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Preface
Ultra Narrow Band Modul ati on was conceived I
SubCarriersé ( as opposed to O6FMn SGhphaheeamledt a
Carriers ). In its original form, data rates agthias 196 kb/s were obtained from a-sub
carrier at 98 kHz. A pulse width modul ati ot
Coded was wused. Descriptions of this method
which was basically a besand methodwaslimited in data rate and required excessive
filtering, which precluded it from being a practical Ultra Narrow Band method.
Bandwidth efficiencies as high as 15 bits/sec./Hz were being achieved. References:
[AI[B].

An i mproved method kn$®wdekasndi VMa d/u lMatx ionmuom [
introduced in 1996. This newer method resulted in a suppressed carrier plus numerous
sidebands, only one of which needed to be transmitted. All other sidebands were removed

by filtering. The single sideband transmitted vaasingle frequency with no measurable

bandspread due to the pulse width modulated baseband coding method used. Under those
conditions, the bandwidth efficiency was equal to the data rate. The transmission method

empl oyed was 6 Suppregded® a 1S id & S®E n).The PBlde width

modul ati on code wused was referred to as the
code by two resulted in a significant improvement. There were thus two VMaxSK

modes VMSK/1 and VMSK/2.

One important feature was ot using this method, in that the suppressed carrier did not
have to be restored for detection. All the necessary information redoiiréetection was
present in aingle sideband alone, which was a single frequency containing the phase
reversalmodulaton. Since all other sidebands, harmonics and the carrier were removed,
this was a single frequency method requiring only 1 Hz of transmitted bandwidth.

It was noted while developing circuits for VMSK/2 that a similar result could be obtained
by abrupt phse change modulation of a carridrthe filters used had zero group
delay. The mathematical precedent for this was published by Howe in 1939. Since a
family of near zero group delay filters had been developed for VMSK/2, this presented
no problem.

The newer met hod using OAbrupt Change Phase
developed ( ACPRK ), and released as a possibly marketable product in 2001.[D]. The
transmitted signal is a single frequency, which contains no useful sidebands, yet contains
abupt changes of phase, up to and includin§G-degrees, as in BPSK modulation.

Bipolar Phase Shift Keying ( BPSK with 90 degree modulation ) has a serious problem

in its realization, in that it requires a restored carrier, which can be ambiguougatahe

pattern is recognizable, but the ones and zeros can be interchanged, or the data can be
said to be inverted. For this reason, odi f f e
dB in the resulting signal to noise ratio for a given Bit Error Rate.



Abrupt phase change modulation does not have this problen¥§ elegree modulation

is used instead of-#90 degrees. It has been shown there need not be a loss in the SNR
when this is done. For example BPSK and QPSK have the same theoretical SNR for a
given BER, yet one uses90 degrees and the othe4% degrees. The ambiguity can also be
avoided by using a baseband code other than NRZ with full bit periods. For example the RZ
baseband code can be used.

There have been as many as a dozen or mopoged methods to achieve modulation without

useful sidebands. Some are |listed in the OPape
patented. As of early 2007, the most successfu
Keyingd ( 3PRK}DZesnMthimioSdebRnel.t(NREISB). t

The VMSK/2 method was evaluated by Dr W.C.Y. Lee at Vodaphone, ( 40 ) who states:

AVMSK can al so be kb/sdatd streamtthroogh a2 k$zhbamtpass fillerBand

receives with good quality. The ideatdsfind ways to slightly mark the states of the modulation

on the carrier wave such that less distortion of the carrier waveform can be achieved. Of course

we know that an undistorted CW carrier only neec

Dr. Lee was actually evaluating a 273 kb/s data rate in a 30 kHz channel allocation for
prospective cellular phone use. [CThis method was also evaluated by Bell South with positive
comments.

Thisl Hzfilterst at ement i s true f or saifiitlisadcépted thahtheNar r o w
transmitted signal is a single frequency bearing phase modulation without useful sidebands.
However, that single frequency must contain periods of abrupt phase change from 90 to 180
degrees, lasting as short a period as ongythe and as long as one or more bit periods, as was
disclosed by Prof. Howe in the paper published\Wireless Engineer”, Nov. 1939. pp 547.

There is one important characteristic which is holding up widespread adoption of Ultra Narrow

Band modulaton and that is the filters. There is no ki
Narrow Band6é modul ati on at baseband. At the RF
tuned. There is no known way at this time to build a zero group delay nhamavfilter into a

DSP, FIR or IIR filter.

The author wishes to thank Drs. C.S. Koukourlis and J.C. Pliatsikas, at Demokritos
University, Greece, Dr. J.N. Sahalos at Aristotle University, Greece, Dr. Kamilo Feher at
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Quick Explanation of Ultra Narrow Band Modulation.

All Ultra Narrow Band modulation methods ard to end pulse width amplitude modulationmethods.

This is true of the earliest ( VPSK ) atfte most recent NREISB codes. The modulator used abruptly
switches the phase of the carrier to one phase for the digital ones and to a different phase for digital zeros.
The angular difference can be from 180 degrees to 90 degrees or less, thoughaadgegban 90 degrees
maybepr eferred. The UNB methods do not differ from the
( BPSK ) method, except for the special narrow bandpass filters used. VMSK is referred to as coded

BPSK. NRZMSB is the same as standdPSK except that the shifted phase angle with binary data is

less than 180 degrees. The methods are analyzrdsesamplitude modulation methods, just as BPSK is
analyzed in all the texts. They do haveutsedcarrierwhich has shifted phaseshichqualifies them as

phase modulatiowhendetectedbut they remain basically amplitude modulation methods with end to end
pulses on the different carrier phases. The spectrum seen is a Fourier spectrum typlsatiéiM .

Sidebands that are created argohase with the carrier and do tliémselvegause any phase modulation

change of the carrier itself, as is done in the Armstrong method to create PM. They can be asmnseeed

in Appendix 3. All sidebands merely change the amplitude of the carrier.

% N

Fig. 1. The carrier is switched so as to cause Ph 1 or Ph 2 to be ON/OFF. The carrier for each phase is seen
as Phl and Ph 2. The amplitude modulatiatelsands from the ON/OFF switching are seen as contra
rotating vectors that do not change Ph 1 or Pi2.sidebands, which are originally too strong, must be

reduced by specialfiltering , or the method does not function without errors.Decreasing the carrier

by 3dB relative to the sidebands causesear 50% errors. See Appendix A3 The sidebands must

cause as little AMand PM as possibleThis same plot is valid for BPSK, where the difference between

Ph 1 and Ph2 is 180 degrees. Normthilgse sideband vectors are present so as to maximize the amplitude

of the PH1 or Ph 2 vectors, or to cancel them entirely while the opposite phase is switchezhmie

shown that these Fourier sidebands are removable without loss of the pulse inforra.

Ph 2,

When a narrow band filter having near zero group delay is used with the pulses ( Chapter 7 ), the response

in terms of phase shift and amplitude is nearly instantaneous so that the phase of the carrier is passed

almost exactly like the phase of tharder at the switched inputs to generate the modulation pulses. The

ultra narrow band, near zero group delay filter, reduces the sideband levels to enable the method to meet

FCC regulations to be classified axplanétioroftheaendioar r ow Ba
end pulse width modulation with oscilloscope photos and spectrum analyzer plots is given in Appendix A3.

If the phasechangeis retained in the carrier, without frequency change
for the entire bit period, Fourier pulse sidebandscan be removed. The
components of a Fourier spectrum are separable if a negative or zero
group delay filter is used.

The O6Nyquist Bandwidthoé for Ultra Narrow Ban
Frequency.

The OTr aBasdwithdis 1 (one) Hz

The ONoise Bandwi dtho6é is determined by the |

1C



Chapter 1. Baseband Coding

In order to transmit digital information in a useful manner, that is a manner in which it can be

detected and decodetihe data clock and the dabés must be related in some manner so that
they can be restored as transmitted. Feher ( 2 ) refers to most methfadedifications to the
clock@ which can be interpreted to also mean the caageording to Lee (18)hereare only
two useful alterations possibler UNB, 1) Amplitude, and 2) Phase. Frequency modulation of
the clock( carrier Ywould be counter productive, since a steady recoveaeder frequencys
needed at the output.

AfBasebandod can be defined as all those frequenci
that needs to be passed prior to RF modulation. Generally, this is ¥z the data clock rate. ( * See

end note and Appendix A2 féourier and Nyquist analysis ).

NRZ Data

Data Clock

Zero DC

Figure 1.1. 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 in varying pulse widths for the signal

polarities as related to tliata clock.

With the NRZ code, one bit period equals one clock cycle. The baseband spectral frequencies

transmitted extend from zero Bothe clock frequency. Any spectral components beydatbck

frequency must be attenuated to comply with regulations that limit the allowable transmitted
bandwidth. Nyquist (14) has shown that with ideal filtering, all the necessary energy is available

within that bandwidth.
o100 o100 11 0

11 01 1
MFZ
Data H |_ Enc oding

Fig. 1.1a  NRZI Encoding
A variation of the NRZ code is the NRZI code. The phasersest the start of each
digital oneand makes no change for a digital zeyothe coding can be reversed,
changing on the zeros. This code fiagy slightadvantages BERwhen used with
UNB modulaion.

NYQUIST'S Bandwidth Theorem:

Theor em: il f synchronous i mps8ymisols per setobadyareng a sy r
applied to an ideal, linear phase brick wall filter, having a bandwidth = { the response to
these impulses can be observed indepesmntly, that is, without inter-s y mb o | i nterferenc

(fs= 1/Ty).
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Rephrased: If a filter is used having a rise time or envelop group delal, which is less than
a pulse period, or symbol periodTl, the response to these impulses can be observed
independently, that is, without intersymbol interference.

Nyquist also shows that tlmaximum bandwidth required is equal to Any energy outside this
bandwidth can be eliminated without creating irg@mbol interference. This has always been
interpreted to mean that the bandpass filter must have a bandwidth B equal to the symbol rate =
1/T.. Or, in the case of BPSK, the data rate, which is ¥ the clock rate. Some methods combine
several bits into a sybol. ( MPSK, QAM, QPSK ). See note on page 24.

"The power spectral density and the correlation function of a waveform are a Fourier
transform pair", Taub and Schilling, [ 7 ] Chapter. The applicable baseband Fourier
transform for an AM pulse is:

_2AT Sin(p T/ T)

A,

T, (pT/T)
Digitally coded signals can be analyzed at baseband using the Fourier Transtdrf. the Fourier
transform applies only to tr@debandswhichcan beremoved byero group delayiltering. There is a

different treatment for the abruptly phase changed carrier.

( For ODD functions ) See Appendix A2 for further detalils.

This equation results in twapectrakcomponents. A) A DC creeping level A(t/T), and B) A group of pulses
spread over a e frequency range. ( sinx/x pulses ).

Nyquist further describes a filter meeting these criteria. However, other filters such as the common LC
filter, or the Gaussian filters, can often be used. These filters are often used with a 3dB bandwidth less than
the Nyquist bandwidth. They remove all sidebands other than the fundamental sideband, or first sideband
pair. At baseband, a low pass filter is required, since the bandpass must extend from 0 Hz to ¥ clock rate.

-1 B85 bBesK
O—0—0~ FBPSK-KF
FBPSK- |

PSD dB

ols he s be 2k b 3% a0

Figure 1.2.The Baseband Spectrum ( Power Spect?al Density ) for BiPhaseShiftKeying
( BPSK) Modulation. From Feher (13)

Figure 1.2 shows the spectrum for BPSK modulation. Without special filtering, the spectrum has
significant 3/2, 5/2, and 7/2 harmonics and nalisnultiples of the bit rateas predicted by the

Eq. 1.

Fourier transf or m. With special filters, t hat i

12



can be removed without affecting the data, as shown by the reduced sideband levels, since all of
the usefudata energy is in the fundamental lobe.

BPSK modulation is the comparison standard against which all other methods are compared. The
theoretical characteristics @BeRF Bandwidth equals Bit Rate and thgrEor 10° Bit Error Rate
(BER)) is 10.5 dB( Discussed in Chapter 14 ).

The NRZ ( Non Return to Zero ) data is shown in the format that is used within the computer, or
other data source, in Fig. 1.1. A digital one is shown as a high level and a digital zero as a low
level. This method creates a 'DC Creep', or 'Wander' amgll (6)), which has plagued designers
since digital transmission amdagneticrecording were first used. As the high and low levels vary
over a time period according to the data pattern, the average DC voltage also varies. To remove
the DC voltage and peit transmission through transformers, the original positive swing from
zero volts to a higher voltage is replaced with positive and negative voltage swings. ( zero DC in
Fig. 1.1 ). However, some DC Creep is still there. Various changes have beeneslifigethe

data pulse shape to reduce the DC Creep. An interesting change occurs in the spectrum when a
change in the baseband code is introduced. Fig. 1.3 shows the RZ ( Return to Zero ) code. The
polarity, or phase, is changed for one half clock pditoeach digital one only. The data bearing
pulse widths are changetihis method does not correct for DC Creep.

NRZ Data

Data Clock

Return to Zero

Figure 1.3 Return to Zero ( RZ) Baseband Code.

Data In
1 \s . RZ Out
2
Fig. 1.4. RZ Generator. _/
J Clock In
The baseband code contains abrupt phase changes at the edges. This code can be applied directly
to a wire 1line, or phase modul ator , and transmi

harmonics, plus theDC Creep, or offset, that varies with the dgpaa t t er n . 06DC Creepbd
have any effect on the phase change edges in the pattern [ Ref. Bellamy ( Fig 4.6)( 6 )]. A full
mathematical analysis using the Fourier transform is given in Appendix A2.

The power spectral density ( PSD ) of Fig. 1.2 cofr@a the EVEN Fourier series for a
rectangular pulse, which expanded is:

YO = ApeallUTe) [ | +( 21/(2)/c20s)dcos2d -£2(21 Bcdsod3d (
") cog5d d = P A=AZAUTY)
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wheret is pulse ON time and,lis one cycle period ( or@n plus oneoff period ). ( This
expansion is given in detail in Appendiz 2).

Note that it has harmonics and nulls with various valuesasfshown in Fig.1.2- with
levels of: ( 2p, 2/2p), (2/3), (2/4p) --, which can bdiltered off as shown in Fig. 1.2.

This is an EVENFourier function. Some data patterns may have ODD harmonics instead of
EVEN harmonics, depending on ()T See Appendix 2. Note also, the,Aerm.This is an
amplitude term that varies with the signahe spent above or below an average DC level
according to the data pattertiT(). It is the mathematical expression for the DC Creep. It is a
term that must be dealt with in practice and removed if possible when using pulse modulation at
RF. It may carryover into phase modulation as a noise vector. With no modulation present, or
with a fixed data pattern, it has no varying level when using a balanced modulator.

This integrated amplitude variation term was noted years ago with double density disk gecordin

using the Miller code. ( MEM ). 't was given t
nothing to do with the digital data recovery, except that it is best to remove it. Many patents have

been granted on methods to do so. It is referred to on theviol pages a%grass" from the
RADAR term for noiseCur r ent FCC terminoogy is fAlnterferenc

The Fourier products arising from the pulse width modulation beyond the desired fundamental
are unacceptable to the regulatory authorities and hansebe reduced, or removed, with pulse
shaping filters As Nyquist has shown, and as will be shown later, these harmonic sidebands

are not necessaryith UNB modulation. A complete Fourier analysis is given in Appendix

A2.

To remove these sidebands, a bandwidth limiting filter is required as in Fig. 1.2, where a Feher
FBPSKK filter was used. At baseband, it is a low pass filter having a shaped response. Some
other shaped responses seen in Fig. 1.2

NRZ Data

Data Clock

Manchester

( Ethernet)

Figure 1.5. The Manchester Code Used with Ethernet.

The Manchester code used with Ethernet is anot he
widely used method for wireless LANs and in some short range wireless transmissiodsmetho

The difference between a one and zero is in the polarity of the change relative to thé&wock.

method utilizes the data clock and NRZ data in combination. The encoding device is a simple

XOR gate.

Data In

b1 > , Manchester Out

Clock In

Figure 1.6. Manchester Encoder.
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Coded BPSK:

Coded BPSK is a baseband code that has been used in the past with Vissi8i{e a
square wave is transmitted using phase modulation that has equal time on phase one and
phase two. A data pattern of 010101010 would have this characteristic.

The spectrumhas a single fundamental frequency at the clock frequency, plus all odd
harmonicsas predicted by the Fourier series. ( Eq. 1.2 above ). This modulation pattern
does not convey any useful information,

Clock
Clock
Late Late Late
Early Early Early
VMSK/1
VMSK/2

Figure 1.7. Coded BPSK.

By changing the timing of the square wave edges to indicate ones and zeros, the
waveform can be made to convey intelligence ( pulse width modulation ). If the change
is less than 1/5 of the clock period, the single frequency sideband characteriséd desir
for Ultra Narrow Band use is retained. Typically, changes less than 1/8 clock period were
used. An improvement was made by Dr. J. Pliatsikas, who proposed dividing the
baseband waveform by 2. This is shown above as VMSK/2.

In the VMSK/1 waveformpne d the the zero crossirggis made early for a digital one
and late for a digital zero. This starting pattern is the basis for proposed methods by
several inventors.

There are sever al problems with its practic;
of AM and corrective measures must be used to remove or reduce it. See Ref (16). The

filtering required for RF use is excessive for most practical applications. The maximum

data rate is limited, since-2 cycles of RF waveform are required to mark the chang

edges. This in turn means that the maximum usable data rate is approximately 1/15 the IF
frequency.

15



Dr . C. Koukourl i s, Dr . L. Wu and J. Bobier h
Creepb6. The basic wavefor ms aramalygellbyé Pul se Wi
Schwartz ( 12 ). I f amplitude | evel <change
can be removed or greatly reduced. ( The VMAK method proposed by Wu ).

LLLLLLL

2z

LLLLLLL

1 bit period 1 bit period |

Figure 1.8. . Removing DC Creep from VMSK/1

The pattern at the left will have a varying DC level depending on the NRZ data pattern. By
raising the level for the shortest duration pulse within each bit period, the average DC level can
be made to equal zero. The DC wander, or DC creep, contribott@igg to the data pattern and

is a noise factor that needs to be removed. This correction factor method has been applied by
several experimenters (17 ). The effect of this amplitude change is discussed mathematically in
Appendix 2 and Chapter 12. See &ehce (4) and Chapter 12, Fig. 12.14.

The most desirable baseband codes in terms of spectral purity and ease of filtering are the
very narrow pulse methods shown in Fig.1.9. A Fourier analysis for these waveforms
appears in Appendix A2.

Clock
Data
ON Late ON ON
OFF
ON ON
OFF OFF
— ON — oN — ON
OFF OFF

Figure 1.9. The Very Narrow and Very Wide Pulse Baseband Codes.
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Il n narrow pulse methods, a very naPRFOw Ot urr

cycles after modulation is triggered to mark the start of every digital one. Optionally, a
second pulse which is delayed, can be triggered for a digital zero. Elingitlaéirpulse

for zeros improveshe RMS level of the method bydB, hence the ones only changes
are preferred. ( similar to NRZI ). The clock and data recovery circuitry does not require
the zero pulse, only the transitions at the start of digital ones.

Ultra Narrow Band methods use the periods with the longest time in the ON state for a
phase detector reference. Unlike UNB, if the pulse is made very narrow and is ON for
only a very short time, it is like a RADAR pulse. That method is also the basistfar Ul
Wide Band modulation ( UWB )It can be shown that tHeéourier spectratomponents

for AM pulsesare separablethat is the carriecan be separated from the sidebands and
used alone to narrow the necessary bandwidtkero group delay filters anesed.

The narrow pulses are used in three methods described in detail in the following chapters:
APul se Position Phase Reversal Keyingo (
( 3PSK ), and AMi s(MCMy Cycle Modul ationbo

Many investigatorsrave found out the hard way thaiu cannot analyze Ultra Narrow
Band methods with baseband analygiscarrier is absolutely requiredNote Ref.(6).

The transmitted and recovered signal at RF does not necessarily match the incoming
baseband signal. Alsthe necessargero group delayRF filters do not have orthodox

rise time vs noise bandwidth characteristics. All known simulation programs are
baseband analysis methods and have only conventional filter simulations, which have too
much rise time, orenwelop group delay. VMaxSK, which utilizes the Coded BPSK
pattern, is an uncommon bipolar AM pulse system that converts to a PM system ( SSB
SCGPM ) in which only a single frequency is transmitted without the accompanying
opposite sideband and harmonics. Tihdsars no resemblance to the starting baseband
waveform. There are no known baseband filters for narrow band use. VMaxSK is a pulse
width modulation method usirigig. 1.8 as a baseband codesually divided by 2.

Any code that can be used on a wired cotiorowithout utilizing a modulated RF carrier is a
baseband code ( defined as a 6line coded(6)

edge change timing. Figure 1.10 shows that any conventional filter used at baseband cannot have

a narrowbandwidth due tenvelopgroup delay, hence baseband codes without RF modulation
cannot be Ultra Narrow Bandwidth methods. There are no known baseband filters that will pass a
narrow modulation bandwidth without losing the edges due to group delay.

All of the codes described above are two level codes depending upon the zero crossing times of
the edges. Fig. 1.8 adds amplitude modulation to the zero crossing times to cancel the DC Creep.
Obviously it cannot be limited to remove AM for RF use.

There are numr ou s ot her 6l i nebd codes i n use -t hat

frequency codes, which are not applicable to UNB systems. These are not relevant to this UNB
discussion.

17
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Basebandcoding is only the first step. B baseband code has to beplegu to a
modulator to produce an RFgsial. There is no known way to use the baseband codes at
basband frequencies directly as an Ultra Narrow Band method.

Unfiltered signal

H

HALAL DA
o I

|
|
|

t
t

0 05 10 15 2 2
BPF
Q=1
0 05 10 15 2 2
BP
Q=2 t
MHz
0 05 10 15 2 25
BPF
=5
t
MHz
0 05 10 15 2 25
BPF
Q=50
t
05 1.0 5 Mz

Fig. 110. Simulation of Missing Cycle Modulation ( MCM ) when using
conventional filtering. All data is lost when the 'conventional' ( integrating )

baseband or I F filter has a high Q Ty or
destroys the missing cyd. T4 = Q/[IF] for an LC filter .  IF is the filter freq.

This simulation shows clearly thenecessity for a filter having a response time = 1 RF

cycle. Any negative group delay, or zero group delay filteihas a 1 cycleor faster
response time= Ty The Q of these filters is therefore near zero = 0.

Courtesy of Dr. Saso Tomazic, University of Ljubljana, Slovenia, Faculty of Electrical Engineering.
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"The power spectral density and the correlation function of a waveform are a
Fourier transform pair”, Taub and Schilling, ( 7). See Appendix A2.

Digital data waveforms originate in tfi@me domain. There is a Fouri€requencydomain

paired equivalent. Filtering removes the unnecessary frequency components in the frequency
domain, leaving the desired cponent in the carrier, which can be converted back to the time
domain in a detector.

This chapter has emphasized the Fourier spectrum consisting of carrier plus sidebands.
The component parts of the Fourier spectrum are separable so that only theictHreer
sidebands need be transmitted. UNB is based on transmitting the carrier alone using
negative group delay filters. The Fourier sidebands as described here are removable.
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Chapter 2. Commonly Used RF Modulation Methods

BIPOLAR PHASE SHIFT KEYING:
( The old tried and true method, which is used as a reference standayd

Bipolar Phase l9ft Keying utilizes the NRZ code without modification ( Fig. 2.1 ). The
XOR gate used as modulator reverses the phase ( 180 degreesQ@dagree change ).

It also removes the carrier. This is a pulse width amplitude modulation process at
baseband ot changes to phase modul ati on. lt
modulation spectrum with suppressed carrier. Any remaining AM components can be
removed in a limiter.

DSBi minus Carrier AM = PSK ( Feher [4] Eq. 4.3.12)

NRZ Data
a - .
) ) >34% Bandpass Filter R
RF Carrier

Figure 2.1. BPSK Modulator.

The modulation process creates a number of Fourier ( amplitude ) sidebands that must be
removed to meet regulatory standards. The RF bandpass filter performs this function.
(Fig. 2.3). A Fourier analysis is given in Appendix A2.

PRK .
MODUEATION 0
INPUT :

TIME ——a

AMPLITUDE '
3 1 ke =i [ 3

Oj ) ff.:
Pme

t Sfen
FREQUENCY —=

Figure 2.2 Phase Reversal Keying, showing missing cycles at the phase change edges
and the modulated spectrum with the suppressed carfigrs ¥z clock rate.
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Normalized PSD (dB)

B\|/B\ 5] =

3Ry SRy SR Jfo o SRy fA2Ry  fA3Ry
Figure 2.3. The RF Spectrum for BPSK modulation. ( From Rappaport ).

Figure 2.3 shows the power spectral dgn6PSD ) for BPSK modulation. In this case,

the baseband spectrum ( Fig. 1.2 ) is spread to each side of the carrier ¢entierthis

plot, the carrier (suppressed) is not shown. In order to meet regulatory requirements, the
3/2, 5/2, and 7/2 etharmonics from the Fourier spectrumeen as the humps A, must

be reduced to the level B. This removal is being done in this example with a raised cosine

filter with U = 0.5. On } fy, ) arehretainéduThedraisece nt a | S
cosine filteris a reasonable approximation of the Ideal or Nyquist filter, which is

approxi mated i f U = 0. See Nygquistds Samj
Il imits are shown for the | deal filter, or r;

lines atthe center in Fig. A2.7.

Nyquist has shown that any modulation products ( harmonics ) outside the central hump,

-that is anything beyond#-Ry,- actually ¢+-R/ 2 f or U = 0, are not us
can be removed without creatidgl nsyneboline r f er enc e 6.

Nyqui st ds relationships can be paraphrased

reciprocal of the pulse period & 0 . Th at, oriBs= 1. TAs an example, a

RADAR pulse 1 microsecond wide requires a bandwidth of 1 MHz. A digitaleriod

0T6 of 1 microsecond requires a filter with
some excess bandwidth is used (in Fig. 2.3itis+50% = . 5) , . Niyyyau st al s

must sample once e@cihf styimbotaperedat oThies r et
is inviolate.
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The Nyquist filter will round off the square edges of the rectangular input so that a sine wave of

the fundamental at the modulating frequency appears at the output. The abrupt phase changes that
result in missing cyclesni Fi g . 2.2 are smoothed over and 1| o
Phase Frequency Shift Keyingbo, or CPFSK. I n t
discussed in a following chapter.

st
hi

This signal edge loss is due to the group delggfTthe filters. To preserve the missing edge

cycles in Fig. 2.2, a filter havingear zero group delaig required. This in turn means it must

have a very broad bandwidth 6B&6, since O0Td becc
duration, or less-There are filters with this characteristic that still exhibit the necessary sideband

rejection characteristic ( noise bandwidth ) of the filters that have group delay. Note also that

sampling after these filters must be at each RF cycle to comply with Nysit 6 s sampl i ng t he

Ultra Narrow Band modulation methods in general seek to preserve these missing cycles at
the bit pattern edges ( phase change edges ). ( Figure 2.2).

FREQUENCY AND PHASE MODULATION METHODS:

Vectors and Bessel Products:

LSV\‘SB

C

Figure 2.4. Amplitude Modulation Vectors.

Amplitude modulation consists of a carrier and two sidebands which are counter rotating vectors

of the same polarity. As the sideband vectors line up in the downward directiprsutbteact

from the carrier, causing a cancellation, or reduction in level. When they are in phase with the

carrier they add to the carrier causing the level to increase up to double the unmodulated carrier

level. The carriephasenever changes

For AM the spectrum is

k=l( sin(2 F)t + 0.5K{Hth)sin [2 ReH+1f210]] + sin[ 2 (F
The upper and lower sidebands have the samepolarity.

Armstrong [2.1 ] demonstrated the first practical phase modulation method in 1936. The method
used a hlanced modulator to produce two sidebands without a carrier. A carrier was then added
90 degrees out of phase with the sidebands. The vector sum, seen in Fig. 2.5, resulted in the phase
deviation of the carrier as seen by the vector V4. Differentiatirigtegrating this change leads

to frequency modulation of the carrier. See Eq. 3.1.For FM

k=lu( sin(2 F)t + iG.i 306-f7)giFn [ 2 ~Refifor FNM [2.10].
The lower sideband is reversed in phase. ( See Appendix 6 ).

If one sideband is removed in Figure 2.4, phase modulation also results along with the amplitude
modulation. Similarly, if the carrier is removed, the sidebands will cause phase reversal, as in
BPSK. This is shown in Chapter 11. Reversing the phaseddwver sideband in Figure 2.4 also
creates phase modulation of the carrier. See appendix 6 where the Bessel sideband is reversed.
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USB

LSB
V4

Phasg Modulation

Figure 2.5. The Armstrong Method of Producing Phase Modulation.

Direct FM is now produced in modern practice by means afvoltage controlled
oscillator, where the input control voltage changes the frequency.

Frequency modulation and phase modulation have a signal to noise ratio determined by
the formula:

SNR = {EgiWheme b is the de a n or modul at
( This ignores filter bandwidth.). To include®&NR = FCal 2

o O

C/N = [( Bit rate )/( Filter BW)] E p/n

b = o@wF/f for FM and a/ " for PM. Thus a si

a modul ation index of 1. 0.modulathnimpdéexaaf0&. s hi ft 0

Wh e n b = .8 radian, FM and AM are equal I n

For b below0. 8, the 3/ 2 i n t heappaimadshesine oftie omi t t e
)

modulation angle up to 90 dgrees.

Although there are vanus digital methods that employ phase modulation with varying
angles of modulation, frequency modulation as generally understood, is not in general use
as a data transmission method. BPSK, QPSK and MPSK are phase modulation methods.

Because digital modulation utilizes rectangular baseband waveforms as inputs, which are

rich in harmonics, some filtering changes must be made to remove the harmonics, or the
spectrum will be too wide. Bandpass filtering is used at the RF level ( Fig. Rddv

pass filtering at baseband ( Fig. 1.2 ) can be used to round off the input waveform to

transmit a waveform without abrupt edges. Both methods are in common use to create a
AContinuous Phase Frequency Shi ft Keyingo
filtering integrates the Wgaovre foorrins ed utei nteod tohfe
The filtering used in general conforms to Ny
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This group delay effecty using a conventional filter is like that of the RC integrator,
which cannotpass abrupt rectangular edges. For purposes of limiting the bandwidth
occupied, the modulation index is kept relatively low. BPSK could be considered to%fe +
degree phase modulation with a modulation index of .5. (However it is usually analyzed as AM).
Using a conventional FM or PM modulator, this would create too much sideband energy. For
that reason, the balanced AM modulator with suppressed carrier and bandpass filtering is used.

Carson's Rules:

(AM) Bandwidth = 2 x Modulation frequency *

(FM) Bandwidth = 2 x Modulation frequency + 2 Deviation
1 5 kHz AM audio needs 10 kHz of bandwidth.

These rules are omitted from most texts for good reason. The FM bandwidth is not
correct. FM utilizing a sine wave input is dependent on Bessel productsh whimot be
separated into small fractions to match the deviation. The spreadniegnal multiplesof the
modulating frequency. Other input waveforms have an equivalent sideband pattern

There is a story going arourfdunconfirmed ) that Carson published a paper in the 1920s that
proved absolutely, positively, conclusively, without a doubt, that FM was an infeddulation

method that would never be used in practice. Despite this unconfirmed faux pas, Carson was a
brilliant man and excellent theoretician. 1= 51

-J]_: .56 J]_: .56

Bessel Spectrum for Beta = 1.!
Figure 2.6. Bessel Products for Beta = 1.5 radians ( Modulation index = .5) .

Jo =.846 = 0db

J1=.369 =-7.2dB +J1

J2=.076 =-21dB
| |

Figure 2.7. Bessel Products fpri 8 Rddians ( Modulation index = .25 )

Using Bessel functions, the lowersldeband is reversed in polarity from the uppesideband.

This contributes to the phase change as seen in Fig. 2.5. The sideb&igls2ot for AM are
converted to the sidebands causing PM in Fig. 2.5. ( Reference: Hund [2.10] and Appendix A6 ).

It can be seen from Figures 2.6 and 2.7 that
Rules. In both cases, a system that uséitea having a bandwidth that passes only the J
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products will pass useful data, ig the modulation frequency. The spacing betweed #s the
Nyquist Bandwidth required.

Frequency modulation is differentiated or integrated phase modulation. It camonly
be produced with Bessel, or equivalent, sidebands. Mathematically, shifting the
phase of a sine wave by 90 degrees is differentiation, or integration. Integrating a
square wave phase change input will also produce FM. See Eq. 3.1.

Gaussian Minimum Shift Keying:

It has been determinelat amodulation index of0.5results in the least sideband
energy with an acceptable SNR. This modulation index is used in the Global System for
Mobile Communications ( GSM ). There are several ways to creatgdhal. One of the
most common is to use Frequency Shift Keying ( FSKhe phase change is either
direct at "/ 2 radians, or from the frequenc
(The modulating frequency is half that ). A shift of 1/2 the data rafeesquency meets
the0.5modulation index requirement.

If the phase is shifted abruptly, it creates unwanted sidebands. For this reason,
when the phase is shifted abruptly, a bandpass filter with rise time delay ( inte@gation
is used to cause heé phase to change gradually, resulting in what is referred to as
Continuous Phase Frequency Shift Keying (CPFSK )his is discussed in Chapter 3.

NYQUIST'S Bandwidth Theorem:

Theorem: If synchronous impulses, having a symbol rate of §ymbols persecond,
are applied to an ideal, linear phase brick wall filter, having a bandwidth = § the
response to these impulses can be observed independently, that is without inter
symbol interference. ( See Figs. 2.3 and 5.3Also applies to a low pass filtewith
cutoff fy = fg/2 Hz.

Rephrased:If a filter is used having a rise time or envelop group delayf gwhich is
less than a pulse period, or symbol period, the reponse to these impulses can be
observed independently, that is, without intersymbol interference.

A filter bandwidth equal tdsis specified by Nyquist. This a matter of termiogp). A

bandwidth= fsimplies from O - fs, - Basebandfy, The @& mati on bandwi dt ho
bandwidth necessary to comply with the Nyquist theorem as stated, hence is the

same as the Nyquist bandwidh.

In that casethe baseband bandwidthn never be less than ¥z bit ratedthe bandwidth
efficiency can ever be mor¢han 2 bits/sec./Hz, sind&t Rate = % clock frequency.

The reason for the ©Ofs bandwidth at baseband is that a reference is required to
recover the signal correctly and that reference is 0 Hz.
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The UNB methods ( at RF ) are cycle by cycle methodsrmdipg upon switched carrier
phases, hence each cycle is a synchronous impulserefore, UNB methods also have
a symbol rate equal to the number of IF cycles per second = f

The RF case can be examined differently. If the information is in the individual IF cycles,
having an impulse rate = IF, and it can be shown that the sidebands can be removed, then
theO- fsrelationship is no longer applide. The reference can be obtad from the

carrier alone for a synchronous detector, heheemplied bandwidth is =f- fs = 0. In

the case of VMSK ( Ch 5), it can be obtained from the single sideband transmitted.

We now have a new defini o n : ATrans mi s s smissionBandwddthi dt h o .
required for baseband = bit rate, but the RF transmission bandwidth required for UNB is

1 Hz. This narrow transmission bandwidth can only be used if there is a narrow band

fiter that will pass the modulation information intact (€h The modulation information

is in each IF cycle and the information bandwidth is 1 Hz, seen as a single spectral line.

Nyqgui st s Samepxtendadg Theor em

AYou must sampl e at |l east O o obtain meaningfelach sy m
d at a oYou must safmple at the symbol ratel/T<0 .

Nyqui stodos relationship is often expressed in

AThe bandwi dth 6B6 need not exceed the reci|
is B=1/T. As an example, a RADAR pulse 1 microsecond wide requires a bandwidth of
1 MHz. This merely states that BT need not exceed 1.

This is usually interpretetb mean that the filter in Fig. 2.3 need not have a bandwidth
greater than the symbol rate = 4/TOr, in the case of BPSK, = the data rate. Some
methods combine several bits into a symbol. ( MPSK, QAM, QPSK).

Nyqui st ds t heor em edobaenarroweo handeidtic The dymbolirdtee u s
and sampling rate 1/Tscannot be changed, but the bandwidth B is variable. BB ¥s
a commonly used exampier some CPFSK methods.

Nyquist further describes a filter meeting these criteria. However, oltiees such as the
common LC filter, or the Gaussian filter can often be used if the rise tjma be
tolerated. These filters are often used with a 3dB bandwidth less than the Nyquist
bandwidth. They remove all sidebands other than the fundamenfiedt pair (Fig. 2.3).

Detailed descriptions of other generally used modulation methods for digital data, such as
GMSK, QPSK, QAM etc., are given in the texts listed in the references.

This discussion has been limited to two level, or two phase, systemsthods. Other

commonly wused methods such as GMSK, QPSK, C
using more than two levels or two phases.
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This chapter has emphasized the Fourier spectrum consisting of carrier plus sidebands.
The component parts of the Foursgrectrum are separable so that only the carrier or the
sidebands need be transmitted. UNB is based on transmitting the carrier alone using
negative group delay filters. The Fourier sidebands as described here are removable.

This book wut itle zBeasn d vhiediriifimBanalysi®Rlsince T
it is the RF bandwidth. It is referred to in this book as the Nyquist
Bandwidth. It is a common practice by others to define the Nyquist
Bandwidth at the baseband level, which is = 1/2T( Figs. 1.2 and 5.1}.
This may cause some interpretive conflicts. ¢is the symbol period =

1/fs.
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Chapter 3. Filter Effects
CPFSK:

The following photos show the effects of filter group delgyn the phase modulated
signal. The waveforms in previous chapters have assumed a 180 degree phase shift. A
phase shift of any angular amount is equally applicable.

Figure 3.1. 90 Degree Phase Modulation

The abrupt phase change modulatirthe modulator before filteririg seen in Fig. 3.1 for a 90
phase change as used for 3PSK and WNFEB.

Figure 3.2 shows the preservation of the phase chaftgesa zero group delay ( zero

rise time ) filter. ( Q = 0 ).The filter has active components, which in this case have
been over driven, resulting in somsecondharmonic distortion. Note that the abrupt
phase changes are preserved and that at the phase returratpthie right a cycle
inversion has been created.

Fig. 3.3. Aftera filter with some group delay, the phase changes are no longer abrupt,
but change slowly to the 90 degree position.
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Figure 3.3 is the waveform applicable to the commonly uSedtinuous Phase
Frequency Shift Keying method.( CPFSK ), which involves filter group delay, or rise
tmeT,, The applicable equations derived from ¥

T,= B/2 pD
Df =023, Eq3.L
T,=1/4D OIIF

The factor 4 in the | ower equation applies 1
filter, which is not realizable in practicdé.hi s applies only to a sl
radiansfora L C f i | t er adealfilter.r a 8eealsoE@gflor t he

The filter rise time T, or a finite oA/ pt instead of an
sidebands = ). This(CRFSK methqliig d2liberalely used to move the

energy from the carrier to the sidebands. This was done becauseé¢hem@riginally no

zero group delay filters and it was desired to transfer all the usable energy to the
sidebands. This leads to the commonly accepted gucke, | of t he useful enc
si de b amldoghe desire to remove as much carrier asiljes Ultra Narrow Band

methods other than VMSK seek to keep the carrier and remove the sidebands.

Figure 3.4. The slow phase shift that occurs with a filter having a large group delay when

used with BPSK. The maximum data rate possible dependsi®phhse slew rate,

which is related to filter group delay, or rise time. Notice that there are no abrupt phase
changes as in Figs. 3.1 and 3.2. This is a continuous phase frequency shift keying system

( CPFSK ). A finite opoanUbpedha3hbeenndéebur hecat
the sidebands normally observed.

Figure 35s hows t he changes in frequency resultin
filtering ( vertical axis ) and for filters with a finite group delay time from @oThe
filter group delay is determined frofiy = U/ 2 ~ oof . For no sideband

use,pf mu s tor abruptOphaseFchange recoveqyn / ot mu st be as nea
possible over time. With a rectangular input ( Fig. 6.1 ), the frequency change is zero at

the waveform flat tops, but i nfi ntibfisityat t he
at the edges, and zero i f oA/ pt = 0, as it i
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+ Frequency
) M) t = Infinity

)M)t=0 Time

-Frequency ) M) t = Infinity
Figure35.Fr equency Change is Dependent upon i/ opt.

In Figure 3.5 the horizontal axis is time from 0BaThe vertical scale is frequency shift. The

change in phase with respect to time is near infinite and the frequefficis siéar infinite at
rectangul ar pattern edges. When oA/ pt is zero,
finite value the frequency shifts along the sloped curves with time. ( Eq . 3.1 ). This change with

time relates to CPFSK. Refer to chapté and 7 for zero group delay discussion. FM with a sine

wave input is a frequency changing example. The

Figure 3.6. A zero group delay filter preserves the missing cycles (.EiyaRd the phase shift.
In this case it is a 180 degree shift. Compare this with Fig. 6.4 for a clearer view. This result
cannot be obtained with conventional filters with group delay. See Fig. 1.10.

When pa / oot is zero, or neabsepetoantdhéeé hEPESKsemfoea
phase change is detectable without frequency shift if the filter cannot pass a wide frequency
bandwidth.
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Figure 3.7. The Power Spectral Density ( PSD ) of BPSK Modulation

Nyquist devised a filter requirement for the minimum frequency bandpass ( bandwidth ) required

to transmit a signal. His analysis resulted in thise cosine filter shown above, which is

applicable to modulation with sidebands, or modulation and detection methods that require the
sidebands. Basically, Nyquistsafisa nyt hi ng out si de the bandpass of
can be removed without ceatinginter-s y mbol i nterferenced The FCC
reduced or removed. See Fig. 2.3.

The raised cosine and 61 deal Filterdd are not nee

BPSK modulation is a standard example. This method creates a widespread Foeseaeserin
Fig. 3.7 as a series of humps extending from the cagiter £+-nR, The raised cosine filter

provides for an excess bandpass. I n the above i
noise bandwidtl2.0times that required foreh 61 deal 6 filter (Fig. 4.2),
This analysis made in 1928 is accepted as incontestable fact. It can be shown to apply to ultra

narrow band methods as well. The above illustration is from Rappaport, but appears in more or

less the same form inldexts. While applicable also to FM, the bandpass and bandwidth are

related to the data rate and the modulation index. See Chapter 2.

A perhaps unexpected characteristic of filters
group delay, it cartause the sidebands it is supposed to remove to be partially reitthred

active components are non lineirhi s comes from t he mat hegnatical r

It is particularly noticeable when using locked oscillators, or regenerative IFianspls filters.
( Reference [3.4] and Fig. 4.9.1) has also been observed due to circuit non linearity as in cross
modulation, companding and compression.
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Chapter 4 Filters with Group Delay
Conventional filters

HOW CONVENTIONAL FILTERS WORK:
Conventional filters cannot be used with Ultra Narrow Band Methods.
NEGATIVE GROUP DELAY FILTERS ARE ANECESSITY

THE OPTIMUM FILTER:
The optimum filter is described as "the filter that passes the most signal power with the least

noise power". The integrating filter usable at baseband is considered to be an optimum
filter. A detector plus an integrating filter form a correlator with optimum filter effect

A Data Input

/_\ /\ \ntegration
B / v \/

C | | | | | | | Sample Time

BT S2 g1 2_g D_||:| S2 1 2 _n
DL k Hold Amplifier e Hold Amplifier
s1 <
& Ly
RC Integrating Filter Crystal Filter with Group Delay

Fig. 4.1.The Integrating Filter.

The integrating filter used with a detector to form a correlator is shown in Fig.4.1. The circuit
consists of an integrator plussample and hold circuit following the integrator to separate noise
and data. In this case, the integrator RC time is optimized for the group delawhkidh is equal

to the bit period Jfor 2 level modulation. See chapter end note on Correlators.

Using the amplitude data pattern of ones and zeros at (A) as an input, the integrator charges
positively as shown in (B) until it is sampled by S2 at its peak (C). The capacitor is then
discharged by S1, to be recharged anew by the input signal at the epitl@f symbol period, or

simply left to obtain a new level from the incoming signal. The amplifier can be a sample and
hold circuit as shown, or merely a clipping amplifier with a rectangular output obtained when the
signal rises or falls above or beloletcenter line seen in (B).

A conventional crystal or LC filter has the same integrating effect as the RC integrator

shown. Instead of the RC rise time, there is an equivalent group delay dimeslew
rate optimized atd See Figure 7.1
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The group dlay ( rise time ) for conventional filters is traditionally calculated to be:
Ty=[DF/ (2P Df)] Derived fromWt = F . Eqg. 4.1

For LC or Gaussian filters, this is:
Ty=[2/(Df)] and Tq= Q/[IF] IF is the filter freq. In calculating for QDf is
assumed to befor 2 ‘radians. For the ideal filter or raised cosine filter
Ty =[ 1/(2Df) ] -- where Df is assumed to befor * Radians. If the phase shift in a
system is only 90 degrees, the Q can be higher Q/[4IF]. The basic equation is
based on ¥, whirhe relatiorshipZBT=1 caa dei darived from
(D T, = [ 1/]. Obviously, a very narrow [Df] = B = bandwidth filter has a very large
group delayunlessDF = 0, or is negative( Ch. 7).

There is arassociated equation for the rise time of the conventional LC filter:

T, =0.7/B, where B is the 3 dB bandwidi] of the filter. This is the time from 10% to
90% on the RC curve. Bandwidth, rise time and sampling rate are mathematically linked.
Thegeneral custom in analysis is to assume I/B and thathere is an associated slew

rate of 360degrees during T = 1/B. ( BT, =1).

The rise time and sampling period are related, = 1/B, where B also becomes the

sampling rate, as in B = 1/Twhich is optimized to match the signal peaks. Most

engineers associate B with the filter bandwiBfh and use it as such in the Shannon

Channel Capacity equation. This can lead to serious errors, since it is not the bandwidth

of the RF filter used, expein the optimum case. This B must be the Nyquist bandwidth,

or the bandwidth of an A4/ diecaitreldtes fo Nyguisés, or t F
sampling theorem as well. ( Reference Chapter 15).

"Sampling must be done at the symbol ( rate,)or at a frequency higher than the
symbolrate”. Symbol rate and data rate are the same for 2 level methods.

All conventional digital communication takes place in the form of amplitude, frequency
or phase change pulses, usually rectangular pulseshate altered by filtering. As seen

in the integrating filter of Fig. 4.1, each pulse has a rise time ( group dg)aysing
conventional filters, having a duratidn( T, ), and an associated optimum repetition rate
B, optimized at B = 1/ Conventional filters are integrators. The rise time, which is
optimized at 1 bit period, is also associated with a fixed ideal Beedwidth = 1/,

The correlating detector and integrating filter
f il t e rp@sence of whiteenoise. The maximum signal power is obtained by integrating the

incoming signal pulse. The noise is white and has a long term integrated output level at 0 volts.

The short term signal information will have a positive or negative integralled over a lesser

time period.

The input signal pulse here is considered to be rectangular, but other pulse shapes apply as well if
the sample time is properly chosen.
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The matched filter is best described as the best filter that is usable for thelatmh method
employed. It may or may not be the optimum filter, since the optimum filter could mask some
modulation details. Generally it is the filter that results in the best SNR.

All conventionalfilters, LC, Crystal and SAW, function on a similainmipal. It is all a matter

of phase shifbF_and rise time Tthrough the circuit. ( Eq. 4.1).

The following simulation was made by Dr. Saso Tomazic, University of Ljubljana,
Slovenia, Faculty of Electrical Engineering.

Figure 4.2 Showing hatBT should begreater than 1.
Any conventional filter with T4 = rise time = bit period is a form of
integrating filter. Normally, the signals are sampled at the minimum Nyquist sampling

34



