdled relative o 8—ary FSK.

From the dste, it con be concluded that no significant improvement con be
hed over 8—ary FSK in spectrel occupency or performonce in o phase-modulation (corstant
envolops) scheme wharein the shupe of the plase trajectory within a symbol time is deter-
minsd solaly by the symbel 1o be trorsmitted in that symbol time. The only remaining
hope for improvement is some fonn of partial resporse scheme wherein the shope of the
phose trajectory in a symbol time con depend upon not only the present symbol but also
upon the symbols thot have previously been tronemitted. Generalized partiol resporse
is discumed below, with the old of the following illustration.

M-ary r Acosw.t +et)
Symbols b ") _l m:m [we ]
1 Modu
Rote = -T-
h(t) /Arbhmty Shape
0 !

»(t) during @ symbol time Is determined by the most recent k symbols.




In general, the phose trajactory during @ symbal time Is given by

k |
ot) = E aph (t+17) aj = M-ory symbol
i=l

ond con thereforc be one of MX diffurent functions. A coherent Viterbi Demod would
have cotrelators for each of the MK different signaks.

The development of a computer program for this type of generalized partial- '
rasponse signolling wos begun. Difficulties were encountered in producing an analytical
result for spectral occupancy of this type of signalling. A progrom to compute the spec-
trum from on FFT routine was storted, but was not completed.

A A b L L

-

An RADC-fundad study, "Line~of-Sight Technical Investigation, ® investi- L
guted binary purtial-resporse schemes. In porticular, schemes for h (t) being trapexoidal,
triongulor, and raised cosine In shape were investigated. it was found that the iriangu—
lor shope produced the best 99-percant spectral occupancy. The length of h (t) (triangle)

y was set ot 7 bits, A 95 -percent bandwidth equals 0.55 times bit rate and performance
within 5,16 dB of binary PSK for an optimum demodulator was obiained. For this 99-per-
cent bandwidth, both 8-ary and 4-ary FSK are within 5 dB of binary PSK with optimum
demods. The binary partial-responee scheme was thus worse than elther of the FSK schemes
iocated. It is not clear ct this point if there is ony implementoiion advantage with the
optimum demods for this binary partial-response scheme ovar the FSK schemes. |i is
doubtful that one would be cble to improve on the binary portiol-response scheme reported
in this study. The only reason to even consider partial-response schemes, then, is the
possibility that a higher M alphabet thon two (M =4, 8, 16) might result in better per
formance thon cc uld be cbhsined with the FSK schemes. Going to higher M, though,
complicates the demod in requiring correlatoss for mk signals in o symbol time. [t wot
concluded that even if some performance gain could be had with lorger M portial iespomse,

the increased complexity in the demod would probably be significant.
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2.5 SUMMARY OF RESULTS

The theoretical results cbtained are listed in Table 1. The listed signols
include all those exomined for which the only mechonism of intersymbol influence is
through the foct that the phase of the sinusoid ot the beginning of a symbol is dependent
on the data history. The shape of the phose trajectory during o symbol time is dcpendent
only on the currer:t bit. This closs of signals includes, for axample, all M=ary phase-
modulation schemes. These PSK types correspond fo no phase accumuiation relativa to
the carrier phase. Also included are ai! types of M—ary FSK modulation wherein the
phose does accumulate . ¢

The PSK schemes (Teble V,antries 1 thru 15) all fall miserobly short of the
20-dB E,/N, goal, even with rised cosine pulse~shaping. These schemes also have the
disadvontage of creating a large carrier component in the transmitied signal. As a matter
of fact, greater than 90 percent of the total tramsmitted power is in the carrier for many
of thess schemes. The small 99-percer' spactral occupancy is abtained through this
machanism of simply outting most of the power in the carrier comporent, rather than
reducing the bandwidth of the data-carrying continuous spectrum. This indicates that
the schemas probably connot be filtered to a bandwidth opproaching the 99-percent spectral
occupancy bandwidth without unduly distorting the data-carrying portion of the spectrum.
These PSK schemes also have the disodvantage that even with cohereni demods the per-
formance is worse than the simpler schemes involving limiter-discriminator or noncoherent
demods for 8~ary continuous-phase FSK (see Table 1, entries 23, 24, and 25).

Based on the results listed in Table 1, it was concluded that M-ary FSK
represented the signal structure moust likely to meet the design goals.
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Section 1|

IMPLEMENTATION CONSIDERATIONS

It was determined that signalling with 4~ary continuous-phase FSK with modu-
lation index h = 1/B satisfias the bandwidth censtraint (99 percent of the power in o band=-
width of one~haif bit rate) and has the thee. *.70l potential of satisfying the performance
design goal (BER of 1077 with Eb/No of 20 d8). Techniques for modulating and demodu~
lating such signa’s are considered in this section, with the ultimate goal of selecting the
best techniques for implamentation. The primary considerations for such selection are

estimates of performance and implementation complexity for each technique.

3.1 MODULATION

First, consider modulation techniques for accomplishing continuous-phase
4-ary FSK with modulation index 1/8. Two data bits must be used each symbol-time to
select a waveform having one of four possible frequencies for transmission. To maintain
phase continuity, it is necessary that all of the four wuveforms huve the same phase at the
symbol transition times. This requires that each pair of frequencies differs by exactly an
integer number of cycles per symbol-time; hence,at this point the modulation index is
unity rather than 1/8. The required noduiation index of 1/8 is obtained by frequency-
dividing the rasultant waveforms either before or after mixing, so that the resultant center
frequency is 70 MHz. One stroightforward approach to getting ths continuous-phase,
mod, index 1 signal is to phase-lock one or more VCO's at multiples of the symbol rate
and count down the VCO output, as shown in Figure 12, to obtain the four waveforms teo
be selected by the data bits. Symbol transition times then occur at zero-phase points for

T e e A

all waveforms.

Another approach which requires lower frequency rates for the digital opera-
tion, and oppears more desirable to implement, is shown in Figure 13. In this opproach,
the data bits are used to select four possible pairs of input frequencies to a mixer such that
the mixer output (sum frequencies) is one of four frequencies differing by the symbol rate.

The some symbol-rate frequency is used to obrain the frequency differences between

39
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woveforms. as well as the transition times. Hence, if the transition times occur at the
zero-phase points of the symbol-rate frequency, and relative shifts through the mixing
circuits are matched, all waveforms will have the same phase (though not necessarily zero

phase) ot these transition times.

3.2 DEMODULATION

Consider first several "optimum" demodulation techniques to provide perform-
ance reference points and perhaps fumish guidance to impiementation approaches for sub-
optimum demodulatinn. In this category, single-symbol and multisymbol receivers for both
c&ﬁnt and nonccherent demodulation of 4-ary continuous-phase waveforms with medula-~

tion index 1/B are considered. For such signalling, the signal waveform s{t) during the

nm symbal time is

s(t) = A cos (wcf +a <TT1—> t +ﬂn
s

We = center frequency

ﬂ’n = Phase at beginning of n’h symbol time

o, = /2, -1/2, 3/2, or - 3/2 (dependinf upon which of the
four symbols is transmitted in the n' symbol time),

3.2.1 Coherent Demodulation

Consider the performance of a coherent demodulator for 4~ary FSK. The sig-
nal is described by the phase trajectory plot of Figure 14, The coherent demodulator has

knowledge of ¢n at the beginning of a symbol and correlates with sach of four references,

cos , over the intervol O, Ts. For the small mod index

"
o]
used here for spectral compactness, the high S/N ratio performance is dominated by the
probability of an error between two adjacent frequencies, The correlation between two

sinusoids that are in phase ot t = 0, and 8 radians out-of-phase ot Ts' is well known and

given by

P = _S_m_é_g Asinc (8) (14)
42
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l Figure 14. Phase Trajectories for 4-ary FSK
| With Mod Index = 1/8
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The probability of making on error between the two sinusoids with a coherent receiver

is given by
E,(1-P)
f ""‘QQ N (%)
where Es = Energy in a symbol
Ny, = Ore-sided Gaussian white noise spectral density
and
2
~ Y
2
[e
QX) =
x-’ vV 2m &

In a 4-ary FSK scheme, 2 bits are used to select one of the four frequencies to be trans-

mitted. The avercge ene.gy per bit, Ep, is then half ine energy-per-symbol, E;:
Es = 2Eb

From Equations (14) and (15), the error rate for an M=ary FSK mod index 1/8 coherent
single symbol observation receiver is given by

Q (fZEb (l-sinc{- )) (16)
No -

at high £/ Ng. At the error rates of interest (< 10"5), Equation (16) provides an accurate

prediction of performance for single-symbol demodulation and predicts an error rate of
107 ot Ep/No of 21.3 dB. Even this ideal prediction is above the design goal of 20 dB.
But, note in Figure 14 thot the continuous-phase property of the FSK signal leads to the
introduction of intersymbol influence among the transmitted signals in successive symbol
times. The one-symbol-time coherent demod, with the performance derived above,
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ignores this property. A demod that recognizes and exploits this continuous~phase
property might (and, in fact, does) perform better than the one~symbol-time demod.

The demod is one which observes the signal over n symbol times and makes
a decision on the first symbol time by choosing the first symbol from the maximum likeli-
hood signal sequence. The demod must select the allowable sequence havine the largest
correlation with the received waveform over the observotion interval. The allowable
sequences are defined as those having a phase trajectory that is o path through an n-
symbol tree such os in Figure 14,  The initial starting phase is presumed known at the
coherent receiver. The performance of the multiple observation interval coherent re-
ceiver will be calculated, with the assumpiion that the signal~to-noise ratio is sufficiently
high so that the error rate is dominated by the minimum distance error path (s) from the
transmittcd path. Distance over a t'me interval T between the ith and [fh signals, sf (t)

and s'(t), is defined as I

dizi = [si (l‘) - si (f)] 2 dt (‘7)
0
The probability that the ith signal has higher correlation with the received signal in

additive white Gaussion noise than the i'h signal was transmitted is given by the well-

known relation

/

d;s
P;i =Q (‘?TI\I«C (18)

Referring to Figure 14, for the smail mod indices of interest, it can be shown that over
an n~-symbol observation interval the minimum distance error paths for coherent correla-
tion are those that start at | = 0 in phase, are /4 radians out-of-phase at t =T, ond
arc back in phase at t = 2T, through nT; (see Figure 15).

This distarce is gi ven by

&2 = 4E¢ 1 - sine n/4) \19)
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€, = energy in one symbol = 2,

& = Average energy/bit

For small mode indices, uil other signal sequences ore at distances coresponding to
several dB lorger E,. The error rate given the i™ sequence trammitted in the n-symbol
times Is thevefore dominated by the path at the distance given by Equation (19). f all

iequences over the n - symboi times are equally likely, then the probability of erroncously
deciding the initial symbol is given by

Q( —ﬁ;- Q1 - sinc 1!/4)) (20)

No

' Compoaring Equations (16) for one-symbol coherent ond (20) for n > 2 - symbo! coherent
demodulation, it can be concluded that muitiple-symbol cbservation yields o 3 dB per-
formance improvement. The multisymbol coherent reception results theoretically in on
error rate of 1077 for Ep/No of 8.3 8.

The coherent references required during each symbol time for o one - symbol
observation receiver are the four possible frequencies, each with one of eight different
vhases modulo 277. The separation of the eight phoses is 7 /4 for the h=1/B system.
These coherent references can be obtained in the following way for the h = 1/8 system.
Considering Figure 16, the signal is first input *o a device which multiplies frequency
by 8. This leods to o mod index =1, 4-ary FSK signal at eight times corrier frequency.
As shown in Anderson and Salz3, the mod-index-one signal has spectral lines at the four
discrete frequencies corresponding to those transmitted. These four frequencies are selec-
ted by the bandpess filters (BPF) and phase—lock loops (PLL) are locked to each.

3Anderson, R.R. and J. Salz, *Spectra of Digital FM."* BSTJ, July~August, pp. 1165 -
1189.
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The PLL outputs are divided by eight, resislting in references ot the original
four frequencies coherent 10 within some multiple of m/4 radiam, to the tronsmitted
four frequencies. These references are fed to phase shifters which correct the phases by
the proper amount to make all four frequencies in phase ot the beginning of a symbol
time. This phase must be the same phase as the received signal, which is assumed known,
There is the practizal problem, then, of establishing the ohase of the received signal.
Assuming this has been done, the phase shifters are Initially set accordingly. The coher-
st references are then comelated ogainst the incoming symhol, and the symbol with
largest correlotion Is decided. A phase trojectory plot such as in Figure 14 then defines
the phase to which the coherently decided symbol would advance the signal. The do-
coded symbol is therefore fed bock to the phase shifters to modify the reference phases
to form ‘he coherant references for the following symbol time.

The demod structure of Figure 16 is complicated; in addition, there are
several practical decisions that need to be made in determining the feasibility of imple-
mentation. For example, the maximum correlation must be determined, the correspond-
ing symbol must then be fed back to the phase shifters and the new coherent references
established thereby, in a time short relative to o symbol time. At the rates relevant to
this study, the symbol time is less than 100 noncseconds; therefore this problem is a severe
one. It is also possible that there is an emor propagation prablem, in that whenever an
error is made erroneous references are used until o decision is made that puts the phase of
the references back in step with the received signal. To avoid such on error-propagation
problem would require eight times as many correlators, or a total of 32 (one for sach of
eight possible phases for each of four possible frequencies). An intriguing possibility that
eliminctas the necessity for the phase shifters invoives simply coherently demodulating
the mod-index-one signal that comes out of the times~eight nonlinearity of Figure 16.

The PLL outputs of Figure 16, without the divide-by-aight, are the coherent references
required fo do so. The performance loss for such a suboptimum demodulutor can be approx-
imotely predicted as follows:

The error probability for either the optimum coherent receiver or the subopti- !
mum receiver is given by Equation (15. But for the suboptimum receiver suggested cbove, @
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the correlation coefficient P is the correlation coefficient for two adjacent frequencies
with mod-index-one (P = 0) rather than 1/8 (P = .9), and the effective N, for *he sub-
optimum receliver is 64 times that for the optimum receives since the rms phase noise is
eight times cs great after the times-eight multiplication. Hence,

(1-P)opt. =1- .91

(1~p)sub,opt. =1-0=1

and it can be seen from Equation (15) that 10 dB hos been gained due to the change in

P and approximately 19 db (i.e., 10 logjpd4) has been lost because of the increased
phase noise due to the frequency multiplication of the signul. The net predicted loss is
therefore 8 dB. Performance predictions for the suboptimum system were also made utili-

zing a computer simulation program. The net loss from this simulation was 6 dB.

It was aiso noted that times-four frequency w:itiplication produces mod
index of 1/2, which also corresponds to p = 0 (goin of 10 dB). The effective N, for
times—four frequency multiplication, however, is 16 times that for the cptimum received
(loss of 10 logy0 16 = 12 dB). Hence, coherently demodulating after times-four frequen—-
cy multiplcation of the signal results in a predicted net loss of 2 dB relative to the optimum
receiver. The comput.r simula::on program predicts approximately the same performance
for this receiver as for the optimum receiver. Therefore, this appears to be a simpler and
hence a more desirable one-symbol coherent receiver structure than the optimum rorrela-
tion receiver. However, as noted above, one=symbol demodulator perforrance does not

meet the design goal requirement, whereas multiple~symbol coherent performance does.

But the multiple-symbol coherent demodulator is even more compiex to imple-
ment. As indicated earlier, the minimum=distance error~path for the low modulation
index of interest is two symbol times long (see Figure 15). For the low error rates of
interest here, the two-symbol cohersnt demodulator will achieve performance very close
to that cof an n-symbol coherent demodulator for n > 2. But even a two—symbo! coherent
demodulator would require 128 two-symbol correlator references, since there are 16 pes-

sible combinations of four frequencies and eight starting phases for each combination.
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This could be reduced to 32 by utilizing the principle of the maximum-likelihood decod-:
ing techniques noted by Viterbi! for convolution codes. From Figure 14, it is seen that
when two signal puths reach the same phase modulo 27, identical input symbols to the
modulator thereafter produce identical signals out of the modulator during successive
symbol intorvals. This is the same type of structure exhibited by convulution codes, and
the same maximum-likelihood demodulation techniques used for convolution codes can be
used here. Nevertheless, rhis technique still requires 32 correlators and considerable
logic to keep track of competing signal paths and cumulative correlation measures for
each path, as well as decision-making logic to choose the most likely path, and hence,
most likely symbol decision, each symbol-time. The speec requirements for the logic
circuitry would also be high for the ;ymbol rates of interest here.

3.2.2 Noncohereint Demodulation

The structure of a one~symbol noncoherent receiver for 4-ary FSK is shown
in Figure 17. This receiver is equivalent to the optimum noncoherent recaiver, It con-
sists of four matched filters (one for each of the four symbols), each followed by an envel-
ope Jdetector whose outputs are sampled at the symbol rate and at the proper time, and the
largest output selected. (The required timing circuitry is not shown.) The corresponding
matched symbol is then the demodulator output decision. (Practical approximations to
matched filters for FSK symbols are narow=band filters tuned to the symbel frequency.)

The symbol error probability for such a receiver, for the high signal-to-noise

ratios of interest here, is given by

Pe =Q6/%0_(1-'T|) =Q NE: (1-|p|)

Witerbi, A.J., "Error Bounds for Convolutional Codes and an Asympiotically Cptimum
Decoding Algorithm," IEEE Trans, on Information Theory, April 1967, page 26C.
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where

T
pe L [ . [ao-90),
g A
¢](f) and ¢2(?) are the phase trajectories for adjocent symbois, That is,
for the 4-ary continuous-phase FSK signals of interest here, @ (t) -¢2(t)=(ﬂ-:—) t

k
&) ¢t

S.P= '1'1— al 4T, = —gr- ['if- “!] =l %(sinc -g—)
or |P| =sinc -g- = ,975

. - Ey, - 7 E, _
P =Q NG (.025)}] =10 forn—o— =27.4 dB

This performunce is not very close i~ the design goal. But if more than one
symbol is observed in making each symbel decision, rhe continuous-phase property of

FSK may also be used in a noncoherent receiver to improve its perfornunce,

In Figure 18 is shown a receiver which observes the 4-ary received signal
over three symbol times and matchas noncoherently to eacli of the 43 =64 possible trans-
mitted signals in that three—symbol interval. At the sumpling time, once per symbol, the
output of each of the 64 envelope detectors is sampled and the largest detector output is
selected. The middle symbol in the filter corresponding to the largest output becomes the
output decision over that symbol time. For high signal-to-noise ratios, this receiver can
be shown to be equivalent to the optimum receiver for continuous-phase binary FSK with

a 3-bit observation interval . 2

2Osl:oorme, W.P. and Luntz, M.B., "Coherent and Noncoherent Detection of CPFSK, "
IEEE, Tronsactions on Communication Technology, Vol, COM-22, No. 8, pp. 1023 -
1036, August 1974
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The purformance of this receiver cannot be rigorously computed, but a union
bound on the receiver performance is not particularly difficult to find., The pmbability
of emor is limited by the probability of enor for the worst~case dota sequence. That is,
the oveiall arror probability, Py, is

Pe' < P, (€1 Sp Spr §y) ' moxi, k, !,

the error probability for the worsi—case thres-symbol sequence $;, Sy, $). By considering
sach possible error individuall::, the union bound on probability of error

Pe < TRL h(RmRR:u | S:Sus|> (21)
K # k

may be written. That is, the probability of error will be less than the sum of probabilities
that an error filter output, RiKL, exceeds the correct filter output, Rikl, given the input
sequence S, Sk, S|. At high signai-to-noise ratio, the sum of Equation (21) is dominated
by the largest pairwise error probability, P{ RiKL > Rikl | Si, Sk, Si ). Thus, the
probability of error for the three~symbol receiver of Figure 18 may be found by consider-
ing ths binary error performance for the worst-case poir of three~symbol-duration filters.
For ths FSK signal with peck-to-peok deviation of 3/8 the symbol rate, the worst-case
pair is one which contains an adjacent symbol error for each of the three transmitted sym-
bols. Additionaily, for the worst-case pattern the errors in the first and third symbols
will be in the opposite direction from the center syinbol error. That is, if the trarsmitted
symbol sequence were 52, 53, S3, then the most probable error sequences are S1, S4, S2
and $3, S2, S4. At high signal-to-noise ratio, the probability of error is given by

3E, L
ol R -1 &

whare p , the complex correlation coefficient between a pair of three-symbol waveforms,
is defined as
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p= 1 [37 e! [¢] ) - ¢2 (t)] dt (23)
0

The phases 9y (t) and 95 (t) are the phase trajectories for each of the worst-case pairs
of waveforms. In this case, this phase different is given by

2-’-;—-& . O<t<T

Am-P20) = ﬁ-(zr-t) T<t<2l
I (r-37) 2T< t < 3T
4T

Evaluation of the correlation from Equation (23) yields |P| =sinc ( 7 /8),
which may be used to evaluate the probability of error from Equation (22)  This yields
an error picbability of 1077 at En/No = 22.4 dB, a 5-dB gain over single-symbol noncc-
herent derodulation.

The symbol error rate performance for coherent and noncoherent demodulation
of 4 -ary FSK, mod index 1/8, is plotted in Figure 19 versus Eb/Ng. Also Included in
Figure 19, for comparison with the performance of the optimum tachniques, is limiter-
discriminator performance with a 4-pole linear phase IF filter with 3~dB bandwidth equal
to the symbol rate. The details of limiter~discrimirator performance predictions are
treated in Appendix C.

3.2.3 Multiple Symbol Observation

It will be noted from Figure 19 that the :deal performance of the optimum
single-symbol receiver is more than a dB short of the design goal. If only 1 dB were
allowed for implementation icks, the single-symbol coherent receiver performance would

be more thon 2 dB from design goal. In addition, as noted above, such a receiver is
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rather complex to implement. Suboptimum single-symbol approaches would fikely lose
even mere In perfermonce .

It oppecrs clear from the results In Figure 19 that any hope of achieving
design goal performance mwst utilize multisymbol demodulation. Thet Is, the recelved
signel for more thon one symbol-time (e.g., for n symbol times) must be wed in making
each symbol decision. This impliies corsideration of all possible trajectories over n
symbol-times, which leads to implementation complexity and pessibly unrealistic speed
requirements, as noted earlier. But for any recelved signal over n symbol-times, many
of the ponible tranemitted trajectories are very unlikely. This corsideration leads to o
search for simple schemes for eliminating the very unlikely trajectories from further con-
sideration, thus simplifying the final selection of the most likely transmitted trajectory.
One such possible scheme for consideration involves first determining the most likely
beginning phase (phase at the hieginning of each symbol time) for each possible fraquency,
thus reducing from 32 to 4 the number of symbols for consideration during each symbol-
time. This would result in a phese trajectory trellis with four possible symbols per symbol-
time, such as that shown in Figure 20.

Cne way to retain the four most probable symbols each symbol-time is to use
the "midsymbol" zero-crossing time to determine the most likely baginning phase for each
possible frequency (see Figure 21). it s assumed here that there are roughly two cycles
per symbol time foi the four symbol frequencies. For any frequency there are eight possi-
ble beginning phases, and hence, eight possible sets of zaro~crossing times. The time
and dircction of a zero-crossing then determines the starting phase for any assumed fre-
quency. But with noise the exact zero-crossing times cannot be determined. However,
with noise comresponding to En/No = 20 dB, the probability of eliminating the correct
tronsmitted symbol by this procedure is approximately IO'M, which is negligible in

relation to available final error rates. This is calculated as follows:

Consider a typical symbol with K cycles per symboi-time (K not necesarily
intager), as shown in Figure 21. The slope at a zero crossing is

a
1
:
i
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and for high signol-to-noise ratio, the rms phase jitter due to nolse varionce o 2,

Gg = On/s. But with white noise of spectral height N, posted through a filter with noise
boandwidth = symbol rate,

. T
No No 20,,2

S0 = 1/ J Eb/No in symbol-time units.

For any frequancy, the eight possible beginning phases differ by 1/B cycle. And for any
frequency, the corresponding zero-crosing locations are known. Therefore, the prob-
ability, PE, of selecting the wiong starting phase from a measurement of midsymbo! zero-
croming time is aquol to the probability thot the phase noise exceeds 1/16 cycle, With
Ep/No = 20 dB and Gaussion noise, this is

PE = —:/A&L -Q (7.86) = 10-14

A conceptunl circuit for determining these four most probable symbols each symbol-time,
ond hence the most proboble trellis paths, is shown in Figure 22.

in addition to the “phase noise® considered above, there will be 0 “measure-

ment noise” due to uncertainties in (noiseless) measurement of zero~-crosiing time.

As noted above, the rms phase noise in symbol-time units is @ = 1/4K
WMWNO‘—'ZO&«:MK:?thIsbomu o= = 004 symbol-times,

807
and this corresponds to PE = Q (7.86) = 10-14. A PE of 1078, which corresponds to

61
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Q (5.61) could ba tolerated. Since the "phase nolse” and the “measurement noise" add

togethr and ere corsidered independent, their variances add. Hence, the varionce of
the measurement noise, 0 2, must satisfy the following equationa:

2 2 2
ond
92 = ZL% =1.4
oo 5.61

. Om = % = 0,004 symbol times zx 0.3 nonoseconds,

Therefore, very precise time resolution of zero-crossing time measurements
are required. Abo, the final selection of trajectories must consider continuity over two
or more symbol times of the trellis (Figure 20). Conflicts between trajectories must be
resolved by some additional measures such as phase measurements at (or near) symbol
tronsition times (end-phases), making use of intersymbol dependence due to the filtering.
The final algorithms and ci:cuitry for accomplishing this were not completed because of

the greater promise of the technique of frequency determination from end-phase measurements.

In considering frequency determination from end-phase measurements, it
should be noted that if the transmitted phase could be reliably determined at each symbol
transition time, the frequency during each symbol time could be reliably determined from
the difference in phase at the beginning and end of such symbol time. In fact, at low
error rates, one would expect to moke two (adjacent) symbol errors each time an error
is made in determining this “ead~phase.” With high signal-to-noise power ratio, /N,
the vcriar.ce of equivalent phase noise, 092 is:

’

002 = S S radians squared

2 (s/N)
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If one limits the noise power with a filter with noise bandwidth equal to the symbol rate
and neglects the signal attenuation through the filter, the signal-to-noise atio at the
filter output is S/N = Es/No, where Eg is signal energy per symboi and Ng is noise-power
spectral density. But for 4-ary FSK, E; =2 E,.

1

Eb

o 09 =

Assuming this phase noise to be Gaussian, the piobability ) that the phase error due to
noise exceeds an angle ¢ is Q (¢/og).

4E
Pq = Q -NL $2 (¢ in radians)

Le]

Since transmitted end-phases are separated by 45°, the probability of noise

alone causing an error (threshold half-way between phases) is

i 26 [, 212 ) _ /255
P”/B = Q ‘J No [2 8} = Q\ No (-303)

This error-rate performance is only 5.1 dB worse than antipodal signalling (e.g., binary
PSi<) and corresponds to an error rate of 10~/ at Ey/Ng of 16.4 dB. (Antipodal signailing
gives an error probability of 1077 ot Eb/No of 11.3 dB.) Thi: is of course unrealistic,

since it ignores filter distortion of the transmit*~+ phase trajectories. Hence, the next

step in determining realistic performance predictions for such an approach is to determine

realistic phase trajecto.y distortion by realizable filters.

Several filters were considered and the cne which appears to have good phase
distortion characteristics is a four-pole modified linear phase filter with noise bandwidth
equal to the symbol rate. This is termed a "modified” linear phase filter, since it is not

a "standard" bandpass linear phase filtar. However, it is realizabie and its pole and zero
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locations are known. {t will be referred to hereafter as the “nominal filter". After
adjustirg the filter output for a constant time delay and a constant frequency offset, the
trajectory distortion of the filter output relative to the input is as shown in Figure 23 for
all possible positive frequency transitions. Distortion is symmetrical for negative frequen-
cy transitions. No filter distortion of any significance extends over more than one symbol
time. From these distortion characteristics it is easily determined that for any two mini~
mum-distance trajectories such as those shown in Figure 24, the filter distortion couses
the candidate end-ohase to differ by 35°. Hence, if the threshold can be chosen properly
(half way between the two distorted phases), the probability of error in deciding between

the cuididate phases is

2 Ep
Piz.50 = N

(.186)

(o]

which is 7.3 dB worse than antipodal signalling and corresponds to an error probability
of 1077 with Ep/Ng of 18.6 dB. From the above discussion of optimum coherent reception,
recall thai the optimum recei *r has an error probability of 16-7 with Ep,/N, of 18.3 dB.

This performance, only 0.3 dB from optimum, assumes that one can properly
locate the decision threshold between twe candidate end-phases. But determining the
proper threshold location for any symbol transition time (e.g., b in Figure 24) requires
knowing the transmitted end-phases on either side of this tronsition time (e.g., a and c,
Figure 24). These phases, of course, are not known; in fact their determination is part
of this demodulation pioress. But an intuitive approach to establishing the thresholds is
to make repeated and progressively refined estimates of the transmitted phase at each
symbol transition time, using measured phases out of the filter, These phase estimates
then provide crosstalk estimates and hence thresholds for more refined phase estimates.
Such a process, consisting in principle of three successively refined estimates ct each

symbol transition time, is described in the following poragraphs.

The first step is ro retain a most likely pair of (adjuceni) transmitted ph.ises

at each point consistent with the measured phase (including noise and filter distortion) at

65
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that point. (See Figure 25.) Since the odjacent tranemitted end-phases are separated
by 45° ond the maximum phose trajectory distortion is 15°, the phase riolse must be ot
leost 30° for the measured phase to fall more than 45° away from the transmitted phase.

Hence, if the retained pair is the pair nearest the measured phase, the probability that
the correct transmitted phase is eliminated by this initial step is

28,
Pae = Q \Ir NG (.548))

which is about 16~17 ot Ep/Ng = 18.3 dB, the signal-to-noise for which the error prob-
ability of the optimum receiver is 10-7, Hence, the probability of eliminating the correct
phase is negligible relative to the available demodulator performance .

The task remains, however, of choosing the trunsmitted phase from each
retained pair. The best way to make such o choice (with the assumed Gaoussian phase—~
noise) is to use a threshold midway between the distorted (but noiseless) phase points after
filtering. But the amount of distortion, hence the proper threshold location, for the
retained pair of phoses at any point depends upon the transmitted phase on either side or
that point (such as phases at 2 and 4 in Figure 25). If these phases were known, one
could determine the proper threshold ot 3. But, of course, if all of these phases were
known, the thresholds would not be needed. However, a tentative choice of these
phases may be made for use in establishing the thresholds for the firmi phase choices.
These tentative decisions are made by using compromise thresholds, considering all possi-
ble choicas for the phases on either side (such as 2 ard 4 in Figure 25). For any retained
pairs of phases at points 2, 3 and 4, any combination of the assumed phases ot points 2
and 4 will result in one of three adjacent thresholds for deciding between the retained
pair ot point 3. These three thresholds will be separated by 5° in phose (for the nominal
filter). Hence, if we choose the middle threshold of these three for making the tentative
decision, the threshold will be off no more than 5°. These tentative decisions at sach
point are then used to determine the proper threshold for the final decision at each point.
If both of the tentative decisions at each point (such as the tentotive decisions on either
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side of the point) are made correctly, and hence the threshold for the final decision is
established properly, the error probabliity, as calculated earlier, Is

2§
Piz.se = Q \[N b (.188) )
o

£

As noted earlier, this gives an error probability of 10~7 ot Ep/N,, = 18.6 dB, which i
orly 0.3 dB from optimum receiver performance. If one of the tentative decisions is in
ersor, then the threshold is 5° off and hence the error probability is

_ 2 Ep
P‘2.5° = Q —b-l—o—_ (0095)

The probability of an erroneous tentarive decision is also approximately Pyg 5, since the

threshold for the tentative decision is also off (most of the time) by 5°, Hence, the prob-

ability of making o tentative decision error and an adjacent final decision error at any

point is approximately P2|2_5, or

2E, |, . 2 Ep
Q2 [\/-=b (095] =2 aq (.19)
No No
giving a probability of 10-7 ot Ep,/No = 18.3 dB. Therefore, the overall performance
prediction is dominated by P12 5, giving an overall error rate of 107 ot about 18.4 dB.

It can easily be seen (by trying all combinations of frequency transitions and
considering the crosstalk for any legitimate transition) that for any adjacent pair of
legitimote tramsmitted frequencies there are oniy five appropriate threshold locations
between each adjacent pair of legitimate transmitted end-ohoses. These are shown in
Figure 26 for the nominal filter. Since the transmitted phases are spaced 45° apart,
there are orly eight possible transmitted phases (modulo 27r) at any symbol end-point,
as indicated by the X's in Figure 27. With only five possible threshold locotions between
each pair, the entire phase space is divided into the 40 regions indicated in Figure 27.
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Figure 26. Appropriate Decision Threshold Locations
for the Nominal Filter

71

PO PR LY

a5 S el

e i e b o

e T S ok e e aaa




T T T U —— - - o v - e T e—p— o TR g~ ey —Y—T

Phase Locations

Figure 27,

—yT




DA A T ""‘*‘w——'—w

It was implied eorlier that ot any end point, the pair of phases nearest the
measured phase ot that paint were retained. This would require additional thresholds ot
the transmitted phasus (i.¢., at the X's) for determining which pair of phases is retained,
However, these thresholds are not necessary . since only the 40 thresholds in Figure 27
can be utilized. Phases 1 and 2 (as possible trarsmitted phases) are retained if the re-
ceived measurement folls in region R1, phases 2 and 3 if the measurement falls in R2, etc.
The probability of thus eliminating the correct phase is then easily seen to be Py7 5 =
1077 ot EbNo = 18.6 dB, which is the some as the theoreticul probability of eliminating
the correct phose in the final decision. Therefore, phase measurements must be resolved
to within one of the 40 regions batween the thresholds of Figure 27 in order to obtain the
above performance. As mentioned previously, this performance is within 0.3 dB of the-
oretical optimum. But even more significantly, if practical implementation losses can be
held to 1.4 dB this technique can accomplish the design goal of a 107 error rate at 20
dB. Hence, this is the technique seiected for further investigation and implementation.
Further analysis of the performance of this technique and the implementation details are

contained in the following section.

3.3 BASELINE RECEIVER
3.3.1 Conceptual Design

Figure 28 is a block diagram of the baseline receiver salected. The filter
is nominally « 4-pole modified linear phase filter with a noise bandwidth equal to
the symbol rate.  The times-eight frequency multiplier following the limiter
produces discrete spectral components at eight times each of the four tronsmitted frequen-
cies. Since the symbol rate is 2xactly eight times the frequency separation of any two
adjacent frequencies, symbnl timing can be obtained by locking two escillators to eight
times the lowest frequency (Fg) and eight times the next frequency (F1), then mixing

these oscillators to produce the difference frequency.

As previously discussed, the receiver must subdivide the phase of the received

signal at the end of a symbol time into 40 segments. This is accomplished by the three
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by FQ) bc 8. In this case the receiver must provide thresholds at phases of

n/84+nn/4,
and n/8+nm/4 10
n/8 + nm/4 + 20

phase~dnatector threshold units shown. Let the phase displacement ~aused by the crosstalk

produced when two adjacent frequencies are successively transmitted (such as Fy followed

wheve n takes on values 0 through 7. These locations ara shown in Figure 29, The sixteen
thresholds located at /8 + nm/4 + 20 are provided by the two phase detectors, PD1 and
PD2. Each of the two phase deteciors has four thieshold devices on its output. Phase
detector PD1 measures the phase difference between the input anu sine of F(), o3 obtained
from the phase-locked loop at eight Fg. Phase detector PD2 measures the phase difference
between the input and the cosine of Fy. As iliustrated in Figure 29a and Figure 30, this
subdivides the phase region from 0 to 27 (relative to the phase of Fp) into 16 parts. In

both figures it is assumed that 46 is approximately 22.5°, which is approximately true for

the filter proposed in the baseline design. As can be seen from Figure 30, the four thres-

i
(
| hold voltage levels for TH 1 and TH 2 are the same and are symmetrically spaced cbout

plained when the detailed logic diagram is explained.

associated with PD3 and the appropriate two thresholds from PD1 and PD2.

time and supplied to a logic network to make the decision as to the transmitted frequency.

1 B zero. The two digit numbars identifying the 16 phase regions in Figure 29a will be ex-

The remaining 24 thresholds shown in Figure 29a are supplied from the three
threshold levels on PD3. Since the third phase detector, PD3, compares the phase of
eight times the input to eight Fg, the three levels appear modulo 71/4. The levels are
shown in Figure 29b. As is shown, the 45° phase region, which appears as 360° after the
frequency multiplication, is batically divided into five seginents by the three thresholds

The 11 binary outputs from the 11 threshold devices are s»mpled every symbol

Figure 31 illustrates the logic funciions required to carry out the operctions described

previously which are necessary to moke near optimum frequency decisions,

75




sButiieg ¢ ployseny| 8B62)

sBuyiieg ploysesy)

39304 POy jurLOI}

* 67 81nByy

510110007 MDY (62) |
) |
X Aq paioopu} 09 #




P ITE e e e v - C e e
T g — > - e T e g e

i e e

[L-/ cos (27 Fof)
. - sin (2 ﬂFof)

P e Ve

B . 7 I T * N R S, NP )

e ATt

Figure 30. Setting of Thresholds for TH 1 and TH 2

e v S el e+ T b i+ 1




' I ST AP I A b T g £

woibo;q 2:507 pajiogaq - |€ #nSiy

CC .ﬂ“& — A\C
Wiz g snq y
*Ba
¥ X (Q) 9 ¥
B3y g
_ yA‘EA “TA
199 Qv "Bay A
ans
(04) 4rinQ (4)
419~ _
pud €4 19 € *
wWQId
«—] £XTs ‘ {4) (1A
v, : () ndinG Ao 419~ 6oy 4 | 5419 € g 19| _
] . - - m
L VR L
: ﬁ -Bay g be— WOud
W siqg | b X962
, (d)
19y

Y

D ARRT SN B L IS S 14 P L P U T T P T T M St s PR Y T N P e e L . e



The eight bits from the eight threshold devices associated with TH 1 and
TH 2 are converted to a 3-bit binary number corresponding to the estimated transmitted
phase and e 1-bit binary number designating whether or not the received phase is close
to a legitimate transmitted phase. These two numbers are shown in Figure 29a, with their

corresponding phase region. Tcble 2 presents a truth table showing the conversion which |
must take place between the eight bits from the threshold detectors and the three phose-
identification bits (P) and the vernier bit (V). In Figure 31 this operation is shown as 1
being ai:complished by a PROM or ROM, although it could be accomplished by stroight- g

forward logic as well,

Vhe threc phase bits are fed to a two-stage (3-bit) shift register (P register).

!

E

E

E 4 These two values are subtracted to produce a 3-bit estimate of the frequency (F). Although '
| the actuol tramsmitted frequency is limited to one of four values, Fq through F3, noise

} conditions can easily produce an estimated frequency of minus one or plus four. Hence,

| three bits are used to represent the frequency in the F shift register. The first two frequen-

1
|
cies in the F register are subtracted to o 4-bit, D, value which represents the difference !
between the twe frequencizs. Since each frequency can be onc of six values, the differ~ i

ence neec to be represented as a 4-bit rumber which is stored in the D register.

The difference in estimoted frequencies, D, is then supplied, along with the

four vemier bits, V, from the V register to produce a 2-bit value, X, which carries the

. g R A . o B Braeis ST LS ¥ A ATV T M s o £

information for both the tentative and final decisions in a differential form. That is, the {
MSB of the X word is zero if the tentative decision indicates that the initial value of P
should be tentat rely selected and is one, if the phase P+1 should be tentatively selected.
| Since the threshold setting for vhe fiia! decision differs from thot of the tentative decision
by, at the most one threshold location (on Figure 2%a), the LSB of the X word carries all

f of the informution necessary to make the final decision from a set of tentative decisions.

The four biis from the V register indicate the location of the phase measurement in the i

45° segment corresponding to a particular value of P, which places it in one of the five

regions shown in Figure 29b.




TABLE 2. PROM | TRUTH TABLE - THRESHOLD OUTPUTS VS. PHASE (P) AND .
VERNIER (V1) OUTPUTS OF PROM 1
; TH1 TH 2 P Vi
1100 1111 000 0
1110 1111 000 ! i
1 1111 001 0 o
11 1110 001 1 ? !
. RN 1100 | o010 0 !
3 1N 1000 010 1 |
N RRE 0000 011 0 L
- 1110 0000 013 | ?
. 1100 0000 100 0 ‘
. 1000 00600 100 1 J
¥ 0000 0000 | 101 0 ]
| 0000 1000 101 1 |
§ 6000 1100 | 110 0 ;
g 0000 1110 110 1 |
| 0000 1 11 0 |
! 1000 11 BR 1 g
: {
1




Table 3 presents the truth table for ROM number 2. The four bits from the
V register cre shown as the designation bit V1 from PROM number 1, and the three bits
from TH 3, along with the correaponding 5-ory valus of V, as shown in Figure 30. The
two X bits are shown as a function of the frequency difference, D, for difference valves
of &4, Values of D larger or smaller than these values should rot occur unless roise is
large, but should be ascribed the values of X corresponding to either plus or minus four,
depending on the sign of D. The left~hand bit in Table 3 is considered the MSB, and
hence corresponds to the tentative decision.

The MSB of Table 3 can be deduced directly from the principles of operation
previously discussed when one takes into account the dependence between the tentative
threshold decision setting and the frequency difference (which is proportional to the
crosstalk). It is important to note that the threshold should not move beyond the range
in a particular 45° segment, The LSB simpiy carries the informaution as to what final
decision would be made if the threshold is to be moved up or down one from the tentative

decisicn in the final decision process.

A delay of five symbol riines is provided in the V shift register, since it is
assumed that five symbo! times are necessary to provide a legitimate D value, This
assumes that each PROM and subtract operation has one symbol time to settle, The X
values are supplied to o four-sample shift register, The two MSB values of the first and
lost stage are supplied, along with both values of the middle two stages, to PROM number
3. These six bits are sufficient to determine two successive fina! decisions on phase, and
hence, one final frequency decision in a differential form (that is, whether the stored
frequency should be advanced or reduced by one, or left alone). Table 4 provides the
truth table for this decision. Only the conditions which require a change in the frequen-
cy value are listed. The PROM accepts ths 3-bit frequency number and provides an out-
put which odvances sr retards the frequency as indicated by the six bits from the X regis-
ter and the truth tabiv of Table 4.  Since only four values of frequency could be trans-
mitted, the PRO~i would select the closest legitimate frequency when a value outside the

range 0 to 3 is called for. For convenlence, a quality bit Q could be provided to indicate

this evant.

i
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TABLE 3. PROM 2 TRUTH TABLE - X QUTPUT V5. VERNIER
AND DIFFERENCE INPUTS

D
VA TH3 V -4 -3 -2 -1 0 +1 +2 +3 +4 1}
' 0 000 O 11 11 11 11 11 10 01 00 00 i
r ! 000 1 || 11 11 11 10 01 00 00 00 3
’ 1 100 2 11 11 11 10 01 00 00 00 00 , ’
1 1170 3 11 LR 10 01 00 00 00 00 00 ]
1 111 4 00 00 00 00 00 20 00 00 00

TABLE 4. PROM 3 TRUTH TABLE - Fg CUTPUT VS. X AND F INPUTS

el e e e ot e e

;
l - 0 2 1
Xy (MsB) Xz X3 X4 (MSB)
0 ] 0
‘ 3 1 IfFy > 3, Fn =3
Fo=F+1 0 0

1 0,1 \ 0 ] |

- 0" 213 0

0 1 0 0 ;
| i 3 2 ] l Fo=F-1 |

0 i 0,1 1 J

0 2,3 2 1 | |

- 2,3 0,1 - |
f Ali other combinations | Fo=F



If a second layer of final dacision is desired, o second register and an addit-
ional PROM will be required ov ir that shown in Figure 31. An additionc! stage in the F
register will also be required to allow for the additional delay. An alternative hookup
for providing "final - finci" decitions based on surrounding final decisions is shown in
Figure 32. The truth toble for making final decisions from surrounding tentotive decisions
and a middle value of X is given in Table 5. The same table apglies to making “final -
final" decisic = -om surrounding final decisions and a middle value of X where the rinal
decisions toke the ploce of X) unrd X3. The logic shown in Figure 32 implements this
table and opplies the appiopriate correction to the frequency word. It does not, however,
account for final freuency estimates outside the range of 0 to 3.

3.3.2 Performance Estimotes

In this section, performance estimotes for the baseline configuration are
presented. The semsitivity of performance to various conditions of link and equipment
imporfection was investigated. The specific areas investigated were as follows:

Selection and semitivity to variations ol the input filter.
Sensitivity to additional filtering in the rodio.

Sensitivity to threshold setting variations.

Sensitivity to phase jitter from the link and from the equipment,

.

Sensitivity to symbol timing variations.
Sensitivity to frequuncy offset.

Sensitivity to adjacent and cochannel interference.

® N O 0 W N -

Sensitivity to multipath reflections.

r

Because of the large number of parameters to be varied, the procedure taken was to estab-
lish o baseline for all parameters which was felt to represent a nominal operating condi-
tion. The purameter in question was then varied from that point, with all other perturb-
ances set at their nominal value. In this manne:, it is felt that the perforrance estimates
provided should represent performance predictions for the constructed device rather than
bounds which the equipment could not surpass.
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TABLE 5. TRUTH TABLE RELATING VALUES OF X TO FINAL DECISION

X, (MSB) X9 X3 (MSB) Finol Dec.
1,2,3 ] 1
0 0 0
2,3 ]
0,1 0 0
| 2,3 1 i
1 0,1 0 0
’ | 3 ; |
1 0,1,2 0 0
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3.3.2,1 Computer Program

Before presenting the performance results it is desirable to first briefly desribe
the computer progrom which was used to cbtain these.

The performance was calculated in terms of symbol error rate for a specified
Ep/N, for the configuration presented in Figures 28 and 31, The error rate prediction is
bosed on a combination of simulction ond analysis. This combination was necesitated by
the fact that the crosstalk effects are tco complex for analysis and the error rates with
noise are too small to obtain from a simulation of reasoncble length. The approach, there—
fore, was to calcuiate the instantaneous phase {relative to the phase of FQ) and env::iope
of the signal out of the input filter of Figure 28 when a representative transmit signal
sequence is sent. The representative tramsmitted sequence was selected as o 64-symbol
sequence which goes through all combinations of three successive 4-ary frequency symbols.
Since the imtersymbol irterference does not significantly change beyond adjacent symbols,
this sequence was falt to be representative of random symbol transmission,

The received phase at the end of symbol time was assumed to be the instonta-
noous phase culculated for that time plus o zero mean Gaussian random varioble whose
variancze depended upon the assumed value of E,/N,, the assumed noise bandwidth of the
filtering, ond the instantaneous envelope of the noise-free received signal at that time.
It was fe!t thot the Gaussian assumption was justifiable because the range of IF signal-to-
noise ratios of interest did not include small values. With these assumptions, the proba-
bility of the received phase falling in o particular threshold region (relative to the trans-
mitted phase) was calculated . Eleven regions around the transmitted phase were con-
sidered, as illustrated in Figure 33 . [f the transmitted phase was that corresponding to P
equal to zero, the eleven threshold regions ranging from P equal to one and V equal to
zero, to P equal to seven and V equal to zero, were considered. The probability that the
received value was beyond the outside regions (which was quite small for the cases cal-
culated) was lumped into the probability of being in the outside region. Since in either
case o symbol error is almost certain, this simplification should have little effect on the

error rote.

e e

s e e

et ottt i s



SUOHO|N3|DD) 3Dy 50413 Ul pasn sudiBay  gg by

~——

II0Yy PIJ4IwNOI]




Thus, the probability of lying in each of eleven threshold regioms around
ecch transmitied phase wos cbtained. Eoch frequency estimate from the logic configura-
tion of Figure 31 depends upon exactly six phose measurements. Therefore, each of the
116 combinations of threshold regions was tested to ascertain if a symbol would occur,
ond the probobility of all combinations cousing error wos summed. it should be noted
thot the logical configuration of Figure 31 is such that the threshold regions can be

lumped together in many coses, ond conziderably less thun 116 calculations are necesary
to obtain the finul error probability.

The calculation for the insta.taneow phass and enveilope is such that voria-
tion in filter parometens and input signal tuning can be occommodated. In oddition, the
signal into the filters con consist of more than one FSK signol with different center fie—
quency and time reference so that cochannel ond adjacent channel crosstaik and multi-
poth con be exaomined. Additional phose jitte: oppearns a3 a term which adds o the
Gaussion phose noise assumed o be piessii o the sddiiive link noise. The odditionai
phose noise was wually assumed to be normally distributed. However, the case of uni-
forn: distribution for this noise was also investigoted. Variarion of the threshold settings
could be accommodated by varying the probability of the received phase falling in o
vegion.

To determine the appropriots time to somple the receivss output, the phose
shifts of the filter to Fp ond F) were colculated and the time of the zero crossings of the
difference frequency from 8Fg and 8F | was determined. Since this corresponds to the
method proposed for symbol timing, the effect of filter variation upon the timing was
automatically checked, A means of varying the sompling time about the vaive colculated

in this monner we. provided.

3.3.2.2 Results

As previously stated, the opproach ued to abtain results wo. to choose
nomins!| values for the porometers to be varied and to vory one ot a time with the others
equal tu their nominal valve. The volues chousn a3 nominal were the following:

n mmia - At
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1.  Input Riter: 4-pole modified linear phase - Bandwidth equal 14 Mz
2. Rodio filters: 3-pole 0.1-dB ripple TBY - Bondwidth equol 30 MHz;
3-pole Butterworth - Be dwidth equol 30 MMz

3.  Theeshold settings: @ = 4.5° (best sotting within 0.5°)
4 Phose jitter: 0.6° mu

5 Symbol Timing: | percent of symbol from best location
6. Frequency Offset: None

7.  lmvterference: None

8. Multipath: None

The performance for this nominal configuratior. is shown in Figure 34 along
with the bouna for multisymbo! coherent 4-ary FSK with c deviotion retic of 1/8. As
con be seen, the symbol efror rote trocks the bound recsonobly well over o wide ronge
of E/N,. As con aho be seen, tho volue of 19.7 dB is required for 1077 symbol error
rate, which is opprosimately 1.4 dB owoy from the bound. The perforraonce diverges
slightly from the bound ot both higher and lower error rates, being cbout 1.6 dB oway
0t 1012 and 1.9 d8 ot 1072 symbsol error rate.

Figure 35 shows the performance over o nwlles range of E,/N,. As con be
seon, the rough perfomonce estimotes based on minimum distonce clone for the filter
used previicred performonce opproxinately 0.7 dR away from the bound. As is also
opputant, the performonce predicted for the unit back-to~back (without the radio filter)
ond with no jitter is quite :lose to the minimum distance prediction. Thus, the strategy
o7 using teriative cerisions comes very close to the best performance ovoilable from the
filter. Also shown are the resuits with back-to-back operation and (.50 rms jitter
(omittirg the link jitrer). Thus, one might conclude thot roughly 0.7 dB difference from
the bound is fundomental 10 the Riter~limiter opproach and rhe remaining C.7 dB is due
to onticipoted equipment ond link impairments.
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3.3.2.3 Filter Selaction

The process employed in selecting the charactesistics of the nominal filter
involved trying a variety of filters and observing their performance. Table & iists the
Ep/No necussory to achiave 1077 symboli error rate for a variety of different front-end
filters. Ali of these figures assume the nominal conditions other than the input filter.

As con be seen, using o modifed linear phose filter provides a reasoncbly significant gain
over that available from standard four-pole filters which utilize the stndard frequency
translation. The performance variation for different bandwidths and different numbers

of poles for the modified linear phase configuration, however, is quite small.

In order to test the sensitivity of the performance to filter drift, each pole
of the medified linear~phase (MLP) filters was shifted by an amount randemly chosen
from a uniform distribution corresponding to + 5 percent of the Q of the pole and * 1
percent of the center frequency. The results are skown in Table 7, where each filter
was perturbed with four independent trials. As can be seen, little loss occurs except in
the narrower bandwidth cose,

3.3.2.4 Radio Fiiter Variation

it was anticipated that the narrower and higher order ML? fil*ers woulid
provide better protection against variation in the radio filters. Toble 8 shows the Ep/Ng
necessary for 10-7 symbol error rate when the 3-pole Butterworth radio filter is changed
to a 1-dB ripple Tchebycheff filter. Although loss occurs in ail cases, the difference is

not great.

3.3.2.5  Threshold Settings

Figure 36 shows the Ep/N; necessary to obtain 10~/ synbol error jate versur
the spacing of the threshold settings in degrees.
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TABLE 6. FILTER CHARACTERISTICS VS. £, /N

Characteristic  ?Poles BW/SR Ep/Ng for 1077

C.1dBRipple TRY 4 1.0 22.5

| Linear Phase 4 0.8 20.9

: Mod. Linear Phose 2 0.8 20.¢
f 1 " 2 1.0 19

E " 2 1.2 19.8

§ z 4 0.8 20.0

" 4 1.0 Q7

| " 4 1.2 19.9

" 6 0.8 20.0

; " 6 1.0 19.8

' 6 1.2 19.9

i " 8 0.8 20.0

" 8 1.0 19.7

Mod. Linear Phase 8 1.2 19.9

—
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TABLE 7. FILTER PERTURBATIONS VS, &,/Ny - MODIFIED
LINEAR PHASE FILTERS
ples Bw Stand. Ver. 1 Var, 2 Yar. 3 Var, 4
2 0.8 20.6 21.2 20.5 20.8 20.3
2 1. 19.8 16 .8 19.6 20.2 20.0
2 1.2 19.8 iv.8 19.9 19.9 20.0
4 0.8 20.0 1¢.7 19.9 20.6 20,6
4 1.0 19.7 19.5 19.6 9.5 19.6
4 1.2 i9.9 9.7 19.7 19.7 19.6
é 0.8 20.0 20.0 20.6 20.3 i9.9
é 1.0 19.8 19.9 20.0 20.2 20.2
é 1.2 19.9 20.0 1.8 19.9 19.8
3 0.8 20, 19.¢ 19.9 19.9 20.0
8 1.0 19.7 i7. 19.6 19.7 19.8
8 1. 19.9 19.8 20.1 19.8 19.9
94
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TABLE 8. EFFECT OF CHANGING 3-POLE BW TO 1 48 RIPPLE T8Y

Proles 8w Stand. Conf. Perturbed
2 0.8 20.6 2.1
2 1.0 19.8 20.7
2 1.2 19.8 20.9
4 0.8 20.0 20.9
4 1.0 19.7 20.4
4 1.2 19.9 20.4
é 0.8 20.0 20.8
6 1.0 19.8 20.3
& 1.2 19.9 20.4
8 0. 20.0 20.4
8 1.0 9.7 20.5
8 v, 19.9 20.9
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3.3.2.¢ Phose Jitter

Figure J? shows the performance wesus phose jitter for both uniform ard
Guassion demsity functions for the phose .

3.3.2.7 Symbol Timin,

Figure 38 shows the performance versus variation in symbol time. As can be
soon, the performance ‘s quite sensitive to symbol time variation. The symbol time de-
duced by the computer ana used in the nominal cose, howaver, is et o3 good a location
as that avoilable from a symbo! time "tweek knob."

3.3.2.8 Frequency Offset

Figure 39 shows the perfonnance versus frequency offset of the received

signal .

3.3.2.9 Iinterference Rejection

Figure 40 presents the interference performor.ce of the nominai boseline
system when on interfering signal identical in nature, but with a different PN sequence,
is present, The different curves represent the performance veisus the frequency separo-
tion of the two signals in units of the symbol rate  The curve for zero sepuration repre-
sents the case of cochanne! interference. The horizontol line represents the symbol error
rates oorresponding to degradations of 1 dR, 2 38, and 3 JB from the interference-free
performance at 20-dB £, /N, .

Table 9 lists the signal-to-interference ratios corresponding to the various
frequency separations and degradation values.

Figure 41 shows the symbol error rate for an EL/Ng, of 20 dB and o frequency
separation of two symbol rates for vorious input filter choices. As con be seen, little
performance d.fference exists among the filters. This woulad seem to argue that the pre-
Jominant cuuse of errors from interfering signals with this spacing is the cochannei com-

ponent of the adjaceni~charrel signai.
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: TABLE 9. S/1 IN dB FOR SPECIFIED DEGRADATION
! :
(Symbol Rere) 1 d8 24 38 j

F 20 -10.% 143 -16.5 Ey/N, * 20 o8 |

E 1.6 -2.5 7.5 9.8 NMominol System |

1: ) ‘2.1 -2.5 5.1 i

' 1.2 3.1 +4.3 +2.2

E 1.0 114.8 +10.5 7.8 i

| 0 126.2 «21.8 ‘9.5 |
|
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i |

! |
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Section {V

HARDWARE DESCRIPTION

A breadboard modem incerporating the baseline concepts described in Section

1

3 . . . . . 1

iVl was constructed. The actual hardware is described in this section, :
!

i

4.1 MODULATOR

r The modulator is packaged in a 5~inch chassis with integral power supplies.
1 The unit aczepts data and return clock and provides a modulated 70~-MHz signal at a

nominal level of +1 dBm. Figure 42 is a block diagram of the modulator. | i

The four tones are generated by mixing the crystal oscillator with bit rate and

i

; ; symbol 1ate, This results in four frequencies with spacing exactly equal to the symbol rare
g and differing by an integral number of cycles per symbol time, The input data is blocked
into two bit words which control the sclection of one of the four frequencies during each
symbol tirmne. This forms o mod index equal 1, FSK signal centered at 225 MHz, The

phaser of the tones ore staticaliy adjusted such that clt have the same phase at the begin-

PP P T

. ning of a symbol time,

A i e o et B e b M o

, The mod index 1 signal is divided by 8 to generate the dasired mod index 1/8
B signal at 28,125 MHz, This signal is buffered, filtered, and translated to 70 MHz by mix-

ing with g 98,125-MHz oscillator. The necessity for conversion results from the implemen-

kel e s b

: B tation difficulties associated with the divide-by-8 function and frequency selector. Di-
re 2t gereration requires the divide-by-8 and multiplier to operote ot 8 x 70 MHz, or

560 MHz. Although this is within the state-of-the-art, it was felt that the risk and diffi-

culiy did not outweigh the cost of the additional circuits.

B it e it e

N ] No significant conceptuol difficulties vvere encountered in the design, con-

struction, and test of the modulator.
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4.2 DEMODULATCR

The uemodulator is packoged in 6 7.25inch chassis with integral power suo-
plies. The unit accept: a +1 dBm nnaminal signal at 70 MHz and provides data and clock .

Figure 43 is a bloc': diogram of the demodulator.

The operaticn of the unit is described in detail in Sectior itl. The received
signal is filtered ond limited. The input filter upproximates o symbcl-rote-wide modified
linear phase design with a generclized 4-pole-pair bordpass followed by two sections of
phase equalization. The composite delay distortion wos less than 5 ns. The required

oo e it i a s

carrier reference is generated by downconverting and raultiplying by & to generate a
mod index 1 signal with discrete frequencies, The purpose of downconverting is to alle.
‘he use of readily available, low risk, voltage-controlled cscillators in the phr_<-iacked

wwops. The two loops lock to the two lowest frequencies. The botton: f.equency isdivided

PO

by 8 and tmnslated coherently to 7G MHz to serve as a referenzc for demodulation. The

upper frequency is mixed with the 1ower frequency to rroduce symbol rate.

A single pair of quadrature phase detectors is used to measure the ending

] phases. The secord phase detector descrit-ed in Section ill wos eliriinated by adding the
i . appropriate thresholds to the quadrcture units. The phase detecrors ure sampled at the end
of the symbal time and the resuit processed by the logic. The detailed operation of the j

logic is described in Para. 3.3.1,

No significant conceptual problems v.ere encountered in the design, con-

struction, and test of the demodulctor.
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Section V

TEST RESULTS

The test progrom includes tests at Harris ESD in Melbourne, Florida, and at
RADC in Rome, New York, The in-plant tests were designed to provide o perfoninonce
baseline from which to interpret results from later radio and link tests and to verify the
characteristics of vorious internal porameters. These tests wero performed with the
modem looped back ot 70 MHz with additive thermol noise. The RADC tests included
both back-to~back tests with the LC8D rodio and simulator and link rests utilizing the
Stockbridge ~adio. The Test Plan is included in this report as Appendix D.

In this section, the test results are presented. The modem performed quite
we!l and met or exceeded the desigr objectives in all cases.

5.1 BER vs Eb'/No

The design objective for the modem was an error rate of 1077 or less at on
B,/ N, of 20 dB. The BER weas measured in a variefy of configurations, as described

below. Details of the test configuration and calibration are in Appendix D.

5.1.1 Back-to-Back Results

For this test, the modulator and dsmodulator were connected directiy at
70 MHz. At the demodulator input, *hermal noise with on equivalent bandwidth ot
3U MHz was odded ot 70 MHz. A typical BER curve is shown in Figure 44, The
misimum-distance bound curve represents the performonce theoretically attainable with
the 4-ary FSK signal structure used. In the vicinity of o 1077 BER, the measured daia
is approximately 1.7 dB from this by und., Referring to Figure 34, the bound for the
baseline approach is approximately 0.7 dB from the theoretical bound. This impliesan
implementation loss of 1 dB for the modem as constructed, The most probable sources
of this deyrodation are the input modified iinear phase filter and timing jitter. It should
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be noteu that an odditioncl 0.5 8 in performonce is availoble by implementing the
second layer of tentotive decisions described in Pore. 3.3.1.

5.1.2 Microwave Redie Simulotor Results

The microwave rodio simulotor consists of two LC8D rodios configured to
focilitate testing in vorious modes. The modem interfaced the radio ot 70 MHz. The
rodio was then looped back at 8 GHz vie a coupler and the receive level wis varied to
produce the curves of Figurs 45.

The open-circle curve was taken v/ith no IF filtering in the radio. The
nominal bandwidth in this mode is 50 MHz. A BER of 10”7 was ochieved at an Ep/Ng
of 20.3 dB. The measured data is 0.6 d3 worse than iypical laboratory measuremeiits
made ot 70 MHz. The amplitude response and deloy distortion of the simulator were
measured. The amplitude characteristic varied by +0.5/-0.9 dB over the 14-MHz active
bend. The delay distortion was +2,/-4 ns over the band, or 6 ns peak-to-peok . The
conclusion was reached thot the delay distortion was probably the major contributor to
additional degradation.

The remnining plots were made with either 1 25-MHz, 3 pole-pair, equal-
ized Butterworth or @ 30~-MHz, 0.1 dB, 3 pole-pair Tchebycheff preceding the demod-
ulator. In the vicinity of a 1077 BER, the Butterworth filier resulted in a loss of approx-
imately 0.8 dB, while the Tchebvcheff loss was approximately 1.0 dB worse. Although
the Tchebycheff has o wider bandwidth, the additional ioss was expected due to the
poorer phase characteristic. A loss of 0.7 dB was predicted by Table 8 for replacement
of the Butterworth with a 1-dB Tchebycheff. The measured 0.2 dB difference appears
consistent with the experiment, which utilized a 0.1-dB Tchebycheff with a 30% greater
bandwidth .

5.1.3 Link Results

Measurements over a 36-mile, 8~-GHz, microwave link were also made.

This was accomplished by looping the remote radio ot 70 MHz and retransmitting
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to the simulator on a second frequency. The results of this exps:iment are plotted in
Figure 46. The meosured parformance at o 10‘7 BER is 21.6 dB. This represents o
degradotic  of 1.3 dB over the unfiltered simulator result. The amplitude response of
the remote radic was macsured and found to be worse than that of the simviator. The
amplitude was +0.0/ -1.8 dB and the delay distortion wos +2 ns/ -6 ns, cr 8 m peak ~to—
peak. The additionol distortion is probably the major contributor to the cdditional
degradation.

5.2 INTRINSIC BER

The Et/Ng was set at 30 dB anc the BER observed for an extended period to
estimate the intrinsic BER of the modem-radio combination. A 2-hour period on the
simulator and or: ihe link resulted in no errors. The number of error-free bits processed
in this period is upproximately 2 x 10! 1. Based on this experiment, and after examining
the slope of the measured data in the 10~7 region, it was concluded that the intrinsic
error rate is certainly less than 10" gnd probably less than 1012,

5.3 SPECTRAL OCCUPANCY

The design objective was to achie ve a 99-percent power bandwidth of 0.5
times the bit rate. The predicted and measured spectra are shown in Figure 47, The
calculated spectrum has a 99-percent power bandwidth of U.5. A comporison with the
measured dota indicates the actual spectrum is 0.5 or slightiy tess. The indicated increase
in the measured spectrum neor 1.0 results from the addition of the upper sideband from

ihe final translation. This was removed by a bandpass filrer within the modulator at
70 MHz .

A series of mxperiments was run with the simulator to determine the effects
of filtering and limiting the FSK spectrum. It was felt that this data would be useful in
determining the best strategy for complying with the stringent emission requirements of
FCC Docket 19311, This requirement specifies that the power in a 4-KHz bondwidth at
the band edge (0.25) be 50 dB below the total power wnd that an ultimate floor of 8C dB
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be reoched ot 0.45., As shown in Figure 47 the unfildered specinm reets the -50 dB
reguirement at 0.25. The mask from -50 dB to —80 dB is missed by o maximum of 16 4B

In the vicinity of 0.45.

For experimentol purposes, the modifled linew phote Riter in the demodulotor
wos configured o5 o tronemit Riter. Flgwe 48 is o spectnum anc lyzer plot of the unmodi-
fied modulator 70~-MHz cutput. Note that this plot hos the sasw shope as that of Figure
47, but the abeclute level is different by as ruch 6 dB. This rewlired from the use of the
video fliter wirth the log moce ond o 3-kHx rather thon o 4-kHz IF. The plot of Figure
47 repreients the ave-oge logorithm rather thon the avernge power, and hence indicores
a laiger aheolute level. However, for the purpase of ubserving the relative spectram
restoration resulting from limiting, the plots are quite adequate.

The nominal 8-GHz output spectrum is shown in Figure 49. i1 Figures 50
and 51, the spactra were measured with the iincar phase Riter | werted ot 70 MHz .
Comparing Figures 48 and 50, it con be seen that the side—lobe level has besn reduced
by approximotely 17 d8. Comporing Figures 49 and 51, the side-lobe level is reduced
by more thon @ dB. This result indicotes that o significant portion of the filtering neces-
sary 10 comply with the FCC requirements can bs occomplished ot IF, with reiativeiy
inexperasive and sasy to reploce filters.

5.4 INTERFERENCE REJECTION

The BER performance ot selected £,/N,'s wos memaured with both cochonnel
and odjacent-channel interference. The interference was identical 1o the desired signal,

as described in Appendix D.

5.4.1 Cochonnel inter‘ererice

The results of the cochonnel interference test are iisted in Table 10. in this
table, CiR is the ratio in dB of the desired si ywal to the interfering signal. The degro-
dotion is culculoted by reading from Figure 45 the difference in Ep/Ng betwesn the BER
with interference and the BER without interference.
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TABLE 10. DEGRADATION RROM COCHANNEL INTERFERENCE

Eb/No (dB) CIR (dB) Degradation (dB) j
o

15.0 27.4 0.2 o
24.4 o

21.4 0.4 -

20.0 27.4 0.4 l
24.4 1.6

21.4 3.4

3

23.0 27.4 1.7 ;
24.4 2.0 |

21.4 3 !
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i 5.4.2 Adjacent-Channel Interference
b A similar exper. ment was performed with the interfering signal placed in the ;
{ upper and then the lowor adijacent channel. The center frequency of the interference ) §
was set at + 7 MHz relative to the band edge of the center channel, The results are i
; listed in Table 11.
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TABLE 11. DEGRADATION FROM ADJACENT-CHANNEL INTERFERE NCE
i
i
Ep,/N (dB) CIR (dB) Degradation (dB) i
{
20 21.4 0.4 i
(Low) 18.4 0.6 3
23 2.4 0.4 i
18.4 0.8 ‘
20 21.4 0.0 '
(High) 18.4 0.3 1‘
23 21.4 0.0 1
18.4 0.4 i
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Section VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

A practical modem technique providing the desired bit error rate and spectral
occupancy with hard-limiting radio sets was constructed and successfully tested. The
modem impiements a new technique for coherent, multisymbol detection of 4-ary FSK
which performs within 0.7 dB of optimum and is significantly less complex than the
classical demodulator.

The onalytical and experimental results indicate that the modem provides o
bandwidth efficiency of 2 bits per hertz and an error rate of 10-7 or less at an Ep/N, of
20 dB. It wos concluded that the modem provides a practical and efficient mechanism
for converting an analog FDM-FM line-of-sight microwave system to high~density digital

operation by replacement of the modulation elements.

6.2 RECOMMENDATIONS

It is recommended that a program be undertaken to refine th= oreadboard
design toward operational havdware to facilitate additional test and evaluation. This
program should focus on optimizing the cost performance and operational characteristics
of the modern. Performance features to be evaluated include acquisition, a second layer

of decision processing, 1-bit-per-heriz operation, and emission-control techniques.
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APPENDIX A
CONSTANT ENVELOPE M~ARY SIGNALLING POWER SPECTRA

in this Appendix the generol expressions for spectio of corstant envelope
digitai angle modulation signals are developed. Thase are the expressions used in the
signal design effort of the study.

Form of Constant Envelope Signals LConsiderad

The signals we consider are of the form:

s(t) = Acos(w t+ ¢(t)) (A-1
where

A = constunt amplitude

w. = carrier frequency

$(t) = informatien—corrying angie moduiation

We assume that w. > > frequencies of ¢(t). Under this conditien it becomes much

easier in the sequel to work with the low—pass equivalent complex signal

2(t) = Aei®®) (A-2)

We restrict our consideration of ¢(t)' s to the following type. ¢(t) must be made to vary
in response to a sequence of digital symbels which we denote by ‘uo, ay, a2 . ...
where a; is allowed to be an M-ary symbol, a;¢ {l, M ] . We shall allow ¢ (t) in the
ith symbol interval to be of the form

(1) = ¢°i (t=iT)+8,, iT <t <(i+ T (A-3)

Preceding page bsnk A-1
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e

where

T = M-ary symbol time
$q, (t)e {45; (M), ey (1) ¢ M (t)l, a set of M phase shapes
defined over time interval '[0, T } We will cali these ¢o; 's the

phase trajectories.

8, = an initial starting phase ot the buginning of the ith symbol defined

by the recursion:

8 =8y * b4iny

1 i=
4,; = not phase increinent relative to carrier incurred when symbal o;

is transmitted,

The form of ¢ (t) specified in Equation (A-3) requires that the shape of the phase function
durirg each symbol time be selected from one of M busic shupes (the ¢aq; 's) depending
upon a;. In addition, the beginning phase is always the net accumulated phase caused
by all preceding symbols. With this form we can treot all forms of continuous and dis-
continuous phase angle modulation signals. As an example, Figure A-1 shows the two
¢q; 's for binary mod index =h continuous phase FSK. We note with regard to Figure
A-1, and for all contimus phase signals in general, ail Pa; (0) must equat 0.

Figure A-2 shows binary PSK phase trajectories as an exomple of a discontin-

uous phase trajectory angle modulation, Figure A-3 shows arbitraiy discontinuous binary

s tentactaries

Derivation of Power Spectra

Now that we have detailed the type of constant envelope signelling we cre
cor (dering, we derive here the spectral density for such signals. Consider an N-symbol
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segment of the low-pass equivalent complex signal of Equation (A-2). We shcll call this

segment z ) {t). It is given by

N-1
N0 <AL el [u 0-im e %] p t-i1) (A-4)
‘:
where
1,0<t < T

p(t) = {

0, elsewhere

We employ the segmented Fourier transform approach to derive the spectrum of z{t). With
this approach the spectrum is given by

S(w) = Fpy (w) 12 (A-5)

N---n o0 NT

where Fiy (w) is the Fourier transform of zN (t). The bar in Equation (A-5) danotes
taking the expected value over all random variables. From Equation (A-4) it is evident

that

N-1 T
Fnw) = A Y e TiivT 8 f elgailt) o “iwt 4 (A-6)
10 o
and
N-1N-1 T
Frytw) |2 = A2 T e mili-OwT i@ -9v>j elvai () ¢ ~iwx gy
' ' i=0 1=0 a0

A-4

ot B i bt Lt # B i s A i e o e




T
[ e “i%0p (¥) ¢ +iwy dy (A-7)
(o]

The expected value of Equation (A-5) must be taken over all possible values of 8;, 9y,
¢a; and ¢k, Toking the expecte vaiues is faciliitated by splitting the double summation

of Equation (A-7) into two parts thus

,FN w)‘ 2 . A2 Z f / ¢q| (x) - w°|(/)] ~iw (x-y) dx dy (A-8)
N-1 N-1 T T
+A2 Y Y erili-nwT ei(e;-eg)f ei?ai(x)e—ig:/ 1 Yar(y) tiwy dy
i=0 =0 o o
i A1

The first term in Equation (A-8) is for i =t and the second term is for i #t.
In the second *erm of Equation (A-8), (i #1), it should be evident that the terms for

‘[ "~ which i < 1 are complex coniugates of corresponding terms for i > ¢, Equation (A-8) can

therefore be rewritten as

I FN(W)l 2 _ A2 E / / ol 901 (x) - ¢o|(y)] e =iw (x-y) dx dy (A-9)

N-1 N-| . . ) T . .
+2A2 Re Z Z_, e-|wT(|—l)e i 6i-8) ﬁ el Qi (x)e-|wX dx
(=0 i=t+1

T
/ e ~{¥aq (Y) - +iwy dy
(o]

A-5

.y




S—_

The first of Equation (A-9) is commoniy referred to as the "welf-spectrum®”,
since it involves products of Fourier tramforms in tha some time slot; the second term is

referred to as the "cross-spectrum®, since it involves cross-products of Fourier tramforms
from two different time slots.
We requii+ the expected value of Equation (A-F) for computing spectrum os

in Equation (). It is written as

T

1
[N M' 2 . A?nN L L ei[’o; (x) - '!ui\)‘)] oW wody  (A-10)

N-1N-1 o ‘ T ‘
+2A2 Re 2 E e-|wT(|“l) e|(9; - 6')[ e'ﬂ 'ui(") e‘nﬂx dx
=0 i=t+]} )

T .
[ e—i h'\Y) e + (wy dY
o

We note that in terms of A, (net phase increment relative to carrier coused by symbol
a; ) we can write

i-1-1
-0 8oyt T Boyyg

n=1

i.e., the net phase change from beginni-ig of the gth symbol to beginning of the ith
symbol (i >¢) is the sum of the phase increments of the intervening symbols. The reason
for the contribution, Ag, being split from the sum will be clear momentarily. With this
notation, the expected value required in the cross-speciral term of Equation (A-10)

becomes

A-6

o e

e h i

i - e e —
et e



T T
o i(6i - 8 ]o ei Paj 0} o —jwn 4 l; o T1Pagly) o tiwy g,
_ (A-11)

i=t-1
el ¥ .
}:l A“u“f o ! Poi (%) —jwx dx/
0 o

T ) - .
e ! [p"l(y, A“l] e Hwy dy

We note that the overcll expected value has been split into the product of three inde-
pendent terms' expected values. We shall now define the following functions:

—— M
* . \ -
C,(x)gel’m("': K‘_A Z;l el"m(")
" (A-12)
D, () of | i () -Bai |- 1M i tm®) - B ]
i m=1
i
| \ for equally likely M-ary symbols.
o8 Further, we note tha®
i-t-1p Pt
CoL e — (A-17)
e' n:‘ = n;‘ Q|A°'+n
i-t- .
= Cy ''m
where we hove used the iaxct that A (T) using Equations (A-11), (A-12),

At n . ’0,.,,"

ond (A-13) in Equation (A-14), we obtain

e b e




[fnl 2 - A Nf[ '°r"‘) '01(’)] o "WYY gy gy (A-14)
NAIN-T r ‘ 1 | \..
valng 33 oGS0 "mf C e ™ dx/[ Delyie ' dy
1=0 ;=t+] o \o }
or
M
2 T H \ ot 2
gl =aln L8 L o lPm X} iwx dxl (A-15)
M m=
T T CUTNINSY
2 R j ) -'w"dl o2 M e mli-e-n
+2A RQ{L C’(x)e dxl o Dyly) e y o Loy e e ¢

For the double summation on i and ¢ in the cross~spectrum we con group those terms for

um oy a single wmmation thus:

'S

4 e A e » P gy Uy
whicn 1| ~ 1 equUuB J LaBTuUm

L -
s R, GO TSW i

N-1 N-1 'i""{ k-1

L e \.,'Mc,m> . > (N-k)(e’i”c,(r)>

i ok

Thu« Equotion (A-15) bacomes:

M T . 2
|FN(W)\ AIN L L \f om0 ‘
Mm=1.Jo (A-16)
2 ol [ \ Ty o
+2A Re[ Cqlx) e dxfc D,(y)e! ydy i‘ {N- k)( .,(T
A-8

it & s s B . el N Y sl i 7 Pt



si
/
E
E ) substituting Equation (A-18) into (A-5), we arrive at on expression for the spectral
E density, S (w):
: .
i A2 1 < T jem(x)  —jwx
g Sw) = 2— - e e d | (A=17)
T M =]
°
P 4
; 2 T y T I SiwT N-1 . -
f 2A [Re [ C.(x)e 'wxdx] {j D, (y) e lwydy} e tw Lim L _k e 'NTC,(Ty
T o ¥ ° N-wok=1\ N
;
% To conplete the derivotion of spectral dersity now we must 2valuate the limit of the
E sum in the cross~spectral term:
| - K\ =iwT k-1
f Lim Y (1 . )(e v c‘,(’r)) ) (A-19)
_ M o0 k=1 N
E . We must distinguish two cases to evaluate this limit: | CQ, (T)I <1 ond I Cw(T)! =]
- Cosel: | Cp(M|< 1
! “ ‘When |C¢(T) l < 1, the limit obvious y exists and is given by
|
L N-1
: “ L
\ Lim Z <] - E)(e iwT C“,(T))
3 N-——ow k = ]
0 ) :
=3 T Cy <'.')> k (A-19q)
\
k=01
-1/ ~jwT ‘
=1/ (1-e ™ Cum ) (A=19b)

b

Ch e e e maaA

e T kA s s B . s



Substituting Equation (A-19b) into Equation (A-17) yields the Case 1 S(w):

S(w) - Case l,% Cv(f)‘ <1

2 M . o
sy = A= LY [T iPmO) o -iwx g,
m=11Jo (A-20)

*

=iwT
e

. 2 [T i ' Wy g,
¥ 2A -jw W) e
: R T R I

1-e ™ com

We note that the condition { C¢(T)| < 1 has resulted in an entirely coni’nuous spectrum,

T TER AT TE RO W Tt T R T

There are no spectral lines indicated in Equation (A-20), We shall see in the following

that Cg,(T)‘ = 1 will introduce delta functions in the spectrum.

f | Case 2: !C¢(T)l| =1

Just as in Caose 1, we with to evaluate the limit given in Equation {A-18). However,

since i C¢(T)\ =1, the infinite sum does not converge for the frequencies such that

-jwT -i2mn . .
e C(',(T) = e , nan arbitrary integer (A-21)

and it will tum out that these will, in fact, be the frequencies at which there are deltc

functions in the spectrum.

Let us initially look ut Equation (A-21) more carefully. in this case

et S——————

Cp(m - el (A-22)

A-10




since the magnitude is unity. Equation (A-21) is therefore

Siwl 8 = -j2mn
e e e
0 .
ool (W= _?E') T = i2mn
or w=2’T"1 +—9T€,n=[...-|,o,+i,,..] (A-23)

The frequencies indicated by Equation {A-23) are the locatiuns of spectral lines about
the assumed center frequency. They will be offset from the carrier by S¢ and spaced

T
at the symbol rate, ‘1].—

A-11

'i
i
|
|




APPENDIX B

COMPUTER PROGRAM FOR SPECTRAL OCCUPANCY

In this Appendix we shall show the techni¢ : u:ed in a Fortran computer progrom
generated during the study to find spectral occupancy for arbitrary angle modulation sig-
nais, In Appendix A the spectral density for M-ary digital angle modulation is given by:

2 M T7T .
sw) = I f [ [0 w0, vy, 8-1)
i=1 ‘o

y) s
2A -iwT T wx T . © .
+._.T___ Re e !wf Cg(’() e d’Z' D’ *()’) eﬁwydy T Cv(T) e |‘nT

) =0

| Cy (M| <1

The reader is referred to Appendix A for definition of terms. The condition that | C’(T)|< 1
means there are no spectral lines in the spectrum, The first term in Equation(B-1)is the self

- al °
specirum and the second faim is the cross spectrum.

We have calculated P(wo) with the computer program by anproximating each of the
'i('):.)y a series of N steps, as shown in Figure B-1. Each of the steps has a duration
"='—\l- , as shown in Figure B-1. The value of the phase in the nth step interval for the
ith ’. is give ) by ein' We shall restrict ourselves in what follows to the stepwise approx-
imation to continuous phase angle modulation wherein the initiul phase of the carrier o*

the mth symbol time is G(m_]) SRR the ending phase of the preceding symbol.

Examining the first term (self spectrum) of Equation (B-1),we find tkat it is aiven by

2 M N N o . ,
: ‘W>=$T T r f el%im i8in mTo iwx g nT tiwyg (8-2)
s i=l m=1 .=l (m=1) J{;\-‘)
Now since
m'r _o .2 -
WX = e TIWM=1/ 2 ";—T (8-2A)
(m-i)‘(

B-1

e e P Mt i dk
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where

Sinc x { Sur;x

Equation (B--2) can be written as

2.2 M N N ) . .
AT I b3 I e 'oi’“ e -'oin e |W("‘m)‘?‘ 2 17_:
MT

sinc

S (w) =
: =l m=l  n=l 2

The power within bandwidth W about the carvier, due to Ss(w),is given by

a
- 2 ,
P(w)—[ S (w) dw
s a s
W

a
e
“a
2 M N N . . +T , . 2 wTr
P(w )= AT T I T elgim e 1%in e|w(r\-m)smc ——dw (B-4)
s 0 N =1 m=1 =] __a

(8-3)

(8-
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ond a motrix ) whose (n,m) entry is J_ (n,m), we can rewrite Equrtion (8-6) as

A2T M = * 7
Plwgd = B S0 (6-7)

Equaticn (B~7) gives the contribution of the self spectrum to in-bond power. We
now requiv= ‘he contributic., of the cross-spectrum to in-band power, the spectral density

being the sucond term of Equation (B-1). If we define o term G(w) such that

T , T
G(w) = C’(x) e WXdx [ Dy * (y) e

(] o

iwy gy, (8-8)

then we can write the cross~spectrum from Equation (B-1) as

2 .
s =22 Re T ol (e 1L 5y (8-9)

We now examine G(w) of Equation (B-8) to see what results when the phase functions

consist of discrete steps. C'(x) and D, (x) in the nth step interval are given by

M e

c = _'L\_ el (8-10)

n i=

D, = _:\‘A_ P ei®in - 8N (B-11)
i=1

and consequently

T . N nT o
f Cox) e ™¥dx = I Cn[( e ™ dx
(o] o

n=1 n-1)T

N .
rI Cn e—'“r(n-]/msinc —;——T— (B=12)

n=1
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Similarly,

z

o m= ™ 2
From Equations (B-12), B~13), cnd B~8) we thus arrive ot

Gw)=T2 T 1 D SiWT(mn) . 2 wr (8-14)
- -1 nm 2

1 n

i T ; * ; -
‘ : [ 0] (ne™ay=r 1 p° MWV T (8-13)
J

l ' From ©. - on (3 and(B-14) we thus arrive at ;
: ! 2 2 ® N N . |
, Sw=2AT Re T ! I 1 "W (tHDN)L 2 w7 (B-15) ;

c T N ., 7 nm :

t=C m=1 n=| ‘

i

; The power within bandwidth wg contributed by the cross term is thus jl
. i
, P i
[ Pw A" 795 4 dw (B-16) |
! v ) ' ';'WN./ i M
: e i
g a2 @ N N W e wrmen-(i+1)N) . 2 wr |
i R - ) w m-n- ) . L :

g ' N Re 1}::0CN 5‘ E} mj a/2 e sinc” dw i
' Yas2 !
: From the definition of Jwo(n,m) in Equation (B-5), we note that Equation {B-16) can i

E be written as i

?

(B-17) |

(B-18) i
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If we further let C and D be vectors whose n'h components are give. by Equations (B-10)
and (B-11), and Jg be a metrix whose (m,n) entry is given by

J’ {m,n) = on (m=n-(t+ 1) N) (B-19)

Equation (B-18) can be written as

A, = C )BT (B-20)

and the contribution of the cross-spectrum to power in band w is given by
2A27' ©
Pelwg) = “5g— Re I CJ A (B-21)
=0
The total power in band w,, P(w,), from Equation (8-7) and (B-21), can now be
written as
2 M _
Pliwg) = 5 M e c.T+2Rew cl A | (8-22)
M = i i IJ

The computer progrom we produced during the study computes P (w_) by
Equation (B-22). Obviously, the infinite sum involved in the cross-spectrum is not
computed exactly bul is truncated at large enough £ that little inaccuracy is intro-

duced, Sinco |CN\ < 1, the infinite series converges.
We reproduce below the Fortran program for evaluating P(w,) by Equation (B-22),

The preceding expressions for spectral occupancy were for the case that

1 M S

- it (M

lCV(T)Iel v i£I e | <1

and this condition correspondstothere being no spectral lines in the resulting signal. We

also considered the case

|C, M| =1
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which corresponds to spectial lines for which Appendix A gives the spectral density as

2 M (T 1 -
S(w) A I el ¢ - ely) e TIWOY) gy dy
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APPENDIX ¢

PERFCRMANCE CF FILTERED MFSK-LIMITER
DISCRIMINATOR DETECTION

For the multilevel FSK signols of great interest in o 2 bits/Hz 99-percent spectral
occupancy modem, an obvious demodulator is the limiter/discriminator. The limiter,/dis-
criminator enjoys the distinction of simplicity, expecially in comparison ‘o the coherent
demods discussed in Section lIl, In particular, the demcd of interest here simply somples
the output of the discriminator once per M-ary symbo! time and o/d's the somple to yield
le..) M bits for the output decision. The discriminotor is modeled as o device which out-
puts a signal proportiona! to the instantaneous frequency of the input signal. A Fortron
computer progrom has been developed here copable of determining the error rate for
M-ary FSK signals embedded in white Gaussian noise passed through a filter specified by
its poles and zeros and detacted by such a demodulator. The analytical basis for the cor -

puter progrom is discussed below and some of the results obtained are presented.

Analytical Basis for Discriminator Demodulation of FSK Sigmﬁ

The computer program computes the probability of symbol error for a limiter/dis~
criminator based on the probability distribution of instantaneous frequency for the signal
1
plus noise. The distribution is derived in Chapter 8 of Schwurtz, Benne!t, ond Stein.

If v is the instantaneous frequency relative to the carrier frequency, then it is shown that

Prob (I'< n) - .Jz_[u-o(./ﬁ,ﬁno(ﬁ,ﬁu- 7A—exp ‘(9:;2)'0 (Jab)  (C-1
where Q (a, b) is the Marcum-Q function:
{ 2.2
Q (a, b) = fwexp k-— i—%x—)lo (ox) xdx

]b 2w
and IO (z) = Ta 0/‘ exp (z cos 9) dO

1
Communication Systems and Techniques, Mischa Schwartz, William R. Bennett, and

Seymour Stein, McGraw-Hill Book Co., 1966, Chopter 8, Section 8-4, p. 329,
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This progrom has been used to deatermine the average error rate for various M-ory
FSK signais ond variows input bondposs filters. Some of our results ore in the following

section.

Rewlits Obtained with Computer Progrom

The camputer progrom discussed briefly previously is sufficiently complex that o
check on the accuracy of its predictions is desirable. Scme experimantal results were
found for binary FM in o report? by EMR, ond their measured results were compored
agoinst the computer prediction. The porticular cose <onsidgered invoived a bandpos
filter of the four-poie Bemel type cheod of the limiter/discriminator. The ratio of 3-dB
filter bandwidth to bit rote wos set ot 1. The binary modulating waveform was aiternating
one~zeros and the mod-index was 0.75. The only difference between the EMR setup and
that for which the computer was run is EMR's inclusion of o low-pass filter at the Giscrim=-
inctor outpui. This LPF hod a 3-dB bandwidth = 1 x bit rate. The effect of this filter is

probadly smail in this case.

The results are plotted in Figure C-1. The solid curve is from Figure 5-1 of the
referenced £ MR rapori and rhe two poinis are from ihe compuier progrom.
agreement between the two results was encouroging and helped establish faith in the com-
puter program's predictions.

Figure C-2 provides some additionol curves obtoined with the computer progrom.
These curves are for an eight-pole Bessel bandpass filter aheod of the limiter /discriminu-
tor. The signal into the bondpass filter is 8~ary FSK with mod index = 1/8 (the frequency
spacing between adjacent frequencies is 1/8 the symbol mte). Average symbol error rate
is plotted against the bandpass filter 3-dB bondwidth/bit rate ratio for various Eb/”No at
the input to the filter. Note that the error rate Jdeteriorates as the bancwidth increases,

becouse of more noise allowed into the discriminator. As the bandwidth is decreased the

2"Exp.rimenm| Determination of Signal-to-Noise Reiationshiy: in PCM/FM and PCM/PM
Transmission, * Interim Report, for NASA,//Goddcrd Space Flight Center, Controct
NASS5-505, October 20, 1961, Electro-Mechanical Research, Inc., Sorasota, Fla.
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The computer program developed tiere contains routines for both these functions. The 1
parameters for Equation (C-1) are defined below.
21.'f‘ -7 |
A= p—t (C-2)
\/:.2 +(2ntp) - dunf,
i

(
_ R2 RR) .

13 A
ANV ?2 e 2
m (Z"f2) - 4”’fl \/"2 + (?wfz)z - 4'11'7f]

Q

b

(C-3)

et et

The (~) sign in Equation (C-3) gives o ond (+) gives b. R in Equation (C-3) is the envelope
of the noise-free input signal end R is its derivative. ¥ is the noise~free instantaneous
frequency relative to the carrier freguency of the imput signal, N is the mean input

noise power f. and f_ are essentiolly functions of the input filter. f G (f) is the nomal-

1 2 i
; ized power density spectrumn of the :ow-pass equivolent of the filtered noise, then f‘ and 3:
% 3 f2 are given by 41
3 + @ %
] : i
. foo= [ ¢a (F) df |
‘ -Jm i
? [ i
E § , (C-4) i
. f € G (f) df] |
2 !
, - i
t i
5 F f] and f, are therefore interp etnble us the mean and rms frequencies in G (f),
i
The computer pregram computes the parameters f‘ and f2 and N, given o por- }
ticular bandpass filter end additive white Gaussian noise density, Then for a perticular
M-ary FSK input symbol sequence, the parameters R, F'?, and ¥ are evoluated at the

selected symbol sampling times. (hese quantities are used in evaluating the distribution
in Equation (C-1) to determine the probability that the instantaneous frequency for each
symbol lies outside the appropriate range to decide the symbol correctly (i.e., the pro-

bability of symbol error is derermined). ¢ the probability of deciding the symbols in error

is averaged over a sufficiently long representative sequence of M-ary symbols, the aver-

age error rate for M-ary FSK whein demodulated by the limiter/discriminator is obtained. §

C-5 #
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FM signal begins to be distorted severely, also leading to performance degradation

There is an optimum bandposs filter bandwidth in this cose around 1/3 the bit rate, which
is the symbol rate for the eight-levei FSK signal, as one might expect. Such curves are
useful in determining the optimum bandpass filter bandwidth .

As another example of the results obtained with the computer program, Figure C-3
is included. Here, the performance of 5-ary FSK with mod index = 1/B with discriminator
detection is plotted. The sclid curves are for an eighi-pole Besse! input bandpass filter.
The dashed curve is for o four-pole Bessel filter. The dashed curve is for a 3-dB band-
width/bit rate ratio of 1/3 and represents the best performance found to date for the
limiter/discriminator detector for 8-ary FSK mod index = 1/B. Also included for refer-
ence inFigure C-2 is the performance for one-symbcl coherent and noncoherent receivers
for this signal. Note that the limiter/discriminator performance is oniy about 1 dB worse
than the optimum one-symbol vbservation noncoherent receiver. This performance is
approximately 7 dB away from the design goal of 20 dB € /N _at P = 1077 (the design
goal is essentially one-symbo! coherent performance), The simplicity of the limiter/

discriminator demod is aitroctive relative o the coberent receiver structures, however.

The curves of Figure C-3 point out the fact that the IF bandpass filter must be
chosen corefully for optimum performance with the limiter/discriminator demod, The
Bessel filters have particularly lineor phase response across the band. Other filters such
as Tchebycheff filters with poor phase linearity, can severely cripple the performance.
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APPENDIX L

TEST PLAN

1.0 SCOPE

This plan describes a test program for the Broadband Digital Modem. The
tests will be conducted at RADC and at Harris ESD in Melbourne, Florida.

2.0 OBJECTIVE

b it Al .

The overcll cbjective is to characterize the critical performance parameters

of the modam. Specific tests include the following:

Q

BER vs Ep/Ng vs IF filtering;
BER vs Ep/Ny vs interference; and,

o

¢. Transmit spectrum with filtering and limiting.

3.0 MODEM DESCRIPTION i

The Broadbana Digitai Modem was developed to impreve the available

bandwidth e:liciency in digitol line-of-sight microwave systems. The primary perforni-
ance objective is a 10~/ BER at on E/N, of 20 dB at a data rate of 27,7275 Mb/s. The
unit provides a bandwidth efficiency of 2 bits per hertz of RF bandwidth, and interfaces

o at 70 MHz with hard-limiting rodio systems.

[y IPR N SRR

% 3.1 Technique Description

The modulation technique is continucus—-phuse, 4-ary FSK with a modulation
index of 1/8 (i.e., the four tones are spaced at 1/8th the symbei rate frequency inter-

vals). The modulator is shown conceptually in Figure D-1. The demodulater employs

coherent detection and multisymbol observation techniques to achieve the required

performance. The demodulsiur is shown in Figure D-2.
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3.2 Hardware Description

The modulator and demoduiator ore individually packaged in 19-inch chassis
with integral power supplies. On the transmit side, the modulator provides a bit rate
cleck and accepts data ond asx iated timing through 75-ohm, unbalanced, bipolar
interfaces. The modulated 70-MHz carrier is outputted at a +1 dBm level to the radio.
The demodulator accepts a +1 dBm, 70-MHz signal from the radio and outputs data and

synchronous timing.

4.0 TEST PROGRAM

The test program includes tests ot Harris ESD in Melbourne, Florida, and
at RADC. Tke in-plant tests are designed to provide a performance baseline from which
to interpret results from the later radio and iink tests and to verify the characteristics of
various internal parameters. These tests are performed with the modem loopzd back at
70 MHz with additive thermal noise. The RADC tests include both back-to~back tests

with the radio and simulator and link tests utilizing the Stockbridge radio.
4.1 in-Plant Tests

The test configuration for in-plant tests is shown in Figure D-3.

4,11 E/N, Calibration

The calibration of E/N, is accomplished directly at the demodulator input.
The signul attenuator is set at 120 dB and the noise power is measured using a filter with
o known noise bandwidth. The noise bandwidth is established by graphical integration
techniques. The signal attenuator setting is then decreased until the total power increases
by 3 dB. At this point, the signal and noise powers are equal and the SNR is 0 dB in the
filter bandwidth. The noise bandwidth of the filter is 33.33 MHz, or 0.9 dB greater
than a bit rate bandwidth. The E/N, is then +0.9 dB at this attenuator setting. The

desired E/N is obtoined by adjusting the attenuator setting.

D-4
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4.1.2 Spectral Occupancy

The objective of this test is to demonstrate that 99 percent of the transmitted
energy is contained within an RF bondwidth of one-ha!f the bit rate. A computer-gen-
erated spectral mosk, plotting energy in o 4-kHz buandv idth versus offset frequency from
center, is available. The actucl transmit spectrum is plotted using a spectrum analyzer
set for ¢ 3-kHz IF bandwidth. The absclute level is calibrated by observing the differ-
ence in spectral height at center frequency between an unmodulated tone and o randomly
moduiated signal. Since the computer mask meets the 99-percent requirement, the actual

transmitter also does if the transmitted spectrum falls on or below the mask .

4,13 Bit Error Rate vs E/N,

The objective of this test is to characterize the BER performance of the
modem over the range from 1072 t0 10-? as o function of E/Ng. The test setup is cali-
broted os in Pora. 4.1.1, above. The attenuator is adjusted to provide an E/Ng of
10 d8. The error detector is adjusted te provide an error sample of at least 100 events.
The indicated error rate is recorded on 7-cycle semi-log paper. The atter.uator is
adjusted to provide an E/N  of 11 dB and the indicated error rate is recorded. This

process is repeated until an E/N of 22 dB is reached.

4,1.4 residual Error Rate

The objective of this test is to demonstrate that the residual or noise-free
error rate of the modem exceeds 10-10, The noise attenuator is set to 120 dB. The error
detector is set to count errors per 10" clock counts. (Note: Approximately 1 hour is

required per reading, and two or more samples may be required.)

4.2 RADC Tests

The test configuration for the RADC tests is shown in Figure D-4. The over-

all objective of these tests is to charucterize the inodem performa ce when interfaced
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with the LCBD rudio. The link onclyzer is used to document the omplitude and delay

chomcteristics of the test configuration,

4.2.1 £/Ng Calibration

The colibration of E/Ng is accomplished directly ut the demodulotor input.
A fixed—-gain omplifier is required outboard to the radio to provide the power level
necessory for the HP 431C meter. With the woveguide shutter closed and the simulator
configured for loop back ot 8 GHz, the downconvertar (D/C) noise is read through the
calibroted filter with the receive attenuator et at 90 dB. The attenuctor setting is then
decreased until the meter reading increases by 3 d3, which indicares the SNR in the
colibrated filter is 0 dB. As described in Para. 4.1.1, above, E/Ng is + 0.9 dB ot this
point. The desired E/N is obtained by adjusting the attenuator se*ting.

4.2.2 Spectral Occupancy

The objective of this test is to determine the degree to which the transmitted
spectrum conforms to the requirements of FCC 19311, A second objective is to determine

the effects of hard limiting on the filtered spectrum.

4.:.2.0 Unfiltered Qutput Spectrum

The objective of this test is to determine the effects of hard limiting on the
nominal, unfiltered, modulator output spectrum as related to the FCC 19311 requirement- .
The modulator output spectrum is plottad with the spectrum onclyzer and x-y plotter. The
modulator output is then applied to the U/C and the 8-GHz spectrum recorded in ¢ similar
manner. The two curves are then compored to determine the spectral effects of the hard-

“miting transmitter,

4.2.2.2  Filtered Output Spectrum

The objective of this test is to derermine the net filiering guin avoilable

when the modulator output is filtered and then passed through o hard limiter, It is

D-8
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anticipated thot some spectrum restoration will occur in the limiter. The 14~MHz,
4-pole filter in the demodulstor is used os a trommit filter directly on the modulator
output., The 70-MHz ond 8-GHz specira are recorded and compared os in Pore. 4.2.2.1,
above .

4.2.3 3it Error Rate vs £/No

The objective of vhis test is *o chorocterite the BER ond the recovered clock |
jitter performance of the modem as o function of E/N,,. Tests are run with tha simulator
looped at 8 GHz ond over the link to Stockbridge ond back. The tesi setup is colibroted
! os described in Pora. 4.2.1. The receive atteruator is used to adjust E/Ng in 1-d3 steps.
The BER is recorded at each step to produce a complete 7-cycle groph of performance as

a function of E/Ng. The compu’ing ~ounter is used to measure recovered clock jitter,

s oppropriate .

: 4.2.4 Bit Error Rate vs E/N_ ond IF Filtering i

i The objective of this test is to determine the effects of IF filtering on the

pertormance of rhe modem. With the simu!

of Para. 4.2.3, above, are repeated with 25-MH2z and 33-MHz IF filtens.

o7 loooad ot B GHz, the pgrfonnonce tests

4.2.5 Residual Error Rate

Yhe objective of this test is to demonstrate that the residual oc noise-free

e

error rate of the modem operating over the link exceeds 10710, The receive attenuator

is ndjusted to provide an £/N_ of 30 dB. Errors ore accumuloted for approximately 3
hours,

4.2.6 Cochonnel ond Adjacent-Channel interference

The cbjective of this test i« to determine the effects of co- und adjacent-
channel interference on BER performance. The Stockbridge loop-around is used as the
desired signal. The intertering signol is generated by power-dividing the modulator

) ﬁ
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output 10 cbiain o second 70-Mix signal ond driving the second simuiotor tranemitter.
The tramslator oscillotor is adjusted to provide co~ or adjacent-channel nterference .

The tronsmitter output is summed with the desiced signol ot the receiver front end. The
colibration piocedure described in Pora. 4.2.), obove, is repeated for the individual
signols. The abwiute interference level is calibrated with the waveguide shutter closed.
Attenuators are aodded to provide ths appropriate level. The desired sigrol is recolibroted
by opening the shutter and disconnecting the interference ot 8 GHz, leaving the otten-
vators on the summer. With the desired signol of an E/Ng yielding on error rete of approx-
imately 10-8, the interference !evel is voried ond the chonge in acror ~ata noted. The
loss in effective E/Ng is colcvioted by finding the two efror rotes o the measuied curve
and reoding the E/Ng difference. The experiment is repoated for interference tromiated
one chonnel cbove ond one chonnel below the desired gool .

5.0 TEST DATA EVALUATION

The test results ore onolyzed and provided In Sectior V of this report,
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