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Digital Delay

Input

Output

RAM (memory)

One sample after another is written 
into memory…

…and read out later.  Delay is the 
number of samples between write
pointer and read pointer.



Recirculating Delay:  Echo

Input

Output

RAM (memory)

+ α

Delayed output is attenuated and 
added back in with the input samples.



Recirculating Delay (cont.)
• Frequency response of system

• A “comb” filter.  Frequency at peaks depends on 
delay length.
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Sheet1

		0		1		1.8		1.8		0		1		4.85926251164467		4.8592625116

		1		0		1.73910362600903-0.306146745892072i		1.7658446285		0.0078125		0		1.56714560494374-1.83895437086142i		2.4161329693

		2		0		1.56568542494924-0.565685424949238i		1.6647434787		0.015625		0		0.829857483545251-1.08087158523688i		1.3626983624

		3		0		1.30614674589207-0.73910362600903i		1.5007643025		0.0234375		0		0.656143573931937-0.698934669261036i		0.9586626422

		4		0		0.999999999999999-0.8i		1.2806248475		0.03125		0		0.59259298922496-0.474074391379968i		0.7588893064

		5		0		0.693853254107927-0.739103626009029i		1.0137586045		0.0390625		0		0.563595281003307-0.318919231013835i		0.6475717078

		6		0		0.434314575050761-0.565685424949237i		0.7131824101		0.046875		0		0.549047882982748-0.198372150658965i		0.5837851385

		7		0		0.26089637399097-0.306146745892071i		0.4022346927		0.0546875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756

		8		0.8		0.2		0.2		0.0625		0.8		0.539918056849408		0.5399180568

		9		0		0.260896373990971+0.306146745892072i		0.4022346927		0.0703125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756

		10		0		0.434314575050762+0.565685424949238i		0.7131824101		0.078125		0		0.549047882982748+0.198372150658965i		0.5837851385

		11		0		0.693853254107929+0.73910362600903i		1.0137586045		0.0859375		0		0.563595281003307+0.318919231013835i		0.6475717078

		12		0		1+0.8i		1.2806248475		0.09375		0		0.59259298922496+0.474074391379968i		0.7588893064

		13		0		1.30614674589207+0.739103626009029i		1.5007643025		0.1015625		0		0.656143573931938+0.698934669261036i		0.9586626422

		14		0		1.56568542494924+0.565685424949237i		1.6647434787		0.109375		0		0.829857483545253+1.08087158523688i		1.3626983624

		15		0		1.73910362600903+0.306146745892071i		1.7658446285		0.1171875		0		1.56714560494375+1.83895437086142i		2.4161329693

		16		0		1.8		1.8		0.125		0.64		4.85926251164467		4.8592625116

		17		0		1.73910362600903-0.306146745892072i		1.7658446285		0.1328125		0		1.56714560494374-1.83895437086142i		2.4161329693

		18		0		1.56568542494924-0.565685424949238i		1.6647434787		0.140625		0		0.829857483545251-1.08087158523688i		1.3626983624

		19		0		1.30614674589207-0.73910362600903i		1.5007643025		0.1484375		0		0.656143573931937-0.698934669261036i		0.9586626422

		20		0		0.999999999999999-0.8i		1.2806248475		0.15625		0		0.59259298922496-0.474074391379968i		0.7588893064

		21		0		0.693853254107927-0.739103626009029i		1.0137586045		0.1640625		0		0.563595281003307-0.318919231013835i		0.6475717078

		22		0		0.434314575050761-0.565685424949237i		0.7131824101		0.171875		0		0.549047882982748-0.198372150658965i		0.5837851385

		23		0		0.26089637399097-0.306146745892071i		0.4022346927		0.1796875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756

		24		0		0.2		0.2		0.1875		0.512		0.539918056849408		0.5399180568

		25		0		0.260896373990971+0.306146745892072i		0.4022346927		0.1953125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756

		26		0		0.434314575050762+0.565685424949238i		0.7131824101		0.203125		0		0.549047882982748+0.198372150658965i		0.5837851385

		27		0		0.693853254107929+0.73910362600903i		1.0137586045		0.2109375		0		0.563595281003307+0.318919231013835i		0.6475717078

		28		0		1+0.8i		1.2806248475		0.21875		0		0.59259298922496+0.474074391379968i		0.7588893064

		29		0		1.30614674589207+0.739103626009029i		1.5007643025		0.2265625		0		0.656143573931938+0.698934669261036i		0.9586626422

		30		0		1.56568542494924+0.565685424949237i		1.6647434787		0.234375		0		0.829857483545253+1.08087158523688i		1.3626983624

		31		0		1.73910362600903+0.306146745892071i		1.7658446285		0.2421875		0		1.56714560494375+1.83895437086142i		2.4161329693

		32		0		1.8		1.8		0.25		0.4096		4.85926251164467		4.8592625116

		33		0		1.73910362600903-0.306146745892072i		1.7658446285		0.2578125		0		1.56714560494374-1.83895437086142i		2.4161329693

		34		0		1.56568542494924-0.565685424949238i		1.6647434787		0.265625		0		0.829857483545251-1.08087158523688i		1.3626983624

		35		0		1.30614674589207-0.73910362600903i		1.5007643025		0.2734375		0		0.656143573931937-0.698934669261036i		0.9586626422

		36		0		0.999999999999999-0.8i		1.2806248475		0.28125		0		0.59259298922496-0.474074391379968i		0.7588893064

		37		0		0.693853254107927-0.739103626009029i		1.0137586045		0.2890625		0		0.563595281003307-0.318919231013835i		0.6475717078

		38		0		0.434314575050761-0.565685424949237i		0.7131824101		0.296875		0		0.549047882982748-0.198372150658965i		0.5837851385

		39		0		0.26089637399097-0.306146745892071i		0.4022346927		0.3046875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756

		40		0		0.2		0.2		0.3125		0.32768		0.539918056849408		0.5399180568

		41		0		0.260896373990971+0.306146745892072i		0.4022346927		0.3203125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756

		42		0		0.434314575050762+0.565685424949238i		0.7131824101		0.328125		0		0.549047882982748+0.198372150658965i		0.5837851385

		43		0		0.693853254107929+0.73910362600903i		1.0137586045		0.3359375		0		0.563595281003307+0.318919231013835i		0.6475717078

		44		0		1+0.8i		1.2806248475		0.34375		0		0.59259298922496+0.474074391379968i		0.7588893064

		45		0		1.30614674589207+0.739103626009029i		1.5007643025		0.3515625		0		0.656143573931938+0.698934669261036i		0.9586626422

		46		0		1.56568542494924+0.565685424949237i		1.6647434787		0.359375		0		0.829857483545253+1.08087158523688i		1.3626983624

		47		0		1.73910362600903+0.306146745892071i		1.7658446285		0.3671875		0		1.56714560494375+1.83895437086142i		2.4161329693

		48		0		1.8		1.8		0.375		0.262144		4.85926251164467		4.8592625116

		49		0		1.73910362600903-0.306146745892072i		1.7658446285		0.3828125		0		1.56714560494374-1.83895437086142i		2.4161329693

		50		0		1.56568542494924-0.565685424949238i		1.6647434787		0.390625		0		0.829857483545251-1.08087158523688i		1.3626983624

		51		0		1.30614674589207-0.73910362600903i		1.5007643025		0.3984375		0		0.656143573931937-0.698934669261036i		0.9586626422

		52		0		0.999999999999999-0.8i		1.2806248475		0.40625		0		0.59259298922496-0.474074391379968i		0.7588893064

		53		0		0.693853254107927-0.739103626009029i		1.0137586045		0.4140625		0		0.563595281003307-0.318919231013835i		0.6475717078

		54		0		0.434314575050761-0.565685424949237i		0.7131824101		0.421875		0		0.549047882982748-0.198372150658965i		0.5837851385

		55		0		0.26089637399097-0.306146745892071i		0.4022346927		0.4296875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756

		56		0		0.2		0.2		0.4375		0.2097152		0.539918056849408		0.5399180568

		57		0		0.260896373990971+0.306146745892072i		0.4022346927		0.4453125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756

		58		0		0.434314575050762+0.565685424949238i		0.7131824101		0.453125		0		0.549047882982748+0.198372150658965i		0.5837851385

		59		0		0.693853254107929+0.73910362600903i		1.0137586045		0.4609375		0		0.563595281003307+0.318919231013835i		0.6475717078

		60		0		1+0.8i		1.2806248475		0.46875		0		0.59259298922496+0.474074391379968i		0.7588893064

		61		0		1.30614674589207+0.739103626009029i		1.5007643025		0.4765625		0		0.656143573931938+0.698934669261036i		0.9586626422

		62		0		1.56568542494924+0.565685424949237i		1.6647434787		0.484375		0		0.829857483545253+1.08087158523688i		1.3626983624																						1		0.8

		63		0		1.73910362600903+0.306146745892071i		1.7658446285		0.4921875		0		1.56714560494375+1.83895437086142i		2.4161329693																						1.8

		64		0		1.8		1.8		0.5		0.16777216		4.85926251164467		4.8592625116																						2.44

		65		0		1.73910362600903-0.306146745892072i		1.7658446285		0.5078125		0		1.56714560494374-1.83895437086142i		2.4161329693																						2.952

		66		0		1.56568542494924-0.565685424949238i		1.6647434787		0.515625		0		0.829857483545251-1.08087158523688i		1.3626983624																						3.3616

		67		0		1.30614674589207-0.73910362600903i		1.5007643025		0.5234375		0		0.656143573931937-0.698934669261036i		0.9586626422																						3.68928

		68		0		0.999999999999999-0.8i		1.2806248475		0.53125		0		0.59259298922496-0.474074391379968i		0.7588893064																						3.951424

		69		0		0.693853254107927-0.739103626009029i		1.0137586045		0.5390625		0		0.563595281003307-0.318919231013835i		0.6475717078																						4.1611392

		70		0		0.434314575050761-0.565685424949237i		0.7131824101		0.546875		0		0.549047882982748-0.198372150658965i		0.5837851385																						4.32891136

		71		0		0.26089637399097-0.306146745892071i		0.4022346927		0.5546875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756																						4.463129088

		72		0		0.2		0.2		0.5625		0.134217728		0.539918056849408		0.5399180568																						4.5705032704

		73		0		0.260896373990971+0.306146745892072i		0.4022346927		0.5703125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756																						4.6564026163

		74		0		0.434314575050762+0.565685424949238i		0.7131824101		0.578125		0		0.549047882982748+0.198372150658965i		0.5837851385																						4.7251220931

		75		0		0.693853254107929+0.73910362600903i		1.0137586045		0.5859375		0		0.563595281003307+0.318919231013835i		0.6475717078																						4.7800976744

		76		0		1+0.8i		1.2806248475		0.59375		0		0.59259298922496+0.474074391379968i		0.7588893064																						4.8240781396

		77		0		1.30614674589207+0.739103626009029i		1.5007643025		0.6015625		0		0.656143573931938+0.698934669261036i		0.9586626422																						4.8592625116

		78		0		1.56568542494924+0.565685424949237i		1.6647434787		0.609375		0		0.829857483545253+1.08087158523688i		1.3626983624																						4.8874100093

		79		0		1.73910362600903+0.306146745892071i		1.7658446285		0.6171875		0		1.56714560494375+1.83895437086142i		2.4161329693																						4.9099280075

		80		0		1.8		1.8		0.625		0.1073741824		4.85926251164467		4.8592625116																						4.927942406

		81		0		1.73910362600903-0.306146745892072i		1.7658446285		0.6328125		0		1.56714560494374-1.83895437086142i		2.4161329693																						4.9423539248

		82		0		1.56568542494924-0.565685424949238i		1.6647434787		0.640625		0		0.829857483545251-1.08087158523688i		1.3626983624																						4.9538831398

		83		0		1.30614674589207-0.73910362600903i		1.5007643025		0.6484375		0		0.656143573931937-0.698934669261036i		0.9586626422																						4.9631065119

		84		0		0.999999999999999-0.8i		1.2806248475		0.65625		0		0.59259298922496-0.474074391379968i		0.7588893064																						4.9704852095

		85		0		0.693853254107927-0.739103626009029i		1.0137586045		0.6640625		0		0.563595281003307-0.318919231013835i		0.6475717078																						4.9763881676

		86		0		0.434314575050761-0.565685424949237i		0.7131824101		0.671875		0		0.549047882982748-0.198372150658965i		0.5837851385																						4.9811105341

		87		0		0.26089637399097-0.306146745892071i		0.4022346927		0.6796875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756																						4.9848884273

		88		0		0.2		0.2		0.6875		0.0858993459		0.539918056849408		0.5399180568																						4.9879107418

		89		0		0.260896373990971+0.306146745892072i		0.4022346927		0.6953125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756																						4.9903285934

		90		0		0.434314575050762+0.565685424949238i		0.7131824101		0.703125		0		0.549047882982748+0.198372150658965i		0.5837851385																						4.9922628748

		91		0		0.693853254107929+0.73910362600903i		1.0137586045		0.7109375		0		0.563595281003307+0.318919231013835i		0.6475717078																						4.9938102998

		92		0		1+0.8i		1.2806248475		0.71875		0		0.59259298922496+0.474074391379968i		0.7588893064																						4.9950482398

		93		0		1.30614674589207+0.739103626009029i		1.5007643025		0.7265625		0		0.656143573931938+0.698934669261036i		0.9586626422																						4.9960385919

		94		0		1.56568542494924+0.565685424949237i		1.6647434787		0.734375		0		0.829857483545253+1.08087158523688i		1.3626983624																						4.9968308735

		95		0		1.73910362600903+0.306146745892071i		1.7658446285		0.7421875		0		1.56714560494375+1.83895437086142i		2.4161329693																						4.9974646988

		96		0		1.8		1.8		0.75		0.0687194767		4.85926251164467		4.8592625116																						4.997971759

		97		0		1.73910362600903-0.306146745892072i		1.7658446285		0.7578125		0		1.56714560494374-1.83895437086142i		2.4161329693																						4.9983774072

		98		0		1.56568542494924-0.565685424949238i		1.6647434787		0.765625		0		0.829857483545251-1.08087158523688i		1.3626983624																						4.9987019258

		99		0		1.30614674589207-0.73910362600903i		1.5007643025		0.7734375		0		0.656143573931937-0.698934669261036i		0.9586626422																						4.9989615406

		100		0		0.999999999999999-0.8i		1.2806248475		0.78125		0		0.59259298922496-0.474074391379968i		0.7588893064																						4.9991692325

		101		0		0.693853254107927-0.739103626009029i		1.0137586045		0.7890625		0		0.563595281003307-0.318919231013835i		0.6475717078																						4.999335386

		102		0		0.434314575050761-0.565685424949237i		0.7131824101		0.796875		0		0.549047882982748-0.198372150658965i		0.5837851385																						4.9994683088

		103		0		0.26089637399097-0.306146745892071i		0.4022346927		0.8046875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756																						4.999574647

		104		0		0.2		0.2		0.8125		0.0549755814		0.539918056849408		0.5399180568																						4.9996597176

		105		0		0.260896373990971+0.306146745892072i		0.4022346927		0.8203125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756																						4.9997277741

		106		0		0.434314575050762+0.565685424949238i		0.7131824101		0.828125		0		0.549047882982748+0.198372150658965i		0.5837851385																						4.9997822193

		107		0		0.693853254107929+0.73910362600903i		1.0137586045		0.8359375		0		0.563595281003307+0.318919231013835i		0.6475717078																						4.9998257754

		108		0		1+0.8i		1.2806248475		0.84375		0		0.59259298922496+0.474074391379968i		0.7588893064																						4.9998606203

		109		0		1.30614674589207+0.739103626009029i		1.5007643025		0.8515625		0		0.656143573931938+0.698934669261036i		0.9586626422																						4.9998884963

		110		0		1.56568542494924+0.565685424949237i		1.6647434787		0.859375		0		0.829857483545253+1.08087158523688i		1.3626983624																						4.999910797

		111		0		1.73910362600903+0.306146745892071i		1.7658446285		0.8671875		0		1.56714560494375+1.83895437086142i		2.4161329693

		112		0		1.8		1.8		0.875		0.0439804651		4.85926251164467		4.8592625116

		113		0		1.73910362600903-0.306146745892072i		1.7658446285		0.8828125		0		1.56714560494374-1.83895437086142i		2.4161329693

		114		0		1.56568542494924-0.565685424949238i		1.6647434787		0.890625		0		0.829857483545251-1.08087158523688i		1.3626983624

		115		0		1.30614674589207-0.73910362600903i		1.5007643025		0.8984375		0		0.656143573931937-0.698934669261036i		0.9586626422

		116		0		0.999999999999999-0.8i		1.2806248475		0.90625		0		0.59259298922496-0.474074391379968i		0.7588893064

		117		0		0.693853254107927-0.739103626009029i		1.0137586045		0.9140625		0		0.563595281003307-0.318919231013835i		0.6475717078

		118		0		0.434314575050761-0.565685424949237i		0.7131824101		0.921875		0		0.549047882982748-0.198372150658965i		0.5837851385

		119		0		0.26089637399097-0.306146745892071i		0.4022346927		0.9296875		0		0.542026900121008-9.54168395582148E-002i		0.5503612756

		120		0		0.2		0.2		0.9375		0.0351843721		0.539918056849408		0.5399180568

		121		0		0.260896373990971+0.306146745892072i		0.4022346927		0.9453125		0		0.542026900121009+9.54168395582153E-002i		0.5503612756

		122		0		0.434314575050762+0.565685424949238i		0.7131824101		0.953125		0		0.549047882982748+0.198372150658965i		0.5837851385

		123		0		0.693853254107929+0.73910362600903i		1.0137586045		0.9609375		0		0.563595281003307+0.318919231013835i		0.6475717078

		124		0		1+0.8i		1.2806248475		0.96875		0		0.59259298922496+0.474074391379968i		0.7588893064

		125		0		1.30614674589207+0.739103626009029i		1.5007643025		0.9765625		0		0.656143573931938+0.698934669261036i		0.9586626422

		126		0		1.56568542494924+0.565685424949237i		1.6647434787		0.984375		0		0.829857483545253+1.08087158523688i		1.3626983624

		127		0		1.73910362600903+0.306146745892071i		1.7658446285		0.9921875		0		1.56714560494375+1.83895437086142i		2.4161329693
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Time-Varying Delay:  Flanger

Input
Output

RAM (memory)

+

Feed forward:  delayed output is added 
back in with the input samples.  Delay 
varies up and down as a function of time.
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Reverb Simulation

• Plan:  use parallel recirculating delay lines 
with incommensurate delays
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Other Improvements
• Cascade of all pass recirculators

+ Delay Line  (z-N)
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Gain Control

• Gain control framework

• c[n] can be |x[n]|, envelope of x[n], RMS 
value of x[n], etc.

• Level detector typically has attack and 
release time constants

Level 
Detector

Gain

Controller

x[n]

c[n]

y[n]=G[n] • x[n]

G[n]
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