Ultra Narrow Band
Modulation

VMSK

and

MSB

A step by step picture explanation
of
How they were developed
and
How they work

Summary:

Very Minimum Sideband Keying ( VMSK ) is the familiar BPSK modulation
method improved by encoding the NRZ data input to narrow the bandwidth
occupied and transmitting the signal single sideband with suppressed carrier. All of
the useful energy is confined to one very narrow sideband.

Minimum Side Band ( MSB ) modulation generates a carrier with no useful
sidebands. It can be said to do this by synthesizing the sideband signal that resulted
from VMSK ( Coded BPSK).

The C/N for a given BER is 3 dB better than for un-coded BPSK.

H.R. Walker
Pegasus Data Systems



In the beginning there was BPSK
and NRZ encoded data.

NRZ Data

Data Clock

Zero DC

Figure 1. The NRZ ( Non Return to Zero ) code is the starting code for all methods, since it
defines the ones and the zeros in the digital pulse stream as related to the clock.

With the NRZ code, one bit period equals one clock cycle. The baseband spectral
frequencies transmitted extend from zero to 2 the clock frequency. Any spectral
components beyond 2 clock frequency must be attenuated to comply with regulations
that limit the allowable transmitted bandwidth.

Nyquist [1] has shown that with ideal filtering, all of the necessary
energy is available in a bandwidth equal to the bit rate.

Harmonics that are beyond that bandwidth are not required and can be
removed without creating inter-symbol interference.
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Fig. 2. The RF Spectrum for BPSK ( humps ) without Nyquist Bandpass
Filtering and with Nyquist filtering using a raised cosine filter.

This is the spectrum of a modulated signal utilizing NRZ as the baseband
input to result in BPSK modulation at RF prior to filtering. In this case the
filtering is to be done at RF. It has a strong hump where most of the useful
energy is located at the center around the suppressed carrier. There are minor
humps extending beyond the major hump that must be filtered off to meet
regulatory bandwidth requirements.

The individual straight lines are for Coded BPSK ( VMSK ). The actual
VMSK peaks are the same as the Coded BPSK peaks.

With an ‘Ideal’ filter, which does not exist, only the part of the hump
between the two center Coded BPSK vertical lines would be transmitted. A
practical Nyquist filter is the ‘Raised Cosine’ filter with 50% excess bandwidth
(a=0.5), which is shown in Fig. 2. Only the portion of the spectrum under the
raised cosine curve is transmitted.



95% of the useful energy is within the bounds of the raised cosine
filter. The remainder of the spectrum is considered to be USELESS JUNK.
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Figure 3. The Power Spectral Density of BPSK before ( A ) and after (B ) a
Filter that Reduces the Sidebands 40 dB.

In Figure 3, the sidebands which Nyquist says can be removed without causing inter-
symbol interference, are reduced from the unfiltered level A to the filtered level B.

This is standard practice and well accepted.

Coded BPSK:

Suppose a square wave with equal time periods is used as a baseband input instead
of NRZ:



Square Wave

Fourier Spectrum of Square Wave

Fig. 4. The modulation spectrum after a square wave input. After Nyquist bandpass
filtering ( Fig. 2), only the 2 central spikes representing the Fourier fundamental remain.
These modulation spikes are the vertical lines seen in Fig. 2.

This is the pattern that would result from Coded BPSK modulation with a 101010101
pattern input.

For the mathematical explanation, the Fourier spectrum is:
Fourier Pulse Train Expansion:

The equation-
A 2At Sin(n t/T,)

T, (n t/T,)

which can be expanded into--
VO =F {2A . [%+(@2/ )Cos -(2/3 )Cos3 +(2/5 )Cos5 -+-----]1}

= K sinx/x

=2 (M) =2 (UTt=2 ft= t A =A(U/To)
Note that it has harmonicsat3 ,5 ,7 ,9 etc. --- with levels of:

(213 )(2/5 )(2/7 )(2/9 )(2/11 )--. There are no even harmonics. Note also, the term A,
This is an amplitude term that varies with the time spent above or below an average level.

All these harmonics are removable with a Nyquist bandpass filter as seen in Fig. 2,
without any effect on the data recovery.

The POINT is: The i Only single frequencies need be transmitted. Other
sidebands are not necessary and are undesirable.
Of course there is no useful information in this pattern.



Add pulse width modulation to the square wave to make it useful.

One Bit Width

Fig. 5. Changing the Pulse Widths for Digital Ones and Zeros. This is the VMSK/1
waveform that results from aperture coding. ( Coded BPSK).

For a square wave, the fundamental is a single frequency = 1/ (bit width) = % clock

period. If the pulse width change is less than 1/5 bit period, the observed spectrum is a
single frequency.

Nyquist Filtering can be done at RF as in Fig. 2, or at baseband.
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Fig. 6. Baseband Filtering of BPSK. The rise at 0.5 i a characteristic of one particular
band limiting filter ( Feher ).

Removing the Fourier harmonics, which are unnecessary according to
Nyquist, only a distorted sine wave remains.



Fig. 7. The Waveform after a Baseband Filter Removes the Harmonics.

Note the level changes in Fig. 7. This is due to DC level shift ( DC Creep ), which rises
and falls according to the data pattern. In Fig. 5, the DC voltage average is less for a
digital one than it is for a digital zero. According to Fourier, A 5y = A(t/Ty).

Figure 8.



Figure 8. The baseband spectrum of the filtered pulse width modulation using random
data. The ‘grassy’ lower level is due to the DC Creep, or DC Wander, due to the data
pattern A 5. The level is dependent upon the ‘T’ variation ( Fig. 5 ). As T approaches
zero it disappears.

1 bit width

1 bit width

3.5/4.5/(8) code becomes 7,8,9 Code
when divided by 2

Figure 9. Dividing the pulse width coded waveform by 2 results in a more efficient
coding method referred to as VMSK/2.

Figure 10, The VMSK/2a fundamental waveform, where Nyquist shows that most of the
useful energy is located after harmonic removal in a low pass filter ( Figs. 6, 8 ). Filtering
has no effect on the timing changes. The new waveform is end to end half sine waves of
varying duration T.



When the bandwidth limiting filtering is done at baseband, it is VMSK/2a.
If it is done at RF, it is VMSK/2b. When the baseband shown in Fig. 8 is applied to a
balanced modulator, the RF spectrum shown in Fig.11.results.

Figure 11. The Double Sideband RF Spectrum for VMSK/2a.. The sideband ( sinx/x )
products beyond the fundamental are reduced by the baseband filter. Compare this with
Fig. 2.
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Figure 12. The RF spectrum of VMSK modulation from Fig. 11 shows removing the
upper sideband and carrier to transmit ‘Single Sideband- Suppressed Carrier’. SSB-SC.

It is well known that nothing is lost when transmitting single sideband.




Nyquist has shown we do not need the extra sinx/x spikes ( harmonics ). The grass is
related to DC level drift, and is not necessary to detect the timing variations seen in the
figures above. All that remains is to lower the grass level to meet FCC regulations. Ultra
Narrow Band Pass filters to do this will be shown later.

The signal now consists of a single frequency, bearing 180 degree phase modulation,
without any useful harmonic sidebands. The lower sideband in Figs. 11 and 12 has
now become the carrier without measurable FM. This is the goal, an ULTRA
NARROW BAND SIGNAL.

To detect this signal, a carrier could be obtained by processing the transmitted frequency
and using this to restore the original waveforms of Figs. 6 or 9. The data then has to be
obtained from the waveform zero crossings.

FORTUNATELY, this is not necessary. A simple ‘Direct Conversion’ receiver, or
synchronous detector, using the single transmitted frequency as a phase detector
reference, yields excellent results.

There is an odd advantage in this. The reference is offset in frequency from the true
carrier by an amount equal to % the bit rate. This offset results in doubling the
modulation phase angle of the original signal. 180 degrees of shift becomes 360 degrees
of shift. The detected output is a spike equal to 1 or 2 missing cyclesf the IF carrier.
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Figure 13. When the phase changes from + 180, 0, -180 degrees, the phase detector has
an output at the 0 degree point only. +180 and -180 are the same phase.
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Figure 13 shows the Power Spectral Density of VMSK ( Coded BPSK- single frequency
spikes ) after filtering. The Lower Sideband is within the Nyquist filter bandwidth,
hence meets Nyquist’s criteria that allows the removal of all Fourier harmonics. The
upper sideband and carrier have been removed. All of the necessary information is within
the Nyquist filter bandwidth. The sinx/x spikes beyond f.+- Ry, are not required.

Fig. 14. Direct Conversion Phase Detector Output for VMSK. The early spike is a digital
one and the late spike is a digital zero. In this photo they are overlaid. Only one spike
appears during any one clock period.

The Carrier to Noise ratio C/N using VMSK for a given BER is better than for BPSK,
since only one sideband is present and the noise bandwidth is narrower. This will be

discussed later.

THE MSB SPECTRUM:
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Figure 15. Abrupt Phase Change Modulation. ( From Howe [2] ).
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Abrupt phase change modulation has no useful sidebands. To understand how this is
possible, it is necessary to study the basis of phase and frequency modulation.

The frequency change resulting from a modulating input is:  F = Fearier + Af.

Af can be calculated from the basic relationship ot = ® = 2mxtft, which can be rewritten
in derivative form as Af = A®/2wAt. The rise and fall time is fixed by the the circuit
parameters and baseband code. Af=A®2xrAt. Ther e i s no of

A phase detector using Fcarrier as a phase reference will detect the phase changes as
positive and negative voltages. During the rise and fall times only, there is a phase

change A®, which causes a frequency change Af. During the rise time, which is
assumed to be 1 cycle period in duration, there is a pulsed positive frequency shift that
causes sinx/x spikes above the carrier frequency. When the phase reverses, these sinx/x
spikes appear below the carrier frequency for the duration of one IF cycle.. A
conventional filter would have to have a very broad bandpass to include these spikes,
which Nyquist says are unnecessary for detecting the data information on the carrier.

When the phase change is abrupt, the rise and fall times are near zero, and there is a large
A®/2mAt value, which causes a very large Af of very short duration ( about 1 RF

cycle ). At all other times, it can be seen that A® is zero and the frequency F = Fearrier-
A phase detector using Fcarier as a phase reference will detect the phase changes as
positive and negative voltages conforming to the input, Even though there is no
FM, and there are no Bessel or other sidebands during most of the bit
period. All spectral components outside the carrier are Fourier
amplitude products. Amplitude products do not contribute to PM.

This abrupt PM characteristic was published by Prof. Howe in 1939. It was not utilized at
the time since digital modulation was not being used and there were no recognized zero
group delay filters available.

This leads to the concept that the missing cycle, which is where the signal edge

information is carried, can be duplicated by modulating the carrier directly using Howe’s
disclosure, since the transition occurs during a lost cycle.

12



+180

0 VMSK
-180
2% 180 Shift
1 Cycle
90 Shift
2 Cycles

Figure 16. Modifying the carrier without creating useful sidebands. VMSK creates a
missing or distorted cycle at the encoding edges. + 180 and — 180 are the same phase.
With 180 degree phase reversal, the energy goes to zero at the reversal point. With a
phase shift of 90 degrees, there is merely a reduced amount of energy at phase shift
edges.

180 Equivalent Shift
Deleted Cycle

Figure 16A. A similar condition exists when the carrier energy is simply turned off
for 1 cycle, or the filter cannot pass the brief 2x frequency at the reversal point.

The 3 variations are named:
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1) Pulse Position Phase Reversal Keying ( 3PRK).
2) Pulse Position Phase Shift Keying ( 3PSK))
3) Missing Cycle Modulation (MCM )

Why are there Missing Cycles?

A
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MODULATION O -

INPUT
TIME =t T
AMPLITUDE I_
nl 'l — i 1

2w

FREQUENCY —=

Figure 17. When a 180 degree phase transition occurs, one cycle of the IF frequency is
lost. When higher harmonics are removed in a filter, this loss is smoothed over so the
abrupt periods at 2x IF are not seen. ( See Fig. 16 ).

If the end result at the detector is a single frequency of constant phase having missing
cycles at tle modulation pattern edges, why not just use a carrier and knock out 1 cycle
at the modulation pattern edge? Take out 1 cycle at the clock rising edge for a digital
one and remove a cycle after a delay for a digital zero? This is the basis of MSB, or
Minimum Side Band modulation.

The decoder only looks for the detected early spikes, so it is not necessary to use a
delayed spike for the zeros. If there is a spike, it is a one, no spike is a zero.

There is now a large accumulated amount of ancient history behind this evolution to the
latest state of MSB development.

1) Nyquist showed in 1927 that you do not need Fourier harmonics, and in fact they
should be removed.

2) DC Creep, or DC Wander has plagued cable transmission and magnetic recording
applications of digital data for decades. Probably since Nyquist. This is why codes
such as ETHERNET ( Manchester ) were devised. The Creep is not necessary and
should be removed. No data can be recovered from the DC Creep alone.

3) Prof. Howe disclosed in 1939 that an abrupt change phase modulated signal does
not require sidebands.

14



MCM is clearly an amplitude modulation method, while the others are phase
modulation methods. As far as the detector circuit is concerned, MCM detects the
missing cycle as if it were a phase reversed signal, the same as 3PRK.

It is interesting to note that the transmitted energy is in the carrier, which has a
constant amplitude, while the data information is in the edge distortion. The C/N for a
given BER is dependent upon how much the noise disturbs the distortion.
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Figure 18. The distortion for 3PRK is seen to be very close to that of MCM. Noise
has to overcome, or wipe out one cycle. Noise also will be off in phase from the
amplitude, so a direct amplitude comparison is not valid.

The filters required to pass the modulation waveforms seen in Figs. 15, 16 and 17
must have near zero group delay or they will not pass the IF waveform accurately
and the modulation will be lost. There is a family of filters based on the vector
adding, or flywheel principle, that will have a group delay equal to 1 IF cycle period,

thus preserving the modulation pattern.
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Figure 19. Inputs to an XOR gate used as a phase detector.

The signal with the encoded MCM waveform preserved after filtering is seen at the
top. The same signal after passing through a filter with a large group delay will yield the
reference signal seen at the bottom. The distorted or missing cycle pulse of the
modulation is removed by filter group delay in creating the reference. The XOR gate, or
D flip flop ( latch ) detector, will have a constant low output when phased properly, until
the phase is reversed, or the cycle is missing, when it will have a rail to rail output lasting
1 IF cycle as in Fig. 12.

The spectrum for 1 phase altered, or one missing pulse in 10, is shown in Fig. 20. The
largest voltage amplitude of the out of band sinx/x spikes is -20 Log 1o( T/t ). The
vol tage average OEO0 is t/T.

With ones only changes in phase, the average voltage level in the above case is -26 dB.
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Figure 20. Spectrum for 1 cycle in 10 altered. This is a normal Fourier sin/x spread.
The scale is 5 dB per unit.
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Consider: The low level spikes represent energy that has been removed, or could be
said not to be there. They are amplitude spikes and do not contribute materially to the
modulating phase angle in the carrier, which remains the same after these spikes are
removed by bandpass filtering. They are present for 1/10 the time ( bit period ) in this
case, while the steady level and phase of the carrier is there for 9/10 of the time. Refer to
Fig. 14. They are also present, but lower, when 90 degree modulation is used.

It can be shown that a Fourier sinx/x spectrum reslting from a pulse can have its
components separated an used individulally. Thus the carrier alone need be transmitted.

A requirement is that a negative or zero group delay bandpass filter be used. The
components are not separable with positive group delay filters.
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Figure 21. The Power Spectral Density of 3PRK Modulation after Narrow Bandpass
Zero Group Delay Filtering. Only a single frequency is passed.

Figure 21 shows the spectrum resulting after ultra narrow band zero group delay
filtering of the modulation spectrum shown in Figure 20.  The information
bearing signal ( center ) according to Howe ( Fig. 14 ) is within the Nyquist
bandwidth, while the sinx/x spikes are lowered to a level acceptable by regulatory
authorities. The sinx/x spikes all lie outside the Nyquist filter bandwidth and can be
removed as Nyquist says, without causing inter-symbol interference. This also is
proven in practice. The limits of the ‘Ideal filter are shown for comparison with the

raised cosine filter.

90 degree modulation presents an interesting case when the NRZ code is used for
modulation instead of 1 altered cycle. In that case, the phase is + 45 degrees for a
digital one and - 45 degrees for a digital zero. NRZ as a baseband code cannot be
used with +-90 degree modulation because then it becomes BPSK with a suppressed
carrier and strong broad sidebands. The object of MSB modulation is to preserve the
carrier and eliminate the broad sidebands.
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Figure 22.The Spectrum of NRZMSB (90 degree ) Modulation Prior to Filtering.

Figure 22 shows the resulting spectrum for random data +-45 degree modulation.
There is a strong carrier, with a fairly high ‘grass’ level, and there are almost no
sinx/x harmonic spike products visible. It has already been proven that the FM
products, which occur only at the transition edges of the modulating pattern, and last
for only one IF cycle, have no influence on the phase. The grass does not have a
frequency that can be related to the bit period edges and should be considered as
undesirable noise as discussed with Fig. 6.

Figure 22 is the phase modulator output, prior to any narrow bandpass filtering to
reduce the grass. The data rate is 3 Mb/s.
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Fig. 23. The Spectrum after 2 stages of UNB Filtering to Reduce the Grass.

Figure 23 shows the spectrum for Minimum Sideband Modulation using the NRZ
baseband code ( 273 kb/s ) and 2 stages of zero group delay filtering in the
transmitter. The central carrier spike has no frequency deviation, but does contain the
necessary +- 45 degree phase shift ( after Howe). Additional filtering can be used to
reduce the grass hump further. The spectral components in the ‘grass’ hump are reduced
30-40 dB further in the receiver filter and have no influence on the phase detector
output level.. The grass level shown in Fig. 23 meets FCC Part 15 and part 22 rules. It
can be made to comply with other FCC Parts with additional filtering.

Figure 24 shows the swept bandpass of the UNB filter with 3 cascaded stages used
with both VMSK and MSB. The 3 dB Noise bandwidth is approximately 1 kHz. The
data rate can be as high as 6 Mb/s using this filter and MSB modulation with a 48 Mhz
IF. This filter will reject any adjacent channel interference level up to approximately 35
dB above the desired signal at the center. Care must be taken when measuring this ratio
not to overload the filter’s active devices, which will cause cross modulation and false
results. The filter does not respond to 2™ harmonics, or to ¥ frequency, but does respond
to 3" harmonics ( crystal overtones ), therefore should be preceded by a suitable
broadband pre-filter.
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Any discussion of Ultra Narrow Band filters and design know how is too voluminous
to be included here. See the file entitled ““ Filter Summary”, or “FilterS”
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Figure 24. Swept Bandpass of the Ultra Narrow Band Filter.
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