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PHOTOTHERAPY SYSTEM WITH DYNAMIC the influence of oscillatory energy on the process of healing 
DRIVE FOR LIGHT - EMITTING DIODES in animal and human tissue did not utilize light , but instead 

involved stimulating tissue with sinusoidal electrical micro 
CROSS - REFERENCE TO RELATED currents . Performed by the acupuncturist Dr. Paul Nogier in 
APPLICATIONS AND PATENTS 5 the mid 1950s , this poorly - documented empirically - based 

work concluded that certain frequencies stimulate healing 
This application is a continuation - in - part of application faster than others and manifest tissue - specificity . The studies 

Ser . No. 15,857,002 , filed Dec. 28 , 2017 , which is a division were performed in the audio frequency range from zero 
of application Ser . No. 14 / 073,371 , filed Nov. 6 , 2013 , now ( DC ) to 20 kHz . 
U.S. Pat . No. 9,877,361 , issued Jan. 23 , 2018 , which 10 Absent clear documentation of the treatment conditions 
claimed the priority of Provisional Application No. 61/723 , and the apparatus employed , to our knowledge , exact sci 
950 , filed Nov. 8 , 2012. This application is also a continu- entific reproduction of Nogier's experiments and verifica 
ation of application Ser . No. 14 / 461,147 , filed Aug. 15 , tion of his results have not occurred and no scientific 
2014 , which claimed the priority of Provisional Application technical reports appear in the refereed published literature . 
No. 61 / 940,209 , filed Feb. 14 , 2014. Each of the foregoing 15 So rather than constituting a specific method to cure disease applications and patents is hereby incorporated herein by or combat pain , Nogier's reported observations have served 
reference in its entirety . as a roadmap , i.e. a set of guiding principles , in the subse 

quent exploration and development of the field , including 
SCOPE AND BACKGROUND OF INVENTION the following premises : 

In human patients , the healing of injured or diseased 
Introduction tissue and a patient's perceived pain varies with the 
This invention relates to biotechnology for medical appli- oscillating frequency of electrical stimulation ( espe 

cations , including photobiomodulation , phototherapy , and cially 292 Hz or “ D ” in the musical scale ) 
bioresonance . Biophotonics is the biomedical field relating Specific frequencies in the audio range of 20 kHz and 
to the electronic control of photons , i.e. light , and its 25 below , appear to stimulate different tissue and organs 
interaction with living cells and tissue . Biophotonics more than others , i.e. tissue specificity is frequency 
includes surgery , imaging , biometrics , disease detection , and dependent 
phototherapy . Phototherapy is the controlled application of Doubling a given frequency appears to behave similar to 
light photons , typically infrared , visible and ultraviolet light the original frequency in tissue specificity , in effect , and 
for medically therapeutic purposes including combating 30 in efficacy . 
injury , disease , and immune system distress . More specifi- It is curious to note in the last bullet point , that even 
cally , phototherapy involves subjecting cells and tissue multiples of a frequency behave similarly , implies harmonic 
undergoing treatment to a strear of photons of specific behavior in cellular biology and physiological processes . 
wavelengths of light either continuously or in repeated Such harmonic behavior is analogous to the design of a 
discontinuous pulses to control the energy transfer and 35 piano and its keyboard , where doubling or halving a fre 
absorption behavior of living cells and tissue . quency is musically equivalent to the same note one octave , 

History of Pulsed Phototherapy Technology i.e. eight whole tones , higher or lower than the original . 
For more than a century , doctors , researchers , and amateur Also , the reported benefit of " even ” harmonics is consistent 

experimentalists have dabbled with the response of living with mathematical analysis of physical systems showing 
cells and tissue to non - ionizing energy , including ultraviolet 40 even - harmonics couple energy more efficiently , and behave 
and visible light , infrared light and heat , microwaves , radio more predictably than circuits or systems exhibiting odd 
waves , alternating current ( specifically microcurrents ) , harmonics . 
ultrasound and sound . In many cases , the energy source is While Nogier's observations have become a serious 
modulated with oscillations or pulses , reportedly resulting in research topic in the medical research community ( espe 
“ biomodulation ” effects that are different from the effects 45 cially in its applicability to phototherapy ) , they also have 
resulting from the steady application of energy . Even the fueled fanatical claims promoting highly - dubious meta 
famous scientist and father of alternating current Nicholas physical and religious principles that life comprises a single 
Tesla was known to have subjected himself to high - fre- pure frequency , that anything that disturbs that frequency 
quency modulated electrical shocks or " lightning strikes ” in represents disease or injury , and that eliminating or cancel 
theatrical public demonstrations to showcase the supposed 50 ling these bad frequencies somehow will restore health . 
benefits of AC technology and oscillatory energy . Unfortu- Even though such incredulous claims for maintaining health 
nately , despite all the interest and activity , rather than have been debunked scientifically , proponents of this theory 
producing a systematic comprehensive knowledge of the continue to offer for profit products or services for “ enhanc 
cellular interactions with constant and oscillatory directed ing ” a person's healthy frequency using so - called “ bioreso 
energy , the consequence of these sensationalized and poorly 55 nance ” for better health and longer life . 
controlled experiments has produced a confusing , and even In the context of this application , any discussion of 
self - contradictory , mix of science , pseudo - science , mysti- bioresonance herein does not refer to this metaphysical 
cism , and religion . Promulgating these conflicting and some- interpretation of the word but instead refers to well defined 
times extraordinary claims , today's publications , literature , biochemical processes in cells and in tissue resulting from 
and web sites range from hard science and biotechnology 60 photobiomodulation . In fact , scientific measurements reveal 
research to holistic medicine and spiritualism , and often that not one , but many dozens of frequencies simultaneously 
represent sensational pseudo - science ( devoid of technical coexist in a human body . These measured frequencies 
evidence ) purely for the purpose of enticing clients and some random , some fixed frequency , and some time - vary 
promoting product sales . ing , exist mostly in the audio spectrum , i.e. below 20 kHz . 

Topically , while the greatest interest in directed - energy 65 These naturally occurring frequencies include ECG signals 
therapy today is focused on low - level pulsed light for controlling heart function , EEG signals in the brain control 
healing ( i.e. phototherapy ) , the earliest studies concerning ling thought , visual signals carried by the optic nerve , 
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time - varying muscle stimulation in the peripheral muscles , caveat that many of the disclosed inventive methods are 
peristaltic muscle contractions in the intestines and uterus , equally applicable for both LED or semiconductor - laser 
nerve impulses from tactile sensations carried by the central based solutions . 
nervous system and spinal cord , and more . Similar signals Pulsed LED Phototherapy Systems 
are observed in humans , other mammals and in birds . So 5 FIG . 1 illustrates elements of a phototherapy system 
clearly there is no one frequency that uniformly describes a capable of continuous or pulsed light operation including an 
healthy condition for life . LED driver 1 controlling and driving LEDs as a source of 

Starting in the late 1960s , medical interest turned from photons 3 emanating from LED pad 2 on tissue 5 for the 
microcurrents to phototherapy , as pioneered by the Russians patient . Although a human brain is shown as tissue 5 , any 
and the Czechs and later in the 1980s by NASA - sponsored 10 organ , tissue or physiological system may be treated using 
research in the United States . In the course of researching phototherapy . Before and after , or during treatment , doctor 

or clinician 7 may adjust the treatment by controlling the phototherapy , also known as low - level light therapy ( LLLP ) , settings of LED driver 1 in accordance with monitor obser the same question of modulating frequency arose , compar vations . ing pulsed light to continuous irradiation for phototherapy While there are many potential mechanisms , as shown in treatment . The efforts primarily focused on red and infrared FIG . 2 , it is generally agreed that the dominant photobio light pulsed at frequencies in the audio range , i.e. below 20 logical process 22 responsible for photobiomodulation dur 
kHz . ing phototherapy treatment occurs within a mitochondrion 
Numerous studies and clinical trials have since compared 21 , an organelle present in every eukaryotic cell 20 com 

various pulsed infrared laser methods to continuous wave 20 prising both plants and animals including birds , mammals , 
treatments for phototherapy . In the journal paper “ Effect of horses , and humans . To the present understanding , photo 
Pulsing in Low - Level Light Therapy ” published in Lasers biological process 22 involves a photon 23 impinging , 
urg . Med . A 2010 , volume 42 ( 6 ) , pp . 450-466 , the among others , a molecule cytochrome - c oxidase ( CCO ) 24 , 

authors and medical doctors Hashmi et al . from Massachu- which acts as a battery charger increasing the cellular energy 
setts General Hospital , Harvard Medical School , and other 25 content by transforming adenosine monophosphate ( AMP ) 
hospitals , critically reviewed nine direct comparative trials into a higher energy molecule adenosine diphosphate 
of pulsed wave ( PW ) and continuous wave ( CW ) tests . Of ( ADP ) , and converting ADP into an even higher energy 
these trials , six studies showed pulsed treatments outper molecule adenosine triphosphate ( ATP ) . In the process of 
formed continuous illumination , and only in two cases did increasing stored energy in the AMP to ADP to ATP , 
the continuous wave treatment outperform light pulsing . In 30 charging sequence 25 , cytochrome - c oxidase 24 acts similar to that of a battery charger with ATP 26 acting as a cellular these published works , however , no agreement or consensus 
was reached defining the optimum pulse conditions for battery storing energy , a process which could be considered 

animal “ photosynthesis ” . Cytochrome - c oxidase 24 is also therapeutic efficacy . capable of converting energy from glucose resulting from 
One such study showing that pulsed - light phototherapy 35 digestion of food to fuel in the ATP charging sequence 25 , outperforms continuous light , published in Laser Medical or through a combination of digestion and photosynthesis . Science , 10 Sep. 2011 , entitled “ Comparison of the Effects To power cellular metabolism , ATP 26 is able to release of Pulsed and Continuous Wave Light on Axonal Regen energy 29 through an ATP - to - ADP - to - AMP discharging 

eration in a Rat Model of Spinal Cord Injury , ” by X. Wu et process 28. Energy 29 is then used to drive protein synthesis 
al . addresses the subject of nerve repair . Excerpts include an 40 including the formation of catalysts , enzymes , DNA poly 
introduction stating : “ Light therapy ( LT ) has been investi- merase , and other biomolecules . 
gated as a viable treatment for injuries and diseases of the Another aspect of photobiological process 22 is that 
central nervous system in both animal trials and in clinical cytochrome - c oxidase 24 is a scavenger for nitric oxide 
trials . Based on in vivo studies , LT has beneficial effects on ( NO ) 27 , an important signaling molecule in neuron com 
the treatment of spinal cord injury ( SCI ) , traumatic brain 45 munication and angiogenesis , the growth of new arteries and 
injury , stroke , and neurodegenerative diseases . " capillaries . Illumination of cytochrome - c oxidase 24 in cells 

The study then concentrated its effect on a comparison of treated during phototherapy releases NO 27 in the vicinity of 
continuous wave ( CW ) light therapy versus pulsed wave injured or infected tissue , increasing blood flow and oxygen 
( PW ) treatments on SCI . The rats were transcutaneously delivery to the treated tissue , accelerating healing , tissue 
irradiated within 15 minutes of SCI surgery with an 808 nm 50 repair , and immune response . 
( infrared ) diode laser for 50 minutes daily and thereafter for To perform phototherapy and stimulate cytochrome - c 
14 consecutive days . After an extended discussion , the oxidase 24 to absorb energy from a photon 23 , the inter 
authors reported : “ In conclusion , CW and pulsed laser light vening tissue between the light source and the tissue absorb 
support axonal regeneration and functional recovery after ing light cannot block or absorb the light . The electromag 
SCI . Pulsed laser light has the potential to support axonal 55 netic radiation ( EMR ) molecular absorption spectrum of 
regrowth to spinal cord segments located farther from the human tissue is illustrated in a graph 40 of absorption 
lesion site . Therefore , the use of pulsed light is a promising coefficient versus the wavelength of electromagnetic radia 
non - invasive therapy for SCI . ” tion à ( measured in nm ) as shown in FIG . 3. FIG . 3 shows 

While the majority of these studies utilized pulsed lasers , the relative absorption coefficient of oxygenated hemoglo 
similar systems were subsequently developed using digitally 60 bin ( curve 44a ) , deoxygenated hemoglobin ( curve 44b ) , 
pulsed light - emitting diodes ( LEDs ) . These studies ( e.g. cytochrome c ( curves 41a , 416 ) , water ( curve 42 ) and fats 
Laser Med . Sci . , 2009 ) showed that , all things being equal , and lipids ( curve 43 ) as a function of the wavelength of the 
LED phototherapy matches or outperforms laser photo- light . As illustrated , deoxygenated hemoglobin ( curve 445 ) 
therapy . Moreover , LED therapy solutions are cheaper to and also oxygenated hemoglobin , i.e. blood , ( curve 44a ) 
implement and intrinsically offer greater safety than laser 65 strongly absorb light in the red portion of the visible 
methods and apparatus . Given these considerations , this spectrum , especially for wavelengths shorter than 650 nm . 
application shall focus on LED based systems , but with the At longer wavelengths in the infrared portion of the spec 
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trum , i.e. above 950 nm , EMR is absorbed by water ( H2O ) needed in phototherapy . It is difficult to cover a range of 
( curve 42 ) . At wavelengths between 650 nm to 950 nm , frequencies with a narrow bandwidth optical source . For 
human tissue is essentially transparent as illustrated by example , referring again to FIG . 3 , clearly the chemical 
transparent optical window 45 . reactions involved in making the CCO absorption spectra 

Aside from absorption by fats and lipids ( curve 43 ) , EMR 5 ( curve 41b ) is clearly different than the reactions giving rise 
comprising photons 23 of wavelengths 2 within in transpar- to absorption tail ( curve 41a ) . Assuming the absorption 
ent optical window 45 , is directly absorbed by cytochrome - c spectra of both regions are shown to be beneficial it is 
oxidase ( curves 41aa , 416 ) . Specifically , cytochrome - c oxi- difficult to cover this wide range with an optical source 
dase 24 absorbs the infrared portion of the spectrum repre- having a wavelength spectrum only 6 nm wide . 
sented by curve 41b unimpeded by water or blood . A 10 So just as sunlight is an excessively broad spectrum , 
secondary absorption tail for cytochrome - c oxidase ( curve photobiologically exciting many competing chemical reac 
41a ) illuminated by light in the red portion of the visible tions with many EMR wavelengths , some even harmful , 
spectrum is partially blocked by the absorption properties of laser light is too narrow and does not stimulate enough 
deoxygenated hemoglobin ( curve 44b ) , limiting any photo- chemical reactions to reach full efficacy in phototherapeutic 
biological response for deep tissue but still activated in 15 treatment . This subject is discussed in greater detail in a 
epithelial tissue and cells . FIG . 3 thus shows that photo- related application entitled " Phototherapy System And Pro 
therapy for skin and internal organs and tissue requires cess Including Dynamic LED Driver With Programmable 
different treatments and light wavelengths , red for skin and Waveform ” , by Williams ( U.S. application Ser . No. 14/073 , 
infrared for internal tissue and organs . 371 ) , now U.S. Pat . No. 9,877,361 , issued Jan. 23 , 2018 , 

Present Photonic Delivery Systems 20 incorporated herein by reference . 
In order to achieve maximum energy coupling into tissue To deliver phototherapy by exciting the entire range of 

during phototherapy , it is important to devise a consistent wavelengths in the transparent optical window 45 , i.e. the 
delivery system for illuminating tissue with photons consis- full width from approximately 650 nm to 950 nm , even if 
tently and uniformly . While early attempts used filtered four different wavelength light sources are employed to span 
lamps , lamps are extremely hot and uncomfortable for 25 the range , each light source would require a bandwidth 
patients , potentially can burn patient and doctors , and are almost 80 nm wide . This is more than an order of magnitude 
extremely difficult in maintaining uniform illumination dur- wider than the bandwidth of a laser light source . This range 
ing a treatment of extended durations . Lamps also suffer is simply too wide for lasers to cover in a practical manner . 
short lifetimes , and if constructed using rarified gasses , can Today , LEDs are commercially available for emitting a wide 
also be expensive to replace regularly . Because of the filters , 30 range of light spectra from the deep infrared through the 
the lamps must be run very hot to achieve the required ultraviolet portion of the electromagnetic spectrum . With 
photon flux to achieve an efficient therapy in reasonable bandwidths of +30 nm to +40 nm , it is much easier to cover 
treatment durations . Unfiltered lamps , like the sun , actually the desired spectrum with center frequencies located in the 
deliver too broad of a spectrum and limit the efficacy of the red , the long red , the short near infrared ( NIR ) and the mid 
photons by simultaneously stimulating both beneficial and 35 NIR portions of the spectrum , e.g. 670 nm , 750 nm , 825 nm , 
unwanted chemical reactions , some involving harmful rays , and 900 nm . 
especially in the ultraviolet portion of the electromagnetic FIG . 4 illustrates a preferred solution to light delivery 
spectrum . problem is to employ a flexible LED pad , one that curves to 
As an alternative , lasers have been and continue to be a patient's body as shown in pictograph 59. As shown , 

employed to perform phototherapy . Like lamps , lasers risk 40 flexible LED pad 50 is intentionally bent to fit a body 
burning a patient , not through heat , by exposing tissue to appendage , in this case leg comprising tissue 61 , and pulled 
intense concentrated optical power . To prevent that problem , taught by Velcro strap 57. To prevent slippage , flexible LED 
special care must be taken that laser light is limited in its pad 50 includes Velcro strips 58 glued to its surface . In use , 
power output and that unduly high current producing dan- Velcro strap 57 wrapped around the pad attaches to the 
gerous light levels cannot accidentally occur . A second , 45 Velcro strips 58 holding flexible LED pad 50 firmly in 
more practical problem arises from a laser's small “ spot position conforming to a patient's leg , arm , neck , back , 
size ” , the illuminated area . Because a laser illuminates a shoulder , knee , or any other appendage or body part com 
small focused area , it is difficult to treat large organs , prising tissue 61 . 
muscles , or tissue and it is much easier for an overpower The resulting benefit , also shown in FIG . 4 illustrates that 
condition to arise . 50 the resulting light penetration depth 63 into subdermal tissue 

Another problem with laser light results from its “ coher- 62 from LEDs 52 embedded in flexible pad 50 is perfectly 
ence , ” the property of light preventing it from spreading out , uniform along the lateral extent of the tissue 62. Unlike 
making it more difficult to cover large areas during treat- devices where the light source is a stiff LED wand or 
ment . Studies reveal there is no inherent extra benefit from inflexible LED panel held above the tissue being treated , in 
phototherapy using coherent light . For one thing , bacterial , 55 this example the flexible LED pad 50 is positioned adjacent 
plant and animal life evolved on and naturally absorbs to the patient's skin , i.e. epithelial 61 , separated from the 
scattered , not coherent light because coherent light does not skin only by a disposable aseptic sanitation barrier 51 , 
occur naturally from any known light sources . Secondly , the typically a clear hypoallergenic biocompatible plastic layer , 
first two layers of epithelial tissue already destroy any which prevents the inadvertent spread of virulent agents 
optical coherence , so the presence of coherence is really 60 through contact with LED pad 50. Close proximity between 
relegated to light delivery but not to its absorption . the LEDs 52 and the tissue 62 is essential to maintain 

Moreover , the optical spectrum of a laser is too narrow to consistent illumination for durations of 20 minutes to over 1 
fully excite all the beneficial chemical and molecular tran- hour , an interval too long to hold a device in place manually . 
sitions needed for to achieve high efficacy phototherapy . The This is one reason handheld LED devices and gadgets , 
limited spectrum of a laser , typically a range of +3 nm 65 including brushes , combs , wands , and torchlights , have been 
around the laser's center wavelength value , makes it difficult shown to offer little or no medical benefit for phototherapy 
to properly excite all the beneficial chemical reactions treatment . 
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A prior art phototherapy system for controlled light deliv- example shown in FIG . 6A , an 8 - pin rectangular USB 
ery available today and shown in the pictograph of FIG . 5 connector format was chosen for its durability , strength , and 
comprises an electronic driver 70 connected to one or more ubiquity . 
sets of flexible LED pads 71a - 7le through cables 72a and In the embodiment shown in FIG . 6A , center flexible LED 
72b and connected to one other through short electrical 5 pad 80a is rectangular and includes a strain relief 81 for 
connectors 73a - 73d . connecting to cable 82 and two USB sockets 84 , all located 

Specifically , one electrical output of electronic LED on the same edge of center LED pad 80a , shown as the pad 
driver 70 is connected to center flexible LED pad 71a by edge parallel to the x - axis . Similarly , each of side LED pads 
electrical cable 72a , which is in turn connected to associated 80b and 80c is also rectangular and includes two USB 
side flexible LED pads 716 and 716 through electrical 10 sockets also located on the same edge . This connection 
connectors 73a and 73b , respectively . A second set of LED scheme is markedly different from the prior art device shown 
pads connected to a second electrical output of electronic in FIG . 5 , where the connector sockets are proprietary and 
driver 70 is connected to center flexible LED pad 71c by located on edges of the LED pads 71a - 71c and 71c - 71e that 
electrical cable 72b , which is in turn connected to associated face one another . 
side flexible LED pads 91d and 91e through electrical 15 The benefit of this design change greatly improves a 
connectors 73c and 73d , respectively , located on the edge of physician's or clinician's choices in positioning the LED 
LED pad 71c perpendicular to the edge where electrical pads on a patient being treated . Because the connector 
cable 72b attaches . The use of flexible LED pads and the sockets do not face one another as they do in prior art 
ability of electronic LED driver 70 to independently drive devices , connector cables 85a and 85b need not be short in 
two sets of LED pads with up to 900 mA of current , with 20 order to allow close placement of the LED pads . In fact , in 
each comprising a set of three pads , renders the photo- the example shown , LED pads 80a , 80b and 80c may , if 
therapy system a best - in - class product offering today . desired , actually abut one another without putting any stress 

Despite its technical superiority , the prior art photo- on the cables 85a and 85b whatsoever , even if long cables 
therapy system suffers from numerous limitations and draw are employed . With the LED pads touching , the versatility of 
backs , including poor reliability for its LED pads , the 25 the disclosed flexible LED pad set offers a doctor the ability 
inability to control LED current and therefore light unifor- to utilize the highest number of LEDs in the smallest 
mity ) across the LED pads , limited control in the excitation treatment area . 
patterns driving the LEDs , limited safety and diagnostic Alternatively , the flexible LED pads may be placed far 
features , and the inability to communicate or receive updates apart , for example across the shoulder and down the arm , or 
via the internet , wirelessly , or by cloud services . These 30 grouped with two pads positioned closely and the third part 
various inadequacies are addressed by a number of related positioned farther away . With electrical shielding in cables 
patents . 85a and 85b , the pads may be positioned far apart without 

Improving the reliability of the flexible LED pads is suffering noise sensitivity plaguing the prior art solutions 
addressed in detail in a related application entitled shown previously . 
“ Improved Flexible LED Light Pad for Phototherapy , ” by 35 The design shown in FIG . 6A also makes it easy for a 
Williams et . al . ( U.S. application Ser . No. 14 / 460,638 ) now clinician to position the flexible LED pads 80a - 80c , bend 
U.S. Pat . No. 9,895,550 , issued Feb. 20 , 2018 , which is them to fit to the patient's body , e.g. around the stomach and 
incorporated herein by reference . FIG . 6A illustrates a view kidneys , and then secure the pads 80a - 80c by Velcro belt 93 
of the improved flexible LED pad set , which virtually attaching to Velcro straps 92 attached firmly to the LED pads 
eliminates all discrete wires and any wires soldered directly 40 80a - 80c . The bending of the individual flexible LED pads 
into PCBs within the LED pads ( except for those associated 80a - 80c and the Velcro belt 93 binding them together is 
with center cable 82 ) while enabling significantly greater illustrated in FIG . 6B , where the belt 93 and the pads 
flexibility in positioning and arranging the flexible LED 80a - 80c are bent to fit around a curved surface with curva 
pads upon a patient undergoing phototherapy . ture in the direction of the x - axis . In order to bend in the 
As shown , the LED pad set includes three flexible LED 45 direction of the x - axis , no rigid PCB oriented parallel to the 

pads comprising center flexible LED pad 80a with associ- x - axis can be embedded within any of the LED pads 
ated electrical cable 82 , and two side flexible LED pads 80b 80a - 80c . 
and 80c . All three LED pads 80a - 80c include two connector In center LED pad 80a , cable 82 and an RJ45 connector 
sockets 84 for connecting pad - to - pad cables 85a and 85b . 83 are used to electrically connect the LED pads 80a - 80c to 
Although connector socket 84 is not visible in this perspec- 50 the LED controller in order to preserve and maintain back 
tive drawing as shown , its presence is easily identified by the ward compatibility with existing LED controllers operating 
hump 86 in the polymeric flexible LED pad 80b , and in clinics and hospitals today . If an adapter for converting 
similarly in flexible LED pads 80a and 80c . Pad - to - pad RJ45 connector 83 to a USB connector is included , flexible 
cables 85a and 856 electrically connect center LED pad 80a LED pad 80a may be modified to eliminate cable 82 and 
to LED pads 80b and 80c , respectively . 55 strain relief 81 , instead replacing the center connection with 

Industry standard USB connectors maintain high perfor- a third USB socket 84 and replacing cable 82 with another 
mance and consistent quality at competitive costs manufac- USB cable similar to USB cable 85a but typically longer in 
tured through a well established high - volume supply chain , length . 
using sockets 84 that securely mount to a printed circuit Methods of controlling LED current to improve light 
board , and USB cables 85a and 85b , thereby integrating 60 uniformity , providing enhanced safety and self - diagnostic 
electrical shielding and molded plugs and resisting breakage capability while augmenting control of LED excitation 
from repeated flexing and bending . Moreover , the USB patterns are described in the above - referenced U.S. Pat . No. 
connector cables 85a and 85b are capable of reliably con- 9,877,361 . 
ducting up to 1 A of current and avoid excessive voltage Control of LED Excitation Patterns 
drops or electromigration failures during extended use . 65 To precisely control the excitation pattern of the light 
Aside from USB cables , other connector and cable set pulses requires more sophisticated phototherapy system 
options include min - USB , IEEE - 1394 , and others . In the comprising advanced electronic control . Such circuitry can 
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be adapted from pre - existing driver electronics , e.g. that and followed by LED string conducting for a duration 4 , 
used in HDTV LED backlight systems , re - purposed for ( 4 clock pulses ) . The timing diagrams 110-113 illustrate the 
application to phototherapy . flexibility of the new control system in varying the LED 
As shown in FIG . 7 , one such advanced electronic drive wavelength and the excitation pattern frequency . 

system adapted from LED TV drive circuitry employs The improved LED system allows precise control of the 
individual channel current control to insure that the current duration of each light pulse emitted by each of LED strings in every LED string is matched regardless of LED forward à a Ny and Ne . In practice however , biological systems such conduction voltages . As shown , current sinks 96a , as living cells cannot respond to single sub - second pulses of 
96b , 96n are coupled to power N LED strings 97a , light , so instead one pattern comprising a single wavelength 
97b , 97n , respectively , acting as switched constant and a single pattern frequency of pulses is repeated for long 
current devices having programmable currents when they durations before switching to another LED wavelength and are conducting and the ability to turn on and off any excitation pattern frequency . A more realistic LED excita individual channel or combination thereof dynamically tion pattern is shown in FIG . 8B , where the same clock under control of digital signals 98a , 98b , 98n , 15 signal ( waveform 110 ) is used to synthesize , i.e. generate , a respectively . The number n can be any number of channels fixed frequency excitation pattern 116 of a single à? wave that are practical . length light with an synthesized pattern frequency of fsynth , 
As shown , controlled current in current sink 96a is set where 

relative to a reference current 99 at a magnitude Iref and 
maintained by a feedback circuit monitoring and adjusting 20 fsynth = 1 / nTo , 
the circuit biases accordingly in order to maintain current 
ILEDa in the string of m series - connected LEDs 97a . The where the time Te is the time interval at which successive 
number m can be any number of LEDs that are practical . The clock pulses are generated , and “ n ” is the number of clock 
current control feedback is represented symbolically by a pulses in each period of the synthesized waveform . As 
loop and associated arrow feeding back into current sink 25 shown in waveform 116 , until time t , the LED string is on 
96a . The digital enable signals are then used to “ chop ” or 50 % of the time so the duty factor D is 50 % and the 
pulse the LED current on and off at a controlled duty factor brightness of the LED is equal to one - half of what it would 
and , as disclosed in the above - referenced U.S. Pat . No. be if it were on all the time . After the time t2 , the duty factor 
9,877,361 , also at varying 27-29 frequencies . An LED is increased to 75 % , increasing average LED brightness but 
controller 103 is powered by low - dropout ( LDO ) linear 30 maintain the same synthesized pattern frequency fsynth . 
regulator 102 and instructed by a microcontroller 104 Timing diagram 117 illustrates a similar synthesized 
through a SPI digital interface 105. A switch mode power waveform of a single na wavelength light at a fixed bright 
supply 100 powers LED strings 97a - 97n at a high voltage ness and duty factor D = 50 % until time t? . However , instead 
+ VLED which may be fixed or varied dynamically . 35 of varying the brightness at time ty , the synthesized pattern 

Despite employing analog current control , the resulting frequency changes from fyynthi = 1 / nT , to a higher frequency 
waveforms , and PWM control are essentially digital wave fsynth2 = 1 / mTe , m being less than n . So at time tz , the forms , i.e. a string of sequential pulses as shown in FIG . 8A , synthesized frequency increases from fsynth1 to fsynth2 , even controlling the average LED brightness and setting the though the duty factor ( 50 % ) and LED brightness stay 
excitation frequency by adjusting the repetition rate and 40 constant . In summary , the improved LED drive system 
LED on - times . As shown in the simplified timing diagram of allows the controlled sequencing of arbitrary pulse strings of 
FIG . 8A , a string of clock pulses is used to generate a multiple and varying wavelength LEDs with control over the 
sequential waveform of LED light , which may comprise brightness and the duration and digital repetition rate , i.e. the 
different wavelength LEDs of wavelengths has ab , and les excitation or pattern frequency . 
each illuminated at different times and different durations . 45 To avoid any confusion , it should noted that the pattern As shown by the illustrative waveforms 110 and 111 in frequency fsynth is not the LED's light frequency . The light's FIG . 8A , a pulse generator within LED controller 103 frequency , i.e. the color of the emitted light , is equal to the generates clock pulses at intervals T , and a counter located 
within LED controller 103 associated with generating the speed of light divided by the light's wavelength à , or 

mathematically as waveform 111 counts 9 clock pulses and then turns on the 
specific channel's current sink and Na LED string for a VEMR = c1- ( 3-108 m / s ) / ( 0.8-10 m ) = 3.8-1014 cycles / duration of 4 pulses before turning it off again . As shown by 
waveform 112 , a second counter , also within LED controller 
103 , turns on the în channel immediately after one clock For clarity's sake , the light's frequency as shown is referred 
pulse for a duration of 8 clock pulses , and then turns the to by the Greek letter nu or “ v ” and not by the small letter 
channel's LED string off for a duration of 4 clock pulses f or fsynth . As calculated , the light's electromagnetic fre 
( while the a LED string is on ) and then turns the Ny LED quency is equal to hundreds of a THz ( i.e. tera - Hz ) while the 
string on again for another 3 clock pulses thereafter . As synthesized pattern frequency of the digital pulses fsynth is 
shown by waveform 113 , a third counter in LED controller 60 general in the audio or “ sonic ” range ( and at most in the 
103 waits 22 pulses before turning on the à LED string for ultrasound range ) i.e. below 100 kHz , at least nine orders 
a duration of 4 pulses then off again . of - magnitude lower . Unless noted by exception , throughout 

In this sequenced manner , ày LED string conducts for a the remainder of this application we shall refer to the “ color ” 
duration Aqi ( 8 clock pulses ) , then à? LED string conducts of light only by its wavelength and not by its frequency . 
for a duration 4,2 ( 4 clock pulses ) , then when it turns off 65 Conversely , the pulse rate or excitation pattern frequency 
LED string conducts for a duration Afz ( 3 clock pulses ) , fsynth shall only be described as a frequency and not by a 
waiting for a duration A4 when no LED string is conducting , wavelength . 

50 

s = 380 THz 
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Summary of Limitations in Prior - Art Phototherapy these smaller T , intervals that represent the value of the sine 
Prior - art phototherapy apparatus remain limited by a wave . Thus , the current - sink MOSFET is turned ON for part 

number of fundamental issues in their design and imple- of each T. interval and turned OFF during the remainder 
mentation including of each T interval . As a result , the level of the LED 

use of lasers ( instead of LEDs ) limited by their intrinsi- 5 current is averaged ( smoothed out ) into the form of a sine 
cally narrow bandwidth of emitted light unable to 
simultaneously stimulate the required range of chemi The gate of the current - sink MOSFET may be controlled cal reactions necessary to maximize photobiostimula by a precision gate bias and control circuit that receives 
tion and optimize medical efficacy , reference current from a reference current source and an safety concerns in the use of lasers enable signal from a digital synthesizer . The digital synthe LEDs mounted in a rigid housing unable to conform to sizer contains a counter that is set to a number representative treatment areas of the number of small To intervals during which the poor , improper , or ineffective modulation of phototherapy current - sink MOSFET is to be turned ON . The current - sink excitation patterns The last subject , ineffective modulation of phototherapy 15 MOSFET is turned ON , and the counter counts down to 

excitation patterns represents a major challenge and oppor zero . When the counter reaches zero , the current - sink MOS 
FET is turned OFF . The current - sink MOSFET remains OFF tunity for improving photobiomodulation and treatment effi 

cacy , one which represents the focus of this disclosure . for a number of T , intervals equal to the total number of T. 
intervals in a T. interval less the number of To intervals 

BRIEF SUMMARY OF THE INVENTION 20 during which the current - sink MOSFET was turned on . 
At the beginning of the next T interval , a new number 

In accordance with this invention , the intensity of light representative of the next value of the sine wave is loaded 
used in phototherapy is varied gradually and repeatedly with into the counter in the precision gate bias and control circuit , 
regular periodicity rather than being administered as a series and the process is repeated . 
of square - wave pulses that are either ON or OFF . In many 25 Controlling the LEDs in accordance with a sinusoidal 
embodiments the light is generated by strings of light- function eliminates the harmonics that are produced when 
emitting diodes ( LEDs ) , but in other embodiments other the LEDs are pulsed ON and OFF according to a square 
types of light sources , such as semiconductor lasers , may be wave function , many of which may fall within the “ audible ” 
used . In a preferred embodiment , the light is sometimes spectrum ( generally less than 20,000 Hz ) and may have 
varied in accordance with a single frequency sinusoidal 30 deleterious effects on a phototherapy treatment . Using the 
function , or a “ chord ” having two or more sine waves as technique of this invention , the frequencies of the smaller 
components , but it will become apparent that the techniques intervals used in producing the sinusoidal function ( 1 / T , 
described herein can be employed to generate an infinite and 1 / T . ) can typically be set at above 20,000 Hz , where 
variety of intensity patterns and functions . they generally have little effect on phototherapy treatments . 

In one group of embodiments , the intensity of light 35 Chords containing multiple sinusoidal functions may be 
emitted by a string of LEDs is varied by analogically generated by adding the values of the component sine waves 
controlling the gate voltage of a current - sink MOSFET together . With the analog technique , the sine waves may be 
connected in series with the LEDs . A gate driver compares added together with an analog mixer , or a chord may be 
the current in the LED string against a sinusoidal reference generated using a polyphonic analog audio source in lieu of 
current , and the gate voltage of the current - sink MOSFET is 40 an oscillator . With the digital technique , the numerical 
automatically adjusted by circuitry within the MOSFET values representing the component sine waves may be added 
driver until the LED and reference currents match and the together using an arithmetic logic unit ( ALU ) . Another way 
LED current is at its desired value . In this way , the LED of creating a chord is to combine an analog synthesized 
current mimics the sinusoidal reference current . The sinu- waveform with a second digital pulse frequency by " strob 
soidal reference current can be generated in a variety of 45 ing ” the analog waveform ON and OFF at a strobe fre 
ways ; for example , with an LC or RC oscillator , a Wien quency . The strobe frequency may be either higher or lower 
bridge oscillator or a twin T oscillator . than the frequency of the analog waveform . The strobe pulse 

In an alternative version of these embodiments , the gate may be generated by feeding an analog sine wave to a divide 
voltage of the current - sink MOSFET is varied using a by 2 , 4 or 8 counter to produce a second waveform 1 , 2 or 
digital - to - analog ( D / A ) converter . The D / A converter is 50 3 octaves above the analog sine wave , respectively . 
supplied with a series of digital values that represent the An advantage of using a D / A converter to generate an 
values of a sine wave at predetermined instants of time , e . g . analog voltage or using the digital technique is that treat 
24 values in a full 360 ° cycle . The digital values may ment sequences ( e.g. , for particular organs or tissues ) may 
represent not only a sine wave but also may be generated by be stored digitally in a memory ( e.g. , an EPROM ) for 
or from a CD or DVD . 55 convenient retrieval and use by a doctor or other clinician . 

In a second group of embodiments , the LED current is 
controlled digitally , preferably using pulse - width modula BRIEF DESCRIPTION OF THE DRAWINGS 
tion ( PWM ) . As in the previous embodiment , a sine wave is 
broken down into a series of digital values that represent its FIG . 1 is a simplified pictorial representation of a photo 
level at particular intervals of time . These intervals are 60 therapy treatment . 
referred to herein as having a duration Tsyne . A pulse is FIG . 2 is a simplified pictorial representation of photo 
generated for each Tsync interval , its width representing the biomodulation of cellular mitochondria . 
value of the sine wave in that interval . To do this , each T FIG . 3 is a graph showing the absorption spectra of 
interval is further broken down into a number of smaller cytochrome - c ( CCO ) , blood ( Hb ) , water and lipids . 
intervals ( each having a duration referred to herein as To ) , 65 FIG . 4 is a photographic example and schematic repre 
and the gate of the current - sink MOSFET is controlled such sentation of a LED pad being used in a phototherapy 
that the LED current is allowed to flow during a number of treatment . 

sync 

Sync 
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FIG . 5 is a view of a phototherapy system comprising a FIG . 17C schematically represents a frequency and volt 
controller and six flexible polymeric LED pads . age adjustable voltage source comprising a Wien - bridge 
FIG . 6A is a schematic representation of a set of three used to generate an oscillating reference current . 

flexible polymeric LED pads connected together and FIG . 17D schematically represents a programmable level 
attached to a Velcro strap . 5 shift circuit using a resistor ladder . 
FIG . 6B is a schematic representation of the set of flexible FIG . 18A schematically represents an implementation of 

polymeric LED pads shown in FIG . 6A , bent slightly to a single - channel current - controlled LED driver using a D / A 
conform to a patient's body . converter to generate a reference current . 
FIG . 7 is an electrical schematic diagram of a current FIG . 18B schematically represents an implementation of 

controlled LED pulsed phototherapy system . 10 a D / A converter using a resistor ladder . 
FIG . 19A illustrates a 292 Hz sine wave synthesized from FIG . 8A is an exemplary timing diagram , showing the a D / A converter . sequential pulsed excitation of multiple wavelength LEDs FIG . 19B illustrates the harmonic spectra of 292 Hz sine with varying durations . wave synthesized using a D / A converter generated reference FIG . 8B is an exemplary timing diagram , showing the 15 current . sequential pulsed excitation of multiple wavelength LEDs FIG . 19C illustrates an expanded view of digital steps 

with various combinations of duty factor and frequency . present in a 292 Hz sine wave synthesized from a D / A FIG . 9A illustrates the time domain and Fourier frequency converter generated reference current . 
domain representation of a digital ( square wave ) pulse . FIG . 19C illustrates an expanded view of digital steps 

FIG . 9B illustrates a discrete Fourier transform represen- 20 present in a 18.25 Hz sine wave synthesized from a DIA 
tation using varying numbers of summed sine waves . converter generated reference current . 
FIG . 9C illustrates the measured current harmonic content FIG . 19D illustrates a portion of a 18.25 Hz sine wave 

of a digitally pulsed power supply . comprising a sequence of voltage changes occurring at a 
FIG.9D illustrates a measured Fourier spectrum of ampli- clock frequency of a D / A converter . 

tude harmonics . FIG . 19E illustrates the harmonic spectra of a 18.25 Hz 
FIG . 9E illustrates a Fourier transform of a limited time sine wave synthesized using a D / A converter generated 

sample of a measured amplitude data revealing the fre- reference current . 
quency “ spurs ” resulting from the short duration sample . FIG . 20 illustrates various combinations of sinusoidal 
FIG . 9F illustrates the magnitude of odd and even har- reference currents and resulting LED current waveforms . 

monics and the cumulative energy over the spectrum of a 30 FIG . 21 illustrates the sum of two sinusoidal waveforms 
continuous Fourier transform of a digital ( square wave ) and the resulting waveform . 
pulse . FIG . 22A schematically illustrates the use of an analog 

FIG . 10 illustrates a graph of the frequency response of an mixer to generate a polyphonic oscillatory reference current 
oscillatory system having two resonant frequencies . for phototherapy LED drive . 
FIG . 11 illustrates the summation of two synchronized 35 FIG . 22B schematically represents the use of an analog 

digital pulses of varying frequency . audio source to generate a polyphonic reference current for 
FIG . 12A illustrates a graph of spectral content of a 292 a phototherapy LED drive . 

Hz digital pulse contaminating the audio spectrum to that of FIG . 22C schematically represents the use of a digital 
idealized octaves of D4 in the same range . audio source to generate a polyphonic reference current for 
FIG . 12B illustrates a graph showing that the spectral 40 a phototherapy LED drive . 

content of a 4,671 Hz digital pulse mostly contaminates the FIG . 23A illustrates the synthesized polyphonic wave 
ultrasonic spectrum . form generated from a sinusoidal reference current and a 
FIG . 13 illustrates various physical mechanisms of pho- higher frequency digital pulse . 

tobiomodulation FIG . 23B illustrates the polyphonic harmonic spectra 
FIG . 14 illustrates two equivalent circuits of a single 45 generated from a 292 Hz sinusoidal reference current and a 

channel LED driver with current control . 4,672 Hz digital pulse . 
FIG . 15 illustrates various example combinations of ref- FIG . 23C illustrates the polyphonic harmonic spectra 

erence current and enable signals and the resulting LED generated from a 292 Hz sinusoidal reference current and a 
current waveforms . 9,344 Hz digital pulse . 
FIG . 16A schematically illustrates the problem of current 50 FIG . 23D illustrates the polyphonic harmonic spectra 

sharing among multiple loads from a single reference cur- generated from a 292 Hz sinusoidal reference current and an 
rent . ultrasonic digital pulse . 
FIG . 16B schematically illustrates the use of transcon- FIG . 23E illustrates the polyphonic harmonic spectra 

ductance amplifiers for distributing a reference current generated from a 292 Hz sinusoidal reference current and a 
among multiple loads . 55 18,688 Hz digital pulse . 

FIG . 16C schematically illustrates one implementation of FIG . 24 illustrates the synthesized polyphonic waveform 
a controlled current sink comprising a high voltage MOS- generated from a sinusoidal reference current and a lower 
FET and MOSFET driver circuit with resistor trimming . frequency digital pulse . 
FIG . 16D schematically illustrates one implementation of FIG . 25A illustrates the polyphonic harmonic spectra 

a controlled current sink comprising a high voltage MOS- 60 generated from a 9,344 Hz sinusoidal reference current and 
FET and MOSFET driver circuit with MOSFET trimming . a 4,672 Hz digital pulse . 
FIG . 17A schematically represents the use of a fixed- FIG . 25B illustrates the polyphonic harmonic spectra 

frequency voltage source to generate an oscillating current generated from a 584 Hz sinusoidal reference current and a 
reference . 292 Hz digital pulse . 
FIG . 17B schematically represents the use of an adjust- 65 FIG . 26 schematically illustrates implementation of a 

able voltage source to generate an oscillating reference polyphonic LED current drive for phototherapy from a 
current . single oscillator . 
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FIG . 27A schematically illustrates multiple digital syn- FIG . 38 graphically illustrates the digital synthesis of a 
thesizers controlling multiple corresponding LED drivers . chord of 4,472 Hz ( D8 ) and 1,1672 Hz ( D6 ) sinusoids of 
FIG . 27B schematically illustrates a centralized digital equal amplitude . 

synthesizer separately controlling multiple LED drivers . FIG . 39 illustrates the frequency spectrum of digitally 
FIG . 27C schematically illustrates a single digital synthe- 5 synthesized chord of 4,472 Hz ( D8 ) and 1,1672 Hz ( DC ) 

sizer controlling multiple LED drivers with a common sinusoids of equal amplitude . 
signal . FIG . 40 graphically illustrates the digital synthesis of a 
FIG . 28A illustrates a circuit diagram of a digital synthe chord of 4,472 Hz ( D8 ) and 1,1672 Hz ( D6 ) sinusoids of 

sizer . differing amplitudes . 
FIG . 28B is a timing diagram of digital synthesizer FIG . 41 illustrates an algorithm for generating a synthesis 

operation . pattern file . 
FIG . 28C illustrates synthesized pulses of a fixed fre FIG . 42A illustrates an algorithm for generating chords of 

two or more sinusoids in real time or in advance for storage quency and varying duty factor . 
FIG . 29A illustrates an LED drive waveform comprising in a pattern library . 

FIG . 42B illustrates an alternative way of creating chords a fixed frequency PWM synthesized sinusoid . utilizing the algorithm described in FIG . 41 to generate FIG . 29B illustrates examples of digitally synthesized individual sinusoidal pattern files with normalized math sinusoids . ematical functions . 
FIG . 29C illustrates a comparison of the output wave- FIG . 43 illustrates sinusoids of frequencies that are inte 

forms of a D / A converter versus PWM control over a single 20 gral multiples of one another . 
time interval . FIG . 44 illustrates sinusoids of frequencies that are frac 
FIG . 29D graphically illustrates interrelationship between tional multiples of one another . 

PWM bit resolution , the number of time intervals , and the FIG . 45 illustrates the use of mirror phase symmetry to 
maximum frequency being synthesized to the required coun- generate a chord consisting of sinusoids whose frequencies 
ter clock frequency . 25 have a ratio of 11.5 . 

FIG . 30 schematically illustrates a clock generator circuit . FIG . 46 illustrates the use of an interpolated gap fill to 
FIG . 31 graphically illustrates the dependence of overall generate a chord consisting of sinusoids having frequencies 

digital synthesis resolution and PWM bit resolution on the that are in an irregular ratio ( 1.873 ) to one another . 
maximum frequency being synthesized . FIG . 47 illustrates generating a sinusoid using PWM 
FIG . 32A illustrates the frequency spectrum of a digitally 30 while varying the reference current alrero 

synthesized 4,672 Hz sinusoid . FIG . 48 illustrates how a prior art digital pulse circuit used 
FIG . 32B illustrates the frequency spectrum of a digitally to drive LED strings may be repurposed for the synthesis of 

sinusoidal waveforms . synthesized 292 Hz sinusoid . FIG . 49 illustrates various physiological structures and FIG . 32C graphically illustrates the dependence of the 35 conditions that may be amenable to treatment with photo Sync and PWM counter frequencies on the synthesized therapy , as a function of the amplitude , frequency and DC frequency component of the sinusoidal current used to illuminate the 
FIG . 33 illustrates a flow chart of sinusoidal waveform LEDs . generation using the disclosed digital synthesis methods . 
FIG . 34A graphically illustrates digital synthesis of a 292 40 DESCRIPTION OF THE INVENTION 

Hz ( D4 ) sine wave using 15 ° intervals . 
FIG . 34B graphically illustrates digital synthesis of a 292 Harmonic Spectra of Synthesized Patterns 

Hz ( D4 ) sine wave using 20 ° intervals . As described previously , the pulsing of light at prescribed 
FIG . 34C graphically illustrates the PWM intervals used frequencies in prior art phototherapy is based on empirical 

in the digital synthesis of a 292 Hz ( D4 ) sine wave using 20 ° 45 evidence and doctors ' observations that pulsed laser light 
intervals . works better than continuous light in reducing pain and 

FIG . 34D graphically illustrates the digital synthesis of a healing tissue . As stated previously , while this general 
1,168 Hz ( D6 ) sine wave using 20 ° intervals . conclusion appears credible , no consensus exists on what 
FIG . 34E graphically illustrates the digital synthesis of a digital pulses produce the best results and highest treatment 

4,672 Hz ( D6 ) sine wave using 20 ° intervals . 50 efficacies . To date , studies of laser phototherapy did not 
FIG . 35A graphically illustrates the digital synthesis of a consider arbitrary waveforms ( such as sine waves , ramp 

1,168 Hz ( D6 ) sine wave with a 50 % amplitude . waves , sawtooth waveforms , etc. ) but were restricted to 
FIG . 35B graphically illustrates the digital synthesis of direct comparisons between continuous wave laser opera 

1,168 Hz ( D6 ) sine wave with a 50 % amplitude offset by tion ( CW ) to pulsed wave ( PW ) laser operation , i.e. square 
+ 25 % . 55 waves , likely because most lasers are designed only to 
FIG . 35C graphically illustrates the digital synthesis of a operate by being pulsed on or off digitally . The pulse rates 

1,168 Hz ( D6 ) sine wave with a 20 % amplitude offset by used were chosen to operate at a rate near the time - constants 
+ 60 % . of specific , empirically - observed photobiological processes , 
FIG . 35D illustrates the frequency spectrum of a digitally i.e. in the audio range below 20 kHz . 

synthesized 1,168 Hz ( D6 ) sinusoid with a 20 % amplitude 60 In these studies , experimenters report the digital pulse rate 
offset by + 60 % . and erroneously assume that this square - wave pulse fre 
FIG . 36 graphically illustrates the digital synthesis of quency used to modulate the light is the only frequency 

4 - cycles of a 4,472 Hz ( D8 ) sine wave using 20 ° intervals . present in the test . From communication theory , physics , 
FIG . 37A graphically illustrates the digital synthesis of a electromagnetics , and the mathematics of Fourier , however , 

1,168 Hz ( D6 ) sine wave using 4x oversampling . 65 it is well known that digital pulses do not exhibit only the 
FIG . 37B illustrates the pattern file for the digital synthe- digital pulse frequency , but in fact exhibit an entire spectrum 

sis of a 1,168 Hz ( D6 ) sine wave using 4x oversampling . of frequencies . So , while it may seem reasonable to assume 
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digital pulses operating at a fixed clock rate both emit and an approximation of a series sum of a limited number of 
conduct only a single frequency — the fundamental switch- “ discrete ” sinusoids is referred to as a discrete Fourier 
ing frequency , this self - evident truth is , in fact , incorrect . transform or “ Fourier series ” . In practice , measuring a 

In fact , the harmonic content in switched digital systems regularly repeating time domain waveform for 2 to 5 periods 
can be significant both in energy and in the spectrum the 5 can be very accurately emulated with the sum of less than 50 
harmonics contaminate some harmonics occurring at fre- sinusoids of varying frequencies . Moreover , in cases where 
quencies that are orders of magnitude higher than the the original time - domain waveform is simple , regular and 
fundamental frequency . In electromagnetics , these harmon- repeating for extended duration , reasonable approximations 
ics are often responsible for unwanted conducted and radi- can occur by summing only a few sinusoids . 
ated noise , potentially adversely affecting circuit operating 10 This principle is illustrated in FIG . 9B in a graph of signal 
reliability . At higher frequencies , these harmonics are known magnitude , in this case LED current , versus time in four 
to generate electromagnetic interference , or EMI , radiated different cases approximating square wave 117 using the 
into the surroundings . discrete Fourier transform method . In the four cases shown 

Mathematical analysis reveals that the speed of the digital the number of sine waves K used in the transform vary from 
on - and - off transitions ( along with any possible ringing or 15 K = 1 to K = 49 . Clearly , in the case of K = 1 , the single sinusoid 
overshoot ) determine the generated harmonic spectra of a only vaguely resembles square wave 117. When the number 
waveform . In power electronic systems such as the LED or of sine waves of varying frequency used in the transform is 
laser drivers used in phototherapy systems , the problem is increased to K = 5 , the resulting reconstructed waveform 121 
compounded by high currents , large voltages and high and its match to square wave 117 improves dramatically . At 
power delivered in such applications because more energy is 20 K = 11 , the match of waveform 121 very closely tracks the 
being controlled . In fact . unless the precise rise time and fall original 117 , while at K = 49 the transform reconstruction and 
time of a string of digital pulses is accurately recorded , the the original waveform are nearly indistinguishable . 
frequency spectrum resulting from the string of pulses is Through Fourier analysis , then , physicists can observe 
unknown . what frequencies are present in any time varying system or 

The origin and magnitude of these unexpected frequen- 25 circuit by looking at the constituent components and the 
cies can best be understood mathematically . Analysis of any amount of energy present in each component . This principle 
physical system or an electrical circuit may be performed in is exemplified in the graph of FIG.9C showing the measured 
the “ time domain ” , i.e. where time is the key variable by spectral components of current in a power circuit comprising 
which everything is measured and referenced , or alterna- a 150 Hz square wave . The Fourier transform was performed 
tively in the " frequency domain " , where every time - depen- 30 by the measuring device employing a real time analytical 
dent waveform or function is considered as a sum of algorithm called a FFT or fast Fourier transform to imme 
sinusoidal oscillating frequencies . In engineering , both time diately estimate the measured spectra from a minimal data 
and frequency domains are used interchangeably , essentially sample . As shown by spike 125 , the fundamental pulse 
because some problems are more easily solved in the time frequency is at 150 Hz and has an amplitude of 1.2 A. The 
domain and others are better analyzed as frequencies . 35 fundamental frequency is accompanied by a series of har 
One means to perform this translation between time and monics at 450 Hz , 750 Hz , 1050 Hz , and 1350 Hz , corre 

frequency is based on the 19th century contributions of the sponding to the 3rd , 5th , 7th and 9th harmonics of the 
French mathematician and physicist Jean Fourier which fundamental frequency . The 9th harmonic 127 has a fre 
revealed that generalized functions may be represented by quency well into the kHz range despite the low fundamental 
sums of simpler trigonometric functions , generally sine and 40 pulse rate . Also , it should be noted the 3rd harmonic 126 is 
cosine waveforms ( a cosine may be considered as a sine responsible for 0.3 A of the current in the waveform , a 
wave shifted by 90 ° in phase ) . The methodology is bidirec- substantial portion of the current flowing in the system . As 
tional - Fourier analysis comprises decomposing or " trans- shown , the circuit also included a 2.5 A DC component of 
forming ” a function into its simpler elements , or conversely , current 128 , i.e. at a frequency of 0 Hz . A steady DC 
synthesizing a function from these simpler elements . In 45 component does not contribute to the spectral distribution 
engineering vernacular , the term Fourier analysis is used to and can be ignored in a Fourier analysis . 
mean the study and application of both operations . FIG . 9D illustrates another example of a FFT , this time 
A continuous Fourier transform refers to the transform of with the signal amplitude measured in decibels ( dB ) . As 

a continuous real argument into a continuous frequency shown , the 1 kHz fundamental is accompanied by a sizeable 
distribution or vice versa . Theoretically , the continuous 50 3rd harmonic 131 at 3 kHz and includes spectral contribu 
Fourier transform's ability to convert a time varying wave- tions 132 above -30 dB beyond 20 kHz . In contrast , FIG.9E 
form into the precise frequency domain equivalent , requires illustrates a less idealistic looking FFT output of a 250 Hz 
summing an infinite number of sine waves of varying square wave with a fundamental frequency 135 of 250 Hz , 
frequency and sampling the time dependent waveform for an a 3rd harmonic 136 of 750 Hz , and a 15th harmonic 137 of 
infinite period of time . An example of this transform is 55 3750 Hz . The lobes 138 around each significant frequency 
shown in FIG . 9A , where graph g ( t ) illustrates a repeating and the inaccuracy of the frequency can be caused to be two 
time dependent waveform 118. The equivalent frequency phenomena , either a small and inadequate time based 
domain spectrum is shown by graph G ( f ) illustrating that a sample measurement possibly with jitter in the signal itself , 
simple square wave results in an continuous spectrum 119 of or the presence of high frequency fast transients that do not 
frequencies of varying magnitudes centered around the 60 appear in normal oscilloscope waveforms but distort the 
fundamental frequency f - 0 . waveform . In this case , as in every prior example shown , the 
Of course , taking data samples for infinite time and FFTs of a square wave , i.e. a repeating digital pulse , exhibit 

summing an infinite number of sine waves are both idealized purely odd harmonics of the fundamental . 
impossibilities . In mathematics and control theory , however , The behavior of a square wave or a string of digital pulses 
the word " infinite ” can be safely translated into a “ very large 65 is summarized in the discrete Fourier transform calculation 
number ” , or even more practically in engineering to mean a of a square wave shown in FIG . 9F , where the fundamental 
“ large number compared to what is being analyzed ” . Such frequency 140 is accompanied only by odd harmonics 141 , 




























































