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EVALUATION OF FILTERS FOR
SERIAL GENERATION OF MSK SIGNAL

I. INTRODUCTION

Minimum shift keying (MSK), a relatively new modulation scheme, offers
efficient use of power spectrum as well as constant envelope and phase
coherence between transmissions. MSK was first generated using a scheme
very much like an offset quadri-phase shift keyed (OQPSK) modulator. With
the parallel approach, the data is first split into two offset bit streams
and then specially shaped prior to modulating the in-phase and quadrature
channels.

A more recent approach to MSK, called Serial MSK (SMSK), generates the
signal by inputing the data serially into a biphase shift-keyed (BPSK)
modulator. The modulator output is then shaped appropriately by a filter
which will be referred to in this paper as the ideal SMSK filter.

The ideal SMSK filter has an impulse response which is fairly complicated
to synthesize exactly although good approximations have been built. This
paper discusses two possible alternative filters which are simple and
inexpensive to construct.

A more detailed discussion of MSK and SMSK generation is given in
sections II and III respectively and an equivalent low-pass representation
of an SMSK communication system is developed in section IVY. The representation
is convenient for computer applications and many properties of the SMSK
system are evaluated using this model. The two filters, a Butterworth filter
and a cascaded filter consisting of a Butterworth followed by a double-notch
filter, are developed in section V. Included is an evaluation of performance
as compared to ideal MSK. The results were enlightening as both configurations

offerad nearly the same high communications efficiency as ideal MSK.



[T. SERIAL MSK

Minimum Shift Keying

MSK was developed by Doelz and Heald [1] back in 1961. It can be viewed
as continuous phase frequency shift keying (CPFSK) with a low deviation ratio
(mark and space frequencies differ by exactly 1/2 the bit rate) or as an off-
set quadri-phase shift keyed signal with sinusoidal pulse weighting.

Phase continuity at the bit transitions in the transmitted signal
(Figure 1) and a constant envelope are properties characteristic of MSK.

The phase coherent FSK signal consists of two frequencies, f] and f2,
denoted the "mark" and "space" frequencies respectively. The two frequencies
have a deviation ratio of only 1/2T, hence the name "minimum" shift keying.

For some integer n, fI and f2 are given by

=

p—
™)

For random data transmission, the resulting power spectrum will be centered
an the apparent carrier, fc = (2n +1)/4T. Figure 2 shows the compact power
spectrum of MSK as compared to another common modulation scheme, OQPSK.

A typical MSK system is shown in Figure 3. The bit streams, aI(t) and
aQ(tJ, are generated in parallel, offset by T seconds, and each symbol lasts
2T seconds. The bit streams are multipled by two pulse shaping functions,
x(t) and y(t), forming the in-phase and gquadrature channels referred to
eariier. The shaping functions are offset by 90° so they may be added, trans-
mitted and separated again without distortion.

At the demodulator, the received signal is multiplied by in-phase and
quadrature reference signals to separate the signal. It is then sent to
the integrate and dump (I and D) circuit. This circuit supplies a low
frequency signal to the sychronized sampler. The polarity of the samplers

then determine the values of their respective bit streams. Note that the
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I and D circuits and the samplers in their respective channel are offset by

T seconds.

Serial Generation of MSK

A serial technique for generating MSK was first given by Amoroso and
Kivett [3]. Their approach is shown in Figure 4. Previously it was shown
that the MSK signal could be thought of as the sum of two antipodal pulse
streams modulating the in-phase and quadrature channels of a single carrier.
An alternative approach to modeling MSK given in Figure 3 is to generate
the signal by inputing the data serially into a simple BPSK modulator
followed by the appropriate bandpass filter. Then the basic data pulse

for any integer n is given by

+ +
p(t) = %‘ [%H] SINm ;’—T SIN[LZ—HzT—U— Tt + ¢] ,

for 0 < t < 2T,

=0 , elsewhere.

It is shown in [3] that a sequence of overlapping transmissions of this

form, separated by T second intervals, yields the MSK signal.
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[II. MSK FILTER REQUIREMENTS
The input to the ideal SMSK filter hm(t) (Figure 4), is a simple BPSK
signal. The BPSK modulator operates at frequency f]. The impulse response

of the filter is given by

hm(t) = SIN (2nf2t) , for 0 <t <T, and
=0 , elsewhere (1)

Note that the frequency response of this filter is centered on f The

5"
convolution of this impulse response with the BPSK signal yields the desired
MSK transmitted signal s(t).

Although the filter response given in (1) is mathematically realizable,
a practical implementation is still difficult to achieve. The major objective
of the work described here was to determine whether the design of this filter
was critical with respect to system performance. The approach taken was to
substitute simple filters with similar properties, again centered on f2 for
the ideal MSK filter, and evaluate several performance indicators. It was
not known how critical the design of these filters would be so the filter
parameters were adjusted until best performance was achieved. The results
of the performance evaluation are given in section V.

It is evident that an advantage of SMSK relative to parallel generated
MSK is that the modulator is quite simple to construct if the filter synthesis
problem can be resolved. The demodulator also is simpler for SMSK. It
consists of a prediction matched filter followed by a BPSK demodulator. A

zonal low-pass filter at the output produces the desired baseband signal.



IV. COMPUTATIONAL METHODS FOR EVALUATING THE PERFORMANCE OF DIGITAL
COMMUNICATION SYSTEMS

An Equivalent Low-Pass Representation

The sub-optimum filters discussed in this paper were evaluated using
an equivalent Tow-pass mathematical model of an SMSK digital communication
system. The following development is essentially that of reference [4] which
addresses the topic of low-pass modeling of digital systems. This model is
well suited for computer analysis. The low-pass representation for a com-
munication system is shown in Figure 5.

The equivalent low-pass representations of filters and signals are needed
to develop this model. A bandpass filter with impulse response h(t) has an

equivalent low-pass impulse response h(t) which satisfies [5]

) e e} (2)

h(t) = 2 Re {h(t) e

and a bandpass signal s(t) has an equivalent low-pass representation

5(t) which satisfies jw_t

s(t) = Re {g(t) At } . (3)
The equivalent low-pass representation of the transmitted signal s(t)

is developed in the following way. Assume that s(t) is a sequence of trans-

missions given by =
s(t) = [ s (t-nTy) (4)
n=-w

where the nEﬁ transmission sn(t) is taken from the signal set in accordance

with the modulation scheme. Each transmission can be expressed in terms of
its complex envelope as

(t-nTs)

1]

. jwc(t—nTs)
S, Re {sn(t-nTs)e } ,

(5)

1t

=jw.onT . jw_t
Re {§n(t—nTS) g © Sg F }

This allows the signal to be written as
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@ . -jwchS jwct
s(t) = ) Re {sn(t-nTs)e e }
n=-c
or equivalently jwct % -jw_nT
s(t) = Re{e I 3 (t-nT)e  © S} . (6)
nee N s
It is clear from [5] that the complex envelope of s(t) is given by
® —ijnTs
s(t) = ) sn(t-nTS) e (7)

=00

For many RF modulation schemes, only the amplitude and phase of the signal
change from transmission to transmission and the pulse shaping remains the
same. Let Ei(t) be represented accor:ing]y as

5,(6) = A 1 B(L) (8)
where Ai and b, are random amplitude and phase symbols corresponding to
the message sequence. Substitution into (7) yields

..jw

nTs
ﬁ(t-nTS)e

o
; (9)
Equation (9) is the form used to evaluate the transmitted MSK signal and,
with the proper pulse shaping function, can be used to represent BPSK, QPSK,
and 0QPSK. If p(t) is the impulse response of an equivalent low-pass filter,
then §(t) is the output produced by the input sequence of impulses
e jo_ Jjw.nT
a(t) = T Ae e © Ss(t-nT). (10)
The pulse shaping function p(t) is determined by first considering
the model given by Amoroso and Kivett for generation of SMSK. Figure ba

shows a coherent BPSK system followed by a bandpass filter. The inter-

mediate low-pass version of this system is shown in Figure 6b.

Development of the Low-Pass Pulse Shaping Function

The BPSK modulator is now modeled by the low-pass pulse shaping function

given by the expression
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Binary BPSK | h_(t) Sysg(®)
Data Modulator a
cos 2wflt

Figure 6a, Model for MSK Generation due to Amoroso and Kivett

m . N,
p(t) = pl(t) * hm(t)

=

Figure 6b,

By (8)

AY]
hm(t) MSK

Intermediate Low-Pass Model for MSK Generation
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(1)
=0 , elsewhere
where aw = W, = Wy
The bandpass filter in the MSK modulator is required to have an impulse
response
hm(t) = SIN anzt s 0<t<T,
(12)
= 0] , elsewhere,
and the equivalent low-pass representation of hm(t) is given by
Em(t) = %—e n/2 jemaft <t<T,
(13)
= 0 , elsewhere,

The Tow-pass representation for Amorosso and Kivett's transmitter pulse
shaping function model is therefore given by

7 B %

plt) = py(t) * h (1)
-j(A/2aw)SINawt , 0 < t < 2T,

1l

= 0 » elsewhere.
Note that the SMSK data transmissions occur every T seconds but the signal
waveforms last 2T seconds. The pulse shaping function just derived is the
form for ideal MSK. Note that the pulse shaping function corresponding to
a system which uses a sub-optimum filter is readily obtained by making the

appropriate substitution for hm(t).

Calculation of Power Spectra

The power spectrum of the complex envelope 3(t) is found by multiplying
the power spectrum, Sé(f}, of the random data impulse sequence by lﬁ(f)[z
where P(f) is the Fourier transform of f(t}. It is a routine exercise to

show Sé(f) is given by

p

| 2
S_(f) = oA gl (14)
MTs 4 =Tq

In~—1=

A

2
‘I .i
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so that the power spectrum of 3(t) is thus

2

c<(F) = 2L [3(5)[? (15)
S TS )
For SMSK, p(t) is transformed and given by
P(f) = A EOSZ(ZWfT% e—ijfT ejﬂ/Z ) (16)
4e=(f° = Af7)

Substitution into (15) gives the equivalent low-pass power spectrum
of the SMSK signal as

a2;c05% (2nft)
16Tn(F% - of

Sg(f) = (17)

2.2
)
The power spectrum of the bandpass signal s(t) is then found using [5]

and given by

SS(F) = 1/4 [Sy(F-F )¥s:(-F-F )] . (18)

The computer programs written to implement the system model of
section IV provide the information necessary to calculate P(f) needed
by (15). The pulse shaping function p(t) can be expanded in a Fourier

series. The coefficients of the expansion are given by

L Td L -gmeef
e, F R f p(t) e dt (19)
S 0
where fo=_1 (20)
0 KTS '
The Fourier transform of p(t) is
. Td .
P(F) = [ p(t) e 92t 4t (21)
0
A comparison of (19) and (21) shows that
P(mfo) = KTSCm . (22)
Substitution of (20) and (22) into (15) yields
(m ) _ L2 .2 2
5§[RT; = A7 KT [C, | (23)
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The calculation of power spectra is not limited to the transmitter
output as implied by (23). A more general interpretation would be that
P(f) in (15) is the transfer function of two or more filters in cascade.
For example, the power spectrum of the signal entering the detector

would be

Y 2
i

SF[E$;] = A KZTS lcmﬁc(mefO) Hr(mQano) (24)
Detection

The detector used in the analysis consists of a product detector
followed by a zonal low-pass filter and a sampler as shown in Figure 7.
The detector reference is at frequency W rad/sec. For most analytical
work it is convenient to include any matched filter or other receiver
filters as part of hr(t) so that the only purpose of the zonal low-pass
filter is to eliminate sum frequency terms generated by the detector.
The sampler operates at the signaling rate. It is assumed that the
sample of interest, r, is taken at instant to‘ An expression for r is

readily obtained by noting that it is found as the Tow-pass part of

ed(t) = r(t) cos (w1t +p) . (25)

In terms of complex envelopes, ed(t) is given by

Jw

t
ed(t) Re{?(t) e © } cos(wlt + 0)
Lo dwet sw.t Jlwtp) -5(w, D)
r(t)e + r*(t) e e + e
2 2

Carrying out the indicated multiplication and discarding sum frequency terms

jeld SL(W, - Tt
e e4lt) - afiye e

(Tow-pass terms)

+ F*(t)e

~30(w_wy ) t-P1y
Jl{w_-wy) ]} (258



o e, (0

Cos (wrt + ¢)

o
Zonal d(e) \;<:;

LPF

Figure 7 .

Detector Model

16
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The sample r is therefore given by an equivalent form evaluated at t=t0, G S -

J(Wc'wl)t

Re{7(t,) e~d0q oy (27)

M| —

r =

Note that Wy is the mark frequency in radians per second.

Matched Filter Receiver

In this communication system, a matched filter was used at the front
end of the receiver. For analysis purposes, it is convenient to include
the matched filter as part of the impulse response hr(t)’ An equivalent
low-pass representation for the matched filter is readily obtained by re-

calling that the impulse response of a filter matched to the signal si(t) is
h(t) = s;(Ty-td, : (28)

where Td is the duration of the signal. Using the complex envelope
representation for Si(t) yields

Jw (T -t)

= Rl
Re{si(Td-t)e }

(t)

—JWCTd erct

1l

Re{§:(T -t)e B ., (29)

d
Taking (29) together with the requirement that hr(t) satisfy (2} leads to

'chTd

R (t) = % 85(T,-t)e (30)

r Z d
as the equivaient low-pass representation of the impulse response of the

filter matched to si(t). A frequency domain representation is sometimes

more convenient. Transforming (30) yields Hr(w) as

. =Jw T, -jwT
R.(w) = ]g S:(w)e el o (31)
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Error Rate Calculations

Using the Tow-pass model of Figure 5, the method used to calculate
bit error probability, P[e] is as follows. The expression for 3(t) given

in equation (9) can be simplified by defining the complex data symbol a, as
a =Ae ", (32)

Substitution into (9) yields
@ -jw nTs

§(t)=nz_mane L p(t-nT ) . (33)
Now expand the pulse shaping function p(t) in a Fourier series using a
periodic extension of B{t) having a period somewhat longer than the
effective memory of the channel receiver filters. For convenience it is
required that the period be a multiple of the bit time, i.e., let P=kT
where k is an integer selected such that kT is greater than the effective
duration of the receiving system response Er(t)' Then over the time
interval of interest a good approximation for f(t) is

B(t) = of cmemeot (34)

m=-o
where n is the Fourier coefficient and Wy = 2n/kT.
Using this series approximation in {33) yields
§(t) = ? § a.c e-jnwcTs e-jnmonS ejmwot ; (35)

nm

= =00 m:-m

~

The signal portion, y(t), of the received complex envelope, r{t), is

found by convolving §(t) with Hr(t)’ i.e.,

s = -jnw T -jomw T_ jmw_t
h(t-t) | ace ©°%e C5 e 9 dr . (36)

Interchanging the order of integration and summation yields
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o w -anCTS ~jnmw T

yt)y=§ % 3, €t e ¢S ? i (t-t)e ° d4r . (37)

e m:_m
By.making the change of variables u=t-t, the integral in (37) becomes

w -jmw_u Jmw_t Jmw_t
[huye ° due © =f(m)e °

thus the preceding reduces to

-anCTS —Jnmons meot

j(t) = E § ac H (mw )e e e . (38)
= m=-c

nm 0
n r

-0

This equation is ideal for evaluation with the exception of the
infinite sums. For practical purposes, it is reasonable to fruncate
both summations. Any real transmitter has an assigned channel bandwidth,
therefore the Fourier series expansion of P(t) can be restricted accordingly.
The transmission series can also be truncated since only a few transmissions
contribute to y(t) unless the system has a very long memory. In the com-
puter analysis, the transmission of interest corresponds to n=0. The index
n is restricted to the range (-N,1) where N is a positive integer such that
NTS exceeds the effective duration of h(t). The transmission for n=o is
included because this "future" transmission can interfere with the decision
on the symbol sent at t=o. The resulting expression for y(t) valid for
Of_ti'ZTSis

y(t) = % % ancmﬁr(mwo)e-ancTs e-JanOTS emeot . (39)
n=-N m=-M
The complex envelope of the received signal is the sum of this

signal term and a noise term, i.e.,

-~

r(t) = y(t) + n(t) (40)
where fi{t) is the low-pass representation of the noise signal n(t} produced
by Gaussian white noise at the receiver input. The rest of the probability

of error development can be found in [4].
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Eyepattern Development

An eyepattern is a graph of all possible output waveform sequences
superimposed on each other over one signaling interval. It is desired
to only look at the data signal portion of the received signal. The noise,
n(t), is thus set to zero in equation 40. The output waveform can be found
by substituting (40) into (27) and replacing the sampling instant to by the
continuous variable t yielding

d(t) = pRecy(t)e e © Ty L (41)

ro|

The eyepattern plots in the following sections show the effect of inter-
symbol interference on the output waveform which is caused by the filters

memory.

Signal Envelope Development

The envelope of the signal can be found by realizing that the equivalent
Tow-pass representation of the transmitted signal, y(t), is a description of
the signals complex envelope. The envelope is usually expressed in terms of

magnitude and phase. The magnitude of the signal envelope is

5(t)| = SQRT [|¥(t)|%1, (42)

and the phase is given by

ARGLF(t)} = TAN™ )éﬂbéim ' )

Ja
By observing different data sequences of the set {Ane

seen how the complex envelope will react.
A1l of the results in the following analysis of the two suboptimum
systems were obtained on a minicomputer operating with 32k of core memory.

Execution times were generally between one to three minutes.
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V.  SUBOPTIMUM SMSK MODULATION

Two simple filter configurations are now considered as alternatives to
the ideal SMSK filter given in (12). The pulse shaping function p(t} will
be modeled as previously given in Figure 6b. The ideal impulse response
Bm(t) will be replaced First by that of a simple four-pole Butterworth filter
and its system will be referred to hereafter as the SMSK-Butterworth system.
The second configuration consists of a four-pole Butterworth followed by a
double-notch filter. The impulse responses of these filters are convolved

to yield ﬁm(t) for this case. This system is designated as the SMSK-Stub

Butterworth system.

SMSK-Butterworth

The first step in evaluating the performance of the SMSK-Butterworth
system is determination of Hm(w) which in this case is a Butterworth form.

The transfer function of a Butterworth filter is

ig(s) = 5y (44)

n
where Ho is the gain of the filter and Bn(s) is the Butterworth polynomial
of order n. If Bﬁ(s) is a normalized (tables of normalized polynomials to
one rad/sec cut-off frequency are widely available) polynocmial with Yo the
desired cut-off frequency, then
Ho
B(>/w,)
The rest of the discussion will be concerned with a simple four-
pole Butterworth with gain H = 1. It is well known [8] that the

magnitude response of this filter is given by
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W) = —— (46)
«’1+w2n

where n is equal to the number of poles, in this case four. The argument
of a four-pole Butterworth is given by
aqw

5) -TAN™(
1-w 1-w

azw

5) (47)

ARG{fig (W)} = “TAN" Y

where 3, and a, are the coefficients of the Butterworth for n=4.
The frequency response of the ideal system is now examined to obtain
the proper frequency selections for the Butterworth filter. The power

spectra of the output of the BPSK modulator S the ideal SMSK filter

psk(t)
response, and the ideal SMSK transmitted signal spectrum are shown in

Figure 8. Let fs = ]/Ts be the bit rate. The mark and space frequencies,

f] and f2, and the apparent carrier firequency, fc, are represented by
f,o=5f
fy=5f # % f_ , and
fy <9 By g (48)

where n is a positive integer.
The upper and Tower nulls of the SMSK signal spectrum are readily determined

to be
fun

n/2fS + fs and
(49)

f f

n/ZfS - <

™| —

n

As can be seen from Figure 8, the four-pole Butterworth should be

1

centered on f, or off-set relative to fc by Af=f2—fc= ET; .

2
The cut-off frequencies for the Butterworth filter was determined
using the 3dB bandwidth criterion. Figure 8 shows the SMSK power spectrum

with cut-off frequencies fcu and fcl where the 3dB bandwidth is given by
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-f ). (50)

B =f ~f aif T

3dB cu el T 2(f

Note that the bandwidth desired is with respect to the Tow-pass represen-
tation of the SMSK signal spectrum centered at fc and therefore fc=0 in
(50). The expression representing the SMSK signal spectrum is given by
SIN(nfT_)
Susk(f) = “"Tr?f's_s— : (51)

Setting SMSK(fcu} = 0.707 and solving for fcu yields

fCU

0.443/TS. (52)

Substituting (52) into (50) gives

3dB cu Ts

B

) ]/Ts = feut-off? (53}

for convenience. Included now is the variable R so the bandwidth may be
adjusted later if desired. R is the ratio of the 3dB bandwidth (Hz) to
the bit rate (bps). The cut-off frequency feo will now be written as

R

feut-off = T;

Now, substitute for w in equations (46} and (47), the desired bandpass

cut-off frequency Weo with the desired translation aw = 2n/4TS gives

1
~ B f"ﬁf _ f = ETS B fTS = 0-25
f=s = TR, R : (54)
Cc.0. S

Substituting (54) into (46) yields

L (F)] = 1 . (55)
B (T, - 0.25)

R

1+

The Tow-pass Butterworth coefficients 2, and a, for four-pole designs are
0.765 and 1.848 respectively. Substituting the coefficients along with f

gives
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ARG{FIB(f)} = -TAN"! (g.lgg__f_)é _ TAN-]"(LMSA;J
! I s f

where f is given by (54).

RESULTS

The data obtained using the Butterworth filter in the modulator instead
of the ideal filter showed surprisingly good communication efficiency. Five
properties considered in the analysis were:

1) Bit Error Probability

2) Power Spectrum

3) Transmitted Signal Envelope
4) Eyepattern

5) Transmitted Signal

Note that the receiver filter is matched to the transmitter as given in
(28). After taking all five properties into consideration it was found
that a ratio of R=0.5 yielded the best performance.

The probability of error curve using the Butterworth impulse response
with different ratios is shown in Figure 9. It can be seen that the P[e]
curve with ratio of R=0.5 comes close to ideal SMSK.

The comparison of the transmitted signal power spectra are shown in
Figure 10. The power spectrum was significantly more compact using the
Butterworth filter.

The next property considered was the signal envelope. Ideal SMSK has
a perfectly flat envelope. Figure 11 shows a comparison of envelopes of
the Butterworth filter with different bandwidths and the ideal case. An
alternating sequence was used to determine these envelopes. Although not
as good as ideal SMSK, the non-ideal envelopes were fairly flat. The
ratio was then fixed at R=0.5 and the sequence was varied. It can be seen
from Figure 12 that the varied sequence did not degrade the envelope signifi-

cantly.
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Figures 13 through 16 show the eyepatterns using the SMSK Butterworth
system, again with different ratios, and the ideal system. Once again the
evepattern with ratio of R=0.5 proved to be the best and came closest to the
ideal SMSK system eyepattern.

The last calculation was of the transmitted signal for the case n=2.
The ratio was varied again and compared with the ideal case as shown in
Figure 17. The sub-optimum system did demonstrate continuity at the bit

transitions although the signal was slightly offset.

SUMMARY
The sub-optimum SMSK-Butterworth system demonstrated:

1) Low Probability of Error

2)  Very Compact Power Spectrum

3) Reasonably Flat Envelope

4) Open Eyepattern

5) Continuous Signal Phase at the Data Transitions

A1l properties considered, the Butterworth system approaches the same
high communication efficiency as the ideal SMSK system. The only signifi-

cant weakness is the envelope variation.

SMSK-Stub Butterworth

The SMSK-Stub Butterworth* system is only sltightly more complicated
than the case just described. The SMSK transmitter is modeled as shown
in Figure 18. The impulse response ﬁm(t} is replaced with the impulse

response of a double-notch filter followed by a four-poie Butterworth or

h (t) = ﬁs{t) * HB(t) . (56)

The computer programs actually use the transfer function so it is necessary

* This idea was revealed through private communication with C. Ryan,
Motorola Communications Systems Research Laboratory, Gilbert, Arizona.
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to find Hm(f) = Hs(f) . HB(f}. The same Butterworth filter was used in
this analysis as in the previous discussion.

The double-notch filter was developed in the following way and can
be modeled as shown in Figure 19. The transfer function is given by

s ]/YT+1/YD 1T+Y

(57)

T/YO

where YT is the equivalent parallel admittance of Yo’ Yu’ and Y1.

Yu and Y1 represents the upper and lower notch admittances respectively.

A notch in the filter is represented by the equation

¥ = on TAN(B1). (58)

notch

It is desired that the notch impedance short circuit when f=fn0tch’

w/2. The selection of g and 1 is as follows.

]

which happens when gl

B is defined as
2n/h (59)

B

where A is the wavelength. The parameter 1 is defined as

the open stub 1ine length where k is an odd integer. Since
r=c/f, (61)
where ¢ is the speed of light and f is the frequency. Substitution of

{61) into (59) and multiplying by (60) yields
gl = £ ¢/ (62)
2 fn

The notches are to be located at
f]n = f

f
un

- fs and

1]

fp + f (63)

where again f2 is the center frequency of the SMSK filter and fs=1/Ts,

the bit rate. These notches were determined by the nulls of the ideal
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SMSK filter spectrum {Figure 8). Substituting equations (63) into (62),

(62) into (58), and (58) into (57) yields

) 1
H () = 5 JOTAN(n/2 F7F, 7 + TAN(w/2 /T )] (64)

For analysis, the low-pass transfer function is needed. This is given by

Hs(f) = H (f+fc)

where fc is the apparent carrier frequency of the transmitted signal.
Figures 20a and 20b show the notch filter and pulse shaping filter power

response,

RESULTS

Evaluation of the SMSK system with the ideal SMSK impulse response
replaced by the Stub-Butterworth impulse response reveal improvement
over the case of the previous section. When considering the five properties
previously discussed, it was found that the best results were cbtained when
ratio R=0.65 and k=7.

The bit error curves of the SMSK-Stub Butterworth system compared with
ideal SMSK is shown in Figure 21. The error curves for k=7 and the ideal
case are extremely close.

Figure 22 compares the normalized power spectrum. It can again be seen
that the Stub-Butterworth system has a very compact spectrum when compared
with ideal SMSK.

The ideal and Stub-Butterworth transmitted signal envelopes are compared
in Figure 23. The envelope is nearly flat and approaches the ideal case in
all three choices for k.

Figure 24 through 26 show the eyepatterns for the respective choice of

k. It can be seen that k=7 yields the cleanest pattern.
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Finally, the transmitted signal is shown in Figure 27. The sub-optimum
signal is slightly off-set from the ideal signal but the signal is continuous

at the bit transitions.

SUMMARY

The SMSK-Stub Butterworth system demonstrated a higher degree of
quality than the SMSK-Butterworth system previously discussed. Figures
28 through 30 compare the bit error probability, envelope, and power
spectrum respectively. The double-notch filter, when cascaded with the
Butterworth showed improvement over the Butterworth alone with respect
to probability of error and constant envelope. The Butterworth system
has a more compact spectrum than the stub-Butterworth system due to the
fact that the Stub-Butterworth system yielded the Towest probability of
error and most constant envelope when the bandwidth of the filter was
s]ightly increase. The results show that the Stub-Butterworth is a better

choice since there is little increase in complexity and out-of-band power.
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VI. CONCLUSION

The impulse responses of the four-pole Butterworth and Stub-Butterwofth
filters can be synthesized much easier than the impulse response of the ideal
SMSK filter. These filters offer the designer an alternative to the ideal
SMSK filter with little sacrifice in performance. The results show that the
Stub-Butterworth system, a configuration that is easy to construct, has

essentially all the same properties as the ideal SMSK communication system.
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ABSTRACT

The performance of a sub-optimum MSK system is evaluated and compared
to that of an ideal system. The modulator studied uses a serial approach
to MSK signal generation. The configuration studied is sub-optimum in that
the transmitter filters considered are relatively simple approximations to
that required for an ideal MSK system. Two filter forms were considered,
a four-pole Butterworth filter and a cascaded filter consisting of a four-
pole Butterworth filter followed by a double-notch filter. Both filters
showed a performance comparable te ideal MSK with the cascaded filter coming
very clase. The performance comparisons given include calculation of error

rate, envelope, eye pattern, power spectrum, and signal waveform.





