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Preface 
Ultra Narrow Band Modulation was conceived in 1985 as a method to be used with ôFM 

Sub-Carriersô ( as opposed to óFM Supplementary Carriersô, or óIn Band On Channelô 

Carriers ). In its original form, data rates as high as 196 kb/s were obtained from a sub-

carrier at 98 kHz.  A pulse width modulation baseband encoding method called the ñSlip 

Codeò was used. Descriptions of this method are given in the references. That method, 

which was basically a baseband method, was limited 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: 

[A][B].  

 

An improved method known as ñVery Maximum Sideband Modulationò [C][E] was 

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 was a single 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 

employed was óSingle Sideband- Suppressed Carrierô ( SSB-SC ). The pulse width 

modulation code used was referred to as the ñAperture Codeò.  Dividing the aperture 

code by two resulted in a significant improvement.  There were thus two VMaxSK 

modes- VMSK/1 and VMSK/2. 

 

One important feature was noted using this method, in that the suppressed carrier did not 

have to be restored for detection. All the necessary information required for detection was 

present in a single sideband alone, which was a single frequency containing the phase 

reversal modulation.  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 phase change modulation of a carrier, if the 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 method using óAbrupt Change Phase Reversal Keyingô of the carrier was 

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 

abrupt changes of phase, up to and including +- 90 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 ambiguous. The data 

pattern is recognizable, but the ones and zeros can be interchanged, or the data can be 

said to be inverted. For this reason, ódifferential codingô is used, which causes a loss of 2 

dB in the resulting signal to noise ratio for a given Bit Error Rate. 
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Abrupt phase change modulation does not have this problem if +- 45 degree 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 uses +-90 degrees and the other +-45 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 more proposed methods to achieve modulation without 

useful sidebands. Some are listed in the óPapers and Patentsô references. Some have been 

patented. As of early 2007, the most successful methods are óPulse Position Phase Reversal 

Keyingô ( 3PRK) and Non Return to Zero Minimum Sideband. (NRZ-MSB).  

 

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

 

ñVMSK can also be used. It can send a 48 kb/s data stream through a 2 kHz bandpass filter and 

receives with good quality. The idea is to find 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 needs a 1 Hz filter bandwidth in principle.ò 

 

Dr. Lee was actually evaluating a 273 kb/s data rate in a 30 kHz channel allocation for 

prospective cellular phone use. [C]. This method was also evaluated by Bell South with positive 

comments. 

 

This 1 Hz filter statement is true for all óUltra Narrow Bandô methods, if it is accepted that the 

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 one IF cycle and as long as one or more bit periods, as was 

disclosed by Prof. Howe in the paper published in  "Wireless Engineer", Nov. 1939. pp 547. 

  

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

Band modulation, and that is the filters. There is no known way to ultra narrow band filter óUltra 

Narrow Bandô modulation at baseband.  At the RF level, the filters are complex and must be hand 

tuned. There is no known way at this time to build a zero group delay narrow band filter 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 

University of California, Davis,  Dr. Saso Tomazic, University of Ljubljana, Slovenia, Dr 

Mike Zierdt at Bell labs, and Dr Lenan Wu at S.E. University Nanjing, China, for their 

contributions. 

 

It is hoped the users will inform the author of any errors found so that they be corrected.  

 

Harold R. Walker:  BS, BSEE, MSEE, PE.  

 

The authorôs past experience includes serving as Head of the Infra Red Laboratory at the 

Naval Air Research and Development Center, as Vice President of Blonder-Tongue Labs - a 

Cable TV manufacturer, and Director of Research at the óEducastingô subsidiary of 

GTE/Sylvania. 
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He has taught as Adjunct Professor at the University of Tennessee, and at the New York 

Institute of Technology.  As a lecturer for Besser Associates, he has taught Wireless Systems 

Design courses at Lucent Technologies, National Semiconductor University and Hewlett 

Packard.  He has also guest lectured at Princeton University, Villanova University, De La 

Salle University, Manila, and S.E. University, Nanjing, PRC.  He has presented numerous 

technical papers and holds more than 40 patents. 

 

Papers and Patents Relating to Ultra Narrow Band Modulation: 
 
1) H.R. Walker, A Facts About High Speed SCA Data Transmission@, Proceedings of the 1988 Broadcast 

Engineering Conference, Society of Broadcast Engineers, Denver Col.1988. 

2) H.R. Walker, ADigital Audio for Links and Subcarriers@ 43 rd Annual Broadcast Engineering 

Proceedings, National Association of Broadcasters, April 28, 1989, Las Vegas, Nev. 

3. H.R. Walker, " Field Experience With VPSK Digital STL "  Proceedings of  the Broadcast Engineering 

Conference 1992 "  Society of Broadcast Engineers , pp 66-73. 

4) H.R. Walker, A Digital Modulation using Single Sideband FM with VPSK Encoding Reduces 

Bandwidth 10/1",  Proceedings R.F. Expo East, Baltimore, Md.  Aug. 21, 1995 

5) B. Stryzack and H.R. Walker ", Improve Data Transmission Using Single Sideband FM with Suppressed 

Carrier", R.F. & Microwaves Magazine, Nov. 1994 (Wireless Systems Designs Supplement) 

6) B.Stryzak and H.R. Walker, A Digital Cordless Telephone Provides WLAN/ Telephone/ Video phone 

Service@, Fourth Wireless Symposium, Santa Clara Cal., Feb. 1996.  ( The paper describes a Cordless 

Phone for 46/47 MHz that can handle Videophone traffic at 320 Kb/s -15 bits/sec/Hz compression). 

7) H.R. Walker, A The Advantages of VPSK Modulation@, Transactions -IEEE Wescon, Communications 

Technology, Part 1., San Francisco, Cal., Nov. 1995. 

8)  B.Stryzak and H.R. Walker, A U-PCS Band Wireless PBX / LAN is Multimedia Ready, Fourth 

Wireless Symposium, Santa Clara Cal., Feb. 1996.  ( Using VPSK for Wireless LANs ). 

9) H.R. Walker, A A Summary of Digital Modulation Techniques@. Wireless Technology Conference and 

Exposition, Providence R.I. Oct. 7, 1996. 

10) B. Stryzak, ADigital Data Transmission at 15 Bits/Sec/Hz@ Wireless Technology Conference and 

Exposition, Providence R.I. Oct. 7, 1996. 

11) H.R. Walker, AVPSK Modulation Transmits Digital Audio at 15 Bits/Sec/Hz@. Microwaves and RF 

Magazine, Wireless Design Supplement. Dec. 1996. 

12) B. Stryzak and H.R. Walker, A VPSK Modulation on FM Subcarriers@, Wireless Symposium, Santa 

Clara Cal. Feb. 1997. 

13) H. R. Walker, A High Data Rate Power Line Modem@ Wireless Symposium, Santa Clara Cal. Feb. 

1997. New Modem using VMSK modulation. 

14) H.R. Walker, A VPSK and VMSK Modulation Transmit Digital Audio and Video at 15 Bits/Sec./Hz.@   

IEEE Transactions on Broadcast Engineering, March 1997. 

15) H.R. Walker, A VPSK Modulation, A Tutorial@, Conference Proceedings, RF Expo West,  San Diego, 

Cal. Jan 29, 1995 

16)  H.R. Walker, A Digital Cordless Telephone Provides WLAN/ Telephone/ Video phone Service@,  

Applied Microwaves and RF Magazine, Jan./Feb. 1997.  ( Describes a Cordless Phone for 46/47 MHz that 

can handle Videophone traffic at 320 Kb/s -15 bits/sec/Hz compression- using VPSK modulation). Can 

now do 1.544 Mb/s using VMSK/2 and 5.0 Mb/s using NRZMSB. 

17) H.R. Walker, AComparison of FM vs VPSK Modulation in RPU Service@, IEEE 44 th Annual 

Broadcast Symposium. IEEE Broadcast Technology Society, Wash. D.C., 1994 

18) H.R. Walker, @Encyclopedia of Electrical and Electronics Engineering@ John Wiley, NYC. Section 

Author on A Intermediate Frequency Amplifiers@,  Vol. 11, Edited by Prof. John Webster, U. of 

Wisconsin. 

19) H.R. Walker. , @Encyclopedia of Electrical and Electronics Engineering,@  John Wiley, NYC.  Section 

Author on "Modulation Analysis@.  Vol. 13. 

20) H.R. Walker, AVMSK, A New Modulation Concept@, Wireless Technology Conference, Chantilly, Va. 

Oct. 7, 1997.   
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21) H.R. Walker, AVMSK, A New Modulation Method@, Wireless Symposium, East, Burlington, Mass. 

Sept 15, 1997.   

22) H.R. Walker, A Universal Equation Analyzes All Modulation Methods, Applied Microwaves and RF. 

July/Aug. 1997.  This paper also appears as -- "Modulation Analysis", H.R. Walker, @Encyclopedia of 

Electrical and Electronics Engineering", John Wiley, NYC,  Vol. 13. 

23) H.R. Walker, A Attain High Bandwidth Efficiency Using VMSK Modulation@,  

Microwaves and RF Magazine, Dec. 1997. 

24)  H.R. Walker, ñHigh Data Rate Power Line Modem uses Biphase Modulationò, Proceedings Fifth 

Annual Wireless Symposium, Santa Clara Convention Center , 1997. 

25) J. Pliatsikas, C. Koukourlis, J. Sahalos and H.R. Walker, A VMSK Modulation BOOSTS Wireless 

Communications Efficiencies@, Wireless Systems Design Magazine, Jan 1998. 

26) H.R. Walker, B.Stryzak, and Mildred Walker, @VMSK Modulation, A Tutorialò. Wireless Symposium, 

Santa Clara Ca. Feb. 12, 1998 

27)  Dr. C.S. Koukourlis, J.C. Pliatsikas, Dr. J.N. Sahalos and H.R. Walker, A Spectrally Efficient Biphase 

modulation.@    Applied Microwave and Wireless Magazine. May 1998. 

28) J.C. Pliatsikas, C.S. Koukourlis, J.N Sahalos, H.R. Walker, "Digital Implementation of Alternate 

Aperture Phase Shift Keying Modulation (AAPSK)", Proceeding ICT 98, Chalkidiki Greece, June 1998. ( 

Different name for VMSK ). 

29) H.R. Walker, Dr. J. Pliatsikas, Dr. C Koukourlis and Dr. J. Sahalos, 

"Wireless Communications Using Spectrally Efficient VMSK/2 Modulation" 

In "Third Generation Mobile Telecommunication Systems" Springer Verlag, Berlin, Edited  by Dr. P. 

Stavroulakis. 

30)H.R. Walker, @Encyclopedia of Microwave and Electronic Engineering John Wiley, NYC. Section 

Author on Intermediate Frequency Amplifiers.  Edited by Prof. Kai Chang, Texas A&M. 

31) H.R. Walker, "Understanding Ultra Narrow Band Modulation", Microwaves and RF Magazine, Dec. 

2003. 

32) H.R. Walker, "MSB Modulation Doubles Cable TV and FM-SCA Capacity" IEEE CCNC2004, Las 

Vegas NV. Jan 2004. 

33) H.R. Walker, "Ultra Narrow band Modulation", Wireless Systems Design Conference, San Diego CA, 

March 8, 2004. 

34) H.R. Walker, "Ultra Narrow Band Modulation" ,  IEEE Sarnoff Symposium, Princeton NJ, April 26, 

2004. 

35) H.R. Walker, "Ultra Narrow Band Modulation".  International Conference on Computing, 

Communications and Control Technologies, CCCT2004. 

36) Bohdan Stryzak, "Comparing Ultra Wideband and Ultra Narrow Band Modulation", Wireless Systems 

Design Conference, San Diego CA, March 8, 2004. 

37) H.R. Walker and Bohdan Stryzak, "Comparing Ultra Wideband and Ultra Narrow Band Modulation"  

".  International Conference on Computing, Communications and Control Technologies, CCCT2004. 

Austin Tx. 

38) Wang Jianqing, Yu Xiaoyan, Si Hongwei, Wu Lenan, ñ Performance Evaluation of LDPC Coded 

VWDK Modulationsò International Conference on Computing, Communications and Control 

Technologies, CCCT2004. 

39)  Wang Jianqing, Si Hongwei, Wu Lenan, Li Xiaoping, ñ Optimization of VWDK PSD and its 

Performanceò, International Conference on Computing, Communications and Control Technologies, 

CCCT2004. Austin Tx. 

 40)  Li Xiaoping, Si Hongwei, Wu Lenan, ñ On Spectrum Structure and Optimization of VWDK 

Modulated Waveformsò, International Conference on Computing, Communications and Control 

Technologies, CCCT2004. Austin Tx. 

41) Wm. C.Y. Lee, ñLeeôs Essentials of Wireless Communicationsò, McGraw Hill 2001. 

42) K. H. Saywood and Lenan Wu, "Raise Bandwidth Efficiency with Sine-Wave- 

      Modulation VMSK". Microwaves and RF Magazine, April 2001. 

43) Li Xiaoping and Wu Lenan,ñPower Spectra Analysis for a standard sine-like VMSK modulationò, 

Chinese Journal of Radio Science, Dec. 2003. 

44) Li Xiaoping and Lenan Wu, ñOn Orthogonality of Sine-Like VMSK Modulationsò, Journal of 

Circuits and Systems, ( Chinese ). 
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45) J.S. Lin, K. Feher, ñUltra High Spectral efficiency Feher Keying (FK): Computer Aided Design 

and Hardware Developmentò, European Test and Telemetry Conference 2001, Marseilles France June 

2001. 

46) J.S. Lin, K. Feher, ñTest and Evaluation of Ultra High Spectral efficiency Feher Keying (FK)ò, 

Proceedings of  International Telemetry Conference, Las Vegas NV, Oct 2001. 

47)   A. Fikry, ñCode Division Multiple Access System Based on Chaos Spreader and VMSK 

Modulationò, ATNAC2003, available http://atnac2003.atcrc.com/POSTERS/Fikry.pdf 

48) C. Koukourlis, ñ Data Transmission Over Analog TV Broadcastingò,  International Journal on 

Communications Systems,  April 2008. 

http://www3.interscience.wiley.com/journal/117946196/grouphome/home.html 

49) J.C. Pliatsikas, C.S. Koukourlis, J.N. Sahalos, ñOn the Combining of Amplitude and Phase 

Modulation in the same Signalò. IEEE Transactions on Broadcasting, June 2005. 

50) H.R. Walker, ñModulation without Useful Sidebandsò, 11
th
 World Conference on Systematics, 

Cybernetics and Informatics WMSCI 2007. Orlando FL. July 2007. 

51) Chenhao Qi and Lenan Wu, "Hybrid Modulation for AM Broadcasting". The 3rd International 

Conference on Natural Computation (ICNC'07). Hainan, China. August 2007. 

52)  Rumin Yang, Chengbo Yu, Xinyu Yu, Zheng Zhou, ñ Combination of Conventional AM with UWB 

Impulse Radio: A UNB Solution for Next Generation of Communicationsò, submitted IEEE Globecom 

2007 Wireless Communications. 

(53) Xiaoping Li and Lenan Wu, ñPower Spectra Analysis for A Standard Sine-like VMSK Modulationò, 

Chinese Journal of Radio Science, Vol. 18, No. 6, 2003, pp. 722-726.  

(54) Xiaoping Li and Lenan Wu, ñOn Orthogonality of Sine-like VMSK Modulationsò, Journal of Circuits 

and Systems, Vol 9, No. 4, 2004 (Chinese).  

(55) Lenan Wu, ñUNB Modulation in High Speed Space Communicationsò, Second International 

Conference on Space Information Technology ( ICSITô2007 ), Wuhan China. 

(56) Lenan Wu, ñAdvances in UNB High Speed Communicationsò, Progress in Natural Science, 

17(10),143-149(2007). 

(57) Lenan Wu, ñUNB Transmission and Compact Spectral Communicationsò, Telecom Letters, 2, 

16(2004), in Chinese.  

(58) Deng Xiao-tao, Gao Jun, Lin jing-na, ñShannon limit explanation of  the 

UNB modulationò Journal of Shandong University of Technology, 2007, 

(59) Feng Man and Wu Lenan, ñExtension of Shannonôs Channel Capacityò( to UNB ), International 

Symposium on Intelligent Signal Processing and Communications Systems ( ISPACS 2007 ). 

 (60)Yang Rumin, Hao Jianjun, Zhou Dengyi, and Zhou Zheng, ñAn Ultra Narrowband System for Next 

Generation of Wireless Communicationsò, Computer Science, 2007 Vol. 34, No. 9 (Special Issue), China. 

(61) Zhao Cheng-shi, Wang Shu-bin, Zhao Zheng, Kwak Kyung ïSap, ñ Demodulation Performances of 

Two Sine Like Waves That Realize UNBò,  ICC'08 -  General Symposium ( submitted ).  

(62) C.V. Whaits, R.M. Braun, ñPhase Errors in the Coherent Demodulation of VPSK and a Solution Using 

DSSS Modulationò. Research Group, University of Capetown, Dept. of Elect. Engineering, Private Bag 

Rondebosch, 7700, Capetown. 

(63) Man Feng, Lenan Wu. Extension to Shannonôs channel capacity ðð The theoretical proof. Proc. of 

Sixth International Conference on Information, Communications and Signal Processing (ICICS 2007), 

P0189, (Dec. 10- 13, 2007) 

(64) Feng Man, Wu Lenan, and Wei Fufeng. Blind detection in VWDK systems via sequential Monte 

Carlo. Proc. of 2005 International Conference on Neural Networks & Brain (ICNN&Bô05), Vol. 3, 100-

104(Oct. 13-15, 2005),  

(65) Zhonghui Mei, Lenan Wu, and Shiyuan Zhang. Joint detection for a bandwidth efficient modulation method. 

Proc.of 9th International Conference on Knowledge-Based Intelligent Information and Engineering 

System, Part ŉ, 483-487 (September 14-16, 2005), Melbourne, Australia (Lecture Notes in Artificial 

Intelligence 3683)  

(R.Khosla, R. J. Howlett, and L. C. Jain (Eds.): KES2005, LNAI 3683, 483-487, 2005)  

(66) Zhu Renxiang, Wu Lenan. Quantum stochastic filters for nonlinear time-domain filtering of 

communication signals. Journal of Southeast University (English Edition), 23(1), 22-25(Mar. 2007) 

http://www3.interscience.wiley.com/journal/117946196/grouphome/home.html
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(67) Chen-hao Qi, Man Feng and Le-nan Wu. Analysis of transmission system based on phase locked loop. 

Proc. of Third International Conference on Natural Computation (ICNC 2007), Vol. 2, 415-419 (24-27, 

August 2007),  

(68) Li Xiao-Ping, Wu Le-Nan. On Optimization of VWDK Modulated Waveforms. Journal of Electronics 

& Information Technology, 27(11) 1714-1716(2005) (in Chinese) 

(69) Qi Chen-Hao, Wu Le-Nan, and Zhang Shi-Yuan. AM broadcasting schemes based on compound 

modulation. JOURNAL OF APPLIED SCIENCES, 25(5), 451-455(2007.9) (in Chinese) 

(70) Qi Chen-Hao, Wu Le-Nan. PSD Analysis on AM Broadcasting using Hybrid Modulation. JOURNAL 

OF APPLIED SCIENCES, 25(6), 583-588(2007.11) (in Chinese) 

(71) Zhang Shi-Kai, Wu Le-Nan. Orthogonality and Power Spectra of EBPSK Modulated Waves. 

JOURNAL OF APPLIED SCIENCES, 26(2), 127-131(2008.3) (in Chinese) 

(72) Rastisla Rdka. The Utilization of VMSK at the Signa Transport by Means of  XDSL 

Technologies.Eurocon 2001 Vol. 2, IEEE pp 450-453. 

(73) Zheng Guoxin, Very Minimum Chirp Keying as a Novel Ultra Narrow Band Communications 

Scheme. ICICS, Singapore, Dec., 2007. 

(74) Zheng Guoxin, Non DC Offset Very Minimum Chirp Keying Modulation as a Novel Ultra Narrow 

Band  Communications Scheme, CCWMSN07 Proceedings,pp755 -758. Shanghai, 2007. (75) Chenhao Qi 

and Lenan Wu. Comments on ñOn the combining of the amplitude and  

phase modulation in the same signalò. IEEE Transactions on Broadcasting, vol.  

54, no.3, Sept. 2008, p.489. 

( 76) Zhang, Shi-kai, ñUltra Narrow Band Modulation Salvages Spectrumò, Microwaves and RF Magazine.  

April, 2009. pages 55 -60. 

( 77) Wu, Lenan, Advance in UNB High Speed Communications, -Progress in Natural Science, ( In 

Chinese ), 2007: 17(10) pp 143-149. 

(78) Feng Man, Wu Lenan, Gao,P.  An Impulse Filter method used in ABPSK signal. 

Chineewse patent Publishing, 200910029875.3. 

(79) Feng Man, Wu L.N., and Qi C.H. Analysis and Optimization of Power Spectrum on EBPSK 

modulation in Throughput Efficient   Wireless System.  Journal of South East University (English Edition ) 

-148. 

(80) Feng He, Wu Lenan, ñAnalysis of Power Spectrum of Continuous Phase Waveforms for Binary 

Modulation Communicationsò, IEEE-ICUMT 2009, St Petersburg Russia. 

(81) Feng Man, Lenan Wu, ñ A Simulation Analysis of Anti-Interference Performance in EBPSK 

Systemsò. IEEE-ICUMT 2009, St Petersburg Russia. 

(82) Shikai Zhang, Lenan Wu, ñ Hybrid Modulation Based on Combining of AM and UNB, Journal of 

Convergeance Information Technology, Sept. 2009. 

(83) Man Feng, Lenan Wu, ñ On BER Performance of EBPSK ï Modem in AWGN Channel, Sensors 

2010, www.mpdi.com/journal/sensors. 

(84) H.R. Walker, ñExperiments in Pulse Communications with Filtered Sidebandsò,  High Frequency 

Electronics magazine, Sept. 2010, pp 64-68.  www.highfrequencyelectronics.com.   

(85) H.R. Walker, ñSidebands are not Necessaryò, Microwaves and RF Magazine, August 2011. pp72. 

 

A search using IEEE Xplore ( ieeexplore.ieee.org ) is recommended for many papers not listed.  

Search under VMSK, UNB, EBPSK -- and under authors names of authors listed above. 

Additional topics from Google, Bing etc. are ñNegative Group Delayò, ñWavelet RF Filtersò and 

ñFourier Frequency Separationò. 

 

Applicable Patents: 

[A] US 4,742,532,  H.R. Walker, A High Speed Data Communications System@ ( 1 st VPSK Pat. 

[B] US 5,185,765, H.R. Walker, A High Speed Data Communications System@ ( 2 nd VPSK Pat.) 

[C] US 5,930,303, H.R. Walker,  ADigital Modulation Employing Single Sideband With Suppressed 

Carrier@, covers VMSK and VMSK/2.       

[D] US 6,445,737, H.R. Walker,  ñPulse Position Phase Reversal Keying ( 3PRK )ò, also called Missing 

Cycle Modulation ( MCM/3PRK ).  

[E] US 6,748,022, H.R. Walker, ñSingle Sideband Suppressed Carrier Digital Communication Method and 

System.ò ( VMSK variation ). 

http://www.mpdi.com/journal/sensors
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[F] US 6,775,324, Mohan, Riedl and Zhang, ñDigital Signal Modulation Systemò, assigned to Thompson 

Licensing. ( Describes a method similar to ó765 patent plus spread spectrum ) 

[G] US 6,198,777, K. Feher, "Ultra High Spectral Efficiency Feher Keying" ( FK ).  

[H] US 6,901,246 J.A. Bobier and N. Khan. ñSuppressed Cycle Based Carrier Modulation Using 

Amplitude Modulationò, 2005. 

[I]  US 6,968,014  J. A. Bobier, ñMissing Cycle Based Carrier Modulationò, 2005 

[J]  US 7,424,065   H.R. Walker, , ñApparatus and Method for  Ultra Narrow Band Wireless 

Communications ò, 9/9/2008. 

[K]  H.R. Walker, US Pat. 7,268,638, ñ Apparatus and  Method for Data Rate Multiplicationò. 

[L] H.R. Walker Application 11,807,077, published US2007-0237218-A1 ñ Analog Mod. without 

Sidebandsò. CIP included in US 7,424,065 above. 

[M] J.A. Bobier, US Pat. 7,486,715, ñNarrow Band Integer Cycle or Impulse Modulation Spectrum Sharing 

Methodò. 

[N]  H.R. Walker,  Japanese Patent 4215509, ñDigital Modulation Device in a system and method of using 

same.ò 

[O] Feher, Kamilo, US Pat. 7,421,004, ñ Broadband,Ultra Wideband and Ultra Narrow Band 

Reconfigurable Interoperable Systemsò, 9/2/2008. 

[P] J.A. Bobier, US Pat. 7,003,047, Tri State Integer Cycle Modulationò  

[Q] H.R. Walker, Provisional Filing, 61300973, ñMethod and Apparatus to Improve Pulse Modulation 

Systems.  

[R] D.L. West, Application US 2010/0074371 A1, 3/25/2010, Ultra Narrow Band Frequency Selector For 

Zero Point Modulated Carrier. 

 

CN1889550A ( Chinese Pat. ) L. Wu and S. Zhang, ñA Unitive  Method for Binary Phase Modulation and 

Demodulationò. 

CN03152978.X  ( Chinese Pat. ) Wu Lenan et al, ñA Modulation Method for High Efficient Utilization of 

Frequency Bandwidthò. 2003. 

 

 The US PCT for MSB ( US 7,424,065 ) is US02/02943. 

 The following information relates to US 6,445,737, 

Japanese # is 2002-564837  

Chinese # is I I E 0 31971  

Korean file7010450/2003  

European filing is 02720881.8-2215. Filed in English. 

Translations in progress for Germany, Sweden, Finland, France  

 

Known Abandoned Methods: 

4,742,532 A High Speed Data Communications System@ ( 1 st VPSK Pat.) 

5,185,765 A High Speed Data Communications System@ ( 2 nd VPSK Pat.) 

"Time-Shift Keying" (TSK), ISD Communications. 
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Quick Explanation of Ultra Narrow Band Modulation.  
 

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

This is true of the earliest ( VPSK ) and the most recent NRZ-MSB 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, though a larger angle than 90 degrees 

may be preferred. The UNB methods do not differ from the well known óBinary Phase Shift Keyingô 

 ( BPSK ) method, except for the special narrow bandpass filters used. VMSK is referred to as coded 

BPSK.  NRZ-MSB is the same as standard BPSK except that the shifted phase angle with binary data is 

less than 180 degrees.  The methods are analyzed as pulse amplitude modulation methods, just as BPSK is 

analyzed in all the texts.  They do have a pulsed carrier which has shifted phase, which qualifies them as 

phase modulation when detected, but they remain basically amplitude modulation methods with end to end 

pulses on the different carrier phases.  The spectrum seen is a Fourier spectrum typical of pulsed AM. 

Sidebands that are created are in phase with the carrier and do not themselves cause any phase modulation 

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

in Appendix 3. All sidebands merely change the amplitude of the carrier.                                                                                                                                                                                                                                                                                                                                                                        
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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 Ph1 and Ph 2. The amplitude modulation sidebands from the ON/OFF switching are seen as contra 

rotating vectors that do not change Ph 1 or Ph 2. The sidebands, which are originally too strong, must be 

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

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

cause as little AM and PM as possible. This same plot is valid for BPSK, where the difference between 

Ph 1 and Ph2 is 180 degrees. Normally these 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 switched on. It can be 

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

 

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 the carrier 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 as óUltra Narrow Bandô modulation.  A complete explanation of the end to 

end pulse width modulation with oscilloscope photos and spectrum analyzer plots is given in Appendix A3. 

 
If the phase change is retained in the carrier, without frequency change 

for the entire bit period, Fourier pulse sidebands can be removed.  The 

components of a Fourier spectrum are separable if a negative or zero 

group delay filter is used. 

 
The ôNyquist Bandwidthô for Ultra Narrow Band modulation is equal to the Intermediate                      

Frequency. 

The óTransmission Bandwidthô is 1 (one) Hz 

The óNoise Bandwidthô is determined by the IF filter BW, which is typically 500 Hz. 
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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 decoded, the data clock and the data bits must be related in some manner so that 

they can be restored as transmitted. Feher ( 2 ) refers to most methods as Amodifications to the 

clock@, which can be interpreted to also mean the carrier according to Lee (18). There are only 

two useful alterations possible for UNB, 1) Amplitude, and 2) Phase.  Frequency modulation of 

the clock ( carrier ) would be counter productive, since a steady recovered carrier frequency is 

needed at the output. 

 

ñBasebandò can be defined as all those frequencies extending from 0 Hz to the highest frequency 

that needs to be passed prior to RF modulation. Generally, this is ½ the data clock rate. ( * See 

end note and Appendix A2 for Fourier and Nyquist analysis ). 

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 the data 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 (14) has shown that with ideal filtering, all the necessary energy is available 

within that bandwidth. 

 

Fig. 1.1a   NRZI Encoding  
A variation of the NRZ code is the NRZI code. The phase reverses at the start of each 

digital one and makes no change for a digital zero, or the coding can be reversed, 

changing on the zeros. This code has very slight advantages in BER when used with 

UNB modulation. 

 

NYQUIST'S Bandwidth Theorem: 

 
Theorem: ñIf synchronous impulses, having a symbol rate of fs symbols per second, are 

applied to an ideal, linear phase brick wall filter, having a bandwidth = fs, the response to 

these impulses can be observed independently, that is, without inter-symbol interferenceò. 

(fs = 1/Ts).  

NRZ Data

Data Clock

Zero DC
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Rephrased:  If a filter is used having a rise time or envelop group delay Tg which is less than 

a pulse period, or symbol period Ts, the response to these impulses can be observed 

independently, that is, without intersymbol interference.  

 

Nyquist also shows that the maximum bandwidth required is equal to fs.  Any energy outside this 

bandwidth can be eliminated without creating inter-symbol interference. This has always been 

interpreted to mean that the bandpass filter must have a bandwidth B equal to the symbol rate = 

1/Ts.  Or, in the case of BPSK, the data rate, which is ½ the clock rate.  Some methods combine 

several bits into a symbol. ( 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 1. The applicable baseband Fourier 

transform for an AM pulse is: 

( / )2

( / )

s
n

s s

Sin n T TAT
A

T n T T

p

p
=     ( For ODD functions ) See Appendix A2 for further details.                     Eq. 1.1  

Digitally coded signals can be analyzed at baseband using the Fourier Transform.  At RF, the Fourier 

transform applies only to the sidebands, which can be removed by zero group delay filtering. There is a 

different treatment for the abruptly phase changed carrier. 

 

This equation results in two spectral components. A) A DC creeping level A(t/T), and B) A group of pulses 

spread over a wide 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 ½ clock rate. 

                              
Figure 1.2.  The Baseband Spectrum ( Power Spectral 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 nulls at multiples of the bit rate, as predicted by the 

Fourier transform. With special filters, that is those meeting Nyquistôs criteria, these harmonics 
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can be removed without affecting the data, as shown by the reduced sideband levels, since all of 

the useful data energy is in the fundamental lobe. 

 

BPSK modulation is the comparison standard against which all other methods are compared. The 

theoretical characteristics are B RF Bandwidth equals Bit Rate and the Eb/n for 10
-6
 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' ( Bellamy, (6)), which has plagued designers 

since digital transmission and magnetic recording 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 permit 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 been suggested for the 

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 period for each digital one only. The data bearing 

pulse widths are changed. This method does not correct for DC Creep. 

Figure 1.3  Return to Zero ( RZ ) Baseband Code. 

 

 

 

 

Fig. 1.4. RZ Generator. 

 
The baseband code contains abrupt phase changes at the edges. This code can be applied directly 

to a wire line, or phase modulator, and transmitted.  Why isnôt this done? There are too many 

harmonics, plus the DC Creep, or offset, that varies with the data pattern. óDC Creepô does not 

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 comes from the EVEN Fourier series for a 

rectangular pulse, which expanded is: 

 

y(t) = Apeak(t/Tp) [ İ +(2/ˊ)cosɗ ï (2/2ˊ)cos2ɗ + (2/3ˊ)cos3ɗ - (2/4ˊ)cos4ɗ + (2/5 

ˊ)cos5ɗ ---]                   ɗ = nˊ(t/Tp)    Aav = Apeak(t/Tp)  
 

NRZ Data

Data Clock

Return to Zero

1

2
3

Data In

Clock In

RZ Out
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where t is pulse ON time and Tp is one cycle period ( one on plus one off period ). ( This 

expansion is given in detail in Appendiz 2 ). 

Note that it has harmonics and nulls with various values of n as shown in Fig.1.2 -- with 

levels of: ( 2/p, 2/2p), (2/3p), (2/4p) --, which can be filtered off as shown in Fig. 1.2. 

This is an EVEN Fourier function. Some data patterns may have ODD harmonics instead of 

EVEN harmonics, depending on (t/Tp). See Appendix 2. Note also, the Aav term. This is an 

amplitude term that varies with the signal time spent above or below an average DC level 

according to the data pattern (t/Tp).  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 carry over 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 recording 

using the Miller code. ( MFM ).  It was given the name "DC Wanderò, or ñDC Creep" and has 

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 the following pages as "grass"  from the 

RADAR term for noise. Current FCC terminoogy is ñInterference Temperatureò. 

The Fourier products arising from the pulse width modulation beyond the desired fundamental 

are unacceptable to the regulatory authorities and hence must be reduced, or removed, with pulse 

shaping filters. As Nyquist has shown, and as will be shown later, these harmonic sidebands 

are not necessary with 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 

FBPSK-K filter was used. At baseband, it is a low pass filter having a shaped response. Some 

other shaped responses are seen in Fig. 1.2 

Figure 1.5.  The Manchester Code Used with Ethernet. 

 

The Manchester code used with Ethernet is another code used to reduce the óDC Creepô. This is a 

widely used method for wireless LANs and in some short range wireless transmission methods. 

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

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

XOR gate. 

 

  

 

 

 

 

Figure 1.6. Manchester Encoder. 

NRZ Data
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( Ethernet )
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Data In
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Coded BPSK: 

 

Coded BPSK is a baseband code that has been used in the past with VMaxSK. Assume 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 spectrum has a single fundamental frequency at the clock frequency, plus all odd 

harmonics, as predicted by the Fourier series. ( Eq. 1.2 above ). This modulation pattern 

does not convey any useful information,  

 

 

             
            

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 characteristic desired 

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 waveform, one of the the zero crossings is 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 several problems with its practical use. The óDC Creepô is present in the form 

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 2-3 cycles of RF waveform are required to mark the change 

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

frequency. 

 

Early Early Early

Late Late Late

VMSK/1

VMSK/2

Clock

Clock
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Dr. C. Koukourlis, Dr. L. Wu and J. Bobier have proposed methods that remove the óDC 

Creepô. The basic waveforms are AM óPulse Widthô modulating schemes analyzed by 

Schwartz ( 12 ).  If amplitude level change is added to the pulse width, the óDC Creepô 

can be removed or greatly reduced. ( The VMAK method proposed by Wu ). 

             

AM Only AM +  PM

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, contributes nothing 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 Reference (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. 

 

 
Figure 1.9.  The Very Narrow and Very Wide Pulse Baseband Codes. 
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In narrow pulse methods, a very narrow óturn OFFô pulse having a pulse width of 1-2 RF 

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. Eliminating the pulse 

for zeros improves the RMS level of the method by 6 dB, 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 basis for Ultra 

Wide Band modulation ( UWB ).  It can be shown that the Fourier spectral components 

for AM pulses are separable - that is the carrier can be separated from the sidebands and 

used alone to narrow the necessary bandwidth - if zero group delay filters are used. 

 

The narrow pulses are used in three methods described in detail in the following chapters: 

ñPulse Position Phase Reversal Keyingò ( 3PRK ), ñPulse Position Phase Shift Keyingò  

( 3PSK ), and ñMissing Cycle Modulationò ( MCM ).. 

 

Many investigators have found out the hard way that you cannot analyze Ultra Narrow 

Band methods with baseband analysis. A carrier is absolutely required.  Note Ref.(6). 

The transmitted and recovered signal at RF does not necessarily match the incoming 

baseband signal. Also, the necessary zero group delay RF 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, or envelop group delay. VMaxSK, which utilizes the Coded BPSK 

pattern, is an uncommon bipolar AM pulse system that converts to a PM system ( SSB-

SC-PM ) in which only a single frequency is transmitted without the accompanying 

opposite sideband and harmonics. This bears no resemblance to the starting baseband 

waveform. There are no known baseband filters for narrow band use. VMaxSK is a pulse 

width modulation method using Fig. 1.8 as a baseband code, usually divided by 2. 

 
Any code that can be used on a wired connection without utilizing a modulated RF carrier is a 

baseband code ( defined as a óline codeô(6) ). All of these codes are dependent upon detecting the 

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

a narrow bandwidth due to envelop group 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 numerous other ólineô codes in use that are multilevel amplitude, phase, or multi-

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

discussion. 
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Baseband coding is only the first step. The baseband code has to be applied to a 

modulator to produce an RF signal. There is no known way to use the baseband codes at 

baseband frequencies directly as an Ultra Narrow Band method. 

 

Fig. 1.10.  Simulation of Missing Cycle Modulation ( MCM ) when using 

conventional filtering. All data is lost when the 'conventional' ( integrating ) 

baseband or IF filter has a high Q ( or narrow bandwidth ).  Filter ógroup delayô Tg  

destroys the missing cycle. Tg = Q/[IF]  for an LC filter .     IF is the filter freq. 

 

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

cycle. Any negative group delay, or zero group delay filter, has a 1 cycle or faster 

response time = Tg. 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 the Time domain. There is a Fourier Frequency domain 

paired equivalent. Filtering removes the unnecessary frequency components in the frequency 

domain, leaving the desired component 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 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. 
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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 standard ). 

 

Bipolar Phase Shift Keying utilizes the NRZ code without modification ( Fig. 2.1 ). The 

XOR gate used as modulator reverses the phase ( 180 degrees, or a +-90 degree change ). 

It also removes the carrier.  This is a pulse width amplitude modulation process at 

baseband that changes to phase modulation. It creates a óDouble Sidebandô phase 

modulation spectrum with suppressed carrier. Any remaining AM components can be 

removed in a limiter. 

    

DSB ï minus Carrier - AM = PSK   ( Feher [4] Eq. 4.3.12 ) 

 

 

 

 

 

 

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.  

Figure 2.2  Phase Reversal Keying, showing missing cycles at the phase change edges 

and the modulated spectrum with the suppressed carrier.    fm is ½ clock rate. 
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Figure 2.3.  The RF Spectrum for BPSK modulation. ( From Rappaport ). 

 

Figure 2.3 shows the power spectral density ( PSD ) for BPSK modulation.  In this case, 

the baseband spectrum ( Fig. 1.2 ) is spread to each side of the carrier center ( fc ). In this 

plot, the carrier (suppressed) is not shown. In order to meet regulatory requirements, the 

3/2, 5/2, and 7/2 etc. harmonics from the Fourier spectrum - seen 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 Ŭ = 0.5. Only the fundamental sidebands ( + - fm ) are retained The raised 

cosine filter is a reasonable approximation of the Ideal or Nyquist filter, which is 

approximated if Ŭ = 0.   See Nyquistôs Sampling Theorem below and Chapter 1. The 

limits are shown for the Ideal filter, or raised cosine filter with Ŭ = 0, by the two vertical 

lines at the center in Fig. A2.7. 

 

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

-that is anything beyond fc+-Rb,- actually fc+-Rb/2 for Ŭ = 0, are not useful, and that they 

can be removed without creating óInter-symbol Interferenceô.  

 

Nyquistôs relationships can be paraphrased as: ñThe bandwidth óBô required is the 

reciprocal of the pulse period óTsô ò. That is BTs  = 1, or B = 1/Ts.  As an example, a 

RADAR pulse 1 microsecond wide requires a bandwidth of 1 MHz. A digital bit period 

óTô of 1 microsecond requires a filter with a bandwidth óBô that is 1 MHz wide.  Usually 

some excess bandwidth is used (in Fig. 2.3 it is + 50% -- Ŭ = .5),. Nyquist also says ñyou 

must sample once each symbol period óTsô if the data is to be recoveredò. This rule 

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 cycles in Fig. 2.2 are smoothed over and lost. The result is called ñContinuous 

Phase Frequency Shift Keyingò, or CPFSK. In this case, PM is converted to FM. This will be 

discussed in a following chapter.   

 

This signal edge loss is due to the group delay Tg of the filters.  To preserve the missing edge 

cycles in Fig. 2.2, a filter having near zero group delay is required.  This in turn means it must 

have a very broad bandwidth óBô, since óTô becomes very small. óTô must be one RF cycle in 

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 Nyquistôs sampling theorem. 

 

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: 

 

                                       
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 direction, they subtract 

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 carrier phase never changes.    

For AM the spectrum is: 

It = Im( sin(2ˊF)t + 0.5K{ sin [2ˊ(F+f)t] + sin[2ˊ(F-f)t]})     Ref. [2.10]. 

The upper and lower sidebands have the same + polarity.  

 

Armstrong  [2.1 ] demonstrated the first practical phase modulation method in 1936. The method 

used a balanced 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. Differentiating or integrating this change leads 

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

 

It = Im( sin(2ˊF)t + 0.5ɓ{ sin [2ˊ(F+f)t] ï sin[2ˊ(F-f)t]})                           Ref. for FM [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 phase of the lower sideband in Figure 2.4 also 

creates phase modulation of the carrier. See appendix 6 where the Bessel sideband is reversed. 

LSB USB

C
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Figure 2.5. The Armstrong Method  of Producing Phase Modulation. 

 

Direct FM is now produced in modern practice by means of  a voltage 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 = (3/2) ɓ
2
 Eb/n  Where ɓ is the deviation or modulation index.  

( This ignores filter bandwidth.). To include it, SNR = (3/2) ɓ
2
 C/N. 

 

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

 

ɓ = ȹF/f for FM and  ȹū/ˊ for PM.  Thus a sine wave at 10 kHz deviated 10 kHz has 

a modulation index of 1.0.   A phase shift of ˊ/2 radians is a modulation index of 0.5. 

 

When   ɓ = .8 radian, FM and AM are equal in SNR.              For BPSK, SNR = C/N 

For ɓ below 0.8, the 3/2 in the equation is omitted. ( ɓ = approximates the sine of the 

modulation angle up to 90 dgrees.) 

 

Although there are various 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. 2.3 ). Low 

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 

ñContinuous Phase Frequency Shift Keyingò waveform ( CPFSK ). Conventional 

filtering integrates the waveform due to the ógroup delayô Tg or órise timeô of the filter. 

The filtering used in general conforms to Nyquistôs criteria. 
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This group delay effect Tg using a conventional filter is like that of the RC integrator, 

which cannot pass abrupt rectangular edges. For purposes of limiting the bandwidth 
occupied, the modulation index is kept relatively low. BPSK could be considered to be +- 90 

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  

¶ 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 products, which cannot be 

separated into small fractions to match the deviation. The spread is in integral multiples of the 

modulating frequency. Other input waveforms have an equivalent sideband pattern 

 

There is a story going around ( unconfirmed ) that Carson published a paper in the 1920s that 

proved absolutely, positively, conclusively, without a doubt, that FM was an inferior modulation 

method that would never be used in practice. Despite this unconfirmed faux pas, Carson was a 

brilliant man and excellent theoretician. 

 

  

 

 

 

 

 

 

 

 

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

 

                                
 

Figure 2.7.  Bessel Products for ȹū = 0.8 Radians ( Modulation index = .25 ) 

 

Using Bessel functions, the lower J1 sideband is reversed in polarity from the upper J1 sideband. 

This contributes to the phase change as seen in Fig. 2.5. The sidebands of Fig. 2.4 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 the bandwidth occupied does not conform to Carsonôs 

Rules.  In both cases, a system that uses a filter having a bandwidth that passes only the J1 

Jo = .846 = 0db

J1=.369 =-7.2dB

J2=.076 =-21dB

+J1

Jo = .51
J1 = .56

J2 = .23
 -J2 = .23

-J1 = .56

Bessel Spectrum for Beta = 1.5
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products will pass useful data.  J1 is the modulation frequency. The spacing between +- J1 is the 

Nyquist Bandwidth required. 

 

Frequency modulation is differentiated or integrated phase modulation. It can only 

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 determined that a modulation index of  0.5 results 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 create this signal. One of the 

most common is to use Frequency Shift Keying ( FSK ). The phase change is either 

direct at ˊ/2 radians, or from the frequency change ȹf/F, where F is the data rate. 

(The modulating frequency is half that ). A shift of 1/2 the data rate in frequency meets 

the 0.5 modulation 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 ( integration Tg ) 

is used to cause  the phase to change gradually, resulting in what is referred to as 

Continuous Phase Frequency Shift Keying (CPFSK ). This is discussed in Chapter 3. 

 

NYQUIST'S Bandwidth Theorem: 

 
Theorem: If synchronous impulses, having a symbol rate of fs symbols per second, 

are applied to an ideal, linear phase brick wall filter, having a bandwidth = fs, the 

response to these impulses can be observed independently, that is without inter-

symbol interference. ( See Figs. 2.3 and 5.3 ). Also applies to a low pass filter with 

cutoff fN = fS/2 Hz. 

 

Rephrased:  If a filter is used having a rise time or envelop group delay Tg which is 

less than a pulse period, or symbol period Ts, the reponse to these impulses can be 

observed independently, that is, without intersymbol interference.  

 

A filter bandwidth equal to fs is specified by Nyquist. This a matter of terminology. A 

bandwidth = fs implies from 0 - fs.  - Baseband fN. The ñinformation bandwidthò is the 

bandwidth necessary to comply with the Nyquist theorem as stated, hence is the 

same as the Nyquist bandwidh. 

 

In that case, the baseband bandwidth can never be less than ½ bit rate, and the bandwidth 

efficiency can never be more than 2 bits/sec./Hz, since Bit Rate = ½ clock frequency. 

 

The reason for the  0- fs 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 methods depending upon switched carrier 

phases, hence each cycle is a synchronous impulse.  Therefore, UNB methods also have 

a symbol rate equal to the number of IF cycles per second =  fs, 

 

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 

the 0- fs relationship is no longer applicable.  The reference can be obtained from the 

carrier alone for a synchronous detector, hence the implied bandwidth is = fs - fs  = 0.  In 

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

 

We now have a new definition:  ñTransmission Bandwidthò. The transmission bandwidth 

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 (Ch. 7). The modulation information 

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

 

Nyquistôs Sampling Theorem, extended: 

 
ñYou must sample at least once for each symbol period óTsô to obtain meaningful 

dataò, or ñYou must sample at the symbol rate 1/Tsò. 

 

Nyquistôs relationship is often expressed in a more obvious manner.  

 

ñThe bandwidth óBô need not exceed the reciprocal of the pulse width period óTô ò. That 

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 interpreted to mean that the filter in Fig. 2.3 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 ).  

 

Nyquistôs theorem does not exclude the use of a narrower bandwidth. The symbol rate 

and sampling rate = 1/Ts cannot be changed, but the bandwidth B is variable. BT = 0.3 is 

a commonly used example for some CPFSK methods. 

 

Nyquist further describes a filter meeting these criteria. However, other filters such as the 

common LC filter, or the Gaussian filter can often be used if the rise time Tg can be 

tolerated. These filters are often used with a 3dB bandwidth less than the Nyquist 

bandwidth. They remove all sidebands other than the fundamental, or first 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, systems or methods. Other 

commonly used methods such as GMSK, QPSK, QAM and (ˊ/4)DQPSK are methods 

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 Fourier spectrum 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 utilizes the ñBit Rate Bandwidthò = 1/ Ts in the analysis, since 

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 = 1/2Ts. ( Figs. 1.2 and 5.11 ).  

This may cause some interpretive conflicts. Ts is the symbol period = 

1/fs. 
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Chapter 3.  Filter Effects 
CPFSK: 

 

The following photos show the effects of filter group delay Tg on 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 modulation at the modulator before filtering is seen in Fig. 3.1 for a 90 

phase change as used for 3PSK and NRZ-MSB. 

 

              
 

Figure 3.2 shows the preservation of the phase changes after a zero group delay ( zero 

rise time ) filter.  ( Q = 0 ). The filter has active components, which in this case have 

been over driven, resulting in some second harmonic distortion. Note that the abrupt 

phase changes are preserved and that at the phase return point at the right a cycle 

inversion has been created. 

 

         
 
Fig. 3.3.  After a filter with some group delay, the phase changes are no longer abrupt, 

but change slowly to the 90 degree position. ( A slew rate ȹʌ/ȹt is involved ). 
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Figure 3.3 is the waveform applicable to the commonly used Continuous Phase 

Frequency Shift Keying method.( CPFSK ), which involves filter group delay, or rise 

time Tg. The applicable equations derived from ɤt = ū are: 
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Eq. 3.1.  

 

The factor 4 in the lower equation applies to the LC Filter. The factor is 2 for the óIdealô 

filter, which is not realizable in practice. This applies only to a slew in phase of ˊ/2 

radians for an LC filter or ˊ radians for the ideal filter.  See also Eq. 4.1. 

 

The filter rise time Tg, or a finite ȹʌ/ȹt instead of an abrupt infinite ȹʌ/ȹt, creates the 

sidebands = ȹf. (ȹf = ȹū/2ˊ Tg ). This CPFSK method is deliberately used to move the 

energy from the carrier to the sidebands.  This was done because there were originally no 

zero group delay filters and it was desired to transfer all the usable energy to the 

sidebands. This leads to the commonly accepted quote, ñAll of the useful energy is in the 

sidebandsò, and to the desire to remove as much carrier as possible. 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 depends on this phase 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 ȹʌ/ȹt has been deliberately introduced. This in turn creates a ȹf, and 

the sidebands normally observed. 

 

Figure 3.5 shows the changes in frequency resulting from ȹʌ/ȹt after zero group delay 

filtering ( vertical axis ) and for filters with a finite group delay time from 0 to Ð. The 

filter group delay is determined from Tg = ȹū/2ˊȹf.  For no sideband (ultra narrow band) 

use, ȹf must = 0. For abrupt phase change recovery, ȹʌ/ȹt must be as near zero as 

possible over time. With a rectangular input ( Fig. 6.1 ), the frequency change is zero at 

the waveform flat tops, but infinite at the edges. The frequency excursion ȹf is +- infinity 

at the edges, and zero if ȹʌ/ȹt = 0, as it is on the flat tops and bottoms of the waveform. 
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Figure 3.5.  Frequency Change is Dependent upon ȹū/ȹt. If ȹū/ȹt = 0, then ȹf = 0.  See Eq 3.1. 

 

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

change in phase with respect to time is near infinite and the frequency shift is near infinite at 

rectangular pattern edges.  When ȹʌ/ȹt is zero, there is no frequency shift. When ȹʌ/ȹt has a 

finite value the frequency shifts along the sloped curves with time. ( Eq . 3.1 ). This change with 

time relates to CPFSK.  Refer to chapters 6 and 7 for zero group delay discussion. FM with a sine 

wave input is a frequency changing example. The sine wave has a continuously changing ȹʌ/ȹt. 

 

                      
    

Figure 3.6.  A zero group delay filter preserves the missing cycles ( Fig. 2.2 ) and 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 ȹʌ/ȹt is zero, or near zero, the CPFSK effect is absent and there is no ȹf. The instant 

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 the raised cosine filter shown above, which is 

applicable to modulation with sidebands, or modulation and detection methods that require the 

sidebands. Basically, Nyquist says, ñanything outside the bandpass of this raised cosine filter 

can be removed without creating inter -symbol interferenceò The FCC says they must be 

reduced or removed.  See Fig. 2.3. 

 

The raised cosine and óIdeal Filterô are not near zero group delay filters 

 

BPSK modulation is a standard example. This method creates a widespread Fourier series seen in 

Fig. 3.7 as a series of humps extending from the carrier fc to fc+-nRb. The raised cosine filter 

provides for an excess bandpass. In the above illustration this is Ŭ = 0.5, which results in a filter 

noise bandwidth 2.0 times that required for the óIdealô filter (Fig. 4.2), where Ŭ = 0. 

 

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 in all texts.  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 with group delay is ñgrow backò. When a filter has 

group delay, it can cause the sidebands it is supposed to remove to be partially restored if the 

active components are non linear. This comes from the mathematical relationship ȹf = ȹū/2ˊ Tg. 

It is particularly noticeable when using locked oscillators, or regenerative IF amplifiers, as filters. 

( Reference [3.4] and Fig. 4.9. ). It 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  A  NECESSITY 
 

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. 

 

 
 

 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 plus a sample and hold circuit following the integrator to separate noise 

and data. In this case, the integrator RC time is optimized for the group delay = Tg, which is equal 

to the bit period Ts for 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 end of a bit or 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 below the center 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 time Tg, or slew 

rate optimized at Ts.  See  Figure 7.1 
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The group delay ( rise time ) for conventional filters is traditionally calculated to be: 

 Tg = [DF/ (2p Df) ]           Derived from wt = F.               Eq. 4.1 
 For LC or Gaussian filters, this is: 

Tg = [ 1/(Df) ]   and Tg = Q/[IF]     IF is the filter freq.  In calculating for Q, Df is 

assumed to be for 2ˊ radians. For the ideal filter or raised cosine filter -- 

Tg = [ 1/(2Df) ] -- where Df is assumed to be for ˊ. Radians. If the phase shift in a 

system is only 90 degrees, the Q can be higher Tg = Q/[4IF].   The basic equation is 

based on ɤ, which is 2ˊ radians. The relationship BT=1 can be derived from  

(Df) Tg = [ 1/].  Obviously, a very narrow [Df ] = B = bandwidth filter has a very large 

group delay unless DF = 0, or is negative. ( Ch. 7 )..    

 

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

Tr = 0.7/B, where B is the 3 dB bandwidth [Df] of the filter.  This is the time from 10% to 

90% on the RC curve. Bandwidth, rise time and sampling rate are mathematically linked.  

The general custom in analysis is to assume Tr = 1/B and that there is an associated slew 

rate of  360 degrees during Tr = 1/B. ( BTr =1 ). 

 

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

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

engineers associate B with the filter bandwidth Df, 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, except in the optimum case. This B must be the Nyquist bandwidth, 

or the bandwidth of an óideal filterô, or the sampling rate  1/T, since it relates to Nyquist's 

sampling theorem as well. ( Reference Chapter 15 ). 

 

"Sampling must be done at the symbol ( rate ), or at a frequency higher than the 

symbol rate".    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 pulses, which are altered by filtering. As seen 

in the integrating filter of Fig. 4.1, each pulse has a rise time ( group delay Tg ) using 

conventional filters, having a duration 't' ( Tr ), and an associated optimum repetition rate 

B, optimized at B = 1/t. Conventional filters are integrators.   The rise time, which is 

optimized at 1 bit period, is also associated with a fixed ideal filter Bandwidth = 1/t,  

 
The correlating detector and integrating filter combination are considered to be an ñoptimum 

filterò in the presence of white noise. 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 integrated value 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 the modulation 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 conventional filters, LC, Crystal and SAW, function on a similar principal. It is all a matter  

of phase shift DF and rise time Tr through 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 that BT should be greater than 1. 

Any conventional filter with Tg = rise time = bit period is a form of 

integrating filter. Normally, the signals are sampled at the minimum Nyquist sampling 


