Minimum Sideband Keying with NRZ Input.
GPSK/GMSK Equivalent without Sidebands
Showing the effects of negative group delay filtering on abrupt phase change modulation
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Abstract:

This paper shows how the NRZ and QPSK two and four level coding can result in
extremely high data rates for a given IF frequency - accompanied by a very good Ey/n.
Tests were made at the upper symbol rate limit, which is 1/2 the IF frequency in
bits/second. Tests were also made at lower and more reasonable data rates. The
bandwidth efficiency is extremely high in terms of (Bit Rate)/(Bandwidth). With the
proper detector, the method is very noise tolerant with excellent BER.

It can be seen that the four level method is the equivalent of the commonly
used Gaussian Minimum Shift Keying ( GMSK ) method at the modulator - if
abrupt phase shift modulation is used instead of CPFSK . The phase angle change is
90 degrees as in GMSK, but the method does not use **Continuous Phase Frequency
Shift Keying" ( CPFSK) filters. Instead, abrupt phase change modulation is used
with special zero group delay filters.

NRZ 0 NRZ 1 NRZ 0 NRZ 1 NRZ 0

®1 P2 O] | O] | D2 0|

Figure 1 shows the NRZ ( two level ) data code and the phase
changes that occur as a result of the ones and zeros at the input - with two of the four
quadrature phases being used. Figure 16 displays the IF cycles.

There is a phase change due to the MSB modulation, with a digital one having one carrier
phase and a digital zero a different carrier phase. 90 degree shifts and 180 degree shifts
have been tested, but only 90 to 120 degrees is suitable for a 2 level NRZ input.. The
minimum number of IF cycles for a phase change period depends on the resolution of the
detector circuit and system group delay.

Ultra Narrow Band methods must use abrupt phase change modulation and negative
or near zero group delay filters.

Although two phase are shown in Figure 1, four phases as in QPSK can also be utilized to
double the data rate by using the same symbol rate.
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Figure 2. Spectrum of unfiltered NRZ ( +- 45 degrees ) random data coded abrupt phase
modulation at 3Mb/s. 20.0 MHz Span. A Fourier sinx/x distribution is visible. There are
no Bessel products that accompany normal PM. ( J; for 45 degrees is .58 = 4.7dB ). No
product at that level is visible). Abrupt phase change modulation produces a Fourier
spectrum with no FM or PM. The components in a pure Fourier spectrum are
sepatrable.

The data rate was determined by dividing a 48 MHz RF oscillator to obtain the data
clock.. Dividing by 16 results in a 3 Mb/s data rate. and dividing by 8 yields an 6 Mb/s
data rate.

The phase modulation angle in Figure 2 is 90 degrees ( quadrature)( +- 45 ). The hump is
actually the sidebands of a Fourier sinx/x series plus a ‘DC Creep’associated with the
random modulation pattern when the modulator circuit is not balanced. The hump can be
lowered by equalizing the phase 1 and phase 2 levels. These Fourier products contribute
nothing to the phase angle of the modulated signal carrier. They are amplitude
modulation products with a normal Fourier distribution. They are much lower than a +-
45 degree Bessel product series from FM or PM would indicate.

Fourier Products:

""The power spectral density and the correlation function of a waveform
are a Fourier transform series pair"'. Result = sinx/x spectrum. ( Taub
and Schilling (3)).



A Fourier series is an amplitude modulation characteristic, not related
to a PM/FM system. Fourier AM products do not cause FM or PM.
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Figure 3 shows the spectrum for Minimum Sideband Modulation using the NRZ

(2 level ) 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. ( Howe (9) and Figure 10 ). The signal was created by
using end to end AM pulse width modulation, where the carrier pulses have different
phases. Additional filtering can be used to reduce the sinx/x hump further. The spectral
components in the hump are reduced 30-40 dB further in the receiver filter and have no
influence on the phase detector output level..

The level shown in Fig. 3 meets FCC Part 15 and Part 22 rules. It can be made to comply
with other FCC Parts with additional filtering. The detected phase angle output is at
CMOS levels.

REPEAT NOTE: Taub and Schilling explain the absence of Bessel products and
the presence of Fourier amplitude products---"* The power spectral density and the
correlation function of a waveform are a Fourier transform series pair'. Result-
sinx/x spectrum. Amplitude products contribute nothing to phase modulation.

The absence of Bessel, or equivalent, products is also explained by Howe (9) in Fig.
10.

Abrupt phase changes in the waveform result in a Fourier amplitude power spectral
density instead of a Bessel power spectral density. There are still sidebands, but they are
of a different nature. Since they are AM sidebands and do not create a phase change, they
can be filtered off.
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Figure 4.

Figure 4 shows the spectrum of Figure 3 after several stages of additional zero group
delay filtering. The Fourier products have been reduced more than 60 dB below that seen
in Fig. 2, while the detected phase angle remains at approximately the same value. For
phase modulation, where A® is +- 45 degrees, the detected output is that expected for
that A®. There are no visible Bessel or other sideband products to cause the measured
phase change to remain at that level.

A spectrum analyzer with the span set for 10 kHz and the receiver bandwidth at 100 Hz
does not show any frequency deviation. The transmitted signal is a single frequency with
no associated Bessel ( PM/FM ) products to produce the detected phase modulation level.
Only Fourier AM sideband products are present. These are not used. and can be removed
using zero or negative group delay filtering.

The components of a Fourier spectrum are separable and can be used
separately if a negative or zero group delay filter is used. (Reference 11).
The carrier can be used alone, since the sidebands have no effect.

The Decoder Circuit for NRZ baseband Code using the SubBit Spikes of Figure 6 to
obtain data and clock is shown in Figure 15 below. The correlated output is amplitude
sampled at its peak level. If positive group delay filtering is used. See Figure 17.



Figure 6. SubBit spikes detected at the output of an XOR gate phase detetector driving
the clock reset.and integrating RC of Figure 15. The polarity may be reversed. These
pulse spikes are at the intermediate frequency. This indicates the zero group delay
ultra narrow bandpass filter has a rise time equal to the intermediate frequency and
the sampling rate is also equal to the IF. However, the noise bandwidth of the filter
is determined by the Q of the resonator, which is greater than 10,000. Typical
negative group delay crystal filters have a 3 dB noise bandwidth of 500 Hz to 1 kHz.
Refer to Figure 18.

These pulses can be bridged with a small integrating RC, or with a retriggerable one shot
to result in a rectangular wave output as seen in Fig. 7.

This rectangular waveform could be clipped to restore the data pattern, but it does not
take advantage of integration to reduce the effects of noise, and restoring a clock without
jitter is still required. Detection is on a cycle by cycle basis. Correletion introduces
integration time ..
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Figure 7. The detected output for 90 degrees phase change at 3.0 Mb/s ( fixed pattern ).
The data clock is the lower trace. See also photos below.

Figure 8. Photo of NRZMSB detected signal using a fixed data pattern. Data is inverted
and needs amplification to drive a CMOS input.



Figure 9. Random data EYE pattern using NRZMSB. The scébe has poor trigger locking
which accounts for some fuzz. The indefinite upper and lower levels are due to DC Creep, which
can be reduced..

The Minimum Sideband Modulation (MSB ) technique can be used with any baseband
code, including VPSK ( Slip Code ), old VMSK ( Aperture Code ), QPSK, NRZ, RZ and
Manchester. It has been used satisfactorily on a microwave link with the phase change
occurring for only 1-2 RF cycles during a bit period ( 3PRK or 3PSK ). Variations in
baseband ®1/@2 time differences can enable the method to meet Cellular telephone
regulations. In the present case, using an NRZ input, @1 and ®2 times must be equal to
one or more bit periods.

Abrupt Phase Change Modulation:
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Figure 10. Abrupt phase change modulation. ( From Howe, (9)).



The frequency resulting from a rectangular input is:  F = Fearrier T Af.
Af can be calculated from the basic relationship ot = ® = 2nft.

This equation can be rewritten in derivative form as Af = AD®/2wAt.
The rise and fall time t is fixed by the the circuit parameters. During the rise and fall

times, there is a large AD, which causes a large Af of very short duration. ( about 1 RF
cycle at the data pattern edges ). At all other times, A® is zero ( flat tops ) and the

frequency F = Fearier- ( lOWest trace ). A phase detector using Fearrier as a phase
reference will detect the phase changes as positive and negative voltages. ( See Figs. 7, 8
and 9.).

The very abrupt frequency changes (Af spikes lasting 1 IF cycle ) seen in Fig. 10 will not
pass the narrow band zero group delay filters, so there is essentially no frequency change
even though +- 45 degree modulation, or quadrature modulation, of the carrier is present
in the signal.

QPSK/GMSK:

Ordinary Minimum Shift Keying ( MSK)) is a frequency modulation method that
employs a modulation index of 0.5. ( 2Af/Bit Rate = 0.5 ). A modulation index of 0.5
corresponds to the minimum frequency spacing that allows two FSK signals to be
coherently orthogonal [4] - that is at 90 degrees from one another. Gaussian
Minimum Shift Keying is a derivative MSK that employs a Gaussian pulse shaping
filter to smooth the phase shift trajectory of the MSK signal. This is regarded as
*continuous phase frequency shift keying" ( CPFSK), because the otherwise abrupt
phase changes are removed with the filter rise time delaym and the phase change
acquires a slew rate. The filter is a positive group delay filter

Frequency and phase modulation are convertible to one another according to the
formula Af = A®/2nAt. The filters create the Af with their group delay. This concept
was used by Armstrong to build the first practical FM transmitter.

This paper makes the assumption using CPFSK that they are equally convertible
and that 90 degree phase modulation is the same as frequency modulation with an
index of 0.5.

If the abrupt phase change modulation ( Fig. 10) is passed through a conventional
( positive group delay ) pulse shaping RF filter ( rise time and CPFSK introduced,
See Figure 17 ). The frequency deviation Bessel equivalent sidebands are restored
by the filter and the spectrum for abrupt phase change quadrature modulation
looks exactly like the GSM / GMSK spectrum. When the zero group delay filter is
used instead ( Figure 18 ), there is no frequency deviation. In this manner, the
equivalent of GMSK modulation is achieved without sidebands in a much narrower
Ultra Narrow Band bandwidth.



Nyquist’s Bandwidth Theorem:

Theorem: If synchronous impulses, having a symbol rate of f; symbols per second, are
applied to an ideal, linear phase brick wall filter, having a bandwidth = f, the response to
these impulses can be observed independently, that is without inter-symbol interference.

Nyquist’s relationship is often expressed in a more obvious manner:

“The bandwidth ‘B’ need not exceed the reciprocal of the pulse width period ‘T’ .

Thatis, B =1/T. Asanexample, a RADAR pulse 1 microsecond wide requires a bandwidth of 1
MHz. This merely states that BT need not exceed 1. It does not preclude a lesser value.

This is usually interpreted to mean that the filter need not have a bandwidth greater than the
symbol rate = 1/Ts. Or, in the case of BPSK, = the data rate. Some methods combine several bits
into a symbol. ( MPSK, QAM, QPSK ). Nyquist’s theorem does not exclude the use of a
narrower bandwidth. The symbol rate = 1/T cannot be changed, but the bandwidth B is variable.
BT = 0.3 is a commonly used example. Using zero group delay filters, the bandwidth B is equal
to 1 IF cycle. The rise time T is equal to 1 IF cycle. See Figure 18.

The calculated bandwudth B is the baseband bandwidth, which is % the bandwidth spread seen in
Figures 2 and 3.

Processing Gain:

The SNR of any system can be improved if the filter noise bandwidth can be reduced. This is
similar to CDMA ( spread spectrum ) methods where processing gain is obtained by bandwidth
reduction.

Gy, = BW./BW, = (Rise time 1)/(Rise time 2) SNRy = (Gp)SNR; Eqg. 3.

An AM pulse modulation method could have a required Nyquist bandwidth as represented by the
full Fourier spectrum of the pulse ( for example 10 MHz ). The typical zero group delay filter has
a 3dB noise bandwidth less than 1 kHz. ( Fig. 11 ). The bandwidth reduction, and subsequent
processing gain SNR improvement, using the zero group delay UNB filter, is 10,000,000/1,000 =
10,000/1 = 40 dB, which is a very large signal to noise improvement. In a Radar system this
amounts to a considerable range increase, or it enables the detection of smaller targets. ( 11).

The use of negative group delay filters to narrow the noise bandwidth does not violate

Shannon’s channel capacity equation because the applicable bandwidth with zero group

delay filters is equal to the IF, which is much greater than the bandwidth normally

associated with the signal. BT = 1 for positive or negative group delay filters. As the filter

rise time T varies, so does the Nyquist bandwidth B. See Figure 17 and 18 ).Shannon’s channel
capacity relationship is related to the sampling rate 1/T and not to the noise bandwidth of
the filter (4).

Since the bandwidths BW; and BW,, represent the necessary factors, Gp is also the
bandwidth efficiency of this method in bits per second per Hz.

Note: Do not use 180 degree phase shift for NRZ inputs. This creates the well known
BPSK modulation, which is hot an MSB method except for 3PRK. The carrier is




removed and all the energy is in the sidebands. An additional problem is that carrier
recovery for coherent detection is difficult (ambiguous ). Use +- 45 degrees.

Shannon's Limit:

R=W Log, (1+C/N) oras: R=(1/1) Log, (1+C/N)

It is necessary to understand the meaning of W. It is not the filter noise
bandwidth used, but the Nyquist bandwidth B, which is and must be equal to the
sampling rate. One cannot violate the Nyquist sampling theorem. The general practice
is to use 1/(filter rise time) as the Nyquist bandwidth. B = (1/t). Quoting Schwartz: [1]

""The system channel capacity 'R" is obtained by multiplying the number of
samples per second by the information per sample.” ( Schwartz, [1] pp 324 and
equation 6-134).

It is obvious from the above illustrations that the sampling rate ( Fig. 6 ) is the
Intermediate Frequency, or SubBit rate. Thus W = Intermediate Frequency for UNB.
The noise bandwidth is much less, being determined by the resonator Q. All MSB
methods operate on a cycle by cycle basis, so B =W = IF.

It is also obvious from the above ( Fig. 6 ), that a data rate equal to the Intermediate
Frequency could be received and decoded. The actual data rate used is lower, since
multiple SubBits ( IF cycles ) are used ( integrated ) for one data bit. Assume a 48 MHz
IF, then for Shannon’e equation:

48MHz = 48MHz Log , (1+C/N)
The equation will balance when C/N = 1 = 0dB. ( Shannon's Limit)
Using a lower R, it appears C/N could be below 0dB as in OFSK.

Error Probability:

The error probability for any two or four phase ( 2 or 4 level method - BPSK, QPSK, GMSK )
can be calculated from:

P. = % erfc [SNR] * ( Sq. root of SNR is used to get voltage ratio )

P. =% erfc [( Ed/n)t] * (energy ratio) Ref. -Bellamy [6]

P, = Y erfc [( Exm )] *

Pe = Y2 erfc [z] where z = V/1.4EN (V) = peak signal level and Ey = noise RMS)

The probability of error is given by: P, = %2 erfc [SNR] * SNR = (sin B)* Ey/n
Pe = Y2 erfc [z] where z = Vp/1.4EN (V, = peak signal level and En = noise RMS)

This equation applies to double sideband suppressed carrier signals where each
sideband carries half the energy and any noise equal to either sideband will cause an
error. When using MSB, there is only one vector, the noise level can be twice as

10



high and the equation becomes: P, =¥ erfc [2SNR] * : Assuming Vsig and Engise are
both measured as true RMS values. This is verified by measurement.

Note the second of these equations.[ TEgigna /M ], SO TEsignai = Ep. = signal power ON for one
SubBit period using 3 PRK. This is true energy per SubBit. One SubBit ( IF cycle ) is being
detected.

Utilizing an integrator in a post detection circuit ( correlation ), or in the detection circuit, the E;
can be increased by in creasing T.

A A Cvolts 1 A
P=Q|—|=0Q|—|=Q| —— |=—erfc| —
- =Q JNt Q o Q Nvolts | 2 o

From Feher [2], where A is the peak signal value at the sampling instant and o iS the RMS
voltage of the noise power at the threshold detector input. When using a cycle to cycle
comparison, noise peak voltage must be compared to signal peak voltage.

1
Q(z)=lerfc i zéerfc L ==lerfc 52’ 2

2 J2) 2 J2N 2 o

Bellamy, Eq C.19, Rappaport D.11

This equation assumes a peak signal voltage V and an RMS noise voltage, which would have
peaks at 1.4 times the RMS level. Using a true RMS meter, the relative peak and RMS volts are
the same as measured, so the 1.4 correction is not used. See Q curve below in Fig. 11.

Using a CW interference source, there would be no errors until the noise power is at zero dB. In
tests, this is demonstrated to within 1-2 dB.

Using AWGNoise, the Bit Error Rate probability relationship is statistically related to the Q(z)
and erfc functions. There will be a noise peak ( according to the Q function ) that exceeds the
RMS noise level 10 of the time when the RMS noise is about 1/4.8 of the signal level, or a 6.8
dB ratio. Unless the R effect ( processimg gain ), or correlation, can improve on this, the C/N for
10 BER is at this level. It is known that some R effect improvement can take place by
increasing 1. See Best [10] and Taub and Schilling [3].

The Q(z) curve indicates 10-*> BER will occur when C/N = 4.7 dB ( 3/1 voltage ) when t=1. Any
observed values better than these theoretical values are due to the R effect. Q is related to erfc
and error probability by the relationship above.

Note that the value of Q is raised by the square root of t. This results in a dramatic
decrease in P(e), one that is not matched by OFSK, which has bandspread.

Using a correlating detector with integrating filter, the Q(z) value will be higher using NRZMSB

than it is for 3PRK. The P(e) formula is not quite the same as that for OFSK, but the C/N is
dramatically reduced below that for BPSK when using MSB.

11



The theoretical values for BPSK are about 3 dB worse than for MSB. This is due to several
factors. The BPSK measurements are based on an ideal filter, or raised cosine filter, having a
bandwidth equal to the data rate ( Nyquist bandwidth ). These conditions do not apply to MSB
modulation.

A second relationship is obtained using the 'R' effect formula according to Best [ 10].

1
_ Ps Bi _ _ Es 2 ,( Bitrate SignalPower
SNR = Fn °B. Q= %T =p (ZFiIterBWj( Noisepowerj

Loop

B = 1.0 for BPSK. Ps/Pn is the original SNR that applies to 3PRK. BR/2BW is the
improvement due to the 'R’ factor. [3][10]. In this case, the filter BW changes according
to 1/Nt. For T=10 ( 10 SubBits are integrated to obtain a data bit, R becomes 10/2
according to the original formula ):

. 1 =
SNR :(EJ[MJ Instead of 4 _ Es )2 it becomes: Q= Er ?
2 )\ NoisePower Q= oo o

Bests formula is for baseband, not double sided RF, therefore, the 2 in the denominator
above does not apply. Egt /o is correct.

Best assumed the phase jitter due to noise was = 1/SNR. This is approximately correct
only for small angles. The correct value is ®=ARCSIN(1/SNR). The maximum possible
1

—7T
(o}
When 7 is equal to the entire bit period, there can be a significant reduction in Ep/n.

phase jitter for SNR = 1 is 90 degrees. Q= ( E, jz is the correct formula for MSB.

12
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The Plotted Q Curve is shown in Figure 11.. When both Signal and noise are measured
as RMS values, use the center curve.

The relative error probability in Fig. 11 is the horizontal scale.

The BER for NRZMSB ( all 2-4 level methods ) follows this curve. Increasing T will
result in a dramatic decrease in the time probability ( Pe).

Using NRZ-MSB, Ey/m closely follows the Q(z) curve. This is approximately 3 dB better
than for theoretical BPSK. Using a correlative detector with integrating filter and large T,
Ew/m can approach 0dB. Additional phase noise improvement (SNR) is possible. See Best,
[10].sect. 3. (R effect).

The predicted values are shown to be much better than the Ep/n values for OFSK, which
obtains the low Ey/n values by bandspreading. MSB has no bandspread.

Note: Further information on the circuits used, including the zero group delay filters, can
be found at www.VMSK.org. A complete textbook is available for download. The author
wishes to thank Drs. John Pliatsikas, Christos Koukourlis, John Sahalos, Lenan Wu and
Kamilo Feher for their many contibutions in the development of this method.
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Figure 12 shows the Modulator for NRZMSB and 3PSK. For NRZ-MSB, omit U3 and
U4, input the NRZ directly to TP3.

60 MHz Osc.
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Fig. 13. Alternate modulator. This variation is for a 60 MHz Cable TV modem at a 10
Mb/s data rate. An LC combination allows the phase difference between a digital one and
a digital zero to be altered. '20 degrees has been used satisfactorily. The near zero group
delay filter follows the balance and level potentiometers.
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Fig. 14. TRS Filter. Parallel mode crystal.

A Near Zero group delay filter is required for use with all MSB methods. At crystal
resonance, the impedance is very high. At all other frequencies, the circuit is a low
impedance shunting the input. The TRS filter shown is one useful circuit. Often the
results are better if the trimmer and cap labelled Cb are omitted and only the crystal and
series cap are used.

See the report ‘FilterS’ for discussion of this and other near zero group delay filters.
These filters have near zero group delay for a single frequenct only. They have a 3 dB
noise bandwidth of approximately 500 Hz.
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Figure 15. Decoder to Restore Data and Clock.
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The waveform for NRZMSB is shown below in Figure 16.

The frequency is constant, but with a phase shift between ones and zeros.

At the transition points there is a small amplitude change, seen in Fig. 2 as small
amplitude spikes coming up out of the dips.

The time spent on phase one and phase two varies with the data pattern.

Figure 16. Abrupt change waveform after the modulator. ( altered IF cycles ).
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Figure 17. The pulse response of a filter having positive group delay which meets the Nyquist
criteria for BT = 1. The rise and fall time T is approximately 200 nanoseconds. B = 5.0 MHz.
There is a rise time equal to the filter group delay T.. The data must be sampled at the
peak of the rise time, or once each bit period. The Nyquist bandwidth required is equal to
the sampling rate. B = 1/T. In this case a Nyquist bandwidth of 5 MHz is required at
baseband and 10 MHz for double sideband RF.
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Figure 18. The reponse to a pulse using a negative group delay filter. The rise time T is 1 IF
cycle.The Nyquist bandwidth B is 1/T. In this case the pulse width is 600 nanoseconds. A
Nyquist bandwidth of 1.66 MHz is indicated for a positive group delay filter, but with a 1 cycle
rise time the Nyquist bandwidth is equal to the intermediate frequency ( IF ).

References:

[1] Mischa Schwartz, " Information Transmission, Modulation and Noise" McGraw Hill.
[2] K. Feher, «“ Wireless Digital Communications”, Prentice Hall.

[3] Taub and Schilling, “Principles of Communications Systems” McGraw Hill.

[4] T. Rappaport, " Wireless Communications”, Prentice Hall.

[5] K. Feher, "Telecommunications Measurements, Analysis and Instrumentation”, Noble
Press.

[6] J.C. Bellamy, " Digital Telephony", John Wiley.

[7] A. Bruce Carson, "Communications Systems", McGraw Hill, 1986.

[8] Hund, August, "Frequency Modulation", McGraw Hill 1942.

[9] Howe, Prof., As published in -- K.R. Sturley, *“ Frequency Modulation”, Chemical
Publishing Co., Brooklyn, N.Y. Figure 10 was published by Prof. Howe in "Wireless
Engineer", Nov. 1939. pp 547.

[10] Best, R.E., "Phase Locked Loops"”, McGraw Hill.

[11] H. R. Walker, “Experiments in Pulse Communication with Filtered Sidebands”,
High Frequency Electronics Magazine, September 2010, pp 64.

[12] U.S. Pat 6,445,737, H.R. Walker, " Digital Modulation Device In A System And
Method Of Using The Same". Covers 3PRK and MCM, which are also MSB methods.
[13] US Pat. 7,424,065 H.R. Walker, , “Apparatus and Method for an Ultra Narrow
Band Wireless Communications Method”. 9/9/2008. covers other MSB methods with
zero group delay filters.

17



