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1 Введение

‚ ®¡«�áâ¨ æ¨äà®¢®© ®¡à�¡®âª¨ á¨£−�«®¢ (–�‘) ¯à¨−ïâë ¤¢¥ −�¨¡®«¥¥ à�á-
¯à®áâà�−¥−−ë¥ ¯à®æ¥¤ãàë: æ¨äà®¢�ï ä¨«ìâà�æ¨ï ¨ ¤¨áªà¥â−®¥ ¯à¥®¡à�§®¢�−¨¥
”ãàì¥ („�”). ú„�” ¯®§¢®«ï¥â �−�«¨§¨à®¢�âì, ¯à¥®¡à�§®¢ë¢�âì ¨ á¨−â¥-
§¨à®¢�âì á¨£−�«ë â�ª¨¬¨ á¯®á®¡�¬¨, ª®â®àë¥ −¥¢®§¬®¦−ë ¯à¨ −¥¯à¥àë¢−®©
(�−�«®£®¢®©) ®¡à�¡®âª¥û [1]. „¨áªà¥â−®¥ ¯à¥®¡à�§®¢�−¨¥ ”ãàì¥ ¨á¯®«ì§ã¥âáï
¯à�ªâ¨ç¥áª¨ ¢® ¢á¥å ¨−¦¥−¥à−ëå ®¡«�áâïå, � â�ª¦¥ ¢ ä¨§¨ª¥ ¨ â¥å−¨ª¥.

‘�¬� ¬�â¥¬�â¨ç¥áª�ï ¯à®æ¥¤ãà� „�” ®ç¥−ì −¥íää¥ªâ¨¢−�: âà¥¡ã¥â ¯à®-
¢¥¤¥−¨ï ®ç¥−ì ¡®«ìè®£® ç¨á«� ª®¬¯«¥ªá−ëå ã¬−®¦¥−¨©, çâ® ¤¥«�¥â ¯àï¬®¥
¢ëç¨á«¥−¨¥ „�” −¥æ¥«¥á®®¡à�§−ë¬. �®íâ®¬ã ¢ 1965 £. Šã«¨ ¨ ’ìîª¨ ¯à¥¤«®-
¦¨«¨ �«£®à¨â¬ ¢ëç¨á«¥−¨ï „�” [2], ª®â®àë© ¨§¢¥áâ¥− ª�ª ��”. �à¨¬¥−¥−¨¥

∗ˆáá«¥¤®¢�−¨¥ ¢ë¯®«−¥−® ¯à¨ ¯®¤¤¥à¦ª¥ ÷®áá¨©áª®£® −�ãç−®£® ä®−¤� (¯à®¥ªâ 19-11-00334).
1”¥¤¥à�«ì−ë© ¨áá«¥¤®¢�â¥«ìáª¨© æ¥−âà úˆ−ä®à¬�â¨ª� ¨ ã¯à�¢«¥−¨¥û ÷®áá¨©áª®© �ª�¤¥¬¨¨
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„. ‚. •¨«ìª®, ā. �. ‘â¥¯ç¥−ª®¢, ā. ˆ. ˜¨ªã−®¢ ¨ ¤à.

��” á¤¥«�«® ¢®§¬®¦−ë¬ ¯à®¢¥¤¥−¨¥ ”ãàì¥-�−�«¨§� á ¯®¬®éìî æ¨äà®¢ëå
á¨£−�«ì−ëå ¯à®æ¥áá®à®¢ (–‘�).

„�«ì−¥©è¥¥ à�§¢¨â¨¥ �«£®à¨â¬� ��” ¯à¨¢¥«® ª ¯®ï¢«¥−¨î æ¥«®£® á¥¬¥©-
áâ¢� �«£®à¨â¬®¢: Radix-2, Radix-22, Radix-4 ¨ ¤à. �¤−�ª® ¤�¦¥ á ãç¥â®¬
§−�ç¨â¥«ì−® ¡®«¥¥ ¢ëá®ª®© áª®à®áâ¨ ¢ëç¨á«¥−¨ï �«£®à¨â¬ ��” ¢á¥ ¥é¥ âà¥-
¡ã¥â §−�ç¨â¥«ì−ëå ¢à¥¬¥−− �ëå §�âà�â, ®á®¡¥−−® ¯à¨ ã¢¥«¨ç¥−¨¨ à�§à¥è�îé¥©
á¯®á®¡−®áâ¨ �«£®à¨â¬� (512 ®âáç¥â®¢ ¨ ¡®«ìè¥). �®íâ®¬ã á®¢à¥¬¥−−ë© –‘�
¤®«¦¥− ¯à¥¤®áâ�¢«ïâì −�¡®à ¨−áâàã¬¥−â®¢ ¤«ï íää¥ªâ¨¢−®£® ¢ëç¨á«¥−¨ï ��”
−� è¨à®ª®¬ −�¡®à¥ à�§à¥è�îé¨å á¯®á®¡−®áâ¥©.

÷�áá¬�âà¨¢�¥¬�ï ¢ áâ�âì¥ ƒ�÷�‘ ¨ ¥¥ ª«îç¥¢ë¥ ®á®¡¥−−®áâ¨ (ã¯à�¢«¥-
−¨¥ ¯®â®ª®¬ á�¬®¤®áâ�â®ç−ëå ¤�−−ëå ¨ à¥ªãàà¥−â−®áâì) ¯à¥¤áâ�¢«¥−ë ¢ [3, 4].
‘¨−â¥§¨à®¢�−−ë© −� ¥¥ ®á−®¢¥ �‹ˆ‘-¯à®â®â¨¯ (�‹ˆ‘ | ¯à®£à�¬¬¨àã¥¬�ï
«®£¨ç¥áª�ï ¨−â¥£à�«ì−�ï áå¥¬�) [5] ¯à¥¤áâ�¢«ï¥â á®¡®© –‘� ®¡é¥£® −�§−�ç¥-
−¨ï, � ¥£® ¢�«¨¤�æ¨ï ®áãé¥áâ¢«ï«�áì −� §�¤�ç¥ à�á¯®§−�¢�−¨ï ¨§®«¨à®¢�−−ëå
á«®¢. ‚ á®áâ�¢ �àå¨â¥ªâãàë ¡ë«¨ ¢¢¥¤¥−ë ¬¥å�−¨§¬ë ¯®¤¤¥à¦ª¨ ¢ëç¨á«¥−¨ï
��” [4]. �¤−�ª® ¯à¨ ã¢¥«¨ç¥−¨¨ à�§à¥è�îé¥© á¯®á®¡−®áâ¨ ��” ®ª�§�«®áì,
çâ® −�ª«�¤−ë¥ �¯¯�à�â−ë¥ à�áå®¤ë á«¨èª®¬ ¢¥«¨ª¨.

–¥«ì áâ�âì¨ | ¯à¥¤áâ�¢«¥−¨¥ à¥§ã«ìâ�â®¢ ®¯â¨¬¨§�æ¨¨ �àå¨â¥ªâãàë ƒ�÷�‘
¨ á®ªà�é¥−¨ï ¥¥ �¯¯�à�â−ëå §�âà�â ¢ à�¬ª�å �‹ˆ‘ ¯à¨ á®åà�−¥−¨¨ íää¥ªâ¨¢-
−®áâ¨ à¥�«¨§�æ¨¨ ��” á ¯à®¨§¢®«ì−ë¬ ¬�áèâ�¡¨à®¢�−¨¥¬ ¥£® ç¨á«� ®âáç¥â®¢.

2 Текущая поддержка в гибридной архитектуре рекуррентного
обработчика сигналов

2.1 Описание алгоритма быстрого преобразования Фурье

�«£®à¨â¬ ��” | íää¥ªâ¨¢−ë© á¯®á®¡ ¢ëç¨á«¥−¨ï „�” á ç¨á«®¬ ®âáç¥â®¢,
à�¢−ë¬ −�âãà�«ì−ë¬ ç¨á«�¬ ¢® ¢â®à®© áâ¥¯¥−¨. „¨áªà¥â−®¥ ¯à¥®¡à�§®¢�−¨¥
”ãàì¥ X(k), £¤¥ k = 0, . . . , N − 1, ¨¬¥¥â ¢¨¤:

X(k) =
1

N

N−1∑

n=0

x(n)

[

cos

(
2πnk

N

)

− i sin

(
2πnk

N

)]

.

�®¢®à®â−ë¥ ª®íää¨æ¨¥−âë à�§¬¥é¥−ë −� ¥¤¨−¨ç−®© ®ªàã¦−®áâ¨ ¢ ª®¬-
¯«¥ªá−®© ¯«®áª®áâ¨. �−¨ á¨¬¬¥âà¨ç−ë ¨ ¯¥à¨®¤¨ç−ë, çâ® ¯®§¢®«ï¥â áãé¥áâ¢¥−-
−® á®ªà�â¨âì ç¨á«® ã¬−®¦¥−¨©, âà¥¡ã¥¬ëå ¤«ï ¯à®¢¥¤¥−¨ï „�”.

�«£®à¨â¬ ¢ëç¨á«¥−¨ï ��” ¯® ®á−®¢�−¨î 2 (Radix-2) à�§¤¥«ï¥â ¯à®¢¥¤¥−¨¥
„�” −� á¥à¨î 2-â®ç¥ç−ëå „�”. Š�¦¤®¥ â�ª®¥ ¯à¥®¡à�§®¢�−¨¥ −�§ë¢�¥âáï
â¨¯®¢®© ®¯¥à�æ¨¥© ú¡�¡®çª�û. „«ï à�¡®âë �«£®à¨â¬� âà¥¡ã¥âáï, çâ®¡ë ç¨á«®
®âáç¥â®¢ N ¡ë«® −�âãà�«ì−®© áâ¥¯¥−ìî ¤¢®©ª¨ N = 2s, s ∈ N. ’®£¤� ¤«ï
¢ëç¨á«¥−¨ï ��” ¯®âà¥¡ã¥âáï ¯à®¢¥áâ¨ s áâ�¤¨©.

÷¥§ã«ìâ�âë ¢ëç¨á«¥−¨ï −� ª�¦¤®© áâ�¤¨¨ ¬®£ãâ ¡ëâì á®åà�−¥−ë ¢ â¥å ¦¥
á�¬ëå ïç¥©ª�å ¯�¬ïâ¨, ª®â®àë¥ ¨§−�ç�«ì−® åà�−¨«¨ ¨áå®¤−ë¥ ¢å®¤−ë¥ ®âáç¥âë.
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�¯â¨¬¨§�æ¨ï �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ à¥ªãàà¥−â−®¬ á¨£−�«ì−®¬ ¯à®æ¥áá®à¥

÷¨á. 1 �¯¥à�æ¨ï Radix-2 DIT ú¡�¡®çª�û [6, à¨á. 5.13]

�ëáâà®¥ ¯à¥®¡à�§®¢�−¨¥ ”ãàì¥ á ¯à®à¥¦¨¢�−¨¥¬ ¯® ¢à¥¬¥−¨ (Decimation-
in-time, DIT) ¢ëç¨á«ï¥â áâ�¤¨¨, ¨á¯®«ì§ãï â¨¯®¢ãî ®¯¥à�æ¨î ú¡�¡®çª�û, ¯à¨-
¢¥¤¥−−ãî −� à¨á. 1. „«ï ª®àà¥ªâ−®© à�¡®âë �«£®à¨â¬� −¥®¡å®¤¨¬® §�£àã¦�âì
¢å®¤−ë¥ ®âáç¥âë ¢ ¡¨â-à¥¢¥àá¨à®¢�−−®¬ ¯®àï¤ª¥.

”®à¬ã«ë ¢ëç¨á«¥−¨ï ª®¬¯«¥ªá−®£® ��” DIT ¨¬¥îâ ¢¨¤:

Ra = Ra + (RaRW − IbIw) = Ra + (C −D) = Ra +G ;

Ia = Ia + (RbIW + IbRw) = Ia + (E + F ) = Ia +H ;

Rb = Rb + (RaRW − IaIw) = Rb − (C −D) = Rb −G ;

Ib = Ib + (RaIW + IaRw) = Ib − (E + F ) = Ib −H ,

£¤¥ R | ¤¥©áâ¢¨â¥«ì−�ï, � I | ¬−¨¬�ï ç�áâì ª®¬¯«¥ªá−®£® ç¨á«�.

2.2 Описание существующей реализации

’¥ªãé�ï ¢¥àá¨ï ¯à®â®â¨¯� ƒ�÷�‘ á®¤¥à¦¨â áà¥¤áâ¢� �¯¯�à�â−®© ¯®¤¤¥à¦ª¨
¢ëç¨á«¥−¨ï ��”, ª®â®àë¥ ®¡¥á¯¥ç¨¢�îâ ¢ë¯®«−¥−¨¥ 256-â®ç¥ç−®£® Radix-2
DIT �«£®à¨â¬� ¢ ä®à¬�â¥ ä¨ªá¨à®¢�−−®© â®çª¨ á §�¯¨áìî à¥§ã«ìâ�â®¢ −� ¬¥áâ®
¢å®¤−ëå ¤�−−ëå (in-place-à¥�«¨§�æ¨ï).

„�−−ë¥ áà¥¤áâ¢� �àå¨â¥ªâãàë å�à�ªâ¥à¨§ãîâáï á«¥¤ãîé¨¬¨ ®á®¡¥−−®áâï¬¨:

{ ¨á¯®«ì§ã¥âáï ¬¥å�−¨§¬ ã¯�ª®¢ª¨ ç¥âëà¥å ¢å®¤−ëå 16-¡¨â−ëå ¤�−−ëå ¢ ®¤−®¬
®¯¥à�−¤¥, ¤¥©áâ¢¨â¥«ì−ë¥ ¨ ¬−¨¬ë¥ ç�áâ¨ | ¢ à�§−ëå à�§¤¥«�å ª�¯áã«ë;

{ ã¯�ª®¢�−−ë¥ ¤�−−ë¥ åà�−ïâáï ¢ ¡¨â-à¥¢¥àá¨¢−®¬ ¯®àï¤ª¥;

{ ¯®¢®à®â−ë¥ ª®íää¨æ¨¥−âë åà�−ïâáï ¢ ¡«®ª¥ ú��¬ïâì ª®−áâ�−â á¥ªæ¨®−−�ïû
(�Š ‘): 128 ¤¥©áâ¢¨â¥«ì−ëå ¨ 128 ¬−¨¬ëå 16-¡¨â−ëå ª®−áâ�−â;

{ á®¤¥à¦¨â 4 ¯�à�««¥«ì−ëå á¥ªæ¨¨: 4 ¢ëç¨á«¨â¥«ì−ëå ¡«®ª� (‚�) ¨ 4 ª®¯¨¨
�Š ‘;

{ ¢ á¨áâ¥¬ã ª®¬�−¤ ¢¢¥¤¥−� á¯¥æ¨�«ì−�ï ¨−áâàãªæ¨ï úButterflyû, ª®â®à�ï
®¡¥á¯¥ç¨¢�¥â ç¥âëà¥åáâ�¤¨©−®¥ ¢ëç¨á«¥−¨¥ Radix-2 DIT ú¡�¡®çª¨û.

Š«îç¥¢®© í«¥¬¥−â �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” | ¨−áâàãªæ¨ï úButter-
flyû. �â� ¨−áâàãªæ¨ï −� �¯¯�à�â−®¬ ãà®¢−¥ ¨−â¥à¯à¥â¨àã¥âáï ‚� ª�ª £®â®¢ë©
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÷¨á. 2 ‘ãé¥áâ¢ãîé�ï áå¥¬� ¨−áâàãªæ¨¨ úButterflyû

ç¥âëà¥åæ¨ª«®¢ë© áæ¥−�à¨© äã−ªæ¨®−¨à®¢�−¨ï: ª�¦¤®¬ã æ¨ª«ã ¢ë¯®«−¥−¨ï
¨−áâàãªæ¨¨ ®¯à¥¤¥«¥−� á¢®ï áå¥¬� ¢ëç¨á«¥−¨©. �� à¨á. 2 ¯à¥¤áâ�¢«¥−� áå¥-
¬� ç¥âëà¥åæ¨ª«®¢®© ¨−áâàãªæ¨¨: ¢ ãáâ�−®¢¨¢è¥¬áï à¥¦¨¬¥ ¯®á«¥ −�¯®«−¥−¨ï
ª®−¢¥©¥à� ú¡�¡®çª�û ¢ëç¨á«ï¥âáï §� 4 æ¨ª«�.

Œ¥âà¨ª� Instruction Level Parallelism (ILP) ¤«ï ‚� ƒ�÷�‘ ¨¬¥¥â §−�ç¥-
−¨¥ 4 (1 ã¬−®¦¨â¥«ì, 1 ¡«®ª á¤¢¨£� ¨ ®ªàã£«¥−¨ï, 1 �à¨ä¬¥â¨ª®-«®£¨ç¥áª®¥
ãáâà®©áâ¢® 16-¡¨â−®¥, 1 �à¨ä¬¥â¨ç¥áª®¥ ãáâà®©áâ¢® 40-¡¨â−®¥). ‡� 4 æ¨ª«� ‚�
¬®¦¥â ¬�ªá¨¬�«ì−® ¢ë¯®«−¨âì 16 ®¯¥à�æ¨©. „�−−�ï ¨−áâàãªæ¨ï ®¡¥á¯¥ç¨¢�-
¥â ¢ë¯®«−¥−¨¥ 14 ®¯¥à�æ¨©. Š®íää¨æ¨¥−â íää¥ªâ¨¢−®áâ¨ ¨á¯®«ì§®¢�−¨ï ILP
á®áâ�¢«ï¥â 87,5%.

„�−−®¥ à¥è¥−¨¥ ¡ë«® �¯à®¡¨à®¢�−® −� ¬®¤¥«ïå �àå¨â¥ªâãàë à�§«¨ç−®-
£® ãà®¢−ï, � â�ª¦¥ −� �‹ˆ‘-¯à®â®â¨¯¥ ƒ�÷�‘ ¢ ¯à®æ¥áá¥ ¯à¥¤¢�à¨â¥«ì-
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�¯â¨¬¨§�æ¨ï �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ à¥ªãàà¥−â−®¬ á¨£−�«ì−®¬ ¯à®æ¥áá®à¥

−®© ®æ¥−ª¨ ¯à®¨§¢®¤¨â¥«ì−®áâ¨ −�¡®à� �«£®à¨â¬®¢ ¨§ BDTIMark2000 [7].
�¥á¬®âàï −� â® çâ® íää¥ªâ¨¢−®áâì ¢ëç¨á«¥−¨ï ��” −� ®¤−®© á¥ªæ¨¨
ƒ�÷�‘ áà�¢−¨¬� á TMSC55x, ¤�−−®¥ à¥è¥−¨¥ âà¥¡ã¥â �¯¯�à�â−®© ®¯â¨¬¨-
§�æ¨¨.

2.3 Проблемы аппаратной поддержки быстрого преобразования Фурье
в гибридной архитектуре рекуррентного обработчика сигналов

�á−®¢−ë¥ ¯à®¡«¥¬ë �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ ƒ�÷�‘:

(1) ¨§¡ëâ®ç−ë¥ −�ª«�¤−ë¥ à�áå®¤ë åà�−¥−¨ï ¯®¢®à®â−ëå ª®íää¨æ¨¥−â®¢, á¢ï-
§�−−ë¥ á ®á®¡¥−−®áâï¬¨ à�§¤¥«¥−−®© ¯® á¥ªæ¨ï¬ �Š ‘;

(2) åà�−¥−¨¥ ®âáç¥â®¢ ¢ ª�¯áã«¥ ¢ ã¯�ª®¢�−−ëå ®¯¥à�−¤�å.
“¯�ª®¢ª� ¤�−−ëå á−¨¦�¥â ¨§¡ëâ®ç−®áâì â¥£¨à®¢�−−ëå ¤�−−ëå, çâ® ï¢«ï¥â-
áï −¥á®¬−¥−−ë¬ ¯à¥¨¬ãé¥áâ¢®¬. �¤−�ª® −� ¯®á«¥¤−¨å ¤¢ãå áâ�¤¨ïå ��”
ª®−âà®««¥àã ¡ãä¥à−®© ¯�¬ïâ¨ (��) ¯à¨å®¤¨âáï áç¨âë¢�âì ¨ §�¯¨áë¢�âì
ç�áâ¨ ã¯�ª®¢�−−ëå ¤�−−ëå (¢¬¥áâ® æ¥«®£® ®¯¥à�−¤�) ¯® à�§−ë¬ �¤à¥á�¬.
�â® ¯à¨¢®¤¨â ª ãá«®¦−¥−¨î áå¥¬ë ¯�¬ïâ¨ ¨ �«£®à¨â¬� ¢ëç¨á«¥−¨ï �¤à¥á®¢,
à®áâã −�ª«�¤−ëå à�áå®¤®¢ ¨ ¯®â¥−æ¨�«ì−®¬ã á−¨¦¥−¨î ç�áâ®âë ¥¥ à�¡®âë;

(3) −¥æ¨ª«¨ç−�ï áå¥¬� áç¨âë¢�−¨ï ¤¥©áâ¢¨â¥«ì−ëå ¨ ¬−¨¬ëå ç�áâ¥© ®âáç¥â®¢.
ˆ§ à¨á. 3 ¢¨¤−®, çâ® ¢å®¤−ë¥ ®âáç¥âë áç¨âë¢�îâáï ¢ á«¥¤ãîé¥© ¯®á«¥¤®-
¢�â¥«ì−®áâ¨:

–¨ª« 1: Ra(i). –¨ª« 2: Ib(i), � Ib(i + 1) ã¦¥ ¤®«¦¥− ¡ëâì ¢ ¯�¬ïâ¨
®¯¥à�−¤®¢ §�à�−¥¥!

–¨ª« 3: Ia(i). –¨ª« 4: Rb(i+ 1).

Š�ª ¢¨¤−®, ¤¥©áâ¢¨â¥«ì−ë¥ ¨ ¬−¨¬ë¥ ç�áâ¨ áç¨âë¢�îâáï −¥¯®á«¥¤®¢�â¥«ì−®
¨ ¤�¦¥ ¨§ à�§−ëå ú¡�¡®ç¥ªû ¢ å®¤¥ ®¤−®£® ¯à®£®−� ¨−áâàãªæ¨¨. �â®
®á«®¦−ï¥â �«£®à¨â¬ ¢ëç¨á«¥−¨ï �¤à¥á®¢ ¢ ª®−âà®««¥à¥ ��;

(4) æ¨ª« ü 2 ¨−áâàãªæ¨¨ úButterflyû âà¥¡ã¥â á¯¥æ¨�«ì−®£® à¥¦¨¬� à�á¯�ª®¢-
ª¨ ¨ à�ááë«ª¨ ã¯�ª®¢�−−ëå ¤�−−ëå. ‚ ƒ�÷�‘ §� à�á¯�ª®¢ªã ¨ à�ááë«ªã
ã¯�ª®¢�−−ëå ¤�−−ëå ®â¢¥ç�¥â ª®¬¯®−¥−â ú÷�á¯à¥¤¥«¨â¥«ìû. �á®¡¥−−®áâì
æ¨ª«� ü 2 §�ª«îç�¥âáï ¢ â®¬, çâ® −� ¢å®¤ ¢ëç¨á«¨â¥«ì−®£® ¡«®ª� ¤®«¦−ë
¯à¨©â¨ ¤¢¥ ¬−¨¬ë¥ ç�áâ¨ i-© ¨ (i+ 1)-© ú¡�¡®ç¥ªû. �â® ¯®¢¥¤¥−¨¥ ¢ë¡¨¢�-
¥âáï ¨§ ®á−®¢−®© áå¥¬ë à�ááë«ª¨ ¤�−−ëå, çâ® âà¥¡ã¥â ¢¢®¤� á¯¥æ¨�«ì−®£®
à¥¦¨¬�, ª®â®àë© ¨á¯®«ì§ã¥âáï ¢ ƒ�÷�‘ â®«ìª® ¢ à�¬ª�å ®¤−®£® �«£®à¨â¬�;

(5) ¨§¬¥−¥−¨¥ ç¨á«� ®âáç¥â®¢ ��” âà¥¡ã¥â ¯¥à¥à�¡®âª¨ ª�¯áã«ë.

�−�«¨§ ¯à®¡«¥¬ â¥ªãé¥© ¢¥àá¨¨ áà¥¤áâ¢ �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ æ¥-
«®¬ á¢¨¤¥â¥«ìáâ¢ã¥â ® ¡®«ìè®© áâ¥¯¥−¨ �¯¯�à�â−®© ¨§¡ëâ®ç−®áâ¨. �®íâ®¬ã
®¯â¨¬¨§�æ¨ï �àå¨â¥ªâãàë ƒ�÷�‘ ï¢«ï¥âáï �ªâã�«ì−®© §�¤�ç¥©.

Œ®¦−® ¢ë¤¥«¨âì ¤¢� ®á−®¢−ëå −�¯à�¢«¥−¨ï ®¯â¨¬¨§�æ¨¨ �àå¨â¥ªâãàë: ¬®-
¤¨ä¨ª�æ¨ï ¨−áâàãªæ¨¨ ú¡�¡®çª�û ¨ ¬®¤¨ä¨ª�æ¨ï ��.
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�¯â¨¬¨§�æ¨ï �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ à¥ªãàà¥−â−®¬ á¨£−�«ì−®¬ ¯à®æ¥áá®à¥

3 Модифицированные средства аппаратной поддержки
быстрого преобразования Фурье

3.1 Усовершенствование конвейеризованной инструкции

‚ ¯à¥¤ë¤ãé¥¬ à�§¤¥«¥ ¡ë« á¤¥«�− ¢ë¢®¤ ® −¥®¡å®¤¨¬®áâ¨ ¯¥à¥à�¡®âª¨
ç¥âëà¥åáâ�¤¨©−®© ¨−áâàãªæ¨¨ úButterflyû. �à¨ íâ®¬ â¥å−¨ç¥áª¨ ¥¥ å�à�ªâ¥à¨-
áâ¨ª¨ −¥ ¤®«¦−ë ãåã¤è¨âìáï á â®çª¨ §à¥−¨ï ¢à¥¬¥−¨ ¨á¯®«−¥−¨ï. Šà®¬¥ â®£®,
¯¥à¥à�¡®â�−−�ï áå¥¬� ¨−áâàãªæ¨¨ ¤®«¦−� â�ª¦¥ à¥è�âì ¯à®¡«¥¬ã 3, ®¡®§−�ç¥−-
−ãî ¢ à�§¤. 2.3. �� à¨á. 3 ¯à¥¤áâ�¢«¥−ë à¥§ã«ìâ�âë ¯¥à¥à�¡®âª¨ ¨−áâàãªæ¨¨
ú¡�¡®çª�û.

‚ −®¢®© ¢¥àá¨¨ áå¥¬ë ¨−áâàãªæ¨¨ ¯®®ç¥à¥¤−® áç¨âë¢�îâáï ª®−áâ�−âë ¨ ¤�−-
−ë¥, ¯à¨ç¥¬ ¤«ï æ¨ª«®¢ 1 ¨ 3 áç¨âë¢�îâáï ®¤−¨ ¨ â¥ ¦¥ ª®−áâ�−âë, � ¤�−−ë¥
áç¨âë¢�îâáï â®«ìª® ¤«ï i-© ¡�¡®çª¨ (¢ ®â«¨ç¨¥ ®â ¯à¥¤ë¤ãé¥© ¢¥àá¨¨, £¤¥ ¨ ¤«ï
(i + 1)-©). ’�ª¨¬ ®¡à�§®¬, ¯à®¡«¥¬� 3 ¨, á«¥¤®¢�â¥«ì−®, ¯à®¡«¥¬� 4 à¥è�îâáï
¯à¨ ¢−¥¤à¥−¨¨ ¤�−−®£® à¥è¥−¨ï.

‘ â®çª¨ §à¥−¨ï ¨á¯®«ì§®¢�−¨ï ILP ¯à¥¤«�£�¥¬®¥ à¥è¥−¨¥ â�ª¦¥ ®¡¥á¯¥ç¨¢�¥â
¢ë¯®«−¥−¨¥ 14 ¨−áâàãªæ¨© ¨§ 16 §� 4 æ¨ª«� ¨ ¨¬¥¥â ª®íää¨æ¨¥−â íää¥ªâ¨¢−®áâ¨
¨á¯®«ì§®¢�−¨ï ILP, à�¢−ë© 87,5%.

3.2 Доработка вычислительных блоков

„«ï ®¡¥á¯¥ç¥−¨ï ¢®§¬®¦−®áâ¨ ¨á¯®«−¥−¨ï −®¢®© áå¥¬ë ¨−áâàãªæ¨¨ úButter-
flyû ¢ á®áâ�¢ ¢ëç¨á«¨â¥«ì−ëå ¡«®ª®¢ ƒ�÷�‘ −¥®¡å®¤¨¬® ¢¢¥áâ¨ ¤®¯®«−¨â¥«ì-
−ë¥ ¢å®¤−ë¥ ¯®«ì§®¢�â¥«ìáª¨¥ à¥£¨áâàë W2 ¨ W3. ’�ª¨¬ ®¡à�§®¬ à¥£¨áâà®¢ë©
ä�©« ¡ã¤¥â à�áè¨à¥− ¤® ç¥âëà¥å à¥£¨áâà®¢. „«ï ª®àà¥ªâ−®£® ¢ë¯®«−¥−¨ï ��”
¨áå®¤−®© ¨−¨æ¨�«¨§�æ¨¨ à¥£¨áâà®¢®£® ä�©«� −¥ âà¥¡ã¥âáï. ’�ª¦¥ ¢ á®áâ�¢ ¢ë-
ç¨á«¨â¥«ì−®£® ¡«®ª� ¢å®¤¨â ¯�¬ïâì ª®−áâ�−â á¥ªæ¨®−−�ï à¥£¨áâà®¢�ï (�Š ‘÷),
¨¬¥îé�ï ®¡ê¥¬ ¢ ç¥âëà¥ 16-¡¨â−ëå ª®−áâ�−âë. ‚ −®¢®© à¥�«¨§�æ¨¨ −¥®¡å®¤¨¬®
®¡¥á¯¥ç¨âì ¢®§¬®¦−®áâì §�¯¨á¨ áà�§ã ¤¢ãå ª®−áâ�−â (à�−¥¥ ¬®¦−® ¡ë«® §�¯¨á�âì
â®«ìª® ®¤−ã).

3.3 Модификация распределителя

’�ª ª�ª ¯à®¡«¥¬ë 3 ¨ 4 à¥è�îâáï §� áç¥â ¨§¬¥−¥−¨ï áå¥¬ë ¨−áâàãªæ¨¨,
â® ¨§ à�á¯à¥¤¥«¨â¥«ï ¬®¦−® ã¤�«¨âì ¯®¤¤¥à¦ªã á¯¥æ¨�«¨§¨à®¢�−−®£® à¥¦¨¬�
à�á¯�ª®¢ª¨ ®¯¥à�−¤®¢. Šà®¬¥ â®£®, ®á®¡¥−−®áâ¨ äã−ªæ¨®−¨à®¢�−¨ï ¬®¤¨ä¨-
æ¨à®¢�−−®£® ª®−âà®««¥à� �� âà¥¡ãîâ, çâ®¡ë à�á¯à¥¤¥«¨â¥«ì −� §�¢¥àè�îé¥©
áâ�¤¨¨ ¢ëç¨á«¥−¨ï �«£®à¨â¬� ��” −¥ §�¬®à�¦¨¢�« ª®−¢¥©¥à, � £¥−¥à¨à®¢�«
¯ãáâë¥ £®àáâ¨ ®¯¥à�−¤®¢ (çâ® à�¢−®á¨«ì−® NOP-®¯¥à�æ¨ï¬).

3.4 Модификация буферной памяти

‘�¬ë¬ áãé¥áâ¢¥−−ë¬ ¨§¬¥−¥−¨ï¬ ¯®¤¢¥à£«�áì �� ¨ ¥¥ ª®−âà®««¥à. ‚ á®-
áâ�¢ �� −¥®¡å®¤¨¬® ¢¢¥áâ¨ −®¢ë© �¢â®−®¬−ë© ¡�−ª ¯�¬ïâ¨ ¨ ¡«®ª ã¯à�¢«¥−¨ï
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íâ®© ¯�¬ïâìî, ª®â®àë© ¢ª«îç�¥â ¢ á¥¡ï ¤¢� à�¡®â�îé¨å ¯�à�««¥«ì−® ¯®¤¡«®ª�:
£¥−¥à�â®à �¤à¥á®¢ ¨ ª®−âà®««¥à çâ¥−¨ï-§�¯¨á¨.

1. �«®ª ¯�¬ïâ¨ á®áâ®¨â ¨§ ¡«®ª®¢: IBlock ¨ RBlock åà�−ïâ ¬−¨¬ë¥ ¨ ¤¥©áâ¢¨-
â¥«ì−ë¥ ç�áâ¨ ®âáç¥â®¢ ¯à¥®¡à�§ã¥¬®£® á¨£−�«� á®®â¢¥âáâ¢¥−−®; IwBlock
¨ RwBlock åà�−ïâ ¬−¨¬ë¥ ¨ ¤¥©áâ¢¨â¥«ì−ë¥ ç�áâ¨ ¯®¢®à®â−ëå ª®íää¨-
æ¨¥−â®¢ W á®®â¢¥âáâ¢¥−−®. ‚å®¤−ë¥ ¯®á«¥¤®¢�â¥«ì−®áâ¨ ®âáç¥â®¢ ¤®«¦−ë
¡ëâì §�¯¨á�−ë ¢ ¡¨â-à¥¢¥àá¨à®¢�−−®¬ ¯®àï¤ª¥.
�âáç¥âë ¨¬¥îâ ä®à¬�â Q15, ¯®íâ®¬ã åà�−ïâáï ¢ 16-¡¨â−ëå á«®¢�å. �¡ê¥¬
IBlock à�¢¥− ®¡ê¥¬ã RBlock ¨ á®áâ�¢«ï¥â 1024 16-¡¨â−ëå á«®¢�. „�−−ë¥
¢ IBlock ¨ RBlock §�¯¨áë¢�îâáï á® áâ®à®−ë ã¯à�¢«ïîé¥£® ãáâà®©áâ¢�,
¯®íâ®¬ã ¢ VHDL-à¥�«¨§�æ¨¨ ¤®«¦¥− ¡ëâì ¯à¥¤®áâ�¢«¥− á®®â¢¥âáâ¢ãîé¨©
¨−â¥àä¥©á ¤®áâã¯� ¤«ï §�¯¨á¨ ¨ çâ¥−¨ï ¤�−−ëå ¡«®ª®¢ (â�ª ª�ª in-place-à¥-
�«¨§�æ¨ï). ÷¥¦¨¬ §�¯¨á¨ ®âáç¥â®¢ ª�ª ¯�ª¥â−ë©, â�ª ¨ ®¤¨−®ç−ë©.
�®¢®à®â−ë¥ ª®íää¨æ¨¥−âë â�ª¦¥ ¨¬¥îâ ä®à¬�â Q15. �¡ê¥¬ IwBlock
à�¢¥− ®¡ê¥¬ã RwBlock ¨ á®áâ�¢«ï¥â 512 16-¡¨â−ëå á«®¢�. �â¨ ª®íää¨-
æ¨¥−âë ï¢«ïîâáï ª®−áâ�−â�¬¨ ¨ à�ááç¨âë¢�îâáï §�à�−¥¥. ‡�¯¨áì ª®−áâ�−â
®áãé¥áâ¢«ï¥âáï −� íâ�¯¥ ¯à®è¨¢ª¨ �‹ˆ‘.

2. Š®−âà®««¥à ¯�¬ïâ¨ ¤«ï à¥¦¨¬� FFT ®¡¥á¯¥ç¨¢�¥â ¯�à�««¥«ì−®¥ äã−ªæ¨-
®−¨à®¢�−¨¥ ¯®¤¡«®ª®¢ ¢ëç¨á«¥−¨ï �¤à¥á®¢ ¨ ã¯à�¢«¥−¨ï çâ¥−¨¥¬ ¨ §�¯¨áìî.
�à¨−¨¬�¥â ¤�−−ë¥ ®â ª®¬¯®−¥−â� úˆ¬¯«¨ª�â®àû ƒ�÷�‘ ¨ ¯¥à¥¤�¥â ¨å ¤«ï
§�¯¨á¨ ¢ ¡«®ª ¯�¬ïâ¨.
ˆ−¨æ¨�«¨§�æ¨ï ¡«®ª� ®áãé¥áâ¢«ï¥âáï ¢ ¬®¬¥−â áç¨âë¢�−¨ï ®á−®¢−ë¬ ª®−-
âà®««¥à®¬ �� Acm: ®¯¥à�−¤�, ª®â®àë© ¨¬¥¥â @Cdm = fft (â. ¥. ¯¥à¥−�áâà�-
¨¢�¥â à¥¦¨¬ ¯�¬ïâ¨). �®á«¥ íâ®£® ®â ®¯¥à�æ¨®−−®£® ãà®¢−ï �àå¨â¥ªâãàë
âà¥¡ã¥âáï ¯®¤â¢¥à¦¤¥−¨¥ ® â®¬, çâ® Acm: ®¯¥à�−¤ ¯®«ãç¥− ¨ ¢á¥ −ã¦−ë¥
£®àáâ¨ áä®à¬¨à®¢�−ë, ª®â®à®¥ ¨ ¨−¨æ¨¨àã¥â ¢ë¤�çã ®¯¥à�−¤®¢. �®á«¥ â®£®
ª�ª ¯®«ãç¥−® ¯®¤â¢¥à¦¤¥−¨¥ ®â ®¯¥à�æ¨®−−®£® ãà®¢−ï, −�ç¨−�¥âáï ®á−®¢−®©
æ¨ª« äã−ªæ¨®−¨à®¢�−¨ï.
÷�§¬¥à Radix2 DIT ��” ®¯à¥¤¥«ï¥âáï ¯® §−�ç¥−¨î ¯®«ï ª®«¨ç¥áâ¢� ¨â¥-
à�æ¨© @Ci. —¨á«® áâ�¤¨© ��” −�¯àï¬ãî á¢ï§�−® á ª®«¨ç¥áâ¢®¬ ®â-
áç¥â®¢ ¯® ä®à¬ã«¥ úª®«¨ç¥áâ¢® áâ�¤¨©û = Log2(N). ’®£¤�, −�¯à¨¬¥à, ¤«ï
@Ci = 8 N = 256. �à¥¤«�£�¥¬�ï à¥�«¨§�æ¨ï ��” ª®−âà®««¥à� ¢ ¬®¤¥-
«¨ ¯®¤¤¥à¦¨¢�¥â −�áâà�¨¢�¥¬®¥ ª®«¨ç¥áâ¢® á¥ªæ¨© ¨á¯®«−¥−¨ï �«£®à¨â¬�.
�¤−�ª® ¯®ª� �«£®à¨â¬ à�ááç¨â�− −� 4 á¥ªæ¨¨.

3. �«®ª ¢ëç¨á«¥−¨ï �¤à¥á®¢ ¤®«¦¥− §� 4 æ¨ª«� ¢ëç¨á«¨âì �¤à¥á� ¤¥©áâ¢¨-
â¥«ì−ëå ¨ ¬−¨¬ëå ç�áâ¥© ®âáç¥â®¢, � â�ª¦¥ âà¥¡ã¥¬ëå ª®−áâ�−â ¤«ï â¥ªãé¨å
ú¡�¡®ç¥ªû. �á®¡¥−−®áâì �«£®à¨â¬� §�ª«îç�¥âáï ¢ â®¬, çâ® IBlock ¨ RBlock
�¤à¥áãîâáï ®¤−¨¬ ¨ â¥¬ ¦¥ �¤à¥á®¬. ’�ª¨¬ ®¡à�§®¬, −¥®¡å®¤¨¬® ¢ëç¨á«¨âì
4 �¤à¥á� ª®−áâ�−â ¨ 4 �¤à¥á� ú¡�¡®ç¥ªû.
�á®¡¥−−®áâìî áå¥¬ë ¢ëç¨á«¥−¨ï ¨−áâàãªæ¨¨ úButterflyû ï¢«ï¥âáï −�«¨ç¨¥
ç¥âëà¥å ¤®¯®«−¨â¥«ì−ëå æ¨ª«®¢ ¤«ï §�¯ãáª� ¯à®æ¥áá�. �¤−�ª® ¤«ï ¤�−−®£®
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¡«®ª� ¢ íâ®¬ −¥â −¥®¡å®¤¨¬®áâ¨. �− ¤®«¦¥− áà�§ã à�ááç¨âë¢�âì ª®àà¥ªâ−ë¥
�¤à¥á�. ’�ª¦¥ ¤�−−ë© ¡«®ª ¤®«¦¥− à�¡®â�âì ú−� è�£ ¢¯¥à¥¤û ®â−®á¨â¥«ì−®
¡«®ª� çâ¥−¨ï-§�¯¨á¨, çâ®¡ë ¢â®à®© ¡ë« ¢á¥£¤� ®¡¥á¯¥ç¥− −®¢ë¬¨ �¤à¥á�¬¨.
…é¥ ®¤−� ®á®¡¥−−®áâì �«£®à¨â¬�: �¤à¥á� ¨ ¯�à�¬¥âàë á�¬ëå ¯¥à¢ëå ú¡�-
¡®ç¥ªû ¡ã¤ãâ ¢á¥£¤� ¨¤¥−â¨ç−ë¬¨ ¢−¥ §�¢¨á¨¬®áâ¨ ®â à�§¬¥à� ��”. ’�ª¨¬
®¡à�§®¬, ¯¥à¢ãî ¯®àæ¨î �¤à¥á®¢ −ã¦−® ¢ëç¨á«ïâì ¢ ¯à®æ¥áá¥ ¨−¨æ¨�«¨§�-
æ¨¨ �¯¯�à�âãàë.
��ª®−¥æ, ¤«ï ¤�−−®£® ¡«®ª� âà¥¡ã¥âáï ®á®¡®¥ ¯®¢¥¤¥−¨¥ ¢ §�¢¥àè�îé¥©
áâ�¤¨¨ �«£®à¨â¬�, ª®£¤� �¤à¥á� ¤«ï ¢á¥å ú¡�¡®ç¥ªû ã¦¥ à�ááç¨â�−ë, −® ¨§-
§� ®âáâ�¢�−¨ï ¡«®ª� çâ¥−¨ï-§�¯¨á¨ −� 1 ú¡�¡®çªãû, � â�ª¦¥ ª®−¢¥©¥à�, ¡«®ª
¤®«¦¥− ¯à®¤®«¦�âì à�¡®âã ¢¯«®âì ¤® §�¯¨á¨ ¯®á«¥¤−¥£® ¢ëå®¤−®£® ¤�−−®£®
−� ¯®á«¥¤−¥© áâ�¤¨¨ �«£®à¨â¬�.

4. �«®ª ã¯à�¢«¥−¨ï çâ¥−¨¥¬-§�¯¨áìî ®¡¥á¯¥ç¨¢�¥â áç¨âë¢�−¨¥ ¯® ¯à¨á«�−-
−ë¬ �¤à¥á�¬ ª®−áâ�−â ¨ ®âáç¥â®¢, âà¥¡ã¥¬ëå ¤«ï ¢ë¯®«−¥−¨ï ª�¦¤®£®
ª®−ªà¥â−®£® æ¨ª«� ¨−áâàãªæ¨¨ ú¡�¡®çª�û. Šà®¬¥ â®£®, ¤�−−ë© ¡«®ª ®áãé¥-
áâ¢«ï¥â §�¯¨áì ¢ëå®¤−ëå ®¯¥à�−¤®¢, ¯®«ãç¥−−ëå ®â ¨¬¯«¨ª�â®à�. �¤−�ª®
¢ íâ®¬ ¯à®æ¥áá¥ ¥áâì ®¤−� ®á®¡¥−−®áâì. ‡�¯¨áì ¢ëå®¤−ëå ¤�−−ëå ¯à®¨áå®-
¤¨â ¯® �¤à¥á�¬ ú¯à¥¤ë¤ãé¥© ¡�¡®çª¨û, � §−�ç¨â, −¥®¡å®¤¨¬® åà�−¨âì íâ¨
�¤à¥á�.

÷¨á. 4 �àå¨â¥ªâãà� áà¥¤áâ¢ ¯®¤¤¥à¦ª¨ ��”
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÷�−¥¥ ¡ë«® ®â¬¥ç¥−®, çâ® ¢ëå®¤−ë¥ ¤�−−ë¥ ®â ¨¬¯«¨ª�â®à� ¯à¨å®¤ïâ á §�-
¤¥à¦ª®©, â. ¥. ¤�−−ë© ¡«®ª ¤®«¦¥− à�ááç¨âë¢�âì à¥�«ì−ë¥ �¤à¥á� §�¯¨á¨ ¢ë-
å®¤−ëå ®âáç¥â®¢ −�¯¥à¥¤ ¨ åà�−¨âì ¨å ¢ ¡«®ª¥ FIFO (first in, first out), çâ®¡ë
á®åà�−¨âì ª®àà¥ªâ−®áâì in-place-à¥�«¨§�æ¨¨. „�−−ë© ¡«®ª ¯à¥¤áâ�¢«ï¥â á®¡®©
ª®−¢¥©¥à ¤«¨−ë 4; §−�ç¨â, ¤«ï −�ç�«� ¨ §�¢¥àè¥−¨ï ¢ëç¨á«¥−¨© âà¥¡ã¥âáï
−�«¨ç¨¥ ç¥âëà¥å ¤®¯®«−¨â¥«ì−ëå è�£®¢ ¤«ï §�¯®«−¥−¨ï ¨ ®¯ãáâ®è¥−¨ï FIFO
á®®â¢¥âáâ¢¥−−®.

‘å¥¬� ¨§ ç¥âëà¥å æ¨ª«®¢ ¢ë¯®«−¥−¨ï ¨−áâàãªæ¨¨ úButterflyû ¯®ª�§ë¢�¥â,
çâ® ¯®á«¥¤®¢�â¥«ì−®áâì ¯®áâã¯«¥−¨ï ¢ëå®¤−ëå ®âáç¥â®¢ ¤«ï ®¤−®© á¥ªæ¨¨ á«¥-
¤ãîé�ï: Re, Re, Im, Im. ’�ª ª�ª á¥ªæ¨© 4, ¯®«ãç�¥¬, çâ® ª�¦¤ë¥ 8 §�¯¨á¥©
−¥®¡å®¤¨¬® ¯¥à¥ª«îç�âì ¡«®ª¨ RBlock ¨ IBlock á®®â¢¥âáâ¢¥−−®. ÷¥§ã«ìâ�â à�-
¡®âë ¡«®ª� −� ª�¦¤®¬ è�£¥ | ¤¢� ã¯�ª®¢�−−ëå Apdi x4: ®¯¥à�−¤�, á®¤¥à¦�é¨å
«¨¡® ª®−áâ�−âë ¤«ï ç¥âëà¥å á¥ªæ¨©, «¨¡® ®âáç¥âë ¤«ï ç¥âëà¥å á¥ªæ¨©, â. ¥.
ª®−áâ�−âë ¯®áâã¯�îâ ¢ à¥ªãàà¥−â−®¥ ®¯¥à�æ¨®−−®¥ ãáâà®©áâ¢® áâ�−¤�àâ−ë¬ ¬¥-
å�−¨§¬®¬ ä®à¬¨à®¢�−¨ï £®àáâ¥©. ‚ ¯à®æ¥áá¥ ®¦¨¤�−¨ï ¯®á«¥¤−¨å ¢ëå®¤−ëå
®âáç¥â®¢ −� §�¢¥àè¥−¨¨ �«£®à¨â¬� ¡«®ª −¥ ¤®«¦¥− ¢ë¤�¢�âì −¨ç¥£®. �� à¨á. 4
¯à¥¤áâ�¢«¥−� ®¡−®¢«¥−−�ï �àå¨â¥ªâãà� ��.

4 Результаты испытаний программной и аппаратной моделей

‚ à�¡®â¥ [7] ¤�−� ®æ¥−ª� áª®à®áâ¨ ¢ëç¨á«¥−¨ï 256-â®ç¥ç−®£® ��” −� ®¤−®©
á¥ªæ¨¨, ª®â®à�ï á®áâ�¢¨«� 2N log2N . ‚ ¯à®æ¥áá¥ ¨á¯ëâ�−¨© â¥áâ®¢ë¥ §�¯ãáª¨
ª�¯áã«ë ®áãé¥áâ¢«ï«¨áì −� ç¥âëà¥å á¥ªæ¨ïå ƒ�÷�‘ | ª�ª −� ¯à¥¤ë¤ãé¥©
¢¥àá¨¨ áà¥¤áâ¢ �¯¯�à�â−®© ¯®¤¤¥à¦ª¨, â�ª ¨ −� ¬®¤¨ä¨æ¨à®¢�−−®©.

‘à�¢−¨â¥«ì−ë¥ à¥§ã«ìâ�âë ¨á¯ëâ�−¨©

��à�¬¥âà ‘â�à�ï ¢¥àá¨ï �®¢�ï ¢¥àá¨ï
�¡ê¥¬ ¯�¬ïâ¨ ¤«ï åà�−¥−¨ï
ª®−áâ�−â (16-¡¨â−ëå á«®¢) 256× 4 = 1024 1024

�®¤¤¥à¦¨¢�¥¬ë¥ à�§¬¥àë
®ª®− ��” (â®ç¥ª) 256 ®â 8 ¤® 1024

÷�§¬¥à ª�¯áã«ë (®¯¥à�−¤®¢) 132 ¤«ï ®âáç¥â®¢ + 23 23
�¡ê¥¬ ¯�¬ïâ¨ ¤«ï ®âáç¥â®¢
(16-¡¨â−ëå á«®¢) 528 512

Benchmark (æ¨ª«®¢) 2N log2N/4 = 1024 2N log2N/4 = 1024
Overhead (æ¨ª«®¢) 44 16
ˆâ®£® (æ¨ª«®¢) 1068 1040

‚ â�¡«¨æ¥ ¯à¨¢®¤ïâáï áà�¢−¨â¥«ì−ë¥ à¥§ã«ìâ�âë ¤«ï ¤¢ãå ¢¥àá¨©. „�−−ë¥
¯à¨¢¥¤¥−ë ¤«ï N = 256 â®ç¥ª.

5 Заключение

�®«ãç¥−−ë¥ à¥§ã«ìâ�âë ¯®¤â¢¥à¦¤�îâ ãá¯¥è−®áâì ®¯â¨¬¨§�æ¨¨ ¨ ¬®¤¨ä¨-
ª�æ¨¨ áà¥¤áâ¢ �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ ƒ�÷�‘. �®¢�ï ¢¥àá¨ï áà¥¤áâ¢
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�¯â¨¬¨§�æ¨ï �¯¯�à�â−®© ¯®¤¤¥à¦ª¨ ��” ¢ à¥ªãàà¥−â−®¬ á¨£−�«ì−®¬ ¯à®æ¥áá®à¥

−¥ â®«ìª® ®¡«�¤�¥â ¡®«ìè¥© £¨¡ª®áâìî ¨ áª®à®áâìî, −® ¨ ¯®§¢®«ï¥â á®ªà�â¨âì
à�§¬¥à ª�¯áã«ë. �®«ãç¥−−�ï à¥�«¨§�æ¨ï áà¥¤áâ¢ ¯®¤¤¥à¦ª¨ ¯®§¢®«¨«� à¥è¨âì
¢á¥ ¯¥à¥ç¨á«¥−−ë¥ ¢ à�§¤. 2.3 ¯à®¡«¥¬ë.

�à®¡«¥¬� 1 ¡ë«� à¥è¥−� ¯ãâ¥¬ à�§¬¥é¥−¨ï ¯®¢®à®â−ëå ª®íää¨æ¨¥−â®¢
¢ ®â¤¥«ì−®¬ ¡«®ª¥ ¯�¬ïâ¨, ¯à¨ç¥¬ ¥£® çâ¥−¨¥ ®áãé¥áâ¢«ï¥âáï ¯® áâ�−¤�àâ−®-
¬ã ¢ ƒ�÷�‘ ¬¥å�−¨§¬ã §� áç¥â ä®à¬¨à®¢�−¨ï −� ¢ëå®¤¥ ¯�àë ã¯�ª®¢�−−ëå
®¯¥à�−¤®¢. �®«¥¥ â®£®, ¢ â®¬ ¦¥ á�¬®¬ ®¡ê¥¬¥ ¯�¬ïâ¨ ¡ë«® à�§¬¥é¥−® £®à�§¤®
¡®«ìè¥ à�§«¨ç−ëå §−�ç¥−¨© ¯®¢®à®â−ëå ª®íää¨æ¨¥−â®¢, §� áç¥â ç¥£® ¯®¢ëá¨«�áì
£¨¡ª®áâì ¨ ¬�áèâ�¡¨àã¥¬®áâì �«£®à¨â¬�.

�à®¡«¥¬� 2 ¡ë«� à¥è¥−� â�ª¦¥ ¯ãâ¥¬ à�§¬¥é¥−¨ï ®âáç¥â®¢ ¢ ®â¤¥«ì−®¬ ¡«®ª¥
¯�¬ïâ¨ ¨ ä®à¬¨à®¢�−¨ï ¯�àë ã¯�ª®¢�−−ëå ®¯¥à�−¤®¢ −� ¢ëå®¤¥ ¯à¨ ¥£® çâ¥−¨¨.
�®«¥¥ â®£®, íâ® �¢â®¬�â¨ç¥áª¨ à¥è¨«® ¯à®¡«¥¬ã 5, â�ª ª�ª â¥¯¥àì ¬®¤¨ä¨ª�æ¨ï
ª�¯áã«ë | íâ® ¢á¥£® «¨èì à¥ª®−ä¨£ãà�æ¨ï à�§¬¥à� ¢ëç¨á«ï¥¬®£® ��”.

�à®¡«¥¬ë 3 ¨ 4 ¡ë«¨ à¥è¥−ë §� áç¥â áãé¥áâ¢¥−−®© ¯¥à¥à�¡®âª¨ ¨−áâàãªæ¨¨
úButterflyû.

‚ à�§«¨ç−ëå ®¡«�áâïå –�‘ âà¥¡ã¥âáï ¢ëç¨á«ïâì −¥ â®«ìª® ��” á ¯à®à¥-
¦¨¢�−¨¥¬ ¯® ¢à¥¬¥−¨, −® ¨ ¯® ç�áâ®â¥, � â�ª¦¥ ®¡à�â−ë© ��”. Šà®¬¥ â®£®,
�«£®à¨â¬ ¯® ®á−®¢�−¨î 2 ¬¥−¥¥ ¡ëáâàë©, ç¥¬ ¯® ®á−®¢�−¨î 4, ¯®íâ®¬ã ¢ ¡ã-
¤ãé¥¬ ¦¥«�â¥«ì−® ®¡¥á¯¥ç¨âì à¥�«¨§�æ¨î ¨ ¤àã£¨å �«£®à¨â¬®¢ ¨§ á¥¬¥©áâ¢�
��”. „àã£¨¬ −�¯à�¢«¥−¨¥¬ à�¡®â ¢ ¤�−−®¬ −�¯à�¢«¥−¨¨ ¤®«¦−� áâ�âì �¯à®¡�-
æ¨ï IP-¡«®ª®¢ ��” ¤«ï íää¥ªâ¨¢−®© �¯¯�à�â−®© à¥�«¨§�æ¨¨ ú¡�¡®ç¥ªû ¨ ¥é¥
¡®«ìè¥£® ¯®¢ëè¥−¨ï ¯à®¨§¢®¤¨â¥«ì−®áâ¨ ƒ�÷�‘ −� íâ®¬ ª«�áá¥ §�¤�ç.
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Abstract: The paper covers the fast Fourier transform (FFT) support in the hybrid
recurrent signal processor architecture. An analysis of the existing implementation
is presented. Disadvantages and their ramifications are identified. An optimized
solution is proposed to ease the scaling of both the architecture and the number
of FFT samples.
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