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IV  

ɿʘʭʚʘʣʥʠʮʝ 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʩʚʦʿʠʤ ʢʦʣʝʛʘʤʘ ʩʘ ʢʦʿʠʤʘ ʩʘʤ ʥʠʟ ʛʦʜʠʥʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʧʨʦʿʝʢʪʠʤʘ ʨʘʜʠʦ ʥʘ ʧʦʩʣʦʚʠʤʘ ʫ ʦʙʣʘʩʪʠ ʜʠʟʘʿʥʘ, ʘʨʭʠʪʝʢʪʫʨʝ ʠ ʘʥʘʣʠʟʝ 

ʧʝʨʬʦʨʤʘʥʩʠ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʫ ʢʦʤʧʘʥʠʿʘʤʘ ATI, AMD ʠ Qualcomm ʥʘ 

ʧʨʝʜʫʩʨʝʪˀʠʚʦʩʪʠ, ʦʪʚʦʨʝʥʦʩʪʠ ʫ ʨʘʟʤʝʥʠ ʤʠʰˀʝˁʘ ʠ ʩʧʨʝʤʥʦʩʪʠ ʜʘ ʧʦʤʦʛʥʫ 

ʢʘʜʘ ʛʦʜ ʿʝ ʪʦ ʙʠʣʦ ʧʦʪʨʝʙʥʦ. 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʢʦʤʧʘʥʠʿʠ HDL Design House, ʰʪʦ ʤʠ ʿʝ ʫʢʘʟʘʣʘ ʧʦʚʝʨʝˁʝ ʠ 

ʧʨʠʭʚʘʪʠʣʘ ʧʨʝʜʣʦʛ ʟʘ ʧʨʦʿʝʢʘʪ ʢʦʤʝʨʮʠʿʘʣʥʝ ʨʝʘʣʠʟʘʮʠʿʝ ʚʝʨʠʬʠʢʘʮʠʦʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ, ʢʦʿʠ ʩʝ ʙʘʟʠʨʘ ʥʘ ʦʚʦʿ 

ʜʠʩʝʨʪʘʮʠʿʠ. 

ɿʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʠ ʩʚʠʤ ʩʚʦʿʠʤ ʢʦʣʝʛʘʤʘ ʩʘ ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʦʛ ʬʘʢʫʣʪʝʪʘ 

ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ ʟʘ ʠʩʢʨʝʥʫ ʠ ʧʨʠʿʘʪʝˀʩʢʫ ʧʦʤʦ˂ ʠ ʧʦʜʨʰʢʫ ʢʦʿʘ ʪʨʘʿʝ ʦʜ 

ʥʘʰʠʭ ʧʨʚʠʭ ʩʫʩʨʝʪʘ ʜʦ ʜʘʥʘʩ. 

ʇʦʩʝʙʥʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʩʚʦʤ ʤʝʥʪʦʨʫ ʜʨ ɺʝˀʢʫ ʄʠʣʫʪʠʥʦʚʠ˂ʫ, ʩʘ 

ʢʦʿʠʤ ʩʘʤ ʠʤʘʦ ʟʘʜʦʚʦˀʩʪʚʦ ʜʘ ʩʘʨʘʹʫʿʝʤ ʿ ʦʰ ʦʜ ʩʚʦʿʠʭ ʩʪʫʜʝʥʪʩʢʠʭ ʜʘʥʘ, ʘ ʢʘʩʥʠʿʝ 

ʠ ʢʘʦ ʘʩʠʩʪʝʥʪ ʠ ʧʦʩʪʜʠʧʣʦʤʘʮ ʥʘ ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʦʤ ʬʘʢʫʣʪʝʪʫ ʫ ɹʝʦʛʨʘʜʫ. ɹʝʟ 

ˁʝʛʦʚʝ ʧʦʤʦ˂ʠ ʠ ʥʝʩʝʙʠʯʥʝ ʧʦʜʨʰʢʝ ʩʚʠʭ ʦʚʠʭ ʛʦʜʠʥʘ, ʜʠʩʝʨʪʘʮʠʿʘ ʙʠ ʤʥʦʛʦ ʪʝʞʝ 

ʫʛʣʝʜʘʣʘ ʩʚʝʪʣʦʩʪ ʜʘʥʘ. 

ʉʨʜʘʯʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʠ ʢʦʤʠʩʠʿʠ ʢʦʿʘ ʿʝ ʧʨʝʛʣʝʜʘʣʘ ʦʚʘʿ ʨʘʜ ʠ ʩʚʦʿʠʤ 

ʢʦʨʠʩʥʠʤ ʧʨʝʜʣʦʟʠʤʘ ʫʪʠʮʘʣʘ ʥʘ ʢʦʥʘʯʥʫ ʚʝʨʟʠʿʫ ʜʠʩʝʨʪʘʮʠʿʝ. 

ʍʚʘʣʘ ʤʦʿʠʤ ʨʦʜʠʪʝˀʠʤʘ, ʩʫʧʨʫʟʠ ʠ ʜʝʮʠ ʥʘ ˀʫʙʘʚʠ, ʧʦʜʨʰʮʠ ʠ ʨʘʟʫʤʝʚʘˁʫ 

ʢʦʿʝ ʩʫ ʤʠ ʧʨʫʞʠʣʠ ʩʚʠʭ ʦʚʠʭ ʛʦʜʠʥʘ. 

ʉʣʘʚʘ ʠ ʭʚʘʣʘ ɻʦʩʧʦʜʫ ʥʘʰʝʤ ʟʘ ˀʫʙʘʚ ʠ ʩʥʘʛʫ ʢʦʿʫ ʥʘʤ ʜʘʿʝ ʜʘ ʠʩʪʨʘʿʝʤʦ, 

ʫʧʨʢʦʩ ʩʚʠʤ ʠʟʘʟʦʚʠʤʘ, ʥʘ ʩʚʦʿʫ ʜʦʙʨʦʙʠʪ ʠ ʥʘ ʜʦʙʨʦʙʠʪ ʩʚʠʭ ʦʢʦ ʥʘʩ.



V 

ʈʝʟʠʤʝ 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ  

ʩʘ ʪʘʯʥʦʰ˂ʫ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ 

 

ɻʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʿʝ ʿʝʜʥʘ ʦʜ ʢˀʫʯʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʩʚʘʢʦʛ ʨʘʯʫʥʘʨʩʢʦʛ 

ʩʠʩʪʝʤʘ. ʋ ʩʘʚʨʝʤʝʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʩʝ ʥʘʿʯʝʰ˂ʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘ ʧʦʤʦ˂ʫ ʤʝʤʦʨʠʿʘ ʪʠʧʘ DRAM. ʆʥʘ ʥʝʧʦʩʨʝʜʥʦ ʫʪʠʯʝ ʥʘ ʮʝʥʫ, 

ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ ʠ ʝʬʠʢʘʩʥʦʩʪ ʩʠʩʪʝʤʘ, ʘ ʧʦʩʨʝʜʥʦ ʠ ʥʘ ˁʝʛʦʚʫ ʠʥʪʝʨʥʫ 

ʘʨʭʠʪʝʢʪʫʨʫ ʠ ʦʨʛʘʥʠʟʘʮʠʿʫ. ʀʟ ʪʠʭ ʨʘʟʣʦʛʘ ʩʝ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʝ ʧʦʩʚʝ˂ʫʿʝ ʚʝʣʠʢʘ ʧʘʞˁʘ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ. 

ʂʦʜ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʪʘʯʥʦʩʪ ʿʝ ʦʜ 

ʩʫʰʪʠʥʩʢʦʛ ʟʥʘʯʘʿʘ. ʅʝʪʘʯʥʦʩʪ ʩʤʘˁʫʿʝ ʧʦʫʟʜʘʥʦʩʪ ʨʝʟʫʣʪʘʪʘ ʠ ʟʘʢˀʫʯʘʢʘ, ʰʪʦ 

ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʜʦʥʦʰʝˁʘ ʧʦʛʨʝʰʥʠʭ ʦʜʣʫʢʘ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ, ʘ ʪʠʤʝ ʠ ʜʦ 

ʟʥʘʯʘʿʥʦʛ ʛʫʙʠʪʢʘ ʚʨʝʤʝʥʘ, ʪʨʫʜʘ ʠ ʥʦʚʮʘ. ʆʧʰʪʠ ʪʨʝʥʜʦʚʠ ʫ ʜʦʤʝʥʫ ʪʝʭʥʦʣʦʛʠʿʝ 

ʠʟʨʘʜʝ, ʘʨʭʠʪʝʢʪʫʨʝ ʠ ʦʨʛʘʥʠʟʘʮʠʿʝ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʠ ʨʘʟʚʦʿʘ ʩʠʩʪʝʤʩʢʦʛ 

ʩʦʬʪʚʝʨʘ ʚʦʜʝ ʩʪʘʣʥʦʤ ʨʘʩʪʫ ʦʧʪʝʨʝ˂ʝˁʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ ʠ ˁʝʥʦʿ ʩʚʝ ʚʝ˂ʦʿ 

ʚʠʨʪʫʝʣʠʟʘʮʠʿʠ, ʯʠʤʝ ʩʝ ʧʨʦʙʣʝʤ ʪʘʯʥʦʩʪʠ ʜʦʜʘʪʥʦ ʧʦʛʦʨʰʘʚʘ. ʉ ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʥʝ 

ʚʠʜʠ ʪʝʭʥʦʣʦʛʠʿʘ ʢʦʿʘ ʙʠ ʫ ʜʦʛʣʝʜʥʦ ʚʨʝʤʝ ʤʦʛʣʘ ʜʘ ʟʘʤʝʥʠ DRAM, ʤʦʞʝ ʩʝ 

ʦʯʝʢʠʚʘʪʠ ʜʘ ˂ʝ ʟʥʘʯʘʿ ʦʚʦʛ ʧʨʦʙʣʝʤʘ ʫ ʙʫʜʫ˂ʥʦʩʪʠ ʩʘʤʦ ʜʦʙʠʿʘʪʠ ʥʘ ʪʝʞʠʥʠ. 

ʂˀʫʯʥʠ ʧʨʦʙʣʝʤ ʫ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʿʝ ʥʝʤʦʛʫ˂ʥʦʩʪ 

ʜʘ ʩʝ ʥʝʧʦʩʨʝʜʥʦ ʫʪʚʨʜʠ ʜʘ ʣʠ ʩʫ ʧʦʿʝʜʠʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ 

ʩʣʦʙʦʜʥʠ ʠʣʠ ʟʘʫʟʝʪʠ. ʊʦ ʩʪʚʘʨʘ ʧʨʦʙʣʝʤ ʩʘ ʤʝʨʝˁʝʤ ʯʘʢ ʠ ʦʩʥʦʚʥʠʭ ʧʦʢʘʟʘʪʝˀʘ 

ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʢʘʦ ʰʪʦ ʩʫ ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ ʠ ʝʬʠʢʘʩʥʦʩʪ. ɿʙʦʛ 

ʪʦʛʘ ʥʠʿʝ ʿʘʩʥʦ ʢʘʢʦ ʦʜʛʦʚʦʨʠʪʠ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʥʦ ʧʠʪʘˁʝ: Ăʂʘʢʦ ʤʝʨʠʪʠ 

ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʩʘ ʧʦʪʨʝʙʥʠʤ ʥʠʚʦʦʤ ʪʘʯʥʦʩʪʠ?ñ. ʏʘʢ ʠ ʟʘ 

ʧʦʢʘʟʘʪʝˀʝ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʝ ʿʝ ʤʦʛʫ˂ʝ ʪʘʯʥʦ ʠ ʥʝʧʦʩʨʝʜʥʦ ʤʝʨʠʪʠ, ʢʘʦ ʰʪʦ ʿʝ 



 
VI  

ʧʨʦʪʦʢ ʧʦʜʘʪʘʢʘ, ʧʦʩʪʦʿʠ ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ. ʊʝʦʨʠʿʩʢʠ 

ʤʘʢʩʠʤʫʤʠ ʧʦʢʘʟʘʪʝˀʘ ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʩʝ ʢʦʥʪʠʥʫʠʨʘʥʦ ʤʝˁʘʿʫ, ʘ ʥʝ 

ʤʦʛʫ ʩʝ ʥʝʧʦʩʨʝʜʥʦ ʤʝʨʠʪʠ, ʧʘ ʥʠʿʝ ʤʦʛʫ˂ʝ ʠʥʪʝʨʧʨʝʪʠʨʘʪʠ ʨʝʟʫʣʪʘʪʝ ʧʦʨʝʹʝˁʝʤ 

ʠʟʤʝʨʝʥʠʭ ʠ ʤʘʢʩʠʤʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ. ʉʪʦʛʘ ʥʠʿʝ ʿʘʩʥʦ ʢʘʢʦ ʦʜʛʦʚʦʨʠʪʠ ʥʠ ʥʘ 

ʩʣʝʜʝ˂ʘ ʢˀʫʯʥʘ ʧʠʪʘˁʘ: Ăʂʦʣʠʢʦ ʩʫ ʠʟʤʝʨʝʥʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʜʦʙʨʝ 

ʠʣʠ ʣʦʰʝ?ñ ʠ Ăʂʘʢʦ ʧʦʨʝʜʠʪʠ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʠʟʤʝʨʝʥʝ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʧʝʨʠʦʜʠʤʘ ʠ ʟʘ ʨʘʟʣʠʯʠʪʘ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ?ñ. 

ʆʩʥʦʚʥʠ ʮʠˀ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ ʥʘʯʠʥʘ ʜʘ ʩʝ ʧʨʝʚʘʟʠʹʫ ʦʚʠ 

ʩʫʰʪʠʥʩʢʠ ʧʨʦʙʣʝʤʠ ʫ ʚʝʟʠ ʩʘ ʤʝʨʝˁʝʤ ʠ ʘʥʘʣʠʟʦʤ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. 

ʂʘʦ ʨʝʟʫʣʪʘʪ ʨʘʜʘ ʥʘ ʪʦʿ ʧʨʦʙʣʝʤʘʪʠʮʠ ʩʪʚʦʨʝʥʘ ʿʝ ʥʦʚʘ ʪʝʦʨʠʿʩʢʘ ʦʩʥʦʚʘ ʟʘ ʤʝʨʝˁʝ 

ʠ ʘʥʘʣʠʟʫ ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʬʦʨʤʫʣʠʩʘʥʘ ʿʝ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʤʝʪʦʜʦʣʦʛʠʿʘ 

ʢʦʿʘ ʜʝʬʠʥʠʰʝ ʢʘʢʦ ʜʘ ʩʝ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʘ ʩʧʨʦʚʦʜʝ ʫ ʧʨʘʢʩʠ. ʄʝʪʦʜʦʣʦʛʠʿʘ ʩʝ 

ʟʘʩʥʠʚʘ ʥʘ ʪʘʯʥʦʿ ʠ ʿʝʜʥʦʟʥʘʯʥʦʿ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʥʘ 

ʩʣʦʙʦʜʥʝ (ʥʝʠʩʢʦʨʠʰ˂ʝʥʠ ʮʠʢʣʫʩʠ), ʘʢʪʠʚʥʝ (ʟʘʫʟʝʪʠ ʮʠʢʣʫʩʠ ʯʠʿʝ ʩʪʘˁʝ ʿʝ 

ʦʧʩʝʨʚʘʙʠʣʥʦ) ʠ ʨʝʞʠʿʩʢʝ (ʟʘʫʟʝʪʠ ʮʠʢʣʫʩʠ ʯʠʿʝ ʩʪʘˁʝ ʟʘʫʟʝʪʦʩʪʠ ʥʠʿʝ 

ʦʧʩʝʨʚʘʙʠʣʥʦ). ʅʘʿʚʘʞʥʠʿʝ ʢʦʤʧʦʥʝʥʪʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʩʫ: 

¶ ʌʫʥʢʮʠʦʥʘʣʥʠ ʠ ʚʨʝʤʝʥʩʢʠ ʤʦʜʝʣ DRAM ʤʝʤʦʨʠʿʝ ʢʦʿʠ DRAM ʤʝʤʦʨʠʿʫ 

ʘʧʩʪʨʘʭʫʿʝ ʫ ʚʠʜʫ ʛʝʥʝʨʠʯʢʦʛ ʫʨʝʹʘʿʘ ʯʠʿʠ ʨʘʜ ʩʝ ʤʦʞʝ ʧʦʪʧʫʥʦ ʦʧʠʩʘʪʠ 

ʧʦʤʦ˂ʫ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥʦʛ ʢʦʥʘʯʥʦʛ ʘʫʪʦʤʘʪʘ ʠ ʘʥʘʣʠʟʠʨʘʪʠ ʩʘ ʞʝˀʝʥʠʤ 

ʥʠʚʦʦʤ ʪʘʯʥʦʩʪʠ 

¶ ʄʦʜʝʣ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ 

ʧʨʝʮʠʟʥʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ 

¶ ʄʝʪʨʠʢʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʢʦʿʘ 

ʧʨʝʜʩʪʘʚˀʘ ʥʦʚ ʪʝʦʨʠʿʩʢʠ ʦʩʥʦʚ ʟʘ ʨʘʜ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ 

¶ ʄʝʪʦʜ ʟʘ ʧʨʦʮʝʥʫ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ 

ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟʤʝʨʝʥʠʭ ʨʝʟʫʣʪʘʪʘ 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʩʧʝʮʠʬʠʮʠʨʘ ʢʘʢʦ ʩʝ ʥʘʚʝʜʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʜʝʬʠʥʠʰʫ, ʢʦʥʩʪʨʫʠʰʫ 

ʠ ʧʘʨʘʤʝʪʨʠʟʫʿʫ ʫ ʩʢʣʘʜʫ ʩʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʦʤ DRAM ʤʝʤʦʨʠʿʝ ʠ ʦʧʠʩʫʿʝ ʩʚʝ 

ʨʝʣʝʚʘʥʪʥʝ ʧʦʩʪʫʧʢʝ ʠ ʧʨʦʮʝʩʝ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʘ ʫ ʨʝʘʣʥʦʤ ʦʢʨʫʞʝˁʫ. 
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ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʜʦʥʦʩʠ ʩʫʰʪʠʥʩʢʠ ʥʘʧʨʝʜʘʢ ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʦʩʪʦʿʝ˂ʘ ʨʝʰʝˁʘ. ɳʝʥʝ ʥʘʿʚʘʞʥʠʿʝ ʧʨʝʜʥʦʩʪʠ ʩʘ ʪʝʦʨʠʿʩʢʦʛ ʩʪʘʥʦʚʠʰʪʘ ʩʫ: 

¶ ʤʘʢʩʠʤʘʣʥʘ ʪʘʯʥʦʩʪ 

¶ ʤʦʛʫ˂ʥʦʩʪ ʧʨʝʮʠʟʥʝ ʧʨʦʮʝʥʝ ʪʝʦʨʠʿʩʢʦʛ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ 

¶ ʤʦʛʫ˂ʥʦʩʪ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʛʣʘʚʥʠʭ ʫʟʨʦʢʘ ʩʫʙʦʧʪʠʤʘʣʥʦʛ ʨʘʜʘ 

¶ ʢʦʤʧʣʝʪʥʦʩʪ (ʤʦʛʫ˂ʥʦʩʪ ʘʥʘʣʠʟʝ ʩʚʠʭ  ʪʠʧʦʚʘ DRAM ʪʨʘʥʩʘʢʮʠʿʘ) 

ʉʘ ʩʪʘʥʦʚʠʰʪʘ ʧʨʘʢʪʠʯʥʝ ʧʨʠʤʝʥʝ, ʥʘʿʚʘʞʥʠʿʝ ʧʨʝʜʥʦʩʪʠ ʩʫ: 

¶ ʥʝʟʘʚʠʩʥʦʩʪ ʦʜ ʘʨʭʠʪʝʢʪʫʨʝ ʩʠʩʪʝʤʘ ʥʘ ʢʦʤʝ ʩʝ ʛʝʥʝʨʠʰʝ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ 

¶ ʥʝʟʘʚʠʩʥʦʩʪ ʦʜ ʚʝʣʠʯʠʥʝ ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ 

¶ ʧʨʝʥʦʩʠʚʦʩʪ (ʤʦʛʫ˂ʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʣʘʪʬʦʨʤʘʤʘ) 

¶ ʝʬʠʢʘʩʥʦʩʪ (ʙʨʟʦ ʛʝʥʝʨʠʩʘˁʝ ʨʝʟʫʣʪʘʪʘ ʫʟ ʤʘʣʠ ʥʘʧʦʨ ʢʦʨʠʩʥʠʢʘ) 

¶ ʥʠʩʢʘ ʮʝʥʘ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʚʝʨʠʬʠʢʘʮʠʿʝ 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʤʦʞʝ ʜʘ ʟʘʤʝʥʠ ʧʦʩʪʦʿʝ˂ʘ ʨʝʰʝˁʘ ʫ ʩʚʠʤ 

ʜʦʤʝʥʠʤʘ ʛʜʝ ʿʝ ʧʦʪʨʝʙʥʦ ʧʦʙʦˀʰʘʪʠ ʪʘʯʥʦʩʪ ʠ ʝʬʠʢʘʩʥʦʩʪ ʘʥʘʣʠʟʝ. ʋʿʝʜʥʦ, 

ʦʤʦʛʫ˂ʘʚʘ ʩʝ ʠ ʧʨʠʤʝʥʘ ʫ ʧʦʪʧʫʥʦ ʥʦʚʠʤ ʦʙʣʘʩʪʠʤʘ, ʧʦʧʫʪ ʘʥʘʣʠʟʝ ʢʨʠʪʠʯʥʠʭ 

ʩʮʝʥʘʨʠʿʘ (ʘʥʘʣʠʟʘ ʩʝʢʚʝʥʮʠ ʢʦʿʝ ʩʝ ʿʘʚˀʘʿʫ ʩʧʦʨʘʜʠʯʥʦ, ʘʣʠ ʠʤʘʿʫ ʙʠʪʘʥ ʝʬʝʢʘʪ ʥʘ 

ʨʘʜ ʩʠʩʪʝʤʘ), ʪʨʘʥʩʘʢʮʠʦʥʝ ʘʥʘʣʠʟʝ ʩʠʩʪʝʤʘ (ʘʥʘʣʠʟʘ ʨʘʜʘ ʩʠʩʪʝʤʘ ʧʨʘ˂ʝˁʝʤ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʪʨʘʥʩʘʢʮʠʿʘ), ʢʦʤʧʘʨʘʪʠʚʥʝ ʘʥʘʣʠʟʝ (ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʩʘ 

ʨʘʟʣʠʯʠʪʠʭ ʧʣʘʬʦʨʤʠ, ʟʘ ʨʘʟʣʠʯʠʪʘ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʫ ʨʘʟʣʠʯʠʪʠʤ 

ʧʝʨʠʦʜʠʤʘ) ʠ ʜʨ. ʄʝʪʦʜʦʣʦʛʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʫ ʧʨʠʤʝʥʫ ʥʘ 

ʠʥʞʝˁʝʨʩʢʦʤ ʥʠʚʦʫ ʫʟ ʤʘʣʠ ʫʪʨʦʰʘʢ ʨʝʩʫʨʩʘ ʠ ʪʠʤʝ ʦʙʝʟʙʝʹʫʿʝ ʚʠʩʦʢ ʥʠʚʦ 

ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʫʧʦʪʨʝʙˀʠʚʦʩʪ ʫ ʧʨʘʢʩʠ. 

ʂʘʦ ʨʝʟʫʣʪʘʪ ʩʠʩʪʝʤʘʪʠʟʘʮʠʿʝ ʥʘ ʯʚʨʩʪʠʤ ʪʝʦʨʠʿʩʢʠʤ ʦʩʥʦʚʘʤʘ ʠ ʨʝʘhʚʘˁʘ 

ʢˀʫʯʥʠʭ ʧʨʦʙʣʝʤʘ ʢʦʿʠ ʩʫ ʨʘʥʠʿʝ ʧʦʩʪʦʿʘʣʠ ʫ ʚʝʟʠ ʩʘ ʤʝʨʝˁʝʤ ʠ ʘʥʘʣʠʟʦʤ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ, ʥʘʧʨʘʚˀʝʥ ʿʝ ʩʫʰʪʠʥʩʢʠ ʧʦʤʘʢ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ. ʊʘʿ 

ʥʘʧʨʝʜʘʢ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʣʘʟʘʢ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʠʟ ʜʦʤʝʥʘ 

ʠʥʞʝˁʝʨʩʢʝ ʚʝʰʪʠʥʝ ʫ ʜʦʤʝʥ ʥʘʫʯʥʦ-ʩʪʨʫʯʥʝ ʜʠʩʮʠʧʣʠʥʝ ʠ ʧʦʜʠʟʘˁʝ ʧʨʦʮʝʩʘ 

ʘʥʘʣʠʟʝ ʨʘʜʘ ʮʝʣʦʢʫʧʥʦʛ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʥʘ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʠ ʢʚʘʣʠʪʘʪʠʚʥʦ 

ʚʠʰʠ ʥʠʚʦ. 
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Abstract 

Methodology for Cycle-accurate Performance Analysis  

of DRAM Memories 

 

Main memory is one of the key components in a computer system. In modern 

systems, main memory is almost always implemented using DRAM type of memory. 

Memory has a direct impact on price, power consumption and performance of the system, 

and an indirect impact on its internal architecture and organization. That is why a lot of 

attention is paid to DRAM performance analysis during system development. 

Accuracy is of utmost importance in measurement and analysis of DRAM 

performance. Inaccuracy reduces reliability of the results and conclusions, which can lead 

to wrong architectural or design decisions, and a significant loss of time, effort and 

money. General trends in manufacturing technology, computer architecure and 

organization, and system software development lead toward its increasing virtualization 

and greater utilization, which exacerbates the problem of accuracy. Considering that there 

is no technology in sight that could replace DRAM in the near future, the importance of 

this problem will  only increase. 

The main problem in analysis of DRAM performance is inability to determine 

which cycles on the memory bus are busy or idle. That makes even basic memory 

performance parameters, such as utilization or efficiency, difficult to measure. In essence, 

it is not clear how to answer the fundamental question: ñHow can DRAM performance 

be measured with the required level of accuracy?ò. Even for performance paramters that 

can be measured based on the observable signals, such as data bandwidth, there is a 

problem of interpretation of the measured results. Theoretical maximums of performance 

parameters continually fluctuate, and they cannot be directly measured, so it is not 

possible to interpret them by comparing measured and maximum values. It is thus not 
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clear how to answer the following key questions either: ñHow good or bad are measured 

performance results?ò and ñHow can results measured in two different time periods or for 

different workloads be compared?ò. 

The main goal of the dissertation was to overcome these fundamental problems. 

As a result, a new theoretical foundation for DRAM performance measurement and 

analysis was created, along with a methodology that specifies how to conduct the 

measurement and analysis in practice. The methodology is based on accurate 

characterization of memory cycles as idle (cycles not used), active (cycles used, and their 

state is observable), or overhead (cycle that cannot be used due to DRAM protocol 

constraints, and their state is not observable). The most important components of the 

proposed methodology are: 

¶ Functional and timing model of DRAM memory that abstracts DRAM memory as 

a generic device in a form of a state machine parameterized by DRAM device 

configuration and timing parameters, whose operation can be analyzed with the 

desired level of accuracy 

¶ DRAM measurement and performance analysis model that enables accurate 

performance characterization of memory cycles 

¶ DRAM performance metric that represents a new theoretical foundation for 

DRAM performance measurement and analysis 

¶ Method for estimating DRAM performance maximum that enables solving of the 

problem of interpretation of results 

The methodology specifies how these components are defined, constructed, and 

paramterized according to a particular DRAM implementation and describes all the 

relevant processes and procedures that enable measurement and analysis of DRAM 

performance in real systems. 

The proposed methodology makes fundamental advancements over the existing 

solutions. Its most important advantages, from the theoretical point of view, include: 

¶ guaranteed maximum accuracy 

¶ enabling accurate estimation of theoretical maximum 

¶ enabling root-causing of sub-optimal DRAM performance 
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¶ completeness (takes into account all DRAM commands and timing parameters) 

The most important advantages from the practical point of view include: 

¶ system agnostic (does not depend on the system that generates workload) 

¶ workload agnostic (does not depend on the size or type of workload) 

¶ portability (can be implemented on any type of system) 

¶ efficiency (generates results fast and with little user effort) 

¶ low implementation and verification complexity and cost 

The proposed methodology can replace existing solutions in all domains where 

accuracy and efficiency are of importance. At the same time, it can be applied in 

completely new domains, such as analysis of critical scenarios (analysis of sequences that 

occur sporadically, but have tangible impact on performance), transactional analysis 

(analysis of system operation by following individual transactions), comparative analysis 

(comparing resutls from different platforms, for different workloads, or in different time 

periods), etc. The methodology enables relatively simple application at the engineerig 

level, with small use of resources, and high level of efficiency. 

As a result of systematization on firm theoretical grounds, all key problems in the 

domain of DRAM performance measurement and analysis were solved. The fundamental 

improvement made in this domain allows DRAM performance measurement and analysis 

to be elevated from an engineering art to a scientific method, which enables a quantitative 

and qualitative leap in computer system analysis. 

 

Keywords: DRAM, performance, methodology, analysis, modeling 
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ʇʨʝʜʛʦʚʦʨ 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʧʨʠʧʘʜʘ ʦʙʣʘʩʪʠ ʘʨʭʠʪʝʢʪʫʨʝ ʠ ʦʨʛʘʥʠʟʘʮʠʿʝ 

ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ, ʦʜʥʦʩʥʦ ʜʝʣʫ ʦʚʝ ʦʙʣʘʩʪʠ ʢʦʿʠ ʩʝ ʙʘʚʠ ʘʥʘʣʠʟʦʤ ʨʘʜʘ 

ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʩʘ ʘʩʧʝʢʪʘ ʧʝʨʬʦʨʤʘʥʩʠ. ʊʝʤʘ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʠʥʩʧʠʨʠʩʘʥʘ 

ʚʠʰʝʛʦʜʠʰˁʠʤ ʘʥʛʘʞʤʘʥʦʤ ʥʘ ʧʨʦʿʝʢʪʠʤʘ ʫ ʦʚʦʤ ʜʦʤʝʥʫ ʠ ʥʝʧʦʩʨʝʜʥʠʤ ʫʚʠʜʦʤ 

ʫ ʧʨʦʙʣʝʤʝ ʩʘ ʢʦʿʠʤʘ ʩʝ ʩʪʨʫʯʥʠ ʪʠʤʦʚʠ ʩʫʩʨʝ˂ʫ ʫ ʧʨʘʢʩʠ. ʇʦʢʘʟʘʣʦ ʩʝ ʜʘ ʿʝ ʿʝʜʘʥ 

ʦʜ ʚʝ˂ʠʭ ʧʨʦʙʣʝʤʘ ʫ ʘʥʘʣʠʟʠ ʨʘʜʘ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ, ʢʘʢʦ ʩʘ ʪʝʦʨʠʿʩʢʦʛ, ʪʘʢʦ ʠ 

ʩʘ ʧʨʘʢʪʠʯʥʦʛ ʩʪʘʥʦʚʠʰʪʘ, ʥʝʜʦʩʪʘʪʘʢ ʪʘʯʥʦʩʪʠ ʧʨʠʣʠʢʦʤ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. ʈʝʰʘʚʘˁʝ ʪʦʛ ʧʨʦʙʣʝʤʘ ʿʝ ʧʦʩʪʘʦ ʥʝʦʧʭʦʜʘʥ ʫʩʣʦʚ 

ʜʘ ʙʠ ʩʝ ʨʘʜ ʫ ʦʙʣʘʩʪʠ ʘʥʘʣʠʟʝ ʨʘʜʘ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʧʦʜʠʛʘʦ ʥʘ ʚʠʰʠ ʥʠʚʦ. 

ʅʝʧʦʩʨʝʜʥʘ ʤʦʪʠʚʘʮʠʿʘ ʟʘ ʧʦʯʝʪʘʢ ʨʘʜʘ ʥʘ ʦʚʦʿ ʧʨʦʙʣʝʤʘʪʠʮʠ ʥʘʣʘʟʠ ʩʝ ʫ 

ʿʝʜʥʦʤ ʠʥʪʝʨʝʩʘʥʪʥʦʤ ʧʨʠʤʝʨʫ ʠʟ ʧʨʘʢʩʝ, ʢʦʿʠ ʫʿʝʜʥʦ ʩʚʝʜʦʯʠ ʦ ʚʨʩʪʠ ʠ ʨʘʟʤʝʨʘʤʘ 

ʧʨʦʙʣʝʤʘ ʢʦʿʠ ʤʦʛʫ ʜʘ ʥʘʩʪʘʥʫ ʫʩʣʝʜ ʥʝʪʘʯʥʝ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ. ʈʘʜʝ˂ʠ ʟʘ ʧʦʟʥʘʪʦʛ ʧʨʦʠʟʚʦʹʘʯʘ ʠʥʪʝʛʨʠʩʘʥʠʭ ʛʨʘʬʠʯʢʠʭ ʢʦʣʘ, ʧʨʠʣʠʢʦʤ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʩʠʩʪʝʤʘ ʩʘ ʠʜʝʥʪʠʯʥʠʤ ʛʨʘʬʠʯʢʠʤ ʿʝʟʛʨʦʤ ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʢʣʠʿʝʥʪʘ, 

ʚʦʜʝ˂ʘ ʩʚʝʪʩʢʘ ʧʨʦʠʟʚʦʹʘʯʘ ʧʨʦʮʝʩʦʨʘ ʟʘ ʧʝʨʩʦʥʘʣʥʝ ʨʘʯʫʥʘʨʝ, ʫʪʚʨʹʝʥʦ ʿʝ ʜʘ ʿʝ 

ʿʝʜʘʥ ʦʜ ˁʠʭ ʠʤʘʦ ʩʣʘʙʠʿʝ ʛʨʘʬʠʯʢʝ ʧʝʨʬʦʨʤʘʥʩʝ ʦʜ ʜʨʫʛʦʛ. ʈʘʟʣʦʛ ʟʘ ʜʠʩʧʘʨʠʪʝʪ 

ʿʝ ʙʠʣʘ ʥʠʞʘ ʝʬʠʢʘʩʥʦʩʪ DRAM ʤʝʤʦʨʠʿʝ ʥʘ ʿʝʜʥʦʿ ʦʜ ʧʣʘʪʬʦʨʤʠ ʟʙʦʛ ʨʘʟʣʠʯʠʪʠʭ 

ʘʜʨʝʩʥʠʭ ʦʙʨʘʟʘʮʘ ʛʝʥʝʨʠʩʘʥʠʭ ʦʜ ʩʪʨʘʥʝ ʢʣʠʿʝʥʪʩʢʠʭ ʧʨʦʮʝʩʦʨʘ. ʇʨʠʣʠʢʦʤ 

ʘʥʘʣʠʟʝ ʥʠʿʝ ʩʝ ʤʦʛʘʦ ʫʪʚʨʜʠʪʠ ʪʘʯʘʥ ʫʟʨʦʢ ʧʨʦʙʣʝʤʘ ʿʝʨ ʿʝ ʪʘʯʥʦʩʪ ʩʘ ʢʦʿʦʤ ʩʫ ʙʠʣʝ 

ʤʦʜʝʣʦʚʘʥʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʩʠʩʪʝʤʘ ʙʠʣʘ ʥʝʜʦʚʦˀʥʘ. 

ʅʝʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʙʣʘʛʦʚʨʝʤʝʥʦ ʦʪʢʨʠʿʝ ʠ ʦʪʢʣʦʥʠ ʫʟʨʦʢ ʧʨʦʙʣʝʤʘ ʿʝ ʜʦʚʝʣʘ ʜʦ 

ʧʣʘʩʤʘʥʘ ʧʨʦʠʟʚʦʜʘ ʢʦʿʠ ʥʠʿʝ ʙʠʦ ʜʦʚʦˀʥʦ ʢʦʥʢʫʨʝʥʪʘʥ, ʪhʦ ʿʝ ʨʝʟʫʣʪʠʨʘʣʦ 

ʥʝʛʘʪʠʚʥʠʤ ʤʘʨʢʝʪʠʥʰʢʠʤ ʠ ʬʠʥʘʥʩʠʿʩʢʠʤ ʝʬʝʢʪʠʤʘ ʧʦ ʢʣʠʿʝʥʪʘ. 

ʇʦʞʝˀʥʦ ʿʝ ʜʘ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʦʢʨʫʞʝˁʠʤʘ 

ʠ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʤʦʜʝʣʠʤʘ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʤʝʨʝ ʥʘ ʤʝʪʦʜʦʣʦʰʢʠ ʠʩʪʠ ʥʘʯʠʥ 
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ʢʘʢʦ ʙʠ ʨʝʟʫʣʪʘʪʠ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʬʘʟʘ ʨʘʟʚʦʿʘ, ʩʘ ʨʘʟʣʠʯʠʪʠʭ  ʧʣʘʪʬʦʨʤʠ, ʟʘ 

ʨʘʟʣʠʯʠʪʘ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʫ ʨʘʟʣʠʯʠʪʠʤ ʧʝʨʠʦʜʠʤʘ ʤʦʛʣʠ ʤʝʹʫʩʦʙʥʦ ʜʘ ʩʝ 

ʧʦʨʝʜʝ. ʇʦʩʪʦʿʝ˂ʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʫʛʣʘʚʥʦʤ ʥʝ ʤʦʛʫ ʜʘ ʟʘʜʦʚʦˀʝ ʦʚʝ ʟʘʭʪʝʚʝ, ʿ ʝʨ ʥʠʩʫ 

ʣʘʢʦ, ʠʣʠ ʫʦʧʰʪʝ, ʧʨʠʤʝʥˀʠʚʝ ʫ ʩʚʠʤ ʩʠʪʫʘʮʠʿʘʤʘ. ʇʦʨʝʜ ʪʦʛʘ, ʯʝʩʪʦ ʩʝ ʥʝ ʤʦʞʝ 

ʧʦʩʪʠ˂ʠ ʥʠ ʝʬʠʢʘʩʥʦʩʪ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʫ ʧʨʠʤʝʥʠ ʢʦʿʫ ʠʟʠʩʢʫʿʝ ʨʘʜ ʥʘ ʩʣʦʞʝʥʠʤ 

ʧʨʦʿʝʢʪʠʤʘ. ʊʦ ʿʝ ʙʠʦ ʜʦʜʘʪʥʠ ʤʦʪʠʚ ʟʘ ʧʦʢʫʰʘʿ ʜʘ ʩʝ ʬʦʨʤʫʣʠʰʝ ʥʦʚʘ 

ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʢʦʿʦʤ ʙʠ ʩʝ ʪʦ ʦʤʦʛʫ˂ʠʣʦ. 

ʈʘʜ ʥʘ ʠʟʨʘʜʠ ʜʠʩʝʨʪʘʮʠʿʝ ʟʘʭʪʝʚʘʦ ʿʝ ʧʨʠʤʝʥʫ ʩʦʬʠʩʪʠʮʠʨʘʥʠʭ 

ʩʦʬʪʚʝʨʩʢʠʭ ʠ ʭʘʨʜʚʝʨʩʢʠʭ ʘʣʘʪʘ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ, ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ, ʚʝʨʠʬʠʢʘʮʠʿʫ, 

ʪʝʩʪʠʨʘˁʝ, ʘʢʚʠʟʠʮʠʿʫ ʧʦʜʘʪʘʢʘ ʠ ʘʥʘʣʠʟʫ ʨʘʜʘ VLSI ʩʠʩʪʝʤʘ. ʇʨʠʤʝʥʘ ʦʚʠʭ ʘʣʘʪʘ 

ʧʦʜʨʘʟʫʤʝʚʘ ʠ ʧʦʩʪʦʿʘˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʢʦʤʧʣʝʢʩʥʦʛ ʭʘʨʜʚʝʨʩʢʦ-ʩʦʬʪʚʝʨʩʢʦʛ 

ʦʢʨʫʞʝˁʘ ʫ ʢʦʤʝ ʩʝ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʤʦʞʝ ʠʟʚʨʰʘʚʘʪʠ ʥʘ ʮʠˀʥʦʿ ʧʣʘʪʬʦʨʤʠ ʿʦʰ 

ʫ ʬʘʟʠ ʨʘʟʚʦʿʘ. ɿʙʦʛ ʚʠʩʦʢʝ ʮʝʥʝ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪʠ, ʦʚʘʢʚʘ ʦʢʨʫʞʝˁʘ ʠ ʘʣʘʪʠ ʩʫ 

ʜʦʩʪʫʧʥʠ ʩʘʤʦ ʚʝ˂ʠʤ ʢʦʤʧʘʥʠʿʘʤʘ ʠ ʠʩʪʨʘʞʠʚʘʯʢʠʤ ʮʝʥʪʨʠʤʘ ʢʦʿʠ ʩʝ ʙʘʚʝ 

ʧʨʦʿʝʢʪʦʚʘˁʝʤ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ. ʋ ʪʦʤ ʩʤʠʩʣʫ, ʩʘʨʘʜˁʘ ʩʘ ˁʠʤʘ ʿʝ ʙʠʣʘ 

ʠʩʪʦʚʨʝʤʝʥʦ ʠ ʥʝʦʧʭʦʜʥʘ ʠ ʦʙʦʩʪʨʘʥʦ ʢʦʨʠʩʥʘ. 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʨʘʟʚʠʿʝʥʘ ʫ ʦʢʚʠʨʫ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʧʨʘʢʪʠʯʥʦ ʧʨʠʤʝˁʝʥʘ ʫ 

ʦʢʚʠʨʫ ʨʘʟʚʦʿʥʦʛ ʧʨʦʿʝʢʪʘ ʢʦʤʧʘʥʠʿʝ HDL Design House, ʢʦʿʠ ʿʝ ʨʝʟʫʣʪʠʨʘʦ ʠʟʨʘʜʦʤ 

ʚʝʨʠʬʠʢʘʮʠʦʥʝ IP ʢʦʤʧʦʥʝʥʪʝ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. 

ʂʦʤʧʦʥʝʥʪʘ ʿʝ ʫ ʧʨʦʮʝʩʫ ʠʥʪʝʛʨʘʮʠʿʝ ʫ ʢʦʤʝʨʮʠʿʘʣʥʝ IP ʧʨʦʠʟʚʦʜʝ ʟʘ ʚʝʨʠʬʠʢʘʮʠʿʫ 

DRAM ʤʝʤʦʨʠʿʘ ʿʝʜʥʝ ʦʜ ʚʦʜʝ˂ʠʭ ʩʚʝʪʩʢʠʭ ʢʦʤʧʘʥʠʿʘ ʫ ʦʙʣʘʩʪʠ EDA. 

ʊʝʢʩʪ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʧʠʩʘʥ ˂ʠʨʠʣʠʮʦʤ, ʘ ʟʘ ʚʝ˂ʠʥʫ ʩʪʨʫʯʥʠʭ ʠʟʨʘʟʘ ʟʘ ʢʦʿʝ 

ʿʝ ʪʦ ʙʠʣʦ ʤʦʛʫ˂ʝ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʨʝʯʠ ʥʘʰʝʛ ʿʝʟʠʢʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʜʘʪ ʜʦʧʨʠʥʦʩ 

ʦʯʫʚʘˁʫ ʥʘʰʝʛ ʧʠʩʤʘ ʠ ʿʝʟʠʢʘ ʫ ʦʙʣʘʩʪʠ ʫ ʢʦʿʦʿ ʜʦʤʠʥʠʨʘʿʫ ʣʘʪʠʥʠʯʥʦ ʧʠʩʤʦ ʠ 

ʝʥʛʣʝʩʢʠ ʿʝʟʠʢ. ʈʘʜʠ ʣʘʢʰʝʛ ʧʨʘ˂ʝˁʘ ʠ ʧʦʚʝʟʠʚʘˁʘ ʩʘ ʪʝʨʤʠʥʦʣʦʛʠʿʦʤ ʧʨʠʩʫʪʥʦʤ 

ʫ ʩʪʨʘʥʦʿ ʩʪʨʫʯʥʦʿ ʣʠʪʝʨʘʪʫʨʠ, ʧʨʠʣʠʢʦʤ ʧʨʚʦʛ ʧʦʤʠˁʘˁʘ ʥʝʢʦʛ ʠʟʨʘʟʘ ʠʟʘ ˁʝʛʘ ʝʿ 

ʫʚʝʢ ʥʘʚʝʜʝʥ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʪʝʨʤʠʥ ʥʘ ʝʥʛʣʝʩʢʦʤ ʿʝʟʠʢʫ. ʆʩʠʤ ʪʦʛʘ, ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ 

ʿʝ ʧʨʠʩʫʪʘʥ ʚʝʣʠʢʠ ʙʨʦʿ ʩʢʨʘ˂ʝʥʠʮʘ ʠ ʘʢʨʦʥʠʤʘ, ʢʦʿʠ ʫʛʣʘʚʥʦʤ ʧʦʪʠʯʫ ʦʜ ʨʝʯʠ 

ʝʥʛʣʝʩʢʦʛ ʿʝʟʠʢʘ. ʈʘʜʠ ʣʘʢʰʝʛ ʧʨʘ˂ʝˁʘ, ʥʘ ʧʦʯʝʪʢʫ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʜʘʪ ʩʧʠʩʘʢ ʩʚʠʭ 

ʢʦʨʠʰ˂ʝʥʠʭ ʩʢʨʘ˂ʝʥʠʮʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʟʥʘʯʝˁʝʤ. 
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ɼʠʩʝʨʪʘʮʠʿʘ ʩʝ ʩʘʩʪʦʿʠ ʠʟ ʦʩʘʤ ʧʦʛʣʘʚˀʘ. ʋʚʦʜʥʦ ʧʦʛʣʘʚˀʝ ʜʘʿʝ ʦʩʥʦʚʥʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʤʝʩʪʫ ʠ ʫʣʦʟʠ DRAM ʤʝʤʦʨʠʿʘ ʫ ʩʘʚʨʝʤʝʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ 

ʩʠʩʪʝʤʠʤʘ ʠ ʦʙʿʘʰˁʘʚʘ ʟʥʘʯʘʿ ʧʨʦʙʣʝʤʘʪʠʢʝ ʪʘʯʥʦʛ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ˁʝʥʠʭ 

ʧʝʨʬʦʨʤʘʥʩʠ. ɿʘʪʠʤ ʩʝ ʦʧʠʩʫʿʫ ʢˀʫʯʥʠ ʧʨʦʙʣʝʤʠ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ ʠ 

ʫʢʨʘʪʢʦ ʠʟʣʘʞʝ ʢʘʢʦ ʠʭ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʨʝʰʘʚʘ. ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʩʝ 

ʜʝʪʘˀʥʦ ʦʧʠʩʫʿʝ DRAM ʤʝʤʦʨʠʿʘ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʘʨʭʠʪʝʢʪʫʨʝ, ʦʨʛʘʥʠʟʘʮʠʿʝ, 

ʜʠʟʘʿʥʘ ʠ ʪʝʭʥʦʣʦʛʠʿʝ ʠʟʨʘʜʝ ʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʢˀʫʯʥʠ ʢʦʥʮʝʧʪʠ ʦʜ ʟʥʘʯʘʿʘ ʟʘ 

ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. ʋ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʩʝ ʜʘʿʝ ʧʨʝʛʣʝʜ 

ʧʦʩʪʦʿʝ˂ʠʭ ʨʝʰʝˁʘ ʠʟ ʜʦʤʝʥʘ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʠ ʧʦʨʝʜʝ 

ˁʠʭʦʚʝ ʦʩʦʙʠʥʝ ʩʘ ʧʨʝʜʣʦʞʝʥʦʤ ʤʝʪʦʜʦʣʦʛʠʿʦʤ ʧʨʝʤʘ ʠʟʘʙʨʘʥʠʤ ʢʨʠʪʝʨʠʿʫʤʠʤʘ. 

ʏʝʪʚʨʪʦ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ACDC ʤʦʜʝʣʫ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ, ʫ ʦʢʚʠʨʫ ʢʦʛ ʩʝ ʦʧʠʩʫʿʝ ʥʘʯʠʥ ˁʝʛʦʚʦʛ ʢʨʝʠʨʘˁʘ ʠ ʠʟʣʘʞʝ ʘʣʛʦʨʠʪʘʤ ʟʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʢʦʿʠ ʩʝ ʥʘ ʪʦʤ ʤʦʜʝʣʫ ʟʘʩʥʠʚʘ. ʋ ʧʝʪʦʤ 

ʧʦʛʣʘʚˀʫ ʩʝ ʜʝʬʠʥʠʰʝ ʥʦʚʘ ʤʝʪʨʠʢʘ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿ ʘ ʢʘʦ 

ʪʝʦʨʠʿʩʢʠ ʦʩʥʦʚ ʥʘ ʢʦʤʝ ʩʝ ʙʘʟʠʨʘ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ. ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʠʟʣʘʞʝ 

ʠ ʤʝʪʦʜ ʟʘ ʪʘʯʥʫ ʧʨʦʮʝʥʫ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ, ʢʘʦ ʢˀʫʯʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʟʘ ʨʝʰʘʚʘˁʘ ʧʨʦʙʣʝʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ. ʋ ʝhʩʪʦʤ ʧʦʛʣʘʚˀʫ 

ʩʝ ʦʧʠʩʫʿʝ ʮʝʣʦʢʫʧʘʥ ʧʨʦʮʝʩ ʨʘʜʘ ʫ ʦʢʚʠʨʫ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʠ ʦʙʿʘʰˁʘʚʘ 

ʢʘʢʦ ʩʝ ʘʥʘʣʠʟʘ ʩʧʨʦʚʦʜʠ ʫ ʧʨʘʢʩʠ. ʉʝʜʤʦ ʧʦʛʣʘʚˀʝ ʩʝ ʙʘʚʠ ʢʦʨʠʰ˂ʝˁʝʤ 

ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʦʙʣʘʩʪʠʤʘ ʧʨʠʤʝʥʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʠ 

ʢʦʨʠʰ˂ʝˁʝ ʫ ʧʦʪʧʫʥʦ ʥʦʚʠʤ ʜʦʤʝʥʠʤʘ. ʋ ʦʩʤʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʨʘʟʤʘʪʨʘʿʫ ʥʦʚʝ 

ʤʝʤʦʨʠʿʩʢʝ ʪʝʭʥʦʣʦʛʠʿʝ ʠ ʜʘʿʫ ʧʨʝʜʣʦʟʠ ʟʘ ʜʘˀʝ ʧʨʘʚʮʝ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʚʦʿ 

ʦʙʣʘʩʪʠ. ʅʘ ʢʨʘʿʫ ʜʠʩʝʨʪʘʮʠʿʝ ʜʘʪ ʿʝ ʟʘʢˀʫʯʘʢ ʫ ʦʢʚʠʨʫ ʢʦʛ ʩʝ ʠʟʥʦʩʠ ʟʥʘʯʘʿ ʠ 

ʜʦʧʨʠʥʦʩ ʪʝʟʝ. 

 

 ʀʛʦʨ ʀʢʦʜʠʥʦʚʠ˂ 

 ɹʝʦʛʨʘʜ, 2016 
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 ʋʚʦʜ 

1 

1 ʋʚʦʜ 

ʄʝʤʦʨʠʿʘ ʝʿ ʫʨʝʹʘʿ ʢʦʿʠ ʤʦʞʝ ʧʨʠʚʨʝʤʝʥʦ ʠʣʠ ʪʨʘʿʥʦ ʜʘ ʩʢʣʘʜʠʰʪʠ 

ʠʥʬʦʨʤʘʮʠʿʝ. ʄʝʤʦʨʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ ʢˀʫʯʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʩʚʘʢʦʛ 

ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ, ʫ ʢʦʤ ʩʝ ʥʝʧʨʝʢʠʜʥʦ ʦʜʚʠʿʘ ʧʨʦʮʝʩ ʯʠʪʘˁʘ ʧʦʜʘʪʘʢʘ 

ʫʩʢʣʘʜʠʰʪʝʥʠʭ ʫ ʤʝʤʦʨʠʿʠ, ˁʠʭʦʚʝ ʦʙʨʘʜʝ ʠ ʧʦʥʦʚʥʦʛ ʫʧʠʩʘ ʫ ʩʢʣʘʜʫ ʩʘ 

ʠʥʩʪʨʫʢʮʠʿʘʤʘ ʢʦʿʝ ʩʠʩʪʝʤʫ ʟʘʜʘʿʝ ʢʦʨʠʩʥʠʢ. ʆʙʨʘʜʫ ʧʦʜʘʪʘʢʘ ʚʨʰʠ ʧʨʦʮʝʩʦʨ 

ʠʟʚʨʰʘʚʘˁʝʤ ʧʨʦʮʝʩʦʨʩʢʠʭ ʥʘʨʝʜʙʠ, ʦʜʥʦʩʥʦ ʧʨʦʛʨʘʤʘ, ʢʦʿʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʪʘʢʦʹʝ 

ʥʘʣʘʟʝ ʫʩʢʣʘʜʠʰʪʝʥʠ ʫ ʨʘʯʫʥʘʨʩʢʦʿ ʤʝʤʦʨʠʿʠ. 

ɻʦʪʦʚʦ ʩʚʠ ʨʘʯʫʥʘʨʩʢʠ ʩʠʩʪʝʤʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʩʨʝʩʪʠ ʫ ʧʨʘʢʩʠ ʩʫ 

ʧʨʦʿʝʢʪʦʚʘʥʠ ʫ ʩʢʣʘʜʫ ʩʘ ʌʦʥ ʅʦʿʤʘʥʦʚʦʤ ʠʣʠ ʍʘʨʚʘʨʜ ʘʨʭʠʪʝʢʪʫʨʦʤ (ʉʣʠʢʘ 1.1) 

ʠʣʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʥʝʢʫ ʦʜ ˁʠʭʦʚʠʭ ʤʦʜʠʬʠʢʘʮʠʿʘ. ʂʦʜ ʦʚʠʭ ʘʨʭʠʪʝʢʪʫʨʘ ʤʝʤʦʨʠʿʘ 

ʫ ʢʦʿʦʿ ʩʝ ʯʫʚʘʿʫ ʧʨʦʛʨʘʤʠ ʠ ʧʦʜʘʮʠ ʤʦʨʘ ʙʠʪʠ ʩʘ ʧʨʦʠʟʚʦˀʥʠʤ ʘʜʨʝʩʠʨʘˁʝʤ, 

ʦʜʥʦʩʥʦ ʤʦʨʘ ʦʙʝʟʙʝʜʠʪʠ ʥʝʧʦʩʨʝʜʘʥ ʧʨʠʩʪʫʧ ʙʠʣʦ ʢʦʤ ʧʦʜʘʪʢʫ ʫ ʤʝʤʦʨʠʿʠ. 

ʆʙʠʯʥʦ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʛʨʘʥʫʣʘʨʥʦʩʪ ʧʦʜʘʪʘʢʘ ʿʝʜʘʥ ʙʘʿʪ (ʝʥʛ. byte). ʊʘʢʚʘ 

ʤʝʤʦʨʠʿʘ ʩʝ ʥʘʟʠʚʘ ʤʝʤʦʨʠʿʘ ʩʘ ʩʣʫʯʘʘʿʥʠʤ ʧʨʠʩʪʫʧʦʤ ʠʣʠ RAM (ʝʥʛ. Random 

Access Memory). ʋ ʩʘʚʨʝʤʝʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ RAM, ʢʦʿʠ ʩʝ ʿʦʰ ʥʘʟʠʚʘ ʠ 

ʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʠʣʠ ʩʠʩʪʝʤʩʢʘ ʤʝʤʦʨʠʿʘ, ʩʝ ʥʘʿʯʝʰ˂ʝ ʠʤʧʣʝʤʝʥʪʠʨʘ ʧʦʤʦ˂ʫ 

ʤʝʤʦʨʠʿʘ ʪʠʧʘ DRAM. 

DRAM ʤʝʤʦʨʠʿʘ ʩʝ ʢʦʨʠʩʪʠ ʫ ʛʦʪʦʚʦ ʩʚʠʤ ʚʨʩʪʘʤʘ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ. 

ɳʝʥ ʟʥʘʯʘʿ ʠ ʨʘʩʧʨʦʩʪʨʘˁʝʥʦʩʪ ʩʝ ʤʦʛʫ ʠʣʫʩʪʨʦʚʘʪʠ ʰʠʨʦʢʠʤ ʨʘʩʧʦʥʦʤ 

ʧʣʘʪʬʦʨʤʠ ʢʦʜ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʩʨʝʩʪʠ: ʦʜ ʥʦʩʠʚʠʭ (ʝʥʛ. wearable) ʠ ʤʦʙʠʣʥʠʭ (ʝʥʛ. 

mobile) ʫʨʝʹʘʿʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʘʤʝʪʥʠ ʩʘʪʦʚʠ ʠ ʤʦʙʠʣʥʠ ʪʝʣʝʬʦʥʠ, ʧʨʝʢʦ ʧʨʝʥʦʩʥʠʭ 

(ʝʥʛ. portable) ʫʨʝʹʘʿʘ ʧʦʧʫʪ ʪʘʙʣʝʪʘ ʠ ʣʘʧʪʦʧʘ, ʜʦ ʩʪʦʥʠʭ ʨʘʯʫʥʘʨʘ (ʝʥʛ. desktop), 

ʨʘʜʥʠʭ ʩʪʘʥʠʮʘ (ʝʥʛ. workstation), ʚʝʣʠʢʠʭ ʩʝʨʚʝʨʩʢʠʭ ʧʣʘʪʬʦʨʤʠ ʠ ʩʫʧʝʨʨʘʯʫʥʘʨʘ. 



 ʋʚʦʜ 

2 

ʈʘʟʣʦʛ ʪʘʢʦ ʰʠʨʦʢʝ ʧʨʠʤʝʥʝ DRAM ʤʝʤʦʨʠʿʘ ʩʝ ʥʘʣʘʟʠ ʫ ʧʦʚʦˀʥʦʤ ʦʜʥʦʩʫ 

ʛʫʩʪʠʥʝ ʩʢʣʘʜʠʰʪʝˁʘ ʠʥʬʦʨʤʘʮʠʿʘ, ʙʨʟʠʥʝ ʧʨʠʩʪʫʧʘ, ʧʦʪʨʦʰˁʝ ʝʥʝʨʛʠʿʝ ʠ ʮʝʥʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʝ ʚʨʩʪʝ ʤʝʤʦʨʠʿʘ. 

1.1 ɺʨʩʪʝ ʤʝʤʦʨʠʿʘ 

ʇʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʨʘʟʣʠʯʠʪʠʭ ʚʨʩʪʘ ʤʝʤʦʨʠʿʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʢʘʢʦ 

ʩʝ ʠʥʬʦʨʤʘʮʠʿʝ ʫ ˁʠʤʘ ʧʘʤʪʝ ʠ ʢʘʢʦ ʠʤ ʩʝ ʧʨʠʩʪʫʧʘ, ʪʿ. ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʬʠʟʠʯʢʠʭ 

ʧʨʠʥʮʠʧʘ ʥʘ ʢʦʿʠʤʘ ʩʝ ʟʘʩʥʠʚʘ ˁʠʭʦʚ ʨʘʜ. ʄʝʹʫ ʥʘʿʚʘʞʥʠʿʝ ʢʨʠʪʝʨʠʿʫʤʝ ʟʘ 

ʢʣʘʩʠʬʠʢʘʮʠʿʫ ʤʝʤʦʨʠʿʘ ʩʧʘʜʘʿʫ: ʪʝʭʥʦʣʦʛʠʿʘ ʠʟʨʘʜʝ, ʚʨʩʪʘ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ, 

ʧʦʩʪʦʿʘʥʦʩʪ, ʥʘʯʠʥ ʘʜʨʝʩʠʨʘˁʘ ʠ ʚʨʩʪʘ ʧʨʠʩʪʫʧʘ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʝʣʝʚʘʥʪʥʠʭ 

ʪʠʧʦʚʘ ʤʝʤʦʨʠʿʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʩʨʝʩʪʠ ʫ ʧʨʘʢʩʠ ʩʫ ʜʘʪʝ ʫ ʊʘʙʝʣʠ 1.1. 

ʊʝʭʥʦʣʦʛʠʿʘ ʠʟʨʘʜʝ ʦʧʠʩʫʿʝ ʢʘʢʦ ʩʝ ʬʠʟʠʯʢʠ ʠʤʧʣʝʤʝʥʪʠʨʘ ʤʝʤʦʨʠʿʩʢʠ 

ʫʨʝʹʘʿ. ʄʝʤʦʨʠʿʩʢʠ ʫʨʝʹʘʿ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʥʠʟʘ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ. ʄʝʤʦʨʠʿʩʢʝ 

˂ʝʣʠʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʥʘʿʤʘˁʝ ʩʪʨʫʢʪʫʨʝ ʢʦʿʝ ʤʦʛʫ ʜʘ ʫʩʢʣʘʜʠʰʪʝ ʥʝʢʫ 

      

 ʘ) ʌʦʥ ʅʦʿʤʘʥʦʚʘ ʘʨʭʠʪʝʢʪʫʨʘ ʙ) ʍʘʨʚʘʨʜ ʘʨʭʠʪʝʢʪʫʨʘ 

ʉʣʠʢʘ 1.1 ï ɸʨʭʠʪʝʢʪʫʨʝ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ 

ʂʦʜ ʌʦʥ ʅʦʿʤʘʥʦʚʝ ʘʨʭʠʪʝʢʪʫʨʝ ʧʦʩʪʦʿʠ ʿʝʜʥʘ ʤʝʤʦʨʠʿʘ ʫ ʢʦʿʫ ʩʝ ʩʤʝʰʪʘʿʫ ʠ ʧʨʦʛʨʘʤʠ ʠ 

ʧʦʜʘʮʠ, ʜʦʢ ʩʫ ʢʦʜ ʍʘʨʚʘʨʜ ʘʨʭʠʪʝʢʪʫʨʝ ʧʨʦʛʨʘʤʠ ʠ ʧʦʜʘʮʠ ʩʤʝʰʪʝʥʠ ʫ ʜʚʝ ʦʜʚʦʿʝʥʝ 

ʤʝʤʦʨʠʿʝ. ʄʝʤʦʨʠʿʝ ʩʫ ʧʦʚʝʟʘʥʝ ʩʘ ʧʨʦʮʝʩʦʨʦʤ, ʪʿ. ʦʩʪʘʪʢʦʤ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ, ʧʨʝʢʦ 

ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʢʦʿʘ ʠʤʘ ʘʜʨʝʩʥʝ ʣʠʥʠʿʝ, ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ ʠ ʢʦʥʪʨʦʣʥʝ ʣʠʥʠʿʝ (ʥʠʩʫ 

ʧʨʝʜʩʪʘʚˀʝʥʝ ʥʘ ʩʣʠʮʠ). 
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ʠʥʬʦʨʤʘʮʠʿʫ. ʊʝʭʥʦʣʦʛʠʿʘ ʠʟʨʘʜʝ ʠ ʪʠʧʦʚʠ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʢʦʿʝ ʩʝ ʫ ʜʘʪʦʿ 

ʪʝʭʥʦʣʦʛʠʿʠ ʤʦʛʫ ʨʝʘʣʠʟʦʚʘʪʠ ʩʫ ʤʝʹʫʩʦʙʥʦ ʫ ʪʝʩʥʦʿ ʚʝʟʠ ʠ ʧʨʝʩʫʜʥʦ ʫʪʠʯʫ ʠ ʥʘ 

ʦʩʪʘʣʝ ʙʠʪʥʝ ʦʩʦʙʠʥʝ ʤʝʤʦʨʠʿʝ.  

ʇʦʩʪʦʿʘʥʦʩʪ ʜʝʬʠʥʰʝ ʜʘ ʣʠ ʩʝ ʫʩʢʣʘʜʠʰʪʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʛʫʙʝ ʧʨʠʣʠʢʦʤ 

ʧʨʝʢʠʜʘ ʥʘʧʘʿʘˁʘ, ʫ ʢʦʤ ʩʣʫʯʘʿʫ ʩʝ ʤʝʤʦʨʠʿa ʥʘʟʠʚʘ ʥʝʧʦʩʪʦʿʘʥa (ʝʥʛ. volatile), ʠʣʠ 

ʥʝ, ʫ ʢʦʤ ʩʣʫʯʘʿʫ ʩʝ ʥʘʟʠʚʘ ʧʦʩʪʦʿʘʥʘ (ʝʥʛ. non-volatile). ʋ ʚʝʟʠ ʩʘ ʥʝʧʦʩʪʦʿʘʥʠʤ 

ʤʝʤʦʨʠʿʘʤʘ ʩʝ ʜʝʬʠʥʠʰʝ ʠ ʪʦ ʜʘ ʣʠ ʩʫ ʫʩʢʣʘʜʠʰʪʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʩʪʘʙʠʣʥʝ 

(ʩʪʘʪʠʯʢʝ) ʠʣʠ ʠʭ ʿʝ ʧʦʪʨʝʙʥʦ ʦʩʚʝʞʘʚʘʪʠ ʫ ʪʦʢʫ ʨʘʜʘ ʢʘʢʦ ʥʝ ʙʠ ʜʦʰʣʦ ʜʦ ʛʫʙʠʪʢʘ 

ʠʥʬʦʨʤʘʮʠʿʘ (ʜʠʥʘʤʠʯʢʝ). ʋ ʚʝʟʠ ʩʘ ʧʦʩʪʦʿʘʥʠʤ ʤʝʤʦʨʠʿʘʤʘ ʩʝ ʜʝʬʠʥʠʰʝ ʧʦʿʘʤ 

ʧʦʫʟʜʘʥʦʩʪʠ (ʝʥʛ. reliability), ʦʜʥʦʩʥʦ ʢʦʣʠʢʦ ʩʫ ʠʥʬʦʨʤʘʮʠʿʝ ʫ ʤʝʤʦʨʠʿʠ ʧʦʜʣʦʞʥʝ 

ʦʰʪʝ˂ʝˁʫ ʫʩʣʝʜ ʨʘʟʣʠʯʠʪʠʭ ʫʥʫʪʨʘʰˁʠʥ ʠ ʩʧʦˀʥʠʭ ʬʘʢʪʦʨʘ. ʇʦʫʟʜʘʥʦʩʪ ʠʤʘ ʜʚʝ 

˸͔͙ͣͦͪ͊͞ ͔́ͻ͎͙ͤͦͦ͊͡͞ ͔͙̔͊͡͞ ˽ͦͫͭͦ͊ͤͦͫͭ͞ ˢ͔͙͔͒ͪͫͪ͊ͥ ˽͙ͪͫͭͯͨ ˽͙͔ͪͣͤ͊ 

DRAM ˽͍ͦͯͨͪͦͦ͒͡Φ 1T1C ˹͔ͨͦͫ ͭͦ͊ͤ͊͞ 
ό˨͙͙ͤ͊ͣ;͊͟ύ 

˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˴͔΄ ͔͙ͣͣͦͪ͊͞Σ 
͙͙̅͘;͊͟ ͣ ͔͙ͣͦͪ͊͞ 

SRAM ˽͍ͦͯͨͪͦͦ͒͡Φ 6T ˹͔ͨͦͫͭͦ͊ͤ͞ ͊
ό˿͙ͭ͊ͭ;͊͟ύ 

˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˴͔΄ ͔͙ͣͣͦͪ͊͞Σ  
ˣ͊ͺ͔͙ͪ 

˾͔͎͙ͫͭ͊ͪͫ͊͟ ˽͍ͦͯͨͪͦͦ͒͡Φ FF ˹͔ͨͦͫͭͦ͊ͤ͞ ͊
ό˿͙ͭ͊ͭ;͊͟ύ 

˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˾͔ ͎͙͙ͫͭͪ 

EPROM ˽͍ͦͯͨͪͦͦ͒͡Φ 1T(FG) ˽ͦͫͭͦ͊ͤ͊͞ ˽͙͍ͪͦͦͤͦ͘͢ ͙͔̉ͭ͊ͥΣ͙̂ͨͫ* ROM 

EEPROM ˽͍ͦͯͨͪͦͦ͒͡Φ 1T(FG) ˽ͦͫͭͦ͊ͤ͊͞ ˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ROM 

͔̅͡΄ΣSSD ˽͍ͦͯͨͪͦͦ͒͡Φ 1T(FG) ˽ͦͫͭͦ͊ͤ͊͞ ˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˤ͙͔ͪͭͯͤ͊͡ ͔͙ͣͣͦͪ͊͞Σ 
˿͙͊͒͟͡΄ͭ. ͨ ͦ͒͊ͭ͊͊͟ 

HDD ˸͎͊ͤ. ͒ ͙ͫ͟ ˸͎͊ͤ. ͒ ͙ͨͦ͡ ˽ͦͫͭͦ͊ͤ͊͞ ˿͔͍͔ͤ͟ͼ͙͊ͤͦ͞͡ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˤ͙͔ͪͭͯͤ͊͡ ͔͙ͣͣͦͪ͊͞Σ 
˿͙͊͒͟͡΄ͭ. ͨ ͦ͒͊ͭ͊͊͟ 

MT ˸͎͊ͤ. ͭ ͪ͊͊͟ ˸͎͊ͤΦ ͙͒ͨͦ͡ ˽ͦͫͭͦ͊ͤ͊͞ ˿͔͍͔ͤ͟ͼ͙͊ͤͦ͞͡ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˢͪͻ͙͍͙ͪ. ͨ ͦ͒͊ͭ͊͊͟ 

CD,DVD,BR ˻͙ͨͭ;Φ ͒ ͙ͫ͟ ˾͔ͺ͡Φ ͍ͨͦͪ΄ ˽ͦͫͭͦ͊ͤ͊͞ ˿͔͍͔ͤ͟ͼ͙͊ͤͦ͞͡ ͙͔̉ͭ͊ͥ ˢͪͻ͙͍͙ͪ. ͨ ͦ͒͊ͭ͊͊͟ 

PRAM ˽͍ͦͯͨͪͦͦ͒͡Φ 1T1P ˽ͦͫͭͦ͊ͤ͊͞ ˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˿ͭ͊ͤ͊͡ ͔͙ͣͣͦͪ͊͞ 

RRAM**  ˽͍ͦͯͨͪͦͦ͒͡Φ 1T1R ˽ͦͫͭͦ͊ͤ͊͞ ˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ˿ͭ͊ͤ͊͡ ͣ ͔͙ͣͦͪ͊͞ 

MRAM**  ˽͍ͦͯͨͪͦͦ͒͡Φ 1T1MTJ/SV ˽ͦͫͭͦ͊ͤ͊͞ ˽͙͍ͪͦͦͤͦ͘͢ ͙̉ ͔ͭ͊ͥ,͙̂ͨͫ ͙͙̅͘;͊͟ ͣ ͔͙ͣͦͪ͊͞ 

ʊʘʙʝʣʘ 1.1 ï ɺʨʩʪʝ ʤʝʤʦʨʠʿʘ 

Kˀ ʫʯʥe ʦʩʦʙʠʥe ʤʝʤʦʨʠʿʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʩʘʚʨʝʤʝʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ. FF=Flip-

Flop, T=Transistor, C=Capacitor, R=Resistor, FG=Floating Gate, P=Phase change cell, 

MTJ=Magnetic Tunnel Junction, SV=Spin Valve,  

*=ʟʘʭʪʝʚʘ ʧʨʝʪʭʦʜʥʦ ʙʨʠʩʘˁʝ UV ʟʨʘʮʠʤʘ 

**=ʟʘʭʪʝʚʘ ʜʘˀʠ ʨʘʟʚʦʿ ʪʝʭʥʦʣʦʛʠʿʝ. 
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ʢʦʤʧʦʥʝʥʪʝ: ʜʠʥʘʤʠʯʢʫ, ʢʦʿʘ ʩʝ ʢʘʨʘʢʪʝʨʠʰʝ ʫ ʚʠʜʫ ʠʟʜʨʞˀʠʚʦʩʪʠ (ʝʥʛ. endurance) 

ʠ ʩʪʘʪʠʯʢʫ, ʢʦʿʘ ʩʝ ʢʘʨʘʢʪʝʨʠʰʝ ʫ ʚʠʜʫ ʚʨʝʤʝʥʘ ʪʨʘʿʘˁʘ ʧʦʜʘʪʘʢʘ (ʝʥʛ. data 

retention). ʀʟʜʨʞˀʠʚʦʩʪ ʧʨʝʜʩʪʘʚˀʘ ʙʨʦʿ ʮʠʢʣʫʩʘ ʫʧʠʩʘ ʠ ʯʠʪʘˁʘ ʢʦʿʝ ʤʝʤʦʨʠʿʘ 

ʤʦʞʝ ʜʘ ʠʟʜʨʞʠ, ʘ ʜʘ ʥʝ ʜʦʹʝ ʜʦ ʦʰʪʝ˂ʝˁʘ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ, ʜʦʢ ʚʨʝʤʝ ʪʨʘʿʘˁʘ 

ʦʜʨʝʹʫʿʝ ʢʦʣʠʢʦ ʜʫʛʦ ʩʝ ʿʝʜʥʦʤ ʫʩʢʣʘʜʠʰʪʝʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʤʦʞʝ ʯʫʚʘʪʠ ʫ 

ʤʝʤʦʨʠʿʠ ʙʝʟ ʦʰʪʝ˂ʝˁʘ. 

 

 ʘ) DRAM ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ ʙ) SRAM ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ 

 

ʚ) ʨʝʛʠʩʪʘʨʩʢʘ ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ - ʠʚʠʯʥʠ D ʬʣʠʧ-ʬʣʦʧ 

ʉʣʠʢʘ 1.2 ï ɴʝʣʠʿʝ ʥʝʧʦʩʪʦʿʘʥʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʤʝʤʦʨʠʿʘ 

DRAM ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʩʫ ʟʥʘʪʥʦ ʤʘˁʝ ʠ ʪʨʦʰʝ ʤʘˁʝ ʝʥʝʨʛʠʿʝ ʦʜ SRAM ʤʝʤʦʨʠʿʩʢʠʭ 

˂ʝʣʠʿʘ, ʜʦʢ ʩʫ SRAM ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʙʨʞʝ. ʌʣʠʧ-ʬʣʦʧʦʚʠ ʩʫ ʥʘʿʙʨʞʝ, ʥʘʿʚʝ˂ʝ ʠ ʪʨʦʰʝ 

ʥʘʿʚʠʰʝ ʝʥʝʨʛʠʿʝ ʤʝʹʫ ˂ʝʣʠʿʘʤʘ ʥʝʧʦʩʪʦʿʘʥʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʤʝʤʦʨʠʿʘ. 
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ʅʘʯʠʥ ʘʜʨʝʩʠʨʘˁʘ ʜʝʬʠʥʠʰʝ ʜʘ ʣʠ ʿʝ ʩʚʠʤ ʧʦʜʘʮʠʤʘ ʫʥʫʪʘʨ ʤʝʤʦʨʠʿʝ 

ʤʦʛʫ˂ʝ ʧʨʠʩʪʫʧʠʪʠ ʥʝʧʦʩʨʝʜʥʦ (ʧʨʦʠʟʚʦˀʥʦ), ʪʿ. ʜʘ ʣʠ ʩʝ ʩʚʘʢʠ ʧʦʜʘʪʘʢ ʤʦʞʝ 

ʦʯʠʪʘʪʠ ʠʣʠ ʫʧʠʩʘʪʠ ʩʘ ʠʩʪʠʤ ʢʘʰˁʝˁʝʤ ʥʘ ʟʘʜʘʪʫ ʘʜʨʝʩʫ, ʠʣʠ ʩʝ ʤʦʨʘ 

ʩʝʢʚʝʥʮʠʿʘʣʥʦ ʧʨʠʩʪʫʧʘʪʠ ʥʝʢʠʤ ʜʝʣʦʚʠʤʘ ʤʝʤʦʨʠʿʝ ʧʨʝ ʥʝʛʦ ʰʪʦ ʩʝ ʧʨʠʩʪʫʧʠ 

ʪʨʘʞʝʥʦʤ ʧʦʜʘʪʢʫ. 

ɺʨʩʪʘ ʧʨʠʩʪʫʧʘ ʜʝʬʠʥʠʰʝ ʜʘ ʣʠ ʩʝ ʫ ʩʪʘʥʜʘʨʜʥʠʤ ʨʝʞʠʤʠʤʘ ʨʘʜʘ ʤʝʤʦʨʠʿʘ 

ʤʦʞʝ ʩʘʤʦ ʯʠʪʘʪʠ ʠʣʠ ʩʝ ʫ ˁʫ ʤʦʞʝ ʠ ʧʠʩʘʪʠ1. 

DRAM ʩʧʘʜʘ ʫ ʢʣʘʩʫ ʥʝʧʦʩʪʦʿʘʥʠʭ ʜʠʥʘʤʠʯʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ 

ʤʝʤʦʨʠʿʘ. ʇʦʿʘʤ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʘ ʤʝʤʦʨʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʫ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʝ ʫʟ ʧʦʤʦ˂ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʩʪʨʫʢʪʫʨʘ, ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʪʨʘʥʟʠʩʪʦʨʘ. DRAM ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ, ʥʘ ʧʨʠʤʝʨ, ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘ ʧʦʤʦ˂ʫ ʩʘʤʦ 

ʿʝʜʥʦʛ ʪʨʘʥʟʠʩʪʦʨʘ (ʉʣʠʢʘ 1.2.ʘ), ʰʪʦ ʿʦʿ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʠʤʘ ʤʘʣʝ ʜʠʤʝʥʟʠʿʝ ʠ ʤʘʣʫ 

ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ.  

ʋ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʩʝ ʪʘʢʦʹʝ ʢʦʨʠʩʪʝ ʠ ʥʝʧʦʩʪʦʿʘʥʝ ʩʪʘʪʠʯʢʝ 

ʤʝʤʦʨʠʿʝ, ʫ ʢʦʿʝ ʩʧʘʜʘʿʫ SRAM ʠ ʨʝʛʠʩʪʘʨʩʢʝ ʤʝʤʦʨʠʿʝ. ɿʘ ʨʝʘʣʠʟʘʮʠʿʫ SRAM 

ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʧʦʪʨʝʙʥʦ ʿʝ ʰʝʩʪ ʪʨʘʥʟʠʩʪʦʨʘ (ʉʣʠʢʘ 1.2.ʙ), ʰʪʦ ʠʟʠʩʢʫʿʝ ʟʥʘʪʥʦ 

ʚʝ˂ʫ ʧʦʚʨʰʠʥʫ (ʚʠʰʝ ʦʜ ʜʝʩʝʪ ʧʫʪʘ) ʠ ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ DRAM 

ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ. ʉʪʦʛʘ ʩʝ SRAM ʢʦʨʠʩʪʠ ʩʘʤʦ ʟʘ ʧʨʠʤʝʥʝ ʛʜʝ ʿʝ ʧʦʪʨʝʙʥʘ ʚʝ˂ʘ 

ʢʦʣʠʯʠʥʘ ʙʨʟʝ ʤʝʤʦʨʠʿʝ, ʥʘ ʧʨʠʤʝʨ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʢʝʰ ʤʝʤʦʨʠʿʘ ʠʣʠ ʠʥʪʝʨʥʠʭ 

ʙʘʬʝʨʘ. ʈʝʛʠʩʪʘʨʩʢʝ ʤʝʤʦʨʠʿʝ ʩʝ ʨʝʘʣʠʟʫʿʫ ʧʦʤʦ˂ʫ ʬʣʠʧ-ʬʣʦʧʦʚʘ (ʉʣʠʢʘ 1.2.ʚ). 

ʌʣʠʧ-ʬʣʦʧʦʚʠ ʠʤʘʿʫ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʦʜ ʩʘʤʦ ʿʝʜʥʦʛ ʮʠʢʣʫʩʘ, ʘʣʠ ʟʘʭʪʝʚʘʿʫ 10 ʠʣʠ 

ʚʠʰʝ ʪʨʘʥʟʠʩʪʦʨʘ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʠʧʘ2. ʋ ʧʨʦʩʝʢʫ ʬʣʠʧ-ʬʣʦʧʦʚʠ 

                                                 

 
1 ʇʦʜʨʘʟʫʤʝʚʘ ʩʝ ʜʘ ʩʝ ʠ ʢʦʜ ʤʝʤʦʨʠʿʘ ʢʦʿʝ ʩʫ ʧʨʝʜʚʠʹʝʥʝ ʩʘʤʦ ʟʘ ʯʠʪʘˁʝ ʧʦʜʘʮʠ ʤʦʨʘʿʫ ʥʘʿʧʨʝ 

ʫʧʠʩʘʪʠ (ʥʧʨ. Ăʥʘʨʝʟʘʪʠñ ʦʧʪʠʯʢʠ ʜʠʩʢ, Ăʬʣʝʰ-ʦʚʘʪʠñ EPROM, ʠʪʜ.). ʋ ʪʦʤ ʩʤʠʩʣʫ, ʧʦʜ 

ʩʪʘʥʜʘʨʜʥʠʤ ʨʝʞʠʤʠʤʘ ʨʘʜʘ ʤʝʤʦʨʠʿʘ ʩʝ ʦʚʜʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʧʨʠʤʝʥʝ ʫ ʦʥʠʤ ʩʠʪʫʘʮʠʿʘʤʘ ʛʜʝ ʫʧʠʩ 

ʥʝ ʫʪʠʯʝ ʥʘ ʫʢʫʧʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ, ʪʿ. ʛʜʝ ʩʝ ʫʧʠʩ ʧʦʜʘʪʘʢʘ ʜʝʰʘʚʘ ʩʘʤʦ ʿʝʜʥʦʤ, ʧʨʝ ʫʧʦʪʨʝʙʝ 

ʤʝʤʦʨʠʿʝ. 

2 ʈʝʮʠʤʦ, ʠʚʠʯʥʠ D ʬʣʠʧ-ʬʣʦʧʦʚʠ ʫ ʩʪʘʥʜʘʨʜʥʦʿ ʙʠʙʣʠʦʪʝʮʠ ˂ʝʣʠʿʘ ʪʠʧʠʯʥʦ ʠʤʘʿʫ 16 ʪʨʘʥʟʠʩʪʦʨʘ, 

ʘʣʠ ʩʝ ʜʠʟʘʿʥ ʬʣʠʧ-ʬʣʦʧʦʚʘ ʤʦʞʝ ʦʧʪʠʤʠʟʦʚʘʪʠ ʠʟʦʩʪʘʚˀʘˁʝʤ ʧʦʿʝʜʠʥʠʭ ʪʨʘʥʟʠʩʪʦʨʘ ʨʘʜʠ 

ʙʘʣʘʥʩʠʨʘˁʘ ʨʘʟʣʠʯʠʪʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʦʚʨʰʠʥʘ, ʧʦʪʨʦʰˁʘ, ʙʨʟʠʥʘ, 

ʬʫʥʢʮʠʦʥʘʣʥʦʩʪ ʠʣʠ ʧʦʫʟʜʘʥʦʩʪ ʨʘʜʘ. ʊʘʢʦ ʩʫ, ʥʘ ʧʨʠʤʝʨ,  ʧʦʟʥʘʪʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠʚʠʯʥʦʛ D 

ʬʣʠʧ-ʬʣʦʧʘ ʩʘ ʩʘʤʦ 12 ʪʨʘʥʟʠʩʪʦʨʘ, ʘʣʠ ʙʝʟ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʛ ʠʟʣʘʟʘ ʠʣʠ ʩʘ ʩʘʤʦ 10 ʪʨʘʥʟʠʩʪʦʨʘ, 

ʘʣʠ ʢʦʿʠ ʤʦʛʫ ʜʘ ʨʘʜʝ ʩʘʤʦ ʫ ʜʠʥʘʤʠʯʢʦʤ ʨʝʞʠʤʫ. 
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ʟʘʫʟʠʤʘʿʫ ʜʚʘ ʜʦ ʪʨʠ ʧʫʪʘ ʚʝ˂ʫ ʧʦʚʨʰʠʥʫ ʠ ʠʤʘʿʫ ʥʝʢʦʣʠʢʦ ʧʫʪʘ ʚʝ˂ʫ ʧʦʪʨʦʰˁʫ ʦʜ 

SRAM ˂ʝʣʠʿʘ. ʈʝʛʠʩʪʘʨʩʢʘ ʤʝʤʦʨʠʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʠʤʝʥʝ ʛʜʝ ʩʫ ʙʨʟʠʥʘ ʠ 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʘ ʨʘʜʘ ʩʫʰʪʠʥʩʢʠ ʚʘʞʥʠ, ʥʘ ʧʨʠʤʝʨ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʨʝʛʠʩʪʘʨʘ, 

ʨʝʛʠʩʪʘʨʩʢʠʭ ʙʘʥʢʠ ʠʣʠ ʩʠʥʭʨʦʥʠʟʘʮʠʦʥʠʭ ʙʘʬʝʨʘ. 

ʇʦʨʝʜ ʥʝʧʦʩʪʦʿʘʥʠʭ, ʢʦʨʠʩʪʝ ʩʝ ʠ ʧʦʩʪʦʿʘʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʤʝʤʦʨʠʿʝ, ʦʜ 

ʢʦʿʠʭ ʩʫ ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʝ EPROM, EEPROM ʠ ʬʣʝʰ ʤʝʤʦʨʠʿʘ. ɴʝʣʠʿʝ ʦʚʠʭ 

ʤʝʤʦʨʠʿʘ ʩʫ, ʢʘʦ ʠ DRAM ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ, ʿʝʜʥʦʪʨʘʥʟʠʩʪʦʨʩʢʝ, ʘʣʠ ʜʨʫʛʘʯʠʿʝ 

ʪʨʘʥʟʠʩʪʦʨʩʢʝ ʩʪʨʫʢʪʫʨʝ, ʩʘ ʿʝʜʥʠʤ ʥʝʠʟʦʣʦʚʘʥʠʤ ʠ ʿʝʜʥʠʤ ʠʟʦʣʦʚʘʥʠʤ ʢʘʥʘʣʦʤ 

(ʝʥʛ. floating gate). ɿʙʦʛ ʬʠʟʠʯʢʠʭ ʠ ʪʝʭʥʦʣʦʰʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʫ ʠʟʨʘʜʠ ˁʠʭʦʚʦ 

ʚʨʝʤʝ ʪʨʘʿʘˁʘ ʠ ʙʨʟʠʥʘ ʧʨʠʩʪʫʧʘ ʩʫ ʦʛʨʘʥʠʯʝʥʠ. ʌʣʝʰ ʤʝʤʦʨʠʿʘ ʩʝ ʜʘʥʘʩ ʰʠʨʦʢʦ 

ʢʦʨʠʩʪʠ ʧʨʝ ʩʚʝʛʘ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʩʧʦˀʘʰˁʠʭ ʤʝʤʦʨʠʿʘ ʟʘ ʤʘʩʦʚʥʦ 

ʩʢʣʘʜʠʰʪʝˁʝ ʧʦʜʘʪʘʢʘ (ʬʣʝʰ ʢʘʨʪʠʮʝ, SSD) ʠ ʢʘʦ ʟʘʤʝʥʘ ʟʘ EEPROM, ʥʘ ʧʨʠʤʝʨ 

ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠʥʩʪʨʫʢʮʠʿʩʢʝ ʤʝʤʦʨʠʿʝ ʢʦʜ ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʘ ʩʘ ʍʘʨʚʘʨʜ 

ʘʨʭʠʪʝʢʪʫʨʦʤ. 

ʇʦʩʪʦʿʝ ʠ ʜʨʫʛʝ ʧʦʩʪʦʿʘʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʤʝʤʦʨʠʿʝ, ʧʦʧʫʪ ʬʘʟʥʦ-

ʧʨʦʤʝʥˀʠʚʠʭ (PRAM), ʨʝʟʠʩʪʠʚʥʠʭ (RRAM) ʠ ʤʘʛʥʝʪʦ-ʨʝʟʠʩʪʠʚʥʠʭ (MRAM), ʢʦʿʝ 

ʨʘʜʝ ʥʘ ʜʨʫʛʘʯʠʿʠʤ ʬʠʟʠʯʢʠʤ ʧʨʠʥʮʠʧʠʤʘ. ʄʝʹʫʪʠʤ, ʫʧʨʢʦʩ ʥʝʢʠʤ ʩʚʦʿʠʤ 

ʧʨʝʜʥʦʩʪʠʤʘ, ˁʠʭʦʚʘ ʧʦʫʟʜʘʥʦʩʪ, ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʮʝʥʘ ʠ ʜʘˀʝ ʠʤ ʥʝ ʦʤʦʛʫ˂ʘʚʘʿʫ 

ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ ʜʦʤʝʥʠʤʘ ʛʜʝ ʩʝ ʢʦʨʠʩʪʠ DRAM ʤʝʤʦʨʠʿʘ. ʀʟʜʨʞˀʠʚʦʩʪ ʦʚʠʭ 

ʤʝʤʦʨʠʿʘ ʿʝ ʪʠʧʠʯʥʦ ʟʥʘʪʥʦ ʚʝ˂ʘ ʥʝʛʦ ʢʦʜ EPROM, EEPROM ʠ ʬʣʝʰ ʤʝʤʦʨʠʿʘ  ʠ 

ʤʦʞʝ ʜʦʩʝ˂ʠ ʠ ʥʝʢʦʣʠʢʦ ʤʠʣʠʦʥʘ ʮʠʢʣʫʩʘ,  ʘʣʠ ʿʝ ʜʦʟʚʦˀʝʥʠ ʙʨʦʿ ʮʠʢʣʫʩʘ ʫʧʠʩʘ ʠ 

ʜʘˀʝ ʦʛʨʘʥʠʯʝʥ. ʊʘʢʚʦ ʦʛʨʘʥʠʯʝˁʝ ʿʝ ʥʝʧʨʠʭʚʘʪˀʠʚʦ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʛʣʘʚʥʝ 

ʤʝʤʦʨʠʿʝ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʣʠʤʠʪ ʤʦʞʝ ʜʦʩʪʠ˂ʠ ʟʘ ʩʘʤʦ ʥʝʢʦʣʠʢʦ 

ʤʠʣʠʩʝʢʫʥʜʠ ʨʘʜʘ ʧʨʦʮʝʩʦʨʘ. 

ʋ ʧʨʘʢʩʠ ʩʝ ʢʦʨʠʩʪʝ ʿʦʰ ʠ ʤʘʛʥʝʪʥʝ ʠ ʦʧʪʠʯʢʝ ʤʝʤʦʨʠʿʝ. ɳʠʭʦʚʘ ʤʘʥʘ ʿʝ ʰʪʦ 

ʟʘ ʧʨʠʩʪʫʧ ʢʦʨʠʩʪʝ ʝʣʝʢʪʨʦ-ʤʝʭʘʥʠʯʢʝ ʢʦʤʧʦʥʝʥʪʝ, ʯʠʤʝ ʩʝ ʚʨʝʤʝ ʧʦʛʦʨʰʘʚʘ ʟʘ 

ʥʝʢʦʣʠʢʦ ʨʝʜʦʚʘ ʚʝʣʠʯʠʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʥʝ ʤʝʤʦʨʠʿʝ, ʘ ʧʨʦʪʦʢ 

ʧʦʜʘʪʘʢʘ ʿʝ ʦʛʨʘʥʠʯʝʥ ʙʨʟʠʥʦʤ ʧʝʨʠʬʝʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. ɿʙʦʛ ʪʦʛʘ ʩʝ ʦʚʝ ʤʝʤʦʨʠʿʝ 

ʢʦʨʠʩʪʝ ʫʛʣʘʚʥʦʤ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʧʦʜʘʪʘʢʘ ʠʣʠ ˁʠʭʦʚʦ ʪʨʘʿʥʦ ʘʨʭʠʚʠʨʘˁʝ. 



 ʋʚʦʜ 

7 

1.2 ʄʝʤʦʨʠʿʝ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ 

ʇʦʨʝʜ ʧʦʩʪʦʿʘʥʦʩʪʠ, ʥʘʯʠʥʘ ʘʜʨʝʩʠʨʘˁʘ ʠ ʚʨʩʪʝ ʧʨʠʩʪʫʧʘ, ʧʦʩʪʦʿʠ ʠ ʥʠʟ 

ʜʨʫʛʠʭ ʦʩʦʙʠʥʘ ʢʦʿʝ ʩʫ ʦʜ ʟʥʘʯʘʿʘ ʟʘ ʜʝʬʠʥʠʩʘˁʝ ʫʣʦʛʝ ʢʦʿʫ ʦʜʨʝʹʝʥʘ ʤʝʤʦʨʠʿʘ 

ʤʦʞʝ ʜʘ ʠʤʘ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ. ʅʝʢʝ ʦʜ ʪʠʭ ʦʩʦʙʠʥʘ ʩʫ: ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ, 

ʧʨʦʪʦʢ ʧʨʦʜʘʪʘʢʘ, ʛʫʩʪʠʥʘ ʧʘʢʦʚʘˁʘ ʠʥʬʦʨʤʘʮʠʿʘ, ʢʘʧʘʮʠʪʝʪ, ʧʦʪʨʦʰˁʘ ʝʥʝʨʛʠʿʝ 

ʠ ʮʝʥʘ. ʅʘ ʧʨʠʤʝʨ, ʙʨʟʝ ʤʝʤʦʨʠʿʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

ʫʥʫʪʘʨʧʨʦʮʝʩʦʨʩʢʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ʩʪʨʫʢʪʫʨʘ ʧʦʧʫʪ ʨʝʛʠʩʪʘʨʘ, ʙʘʬʝʨʘ ʠ ʢʝʰʝʚʘ, ʜʦʢ 

ʩʝ ʿʝʬʪʠʥʝ ʤʝʤʦʨʠʿʝ ʚʝʣʠʢʦʛ ʢʘʧʘʮʠʪʝʪʘ ʢʦʨʠʩʪʝ ʟʘ ʪʨʘʿʥʦ ʩʢʣʘʜʠʰʪʝˁʝ ʚʝʣʠʢʝ 

ʢʦʣʠʯʠʥʝ ʧʦʜʘʪʘʢʘ ʥʘ ʝʢʩʪʝʨʥʠʤ ʤʝʜʠʿʫʤʠʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʦʧʪʠʯʢʠ ʜʠʩʢʦʚʠ ʠ 

ʤʘʛʥʝʪʥʝ ʪʨʘʢʝ. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʙʠʪʠ ʨʝʯʠ ʦ ʤʝʩʪʫ ʠ ʫʣʦʟʠ ʨʘʟʣʠʯʠʪʠʭ ʚʨʩʪʘ 

ʤʝʤʦʨʠʿʘ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ. 

1.2.1 ʄʝʤʦʨʠʿʩʢʘ ʭʠʿʝʨʘʨʭʠʿʘ 

ʅʘ ʧʦʯʝʪʢʫ ʧʦʛʣʘʚˀʘ ʿʝ ʧʦʤʝʥʫʪʦ ʜʘ ʩʝ ʫ ʘʨʭʠʪʝʢʪʫʨʠ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ 

ʢʦʨʠʩʪʠ ʿʝʜʥʦʩʪʘʚʘʥ ʤʦʜʝʣ ʨʘʯʫʥʘʨʩʢʝ ʤʝʤʦʨʠʿʝ ʫ ʢʦʤʝ ʧʦʩʪʦʿʠ ʩʘʤʦ ʛʣʘʚʥʘ 

ʤʝʤʦʨʠʿʘ (RAM) ʢʘʦ ʿʝʜʠʥʩʪʚʝʥ ʣʠʥʝʘʨʥʠ ʘʜʨʝʩʥʠ ʧʨʦʩʪʦʨ ʫ ʢʦʤʝ ʿʝ ʩʚʘʢʦʤ 

ʧʦʜʘʪʢʫ ʤʦʛʫ˂ʝ ʜʠʨʝʢʪʥʦ ʧʨʠʩʪʫʧʠʪʠ. ʇʦʨʝʜ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ, ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʜʘ 

ʧʦʩʪʦʿʝ ʠ ʠʥʪʝʨʥʠ ʧʨʦʮʝʩʦʨʩʢʠ ʨʝʛʠʩʪʨʠ, ʢʘʦ ʧʨʠʚʨʝʤʝʥʝ ʣʦʢʘʮʠʿʝ ʫ ʢʦʿʠʤʘ ʩʝ 

ʯʫʚʘʿʫ ʫʣʘʟʥʝ ʠ ʠʟʣʘʟʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʦʮʝʩʥʠʭ ʿʝʜʠʥʠʮʘ ʨʘʜʠ ʣʘʢʰʝ ʠ ʙʨʞʝ ʦʙʨʘʜʝ. 

ʆʚʘʢʘʚ ʤʦʜʝʣ ʦʜʨʘʞʘʚʘ ʧʦʪʨʝʙʫ ʟʘ ʰʪʦ ʿʝʜʥʦʩʪʘʚʥʠʦʿʤ ʧʨʝʜʩʪʘʚʦʤ ʤʝʤʦʨʠʿʝ ʢʦʿʫ 

ʪʨʝʙʘ ʜʘ ʠʤʘ ʢʦʨʠʩʥʠʢ ʧʨʠʣʠʢʦʤ ʧʠʩʘˁʘ ʧʨʦʛʨʘʤʘ. 

ʋ ʩʪʚʘʨʥʦʩʪʠ, ʪʘʢʦ ʿʝʜʥʦʩʪʘʚʥʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʝ ʥʠʿʝ ʜʦʚʦˀʥʦ 

ʝʬʠʢʘʩʥʘ. ɿʙʦʛ ʚʝʣʠʢʝ ʨʘʟʣʠʢʝ ʫ ʙʨʟʠʥʠ ʨʘʜʘ ʧʨʦʮʝʩʦʨʘ ʠ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ, ʩʚʘʢʠ 

ʧʨʠʩʪʫʧ ʛʣʘʚʥʦʿ ʤʝʤʦʨʠʿʠ ʙʠ ʪʨʘʿʘʦ ʚʝʦʤʘ ʜʫʛʦ. ɿʘʪʦ ʩʝ ʫ ʧʨʘʢʩʠ ʧʨʠʙʝʛʘʚʘ 

ʢʨʝʠʨʘˁʫ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʢʦʿʫ ʯʠʥʠ, ʠʜʫ˂ʠ ʦʜ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ ʧʨʝʤʘ 

ʧʨʦʮʝʩʦʨʫ, ʚʠʰʝ ʥʠʚʦʘ ʩʫʢʮʝʩʠʚʥʦ ʩʚʝ ʙʨʞʠʭ ʠ ʤʘˁʠʭ ʤʝʤʦʨʠʿʘ, ʢʝʰʝʚʘ (ʝʥʛ. 

caches), ʢʦʿʝ ʯʫʚʘʿʫ ʜʝʦ ʩʘʜʨʞʘʿʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ ʩʘ ʮʠˀʝʤ ʜʘ ʩʝ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ 

ʧʦʜʘʮʠʤʘ ʢʦʿʠ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʰʪʦ ʚʠʰʝ ʩʢʨʘʪʠ, ʢʦʨʠʩʪʝ˂ʠ ʚʨʝʤʝʥʩʢʫ ʠ ʧʨʦʩʪʦʨʥʫ 

ʣʦʢʘʣʥʦʩʪ ʧʦʜʘʪʘʢʘ (ʉʣʠʢʘ 1.3). ʇʘʨʘʜʠʛʤʘ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʠ ʧʨʠʪʦʤ ʦʩʪʘʿʝ ʠʩʪʘ, 

ʪʿ. ʧʨʦʛʨʘʤʠ ʠ ʜʘˀʝ ʚʠʜʝ ʤʝʤʦʨʠʿʫ ʫ ʚʠʜʫ ʿʝʜʠʥʩʪʚʝʥoʛ ʠ ʥʝʜʝˀʠʚoʛ ʘʜʨʝʩʥʦʛ 
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ʧʨʦʩʪʦʨʘ, ʦʜʥʦʩʥʦ ʢʘʦ RAM. ʉʚʝ ʰʪʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʙʠ ʩʝ ʦʜʨʞʘʣʘ ʢʦʭʝʨʝʥʮʠʿʘ 

ʜʝʣʦʚʘ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʩʝ ʦʙʘʚˀʘ ʥʘ ʭʘʨʜʚʝʨʩʢʦʤ ʥʠʚʦʫ, ʪʨʘʥʩʧʘʨʝʥʪʥʦ ʟʘ 

ʢʦʨʠʩʥʠʢʘ. ʄʝʤʦʨʠʿʘ ʢʦʿʘ ʩʝ ʤʦʞʝ ʜʠʨʝʢʪʥʦ ʘʜʨʝʩʠʨʘʪʠ ʦʜ ʩʪʨʘʥʝ ʧʨʦʮʝʩʦʨʘ ʩʝ 

ʥʘʟʠʚʘ ʧʨʠʤʘʨʥʘ ʤʝʤʦʨʠʿʘ. 

ʄʝʤʦʨʠʿʘ ʢʦʿʫ ʧʨʦʮʝʩʦʨ ʥʝ ʤʦʞʝ ʜʠʨʝʢʪʥʦ ʘʜʨʝʩʠʨʘʪʠ ʪʦʢʦʤ ʠʟʚʨʰʘʚʘˁʘ 

ʧʨʦʛʨʘʤʘ ʩʣʫʞʠ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʧʦʜʘʪʘʢʘ (ʧʨʦʛʨʘʤʘ, ʩʣʠʢʘ, ʙʘʟʘ ʧʦʜʘʪʘʢʘ, ʠ ʜʨ.) ʠ 

ʥʘʟʠʚʘ ʩʝ ʩʝʢʫʥʜʘʨʥʘ ʤʝʤʦʨʠʿʘ. ʇʦʜʘʮʠ ʩʝ ʫ ʪʦʤ ʜʝʣʫ ʤʝʤʦʨʠʿʝ ʦʙʠʯʥʦ ʩʢʣʘʜʠʰʪʝ 

ʫ ʦʙʣʠʢʫ ʜʘʪʦʪʝʢʘ (ʝʥʛ. files) ʢʦʿʠʤʘ ʩʝ ʧʨʠʩʪʫʧʘ ʧʦʤʦ˂ʫ ʪʟʚ. ʜʘʪʦʪʝʯʥʦʛ ʩʠʩʪʝʤʘ 

(ʝʥʛ. file system). ʉʚʘʢʠ ʪʠʧ ʤʝʤʦʨʠʿʝ ʠʤʘ ʜʘʪʦʪʝʯʥʠ ʩʠʩʪʝʤ ʢʦʿʠ ʤʫ ʦʜʛʦʚʘʨʘ. ʅʘ 

ʧʨʠʤʝʨ, ISO 9660 ʜʘʪʦʪʝʯʥʠ ʩʠʩʪʝʤ ʿʝ ʜʠʟʘʿʥʠʨʘʥ ʟʘ ʧʨʠʩʪʫʧ ʦʧʪʠʯʢʠʤ ʜʠʩʢʦʚʠʤʘ, 

FAT16/32 ʠ NTFS ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʜʠʩʢ ʜʘʪʦʪʝʯʥʠ ʩʠʩʪʝʤʠ ʫ ʦʢʚʠʨʫ ʦʧʝʨʘʪʠʚʥʦʛ 

ʩʠʩʪʝʤʘ Windows, ext2/3/4 ʢʘʦ ʜʠʩʢ ʜʘʪʦʪʝʯʥʠ ʩʠʩʪʝʤʠ ʫ ʦʢʚʠʨʫ ʦʧʝʨʘʪʠʚʥʦʛ 

ʩʠʩʪʝʤʘ Linux ʠ ʩʣ. ʇʦʩʪʦʿʝ ʠ ʜʝʩʝʪʠʥʝ ʜʨʫʛʠʭ ʜʘʪʦʪʝʯʥʠʭ ʩʠʩʪʝʤʘ ʦʧʪʠʤʠʟʦʚʘʥʠʭ 

ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʠ ʧʨʠʩʪʫʧ ʧʦʜʘʮʠʤʘ ʥʘ ʤʘʛʥʝʪʥʠʤ ʪʨʘʢʘʤʘ, ʬʣʝʰ ʤʝʤʦʨʠʿʘʤʘ ʠ ʜʨ. 

ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʧʨʘʢʩʠ. ʊʨʝʙʘ ʥʘʛʣʘʩʠʪʠ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʠ ʧʦʜʘʪʢʝ ʫ RAM-ʫ 

ʦʨʛʘʥʠʟʦʚʘʪʠ ʪʘʢʦ ʜʘ ʠʤ ʩʝ ʧʨʠʩʪʫʧʘ ʧʨʝʢʦ ʜʘʪʦʪʝʯʥʦʛ ʩʠʩʪʝʤʘ. ʇʨʠʤʝʨ ʟʘ ʪʦ ʿʝ 

 

ʉʣʠʢʘ 1.3 ï ʄʝʤʦʨʠʿʩʢʘ ʭʠʿʝʨʘʨʭʠʿʘ 

ʄʘˁʝ ʠ ʙʨʞʝ ʤʝʤʦʨʠʿʝ ʩʝ ʩʤʝʰʪʘʿʫ ʙʣʠʞʝ ʧʨʦʮʝʩʦʨʫ, ʘ ʚʝ˂ʝ ʠ ʿʝʬʪʠʥʠʿʝ ʤʝʤʦʨʠʿʝ ʜʘˀʝ. 
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RAM ʜʠʩʢ, ʛʜʝ ʩʝ ʬʠʟʠʯʢʘ RAM ʤʝʤʦʨʠʿʘ (DRAM) ʢʦʨʠʩʪʠ ʢʘʦ ʤʝʜʠʿʫʤ ʟʘ ʯʫʚʘˁʝ 

ʠ ʧʨʠʩʪʫʧ ʜʘʪʦʪʝʢʘʤʘ. ɳʝʛʦʚ ʢʘʧʘʮʠʪʝʪ ʿʝ ʦʛʨʘʥʠʯʝʥ ʚʝʣʠʯʠʥʦʤ RAM-ʘ, ʘʣʠ ʿʝ 

ʧʨʠʩʪʫʧ ʥʝʢʦʣʠʢʦ ʨʝʜʦʚʘ ʚʝʣʠʯʠʥʝ ʙʨʞʠ ʥʝʛʦ ʢʦʜ ʥʧʨ. HDD ʠ SSD. 

ʇʦʨʝʜ ʧʨʦʙʣʝʤʘ ʙʨʟʠʥʝ ʧʨʠʩʪʫʧʘ, ʧʦʩʪʦʿʠ ʠ ʧʨʦʙʣʝʤ ʢʘʧʘʮʠʪʝʪʘ ʛʣʘʚʥʝ 

ʤʝʤʦʨʠʿʝ. ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʣʝ ʪʝʰʢʦ˂ʝ ʢʦʿʝ ʥʘʩʪʘʿʫ ʟʙʦʛ ʙʣʦʢʠʨʘˁʘ ʨʘʜʘ ʩʠʩʪʝʤʘ ʢʘʜʘ 

ʿʝ ʚʝʣʠʯʠʥʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ ʤʘˁʘ ʦʜ ʧʦʪʨʝʙʥʝ, ʢʦʨʠʩʪʠ ʩʝ ʚʠʨʪʫʝʣʥʘ ʤʝʤʦʨʠʿʘ. 

ɺʠʨʪʫʝʣʥʘ ʤʝʤʦʨʠʿʘ ʿʝ ʧʨʠʩʪʫʧ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʩʚʘʢʦʤ ʧʨʦʛʨʘʤʫ ʜʘ ʤʝʤʦʨʠʿʫ ʚʠʜʠ 

ʢʘʦ ʥʝʦʛʨʘʥʠʯʝʥ ʠ ʥʝʜʝˀʠʚ ʘʜʨʝʩʥʠ ʧʨʦʩʪʦʨ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ ˁʝʛʦʚʫ ʬʠʟʠʯʢʫ 

ʚʝʣʠʯʠʥʫ, ʧʦʧʫˁʝʥʦʩʪ ʠ ʨʘʩʧʦʜʝʣʫ. ʌʫʥʢʮʠʿʫ ʫʧʨʘʚˀʘˁʘ ʚʠʨʪʫʝʣʥʦʤ ʤʝʤʦʨʠʿʦʤ 

ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʧʨʝʫʟʠʤʘ ʥʘ ʩʝʙʝ ʦʧʝʨʘʪʠʚʥʠ ʩʠʩʪʝʤ ʢʦʿʠ, ʫʟ ʧʦʤʦ˂ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʭʘʨʜʚʝʨʩʢʠʭ ʢʦʤʧʦʥʝʥʪʠ (ʝʥʛ. memory management unit), ʠʤʘ ʫʣʦʛʫ ʜʘ ʦʙʘʚˀʘ 

ʟʘʤʝʥʫ ʩʘʜʨʞʘʿʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ, ʢʦʿʘ ʩʝ ʫ ʦʚʦʤ ʢʦʥʪʝʩʪʫ ʯʝʩʪʦ ʥʘʟʠʚʘ ʠ ʬʠʟʠʯʢʘ 

ʤʝʤʦʨʠʿʘ, ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʜʝʣʦʚʠʤʘ ʩʝʢʫʥʜʘʨʥʝ ʤʝʤʦʨʠʿʝ ʦʥʜʘ ʢʘʜʘ ʚʠʰʝ ʥʝʤʘ 

ʤʝʩʪʘ ʫ ʬʠʟʠʯʢʦʿ ʤʝʤʦʨʠʿʠ. ʋʦʙʠʯʘʿʝʥʦ ʿʝ ʥʧʨ. ʜʘ ʩʝ ʜʝʣʦʚʠ HDD-ʘ ʠʣʠ SSD-ʘ 

ʘʣʦʮʠʨʘʿʫ ʫ ʦʚʝ ʩʚʨʭʝ (ʝʥʛ. swap space). ʏʘʢ ʠ ʢʘʜʘ ʩʝʢʫʥʜʘʨʥʘ ʤʝʤʦʨʠʿʘ ʠʤʘ ʥʧʨ. 

ʩʝʢʚʝʥʮʠʿʘʣʘʥ ʧʨʠʩʪʫʧ, ʦʧʝʨʘʪʠʚʥʠ ʩʠʩʪʝʤ ʯʠʥʠ ʧʨʦʠʟʚʦˀʘʥ ʧʨʠʩʪʫʧ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʜʝʣʦʚʠʤʘ ʚʠʨʪʫʝʣʥʝ ʤʝʤʦʨʠʿʝ ʧʦʪʧʫʥʦ ʪʨʘʥʩʧʘʨʝʥʪʥʠʤ. ʉʘ 

ʩʪʘʥʦʚʠʰʪʘ ʧʨʦʛʨʘʤʘ, ʮʝʣʘ ʚʠʨʪʫʝʣʥʘ ʤʝʤʦʨʠʿʘ ʩʝ ʧʦʥʘʰʘ ʢʘʦ ʧʨʦʰʠʨʝˁʝ ʛʣʘʚʥʝ 

ʤʝʤʦʨʠʿʝ, ʦʜʥʦʩʥʦ ʢʘʦ RAM. ʄʦʞʝ ʩʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʚʠʨʪʫʝʣʥʘ ʤʝʤʦʨʠʿʘ ʠ RAM 

ʜʠʩʢ ʠʤʘʿʫ ʠʥʚʝʨʟʥʝ ʫʣʦʛʝ. ʂʦʜ RAM ʜʠʩʢʘ ʩʝ ʛʣʘʚʥʦʿ ʤʝʤʦʨʠʿʠ, ʢʦʿʘ ʠʤʘ 

ʧʨʦʠʟʚʦˀʘʥ ʧʨʠʩʪʫʧ, ʧʨʠʩʪʫʧʘ ʢʦʨʠʰ˂ʝˁʝʤ ʜʘʪʦʪʝʯʥʦʛ ʩʠʩʪʝʤʘ, ʘ ʢʦʜ ʚʠʨʪʫʝʣʥʝ 

ʤʝʤʦʨʠʿʝ ʩʝ ʩʝʢʫʥʜʘʨʥʦʿ ʤʝʤʦʨʠʿʠ, ʢʦʿʦʿ ʩʝ ʧʨʠʩʪʫʧʘ ʧʨʝʢʦ ʜʘʪʦʪʝʯʥʦʛ ʩʠʩʪʝʤʘ, 

ʧʨʠʩʪʫʧʘ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʠʟʚʦˀʥʦʛ ʘʜʨʝʩʠʨʘˁʘ. 

1.2.2 ʃʦʢʘʮʠʿʘ ʜʝʣʦʚʘ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ 

ɼʝʣʦʚʠ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʩʫ ʬʠʟʠʯʢʠ ʣʦʮʠʨʘʥʠ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʤʝʩʪʠʤʘ ʫ ʦʢʚʠʨʫ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ (ʉʣʠʢʘ 1.4). ʈʝʛʠʩʪʨʠ ʠ ʜʝʦ ʢʝʰ ʤʝʤʦʨʠʿʝ 

(ʪʠʧʠʯʥʦ L1 ʠ L2) ʛʦʪʦʚʦ ʫʚʝʢ ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ 

(ʝʥʛ. integrated circuit) ʢʘʦ ʠ ʧʨʦʮʝʩʦʨ. ʊʦ ʿʝ ʤʦʛʫ˂ʝ ʟʘʪʦ ʰʪʦ ʩʝ ʠ ʨʝʛʠʩʪʘʨʩʢʘ 

ʤʝʤʦʨʠʿʘ ʠ SRAM ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʢʦʨʠʰ˂ʝˁʝʤ ʠʩʪʦʛ ʪʝʭʥʦʣʦʰʢʦʛ ʧʨʦʮʝʩʘ ʢʘʦ ʠ 

ʜʠʛʠʪʘʣʥʘ ʣʦʛʠʯʢʘ ʢʦʣʘ. ʅʘʿʚʠʰʠ ʥʠʚʦ ʢʝʰ ʤʝʤʦʨʠʿʝ (L3 ʠʣʠ L4) ʩʝ ʟʙʦʛ ʩʚʦʿʝ 
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ʚʝʣʠʯʠʥʝ ʥʝʢʘʜʘ ʠʤʧʣʝʤʝʥʪʠʨʘ ʠ ʦʜʚʦʿʝʥʦ, ʢʘʦ ʧʦʩʝʙʥʦ ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ. ɸʢʦ ʿʝ 

ʥʘʿʚʠʰʠ ʥʠʚʦ ʢʝʰʘ SRAM ʤʝʤʦʨʠʿʘ, ʪʦ ʩʝ ʨʘʜʠ ʟʙʦʛ ʧʦʚʝ˂ʘˁʘ ʧʨʠʥʦʩʘ (ʝʥʛ. yield) 

ʩʠʣʠʮʠʿʫʤʩʢʦʛ ʚʘʬʝʨʘ (ʝʥʛ. silicon wafer) ʠ ʩʤʘˁʝˁʘ ʮʝʥʝ ʧʨʦʠʟʚʦʜˁʝ, ʘ ʘʢʦ ʿʝ 

ʥʘʿʚʠʰʠ ʥʠʚʦ ʢʝʰʘ DRAM ʤʝʤʦʨʠʿʘ (ʪʟʚ. ʝDRAM), ʪʦ ʩʝ ʨʘʜʠ ʠʟ ʪʝʭʥʦʣʦʰʢʠʭ 

ʨʘʟʣʦʛʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʩʝ ʥʘʿʚʠʰʠ ʥʠʚʦ ʢʝʘh ʠ ʧʨʦʮʝʩʦʨ ʧʦʚʝʟʫʿʫ ʫ ʿʝʜʘʥ ʯʠʧ ʫ 

ʦʢʚʠʨʫ ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ ʠʣʠ ʿʝʜʘʥ ʧʦʨʝʜ ʜʨʫʛʦʛ (ʝʥʛ. multi-chip module) ʠʣʠ ʿʝʜʘʥ 

ʠʟʥʘʜ ʜʨʫʛʦʛ (ʝʥʛ. stacked die), ʯʠʤʝ ʩʝ ʦʛʨʘʥʠʯʘʚʘ ʫʪʠʮʘʿ ʜʫʞʠʥʝ ʚʝʟʘ ʠ ʩʤʝʪˁʠ ʥʘ 

ʧʘʜ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʠ ʥʘʩʪʘʿʝ ʟʙʦʛ ʬʠʟʠʯʢʝ ʨʘʟʜʚʦʿ ʝʥʦʩʪʠ. 

ɻʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʩʝ ʦʙʠʯʥʦ ʠʤʧʣʝʤʝʥʪʠʨʘ ʫ ʚʠʜʫ ʦʜʚʦʿʝʥʠʭ DRAM 

ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʢʦʿʠ ʩʝ ʧʦʚʝʟʫʿʫ ʩʘ ʧʨʦʮʝʩʦʨʦʤ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. 

ʈʘʟʣʦʛ ʟʘ ʪʦ ʿʝ ʰʪʦ ʧʨʦʠʟʚʦʜˁʘ DRAM ʤʝʤʦʨʠʿʘ ʟʘʭʪʝʚʘ ʨʘʟʣʠʯʠʪ ʪʝʭʥʦʣʦʰʢʠ 

ʧʨʦʮʝʩ ʦʜ ʧʨʦʠʟʚʦʜˁʝ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʩʘ ʧʨʝʚʘʩʭʦʜʥʦ ʜʠʛʠʪʘʣʥʦʤ ʣʦʛʠʢʦʤ ʢʘʦ 

ʰʪʦ ʿʝ ʧʨʦʮʝʩʦʨ. ʇʨʦʮʝʩʦʨʩʢʘ ʠ DRAM ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʤʦʛʫ ʩʝ ʧʦʚʝʟʘʪʠ ʫ ʦʢʚʠʨʫ 

 

ʉʣʠʢʘ 1.4 ï ʃʦʢʘʮʠʿʘ ʜʝʣʦʚʘ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ 

ʈʘʟʣʠʯʠʪʠ ʜʝʣʦʚʠ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʩʫ ʣʦʮʠʨʘʥʠ ʥʘ: 1) ʠʩʪʦʤ ʠʥʪʝʛʨʠʩʘʥʦʤ ʢʦʣʫ 

ʟʘʿʝʜʥʦ ʩʘ ʧʨʦʮʝʩʦʨʦʤ (CPU1..n), 2) ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ ʢʘʦ ʠ ʧʨʦʮʝʩʦʨʩʢʦ 

ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ (CPU), 3) ʢʘʦ ʯʠʧʦʚʠ ʥʘ ʤʘʪʠʯʥʦʿ ʧʣʦʯʠ (ʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘ) ʠ 4) ʢʘʦ 

ʧʝʨʠʬʝʨʥʠ ʫʨʝʹʘʿʠ. ʅʘ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥ ʧʨʠʤʝʨ ʛʜʝ ʿʝ L3 ʢʝʰ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʢʘʦ ʟʘʩʝʙʥʦ 

ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ ʫ ʠʩʪʦʤ ʧʘʢʦʚʘˁʫ ʩʘ ʧʨʦʮʝʩʦʨʦʤ, ʘ ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ ʩʫ 

ʧʘʢʦʚʘʥʘ ʫ ʟʘʩʝʙʥʝ ʯʠʧʦʚʝ ʠ ʤʦʜʫʣʝ. 
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ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ, ʪʿ. ʫ ʿʝʜʘʥ ʯʠʧ, ʰʪo ʿʝ, ʥʘ ʧʨʠʤʝʨ, ʯʝʩʪ ʩʣʫʯʘʿ ʢʦʜ ʯʠʧʦʚʘ ʟʘ ʠʛʨʘʯʢʝ 

ʢʦʥʟʦʣʝ (ʝʥʛ. gaming consoles). ʊʠʤʝ ʩʝ ʧʦʚʝ˂ʘʚʘʿʫ ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʩʤʘˁʫʿʝ ʮʝʥʘ 

ʩʠʩʪʝʤʘ, ʿʝʨ ʢʦʜ ˁʠʭ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʫ ʩʤʠʩʣʫ ʚʝʣʠʯʠʥʝ ʠ ʙʨʟʠʥʝ ʤʝʤʦʨʠʿʝ ʥʠʿʝ 

ʧʦʪʨʝʙʥʘ ʩ ʦʙʟʠʨʦʤ ʜʘ ʩʫ ʥʝʧʨʦʤʝʥˀʠʚʠ. DRAM ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʩʝ, ʠʧʘʢ, 

ʥʘʿʯʝʰ˂ʝ ʧʘʢʫʿʫ ʦʜʚʦʿʝʥʦ, ʪʿ. ʫ ʧʦʩʝʙʥʝ ʤʝʤʦʨʠʿʩʢʝ ʯʠʧʦʚʝ. DRAM ʯʠʧʦʚʠ ʤʦʛʫ 

ʙʠʪʠ ʜʠʨʝʢʪʥʦ ʟʘʣʝʤˀʝʥʠ ʥʘ ʤʘʪʠʯʥʦʿ ʧʣʦʯʠ (ʝʥʛ. embedded) ʠʣʠ ʩʝ ʚʠʰʝ DRAM 

ʯʠʧʦʚʘ ʤʦʞʝ ʧʦʚʝʟʘʪʠ ʥʘ ʧʦʩʝʙʥʠʤ ʰʪʘʤʧʘʥʠʤ ʧʣʦʯʠʮʘʤʘ, ʤʝʤʦʨʠʿʩʢʠʤ 

ʤʦʜʫʣʠʤʘ, ʢʦʿʠ ʩʝ ʫʤʝ˂ʫ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʩʣʦʪʦʚʝ ʥʘ ʤʘʪʠʯʥʦʿ ʧʣʦʯʠ. ʇʨʚʠ ʧʨʠʩʪʫʧ 

ʦʤʦʛʫ˂ʘʚʘ ʩʢʨʘ˂ʠʚʘˁʝ ʚʝʟʘ ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʝ ʠ ʧʨʦʮʝʩʦʨʘ, ʘ ʪʠʤʝ ʠ ʙʦˀʝ 

ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ, ʜʦʢ ʜʨʫʛʠ ʧʨʠʩʪʫʧ ʦʤʦʛʫ˂ʘʚʘ ʢʦʨʠʩʥʠʢʫ ʠʟʙʦʨ ʪʠʧʘ 

ʤʝʤʦʨʠʿʘ ʠ ʧʨʦʠʟʚʦʹʘʯʘ ʧʦ ʮʝʥʫ ʥʝʰʪʦ ʥʠʞʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʚʝ˂ʝ ʧʦʪʨʦʰˁʝ. 

ʌʣʝʰ ʤʝʤʦʨʠʿʘ (SDD), ʤʘʛʥʝʪʥʠ ʜʠʩʢʦʚʠ (HDD), ʤʘʛʥʝʪʥʝ ʪʨʘʢʝ (ʄʊ) ʠ 

ʦʧʪʠʯʢʠ ʜʠʩʢʦʚʠ (CD, DVD, BR) ʩʝ ʪʠʧʠʯʥʦ ʧʦʚʝʟʫʿʫ ʩʘ ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ ʢʘʦ 

ʧʝʨʠʬʝʨʥʠ ʫʨʝʹʘʿʠ ʧʨʝʢʦ ʧʝʨʠʬʝʨʠʿʩʢʠʭ ʢʦʥʪʨʦʣʝʨʘ (ʝʥʛ. I/O controllers) ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʤʘʛʠʩʪʨʘʣʘ (ʥʧʨ. PCIE, SATA ʠ ʜʨ.). 

1.2.3 ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʘʯʫʥʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ 

ʋʣʦʛʘ ʤʝʤʦʨʠʿʝ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ, ʦʜʥʦʩʥʦ ˁʝʥʦ ʤʝʩʪʦ ʫ ʤʝʤʦʨʠʿʩʢʦʿ 

ʭʠʿʝʨʘʨʭʠʿʠ, ʿʝ ʦʜʨʝʹʝʥʦ ˁʝʥʠʤ ʬʠʟʠʯʢʠʤ ʠ ʪʝʭʥʦʣʦʰʢʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ, 

ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʠ ʮʝʥʦʤ. 

ʋ ʬʠʟʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʧʘʜʘʿʫ ʛʫʩʪʠʥʘ ʧʘʢʦʚʘˁʘ ʠʥʬʦʨʤʘʮʠʿʘ, 

ʤʘʢʩʠʤʘʣʥʠ ʢʘʧʘʮʠʪʝʪ ʠ ʧʦʪʨʦʰˁʘ ʝʥʝʨʛʠʿʝ. 

ɻʫʩʪʠʥʘ ʧʘʢʦʚʘˁʘ ʠʥʬʦʨʤʘʮʠʿʘ ʛʦʚʦʨʠ ʦ ʪʦʤʝ ʢʦʣʠʢʘ ʢʦʣʠʯʠʥʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʩʝ ʤʦʞʝ ʩʤʝʩʪʠʪʠ ʥʘ ʦʜʨʝʹʝʥʦʤ ʧʨʦʩʪʦʨʫ. ɺʝ˂ʠʥʘ ʤʝʤʦʨʠʿʘ ʠʤʘ 

ʬʠʟʠʯʢʠ ʠʟʨʘʞʝʥʫ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʩʪ, ʪʿ. ʠʥʬʦʨʤʘʮʠʿʝ ʩʝ ʩʤʝʰʪʘʿʫ ʧʦ ʧʦʚʨʰʠʥʠ 

ʤʝʤʦʨʠʿʩʢʦʛ ʤʝʜʠʿʫʤʘ (ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʛ ʯʠʧʘ, ʤʘʛʥʝʪʥʦʛ ʜʠʩʢʘ ʠʣʠ ʪʨʘʢʝ, 

ʦʧʪʠʯʢʦʛ ʜʠʩʢʘ ʠ ʩʣ.). ʉʪʦʛʘ ʩʝ ʛʫʩʪʠʥʘ ʧʘʢʦʚʘˁʘ ʠʥʬʦʨʤʘʮʠʿʘ ʦʙʠʯʥʦ ʤʝʨʠ ʫ 

ʛʠʛʘʙʠʪʠʤʘ ʧʦ ʮʝʥʪʠʤʝʪʨʫ ʢʚʘʜʨʘʪʥʦʤ (Gb/cm2)). ʉʘ ʨʘʟʚʦʿʝʤ 3D 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʪʝʭʥʦʣʦʛʠʿʘ ʠ ʜʨʫʛʠʭ ʪʝʭʥʦʣʦʛʠʿʘ ʟʘ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦ 

ʩʢʣʘʜʠʰʪʝˁʝ ʠʥʬʦʨʤʘʮʠʿʘ (ʥʧʨ. ʭʦʣʦʛʨʘʬʩʢʠʭ ʤʝʤʦʨʠʿʘ), ʛʫʩʪʠʥʘ ʧʘʢʦʚʘˁʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ˂ʝ ʧʦʯʝʪʠ ʜʘ ʩʝ ʤʝʨʠ ʠ ʧʦ ʿʝʜʠʥʠʮʠ ʟʘʧʨʝʤʠʥʝ (Gb/cm3).  
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ʄʘʢʩʠʤʘʣʥʠ ʢʘʧʘʮʠʪʝʪ ʤʝʤʦʨʠʿʝ ʦʜʨʝʹʫʿʝ ʢʦʣʠʯʠʥʫ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʘ ʤʦʞʝ 

ʜʘ ʩʝ ʩʤʝʩʪʠ ʫ ʦʢʚʠʨʫ ʿʝʜʥʦʛ ʤʝʤʦʨʠʿʩʢʦʛ ʫʨʝʹʘʿʘ. ʂʘʧʘʮʠʪʝʪ ʩʝ ʠʟʨʘʞʘʚʘ ʫ 

ʙʘʿʪʦʚʠʤʘ, ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ SI ʧʨʝʬʠʢʩʠʤʘ ʟʘ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ: ʢʠʣʦ (K), ʤʝʛʘ (M), 

ʛʠʛʘ (G), ʪʝʨʘ (T) ʠʪʜ. ɺʝʣʠʯʠʥʘ ʨʝʛʠʩʪʘʨʩʢʝ ʤʝʤʦʨʠʿʝ ʩʝ ʥʧʨ. ʪʠʧʠʯʥʦ ʠʟʨʘʞʘʚʘ ʫ 

KB, ʚʝʣʠʯʠʥʘ ʢʝʰ ʤʝʤʦʨʠʿʝ ʫ MB, ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ ʫ GB, ʩʝʢʫʥʜʘʨʥʝ ʤʝʤʦʨʠʿʝ ʫ 

TB ʠ ʩʣ. 

ʇʦʪʨʦʰˁʘ ʝʥʝʨʛʠʿʝ ʛʦʚʦʨʠ ʦ ʪʦʤʝ ʢʦʣʠʢʘ ʝʥʝʨʛʠʿʘ ʿʝ ʧʦʪʨʝʙʥʘ ʟʘ ʦʯʠʪʘʚʘˁʝ 

ʠʣʠ ʫʧʠʩ ʿʝʜʥʦʛ ʙʠʪʘ ʠʥʬʦʨʤʘʮʠʿʝ ʫ ʤʝʤʦʨʠʿʫ. ʇʦʪʨʦʰˁʘ ʝʥʝʨʛʠʿʝ ʩʝ ʦʙʠʯʥʦ ʤʝʨʠ 

ʫ ʧʠʢʦ˅ʫʣʠʤʘ ʧʦ ʙʠʪʫ (pJ/b). ʅʘ ʦʩʥʦʚʫ ʦʚʦʛ ʧʦʜʘʪʢʘ ʠ ʤʘʢʩʠʤʘʣʥʦʛ ʧʨʦʪʦʢʘ ʤʦʞʝ 

ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʫʢʫʧʥʘ ʧʦʪʨʦʰˁʘ ʝʥʝʨʛʠʿʝ ʤʝʤʦʨʠʿʩʢʦʛ ʫʨʝʹʘʿʘ, ʘ ʥʘ ʦʩʥʦʚʫ ʛʫʩʪʠʥʝ 

ʧʘʢʦʚʘˁʘ ʠʥʬʦʨʤʘʮʠʿʘ ʠ ʪʝʨʤʘʣʥʘ ʜʠʩʠʧʘʮʠʿʘ ʧʦ ʿʝʜʠʥʠʮʠ ʧʦʚʨʰʠʥʝ (W/cm2) ʠʣʠ 

ʟʘʧʨʝʤʠʥʝ (W/cm3) ʨʘʜʠ ʧʨʦʮʝʥʝ ʧʦʪʨʝʙʝ ʟʘ ʭʣʘʹʝˁʝʤ. 

ʋ ʪʝʭʥʦʣʦʰʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʧʘʜʘʿʫ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʪʦʤʝ ʜʘ ʣʠ ʤʝʤʦʨʠʿʘ 

ʟʘʭʪʝʚʘ ʤʝʭʘʥʠʯʢʝ, ʦʧʪʠʯʢʝ ʠʣʠ ʜʨʫʛʝ ʢʦʤʧʦʥʝʥʪʝ ʟʘ ʧʨʠʩʪʫʧ, ʜʘ ʣʠ ʿʝ ʧʨʦʮʝʩ 

ʧʨʦʠʟʚʦʜˁʝ ʠ ʧʘʢʦʚʘˁʘ ʤʝʤʦʨʠʿʝ ʢʦʤʧʘʪʠʙʠʣʘʥ ʩʘ ʧʨʦʮʝʩʦʤ ʧʨʦʠʟʚʦʜˁʝ ʠ 

ʧʘʢʦʚʘˁʘ ʧʨʦʮʝʩʦʨʘ ʠ ʩʣ. ʊʘʢʦ ʤʘʛʥʝʪʥʠ ʜʠʩʢʦʚʠ ʠ ʪʨʘʢʝ ʥʧʨ. ʠʤʘʿʫ ʤʝʭʘʥʠʯʢʝ 

ʢʦʤʧʦʥʝʥʪʝ, ʘ ʦʧʪʠʯʢʠ ʜʠʩʢʦʚʠ ʤʝʭʘʥʠʯʢʝ ʠ ʦʧʪʠʯʢʝ ʢʦʤʧʦʥʝʥʪʝ, ʰʪʦ ʠʭ ʯʠʥʠ 

ʥʝʧʦʛʦʜʥʠʤ ʟʘ ʠʥʪʝʛʨʘʮʠʿʫ ʫ ʤʦʙʠʣʥʝ ʫʨʝʹʘʿʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʨʝʛʠʩʪʨʠ ʠ SRAM 

ʩʝ ʤʦʛʫ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʫ ʠʩʪʦʿ ʪʝʭʥʦʣʦʛʠʿʠ ʢʘʦ ʠ ʧʨʦʮʝʩʦʨ ʫ ʦʢʚʠʨʫ ʿʝʜʥʦʛ 

ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ, SRAM ʠ DRAM ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʩʝ ʤʦʛʫ ʧʦʚʝʟʘʪʠ ʠ ʧʘʢʦʚʘʪʠ 

ʟʘʿʝʜʥʦ ʩʘ ʧʨʦʮʝʩʦʨʩʢʠʤ ʢʦʣʠʤʘ ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʯʠʧʘ, DRAM ʯʠʧʦʚʠ ʩʝ ʤʦʛʫ 

ʣʝʤʠʪʠ ʥʘ ʠʩʪʦʿ ʧʣʦʯʠ ʩʘ ʧʨʦʮʝʩʦʨʩʢʠʤ ʯʠʧʦʤ ʠʪʜ. 

ʇʝʨʬʦʨʤʘʥʩʝ ʤʝʤʦʨʠʿʝ ʩʝ ʜʝʬʠʥʠʰʫ ʧʦʤʦ˂ʫ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ: ʚʨʝʤʝʥʘ 

ʧʨʠʩʪʫʧʘ, ʦʜʥʦʩʥʦ ʢʘʰˁʝˁʘ (ʝʥʛ. latency), ʠ ʤʘʢʩʠʤʘʣʥʦʛ ʧʨʦʪʦʢʘ ʧʨʦʜʘʪʘʢʘ (ʝʥʛ. 

bandwidth). ʊʨʝʙʘ ʠʤʘʪʠ ʫ ʚʠʜʫ ʜʘ ʧʝʨʬʦʨʤʘʥʩʝ ʤʦʛʫ ʙʠʪʥʦ ʜʘ ʚʘʨʠʨʘʿʫ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʩʝ ʚʨʰʠ ʯʠʪʘˁʝ ʠʣʠ ʫʧʠʩ, ʘ ʢʦʜ ʤʝʤʦʨʠʿʘ ʩʘ 

ʩʝʢʚʝʥʮʠʿʘʣʥʠʤ ʧʨʠʩʪʫʧʦʤ ʿʝ ʦʜ ʚʝʦʤʘ ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ ʨʝʜʦʩʣʝʜ ʧʨʠʩʪʫʧʘ 

ʧʦʜʘʮʠʤʘ. 

ɺʨʝʤʝ ʧʨʠʩʪʫʧʘ ʦʟʥʘʯʘʚʘ ʢʦʣʠʢʦ ʚʨʝʤʝʥʘ ʤʦʨʘ ʧʨʦ˂ʠ ʦʜ ʪʨʝʥʫʪʢʘ ʦʜ ʢʘʜʘ 

ʧʨʦʮʝʩʦʨ ʟʘʪʨʘʞʠ ʧʨʠʩʪʫʧ ʧʦʜʘʪʢʫ ʜʦʢ ʩʝ ʧʦʜʘʪʘʢ ʥʝ ʦʯʠʪʘ ʠʟ ʤʝʤʦʨʠʿʝ ʠʣʠ ʫʧʠʰʝ 
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ʫ ʤʝʤʦʨʠʿʫ. ɺʨʝʤʝ ʧʨʠʩʪʫʧʘ ʩʝ ʤʝʨʠ ʫ ʩʝʢʫʥʜʘʤʘ (s), ʫʟ ʧʨʠʤʝʥʫ ʩʪʘʥʜʘʨʜʥʠʭ SI 

ʧʨʝʬʠʢʩʘ ʟʘ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ: ʧʠʢʦ (p), ʥʘʥʦ (n), ʤʠʢʨʦ (m), ʤʠʣʠ (m) ʠʪʜ. 

ɸʣʪʝʨʥʘʪʠʚʥʦ, ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʩʝ ʤʦʞʝ ʤʝʨʠʪʠ ʠ ʨʝʣʘʪʠʚʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʙʨʟʠʥʫ 

ʧʨʦʮʝʩʦʨʘ, ʧʨʝʢʦ ʙʨʦʿʘ ʪʘʢʪʦʚʘ ʧʨʦʮʝʩʦʨʘ (clk). ɺʨʝʤʝ ʧʨʠʩʪʫʧʘ ʚʘʨʠʨʘ ʠʟʤʝʹʫ 

ʨʘʟʣʠʯʠʪʠʭ ʤʝʤʦʨʠʿʘ ʟʘ ʥʝʢʦʣʠʢʦ ʨʝʜʦʚʘ ʚʝʣʠʯʠʥʝ ʠ ʥʝʧʦʩʨʝʜʥʦ ʩʝ ʦʜʨʘʞʘʚʘ ʥʘ 

ʤʝʩʪʦ ʢʦʿʝ ʤʝʤʦʨʠʿʘ ʠʤʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ. ʊʘʢʦ ʩʝ ʤʝʤʦʨʠʿʝ ʩʘ ʢʨʘ˂ʠʤ 

ʚʨʝʤʝʥʦʤ ʧʨʠʩʪʫʧʘ ʥʘʣʘʟʝ ʚʠʰʝ ʫ ʭʠʿʝʨʘʨʭʠʿʠ, ʦʜʥʦʩʥʦ ʙʣʠʞʝ ʧʨʦʮʝʩʦʨʫ, ʠ 

ʦʙʨʥʫʪʦ. 

ʇʨʦʪʦʢ ʧʦʜʘʪʘʢʘ ʦʟʥʘʯʘʚʘ ʢʦʣʠʯʠʥʫ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʦʿ ʩʝ ʤʦʞʝ ʧʨʠʩʪʫʧʠʪʠ 

ʫ ʿʝʜʥʠʮʠ ʚʨʝʤʝʥʘ. ʆʙʠʯʥʦ ʩʝ ʦʟʥʘʯʘʚʘ ʫ ʛʠʛʘʙʠʪʠʤʘ ʫ ʩʝʢʫʥʜʠ (Gb/s). ɺʨʝʤʝ 

ʧʨʠʩʪʫʧʘ ʠ ʧʨʦʪʦʢ ʥʝ ʤʦʨʘʿʫ ʙʠʪʠ ʫ ʢʦʨʝʣʘʮʠʿʠ. ʅʘ ʧʨʠʤʝʨ, ʢʦʜ ʚʝ˂ʠʥʝ ʤʝʤʦʨʠʿʘ 

ʩʘ ʥʝʧʦʩʨʝʜʥʠʤ ʧʨʠʩʪʫʧʦʤ ʢʘʰˁʝˁʝ ʿʝ ʤʘʣʦ, ʘ ʧʨʦʪʦʢ ʚʝʣʠʢʠ, ʰʪʦ ʿʝ ʘʜʝʢʚʘʪʥʦ ʟʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʨʠʤʘʨʥʝ ʤʝʤʦʨʠʿʝ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʦʜ ʚʝ˂ʠʥʝ ʤʝʤʦʨʠʿʘ ʩʘ 

ʩʝʢʚʝʥʮʠʿʘʣʥʠʤ ʧʨʠʩʪʫʧʦʤ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʿʝ ʦʙʠʯʥʦ ʚʝʣʠʢʦ, ʜʦʢ ʧʨʦʪʦʢ ʚʘʨʠʨʘ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʝʜʦʩʣʝʜʘ ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ, ʰʪʦ ʿʝ ʘʜʝʢʚʘʪʥʦ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ 

ʩʝʢʫʥʜʘʨʥʝ ʤʝʤʦʨʠʿʝ. 

ʎʝʥʘ ʤʝʤʦʨʠʿʝ ʧʦʢʘʟʫʿʝ ʢʦʣʠʢʦ ʢʦʰʪʘ ʧʨʦʠʟʚʦʜˁʘ ʤʝʤʦʨʠʿʩʢʦʛ ʫʨʝʹʘʿʘ ʧʦ 

ʿʝʜʠʥʠʮʠ ʫʩʢʣʘʜʠʰʪʝʥʝ ʠʥʬʦʨʤʘʮʠʿʝ. ʎʝʥʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʠʟʨʘʞʘʚʘ ʫ $/Gb. ʋ ʧʨʘʢʩʠ 

ʿʝ ʚʘʞʥʘ ʥʝ ʩʘʤʦ ʘʧʩʦʣʫʪʥʘ ʮʝʥʘ ʤʝʤʦʨʠʿʝ, ʚʝ˂ ʦʜʥʦʩ ʮʝʥʝ ʠ ʧʝʨʬʦʨʤʘʥʩʠ. 

ɸʧʩʦʣʫʪʥʘ ʮʝʥʘ ʤʝʤʦʨʠʿʝ ʿʝ ʦʜ ʧʨʠʤʘʨʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʩʝʢʫʥʜʘʨʥʝ ʤʝʤʦʨʠʿʝ, ʿʝʨ ʦʥʝ 

ʩʢʣʘʜʠʰʪʝ ʚʝʣʠʢʫ ʢʦʣʠʯʠʥʫ ʠʥʬʦʨʤʘʮʠʿʘ. ɼʘ ʙʠ ʮʝʥʘ ʤʝʤʦʨʠʿʩʢʦʛ ʫʨʝʹʘʿʘ ʙʠʣʘ 

ʧʨʠʭʚʘʪˀʠʚʘ ʟʘ ʢʦʨʠʩʥʠʢʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʮʝʥʘ ʧʦ ʿʝʜʠʥʠʮʠ ʫʩʢʣʘʜʠʰʪʝʥʝ 

ʠʥʬʦʨʤʘʮʠʿʝ ʙʫʜʝ ʜʦʚʦˀʥʦ ʥʠʩʢʘ. ʐʪʦ ʝʿ ʤʝʤʦʨʠʿʘ ʧʦʟʠʮʠʦʥʠʨʘʥʘ ʚʠʰʝ ʫ 

ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ, ʪʦ ʧʝʨʬʦʨʤʘʥʩʝ ʧʦʩʪʘʿʫ ʩʚʝ ʚʘʞʥʠʿʝ ʦʜ ʮʝʥʝ. ʊʘʢʦ ʿʝ, ʥʘ 

ʧʨʠʤʝʨ, ʮʝʥʘ ʨʝʛʠʩʪʘʨʘ ʠ SRAM ʤʝʤʦʨʠʿʝ ʟʘ ʿʝʜʘʥ ʠʣʠ ʜʚʘ ʨʝʜʘ ʚʝʣʠʯʠʥʝ ʚʝ˂ʘ ʦʜ 

ʮʝʥʝ DRAM ʤʝʤʦʨʠʿʝ, ʘ ʪʨʠ ʠʣʠ ʚʠʰʝ ʨʝʜʦʚʘ ʚʝʣʠʯʠʥʝ ʦʜ ʮʝʥʝ ʬʣʝʰ ʤʝʤʦʨʠʿʝ. 

1.2.4 ʇʨʠʤʝʥʘ ʨʘʯʫʥʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ 

ʋʣʦʛʘ ʨʘʯʫʥʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ ʩʝ ʜʝʬʠʥʠʰʝ ʥʘ ʦʩʥʦʚʫ 

ˁʠʭʦʚʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (ʉʣʠʢʘ 1.5 ). ʄʝʤʦʨʠʿʝ ʩʘ ʤʘʣʠʤ ʚʨʝʤʝʥʦʤ ʧʨʠʩʪʫʧʘ ʠ 

ʚʝʣʠʢʠʤ ʧʨʦʪʦʢʦʤ (ʫʦʙʠʯʘʿʝʥ ʥʘʟʠʚ ʟʘ ˁʠʭ ʿʝ Ăʙʨʟʝñ ʤʝʤʦʨʠʿʝ), ʢʦʿʝ ʠʤʘʿʫ 
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ʧʨʦʠʟʚʦˀʥʦ ʘʜʨʝʩʠʨʘˁʝ ʠ ʜʦʟʦˀʘʚʘʿʫ ʠ ʯʠʪʘˁʝ ʠ ʫʧʠʩ ʩʫ ʧʨʠʨʦʜʥʠ ʢʘʥʜʠʜʘʪʠ ʟʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʨʠʤʘʨʥʝ ʤʝʤʦʨʠʿʝ, ʦʜʥʦʩʥʦ ʟʘ ʚʠʰʘ ʤʝʩʪʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ 

ʭʠʿʝʨʘʨʭʠʿʠ. ʄʝʤʦʨʠʿʝ ʢʦʿʝ ʩʫ ʿʝʬʪʠʥʝ ʠ ʠʤʘʿʫ ʚʝʣʠʢʫ ʛʫʩʪʠʥʫ ʧʘʢʦʚʘˁʘ, ʘʣʠ ʥʝ 

ʥʝʦʧʭʦʜʥʦ ʠ ʚʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ, ʩʫ ʧʦʛʦʜʥʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʩʝʢʫʥʜʘʨʥʝ 

ʤʝʤʦʨʠʿʝ, ʦʜʥʦʩʥʦ ʟʘ ʥʠʞʘ ʤʝʩʪʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ. 

ʄʝʹʫ ʢʘʥʜʠʜʘʪʝ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʧʨʠʤʘʨʥʝ ʤʝʤʦʨʠʿʝ ʩʧʘʜʘʿʫ ʨʝʛʠʩʪʘʨʩʢʝ 

ʤʝʤʦʨʠʿʝ, SRAM, DRAM, MRAM, PRAM ʠ RRAM. ʆʜ ˁʠʭ, ʩʘʤʦ ʨʝʛʠʩʪʘʨʩʢʝ 

  

ʉʣʠʢʘ 1.5 ï ʂʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʝʤʦʨʠʿʘ ʠ ˁʠʭʦʚʘ ʫʣʦʛʘ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ 

ɻʨʘʬʠʢ ʧʨʠʢʘʟʫʿʝ ʦʩʥʦʚʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʘʯʫʥʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ (ʧʦʜʘʮʠ ʟʘ 2014-2015 

ʛʦʜʠʥʫ). ʉʘ ʛʨʘʬʠʢʘ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ: 1) ʨʝʛʠʩʪʘʨʩʢʘ ʤʝʤʦʨʠʿʘ ʠ SRAM ʠʩʧʫˁʘʚʘʿʫ 

ʢʨʠʪʝʨʠʿʫʤʝ ʟʘ ʫʥʫʪʘʨ-ʧʨʦʮʝʩʦʨʢʝ ʤʝʤʦʨʠʿʝ, 2) ʿʝʜʠʥʦ DRAM ʟʘʜʦʚʦˀʘʚʘ ʢʨʠʪʝʨʠʿʫʤʝ ʟʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ, 3) HDD, SSD, MT ʠ CD/DVD/BR ʟʘʜʦʚʦˀʘʚʘʿʫ 

ʢʨʠʪʝʨʠʿʫʤʝ ʟʘ ʩʝʢʫʥʜʘʨʥʝ ʤʝʤʦʨʠʿʝ, 4) ʧʨʝʩʝʢ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟʘ MRAM, PRAM ʠ RRAM 

[1] ʩʫʛʝʨʠʰʝ ʜʘ ʟʘ ˁʠʭ ʪʨʝʙʘ ʢʨʝʠʨʘʪʠ ʥʦʚ ʥʠʚʦ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ ʠ 5) EPROM ʠ 

EEPROM ʥʝʤʘʿʫ ʣʦʛʠʯʥʦ ʤʝʩʪʦ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ, ʚʝ˂ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʩʘʤʦ ʟʘ 

ʩʧʝʮʠʬʠʯʥʝ ʧʨʠʤʝʥʝ. 
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ʤʝʤʦʨʠʿʝ ʠ SRAM ʩʫ ʜʦʚʦˀʥʦ ʙʨʟʝ ʜʘ ʠʭ ʠʤʘ ʩʤʠʩʣʘ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʫ ʦʢʚʠʨʫ 

ʠʩʪʦʛ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ ʢʘʦ ʠ ʧʨʦʮʝʩʦʨ. ʆʜ ʢˀʫʯʥʝ ʿʝ ʚʘʞʥʦʩʪʠ h ʪʦ ʩʫ ʪʝʭʥʦʣʦʛʠʿʝ 

ˁʠʭʦʚʝ ʠʟʨʘʜʝ ʢʦʤʧʘʪʠʙʠʣʥʝ ʩʘ ʪʝʭʥʦʣʦʛʠʿʦʤ ʠʟʨʘʜʝ ʧʨʦʮʝʩʦʨʘ. ɿʘ ʦʚʝ ʤʝʤʦʨʠʿʝ 

ʩʝ ʢʦʨʠʩʪʠ ʠʟʨʘʟ ʫʥʫʪʘʨ-ʧʨʦʮʝʩʦʨʩʢʝ ʤʝʤʦʨʠʿʝ. ʎʝʥʘ ʨʝʛʠʩʪʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ ʿʝ 

ʚʝʦʤʘ ʚʠʩʦʢʘ ʟʙʦʛ ʚʝʣʠʢʝ ʧʦʚʨʰʠʥʝ ʢʦʿʫ ʩʚʘʢʠ ʬʣʠʧ-ʬʣʦʧ ʟʘʫʟʠʤʘ ʫ ʦʢʚʠʨʫ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʛ ʯʠʧʘ, ʘʣʠ ʠʤ ʿʝ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʤʠʥʠʤʘʣʥʦ, ʧʘ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʩʚʝ 

ʧʨʠʤʝʥʝ ʛʜʝ ʿʝ ʙʨʟʠʥʘ ʨʘʜʘ ʢʨʠʪʠʯʥʘ, ʥʘ ʧʨʠʤʝʨ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʨʝʛʠʩʪʘʨʘ, 

ʨʝʛʠʩʪʘʨʩʢʠʭ ʙʘʥʢʠ ʠʣʠ ʩʠʥʭʨʦʥʠʟʘʮʠʦʥʠʭ ʙʘʬʝʨʘ. ʎʝʥʘ SRAM ʤʝʤʦʨʠʿʘ ʿʝ ʤʘˁʘ 

ʦʜ ʮʝʥʝ ʨʝʛʠʩʪʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ, ʿʝʨ ʿʝ ʧʦʚʨʰʠʥʘ SRAM ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʦʢʦ 3 

ʧʫʪʘ ʤʘˁʘ. ʄʝʹʫʪʠʤ, ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʢʦʜ SRAM ʤʝʤʦʨʠʿʘ ʿʝ ʚʝ˂ʝ, ʧʘ ʩʝ ʦʥʝ ʢʦʨʠʩʪʝ 

ʪʘʤʦ ʛʜʝ ʥʠʿʝ ʥʝʦʧʭʦʜʥʦ ʢʦʨʠʩʪʠʪʠ ʙʨʟʫ ʠ ʩʢʫʧʫ ʨʝʛʠʩʪʘʨʩʢʫ ʤʝʤʦʨʠʿʫ, ʥʘ ʧʨʠʤʝʨ 

ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʢʝʰ ʤʝʤʦʨʠʿʘ ʠʣʠ ʠʥʪʝʨʥʠʭ ʙʘʬʝʨʘ. ʋ ʧʨʠʣʦʛ ʢʦʨʠʰ˂ʝˁʫ 

SRAM ʤʝʤʦʨʠʿʘ ʠʜʝ ʠ ʯʠˁʝʥʠʮʘ ʜʘ ʿʝ ˁʠʭʦʚʘ ʧʦʪʨʦʰˁʘ ʥʝʢʦʣʠʢʦ ʧʫʪʘ ʤʘˁʘ ʦʜ 

ʧʦʪʨʦʰˁʝ ʨʝʛʠʩʪʘʨʩʢʠʭ ʤʝʤʦʨʠʿʘ. 

DRAM ʿʝ ʿʝʜʠʥʠ ʪʠʧ ʤʝʤʦʨʠʿʘ ʯʠʿʠ ʧʨʝʩʝʢ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟʘʜʦʚʦˀʘʚʘ 

ʢʨʠʪʝʨʠʿʫʤʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ. ʊʫ ʩʝ ʧʨʝ ʩʚʝʛʘ ʤʠʩʣʠ ʥʘ 

ʧʝʨʬʦʨʤʘʥʩʝ, ʢʘʧʘʮʠʪʝʪ, ʮʝʥʫ ʠ ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ. ʋ ʜʦʛʣʝʜʥʦʿ ʙʫʜʫ˂ʥʦʩʪʠ ʩʝ ʥʝ 

ʚʠʜʠ ʜʘ ʙʠ ʥʝʢʘ ʜʨʫʛʘ ʚʨʩʪʘ ʤʝʤʦʨʠʿʝ ʤʦʛʣʘ ʜʘ ʟʘʫʟʤʝ ʤʝʩʪʦ DRAM ʤʝʤʦʨʠʿʘ ʫ ʦʚʦʿ 

ʫʣʦʟʠ. 

MRAM ʠʤʘ ʛʦʪʦʚʦ ʠʜʝʥʪʠʯʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʢʘʦ ʠ DRAM, ʘʣʠ ʟʘ ʨʝʜ 

ʚʝʣʠʯʠʥʝ ʤʘˁʫ ʛʫʩʪʠʥʫ ʧʘʢʦʚʘˁʘ ʠʥʬʦʨʤʘʮʠʿʘ ʠ ʟʥʘʪʥʦ ʚʝ˂ʫ ʮʝʥʫ. ʇʨʘʢʪʠʯʥʘ 

ʧʨʠʤʝʥʘ ʦʚʝ ʤʝʤʦʨʠʿʝ ʿʝ ʫʩʣʦʚˀʝʥʘ ʜʘˀʠʤ ʨʘʟʚʦʿʝʤ ʪʝʭʥʦʣʦʛʠʿʝ ʠʟʨʘʜʝ ʩʘ ʮʠˀʝʤ 

ʧʦʚʝ˂ʘˁʘ ʛʫʩʪʠʥʝ ʧʘʢʦʚʘˁʘ ʠ ʩʤʘˁʝˁʘ ʮʝʥʝ ʧʨʦʠʟʚʦʜˁʝ. ʋʢʦʣʠʢʦ ʩʝ ʫ ʙʫʜʫ˂ʥʦʩʪʠ 

ʫ ʦʙʘ ʦʚʘ ʘʩʧʝʢʪʘ MRAM ʤʝʤʦʨʠʿʘ ʧʨʠʙʣʠʞʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ DRAM ʤʝʤʦʨʠʿʝ, 

ʦʥʜʘ ʙʠ ʩʝ ʤʦʛʣʘ ʢʦʨʠʩʪʠʪʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʜʝʣʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ, ʢʦʿʘ ʙʠ ʙʠʣʘ 

ʧʦʩʪʦʿʘʥʘ. 

PRAM ʠ RRAM ʠʤʘʿʫ ʛʦʪʦʚʦ ʠʜʝʥʪʠʯʥʝ ʧʝʨʬʦʨʤʘʥʩʝ, ʘʣʠ ʿʝ RRAM ʟʥʘʪʥʦ 

ʩʢʫʧˀʠ, ʫʟ ʥʝʰʪʦ ʚʝ˂ʫ ʛʫʩʪʠʥʫ ʧʘʢʦʚʘˁʘ, ʢʦʿʘ ʿʝ ʚʝ˂ʘ ʥʝʛʦ ʢʦʜ DRAM ʤʝʤʦʨʠʿʝ. 

ʄʝʹʫʪʠʤ, ʦʙʝ ʦʚʝ ʤʝʤʦʨʠʿʝ ʠʤʘʿʫ ʟʘ ʨʝʜ ʚʝʣʠʯʠʥʝ ʣʦʰʠʿʝ ʧʝʨʬʦʨʤʘʥʩʝ ʦʜ DRAM 

ʤʝʤʦʨʠʿʝ, ʰʪʦ ʠʭ ʯʠʥʠ ʥʝʜʦʚʦˀʥʦ ʙʨʟʠʤ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ. 

ʋʤʝʩʪʦ ʪʦʛʘ, ʤʦʛʫ˂ʝ ʿʝ ʢʦʨʠʩʪʠʪʠ ʦʚʝ ʤʝʤʦʨʠʿʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʜʝʣʘ ʤʝʤʦʨʠʿʩʢʝ 
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ʭʠʿʝʨʘʨʭʠʿʝ ʢʦʿʠ ʙʠ ʩʝ ʥʘʣʘʟʠʦ ʠʟʤʝʹʫ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ (DRAM) ʠ ʩʝʢʫʥʜʘʨʥʝ 

ʤʝʤʦʨʠʿʝ (ʬʣʝʰ), ʢʦʿʠ ʙʠ ʙʠʦ ʧʦʩʪʦʿʘʥ. ɿʘ ʦʚʘʿ ʜʝʦ ʧʨʠʤʘʨʥʝ ʤʝʤʦʨʠʿʝ ʫ 

ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ ʩʝ ʢʦʨʠʩʪʠ ʥʘʟʠʚ ʩʪʘʣʥʘ ʤʝʤʦʨʠʿʘ. 

ʋ ʤʝʤʦʨʠʿʝ ʢʦʿʠ ʩʫ ʜʦʙʨʠ ʢʘʥʜʠʜʘʪʠ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʩʝʢʫʥʜʘʨʥʝ ʤʝʤʦʨʠʿʝ 

ʩʧʘʜʘʿʫ HDD, SSD, MT ʠ CD/DVD/BR. HDD, MT ʠ CD/DVD/BR ʥʝ ʧʦʜʨʞʘʚʘʿʫ 

ʧʨʦʠʟʚʦˀʥʦ ʘʜʨʝʩʠʨʘˁʝ ʿʝʨ ʠʤʘʿʫ ʩʝʢʚʝʥʮʠʿʘʣʥʠ ʧʨʠʩʪʫʧ, ʜʦʢ SSD, ʠʘʢʦ ʧʦʜʨʞʘʚʘ 

ʧʨʦʠʟʚʦˀʥʦ ʘʜʨʝʩʠʨʘˁʝ, ʠʤʘ ʥʝʜʦʚʦˀʥʦ ʜʦʙʨʝ ʧʝʨʬʦʨʤʘʥʩʝ ʫ ʪʦʤ ʥʘʯʠʥʫ ʨʘʜʘ ʜʘ 

ʙʠ ʤʦʛʘʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʨʠʤʘʨʥʝ ʤʝʤʦʨʠʿʝ. ʄʝʹʫʪʠʤ, ʟʙʦʛ 

ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʝ ʮʝʥʝ ʠ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʧʨʠʣʠʢʦʤ ʩʝʢʚʝʥʮʠʿʘʣʥʦʛ 

ʧʨʠʩʪʫʧʘ, ʢʦʿʝ ʩʫ ʙʦˀʝ ʦʜ ʧʝʨʬʦʨʤʘʥʩʠ ʤʘʛʥʝʪʥʠʭ ʜʠʩʢʦʚʘ, ʦʚʝ ʤʝʤʦʨʠʿʝ ʩʫ ʧʦʯʝʣʝ 

ʤʘʩʦʚʥʦ ʜʘ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʧʦʜʘʪʘʢʘ. 

EPROM ʠ EEPROM ʠʤʘʿʫ ʤʘʣʫ ʛʫʩʪʠʥʫ ʧʘʢʦʚʘˁʘ ʠ ʧʦʜʨʞʘʚʘʿʫ ʩʘʤʦ ʯʠʪʘˁʝ 

ʫ ʩʪʘʥʜʘʨʜʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ, ʧʘ ʩʝ ʟʘʪʦ ʢʦʨʠʩʪʝ ʠʩʢˀʫʯʠʚʦ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ROM 

ʤʝʤʦʨʠʿʝ. 

1.3 ʄʝʩʪʦ ʠ ʟʥʘʯʘʿ DRAM ʤʝʤʦʨʠʿʘ 

ɻʦʪʦʚʦ ʩʚʠ ʨʘʯʫʥʘʨʩʢʠ ʩʠʩʪʝʤʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʧʨʘʢʩʠ ʠʤʘʿʫ ʛʣʘʚʥʫ 

ʤʝʤʦʨʠʿʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʫ ʧʦʤʦ˂ʫ DRAM ʤʝʤʦʨʠʿʘ. ɱʝʜʠʥʠ ʠʟʫʟʝʪʘʢ ʩʫ ʧʦʿʝʜʠʥʝ 

ʚʨʩʪʝ ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʘ ʢʦʜ ʢʦʿʠʭ ʩʝ ʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʠʤʧʣʝʤʝʥʪʠʨʘ ʧʦʤʦ˂ʫ SRAM 

ʤʝʤʦʨʠʿʝ ʥʘ ʯʠʧʫ (ʝʥʛ. ʦn-chip memory), ʟʘʪʦ ʰʪʦ ʿʝ ʢʦʣʠʯʠʥʘ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ 

ʧʦʪʨʝʙʥʘ ʟʘ ʠʟʚʨʰʘʚʘˁʝ ʫʧʨʘʚˀʘʯʢʦʛ ʩʦʬʪʚʝʨʘ (ʝʥʛ. firmware) ʫ ʪʠʤ ʩʠʩʪʝʤʠʤʘ 

ʚʝʦʤʘ ʤʘʣʘ. ʉʭʦʜʥʦ ʯʠˁʝʥʠʮʠ ʜʘ ʩʫ DRAM ʤʝʤʦʨʠʿʝ ʧʨʠʩʫʪʥʝ ʛʦʪʦʚʦ ʩʚʫʜʘ, 

ʩʧʝʢʪʘʨ ʫʨʝʹʘʿʘ ʢʦʿʠ ʠʭ ʢʦʨʠʩʪʝ ʿʝ ʠʟʫʟʝʪʥʦ ʚʝʣʠʢʠ ʠ ʦʙʫʭʚʘʪʘ ʩʠʩʪʝʤʝ ʢʦʿʠ ʩʝ 

ʟʥʘʪʥʦ ʨʘʟʣʠʢʫʿʫ ʧʦ ʚʝʣʠʯʠʥʠ, ʥʘʤʝʥʠ, ʮʝʥʠ ʠ ʜʨʫʛʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ. 

ɼʘ ʙʠ ʩʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʩʘʛʣʝʜʘʣʦ ʤʝʩʪʦ ʠ ʟʥʘʯʘʿ DRAM ʤʝʤʦʨʠʿʘ ʫ 

ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ ʧʦʪʨʝʙʥʦ ʿʝ ʨʘʟʤʦʪʨʠʪʠ ˁʝʥʫ ʫʣʦʛʫ ʩʘ ʚʠʰʝ ʘʩʧʝʢʘʪʘ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʮʝʥʫ, ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ, ʢʘʦ ʠ ʫʪʠʮʘʿ ʥʘ ʘʨʭʠʪʝʢʪʫʨʫ, ʦʨʛʘʥʠʟʘʮʠʿʫ ʠ 

ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ. 
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ʋʨʝʹʘʿ ɺʨʩʪʘ DRAM  ʎʝʥʘ  

DRAM  

ʎʝʥʘ 

ʫʨʝʹʘʿʘ 

% 

Apple Watch Ăʧʘʤʝʪʥʠñ ʩʘʪ 512MB LPDDR3 $5   $81 5.5% 

Apple iPhone 4 ʤʦʙ. ʪʝʣʝʬʦʥ 1GB LPDDR $14   $187 7.4% 

Apple iPhone 5 ʤʦʙ. ʪʝʣʝʬʦʥ 1GB LPDDR2 $11   $199 5.3% 

Apple iPhone 5s ʤʦʙ. ʪʝʣʝʬʦʥ 1GB LPDDR2 $11   $190 5.8% 

Apple iPhone 6s Plus ʤʦʙ. ʪʝʣʝʬʦʥ 2GB LPDDR4 $17   $231 7.4% 

Samsung Galaxy S6 Edge ʤʦʙ. ʪʝʣʝʬʦʥ 3GB LPDDR4 $27   $285 9.7% 

Microsoft XBOX One ʠʛʨ. ʢʦʥʟʦʣʘ 8GB DDR3 $60   $471 12.7% 

Sony PlayStation 4 ʠʛʨ. ʢʦʥʟʦʣʘ 2GB DDR3 + 8GB GDDR5 $88   $372 23.7% 

Apple iPad 3 ʪʘʙʣʝʪ 1GB LPDDR2 $13   $347 4.0% 

Apple iPad Air 2 ʪʘʙʣʝʪ 2GB LPDDR3 $18   $270 6.7% 

Dell Inspiron 15 3000 Series  ʣʘʧʪʦʧ 4GB DDR3  *$40   $330 12.1% 

Dell Inspiron 17 5000 Series ʣʘʧʪʦʧ 8GB DDR3  *$80   $600 13.3% 

Dell Alienware 15 Controller ʣʘʧʪʦʧ 16GB DDR4 + 2GB GDDR5 $230   $1300 17.7% 

AMD Radeon HD 6970 ʘʢʮʝʣʝʨʘʪʦʨ 2GB GDDR5 $48   $363 13.4% 

nVidia  GTX TITAN X ʘʢʮʝʣʝʨʘʪʦʨ 12GB GDDR5 *$120   $1049 11.4% 

Dell XPS 8900 ʜʝʩʢʪʦʧ 16GB DDR4 + 4GB DDR3 *$120   $1269 9.5% 

HP Pavilion 550z ʜʝʩʢʪʦʧ 8GB DDR3 *$40   $400 10.0% 

Dell Precision Tower 5000  ʨʘʜʥʘ ʩʪʘʥʠʮʘ 32GB DDR4 RDIMM ECC + 8GB GDDR5 $580   $3150 18.4% 

HP Z230 ʨʘʜʥʘ ʩʪʘʥʠʮʘ 32GB DDR3 UDIMM ECC + 4GB GDDR5 $760   $2697 28.2% 

Dell PowerEdge R230 ʩʝʨʚʝʨ 64GB DDR4 ECC $622   $2315 26.9% 

HPE ProLiant DL20 Gen9 ʩʝʨʚʝʨ 8GB DDR4 UDIMM *$80   $649 12.3% 

HP ProLiant DL360 Gen9 ʩʝʨʚʝʨ 64GB DDR RDIMM *$640   $6270 10.2% 

Dell & SDSC ï Comet ʩʫʧʝʨʨʘʯʫʥʘʨ 253TB DDR4 ECC *$1.8 ʄ  $21.6 ʄ  8.2% 

Cray XK7 ï Titan ʩʫʧʝʨʨʘʯʫʥʘʨ 584TB DDR3 ECC + 110TB GDDR5 ECC *$5.2 ʄ  $97 ʄ  5.3% 

ʊʘʙʝʣʘ 1.2 ï ʎʝʥʘ DRAM  ʤʝʤʦʨʠʿʝ ʫ ʦʢʚʠʨʫ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ 

ʊʘʙʝʣʘ ʧʨʠʢʘʟʫʿʝ ʮʝʥʝ ʫʨʝʹʘʿʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ DRAM ʤʝʤʦʨʠʿʝ ʫʛʨʘʹʝʥʝ ʫ ˁʠʭ. ʇʦʜʘʮʠ ʩʫ ʟʘ 

ʧʝʨʠʦʜ 2013-1015 ʛʦʜ. ʎʝʥʝ ʩʫ ʧʨʠʢʫʧˀʝʥʝ ʠʟ ʿʘʚʥʦ ʜʦʩʪʫʧʥʠʭ ʠʟʚʦʨʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʠʥʪʝʨʥʝʪ 

ʩʪʨʘʥʠʮʝ ʧʨʦʠʟʚʦʹʘʯʘ, ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʝ ʧʫʙʣʠʢʘʮʠʿʝ, ʤʘʨʢʝʪʠʥʰʢʘ ʠʩʪʨʘʞʠʚʘˁʘ, 

ʤʘʣʦʧʨʦʜʘʿʥʝ ʪʨʛʦʚʠʥʝ ʠ ʜʨ. ʅʝʢʝ ʮʝʥʝ ʩʫ ʥʘʙʘʚˀʘʯʢʝ, ʘ ʥʝʢʝ ʤʘʣʦʧʨʦʜʘʿʥʝ, ʘʣʠ ʿʝ ʚʦʹʝʥʦ 

ʨʘʯʫʥʘ ʜʘ ʟʘ ʩʚʘʢʠ ʧʦʿʝʜʠʥʘʯʥʠ ʫʨʝʹʘʿ ʙʫʜʫ ʠʟ ʠʩʪʦʛ ʠʟʚʦʨʘ ʢʘʢʦ ʙʠ ʩʝ ʩʘʯʫʚʘʣʘ ʢʦʥʟʠʩʪʝʥʪʥʦʩʪ 

ʧʨʠʣʠʢʦʤ ʨʘʯʫʥʘˁʘ ʦʜʥʦʩʘ ʮʝʥʝ DRAM ʤʝʤʦʨʠʿʝ ʠ ʮʝʣʦʛ ʫʨʝʹʘʿʘ.ʋ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʮʝʥʝ 

ʫʛʨʘʹʝʥʝ DRAM ʤʝʤʦʨʠʿʝ ʥʠʩʫ ʙʠʣʝ ʜʦʩʪʫʧʥʝ, ʫ ʢʦʤ ʩʣʫʯʘʿʫ ʿʝ ʮʝʥʘ ʧʨʦʮʝˁʝʥʘ ʥʘ ʦʩʥʦʚʫ 

ʩʪʘˁʘ ʥʘ ʪʨʞʠʰʪʫ (ʦʚʝ ʮʝʥʝ ʩʫ ʦʟʥʘʯʝʥʝ ʩʘ *). ʇʦʰʪʦ ʮʝʥʝ DRAM ʤʝʤʦʨʠʿʝ ʠ ʫʨʝʹʘʿʘ 

ʚʨʝʤʝʥʦʤ ʟʥʘʯʘʿʥʦ ʚʘʨʠʨʘʿʫ, ʪʦ ʧʦʜʘʪʢʝ ʪʨʝʙʘ ʫʟʝʪʠ ʧʨʝ ʩʚʝʛʘ ʢʘʦ ʠʥʜʠʢʘʪʦʨʝ, a ʥʝ ʢʘʦ 

ʘʧʩʦʣʫʪʥʦ ʪʘʯʥʝ. 
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ʊʨʞʠʰʪʝ DRAM ʤʝʤʦʨʠʿʘ ʫ 2014. ʛʦʜʠʥʠ ʿʝ ʙʠʣʦ ʚʨʝʜʥʦ 42 ʤʠʣʠʿʘʨʜʝ US 

ʜʦʣʘʨʘ [2], ʰʪʦ ʿʝ ʯʠʥʠʣʦ 12.6% ʦʜ ʮʝʣʦʢʫʧʥʦʛ ʪʨʞʠʰʪʘ ʠʥʪʝʛʨʠʩʘʥʭ ʢʦʣʘ ʯʠʿʘ ʿʝ 

ʚʨʝʜʥʦʩʪ ʙʠʣʘ 333 ʤʠʣʠʿʘʨʜʝ US ʜʦʣʘʨʘ. ʆʚʘʿ ʧʦʜʘʪʘʢ ʩʚʝʜʦʯʠ ʦ ʝʢʦʥʦʤʩʢʦʤ 

ʟʥʘʯʘʿʫ DRAM ʤʝʤʦʨʠʿʘ ʥʘ ʛʣʦʙʘʣʥʦʤ ʥʠʚʦʫ. ʊʘʿ ʦʜʥʦʩ ʩʝ ʩʘ ʛʣʦʙʘʣʥʦʛ ʧʣʘʥʘ 

ʧʨʝʩʣʠʢʘʚʘ ʠ ʥʘ ʥʠʚʦ ʧʦʿʝʜʠʥʘʯʥʠʭ ʫʨʝʹʘʿʘ. ʋ ʊʘʙʝʣʠ 1.2 ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʮʝʥʘ 

ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʩʝʛʤʝʥʘʪʘ ʪʨʞʠʰʪʘ ʠ ʮʝʥʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

DRAM ʤʝʤʦʨʠʿʘ ʢʦʿʝ ʩʫ ʫ ˁʠʭ ʫʛʨʘʹʝʥʝ. ʀʟ ʪʘʙʝʣʝ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʜʘ DRAM 

ʤʝʤʦʨʠʿʘ ʫ ʟʥʘʯʘʿʥʦʤ ʧʨʦʮʝʥʪʫ ʫʯʝʩʪʚʫʿʝ ʫ ʮʝʥʠ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ, ʧʨʠ ʯʝʤʫ ʪʘʿ 

ʧʨʦʮʝʥʘʪ ʟʥʘʪʥʦ ʚʘʨʠʨʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʩʪʝ ʫʨʝʹʘʿʘ, ʢʦʣʠʯʠʥʝ ʠ ʪʠʧʘ DRAM 

ʤʝʤʦʨʠʿʝ. 

ʂʦʜ ʫʨʝʹʘʿʘ ʢʦʜ ʢʦʿʠʭ ʿʝ ʮʝʥʘ ʦʩʪʘʣʠʭ ʢʦʤʧʦʥʝʥʪʠ ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʘ, 

ʧʨʦʮʝʥʘʪ ʫʯʝʰ˂ʘ ʫ ʮʝʥʠ ʮʝʣʦʛ ʩʠʩʪʝʤʘ ʿʝ ʥʠʞʠ. ʅʘ ʧʨʠʤʝʨ, Ăʧʘʤʝʪʥʠñ ʩʘʪʦʚʠ, 

ʤʦʙʠʣʥʠ ʪʝʣʝʬʦʥʠ ʠ ʪʘʙʣʝʪʠ ʟʙʦʛ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʝ ʮʝʥʝ ʜʠʩʧʣʝʿʘ, ʙʘʪʝʨʠʿʝ, 

ʢʘʤʝʨʝ, ʩʝʥʟʦʨʘ ʠ ʜʨ., ʘ ʨʝʣʘʪʠʚʥʦ ʤʘʣʝ ʢʦʣʠʯʠʥʝ DRAM ʤʝʤʦʨʠʿʝ ʟʙʦʛ ʩʤʘˁʝˁʘ 

ʧʦʪʨʦʰˁʝ, ʠʤʘʿʫ ʧʨʦʮʝʥʘʪ ʫʯʝʰ˂ʘ ʫ ʫʢʫʧʥʦʿ ʮʝʥʠ ʫ ʨʘʩʧʦʥʫ ʦʜ 5% ʜʦ 10%. 

ʉʠʪʫʘʮʠʿʘ ʿʝ ʩʣʠʯʥʘ ʢʦʜ ʩʫʧʝʨʨʘʯʫʥʘʨʘ, ʛʜʝ, ʫʧʨʢʦʩ ʯʠˁʝʥʠʮʠ ʜʘ ʩʫ ʟʙʦʛ ʚʠʩʦʢʦʛ 

ʥʠʚʦʘ ʧʝʨʬʦʨʤʘʥʩʠ ʧʦʪʨʝʙʥʝ ʦʛʨʦʤʥʝ ʢʦʣʠʯʠʥʝ DRAM ʤʝʤʦʨʠʿʝ, ʨʝʣʘʪʠʚʥʦ 

ʚʠʩʦʢʘ ʮʝʥʘ ʧʨʦʮʝʩʥʠʭ ʝʣʝʤʝʥʘʪʘ, ʤʨʝʞʥʝ ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ ʠ ʩʠʩʪʝʤʘ ʟʘ ʥʘʧʘʿʘˁʝ 

ʠ ʭʣʘʹʝˁʝ ʯʠʥʝ ʜʘ ʧʨʦʮʝʥʘʪ ʫʯʝʰ˂ʘ ʫ ʮʝʥʠ ʮʝʣʦʛ ʩʠʩʪʝʤʘ ʙʫʜʝ ʥʘ ʠʩʪʦʤ ʥʠʚʦʫ ʢʘʢʦ 

ʢʦʜ ʤʦʙʠʣʥʠʭ ʫʨʝʹʘʿʘ. 

ʅʘ ʜʨʫʛʦʤ ʢʨʘʿʫ ʩʧʝʢʪʨʘ ʩʝ ʥʘʣʘʟʝ ʫʨʝʹʘʿʠ ʢʦʿʠ ʟʘʭʪʝʚʘʿʫ ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʝ 

ʢʦʣʠʯʠʥʝ DRAM ʤʝʤʦʨʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʚʝʣʠʯʠʥʫ ʩʠʩʪʝʤʘ ʢʘʢʦ ʙʠ ʤʦʛʣʠ ʜʘ ʧʦʜʨʞʝ 

ʧʨʠʤʝʥʝ ʟʘ ʢʦʿʝ ʩʫ ʥʘʤʝˁʝʥʠ. ʇʨʠʤʝʨ ʟʘ ʪʦ ʩʫ ʛʨʘʬʠʯʢʠ ʘʢʮʝʣʝʨʘʪʦʨʠ ʠ ʠʛʨʘʯʢʝ 

ʢʦʥʟʦʣʝ ʢʦʿʠʤʘ ʿʝ ʧʦʪʨʝʙʥʘ ʚʝʣʠʢʘ ʢʦʣʠʯʠʥʘ ʤʝʤʦʨʠʿʝ ʟʘ ʩʤʝʰʪʘˁʝ ʛʨʘʬʠʯʢʠʭ 

ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʨʝʥʜʝʨʦʚʘˁʝ ʩʣʠʢʘ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ ʫ ʨʝʘʣʥʦʤ 

ʚʨʝʤʝʥʫ. ʂʦʜ ʦʚʠʭ ʫʨʝʹʘʿʘ ʧʨʦʮʝʥʘʪ ʫʯʝʰ˂ʘ ʫ ʮʝʥʠ ʩʠʩʪʝʤʘ ʩʝ ʦʙʠʯʥʦ ʢʨʝ˂ʝ ʫ 

ʨʘʩʧʦʥʫ ʦʜ 10% ʜʦ 20%. ʉʣʠʯʥʦ ʚʘʞʠ ʟʘ ʩʝʨʚʝʨʝ, ʢʦʿʠ ʤʦʨʘʿʫ ʜʘ ʧʦʜʨʞʝ 

ʚʠʰʝʢʦʨʠʩʥʠʯʢʠ ʨʘʜ, ʤʫʣʪʠʪʘʩʢʠʥʛ (ʠʩʪʦʚʨʝʤʝʥʦ ʠʟʚʨʰʘʚʘˁʝ ʚʠʰʝ ʘʧʣʠʢʘʮʠʿʘ) ʠ 

ʚʠʨʪʫʝʣʠʟʘʮʠʿʫ (ʠʩʪʦʚʨʝʤʝʥʠ ʨʘʜ ʚʠʰʝ ʥʝʟʘʚʠʩʥʠʭ ʠʥʩʪʘʥʮʠ ʦʧʝʨʘʪʠʚʥʠʭ 

ʩʠʩʪʝʤʘ), ʥʝʨʝʪʢʦ ʫ ʠʥʪʝʨʘʢʪʠʚʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ. ʊʘʢʦ ʩʝ ʫ [2] ʥʘʚʦʜʠ ʧʦʜʘʪʘʢ ʜʘ ʿʝ 

2014. ʛʦʜʠʥʝ ʧʨʦʩʝʯʘʥ ʧʨʦʮʝʥʘʪ ʫʯʝʰ˂ʘ DRAM ʤʝʤʦʨʠʿʝ ʫ ʮʝʥʠ ʩʝʨʚʝʨʩʢʦʛ 
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ʩʠʩʪʝʤʘ ʙʠʦ 16%. ɱʦʰ ʿʝʜʘʥ ʩʣʠʯʘʥ ʧʨʠʤʝʨ ʩʫ ʨʘʜʥʝ ʩʪʘʥʠʮʝ ʥʘʤʝˁʝʥʝ 

ʧʨʦʬʝʩʠʦʥʘʣʥʦʤ ʪʨʞʠʰʪʫ ʢʦʿʝ ʤʦʨʘʿʫ ʜʘ ʙʫʜʫ ʫ ʩʪʘˁʫ ʜʘ ʦʙʨʘʹʫʿʫ ʫʣʘʟʥʝ ʧʦʜʘʪʢʝ 

ʚʝʣʠʢʠʭ ʜʠʤʝʥʟʠʿʘ (ʥʧʨ. ʬʦʪʦʛʨʘʬʠʿʝ, ʘʫʜʠʦ ʠ ʚʠʜʝʦ ʩʥʠʤʢʝ ʚʠʩʦʢʝ ʨʝʟʦʣʫʮʠʿʝ, 

ʢʦʤʧʣʝʢʩʥʝ 3D ʤʦʜʝʣʝ, ʚʝʣʠʢʝ ʙʘʟʝ ʧʦʜʘʪʘʢʘ ʠʪʜ.), ʢʦʜ ʢʦʿʠʭ ʧʨʦʮʝʥʘʪ ʫʯʝʰ˂ʘ ʫ 

ʮʝʥʠ ʤʦʞʝ ʙʠʪʠ ʠ ʧʨʝʢʦ 25%. 

ɼʨʫʛʠ ʘʩʧʝʢʪ ʩʘ ʢʦʛʘ ʩʝ ʤʦʞʝ ʩʘʛʣʝʜʘʪʠ ʫʪʠʮʘʿ DRAM ʤʝʤʦʨʠʿa ʥʘ 

ʨʘʯʫʥʘʨʩʢʠ ʩʠʩʪʝʤ ʩʝ ʦʜʥʦʩʠ ʥʘ ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ. ʀʟ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ ʩʝ ʤʦʞʝ 

ʜʦ˂ʠ ʜʦ ʧʦʜʘʪʘʢʘ ʜʘ ʫʜʝʦ DRAM ʤʝʤʦʨʠʿʝ ʫ ʫʢʫʧʥʦʿ ʧʦʪʨʦʰˁʠ ʝʥʝʨʛʠʿʝ ʫ ʩʠʩʪʝʤʫ 

ʚʘʨʠʨʘ ʫ ʨʘʩʧʦʥʫ ʦʜ 5% ʜʦ 25%, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʩʪʝ ʫʨʝʹʘʿʘ, ʢʦʣʠʯʠʥʝ ʠ ʪʠʧʘ 

ʤʝʤʦʨʠʿʝ, ʦʧʪʝʨʝ˂ʝˁʘ ʩʠʩʪʝʤʘ ʠ ʜʨ. ʂʘʦ ʠʣʫʩʪʨʘʮʠʿʘ ʩʝ ʤʦʞʝ ʥʘʚʝʩʪʠ ʧʨʦʮʝʥʘ ʜʘ ʫ 

ʿʝʜʥʦʤ ʨʘʯʫʥʘʨʩʢʦʤ ʮʝʥʪʨʫ ʧʨʠ ʨʘʜʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʦʜ 80% ʥʘ DRAM ʤʝʤʦʨʠʿʫ 

ʦʜʣʘʟʠ 11.7% ʦʜ ʫʢʫʧʥʝ ʧʦʪʨʦʰˁʝ ʝʥʝʨʛʠʿʝ [3]. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʫ ʫʢʫʧʥʫ ʧʦʪʨʦʰˁʫ 

ʿʝ ʫʢˀʫʯʝʥʘ ʠ ʧʦʪʨʦʰˁʘ ʫ ʚʝʟʠ ʩʘ ʥʘʧʘʿʘˁʝʤ, ʭʣʘʹʝˁʝʤ ʠ ʤʨʝʞʥʦʤ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʤ. ɸʢʦ ʩʝ ʫ ʦʙʟʠʨ ʫʟʤʝ ʩʘʤʦ ʧʦʪʨʦʰˁʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ 

ʢʦʤʧʦʥʝʥʘʪʘ, ʦʥʜʘ ʿʝ ʦʚʘʿ ʧʨʦʮʝʥʘʪ ʥʝʰʪʦ ʚʝ˂ʠ (15.4%). ʀʟ ʦʚʠʭ ʧʨʠʤʝʨʘ ʩʝ ʚʠʜʠ 

ʜʘ DRAM ʫ ʟʥʘʯʘʿʥʦʤ ʧʨʦʮʝʥʪʫ ʫʯʝʩʪʚʫʿʝ ʫ ʫʢʫʧʥʦʤ ʝʥʝʨʛʝʪʩʢʦʤ ʙʫ˅ʝʪʫ 

ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ. ʊʦ ʿʝ ʨʘʟʣʦʛ ʠ hʪʦ ʩʠʩʪʝʤʠ ʦʩʝʪˀʠʚʠ ʥʘ ʧʦʪʨʦʰˁʫ, ʢʘʦ ʰʪʦ 

ʩʫ ʥʦʩʠʚʠ, ʤʦʙʠʣʥʠ ʠ ʧʨʝʥʦʩʥʠ ʩʠʩʪʝʤʠ, ʢʦʨʠʩʪʝ ʤʘˁʝ ʢʦʣʠʯʠʥʝ DRAM ʤʝʤʦʨʠʿʝ, 

ʜʝʣʠʤʠʯʥʦ ʥʘ ʫʰʪʨʙ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʢʦʨʠʩʥʠʯʢʦʛ ʢʦʤʬʦʨʘ. ʈʘʜʠ ʩʤʘˁʝˁʘ 

ʧʦʪʨʦʰˁʝ DRAM ʤʝʤʦʨʠʿa ʯʝʩʪʦ ʩʝ ʫʚʦʜʝ ʠ ʪʝʭʥʠʢʝ ʘʢʪʠʚʥʦʛ ʫʧʨʘʚˀʘˁʘ 

ʜʝʣʦʚʠʤʘ ʤʝʤʦʨʠʿʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʩʪʘʚˀʘˁʝ ʫ Ăʫʩʧʘʚʘʥʠñ ʨʝʞʠʤ ʠ ʩʣ. 

DRAM ʤʝʤʦʨʠʿʘ ʠʤʘ ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʠ ʥʘ ʘʨʭʠʪʝʢʪʫʨʫ ʠ ʦʨʛʘʥʠʟʘʮʠʿʫ 

ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʠ ˁʝʛʦʚʝ ʧʝʨʬʦʨʤʘʥʩʝ. ʊʘʿ ʫʪʠʮʘʿ ʩʝ ʦʜʨʘʞʘʚʘ ʧʨʝ ʩʚʝʛʘ ʥʘ 

ʝʣʝʤʝʥʪʝ ʤʝʤʦʨʠʿʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ ʟʙʦʛ ʥʝʧʦʩʨʝʜʥʝ ʚʝʟʝ ʢʦʿʫ ʠʤʘʿʫ ʩʘ DRAM 

ʤʝʤʦʨʠʿʦʤ. ʅʘ ʧʨʠʤʝʨ, ʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʫʪʠʯʝ ʥʘ ʪʠʧ, h ʠʨʠʥʫ ʠ ʙʨʟʠʥʫ ʤʝʤʦʨʠʿʩʢʝ 

ʤʘʛʠʩʪʨʘʣʝ, ʧʘʨʘʤʝʪʨʝ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ, ʚʝʣʠʯʠʥʫ ʠ ʙʨʟʠʥʫ ʢʝʰʝʚʘ, 

ʘʨʭʠʪʝʢʪʫʨʫ ʠ ʧʘʨʘʤʝʪʨʝ ʠʥʪʝʨʢʦʥʝʢʮʠʦʥʝ ʤʨʝʞʝ ʠ ʩʣ. ʆʩʠʤ ʪʦʛʘ, ʧʦʩʪʦʿʠ ʠ 

ʠʥʜʠʨʝʢʪʘʥʘ ʚʝʟʘ ʠʟʤʝʹʫ DRAM ʤʝʤʦʨʠʿʝ ʠ ʦʩʪʘʣʠʭ ʜʝʣʦʚʘ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ 

ʢʦʿʠ ʿʦʿ ʧʨʠʩʪʫʧʘʿʫ. ʂʨʦʟ ʛʣʘʚʥʫ ʤʝʤʦʨʠʿʫ ʧʨʦʣʘʟʠ ʚʝʣʠʢʠ ʙʨʦʿ ʪʦʢʦʚʘ ʧʦʜʘʪʘʢʘ. ʋ 

ʥʝʢʠʤ ʦʜ ʪʠʭ ʩʣʫʯʘʿʝʚʘ ʤʝʤʦʨʠʿʘ ʿʝ ʥʘ ʢʨʠʪʠʯʥʦʿ ʧʫʪʘˁʠ, ʘ ʫ ʤʥʦʛʠʤʘ ʿʝ ʫʩʢʦ ʛʨʣʦ. 

ʋ ʪʘʢʚʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʧʝʨʬʦʨʤʘʥʩʝ ʤʝʤʦʨʠʿʝ ʟʘʧʨʘʚʦ ʦʜʨʝʹʫʿʫ ʤʘʢʩʠʤʘʣʥʝ 
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ʧʝʨʬʦʨʤʘʥʩʝ ʢʦʤʧʦʥʝʥʪʠ ʥʘ ʢʨʠʪʠʯʥʦʿ ʧʫʪʘˁʠ, ʦʜʥʦʩʥʦ ʧʦʪʨʝʙʥʫ ʙʨʟʠʥʫ ʨʘʜʘ 

ʠ/ʠʣʠ ʚʝʣʠʯʠʥʫ ʪʠʭ ʢʦʤʧʦʥʝʥʪʠ. ʂʘʦ ʧʨʠʤʝʨ ʟʘ ʠʣʫʩʪʨʘʮʠʿʫ ʦʚʝ ʪʚʨʜˁʝ ʩʝ ʤʦʞʝ 

ʫʟʝʪʠ ʛʨʘʬʠʯʢʠ ʧʨʦʮʝʩʦʨ. ɻʨʘʬʠʯʢʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʫ ʣʠʤʠʪʠʨʘʥʝ ʧʝʨʬʦʨʤʘʥʩʘʤʘ 

ʛʨʘʬʠʯʢʦʛ ʧʨʦʮʝʩʦʨʘ (ʝʥʛ. engine bound performance) ʜʦʢ ʛʦʜ ʿʝ ʧʨʦʪʦʢ ʧʦʜʘʪʘʢʘ ʢʘ 

ʤʝʤʦʨʠʿʠ ʤʘˁʠ ʦʜ ʤʘʢʩʠʤʘʣʥʦʛ ʧʨʦʪʦʢʘ ʧʦʜʘʪʘʢʘ ʢʦʿʝ ʤʝʤʦʨʠʿʘ ʤʦʞʝ ʜʘ ʧʦʜʨʞʠ. 

ʇʦʚʝ˂ʘˁʝ ʧʨʦʧʫʩʥʝ ʤʦ˂ʠ (ʝʥʛ. throughput), ʥʧʨ. ʜʦʜʘʚʘˁʝʤ ʥʦʚʠʭ ʬʠʟʠʯʢʠʭ 

ʨʝʩʫʨʩʘ ʠʣʠ ʧʦʚʝ˂ʘʚʘˁʝ ʙʨʟʠʥʝ ʨʘʜʘ ʛʨʘʬʠʯʢʦʛ ʧʨʦʮʝʩʦʨʘ ʧʦʚʝ˂ʘˁʝʤ ʬʨʝʢʚʝʥʮʠʿʝ, 

ʥʘʢʦʥ ʰʪʦ ʩʝ ʜʦʩʪʠʛʥʝ ʤʘʢʩʠʤʫʤ ʧʨʦʪʦʢʘ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʤʝʤʦʨʠʿʘ ʤʦʞʝ ʜʘ ʧʦʜʨʞʠ 

ʥʝ ʜʦʚʦʜʠ ʜʦ ʜʘˀʝʛ ʧʦʚʝ˂ʘˁʘ ʧʝʨʬʦʨʤʘʥʩʠ (ʝʥʛ. memory bound performance). ʀʟ 

ʪʦʛʘ ʩʣʝʜʠ ʜʘ ʩʫ ʧʦʪʨʝʙʥʘ ʙʨʟʠʥʘ ʨʘʜʘ ʠ ʚʝʣʠʯʠʥʘ ʛʨʘʬʠʯʢʦʛ ʧʨʦʮʝʩʦʨʘ ʩʫʰʪʠʥʩʢʠ 

ʣʠʤʠʪʠʨʘʥʠ ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʤʝʤʦʨʠʿʝ. 

1.4 ɸʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʇʦʩʣʦʚʠʮʘ ʢʘʞʝ ʜʘ ʿʝ ʣʘʥʘʮ ʿʘʢ ʩʘʤʦ ʦʥʦʣʠʢʦ ʢʦʣʠʢʦ ʿʝ ʿʘʢʘ ˁʝʛʦʚʘ 

ʥʘʿʩʣʘʙʠʿʘ ʢʘʨʠʢʘ. ʋ ʢʦʥʪʝʢʩʪʫ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ, ʦʚʘ 

ʧʦʩʣʦʚʠʮʘ ʙʠ ʩʝ ʤʦʛʣʘ ʧʘʨʘʬʨʘʟʠʨʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ 

ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʿʝ ʜʦʙʨʘ ʩʘʤʦ ʦʥʦʣʠʢʦ ʢʦʣʠʢʦ ʠ ʥʘʿʣʦʰʠʿʝ ʫʨʘʹʝʥʘ ʘʥʘʣʠʟʘ 

ʧʝʨʬʦʨʤʘʥʩʠ ʟʘ ʥʝʢʫ ʦʜ ʢʦʤʧʦʥʝʥʪʠ ʩʠʩʪʝʤʘ ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʥʘ ʢʨʠʪʠʯʥʦʿ ʧʫʪʘˁʠ. 

ʇʦʰʪʦ ʩʝ ʫ ʤʥʦʛʠʤ ʩʮʝʥʘʨʠʿʠʤʘ ʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘ ʥʘʣʘʟʠ ʥʘ ʢʨʠʪʠʯʥʦʿ ʧʫʪʘˁʠ, ʪʦ 

ʟʥʘʯʠ ʜʘ ʘʢʦ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʥʝ ʘʥʘʣʠʟʠʨʘʿʫ ʜʦʙʨʦ, ʦʥʜʘ ʪʦ ʤʦʞʝ 

ʧʦʩʪʘʪʠ Ăʩʣʘʙʘ ʢʘʨʠʢʘñ ʫ ʣʘʥʮʫ. 

1.4.1 ɿʥʘʯʘʿ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ɺʝ˂ʠʥʘ ʩʠʩʪʝʤʘ ʩʝ ʧʨʦʿʝʢʪʫʿʝ ʧʨʝʤʘ ʟʘʜʘʪʠʤ ʢʨʠʪʝʨʠʿʫʤʠʤʘ, ʦʜ ʢʦʿʠʭ ʩʝ 

ʿʝʜʘʥ ʦʜ ʥʘʿʚʘʞʥʠʿʠʭ ʦʜʥʦʩʠ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ. ʇʦʰʪʦ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʫ 

ʤʥʦʛʦʤʝ ʟʘʚʠʩʝ ʦʜ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ, ʧʝʨʬʦʨʤʘʥʩʘʤʘ DRAM ʤʝʤʦʨʠʿʝ ʩʝ ʧʦʩʚʝ˂ʫʿʝ 

ʧʦʩʝʙʥʘ ʧʘʞˁʘ ʧʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ. 

ʇʨʦʿʝʢʪʥʠ ʢʨʠʪʝʨʠʿʫʤʠ ʢʦʿʠ ʩʝ ʪʠʯʫ ʧʝʨʬʦʨʤʘʥʩʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʟʘʜʘʿʫ ʫ ʚʠʜʫ 

ʩʮʝʥʘʨʠʿʘ (ʝʥʛ. use cases) ʢʦʿʝ ʩʠʩʪʝʤ ʤʦʨʘ ʜʘ ʙʫʜʝ ʫ ʩʪʘˁʫ ʜʘ ʠʟʚʨʰʠ. ʇʨʠʤʝʨ 

ʿʝʜʥʦʛ ʪʘʢʘʚʦʛ ʩʮʝʥʘʨʠʿʘ ʟʘ ʩʠʩʪʝʤ ʥʘʤʝˁʝʥ ʤʦʙʠʣʥʠʤ ʫʨʝʹʘʿʠʤʘ, ʥʧʨ. ʪʝʣʝʬʦʥʠʤʘ 
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ʠʣʠ ʪʘʙʣʝʪʠʤʘ, ʤʦʞʝ ʜʘ ʙʫʜʝ: ʩʥʠʤʘˁʝ ʢʘʤʝʨʦʤ ʫ ʦʜʨʝʹʝʥʦʿ ʨʝʟʦʣʫʮʠʿʠ ʫ ʟʘʜʘʪʦʤ 

ʚʠʜʝʦ ʬʦʨʤʘʪʫ ʫʟ ʫʧʠʩ ʧʦʜʘʪʘʢʘ ʥʘ ʬʣʝʰ ʤʝʤʦʨʠʿʩʢʫ ʢʘʨʪʠʮʫ, ʧʨʘ˂ʝˁʝ ʦʥʦʛʘ ʰʪʦ 

ʢʘʤʝʨʘ ʩʥʠʤʘ ʥʘ ʜʠʩʧʣʝʿʫ ʠ ʠʩʪʦʚʨʝʤʝʥʦ ʧʨʘʚˀʝˁʝ ʬʦʪʦ-ʩʥʠʤʘʢʘ ʫ ʟʘʜʘʪʦʤ 

ʬʦʨʤʘʪʫ ʩʘ ʧʦʩʪʧʨʦʮʝʩʠʨʘˁʝʤ ʠ ʫʧʠʩʦʤ ʨʝʟʫʣʪʘʪʘ ʥʘ ʬʣʝʰ ʤʝʤʦʨʠʿʩʢʫ ʢʘʨʪʠʮʫ, 

ʧʨʠ ʯʝʤʫ ʩʚʝ ʚʨʝʤʝ ʨʘʜʠ ʤʦʜʝʤ ʢʘʢʦ ʙʠ ʤʦʛʘʦ ʜʘ ʩʝ ʧʨʠʭʚʘʪʠ ʝʚʝʥʪʫʘʣʥʠ 

ʪʝʣʝʬʦʥʩʢʠ ʠʣʠ ʠʥʪʝʨʥʝʪ ʧʦʟʠʚ ʠʣʠ ʥʦʪʠʬʠʢʘʮʠʿʘ. ʋ ʦʚʘʢʚʠʤ ʩʮʝʥʘʨʠʿʠʤʘ, ʛʜʝ 

ʧʦʩʪʦʿʝ ʟʘʭʪʝʚʠ ʟʘ ʦʜʨʞʘʚʘˁʝʤ ʧʝʨʬʦʨʤʘʥʩʠ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ (ʝʥʛ. real time), 

ʰʪʦ ʟʥʘʯʠ ʜʘ ʧʝʨʬʦʨʤʘʥʩʝ ʥʝ ʩʤʝʿʫ ʧʘʩʪʠ ʠʩʧʦʜ ʦʜʨʝʹʝʥʝ ʛʨʘʥʠʮʝ, ʢʘʦ ʰʪʦ ʿʝ ʥʧʨ. 

ʩʣʫʯʘʿ ʢʦʜ ʢʘʤʝʨʝ, ʜʠʩʧʣʝʿʘ, ʘʫʜʠʦ ʠ ʚʠʜʝʦ ʧʨʦʮʝʩʦʨʘ, ʤʦʜʝʤʘ, ʠʪʜ., ʯʝʩʪʦ ʩʘʤʦ 

ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʥʘʪʘ ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʦʜʣʫʯʫʿʝ ʦ ʪʦʤʝ ʜʘ ʣʠ ʿʝ ʩʠʩʪʝʤ ʫ 

ʩʪʘˁʫ ʜʘ ʠʩʧʫʥʠ ʧʦʩʪʘʚˀʝʥʝ ʟʘʭʪʝʚʝ ʠʣʠ ʥʝ. ɿʥʘʯʘʿ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ ʩʝ ʤʦʞʝ ʩʘʛʣʝʜʘʪʠ ʢʨʦʟ ʨʘʟʤʘʪʨʘˁʝ ʜʚʘ ʤʦʛʫ˂ʘ ʩʣʫʯʘʿʘ: ʿʝʜʥʦʛ ʫ ʢʦʤ ʿʝ 

ʤʝʤʦʨʠʿʘ ʫʩʢʦ ʛʨʣʦ ʩʠʩʪʝʤʘ ʠ ʜʨʫʛʦʛ ʫ ʢʦʤ ʥʠʿʝ. 

ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ, ʘʢʦ ʩʝ, ʥʧʨ. ʟʙʦʛ ʥʝʪʘʯʥʦʛ ʤʝʨʝˁʘ ʠʣʠ ʤʦʜʝʣʠʨʘˁʘ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ, ʥʝ ʫʩʪʘʥʦʚʠ ʜʘ ʿʝ ʤʝʤʦʨʠʿʘ ʟʘʠʩʪʘ ʫʩʢʦ ʛʨʣʦ, 

ʘʥʘʣʠʟʘ ʣʘʢʦ ʤʦʞʝ ʦʪʠ˂ʠ ʫ ʧʨʘʚʮʫ ʪʨʘʛʘˁʘ ʟʘ ʥʝʧʦʩʪʦʿʝ˂ʠʤ ʭʘʨʜʚʝʨʩʢʠʤ ʠʣʠ 

ʩʦʬʪʚʝʨʩʢʠʤ ʧʨʦʙʣʝʤʠʤʘ ʠ ʪʘʢʦ ʜʦʚʝʩʪʠ ʜʦ ʫʟʘʣʫʜʥʦʛ ʛʫʙʠʪʢʘ ʪʨʫʜʘ ʠ ʚʨʝʤʝʥʘ. 

ʇʦʨʝʜ ʪʦʛʘ, ʧʦʰʪʦ ʩʫ ʮʝʥʘ ʠ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ʧʦʚʨʰʠʥʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʦʛ ʩʫʙʩʪʨʘʪʘ ʢʦʿʝ ʩʠʩʪʝʤ ʟʘʫʟʠʤʘ ʫ ʠʥʪʝʛʨʠʩʘʥʦʤ ʢʦʣʫ, ʪʦ ʟʥʘʯʠ ʜʘ 

ʢʘʜʘ ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʦʛʨʘʥʠʯʝʥʝ ʤʦʛʫ˂ʥʦʩʪʠʤʘ ʤʝʤʦʨʠʿʝ, ʩʠʩʪʝʤ ʿʝ 

ʟʘʧʨʘʚʦ ʧʨʝʜʠʤʝʥʟʠʦʥʠʩʘʥ, ʘ ʪʠʤʝ ʠ ʩʢʫʧˀʠ ʥʝʛʦ ʰʪʦ ʙʠ ʤʦʨʘʦ ʙʠʪʠ. 

ʇʨʝʜʠʤʝʥʟʠʦʥʠʩʘˁʝ ʠʤʘ ʩʚʦʿʫ ʮʝʥʫ ʥʝ ʩʘʤʦ ʫ ʩʤʠʩʣʫ ʟʘʫʟʝ˂ʘ ʚʝ˂ʝ ʧʦʚʨʰʠʥʝ 

ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ, ʥʝʛʦ ʠ ʫ ʩʤʠʩʣʫ ʚʝ˂ʝ ʧʦʪʨʦʰˁʝ ʝʥʝʨʛʠʿʝ ʧʨʠʣʠʢʦʤ ʨʘʜʘ 

ʩʠʩʪʝʤʘ, ʢʘʦ ʠ ʜʫʞʝʛ ʪʨʘʿʘˁʘ ʨʘʟʚʦʿʘ ʠ ʚʝ˂ʝʛ ʫʪʨʦʰʢʘ ʨʝʩʫʨʩʘ ʧʨʠʣʠʢʦʤ ʨʘʟʚʦʿʘ. ʋ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʘʨʭʠʪʝʢʪʫʨʝ, ʧʦʚʝ˂ʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʠʟʥʘʜ ʦʜʨʝʹʝʥʦʛ ʥʠʚʦʘ ʯʝʩʪʦ 

ʠʤʘ ʩʫʧʝʨʣʠʥʝʘʨʥʫ ʟʘʚʠʩʥʦʩʪ ʫ ʦʜʥʦʩʫ ʥʘ ʟʘʜʘʪʝ ʧʘʨʘʤʝʪʨʝ ʧʨʦʿʝʢʪʦʚʘˁʘ 

(ʧʦʚʨʰʠʥʫ, ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ ʠ ʙʨʟʠʥʫ ʨʘʜʘ), ʰʪʦ ʤʦʞʝ ʜʦʜʘʪʥʦ ʜʘ ʧʦʚʝ˂ʘ ʮʝʥʫ 

ʨʘʟʚʦʿʘ. 

ʋ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ, ʘʢʦ ʩʝ DRAM ʤʝʤʦʨʠʿʘ ʛʨʝʰʢʦʤ ʧʨʦʛʣʘʩʠ ʟʘ ʫʩʢʦ ʛʨʣʦ 

ʩʠʩʪʝʤʘ, ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʤʘʩʢʠʨʘˁʘ ʩʪʚʘʨʥʠʭ ʥʝʜʦʩʪʘʪʘʢʘ ʫ ʘʨʭʠʪʝʢʪʫʨʠ, ʛʨʝʰʘʢʘ ʫ 

ʜʠʟʘʿʥʫ, ʧʨʦʧʫʩʪʘ ʫ ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʩʠʩʪʝʤʘ ʠʣʠ ʤʘˁʢʘʚʦʩʪʠ ʧʨʠʣʠʢʦʤ 
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ʧʨʦʿʝʢʪʦʚʘˁʘ ʩʦʬʪʚʝʨʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ˂ʝ ʩʠʩʪʝʤ ʠʤʘʪʠ ʣʦʰʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʜ 

ʞʝˀʝʥʠʭ ʠ ʙʠʪʠ ʤʘˁʝ ʢʦʥʢʫʨʝʥʪʘʥ ʥʘ ʪʨʞʠʰʪʫ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʥʝʛʘʪʠʚʥʠʭ 

ʤʘʨʢʝʪʠʥʰʢʠʭ ʠ ʬʠʥʘʥʩʠʿʩʢʠʭ ʝʬʝʢʘʪʘ ʧʦ ʧʨʦʠʟʚʦʹʘʯʘ. 

ʉʣʠʯʥʝ ʧʦʩʣʝʜʠʮʝ ʥʘʩʪʫʧʘʿʫ ʠ ʫ ʩʮʝʥʘʨʠʿʠʤʘ ʛʜʝ ʩʝ ʤʝʨʝ ʧʝʨʬʦʨʤʘʥʩʝ 

ʜʝʣʦʚʘ ʩʠʩʪʝʤʘ ʢʦʿʠ ʥʝʤʘʿʫ ʦʛʨʘʥʠʯʝˁʘ ʨʘʜʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʚʝ˂ ʨʘʜʝ ʧʦ 

ʧʨʠʥʮʠʧʫ ʤʘʢʩʠʤʘʣʥʦʛ ʤʦʛʫ˂ʝʛ ʫʯʠʥʢʘ (ʝʥʛ. best effort), ʢʘʦ ʰʪʦ ʩʫ ʛʨʘʬʠʢʘ, 

ʘʧʣʠʢʘʮʠʦʥʠ ʧʨʦʮʝʩʦʨ, MMU, ʠʪʜ. ɱʝʜʠʥʘ ʨʘʟʣʠʢʝ ʿʝ ʫ ʪʦʤʝ ʰʪʦ ʛʨʘʥʠʮʘ 

ʥʝʠʩʧʫˁʝˁʘ ʧʦʩʪʘʚˀʝʥʠʭ ʢʨʠʪʝʨʠʿʫʤʘ ʤʦʞʝ ʙʠʪʠ ʤʘˁʝ ʦʰʪʨʘ. 

1.4.2 ʊʘʯʥʦʩʪ ʢʦʜ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʋʩʣʝʜ ʚʠʨʪʫʝʣʠʟʘʮʠʿʝ ʠ ʨʘʩʪʘ ʙʨʦʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʢʣʠʿʝʥʘʪʘ [4], ʦʜ ʢʦʿʠʭ 

ʩʚʘʢʠ ʠʤʘ ʨʘʟʣʠʯʠʪʝ ʦʙʨʘʩʮʝ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʠ, ʤʝʤʦʨʠʿʩʢʠ ʩʘʦʙʨʘ˂ʘʿ ʧʦʩʪʘʿʝ ʩʚʝ 

ʤʘˁʝ ʧʨʝʜʚʠʜˀʠʚ. ʊʦ ʦʪʝʞʘʚʘ ʤʦʜʝʣʦʚʘˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ ʧʦʩʪʦʿʝ˂ʠʤ ʤʝʪʦʜʘʤʘ ʠ ʧʦʚʝ˂ʘʚʘ ʥʝʪʘʯʥʦʩʪ. ʊʨʝʥʜʦʚʠ ʠʩʪʦʚʨʝʤʝʥʦʛ 

ʧʦʚʝ˂ʘˁʘ ʦʧʪʝʨʝ˂ʝˁʘ DRAM ʤʝʤʦʨʠʿʝ ʠ ʩʤʘˁʝˁʘ ʪʘʯʥʦʩʪʠ ʤʝʨʝˁʘ ˁʝʥʠʭ 

ʧʝʨʬʦʨʤʘʥʩʠ ʚʦʜʝ ʢʘ ʪʦʤʝ ʜʘ, ʠʟ ʪʘʯʢʝ ʛʣʝʜʠʰʪʘ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ ʩʠʩʪʝʤʘ, 

DRAM ʤʝʤʦʨʠʿʘ ʩʚʝ ʚʠʰʝ ʧʦʯʠˁʝ ʜʘ ʣʠʯʠ ʥʘ ʥʝʧʨʦʟʠʨʥʫ Ăʮʨʥʫ ʢʫʪʠʿʫò, ʰʪʦ 

ʦʪʝʞʘʚʘ ʧʨʘʚʠʣʥʫ ʘʥʘʣʠʟʫ ʨʘʜʘ ʩʠʩʪʝʤʘ. ʀʟ ʪʠʭ ʨʘʟʣʦʛʘ ʟʥʘʯʘʿ ʪʘʯʥʦʩʪʠ ʘʥʘʣʠʟʝ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʧʦʩʪʘʿʝ ʩʚʝ ʚʝ˂ʠ ʠ ʚʝ˂ ʩʘʜʘ ʩʝ ʥʘʤʝ˂ʝ ʥʝ ʩʘʤʦ ʢʘʦ 

ʧʦʞʝˀʘʥ, ʚʝ˂ ʠ ʢʘʦ ʥʝʦʧʭʦʜʘʥ ʫʩʣʦʚ ʟʘ ʢʚʘʣʠʪʝʪʥʫ ʘʥʘʣʠʟʫ ʨʘʜʘ ʩʘʚʨʝʤʝʥʠʭ 

ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ. 

ʇʦʨʝʜ ʪʘʯʥʦʩʪʠ ʫ ʩʤʠʩʣʫ ʘʧʩʦʣʫʪʥʦʛ ʦʜʩʪʫʧʘˁʘ ʚʨʝʜʥʦʩʪʠ ʠʟʤʝʨʝʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʦʜ ʩʪʚʘʨʥʠʭ, ʟʘ ʘʥʘʣʠʟʫ ʿʝ ʠʟʫʟʝʪʥʦ ʙʠʪʘʥ ʠ ʘʩʧʝʢʘʪ ʪʘʯʥʦʩʪʠ ʢʦʿʠ ʩʝ 

ʦʜʥʦʩʠ ʥʘ ʛʨʘʥʫʣʘʨʥʦʩʪ, ʦʜʥʦʩʥʦ ʨʝʟʦʣʫʮʠʿʫ ʩʘ ʢʦʿʦʤ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ ʤʦʛʫ ʤʝʨʠʪʠ. 

ɿʙʦʛ ʜʠʥʘʤʠʯʢʝ ʧʨʠʨʦʜʝ ʩʠʩʪʝʤʘ, ʧʝʨʠʦʜʠ ʫ ʢʦʿʠʤʘ DRAM ʧʨʝʜʩʪʘʚˀʘ 

ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠ ʬʘʢʪʦʨ ʤʦʛʫ ʩʝ ʿʘʚˀʘʪʠ ʫ ʥʝʧʨʘʚʠʣʥʠʤ ʠʥʪʝʨʚʘʣʠʤʘ ʨʘʟʣʠʯʠʪʦʛ 

ʪʨʘʿʘˁʘ. ʂʘʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʧʝʨʠʦʜ ʚʨʝʤʝʥʘ ʢʦʿʠ ʿʝ ʜʫʞʠ ʦʜ ʪʨʘʿʘˁʘ ʪʘʢʚʠʭ 

ʠʥʪʝʨʚʘʣʘ, ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʠʟʤʝʨʝʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʤʦʞʝ ʙʠʪʠ ʟʥʘʪʥʦ ʥʠʞʘ ʥʝʛʦ 

ʟʘ ʚʨʝʤʝ ˁʠʭʦʚʦʛ ʪʨʘʿʘˁʘ. ʋʢʦʣʠʢʦ ʿʝ ʤʠʥʠʤʘʣʥʘ ʛʨʘʥʫʣʘʨʥʦʩʪ ʤʝʨʝˁʘ ʥʠʩʢʘ, 

ʦʜʥʦʩʥʦ ʘʢʦ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ ʤʦʛʫ ʤʝʨʠʪʠ ʩʘʤʦ ʫ ʜʫʞʠʤ ʠʥʪʝʨʚʘʣʠʤʘ, ʪʦ ʠ ʧʦʨʝʜ 

ʪʘʯʥʦ ʠʟʤʝʨʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʩʪʚʘʨʘˁʘ ʧʦʛʨʝʰʥʝ ʤʘʢʨʦ-ʩʣʠʢʝ ʨʘʜʘ 
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ʩʠʩʪʝʤʘ ʧʨʝʤʘ ʢʦʿʦʿ DRAM ʥʘʠʟʛʣʝʜ ʥʠʢʘʜʘ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʫʩʢʦ ʛʨʣʦ, ʰʪʦ ʙʠ 

ʜʦʚʝʣʦ ʜʦ ʧʦʛʨʝʰʥʠʭ ʟʘʢˀʫʯʘʢʘ ʫ ʘʥʘʣʠʟʠ ʠ ʦʥʝʤʦʛʫ˂ʠʣʦ ʨʘʟʫʤʝʚʘˁʝ ʧʨʘʚʝ 

ʧʨʠʨʦʜʝ ʧʨʦʙʣʝʤʘ. ʊʘʢʚʝ ʩʠʪʫʘʮʠʿʝ ʩʝ ʥʝ ʤʦʛʫ ʫʚʝʢ ʣʘʢʦ ʧʨʝʧʦʟʥʘʪʠ ʠ ʤʦʛʫ ʜʦʚʝʩʪʠ 

ʜʦ ʟʥʘʯʘʿʥʦʛ ʛʫʙʠʪʢʘ ʚʨʝʤʝʥʘ, ʪʨʫʜʘ ʠ ʥʦʚʮʘ. ɱʝʜʠʥʠ ʥʘʯʠʥ ʜʘ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ 

DRAM ʤʝʤʦʨʠʿʝ ʤʦʛʫ ʧʦʫʟʜʘʥʦ ʤʝʨʠʪʠ ʠ ʘʥʘʣʠʟʠʨʘʪʠ ʿʝ ʜʘ ʩʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ 

ʨʝʣʝʚʘʥʪʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʚʨʰʠ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʥʘ ʥʠʚʦʫ ʧʦʿʝʜʠʥʘʯʥʠʭ ʮʠʢʣʫʩʘ, 

ʥʝʟʘʚʠʩʥʦ ʦʜ ʪʨʘʿʘˁʘ ʧʝʨʠʦʜʘ ʫ ʢʦʤ ʩʝ ʨʝʟʫʣʪʘʪʠ ʢʘʩʥʠʿʝ ʠʥʪʝʨʧʨʝʪʠʨʘʿʫ. 

1.4.3 ʋʪʠʮʘʿ ʨʘʟʚʦʿʥʠʭ ʪʨʝʥʜʦʚʘ ʥʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ɿʘ ʩʘʜʘ ʩʝ ʥʝ ʚʠʜʠ ʪʝʭʥʦʣʦʛʠʿʘ ʢʦʿʘ ʙʠ ʫ ʜʦʛʣʝʜʥʦ ʚʨʝʤʝ ʤʦʛʣʘ ʜʘ ʟʘʤʝʥʠ 

DRAM ʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ ʩʠʩʪʝʤʩʢʝ ʤʝʤʦʨʠʿʝ. ʉʪʦʛʘ ʩʝ ʤʦʞʝ ʦʯʝʢʠʚʘʪʠ ʜʘ ˂ʝ 

ʦʙʣʘʩʪ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʠʤʘʪʠ ʚʝʣʠʢʠ ʟʥʘʯʘʿ ʠ ʫ ʙʫʜʫ˂ʥʦʩʪʠ. 

ʋ ʧʨʠʣʦʛ ʪʦʤʝ ʠʜʫ ʠ ʪʨʝʥʜʦʚʠ ʨʘʟʚʦʿʘ ʫ ʜʦʤʝʥʫ ʪʝʭʥʦʣʦʛʠʿʝ ʠʟʨʘʜʝ, ʘʨʭʠʪʝʢʪʫʨʝ ʠ 

ʦʨʛʘʥʠʟʘʮʠʿʝ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʠ ʧʨʦʿʝʢʪʦʚʘˁʘ ʩʠʩʪʝʤʩʢʦʛ ʩʦʬʪʚʝʨʘ, ʢʦʿʠ ʯʠʥʝ 

ʜʘ ʤʝʤʦʨʠʿʘ ʚʨʝʤʝʥʦʤ ʩʚʝ ʚʠʰʝ ʧʦʩʪʘʿʝ ʫʩʢʦ ʛʨʣʦ ʩʠʩʪʝʤʘ. 

ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʥʘʧʨʝʜʘʢ ʫ ʪʝʭʥʦʣʦʛʠʿʠ ʠʟʨʘʜʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠʤʘ ʚʝ˂ʠ 

ʝʬʝʢʘʪ ʥʘ ʧʦʚʝ˂ʘˁʝ ʙʨʟʠʥʝ ʨʘʜʘ ʝʣʝʤʝʥʘʪʘ ʜʠʛʠʪʘʣʥʝ ʣʦʛʠʢʝ ʥʝʛʦ ʥʘ ʧʦʚʝ˂ʘˁʝ 

ʙʨʟʠʥʝ ʨʘʜʘ DRAM ʤʝʤʦʨʠʿʘ. ɿʙʦʛ ʤʠʥʠʤʠʟʦʚʘˁʘ ʩʪʨʫʿʘ ʮʫʨʝˁʘ ʧʨʠʩʪʫʧʥʠ 

ʪʨʘʥʟʠʩʪʦʨʠ ʫ DRAM ˂ʝʣʠʿʘʤʘ ʠʤʘʿʫ ʚʝ˂ʠ ʥʘʧʦʥ ʧʨʘʛʘ ʠ ʚʝ˂ʝ ʜʠʤʝʥʟʠʿʝ (ʜʫʞʠ 

ʢʘʥʘʣ) ʫ ʦʜʥʦʩʫ ʥʘ ʪʨʘʥʟʠʩʪʦʨʝ ʫ ʣʦʛʠʯʢʠʤ ʢʦʣʠʤʘ. ʊʘʢʦʹʝ, ʤʝʤʦʨʠʿʩʢʠ 

ʢʦʥʜʝʥʟʘʪʦʨ ʤʦʨʘ ʙʠʪʠ ʜʦʚʦˀʥʦ ʚʝʣʠʢʠ ʜʘ ʜʨʞʠ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʜʦ ʥʘʨʝʜʥʦʛ 

ʮʠʢʣʫʩʘ ʦʩʚʝʞʘʚʘˁʘ. ʀʟ ʪʠʭ ʨʘʟʣʦʛʘ ʿʝ ʝʬʝʢʘʪ ʩʤʘˁʠʚʘˁʘ ʜʠʤʝʥʟʠʿʘ ʩʘ ʥʘʧʨʝʪʢʦʤ 

ʪʝʭʥʦʣʦʛʠʿʝ ʠʟʨʘʜʝ ʫʤʘˁʝʥ ʢʦʜ DRAM ʤʝʤʦʨʠʿʘ. ʉʪʦʛʘ ʩʝ ʿʘʟ ʫ ʧʝʨʬʦʨʤʘʥʩʘʤʘ 

ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʝ ʠ ʦʩʪʘʪʢʘ ʩʠʩʪʝʤʘ ʧʦʚʝ˂ʘʚʘ. ʊʘʿ ʧʨʦʙʣʝʤ ʿʝ ʧʦʟʥʘʪ ʢʘʦ 

Ăʤʝʤʦʨʠʿʩʢʠ ʟʠʜñ. ʀʩʪʦʚʨʝʤʝʥʦ, ʩʪʘʣʥʘ ʧʦʪʨʝʙʘ ʟʘ ʧʦʚʝ˂ʘˁʝʤ ʤʦʛʫ˂ʥʦʩʪʠ 

ʧʨʦʿʝʢʪʦʚʘʥʠʭ ʩʠʩʪʝʤʘ ʫʧʦʪʨʝʙʦʤ ʩʚʝ ʚʝ˂ʝʛ ʙʨʦʿʘ ʘʧʣʠʢʘʮʠʦʥʠʭ ʠ DSP ʧʨʦʮʝʩʦʨʘ, 

ʤʫʣʪʠʤʝʜʠʿʘʣʥʠʭ ʘʢʮʝʣʝʨʘʪʦʨʘ ʠ ʫʣʘʟʥʦ-ʠʟʣʘʟʥʠʭ ʢʦʥʪʨʦʣʝʨʘ ʜʦʚʦʜʠ ʜʦ ʧʦʨʘʩʪʘ 

ʙʨʦʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʢʣʠʿʝʥʘʪʘ, ʰʪʦ ʩʘ ʿʝʜʥʝ ʩʪʨʘʥʝ ʜʦʚʦʜʠ ʜʦ ʨʘʩʪʘ ʤʝʤʦʨʠʿʩʢʦʛ 

ʩʘʦʙʨʘ˂ʘʿʘ, ʯʠʤʝ ʩʝ ʧʦʚʝ˂ʘʚʘ ʤʦʛʫ˂ʥʦʩʪ ʜʘ DRAM ʧʦʩʪʘʥʝ ʫʩʢʦ ʛʨʣʦ, ʘ ʩʘ ʜʨʫʛʝ 

ʩʪʨʘʥʝ ʜʦ ʧʦʚʝ˂ʘʚʘˁʘ ʢʦʥʢʫʨʝʥʪʥʦʩʪʠ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ DRAM ʤʝʤʦʨʠʿʠ, ʯʠʤʝ 

ʩʝ ʩʤʘˁʫʿʝ ˁʝʥʘ ʝʬʠʢʘʩʥʦʩʪ ʠ ʧʨʦʙʣʝʤ ʜʦʜʘʪʥʦ ʧʦʛʦʨʰʘʚʘ. ʂʦʥʘʯʥʦ, ʧʦʿʘʚʘ 
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ʚʠʨʪʫʝʣʠʟʘʮʠʿʝ, ʛʜʝ ʠʩʪʝ ʭʘʨʜʚʝʨʩʢʝ ʨʝʩʫʨʩʝ ʠʩʪʦʚʨʝʤʝʥʦ ʜʝʣʠ ʚʝ˂ʠ ʙʨʦʿ ʢʣʠʿʝʥʘʪʘ, 

ʦʜ ʢʦʿʠʭ ʩʚʘʢʠ ʤʦʞʝ ʜʘ ʠʟʚʨʰʘʚʘ ʚʠʰʝ ʠʥʩʪʘʥʮʠ ʦʧʝʨʘʪʠʚʥʠʭ ʩʠʩʪʝʤʘ, 

ʤʫʣʪʠʧʣʠʮʠʨʘ ʧʨʝʪʭʦʜʥʝ ʝʬʝʢʪʝ ʠ ʯʠʥʠ ʜʘ DRAM ʿʦʰ ʙʨʞʝ ʧʦʩʪʘʿʝ ʫʩʢʦ ʛʨʣʦ 

ʩʠʩʪʝʤʘ. 

1.5 ʇʨʦʙʣʝʤʠ ʫ ʚʝʟʠ ʩʘ ʘʥʘʣʠʟʦʤ ʧʝʨʬʦʨʤʘʥʩʠ DRAM  ʤʝʤʦʨʠʿʘ 

ʂˀʫʯʥʠ ʧʨʦʙʣʝʤ ʫ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʿʝ 

ʥʝʦʧʩʝʨʚʘʙʠʣʥʦʩʪ ʩʪʘˁʘ ʩʚʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ʇʨʦʪʦʢʦʣ ʟʘ 

ʢʦʤʫʥʠʢʘʮʠʿʫ ʠʟʤʝʹʫ DRAM ʤʝʤʦʨʠʿʝ ʠ ʦʩʪʘʪʢʘ ʩʠʩʪʝʤʘ ʥʝ ʜʝʬʠʥʠʰʝ ʩʠʛʥʘʣʝ ʥʘ 

ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʥʝʧʦʩʨʝʜʥʦ ʫʪʚʨʜʠʪʠ ʜʘ ʣʠ ʩʫ ʧʦʿʝʜʠʥʠ ʮʠʢʣʫʩʠ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʣʦʙʦʜʥʠ ʠʣʠ ʟʘʫʟʝʪʠ. ʅʝʢʠ ʮʠʢʣʫʩʠ ʪʦʢʦʤ ʢʦʿʠʭ ʩʠʛʥʘʣʠ 

ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʥʠʩʫ ʘʢʪʠʚʥʠ ʤʦʛʫ ʜʘ ʠʟʛʣʝʜʘʿʫ ʢʘʦ ʜʘ ʩʫ ʩʣʦʙʦʜʥʠ, ʘʣʠ 

ʜʘ ʩʫ, ʧʨʝʤʘ DRAM ʧʨʦʪʦʢʦʣʫ, ʠʥʭʝʨʝʥʪʥʦ ʥʝʜʦʩʪʫʧʥʠ ʟʘ ʢʦʨʠʰ˂ʝˁʝ. ʊʘʢʚʠ 

ʮʠʢʣʫʩʠ ʩʝ ʥʘʟʠʚʘʿʫ ʨʝʞʠʿʩʢʠ (ʝʥʛ. overhead) ʮʠʢʣʫʩʠ ʠ ʥʝ ʤʦʛʫ ʩʝ ʨʘʟʣʠʢʦʚʘʪʠ ʦʜ 

ʠʩʪʠʥʩʢʠ ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ (ʉʣʠʢʘ 1.6). ʇʦʰʪʦ ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ 

ʤʦʛʫ ʧʨʝʜʩʪʘʚˀʘʪʠ ʟʥʘʯʘʿʘʥ ʜʝʦ ʫʢʫʧʥʦʛ ʙʨʦʿʘ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʛ ʤʘʛʠʩʪʨʘʣʠ, 

ˁʠʭʦʚ ʫʪʠʮʘʿ ʥʘ ʪʘʯʥʦʩʪ ʤʝʨʝˁʘ ʧʝʨʬʦʨʤʘʥʩʠ ʤʦʞʝ ʙʠʪʠ ʚʝʦʤʘ ʚʝʣʠʢʠ. 

1.5.1 ʌʫʥʜʘʤʝʥʪʘʣʥʠ ʧʨʦʙʣʝʤʠ 

ʅʝʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʤʝʤʦʨʠʿʩʢʠ ʮʠʢʣʫʩʠ ʥʝʧʦʩʨʝʜʥʦ ʠ ʿʝʜʥʦʟʥʘʯʥʦ 

ʦʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ ʩʣʦʙʦʜʥʠ ʠʣʠ ʟʘʫʟʝʪʠ ʩʪʚʘʨʘ ʧʨʦʙʣʝʤ ʩʘ ʤʝʨʝˁʝʤ ʯʘʢ ʠ ʦʩʥʦʚʥʠʭ 

ʧʦʢʘʟʘʪʝˀʘ ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ. ʊʦ ʩʝ ʧʨʝ ʩʚʝʛʘ ʦʜʥʦʩʠ ʥʘ ʩʪʝʧʝʥ 

ʠʩʢʦʨʠʰ˂ʝˁʘ, ʢʦʿʠ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʦʜʥʦʩ ʙʨʦʿʘ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ ʠ ʫʢʫʧʥʦʛ ʙʨʦʿʘ 

ʮʠʢʣʫʩʘ, ʠ ʝʬʠʢʘʩʥʦʩʪ, ʢʦʿʘ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʦʜʥʦʩ ʙʨʦʿʘ ʘʢʪʠʚʥʠʭ ʮʠʢʣʫʩʘ ʠ 

ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʪʦʛʘ ʿʘʚˀʘ ʩʝ ʜʠʣʝʤʘ ʢʘʢʦ ʦʜʛʦʚʦʨʠʪʠ ʥʘ ʩʣʝʜʝ˂ʝ 

ʬʫʥʜʘʤʝʥʪʘʣʥʦ ʧʠʪʘˁʝ:  

ʂʘʢʦ ʤʝʨʠʪʠ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʩʘ ʧʦʪʨʝʙʥʠʤ ʥʠʚʦʦʤ ʪʘʯʥʦʩʪʠ? 

ʏʘʢ ʠ ʟʘ ʦʥʝ ʧʦʢʘʟʘʪʝˀʝ ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʝ ʿʝ ʤʦʛʫ˂ʝ 

ʥʝʧʦʩʨʝʜʥʦ ʤʝʨʠʪʠ, ʢʘʦ ʰʪʦ ʿʝ ʥʧʨ. ʧʨʦʪʦʢ ʧʦʜʘʪʘʢʘ, ʢʦʿʠ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʢʦʣʠʯʠʥʘ 
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ʧʦʜʘʪʘʢʘ ʢʦʿʘ ʩʝ ʧʨʝʥʝʩʝ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ, ʧʦʩʪʦʿʠ ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ. ɿʙʦʛ ʧʨʠʨʦʜʝ DRAM ʧʨʦʪʦʢʦʣʘ ʠ ʜʠʥʘʤʠʢʝ ʩʠʩʪʝʤʘ, 

ʪʝʦʨʠʿʩʢʠ ʤʘʢʩʠʤʫʤʠ ʧʦʢʘʟʘʪʝˀʘ ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʩʝ ʢʦʥʪʠʥʫʠʨʘʥʦ 

ʤʝˁʘʿʫ. ʅʘ ʧʨʠʤʝʨ, ʤʘʢʩʠʤʫʤ ʧʨʦʪʦʢʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʦʛʨʘʥʠʯʝʥ ʿʝ 

ʙʨʦʿʝʤ ʮʠʢʣʫʩʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʠʩʢʦʨʠʩʪʠʪʠ ʟʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ ʫ ʥʝʢʦʤ ʚʨʝʤʝʥʩʢʦʤ 

ʠʥʪʝʨʚʘʣʫ, ʰʪʦ ʫʢˀʫʯʫʿʝ ʩʚʝ ʥʝ-ʨʝʞʠʿʩʢʝ ʮʠʢʣʫʩʝ ʠʟ ʜʘʪʦʛ ʠʥʪʝʨʚʘʣʘ. ʇʦʰʪʦ ʙʨʦʿ 

ʨʝʞʠʿʩʢʠʭ ʠ ʥʝ-ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʟʘʚʠʩʠ ʦʜ ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʤʘʢʩʠʤʘʣʥʠ 

ʧʨʦʪʦʢ ʚʘʨʠʨʘ ʫ ʚʨʝʤʝʥʫ. ɿʘʪʦ ʠ ʘʢʦ ʙʠ ʩʝ ʠʩʪʠ ʧʨʦʪʦʢ ʧʦʜʘʪʘʢʘ ʠʟʤʝʨʠʦ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʤʝʥʩʢʠʤ ʧʝʨʠʦʜʠʤʘ ʠʣʠ ʟʘ ʨʘʟʣʠʯʠʪʘ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʦʜʥʦʩ 

ʩʪʚʘʨʥʦʛ ʠ ʤʘʢʩʠʤʘʣʥʦʛ ʧʨʦʪʦʢʘ, ʪʿ. ʩʪʝʧʝʥ ʠʩʢʦʨʠʰ˂ʝˁʘ, ʫ ʪʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʤʦʞʝ 

ʜʘ ʙʫʜʝ ʨʘʟʣʠʯʠʪ. ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʝ ʪʝʦʨʠʿʩʢʠ ʤʘʢʩʠʤʫʤʠ ʧʦʢʘʟʘʪʝˀʘ 

 

ʉʣʠʢʘ 1.6 ï ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ 

ʄʝʤʦʨʠʿʩʢʘ ʤʘʛʠʩʪʨʘʣʘ ʠʤʘ ʪʨʠ ʛʣʘʚʥʝ ʢʦʤʧʦʥʝʥʪʝ: ʢʦʤʘʥʜʥʫ ʤʘʛʠʩʪʨʘʣʫ (CMD), 

ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ (DQ) ʠ ʘʜʨʝʩʥʫ ʤʘʛʠʩʪʨʘʣʫ (ʥʠʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ). ʉʣʠʢʘ 

ʠʣʫʩʪʨʫʿʝ ʩʣʫʯʘʿ ʢʘʜʘ ʦʧʝʨʘʮʠʿʘ ʯʠʪʘˁʘ (RD) ʩʣʝʜʠ ʦʧʝʨʘʮʠʿʫ ʫʧʠʩʘ (WR) ʧʨʠʣʠʢʦʤ 

ʧʨʠʩʪʫʧʘ ʠʩʪʦʿ ʙʘʥʢʠ ʤʝʤʦʨʠʿʝ. ʄʠʥʠʤʘʣʥʠ ʙʨʦʿ ʮʠʢʣʫʩʘ ʢʦʿʠ ʤʦʨʘ ʧʨʦʪʝ˂ʠ ʠʟʤʝʹʫ 

ʢʦʤʘʥʜʝ ʫʧʠʩʘ ʠ ʯʠʪʘˁʘ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠʣʠ ʠʟʤʝʹʫ ʧʦʿʘʚʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ 

ʮʠʢʣʫʩʘ ʧʨʝʥʦʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʿʝʩʫ ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ. ʀ ʨʝʞʠʿʩʢʠ ʠ ʩʣʦʙʦʜʥʠ 

ʮʠʢʣʫʩʠ ʥʠʩʫ ʘʢʪʠʚʥʠ, ʧʘ ʩʝ ʥʝ ʤʦʛʫ ʤʝʹʫʩʦʙʥʦ ʨʘʟʣʠʢʦʚʘʪʠ. ʅʘ ʩʣʠʮʠ ʩʫ ʧʨʠʢʘʟʘʥʘ ʠ 

ʨʘʟʣʠʯʠʪʘ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʧʨʦʧʠʩʫʿʝ DDR2 SDRAM ʩʧʝʮʠʬʠʢʘʮʠʿʘ. 
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ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʥʝ ʤʦʛʫ ʥʝʧʦʩʨʝʜʥʦ ʤʝʨʠʪʠ, ʧʦʩʪʘʚˀʘ ʩʝ ʧʠʪʘˁʝ ʜʘ ʣʠ 

ʩʝ ʠ ʢʘʢʦ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʧʦʨʝʹʝˁʝ ʠʟʤʝʨʝʥʠʭ ʠ ʤʘʢʩʠʤʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ ʧʝʨʬʦʨʤʘʥʩʠ ʨʘʜʠ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ. ʋ ʪʦʤ ʩʤʠʩʣʫ, ʥʘʤʝ˂ʝ ʩʝ 

ʜʠʣʝʤʘ ʢʘʢʦ ʦʜʛʦʚʦʨʠʪʠ ʥʘ ʩʣʝʜʝ˂ʘ ʢˀʫʯʥʘ ʧʠʪʘˁʘ: 

ʂʦʣʠʢʦ ʩʫ ʠʟʤʝʨʝʥʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʜʦʙʨʝ ʠʣʠ ʣʦʰʝ? 

ʂʘʢʦ ʧʦʨʝʜʠʪʠ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʠʟʤʝʨʝʥʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʧʝʨʠʦʜʠʤʘ? 

ʂʘʢʦ ʧʦʨʝʜʠʪʠ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʟʘ ʨʘʟʣʠʯʠʪʘ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ? 

1.5.2 ʇʨʠʤʝʥˀʠʚʦʩʪ ʥʘ ʢʦʤʘʥʜʥʫ ʤʘʛʠʩʪʨʘʣʫ ʠ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ 

ʋ ʧʦʩʪʦʿʝ˂ʦʿ ʧʨʘʢʩʠ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʩʝ ʥʘʿʯʝʰ˂ʝ 

ʩʚʦʜʠ ʥʘ ʙʨʦʿʘˁʝ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ (ʥʧʨ. ʨʘʯʫʥʘˁʝ ʧʨʦʪʦʢʘ 

ʧʦʜʘʪʘʢʘ ʙʨʦʿʘˁʝʤ ʘʢʪʠʚʥʠʭ ʮʠʢʣʫʩʘ ʫ ʜʘʪʦʤ ʠʥʪʝʨʚʘʣʫ), ʜʦʢ ʩʝ ʘʥʘʣʠʟʘ 

ʧʝʨʬʦʨʤʘʥʩʠ ʥʘʿʯʝʰ˂ʝ ʩʚʦʜʠ ʥʘ ʧʨʦʫʯʘʚʘˁʝ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ 

(ʥʧʨ. ʧʨʦʫʯʘʚʘˁʝ ʦʙʨʘʩʮʘ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ ʫ ʤʝʤʦʨʠʿʫ), ʧʨʠ ʯʝʤʫ ʩʝ ʚʨʝʤʝʥʩʢʘ 

ʢʦʤʧʦʥʝʥʪʘ ʠʣʠ ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʠʣʠ ʩʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʩʘʤʦ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ. 

ʈʘʟʣʦʛ ʟʘ ʦʚʘʢʘʚ ʧʨʠʩʪʫʧ ʿʝ ʥʝʧʦʩʪʦʿʘˁʝ ʜʦʚʦˀʥʦ ʜʦʙʨʦʛ ʤʦʜʝʣʘ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʝ ʢʦʿʠʤ ʙʠ ʩʝ ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʦʙʝ ʤʘʛʠʩʪʨʘʣʝ ʫʟʨʦʯʥʦ-ʧʦʩʣʝʜʠʯʥʦ ʠ 

ʘʥʘʣʠʪʠʯʢʠ ʧʦʚʝʟʘʣʝ. 

ʇʦʩʣʝʜʠʮʝ ʧʨʠʩʪʫʧʘ ʛʜʝ ʩʝ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ 

ʨʘʜʠ ʟʘ ʩʚʘʢʫ ʤʘʛʠʩʪʨʘʣʫ ʧʦʩʝʙʥʦ ʩʫ ʜʚʦʩʪʨʫʢʦ ʥʝʛʘʪʠʚʥʝ. ʅʘʿʧʨʝ, ʣʘʢʦ ʩʝ ʤʦʛʫ 

ʟʘʥʝʤʘʨʠʪʠ ʠʥʭʝʨʝʥʪʥʝ ʚʝʟʝ ʢʦʿʝ ʧʦʩʪʦʿʝ ʠʟʤʝʹʫ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʦʙʝ ʤʘʛʠʩʪʨʘʣʝ, 

ʯʠʤʝ ʩʝ ʩʠʩʪʝʤʘʪʩʢʠ ʩʤʘˁʫʿʝ ʪʘʯʥʦʩʪ ʘʥʘʣʠʟʝ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ, ʘʢʦ ʩʝ ʥʝ ʜʝʪʝʢʪʫʿʫ 

ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʠʟʘʟʠʚʘʥʠ ʥʝʢʠʤ ʦʛʨʘʥʠʯʝˁʠʤʘ ʚʝʟʘʥʠʤ 

ʟʘ ʢʦʤʘʥʜʥʫ ʤʘʛʠʩʪʨʘʣʫ ʠʣʠ ʦʙʨʥʫʪʦ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʘʥʘʣʠʟʘ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ 

ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʦʙʘʚˀʘ ʨʫʯʥʦ, ʘʧʨʦʢʩʠʤʘʪʠʚʥʦ ʠʣʠ 

ʭʝʫʨʠʩʪʠʯʢʠ, ʰʪʦ ʿʝ ʯʝʩʪʦ ʥʝʘʜʝʢʚʘʪʥʦ ʠʣʠ ʯʘʢ ʧʦʪʧʫʥʦ ʥʝʧʨʠʤʝʥˀʠʚʦ ʫ ʘʥʘʣʠʟʠ 

ʩʠʩʪʝʤʘ ʢʦʿʠ ʠʤʘʿʫ ʚʝ˂ʠ ʙʨʦʿ ʤʝʤʦʨʠʿʩʢʠʭ ʢʣʠʿʝʥʘʪʘ, ʢʦʤʧʣʝʢʩʥʝ ʘʜʨʝʩʥʝ ʦʙʨʘʩʮʝ 

ʠʣʠ ʜʫʞʝ ʘʜʨʝʩʥʝ ʩʝʢʚʝʥʮʝ. ʉʠʩʪʝʤʩʢʘ ʘʥʘʣʠʟʘ ʜʘʥʘʩ ʟʘʭʪʝʚʘ ʟʥʘʪʥʦ ʨʦʙʫʩʪʥʠʿʠ ʠ 

ʪʘʯʥʠʿʠ ʧʨʠʩʪʫʧ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ, ʢʦʿʠ ˂ʝ ʠʩʪʦʚʨʝʤʝʥʦ 

ʦʙʫʭʚʘʪʠʪʠ ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʠ 

ʦʙʝʟʙʝʜʠʪʠ ʘʫʪʦʤʘʪʠʟʘʮʠʿʫ ʧʨʦʮʝʩʘ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ. 
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1.5.3 ʇʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʠʪʘ ʦʢʨʫʞʝˁʘ, ʤʦʜʝʣʝ ʩʠʩʪʝʤʘ ʠ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ 

ʋ ʨʘʟʥʠʤ ʬʘʟʘʤʘ ʨʘʟʚʦʿʘ ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ ʩʝ ʨʘʜʠ ʫ ʨʘʟʣʠʯʠʪʠʤ 

ʦʢʨʫʞʝˁʠʤʘ ʠ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʤʦʜʝʣʠʤʘ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ. ʊʘʢʦ ʩʝ ʫ ʬʘʟʠ 

ʜʝʬʠʥʠʩʘˁʘ ʘʨʭʠʪʝʢʪʫʨʝ ʘʥʘʣʠʟʘ ʨʘʜʠ ʥʘ ʘʨʭʠʪʝʢʪʫʨʘʣʥʦʤ, ʦʙʠʯʥʦ ʘʥʘʣʠʪʠʯʢʦʤ 

ʠʣʠ ʩʠʤʫʣʘʮʠʦʥʦʤ, ʤʦʜʝʣʫ ʩʠʩʪʝʤʘ, ʫ ʬʘʟʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʘʥʘʣʠʟʘ ʩʝ ʨʘʜʠ ʥʘ 

ʥʠʚʦʫ RTL ʤʦʜʝʣʘ, ʫ ʬʘʟʠ ʚʝʨʠʬʠʢʘʮʠʿʝ ʘʥʘʣʠʟʘ ʩʝ ʦʙʠʯʥʦ ʨʘʜʠ ʥʘ FPGA 

ʧʨʦʪʦʪʠʧʫ ʩʠʩʪʝʤʘ, ʘ ʫ ʬʘʟʠ ʪʝʩʪʠʨʘˁʘ ʘʥʘʣʠʟʘ ʩʝ ʨʘʜʠ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʿ ʧʣʘʪʬʦʨʤʠ 

ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʨʘʜʘ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ. ʇʦʞʝˀʥʦ ʿʝ ʜʘ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM 

ʤʝʤʦʨʠʿʝ ʫ ʩʚʠʤ ʦʢʨʫʞʝˁʠʤʘ ʠ ʥʘ ʩʚʠʤ ʤʦʜʝʣʠʤʘ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʤʝʨʝ ʥʘ 

ʤʝʪʦʜʦʣʦʰʢʠ ʠʩʪʠ ʥʘʯʠʥ ʢʘʢʦ ʙʠ ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʣʘʪʬʦʨʤʘʤʘ, 

ʟʘ ʨʘʟʣʠʯʠʪʘ ʨʘʜʥʘ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʫ ʨʘʟʣʠʯʠʪʠʤ ʚʨʝʤʝʥʩʢʠʤ ʧʝʨʠʦʜʠʤʘ ʤʦʛʣʠ 

ʤʝʹʫʩʦʙʥʦ ʜʘ ʩʝ ʧʦʨʝʜʝ. ʇʦʩʪʦʿʝ˂ʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʫʛʣʘʚʥʦʤ ʥʝ ʤʦʛʫ ʜʘ ʟʘʜʦʚʦˀʝ ʦʚʝ 

ʟʘʭʪʝʚʝ, ʰʪʦ ʤʦʞʝ ʟʥʘʪʥʦ ʜʘ ʦʪʝʞʘ ʘʥʘʣʠʟʫ. 

1.5.4 ʎʝʥʘ, ʢʦʤʧʣʝʢʩʥʦʩʪ ʠ ʝʬʠʢʘʩʥʦʩʪ ʫ ʧʨʠʤʝʥʠ 

ʂʦʜ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʧʦʩʝʙʘʥ 

ʧʨʦʙʣʝʤ ʧʨʝʜʩʪʘʚˀʘ ʧʦʪʨʝʙʘ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʝʬʠʢʘʩʥʦʩʪ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʫ ʧʨʠʤʝʥʠ 

ʢʦʿʫ ʠʟʠʩʢʫʿʝ ʨʘʜ ʥʘ ʩʣʦʞʝʥʠʤ ʧʨʦʿʝʢʪʠʤʘ. ʄʝʪʦʜʦʣʦʛʠʿʝ ʢʦʿʝ ʟʘʭʪʝʚʘʿʫ ʟʥʘʪʥʝ 

ʨʝʩʫʨʩʝ, ʠʤʘʿʫ ʚʝʣʠʢʦ ʚʨʝʤʝ ʠʟʚʨʰʘʚʘˁʘ ʠʣʠ ʥʝ ʛʘʨʘʥʪʫʿʫ ʜʦʚʦˀʥʫ ʪʘʯʥʦʩʪ ʤʦʛʫ 

ʜʨʘʩʪʠʯʥʦ ʫʪʠʮʘʪʠ ʥʘ ʧʨʠʤʝʥˀʠʚʦʩʪ ʫ ʧʨʘʢʩʠ. ʇʦʨʝʜ ʪʦʛʘ, ʧʦʩʪʘʚˀʘ ʩʝ ʠ ʧʠʪʘˁʝ 

ʮʝʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʢʘʦ ʠ ʧʦʪʨʝʙʥʠʭ ʫʩʣʦʚʘ ʟʘ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ. ʅʘ ʧʨʠʤʝʨ, 

ʤʝʪʦʜʦʣʦʛʠʿʝ ʙʘʟʠʨʘʥʝ ʥʘ ʤʝʪʦʜʠ ʩʠʤʫʣʘʮʠʿʝ ʟʘʭʪʝʚʘʿʫ ʫʚʠʜ ʫ ʠʥʪʝʨʥʫ ʘʨʭʠʪʝʢʪʫʨʫ 

ʤʝʤʦʨʠʿ ʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ ʥʘ ʢʦʤʝ ʩʝ ʠʟʚʨʰʘʚʘ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʰʪʦ ʥʝʢʘʜʘ ʥʠʿʝ 

ʤʦʛʫ˂ʝ ʙʠʣʦ ʠʟ ʧʨʘʚʥʠʭ, ʙʠʣʦ ʠʟ ʪʝʭʥʠʯʢʠʭ ʨʘʟʣʦʛʘ. ʊʘʢʦʹʝ, ʚʝʨʠʬʠʢʘʮʠʿʘ ʘʣʘʪʘ 

ʧʨʠʤʝˁʝʥʠʭ ʫ ʦʢʚʠʨʫ ʥʝʢʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʠʟʘʟʦʚ ʙʠʣʦ ʟʙʦʛ 

ˁʠʭʦʚʝ ʢʦʤʧʣʝʢʩʥʦʩʪʠ, ʙʠʣʦ ʟʙʦʛ ʧʦʪʨʝʙʥʠʭ ʨʝʩʫʨʩʘ. 

1.5.5 ʅʝʘʜʝʢʚʘʪʥʦʩʪ ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ 

ʅʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ ʫ ʚʝʟʠ ʩʘ ʤʝʨʝˁʝʤ ʠ ʘʥʘʣʠʟʦʤ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ ʥʝʤʘʿʫ ʘʜʝʢʚʘʪʥʦ ʨʝʰʝˁʝ. ʊʘʢʦ ʩʝ ʫ ʧʨʘʢʩʠ ʜʘʥʘʩ ʥʘʿʯʝʰ˂ʝ ʩʨʝ˂ʫ ʜʚʘ 

ʧʨʠʩʪʫʧʘ. ɱʝʜʘʥ ʧʨʠʩʪʫʧ ʩʝ ʙʘʟʠʨʘ ʥʘ ʫʚʦʹʝˁʫ ʨʘʟʣʠʯʠʪʠʭ ʧʨʝʪʧʦʩʪʘʚʢʠ ʟʘ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦ ʤʦʜʝʣʦʚʘˁʝ ʨʘʜʘ DRAM ʤʝʤʦʨʠʿʘ. ʊʦ ʫ ʥʝʢʠʤ ʿʝʜʥʦʩʪʘʚʥʠʿʠʤ 
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ʩʣʫʯʘʿʝʚʠʤʘ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʫʧʦʪʨʝʙˀʠʚʠʭ, ʘʣʠ ʥʠʢʘʜʘ ʧʦʪʧʫʥʦ ʪʘʯʥʠʭ 

ʨʝʟʫʣʪʘʪʘ. ʄʝʹʫʪʠʤ, ʢʘʦ ʰʪʦ ʿʝ ʨʘʥʠʿʝ ʧʦʤʝʥʫʪʦ, ʚʠʨʪʫʝʣʠʟʘʮʠʿʘ ʠ ʚʝʣʠʢʠ ʙʨʦʿ 

ʤʝʤʦʨʠʿʩʢʠʭ ʢʣʠʿʝʥʘʪʘ ʫ ʤʦʜʝʨʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʯʠʥʝ ʜʘ ʤʝʤʦʨʠʿʩʢʠ 

ʩʘʦʙʨʘ˂ʘʿ ʧʦʩʪʘʿʝ ʚʝʦʤʘ ʥʝʧʨʝʜʚʠʜˀʠʚ. ʋ ʪʘʢʚʦʿ ʩʠʪʫʘʮʠʿʠ ʩʝ ʧʦʥʘʰʘˁʝ DRAM 

ʤʝʤʦʨʠʿʝ ʚʠʰʝ ʥʝ ʤʦʞʝ ʧʦʫʟʜʘʥʦ ʘʧʨʦʢʩʠʤʠʨʘʪʠ, ʪʘʢʦ ʜʘ ʛʨʝʰʢʘ ʤʝʨʝˁʘ ʧʦʩʪʘʿʝ 

ʥʝʧʨʠʭʚʘʪˀʠʚʦ ʚʝʣʠʢʘ. ɼʨʫʛʠ ʧʨʠʩʪʫʧ ʩʝ ʙʘʟʠʨʘ ʥʘ ʧʨʠʤʝʥʠ ʤʝʪʦʜʝ ʩʠʤʫʣʘʮʠʿʝ. ʋ 

ʦʢʚʠʨʫ ʪʦʛ ʧʨʠʩʪʫʧʘ, ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʥʘ ʩʣʦʙʦʜʥʝ ʠ ʟʘʫʟʝʪʝ 

ʩʝ ʚʨʰʠ ʥʘ ʦʩʥʦʚʫ ʠʥʪʝʨʥʠʭ ʩʠʛʥʘʣʘ ʤʦʜʝʣʘ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʢʦʿʠ ʩʝ 

ʢʦʨʠʩʪʠ ʟʘ ʩʠʤʫʣʘʮʠʦʥʫ ʘʥʘʣʠʟʫ. ʄʘʥʝ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʫ ʧʨʘʢʩʠ ʩʫ ʚʠʰʝʩʪʨʫʢʝ. ʆʥ 

ʟʘʭʪʝʚʘ ʢʨʝʠʨʘˁʝ ʪʘʯʥʦʛ ʤʦʜʝʣʘ ʤʝʤʦʨʠʿʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ, ʢʘʦ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʩʠʤʫʣʘʮʠʦʥʦ ʦʢʨʫʞʝˁʝ. ɸʢʦ ʤʦʜʝʣ ʫ ʩʚʠʤ ʝʣʝʤʝʥʪʠʤʘ ʥʝ ʦʜʛʦʚʘʨʘ ʩʪʚʘʨʥʦʤ 

ʩʠʩʪʝʤʫ, ʨʝʟʫʣʪʫʿʫ˂ʠ ʤʝʤʦʨʠʿʩʢʠ ʩʘʦʙʨʘ˂ʘʿ ʥʝ˂ʝ ʙʠʪʠ ʚʝʨʦʜʦʩʪʦʿʘʥ, ʧʘ ʥʠʿʝ ʤʦʛʫ˂ʝ 

ʧʦʫʟʜʘʥʦ ʤʝʨʠʪʠ ʥʠ ʘʥʘʣʠʟʠʨʘʪʠ ʧʝʨʬʦʨʤʘʥʩʝ ʤʝʤʦʨʠʿʝ. ʊʘʢʦʹʝ, ʛʝʥʝʨʠʩʘˁʝ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʿʝ ʯʝʩʪʦ ʥʝʧʨʝʤʦʩʪʠʚ ʧʨʦʙʣʝʤ ʫ ʧʨʘʢʩʠ, ʿʝʨ ʩʝ 

ʫʪʠʮʘʿʠ ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʤʝʥʘʪʘ ʩʠʩʪʝʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʨʘʜ ʦʧʝʨʘʪʠʚʥʦʛ ʩʠʩʪʝʤʘ ʠ 

ʩʠʤʫʣʪʘʥʠ ʨʘʜ ʨʘʟʣʠʯʠʪʠʭ ʢʦʤʧʦʥʝʥʪʠ, ʪʝʰʢʦ ʤʦʜʝʣʠʨʘʿʫ. ʄʘʥʘ ʿʝ ʠ ʰʪʦ, ʩ 

ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʧʦʪʨʝʙʥʠ ʨʝʟʫʣʪʘʪʠ ʛʝʥʝʨʠʰʫ ʜʠʥʘʤʠʯʢʠ ʫ ʪʦʢʫ ʩʠʤʫʣʘʮʠʿʝ, ʘʥʘʣʠʟʘ 

ʧʝʨʬʦʨʤʘʥʩʠ ʩʚʘʢʝ ʤʝʤʦʨʠʿʩʢʝ ʩʝʢʚʝʥʮʝ ʟʘʭʪʝʚʘ ʥʦʚʦ ʧʦʢʨʝʪʘˁʝ ʩʠʤʫʣʘʮʠʿʝ. ʊʦ 

ʯʝʩʪʦ ʠʤʘ ʥʝʧʨʠʭʚʘʪˀʠʚʫ ʮʝʥʫ ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʫʞʠʥʫ ʪʨʘʿʘˁʘ ʩʠʤʫʣʘʮʠʿʘ ʠ 

ʨʝʩʫʨʩʝ ʢʦʿʠ ʩʝ ʧʨʠ ʪʦʤ ʘʥʛʘʞʫʿʫ. ʂʦʥʘʯʥʦ, ʤʝʪʦʜʘ ʩʠʤʫʣʘʮʠʿʝ ʩʘʤʘ ʧʦ ʩʝʙʠ ʥʝ 

ʦʤʦʛʫ˂ʘʚʘ ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʿʝʨ ʥʝ ʥʫʜʠ 

ʨʝʰʝˁʝ ʟʘ ʨʘʯʫʥʘˁʝ ʪʝʦʨʠʿʩʢʦʛ ʤʘʢʩʠʤʫʤʘ. 

1.6 ʇʨʝʜʣʦʛ ʨʝ ʝh ʘˁ 

ʇʦʰʪʦ ʧoʩʪʦʿʝ˂ʝ ʤʝʪʦʜʝ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʥʝ ʤʦʛʫ ʜʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʟʘʜʦʚʦˀʝ ʧʦʪʨʝʙʝ ʫ ʚʝʟʠ ʩʘ ʧʨʝʪʭʦʜʥʦ ʥʘʚʝʜʝʥʠʤ 

ʢʨʠʪʝʨʠʿʫʤʠʤʘ, ʧʦʩʪʘʿʝ ʥʫʞʥʦ ʜʘ ʩʝ ʪʘʿ ʠʟʘʟʦʚ ʥʘ ʥʝʢʠ ʥʘʯʠʥ ʧʨʝʚʘʟʠʹʝ. ɻʣʘʚʥʠ 

ʮʠˀ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʫʧʨʘʚʦ ʧʨʦʥʘʣʘʞʝˁʝ ʨʝʰʝˁʘ ʟʘ ʧʦʩʪʦʿʝ˂ʝ ʧʨʦʙʣʝʤʝ ʠ 

ʬʦʨʤʫʣʘʮʠʿʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʢʦʿʘ ʙʠ ʜʝʬʠʥʠʩʘʣʘ ʢʘʢʦ ʜʘ ʩʝ ʤʝʨʝˁʝ ʠ 

ʘʥʘʣʠʟʘ ʩʧʨʦʚʦʜʝ ʫ ʧʨʘʢʩʠ. 
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ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʥʦʚʦʤ ʤʦʜʝʣʫ ʟʘ ʪʘʯʥʦ ʤʝʨʝˁʝ ʠ 

ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʥʘʟʚʘʥʦʤ ACDC. ACDC ʤʦʜʝʣ ʦʤʦʛʫ˂ʘʚʘ 

ʧʨʝʮʠʟʥʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʥʘ ʦʩʥʦʚʫ ʫʪʠʮʘʿʘ ʢʦʿʝ 

ʬʫʥʢʮʠʦʥʘʣʥʝ ʟʘʚʠʩʥʦʩʪʠ ʠ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʠʤʘʿʫ ʥʘ ʜʦʛʘʹʘʿʝ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ACDC ʤʦʜʝʣ ʟʘ ʦʜʨʝʹʝʥʠ ʪʠʧ DRAM ʤʝʤʦʨʠʿʝ ʩʝ ʤʦʞʝ 

ʢʨʝʠʨʘʪʠ ʥʘ ʦʩʥʦʚʫ ʩʧʝʮʠʬʠʢʘʮʠʿʝ DRAM ʫʨʝʹʘʿʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʘ ʧʨʠʤʝʨ JEDEC3 

DDRx, LPDDRx ʠʣʠ GDDRx ʩʪʘʥʜʘʨʜʠ, ʢʦʨʠʩʪʝ˂ʠ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥ ʧʨʦʮʝʩ 

ʧʨʠʤʝʥˀʠʚ ʫ ʧʨʘʢʩʠ. ʄʦʜʝʣ ʠʤʘ ʦʙʣʠʢ ʢʦʥʘʯʥʦʛ ʘʫʪʦʤʘʪʘ ʢʦʿʠ ʿʝ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥ 

ʪʘʢʦ ʜʘ ʤʦʞʝ ʜʘ ʧʦʜʨʞʠ ʩʚʝ ʚʨʩʪʝ DRAM ʫʨʝʹʘʿʘ, ʨʘʟʣʠʯʠʪʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʠ 

ʚʨʝʜʥʦʩʪʠ ʚʨʝʤʝʥʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʋʣʘʟʥʝ ʧʦʜʘʪʢʝ ʘʫʪʦʤʘʪʘ ʯʠʥʝ DRAM ʢʦʤʘʥʜʝ 

ʠ ʚʨʝʤʝ ˁʠʭʦʚʝ ʧʦʿʘʚʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ, ʘ ʠʟʣʘʟʥʝ ʚʨʝʜʥʦʩʪʠ ʯʠʥʝ 

ʮʠʢʣʫʩʠ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʿʝʜʥʦʟʥʘʯʥʦ ʦʢʘʨʘʢʪʝʨʠʩʘʥʠ ʢʘʦ ʩʣʦʙʦʜʥʠ, 

ʘʢʪʠʚʥʠ ʠʣʠ ʨʝʞʠʿʩʢʠ. ʇʦʨʝʜ ʪʦʛʘ ʰʪʦ ʫ ʧʦʪʧʫʥʦʩʪʠ ʨʝʰʘʚʘ ʧʨʦʙʣʝʤ ʪʘʯʥʦʩʪʠ, 

ACDC ʤʦʜʝʣ ʧʦ ʩʚʦʿʦʿ ʧʨʠʨʦʜʠ ʢʘʨʘʢʪʝʨʠʰʝ ʥʠʩʢʘ ʢʦʤʧʣʝʢʩʥʦʩʪ, ʤʘʣʘ ʮʝʥʘ 

ʨʘʟʚʦʿʘ ʠ ʧʨʝʥʦʩʠʚʦʩʪ ʥʘ ʨʘʟʣʠʯʠʪʝ ʧʣʘʪʬʦʨʤʝ. 

ʇʦʰʪʦ ʩʝ ʢʨʝʠʨʘ ʥʘ ʦʩʥʦʚʫ DRAM ʩʧʝʮʠʬʠʢʘʮʠʿʝ, ACDC ʤʦʜʝʣ ʩʝ ʤʦʞʝ 

ʥʝʧʦʩʨʝʜʥʦ ʧʨʠʤʝʥʠʪʠ ʫ ʘʥʘʣʠʟʠ ʨʝʘʣʥʠʭ DRAM ʪʨʘʥʩʘʢʮʠʿʘ. ʄʦʜʝʣ ʥʝ ʟʘʚʠʩʠ ʦʜ 

ʧʦʨʝʢʣʘ DRAM ʪʨʘʥʩʘʢʮʠʿʘ ʠʣʠ ʤʝʤʦʨʠʿʩʢʝ ʘʨʭʠʪʝʢʪʫʨʝ ʠʟʚʦʨʥʦʛ ʩʠʩʪʝʤʘ, ʪʘʢʦ ʜʘ 

ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʦʙʨʘʜʫ ʪʨʘʥʩʘʢʮʠʿʘ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʦʥʝ 

ʩʥʠʤˀʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʫʨʝʹʘʿʘ ʟʘ ʘʢʚʠʟʠʮʠʿʫ ʧʦʜʘʪʘʢʘ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ 

(ʝʥʛ. DRAM probe), ʩʠʛʥʘʣʘ ʩʥʠʤˀʝʥʠʭ ʪʦʢʦʤ ʩʠʤʫʣʘʮʠʿʘ (ʝʥʛ. waveforms), ʠʣʠ 

ʪʝʢʩʪʫʘʣʥʠʭ ʬʘʿʣʦʚʘ ʩʘ ʜʦʛʘʹʘʿʠʤʘ ʢʦʿʝ ʩʫ ʟʘʙʝʣʝʞʠʣʠ ʤʦʥʠʪʦʨʠ ʪʦʢʦʤ ʩʠʤʫʣʘʮʠʿʘ 

(ʝʥʛ. event logs), ʰʪʦ ʿʝ ʚʝʦʤʘ ʪʝʰʢʦ ʠʣʠ ʥʝʤʦʛʫ˂ʝ ʦʙʝʟʙʝʜʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ 

ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ. ʆʚʝ ʿʝʜʠʥʩʪʚʝʥʝ ʦʩʦʙʠʥʝ ACDC ʤʦʜʝʣʘ ʦʤʦʛʫ˂ʘʚʘʿʫ 

ˁʝʛʦʚʫ ʫʥʠʚʝʨʟʘʣʥʫ ʧʨʠʤʝʥˀʠʚʦʩʪ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʨʘʜʥʦ ʦʢʨʫʞʝˁʝ, ʤʦʜʝʣ 

ʘʥʘʣʠʟʠʨʘʥʦʛ ʩʠʩʪʝʤʘ ʠ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ. ʂʦʥʘʯʥʦ, ACDC ʤʦʜʝʣ ʯʠʥʠ 

ʥʝʧʦʪʨʝʙʥʠʤ ʠʟʚʨʰʘʚʘˁʝ ʬʫʥʢʮʠʦʥʘʣʥʠʭ ʩʠʤʫʣʘʮʠʿʘ ʨʘʜʠ ʘʥʘʣʠʟʝ ʧʝʨʬʦʨʤʘʥʩʠ 

                                                 

 
3 JEDEC (ʝʥʛ. Joint Electron Device Engineering Council) ʿʝ ʠʥʞʠˁʝʨʩʢʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʟʘ 

ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʫ ʯʠʿʠ ʿʝ ʮʠˀ ʜʘ ʫʩʚʘʿʘ ʦʪʚʦʨʝʥʝ ʩʪʘʥʜʘʨʜʝ ʢʦʿʠ ʦʣʘʢh ʘʚʘʿʫ ʠʥʪʝʨʦʧʝʨʘʙʠʣʥʦʩʪ 

ʨʘʟʣʠʯʠʪʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ ʢʦʤʧʦʥʝʪʠ. 
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DRAM ʤʝʤʦʨʠʿʝ, ʰʪʦ ʟʥʘʯʘʿʥʦ ʧʦʚʝ˂ʘʚʘ ʝʬʠʢʘʩʥʦʩʪ ʠ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ ʫʧʦʪʨʝʙʫ ʫ 

ʧʨʦʮʝʩʫ ʘʥʘʣʠʟʝ. 

ʊʘʯʥʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʢʦʿʫ ʦʙʝʟʙʝʹʫʿʝ 

ACDC ʤʦʜʝʣ ʦʤʦʛʫ˂ʘʚʘ ʬʦʨʤʫʣʠʩʘˁʝ ʩʘʩʚʠʤ ʥʦʚʝ ʤʝʪʨʠʢʝ ʟʘ ʤʝʨʝˁʝ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ. ʆʚʘ ʤʝʪʨʠʢʘ ʥʘ ʧʨʠʨʦʜʘʥ ʥʘʯʠʥ ʠʥʪʝʛʨʠʰʝ 

ʧʝʨʬʦʨʤʘʥʩʝ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʠ ʢʦʤʘʥʜʥʝ ʤʘʛʠʩʪʨʘʣʝ, ʢʘʦ ʜʚʝ ʢˀʫʯʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʧʨʝʚʘʟʠʣʘʟʠ ʜʠʭʦʪʦʤʠʿʘ ʢʦʿʘ 

ʧʦʩʪʦʿʠ ʢʦʜ ʜʨʫʛʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ. ʅʘ ʦʩʥʦʚʫ ʥʦʚʝ ʤʝʪʨʠʢʝ ʤʦʛʫ˂ʝ ʝʿ ʜʝʬʠʥʠʩʘʪʠ ʠ 

ʤʝʪʦʜ ʟʘ ʪʘʯʥʫ ʜʠʥʘʤʠʯʢʫ ʧʨʦʮʝʥʫ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ, 

ʯʠʤʝ ʩʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʨʝʰʘʚʘ ʠ ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ. 

ACDC ʤʦʜʝʣ ʤʦʜʝʣʠʨʘ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʫʨʝʹʘʿʘ, ʦʜʥʦʩʥʦ ʥʘ ʥʠʚʦʫ 

ʿʝʜʥʦʛ DRAM ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ. ɼʝʪʘˀʠ ʢʦʿʠ ʩʝ ʦʜʥʦʩʝ ʥʘ ʦʨʛʘʥʠʟʘʮʠʿʫ ʯʠʪʘʚʝ 

DRAM ʤʝʤʦʨʠʿʝ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʜʝʣʦʚʘ ʤʝʤʦʨʠʿʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ, ʢʘʦ ʰʪʦ ʩʫ ʙʨʦʿ 

ʠ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʢʘʥʘʣʘ, ʙʨʦʿ ʠ ʪʠʧ ʤʝʤʦʨʠʿʩʢʠʭ ʤʦʜʫʣʘ, ʙʨʦʿ DRAM 

ʯʠʧʦʚʘ ʧʦ ʤʦʜʫʣʫ, ʙʨʦʿ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʫ ʯʠʧʫ ʠ ʜʨ., ʤʦʛʫ ʩʝ ʘʧʩʪʨʘʭʦʚʘʪʠ ʥʘ 

ʚʠʰʝʤ ʥʠʚʦʫ ʫʥʫʪʘʨ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʤʦʜʝʣʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʝ, ʫ ʦʢʚʠʨʫ ʢʦʛ ʩʝ ACDC ʤʦʜʝʣ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʢʘʦ ʦʩʥʦʚʥʘ 

ʢʦʤʧʦʥʝʥʪʘ ʫ ʧʦʪʨʝʙʥʦʤ ʙʨʦʿʫ ʠʥʩʪʘʥʮʠ. 

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʦʩʦʙʠʥʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ, ʦʯʝʢʫʿʝ ʩʝ ʜʘ ʦʥʘ 

ʦʤʦʛʫ˂ʠ ʢʚʘʣʠʪʘʪʠʚʥʠ ʠ ʢʚʘʥʪʠʪʘʪʠʚʥʠ ʥʘʧʨʝʜʘʢ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʪʦʿʝ˂ʘ ʨʝʰʝˁʘ, ʩʘ 

ʮʠˀʝʤ ʜʘ ʠʭ ʟʘʤʝʥʠ ʫ ʩʚʠʤ ʜʦʤʝʥʠʤʘ ʛʜʝ ʩʫ ʪʘʯʥʦʩʪ ʠ ʝʬʠʢʘʩʥʦʩʪ ʦʜ ʧʨʠʤʘʨʥʦʛ 

ʟʥʘʯʘʿʘ, ʢʘʦ ʠ ʜʘ ʦʪʚʦʨʠ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʧʨʠʤʝʥʫ ʫ ʥʦʚʠʤ ʦʙʣʘʩʪʠʤʘ ʛʜʝ ʪʦ ʜʦ ʩʘʜʘ 

ʥʠʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ. 

1.7 ʊʝʨʤʠʥʦʣʦʛʠʿʘ 

ʅʝʢʝ ʢˀʫʯʥʝ ʧʦʿʤʦʚʝ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ĂDRAM ʤʝʤʦʨʠʿʩʢʘ ʘʨʭʠʪʝʢʪʫʨʘñ, ʿʝ 

ʪʝʰʢʦ ʨʘʟʫʤʝʪʠ ʙʝʟ ʧʨʝʮʠʟʥʠʿʝʛ ʦʙʿʘʰˁʝˁʘ, ʜʦʢ ʥʝʢʠ ʜʨʫʛʠ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ 

ĂDRAMñ, ʤʦʛʫ ʠʤʘʪʠ ʨʘʟʣʠʯʠʪʦ ʟʥʘʯʝˁʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʢʦʥʪʝʢʩʪʘ ʫ ʢʦʤ ʩʝ 
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ʢʦʨʠʩʪʝ. ʉʚʝ ʪʦ ʦʪʝʞʘʚʘ ʨʘʟʫʤʝʚʘˁʝ ʪʝʢʩʪʘ ʠ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʟʘʙʫʥʝ. ʉʪʦʛʘ ʿʝ 

ʢʦʨʠʩʥʦ ʜʘ ʩʝ ʨʘʟʿʘʩʥʠ ʟʥʘʯʝˁʝ ʠ ʫʧʦʪʨʝʙʘ ʪʠʭ ʠ ʜʨʫʛʠʭ ʨʝʣʝʚʘʥʪʥʠʭ ʧʦʿʤʦʚʘ. 

ʇʦʿʤʦʚʠ ĂRAMñ, Ăʛʣʘʚʥʘ ʤʝʤʦʨʠʿʘñ, Ăʩʠʩʪʝʤʩʢʘ ʤʝʤʦʨʠʿʘñ ʠ Ăʬʠʟʠʯʢʘ 

ʤʝʤʦʨʠʿʘñ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʠʥʦʥʠʤʝ ʢʦʿʠ ʩʝ ʦʜʥʦʩʝ ʥʘ ʤʝʤʦʨʠʿʫ ʫ ʢʦʿʦʿ ʩʝ ʯʫʚʘʿʫ 

ʧʨʦʛʨʘʤʠ ʠ ʧʦʜʘʮʠ ʫ ʩʢʣʘʜʫ ʩʘ ʌʦʥ ʅʦʿʤʘʥʦʚʦʤ ʠʣʠ ʍʘʨʚʘʨʜ ʘʨʭʠʪʝʢʪʫʨʦʤ. ʆʚʠ 

ʧʦʿʤʦʚʠ ʩʝ ʥʝ ʦʜʥʦʩʝ ʥʘ ʜʝʦ ʤʝʤʦʨʠʿʩʢʝ ʭʠʿʝʨʘʨʭʠʿʝ ʢʦʿʠ ʩʝ ʫʚʦʜʠ ʨʘʜʠ ʫʙʨʟʘʚʘˁʘ 

ʧʨʠʩʪʫʧʘ ʛʣʘʚʥʦʿ ʤʝʤʦʨʠʿʠ, ʦʜʥʦʩʥʦ ʢʝʰʝʚʝ, ʥʠʪʠ ʥʘ ʚʠʨʪʫʝʣʥʫ ʤʝʤʦʨʠʿʫ, ʢʘʦ 

ʧʨʦʰʠʨʝˁʝ ʢʦʥʮʝʧʪʘ RAM-ʘ ʥʘ ʩʝʢʫʥʜʘʨʥʫ ʤʝʤʦʨʠʿʫ. 

ʊʝʨʤʠʥ ĂDRAM ʤʝʤʦʨʠʿʘñ ʦʟʥʘʯʘʚʘ (RAM) ʤʝʤʦʨʠʿʫ ʠʤʣʝʤʝʥʪʠʨʘʥʫ 

ʧʦʤʦ˂ʫ DRAM ʯʠʧʦʚʘ. ʇʦʜ DRAM ʯʠʧʦʤ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʫʨʝʹʘʿ 

ʢʦʿʠ ʫ ʩʝʙʠ ʩʘʜʨʞʠ ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ ʩʘ DRAM ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ ʠ 

ʢʦʥʪʨʦʣʥʦʤ ʣʦʛʠʢʦʤ ʟʘ ʧʨʠʩʪʫʧ ˁʠʭʦʚʦʤ ʩʘʜʨʞʘʿʫ ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ. ʋ 

ʰʠʨʝʤ ʢʦʥʪʝʢʩʪʫ, ʪʝʨʤʠʥ Ăʯʠʧñ ʦʟʥʘʯʘʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʫʨʝʹʘʿ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ 

ʦʜ ʿʝʜʥʦʛ ʠʣʠ ʚʠʰʝ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ. ʇʦʜ ʠʥʪʝʛʨʠʩʘʥʠʤ 

ʢʦʣʦʤ ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʝʣʝʢʪʨʦʥʩʢʠ ʫʨʝʹʘʿ ʩʘ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ ʥʘ 

ʿʝʜʥʦʤ ʢʦʤʘʜʫ ʩʠʣʠʮʠʿʫʤʩʢʦʛ ʩʫʙʩʪʨʘʪʘ (ʝʥʛ. silicon die). ʅʝʢʘʜʘ ʩʝ ʧʦʿʘʤ 

Ăʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦñ ʢʦʨʠʩʪʠ ʠ ʢʘʦ ʩʠʥʦʥʠʤ ʟʘ ʯʠʧ, ʘʣʠ ʪʦ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʟʘʙʫʥʝ 

ʠ ʤʦʞʝ ʠʤʘʪʠ ʦʧʨʘʚʜʘˁʝ ʿʝʜʠʥʦ ʘʢʦ ʯʠʧ ʩʘʜʨʞʠ ʩʘʤʦ ʿʝʜʥʦ ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ 

ʫʥʫʪʘʨ ʧʘʢʦʚʘˁʘ. ʊʝʨʤʠʥ Ăʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠ ʫʨʝʹʘʿñ ʤʦʞʝ ʦʟʥʘʯʘʚʘʪʠ ʙʠʣʦ ʢʘʢʘʚ 

ʫʨʝʹʘʿ ʩʘ ʧʦʣʫʧʦʨʦʚʦʜʥʠʯʢʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ, ʥʧʨ. ʯʠʧ, ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ, 

ʜʠʩʢʨʝʪʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ ʢʦʤʧʦʥʝʥʪʝ ʠ ʩʣ. 

ʇʦʿʘʤ ĂDRAM ʤʝʤʦʨʠʿʩʢʘ ʘʨʭʠʪʝʢʪʫʨʘñ ʧʦʜʨʘʟʫʤʝʚʘ ʢʦʥʪʨʦʣʥʫ ʣʦʛʠʢʫ 

ʫʥʫʪʘʨ DRAM ʯʠʧʦʚʘ, ʠʥʪʝʨʬʝʿʩ ʟʘ ʧʦʚʝʟʠʚʘˁʝ ʯʠʧʦʚʘ ʩʘ ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʨʦʪʦʢʦʣ ʟʘ ʢʦʤʫʥʠʢʘʮʠʿʫ. DRAM ʯʠʧʦʚʠ ʩʫ ʧʦʚʝʟʘʥʠ ʩʘ ʦʩʪʘʪʢʦʤ 

ʩʠʩʪʝʤʘ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. ʀʥʪʝʨʬʝʿʩ ʧʨʝʢʦ ʢʦʛʘ ʩʫ DRAM ʯʠʧʦʚʠ ʠ 

ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʧʦʚʝʟʘʥʠ ʥʘ ʤʝʤʦʨʠʿʩʢʫ ʤʘʛʠʩʪʨʘʣʫ ʩʝ ʥʘʟʠʚʘ ĂDRAM 

ʠʥʪʝʨʬʝʿʩñ ʠʣʠ Ăʤʝʤʦʨʠʿʩʢʠ ʠʥʪʝʨʬʝʿʩñ. ɿʘ ʢʦʤʫʥʠʢʘʮʠʦʥʠ ʧʨʦʪʦʢʦʣ ʢʦʿʠ ʩʝ 

ʫʧʦʪʨʝʙˀʘʚʘ ʧʨʠʣʠʢʦʤ ʨʘʟʤʝʥʝ ʧʦʜʘʪʘʢʘ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʦʛ ʠʥʪʝʨʬʝʿʩʘ ʩʝ ʢʦʨʠʩʪʠ 

ʪʝʨʤʠʥ ĂDRAM ʧʨʦʪʦʢʦʣñ. 
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ʇʦʿʘʤ ĂDRAMñ ʿʝ ʚʝʦʤʘ ʦʧʪʝʨʝ˂ʝʥ. ʋ ʩʚʦʤ ʦʩʥʦʚʥʦʤ ʟʥʘʯʝˁʫ ʦʥ 

ʧʨʝʜʩʪʘʚˀʘ ʚʨʩʪʫ ʥʝʧʦʩʪʦʿʘʥʝ, ʜʠʥʘʤʠʯʢʝ ʤʝʤʦʨʠʿʝ ʩʘ ʿʝʜʥʦʪʨʘʥʟʠʩʪʦʨʩʢʠʤ 

ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ. ʋ ʢʦʥʪʝʢʩʪʫ ʘʨʭʠʪʝʢʪʫʨʝ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ, ʪʝʨʤʠʥ 

ĂDRAMñ ʩʝ ʯʝʩʪʦ ʫʧʦʪʨʝʙˀʘʚʘ ʢʘʦ ʩʠʥʦʥʠʤ ʟʘ DRAM ʤʝʤʦʨʠʿʫ. ʇʨʠʪʦʤ ʩʝ 

ʥʝʨʝʪʢʦ ʠʤʧʣʠʮʠʨʘ ʯʘʢ ʠ DRAM ʤʝʤʦʨʠʿʩʢʘ ʘʨʭʠʪʝʢʪʫʨʘ ʧʨʠʤʝˁʝʥʘ ʫ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ; ʥʘ ʧʨʠʤʝʨ, ʧʦʰʪʦ ʩʝ ʘʩʠʥʭʨʦʥʝ DRAM ʤʝʤʦʨʠʿʝ ʥʝ ʢʦʨʠʩʪʝ ʫ 

ʩʘʚʨʝʤʝʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ, ĂDRAMñ ʤʦʞʝ ʜʘ ʧʨʝʜʩʪʘʚˀʘ ʩʠʥʦʥʠʤ ʟʘ 

ʩʠʥʭʨʦʥʫ DRAM ʤʝʤʦʨʠʿʫ (SDRAM). ʋ ʢʦʥʪʝʢʩʪʫ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ DRAM 

ʤʝʤʦʨʠʿʝ, ʪʝʨʤʠʥ ĂDRAMñ ʩʝ ʢʦʨʠʩʪʠ ʜʘ ʦʟʥʘʯʠ DRAM ʯʠʧ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʫ 

ʩʢʣʘʜʫ ʩʘ ʦʜʨʝʹʝʥʠʤ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʩʪʘʥʜʘʨʜʦʤ, ʢʘʦ ʰʪʦ ʿʝ ʥʘ ʧʨʠʤʝʨ DDR2 

SDRAM ʩʪʘʥʜʘʨʜ. 
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2 DRAM ʤʝʤʦʨʠʿʘ 

ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ ʩʝ ʦʧʠʩʫʿʝ ʬʠʟʠʯʢʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ, ʪʝʭʥʦʣʦʛʠʿʘ 

ʠʟʨʘʜʝ, ʧʨʠʥʮʠʧ ʬʫʥʢʮʠʦʥʠʩʘˁʘ, ʩʪʨʫʢʪʫʨʘ, ʜʠʟʘʿʥ, ʘʨʭʠʪʝʢʪʫʨʘ ʠ ʦʨʛʘʥʠʟʘʮʠʿʘ 

DRAM ʤʝʤʦʨʠʿʝ. ʅʝʤʦʛʫ˂ʝ ʿʝ ʥʘʧʨʘʚʠʪʠ ʧʦʪʧʫʥ ʧʨʝʛʣʝʜ ʦʚʠʭ ʦʙʣʘʩʪʠ ʫ ʦʢʚʠʨʫ 

ʩʘʤʦ ʿʝʜʥʦʛ ʧʦʛʣʘʚˀʘ. ʉʪʦʛʘ ʿʝ ʮʠˀ ʧʨʝ ʩʚʝʛʘ ʜʘ ʩʝ ʦʙʝʟʙʝʜe ʠʥʬʦʨʤʘʮʠʿʝ ʩʘ  

ʧʦʪʨʝʙʥʠʤ ʥʠʚʦʦʤ ʜʝʪʘˀʘ ʦ ʨʘʜʫ DRAM ʤʝʤʦʨʠʿʘ ʢʘʢʦ ʙʠ ʩʝ ʤʦʛʣʠ ʨʘʟʫʤʝʪʠ ʠ 

ʨʝʰʘʚʘʪʠ ʧʨʦʙʣʝʤʠ ʫ ʚʝʟʠ ʩʘ ʤʝʨʝˁʝʤ ʠ ʘʥʘʣʠʟʦʤ ˁʝʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʩʘ 

ʪʝʦʨʠʿʩʢʦʛ ʠ ʧʨʘʢʪʠʯʥʦʛ ʘʩʧʝʢʪʘ ʦ ʢʦʿʠʤʘ ˂ʝ ʙʠʪʠ ʨʝʯʠ ʫ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ. 

2.1 DRAM ʤʝʤʦʨʠʿa ʫ ʨʘʯʫʥʘʨʩʢʠʤ ʫʨʝʹʘʿʠʤʘ 

ʇʦʰʪʦ ʩʝ DRAM ʤʝʤʦʨʠʿʘ ʠ ʜʠʛʠʪʘʣʥʘ ʣʦʛʠʯʢʘ ʢʦʣʘ ʧʨʦʠʟʚʦʜʝ 

ʢʦʨʠʰ˂ʝˁʝʤ ʨʘʟʣʠʯʠʪʠʭ ʪʝʭʥʦʣʦʰʢʠʭ ʧʨʦʮʝʩʘ, DRAM ʥʠʿʝ ʤʦʛʫ˂ʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʥʘ ʠʩʪʦʿ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʦʿ ʧʦʜʣʦʟʠ ʩʘ ʧʨʦʮʝʩʦʨʦʤ. ʀʟ ʪʦʛʘ 

ʧʨʦʠʟʠʣʘʟʠ ʜʘ ʿʝ DRAM ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ ʬʠʟʠʯʢʠ ʥʘʿʤʘˁʘ ʮʝʣʠʥʘ ʢʦʿʘ ʩʝ ʤʦʞʝ 

ʢʦʨʠʩʪʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ DRAM ʤʝʤʦʨʠʿʝ ʫ ʨʘʯʫʥʘʨʩʢʠʤ ʫʨʝʹʘʿʠʤʘ. 

ʅʘʿʪʝʰˁʠ ʥʠʚʦ ʧʦʚʝʟʠʚʘˁʘ DRAM ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʩʘ ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ 

ʿʝʩʪʝ ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ (ʉʣʠʢʘ 2.1.ʘ). ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʩʝ ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

DRAM ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ ʢʦʨʠʩʪʠ ʥʘʟʠʚ eDRAM (ʝʥʛ. embedded DRAM). ʆʚʘʢʚʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʩʝ ʦʙʠʯʥʦ ʢʦʨʠʩʪʠ ʢʘʜʘ ʩʝ DRAM ʢʦʨʠʩʪʠ ʢʘʦ ʥʦʚʠ, ʥʘʿʚʠʰʠ, ʥʠʚʦ 

ʢʝʰʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʭʠʿʝʨʘʨʭʠʿʠ. ʊʘʢʚʘ ʨʝʰʝˁʘ ʩʝ ʩʨʝ˂ʫ ʢʦʜ ʩʠʩʪʝʤʘ ʢʦʿʠ ʟʘʭʪʝʚʘʿʫ 

ʚʝʦʤʘ ʚʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ, ʢʘʦ ʰʪʦ ʩʫ ʠʛʨʘʯʢʝ ʢʦʥʟʦʣʝ, ʧʨʦʮʝʩʦʨʠ ʟʘ HPC ʢʦʿʠ 

ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʯʝʪʚʨʪʠ ʥʠʚʦ ʢʝʰʘ ʠ ʩʣ. 
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a) Intel Haswell ʧʨʦʮʝʩʦʨ (128MB eDRAM) 

 

 

ʙ) AMD Radeon R9 390X ʛʨʘʬʠʯʢʘ ʢʘʨʪʘ (16x512Mb GDDR5 SDRAM) 

 

 

ʚ) Supermicro X9DRW-CTF31 ʩʝʨʚʝʨ (16x32GB ECC RDIMM ) 

 

ʉʣʠʢʘ 2.1 ï DRAM  ʤʝʤʦʨʠʿʘ ʫ ʨʘʯʫʥʘʨʩʢʠʤ ʫʨʝʹʘʿʠʤʘ 

DRAM ʤʝʤʦʨʠʿʘ ʩʝ ʠʥʪʝʛʨʠʰʝ ʫ ʩʠʩʪʝʤ ʫ ʪʨʠ ʦʙʣʠʢʘ: ʘ) ʝDRAM ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ ʫ 

ʠʩʪʦʤ ʧʘʢʦʚʘˁʫ, ʙ) DRAM ʯʠʧʦʚʠ ʥʘ ʠʩʪʦʿ ʧʣʦʯʠ, ʚ) DIMM ʤʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣ 
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ʉʣʝʜʝ˂ʠ ʥʠʚʦ ʠʥʪʝʛʨʘʮʠʿʝ ʿʝ ʢʘʜʘ ʩʝ ʿʝʜʥʦ ʠʣʠ ʚʠʰʝ DRAM ʠʥʪʝʛʨʠʩʘʥʠʭ 

ʢʦʣʘ ʩʤʝʰʪʘ ʫ ʟʘʩʝʙʥʦ ʧʘʢʦʚʘˁʝ ï ʤʝʤʦʨʠʿʩʢʠ ʯʠʧ. DRAM ʯʠʧʦʚʠ ʩʝ ʤʦʛʫ ʧʦʚʝʟʘʪʠ 

ʩʘ ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ ʣʝʤˀʝˁʝʤ ʥʘ ʠʩʪʦʿ ʤʘʪʠʯʥʦʿ ʧʣʦʯʠ, ʰʪʦ ʿʝ ʧʨʠʩʪʫʧ ʢʦʿʠ ʩʝ 

ʢʦʨʠʩʪʠ ʢʦʜ ʫʨʝʹʘʿʘ ʢʦʜ ʢʦʿʠʭ ʥʝ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʜʘ ʢʣʠʿʝʥʪ ʤʝˁʘ ʢʘʧʘʮʠʪʝʪ ʠʣʠ 

ʧʝʨʬʦʨʤʘʥʩʝ ʤʝʤʦʨʠʿʝ. ʊʦ ʿʝ, ʥʘ ʧʨʠʤʝʨ, ʯʝʩʪ ʩʣʫʯʘʿ ʢʦʜ ʥʦʩʠʚʠʭ ʠ ʤʦʙʠʣʥʠʭ 

ʫʨʝʹʘʿʘ, ʢʘʦ ʰʪʦ ʩʫ ʧʘʤʝʪʥʠ ʩʘʪʦʚʠ, ʤʦʙʠʣʥʠ ʪʝʣʝʬʦʥʠ ʠ ʪʘʙʣʝʪʠ, ʠʣʠ ʢʦʜ 

ʘʢʮʝʣʝʨʘʪʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʛʨʘʬʠʯʢʝ ʢʘʨʪʝ (ʉʣʠʢʘ 2.1.ʙ). ʆʚʘʿ ʧʨʠʩʪʫʧ ʿʝ ʿʝʬʪʠʥʠʿʠ, 

ʥʫʜʠ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʟʘʭʪʝʚʘ ʤʘˁʝ ʧʨʦʩʪʦʨʘ ʦʜ ʢʦʨʠʰ˂ʝˁʘ ʤʝʤʦʨʠʿʩʢʠʭ 

ʤʦʜʫʣʘ, ʘʣʠ ʥʝʤʘ ʬʣʝʢʩʠʙʠʣʥʦʩʪ. 

ʄʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣʠ ʩʫ ʰʪʘʤʧʘʥʝ ʧʣʦʯʠʮʝ ʥʘ ʢʦʿʠʤʘ ʩʝ ʥʘʣʘʟʠ ʚʠʰʝ DRAM 

ʯʠʧʦʚʘ ʧʦʚʝʟʘʥʠʭ ʫ ʮʝʣʠʥʫ. ʌʦʨʤʘʪ ʤʦʜʫʣʘ ʦʜʛʦʚʘʨʘ ʬʠʟʠʯʢʠʤ, ʝʣʝʢʪʨʠʯʥʠʤ ʠ 

ʜʨʫʛʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʧʨʦʧʠʩʘʥʠʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʪʘʥʜʘʨʜʠʤʘ, ʯʠʤʝ ʝʩ 

ʦʤʦʛʫ˂ʘʚʘ ʢʦʨʠʰ˂ʝˁʝ ʤʝʤʦʨʠʿʘ ʨʘʟʥʠʭ ʧʨʦʠʟʚʦʹʘʯʘ. ʄʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣʠ ʩʝ 

ʢʦʨʠʩʪʝ ʫ ʫʨʝʹʘʿʠʤʘ ʢʦʜ ʢʦʿʠʭ ʿʝ ʙʠʪʥʦ ʜʘ ʢʣʠʿʝʥʪ ʤʦʞʝ ʜʘ ʦʜʨʝʹʫʿʝ ʚʨʩʪʫ ʠ 

ʢʘʧʘʮʠʪʝʪ ʤʝʤʦʨʠʿʝ. ʊʦ ʿʝ ʯʝʩʪ ʩʣʫʯʘʿ ʢʦʜ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʢʘʦ ʰʪʦ ʩʫ 

ʧʝʨʩʦʥʘʣʥʠ ʨʘʯʫʥʘʨʠ, ʩʝʨʚʝʨʠ ʠ ʩʫʧʝʨʨʘʯʫʥʘʨʠ (ʉʣʠʢʘ 2.1.ʚ). ʆʚʘ ʤʦʛʫ˂ʥʦʩʪ ʿʝ 

ʧʦʩʝʙʥʦ ʚʘʞʥʘ ʟʘ ʩʠʩʪʝʤ ʠʥʪʝʛʨʘʪʦʨʝ ʢʦʿʠ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʣʠʥʠʿʝ ʧʨʦʠʟʚʦʜʘ ʠ 

ʚʠʰʝ ʜʦʙʘʚˀʘʯʘ. 

ʋ ʧʨʘʢʩʠ ʩʝ ʢʦʨʠʩʪʝ ʜʚʘ ʪʠʧʘ ʤʦʜʫʣʘ: DIMM  (ʝʥʛ. Dual In-line Memory 

Module) ʠ SODIMM (ʝʥʛ. Small Outline DIMM). DIMM  ʤʦʜʫʣʠ ʩʫ ʥʘʤʝˁʝʥʠ 

ʫʨʝʹʘʿʠʤʘ ʩʪʘʥʜʘʨʜʥʠʭ ʜʠʤʝʥʟʠʿʘ, ʜʦʢ ʩʫ SODIMM ʤʦʜʫʣʠ ʥʘʤʝˁʝʥʠ ʫʨʝʹʘʿʠʤʘ 

ʢʦʜ ʢʦʿʠʭ ʿʝ ʤʠʥʠʤʠʟʘʮʠʿʘ ʟʘʫʟʝʪʦʛ ʧʨʦʩʪʦʨʘ ʦʜ ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ, ʢʘʦ ʰʪʦ ʩʫ ʣʘʧʪʦʧ 

ʨʘʯʫʥʘʨʠ, blade ʩʝʨʚʝʨʠ ʠ ʜʨ. 

ʄʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣʠ ʤʦʛʫ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʠ ʦʜʨʝʹʝʥʝ ʩʧʝʮʠʿʘʣʥʝ ʬʫʥʢʮʠʿʝ 

ʢʦʿʝ ʠʥʜʠʚʠʜʫʘʣʥʠ DRAM ʯʠʧʦʚʠ ʥʝʤʘʿʫ, ʢʘʦ ʰʪʦ ʿʝ ʜʝʪʝʢʮʠʿʘ ʠ ʢʦʨʝʢʮʠʿʘ ʛʨʝʰʘʢʘ 

(ʝʥʛ. Error Code Correction) ʠ ʙʘʬʝʨʦʚʘˁʝ ʩʠʛʥʘʣʘ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. ECC 

ʬʫʥʢʮʠʿʘ ʠʟʠʩʢʫʿʝ ʫʛʨʘʜˁʫ ʜʦʜʘʪʥʦʛ DRAM ʯʠʧʘ ʢʦʿʠ ʩʣʫʞʠ ʟʘ ʯʫʚʘˁʝ ʢʦʜʥʠʭ 

ʨʝʯʠ. ɿʘ ʢʦʜʠʨʘˁʝ ʩʝ ʦʙʠʯʥʦ ʢʦʨʠʩʪʠ ʤʦʜʠʬʠʢʦʚʘʥ (72,64) ʍʝʤʠʥʛʦʚʦʛ ʢʦʜ ʥʘ 

ʦʩʥʦʚʫ ʢʦʛ ʩʝ ʤʦʛʫ ʠʩʧʨʘʚʠʪʠ ʩʚʝ ʿʝʜʥʦʙʠʪʥʝ ʠ ʜʝʪʝʢʪʦʚʘʪʠ ʩʚʝ ʜʚʦʙʠʪʥʝ ʛʨʝʰʢʝ. 

ECC DIMM  ʤʦʜʫʣʠ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʢʦʜ ʩʝʨʚʝʨʩʢʠʭ ʧʣʘʪʬʦʨʤʠ ʟʙʦʛ ʚʝ˂ʝ 

ʧʦʫʟʜʘʥʦʩʪʠ. 
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ɿʙʦʛ ʧʦʨʘʩʪʘ ʝʣʝʢʪʨʠʯʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʘʜʨʝʩʥʠʭ ʠ ʢʦʤʘʥʜʥʠʭ ʣʠʥʠʿʘ ʢʦʿʝ 

ʫʥʦʩʠ ʩʚʘʢʠ ʤʦʜʫʣ ʢʦʿʠ ʩʝ ʧʦʚʝʟʫʿʝ ʥʘ ʤʝʤʦʨʠʿʩʢʫ ʤʘʛʠʩʪʨʘʣʫ, ʠʩʪʦʚʨʝʤʝʥʦ ʨʘʩʪʝ 

ʠ ʢʘʰˁʝˁʝ ʩʠʛʥʘʣʘ, ʧʘ ʿʝ ʙʨʦʿ DIMM  ʤʦʜʫʣʘ ʫ ʧʨʘʢʩʠ ʦʛʨʘʥʠʯʝʥ, ʥʘʿʯʝʰ˂ʝ ʥʘ 

ʯʝʪʠʨʠ. ʊʦ ʦʛʨʘʥʠʯʝˁʝ ʿʝ ʢʨʠʪʠʯʥʦ ʢʦʜ ʩʝʨʚʝʨʩʢʠʭ ʧʣʘʬʦʨʤʠ, ʿʝʨ ʢʦʜ ˁʠʭ ʧʦʩʪʦʿʠ 

ʧʦʪʨʝʙʘ ʟʘ ʚʝ˂ʦʤ ʢʦʣʠʯʠʥʦʤ ʤʝʤʦʨʠʿʝ ʦʜ ʦʥʝ ʢʦʿʫ ʦʤʦʛʫ˂ʘʚʘ ʩʪʘʥʜʘʨʜʥʠ ʙʨʦʿ 

ʤʦʜʫʣʘ. ʇʨʦʙʣʝʤ ʩʝ ʨʝʰʘʚʘ ʪʘʢʦ ʰʪʦ ʩʝ ʥʘ ʩʚʘʢʠ ʤʦʜʫʣ ʜʦʜʘʿʝ ʯʠʧ ʢʦʿʠ ʩʣʫʞʠ ʜʘ 

ʨʝʛʠʩʪʨʫʿʝ ʘʜʨʝʩʝ ʠ ʢʦʤʘʥʜʝ ʟʘ ʩʚʘʢʫ ʪʨʘʥʩʘʢʮʠʿʫ, ʘ ʦʥʠ ʩʝ ʦʥʜʘ ʣʦʢʘʣʥʦ ʨʘʟʚʦʜʝ ʜʦ 

ʩʚʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʫ ʤʦʜʫʣʫ. ʊʠʤʝ ʩʝ ʦʧʪʝʨʝ˂ʝˁʝ ʘʜʨʝʩʥʠʭ ʠ ʢʦʤʘʥʜʥʠʭ 

ʣʠʥʠʿʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʚʠʰʝʩʪʨʫʢʦ ʩʤʘˁʫʿʝ ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʦʤʦʛʫ˂ʘʚʘ 

ʧʦʚʝʟʠʚʘˁʝ ʚʝ˂ʝʛ ʙʨʦʿʘ ʤʦʜʫʣʘ. ʄʦʜʫʣʠ ʢʦʿʠ ʧʦʜʨʞʘʚʘʿʫ ʦʚʘʿ ʤʝʭʘʥʠʟʘʤ ʩʝ ʟʦʚʫ 

ʨʝʛʠʩʪʘʨʩʢʠ ʤʦʜʫʣʠ ʠʣʠ RDIMM (ʝʥʛ. Registered DIMM), ʘ ʦʥʠ ʢʦʿʠ ʛʘ ʥʝ 

ʧʦʜʨʞʘʚʘʿʫ ʥʝʨʝʛʠʩʪʘʨʩʢʠ ʤʦʜʫʣʠ ʠʣʠ UDIMM  (ʝʥʛ. Unregistered DIMM ). ʇʦʩʪʦʿʝ 

ʠ ʤʦʜʫʣʠ ʢʦʿʠ ʙʘʬʝʨʫʿʫ ʩʚʝ ʩʠʛʥʘʣʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠ ʰʘˀʫ ʠʭ ʣʦʢʘʣʥʦ 

ʜʦ ʩʚʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʠ ʦʙʨʘʪʥʦ, ʘ ʧʨʠ ʪʦʤ ʦʙʥʘʚˀʘʿʫ ʠ ʩʠʛʥʘʣ ʪʘʢʪʘ. ʊʘʢʚʠ 

ʤʦʜʫʣʠ ʩʝ  ʥʘʟʠʚʘʿʫ LRDIMM  (ʝʥʛ. Load Reduced DIMM ). 

2.2 ʉʪʨʫʢʪʫʨʘ DRAM ʤʝʤʦʨʠʿʝ 

DRAM ʤʝʤʦʨʠʿʘ ʠʤʘ ʚʠʰʝʩʣʦʿʥʫ ʩʪʨʫʢʪʫʨʫ. ʆʩʥʦʚʥʠ ʝʣʝʤʝʥʪ DRAM 

ʤʝʤʦʨʠʿʝ ʿʝ DRAM ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ. ʅʠʟʦʚʠ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʩʫ ʦʨʛʘʥʠʟʦʚʘʥʠ 

ʫ ʛʫʩʪʦ ʧʘʢʦʚʘʥʝ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʝ ʤʘʪʨʠʮʝ ʯʠʿʘ ʦʧʪʠʤʘʣʥʘ ʚʝʣʠʯʠʥʘ ʟʘʚʠʩʠ ʦʜ 

ʪʝʭʥʦʣʦʰʢʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʞʝˀʝʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʧʦʪʨʦʰˁʝ. ɺʠʰʝ ʤʝʤʦʨʠʿʩʢʠʭ 

ʤʘʪʨʠʮʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʢʦʣʠʤʘ ʟʘ ʜʝʢʦʜʠʨʘˁʝ ʘʜʨʝʩʝ ʠ ʘʥʘʣʦʛʥʠʤ ʢʦʣʠʤʘ ʟʘ 

ʧʨʠʩʪʫʧ ʩʘʜʨʞʘʿʫ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʩʝ ʛʨʫʧʠʰʝ ʫ ʤʝʤʦʨʠʿʩʢʝ ʙʘʥʢʝ. ɺʠʰʝ 

ʤʝʤʦʨʠʿʩʢʠʭ ʙʘʥʢʠ ʩʘ ʢʦʥʪʨʦʣʥʦʤ ʣʦʛʠʢʦʤ ʟʘ ʧʨʠʩʪʫʧ ʠ ʩʠʥʭʨʦʥʠʟʘʮʠʿʫ ʩʝ 

ʠʤʧʣʝʤʝʥʪʠʨʘ ʫ ʦʢʚʠʨʫ ʿ ʝʜʥʦʛ ʬʠʟʠʯʢʦʛ DRAM ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ. ɱʝʜʥʦ ʠʣʠ ʚʠʰʝ 

DRAM ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʩʝ ʤʦʞʝ ʧʦʚʝʟʘʪʠ ʫ ʦʢʚʠʨʫ ʠʩʪʦʛ ʧʘʢʦʚʘˁʘ ʫ ʟʘʩʝʙʥʝ 

ʯʠʧʦʚʝ. ɺʠʰʝ ʯʠʧʦʚʘ ʩʝ ʤʦʞʝ ʧʦʚʝʟʘʪʠ ʥʘ ʰʘʤʧʘʥʦʿ ʧʣʦʯʠʮʠ ʫ ʤʝʤʦʨʠʿʩʢʝ ʤʦʜʫʣʝ. 

2.2.1 Mʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ 

ʅʘ  ʉʣʠʮʠ 2.3 ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʰʝʤʘ DRAM ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʫ ʦʢʚʠʨʫ 

ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ. ʀʥʬʦʨʤʘʮʠʿʘ ʩʝ ʫʥʫʪʘʨ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʩʢʣʘʜʠʰʪʠ ʫ ʚʠʜʫ 



 DRAM ʤʝʤʦʨʠʿʘ 

37 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʜʝʥʟʘʪʦʨʫ, ʜʦʢ ʩʝ ʧʨʠʩʪʫʧ ʫʩʢʣʘʜʠʰʪʝʥʦʿ 

ʠʥʬʦʨʤʘʮʠʿʠ ʚʨʰʠ ʧʨʝʢʦ ʧʨʠʩʪʫʧʥʦʛ ʪʨʘʥʟʠʩʪʦʨʘ. ʂʘʜʘ ʿʝ ʥʘʧʦʥ ʥʘ ʤʝʤʦʨʠʿʩʢʦʤ 

ʢʦʥʜʝʥʟʘʪʦʨʫ ʿʝʜʥʘʢ ʥʘʧʦʥʫ ʥʘʧʘʿʘˁʘ, ʪʦ ʧʨʝʜʩʪʘʚˀʘ ʩʪʘˁʝ ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ, ʘ 

ʢʘʜʘ ʿʝ ʥʘʧʦʥ ʥʘ ʢʦʥʜʝʥʟʘʪʦʨʫ ʿʝʜʥʘʢ ʥʘʧʦʥʫ ʫʟʝʤˀʝˁʘ, ʪʦ ʧʨʝʜʩʪʘʚˀʘ ʩʪʘˁʝ 

ʣʦʛʠʯʢʝ ʥʫʣʝ. ʉ ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʧʘʤʪʝ ʜʚʘ ʩʪʘˁʘ, ʢʦʣʠʯʠʥʘ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʫ 

ʩʢʣʘʜʠʰʪʠ ʿʝʜʥʘ DRAM ʤʝʤʦʨʠʿʩʢʘ ˂ʝʣʠʿʘ ʿʝ ʿʝʜʘʥ ʙʠʪ4. 

ʂʘʜʘ ʿʝ ʧʨʠʩʪʫʧʥʠ ʪʨʘʥʟʠʩʪʦʨ ʠʩʢˀʫʯʝʥ, ʪʿ. ʥʘʧʦʥ ʥʘ ʣʠʥʠʿʠ ʨʝʯʠ WL (ʝʥʛ. 

word line) ʿʝ ὠ , ʢʦʥʜʝʥʟʘʪʦʨ ʿʝ ʝʣʝʢʪʨʠʯʥʦ ʠʟʦʣʦʚʘʥ ʠ ʯʫʚʘ ʫʧʠʩʘʥʫ 

ʠʥʬʦʨʤʘʮʠʿʫ. ʄʝʹʫʪʠʤ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʧʨʠʩʪʫʧʥʠ ʪʨʘʥʟʠʩʪʦʨ ʥʠʿʝ ʠʜʝʘʣʘʥ ʧʨʝʢʠʜʘʯ, 

ʠʟʦʣʘʮʠʿʘ ʥʠʿʝ ʧʦʪʧʫʥʘ, ʪʘʢʦ ʜʘ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʜʝʥʟʘʪʨʫ ʥʠʿʝ 

ʧʦʩʪʦʿʘʥʦ ʫ ʜʫʞʝʤ ʧʝʨʠʦʜʫ. ʉʪʨʫʿʝ ʮʫʨʝˁʘ ʧʨʠʩʪʫʧʥʦʛ ʪʨʘʥʟʠʩʪʦʨʘ ʤʦʛʫ ʜʘ ʜʦʚʝʜʫ 

ʜʦ ʣʘʛʘʥʦʛ ʧʨʘʞˁʝˁʘ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʧʨʦʤʝʥʝ ˁʝʛʦʚʦʛ ʩʪʘˁʘ, ʦʜʥʦʩʥʦ 

ʜʘ ʜʦʚʝʜʫ ʜʦ ʛʫʙʠʪʢʘ ʠʥʬʦʨʤʘʮʠʿʝ. ɼʘ ʙʠ ʩʝ ʠʥʬʦʨʤʘʮʠʿʘ ʦʯʫʚʘʣʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ 

ʩʝ ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʧʦʚʨʝʤʝʥʦ ʦʩʚʝʞʘʚʘ. ʊʦ ʿʝ ʨʘʟʣʦʛ ʟʙʦʛ ʢʦʛ ʩʝ ʦʚʘ ʚʨʩʪʘ ʤʝʤʦʨʠʿʝ 

ʥʘʟʠʚʘ ʜʠʥʘʤʠʯʢʘ. 

ʂʘʜʘ ʿʝ ʧʨʠʩʪʫʧʥʠ ʪʨʘʥʟʠʩʪʦʨ ʫʢˀʫʯʝʥ, ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʜʝʥʟʘʪʦʨ ʩʝ 

ʝʣʝʢʪʨʠʯʥʦ ʧʦʚʝʟʫʿʝ ʩʘ ʣʠʥʠʿʦʤ ʧʦʜʘʪʘʢʘ BL (ʝʥʛ. bit line). ʅʘʧʦʥ ʥʘ ʣʠʥʠʿʠ WL 

ʢʦʿʠʤ ʩʝ ʘʢʪʠʚʠʨʘ ʚʨʩʪʘ (ὠ ) ʤʦʨʘ ʙʠʪʠ ʪʘʢʘʚ ʜʘ ʥʘʧʦʥ ʥʘ ʤʝʤʦʨʠʿʩʢʦʤ 

ʢʦʥʜʝʥʟʘʪʦʨʫ ʧʨʠʣʠʢʦʤ ʫʧʠʩʘ ʤʦʞʝ ʜʦʩʪʠ˂ʠ ὠ , ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ὠ ὠ

ȿὠ ȿ, ʛʜʝ ʿʝ ὠ  ʥʘʧʦʥ ʧʨʘʛʘ NMOS ʪʨʘʥʟʠʩʪʦʨʘ. ʋʧʠʩ ʩʝ  ʚʨʰʠ ʪʘʢʦ ʰʪʦ ʩʝ 

ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʥʘ ʣʠʥʠʿʠ BL ʧʦʩʪʘʚʠ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʚʨʝʜʥʦʩʪ (ʥʘ ὠ  ʟʘ ʫʧʠʩ 

ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ ʠʣʠ ὠ  ʟʘ ʫʧʠʩ ʣʦʛʠʯʢʝ ʥʫʣʝ), ʯʠʤʝ ʩʝ ʘʞʫʨʠʨʘ ʥʘʧʦʥ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʜʝʥʟʘʪʦʨʫ.  ɸʢʦ ʩʝ ʞʝʣʠ ʠʟʚʨʰʠʪʠ ʯʠʪʘˁʝ, ʦʥʜʘ ʣʠʥʠʿʫ BL ʪʨʝʙʘ 

ʜʨʞʘʪʠ ʝʣʝʢʪʨʠʯʥʦ ʠʟʦʣʦʚʘʥʦʤ ʠ ʠʟʤʝʨʠʪʠ ʧʨʦʤʝʥʫ ʥʘʧʦʥʘ ʥʘ ʣʠʥʠʿʠ BL ʢʦʿʘ 

ʥʘʩʪʘʿʝ ʥʘʢʦʥ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʚʝʟʠʚʘˁʘ ʩʘ ʤʝʤʦʨʠʿʩʢʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ. ɸʢʦ ʿʝ 

ʧʨʦʤʝʥʘ ʧʦʟʠʪʠʚʥʘ, ʦʥʜʘ ʩʝ ʦʯʠʪʘʚʘ ʣʦʛʠʯʢʘ ʿʝʜʠʥʠʮʘ, ʘ ʘʢʦ ʿʝ ʥʝʛʘʪʠʚʥʘ, ʦʥʜʘ ʩʝ 

ʦʯʠʪʘʚʘ ʣʦʛʠʯʢʘ ʥʫʣʘ. 

                                                 

 
4 ʂʦʜ ʜʨʫʛʠʭ ʪʠʧʦʚʘ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʢʦʜ ˂ʝʣʠʿʘ ʬʣʝʰ ʤʝʤʦʨʠʿʝ, ʤʦʛʫ˂ʝ ʿʝ 

ʩʢʣʘʜʠʰʪʠʪʠ ʚʠʰʝ ʥʠʚʦʘ ʥʘʧʦʥʘ ʫ ʦʢʚʠʨʫ ʿʝʜʥʝ ˂ʝʣʠʿʝ, ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʜʘ ʿʝʜʥʘ ˂ʝʣʠʿʘ ʧʘʤʪʠ ʚʠʰʝ 

ʙʠʪʦʚʘ ʠʥʬʦʨʤʘʮʠʿʝ (ʥʧʨ. 4 ʥʠʚʦʘ ­ 2 ʙʠʪʘ, 8 ʥʠʚʦʘ ­ 3 ʙʠʪʘ). 
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ʘ) ʪʝʭʥʦʣʦʛʠʿʘ ʩʘ ʫʢʦʧʘʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ 

    

ʙ) ʪʝʭʥʦʣʦʛʠʿʘ ʩʘ ʠʟʜʠʛʥʫʪʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ (CUB) 

 

ʚ) ʪʝʭʥʦʣʦʛʠʿʘ ʩʘ ʠʟʜʠʛʥʫʪʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ (COB) 

 
ʉʣʠʢʘ 2.2 ï DRAM  ˂ʝʣʠʿʘ 

Sɽʄ (Scanning Electronic Microscope) ʩʥʠʤʮʠ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ DRAM ʯʠʧʦʚʘ: 

ʘ) Embedded DRAM ʫ IBM Power 7+ ʧʨʦʮʝʩʦʨʫ (32nm) 

ʙ) Embedded DRAM ʫ Microsoft Xbox GPU ʧʨʦʠʟʚʝʜʝʥʦʤ ʦʜ ʩʪʨʘʥʝ TSMC (65nm) 

ʚ) Embedded DRAM ʫ Intel Haswell ʧʨʦʮʝʩʦʨʫ (22nm) 

ʀʟʚʦʨ: ñIntelôs e-DRAM Shows up in the Wildò, Chipworks, http://chipworksrealchips. 

blogspot.com/2014/02/intels-e-dram-shows-up-in-wild.html, February 2014 
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ʇʨʝʤʘ ʪʝʭʥʦʣʦʛʠʿʠ ʠʟʨʘʜʝ ʧʦʩʪʦʿʝ ʜʚʘ ʪʠʧʘ DRAM ˂ʝʣʠʿʘ: ˂ʝʣʠʿʝ ʩʘ 

ʫʢʦʧʘʥʠʤ ʢʦʥʜʝʥʟʘʪʦʨʦʤ (ʝʥʛ. trench capacitor) ʠ ˂ʝʣʠʿʝ ʩʘ ʠʟʜʠʛʥʫʪʠʤ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ (ʝʥʛ. stacked capacitor). ʇʦʩʪʦʿʝ ʜʚʘ ʪʠʧʘ ˂ʝʣʠʿʘ ʩʘ ʠʟʜʠʛʥʫʪʠʤ 

ʢʦʥʜʝʥʟʘʪʦʨʦʤ: ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʠʩʧʦʜ ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ, CUB (ʝʥʛ. Capacitor 

Under Bitline) ʠ ʩʘ ʢʦʥʜʝʥʟʘʪʦʨʦʤ ʠʟʥʘʜ ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ, COB (ʝʥʛ. Capacitor Over 

Bitline) (ʉʣʠʢʘ 2.2). 

2.2.2 Mʝʤʦʨʠʿʩʢʘ ʤʘʪʨʠʮʘ 

ʄʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʩʫ ʨʘʩʧʦʨʝʹʝʥʝ ʫ ʤʘʪʨʠʮʫ ʩʘ ʦʜʨʝʹʝʥʠʤ ʙʨʦʿʝʤ ʚʨʩʪʘ ʠ 

ʢʦʣʦʥʘ. ʉʚʘʢʘ ˂ʝʣʠʿʘ ʩʝ ʥʘʣʘʟʠ ʥʘ ʧʨʝʩʝʢʫ ʿʝʜʥʝ ʚʨʩʪʝ ʠ ʿʝʜʥʝ ʢʦʣʦʥʝ (ʉʣʠʢʘ 2.3). 

ɸʢʪʠʚʠʨʘˁʝʤ ʣʠʥʠʿʝ WL ʫʢˀʫʯʫʿʫ ʩʝ ʩʚʠ ʧʨʠʩʪʫʧʥʠ ʪʨʘʥʟʠʩʪʦʨʠ ʫ ʦʢʚʠʨʫ ʚʨʩʪʝ, 

 

ʉʣʠʢʘ 2.3 ï DRAM  ʤʝʤʦʨʠʿʩʢʘ ʤʘʪʨʠʮʘ 

ʄʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʩʫ ʦʨʛʘʥʠʟʦʚʘʥʝ ʫ ʦʙʣʠʢʫ ʤʘʪʨʠʮʝ ʯʠʿʠ ʩʝ ʝʣʝʤʝʥʪʠ ʘʜʨʝʩʠʨʘʿʫ 

ʘʢʪʠʚʠʨʘˁʝʤ ʩʠʛʥʘʣʘ ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʚʨʩʪʫ ʧʨʝʢʦ ʣʠʥʠʿʝ ʨʝʯʠ (WL) ʠ ʢʦʣʦʥʫ ʧʨʝʢʦ ʣʠʥʠʿʝ 

ʧʦʜʘʪʘʢʘ (BL). 
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ʧʦʚʝʟʫʿʫ˂ʠ ʪʘʢʦ ʢʦʥʜʝʥʟʘʪʦʨʝ ʠʟ ʧʨʠʧʘʜʘʿʫ˂ʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʥʘ ʣʠʥʠʿʝ BL ʫ 

ʢʦʣʦʥʘʤʘ. ʉʘʤʦ ʿʝʜʥʘ ʚʨʩʪʘ ʩʤʝ ʙʠʪʠ ʘʢʪʠʚʥʘ ʫ ʙʠʣʦ ʢʦʤ ʪʨʝʥʫʪʢʫ ʢʘʢʦ ʥʝ ʙʠ ʜʦʰʣʦ 

ʜʦ ʤʝʰʘˁʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʤʝʤʦʨʠʿʩʢʠʭ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʚʨʩʪʘ ʥʘ 

ʣʠʥʠʿʘʤʘ ʢʦʣʦʥʘ. ʉ ʦʙʟʠʨʦʤ ʜʘ ʩʫ ʢʦʣʦʥʝ ʤʝʹʫʩʦʙʥʦ ʥʝʟʘʚʠʩʥʝ, ʤʝʤʦʨʠʿʩʢʠʤ 

˂ʝʣʠʿʘʤʘ ʫ ʘʢʪʠʚʠʨʘʥʦʿ ʚʨʩʪʠ ʩʝ ʤʦʞʝ ʧʨʠʩʪʫʧʘʪʠ ʠʩʪʦʚʨʝʤʝʥʦ. 

ɺʝʣʠʯʠʥʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ ʿʝ ʦʜʨʝʹʝʥʘ ʩʘ ʜʚʘ ʬʘʢʪʦʨʘ. ʇʨʚʠ ʬʘʢʪʦʨ ʩʝ 

ʦʜʥʦʩʠ ʥʘ ʧʦʪʨʝʙʫ ʜʘ ʙʨʦʿ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʫ ʚʨʩʪʘʤʘ ʠ ʢʦʣʦʥʘʤʘ ʙʫʜʝ ʩʪʝʧʝʥ 

ʙʨʦʿʘ ʜʚʘ, ʘ ʜʨʫʛʠ ʬʘʢʪʦʨ ʩʝ ʪʠʯʝ ʬʠʟʠʯʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʠ  ʫʪʠʯʫ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ 

ʠ ʧʦʪʨʦʰˁʫ. 

ʇʦʪʨʝʙʘ ʜʘ ʙʨʦʿ ʚʨʩʪʘ ʠ ʢʦʣʦʥʘ ʙʫʜʝ ʩʪʝʧʝʥ ʙʨʦʿʘ ʜʚʘ ʧʨʦʠʩʪʠʯʝ ʠʟ ʙʠʥʘʨʥʝ 

ʧʨʠʨʦʜʝ ʘʜʨʝʩʠʨʘˁʘ ʢʦʜ DRAM ʤʝʤʦʨʠʿʘ. ʋ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʪʨʠʮʠ ʢʦʿʘ ʠʤʘ ς  

ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ, ʧʦʪʨʝʙʥʦ ʿʝ ὓ ὔ  ʙʠʪʦʚʘ ʙʠʥʘʨʥʝ ʘʜʨʝʩʝ ʜʘ ʙʠ ʤʦʛʣʦ ʜʘ ʩʝ 

ʠʟʚʨʰʠ ʿʝʜʥʦʟʥʘʯʥʦ ʘʜʨʝʩʠʨʘˁʝ ʩʚʘʢʝ ˂ʝʣʠʿʝ. ʄʘʪʨʠʮʘ ʩʝ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʤʦʞʝ 

ʦʨʛʘʥʠʟʦʚʘʪʠ ʫ ά ς  ʚʨʩʪʘ ʠ ὲ ς  ʢʦʣʦʥʘ ʪʘʢʦ ʜʘ ʩʝ M ʙʠʪʦʚʘ ʤʦʞʝ ʫʟʝʪʠ 

ʜʠʨʝʢʪʥʦ ʠʟ ʘʜʨʝʩʝ ʢʘʢʦ ʙʠ ʩʝ ʜʝʢʦʜʦʚʘʣʘ ʚʨʩʪʘ, ʘ ʧʨʝʦʩʪʘʣʠʭ N ʙʠʪʦʚʘ ʢʘʢʦ ʙʠ ʩʝ 

ʜʝʢʦʜʦʚʘʣʘ ʢʦʣʦʥʘ. ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʩʫ ʜʝʢʦʜʝʨʠ ʘʜʨʝʩʘ ʢʦʿʝ ʩʫ ʩʪʝʧʝʥ ʙʨʦʿʘ ʜʚʘ ʜʘʣʝʢʦ 

ʿʝʜʥʦʩʪʘʚʥʠʿʠ ʠ ʠʤʘʿʫ ʤʘˁʝ ʢʘʰˁʝˁʝ ʦʜ ʜʝʢʦʜʝʨʘ ʘʜʨʝʩʘ ʢʦʿʝ ʪʦ ʥʠʩʫ. ʇʦʰʪʦ ʩʝ 

ʜʝʢʦʜʝʨʠ ʘʜʨʝʩʘ ʥʘʣʘʟʝ ʥʘ ʢʨʠʪʠʯʥʠʤ ʧʫʪʘˁʘʤʘ ʢʦʜ DRAM ʤʝʤʦʨʠʿʝ, 

ʜʠʤʝʥʟʦʥʠʩʘˁʝ ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʧʦʚʦˀ ʥʦ ʫʪʠʯʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ 

DRAM ʤʝʤʦʨʠʿʘ. 

ɹʨʦʿ ʢʦʣʦʥʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʪʨʠʮʠ ʿʝ ʦʛʨʘʥʠʯʝʥ ʚʨʝʤʝʥʦʤ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ 

ʜʘ ʩʝ ʫʢˀʫʯʝ ʩʚʠ ʪʨʘʥʟʠʩʪʦʨʠ ʫ ʚʨʩʪʠ ʢʘʢʦ ʢʘʰˁʝˁʝ ʢʦʿʝ ʥʘʩʪʘʿʝ ʪʦʤ ʧʨʠʣʠʢʦʤ ʥʝ 

ʙʠ ʙʠʣʦ ʧʨʝʚʝʣʠʢʦ ʠ ʫʪʠʮʘʣʦ ʥʘ ʫʢʫʧʥʝ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ. ɺʨʝʤʝ 

ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ ʿʝ ʦʜʨʝʹʝʥʦ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ ʚʨʩʪʝ † Ὑὅ, ʧʨʠ ʯʝʤʫ ʿʝ: 

Ὑ ὲϽὙϽ
Ὠ

ύ
 (2.1) 

ὅ ὲϽὅ   (2.2) 

ʛʜʝ ʿʝ  Ὑ ʧʦʚʨʰʠʥʩʢʘ ʦʪʧʦʨʥʦʩʪ, Ὠ  ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʢʦʣʦʥʘ, ύ  h ʠʨʠʥʘ ʣʠʥʠʿʝ 

WL ʠ ὅᴂ  ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʜʝʣʘ WL ʣʠʥʠʿʝ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ʿʝʜʥʦʿ ʤʝʤʦʨʠʿʩʢʦʿ ˂ʝʣʠʿʠ. 
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ɸʢʦ ʿʝ ÍÁØ † ʤʘʢʩʠʤʘʣʥʦ ʜʦʟʚʦˀʝʥʦ ʢʘʰˁʝˁʝ, ʠʟ ʿʝʜʥʘʯʠʥʘ (2.1) ʠ (2.2), ʫʟ 

ʯʠˁʝʥʠʮʫ ʜʘ ʿʝ ὲ ς ὔᶰᴓ , ʩʣʝʜʠ ʜʘ ʿʝ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʢʦʣʦʥʘ ʦʜʨʝʹʝʥ ʩʘ: 

ὲ ς

 Ͻ
Ͻ

Ͻ Ͻ
 

 
(2.3) 

Mʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʚʨʩʪʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʪʨʠʮʠ je ʦʛʨʘʥʠʯʝʥ ʩʘ ʜʚʘ ʬʘʢʪʦʨʘ. 

ʇʨʚʠ ʬʘʢʪʦʨ ʩʝ ʪʠʯʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʣʠʥʠʿʝ BL. ʇʨʠʣʠʢʦʤ ʯʠʪʘˁʘ ʠʟ ʤʝʤʦʨʠʿʩʢʝ 

˂ʝʣʠʿʝ ʜʦʣʘʟʠ ʜʦ ʧʨʝʨʘʩʧʦʜʝʣʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠʟʤʝʹʫ ʣʠʥʠʿʝ BL ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ 

ὅ  ʠ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ὅ  (ʉʣʠʢʘ 2.4). ɱʝʜʥʘʯʠʥʝ ʩʪʘˁʘ 

ʧʨʝ ʠ ʧʦʩʣʝ ʧʨʝʨʘʩʧʦʜʝʣʝ ʩʫ, ʨʝʩʧʝʢʪʠʚʥʦ: 

ὗ
ὠ

ς
Ͻὅ  ȟ    ὗ ὠ Ͻὅ  (2.4)  

ὗ ὗ ὠϽὅ ὠϽὅ  (2.5) 

ʈʝʰʘʚʘˁʝʤ ʦʚʠʭ ʿʝʜʥʘʯʠʥʘ ʩʝ ʜʦʙʠʿʘ ʜʘ ʿʝ ʧʨʦʤʝʥʘ ʥʘʧʦʥʘ ʥʘ ʣʠʥʠʿʠ BL ʫ ʦʜʥʦʩʫ 

ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʥʘʧʦʥ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ ὠ ςϳ : 

Ўὠ ὠ
ὠ

ς
ὠ

ὠ

ς
Ͻ
ὅ

ὅ ὅ
 (2.6) 

 

ʉʣʠʢʘ 2.4 ï ʇʨʝʨʘʩʧʦʜʝʣʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʢʦʜ ʯʠʪʘˁʘ ʠʟ DRAM  ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ 

ʇʨʝ ʯʠʪʘˁʘ, ʥʘʧʦʥ ʥʘ ʣʠʥʠʿʠ BL ʯʠʿʘ ʿʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ὅ  ʩʝ ʧʦʩʪʘʚˀʘ ʥʘ ὠ Ⱦς. ʅʘʧʦʥ 
ὠ  ʥʘ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʜʝʥʟʘʪʦʨʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ὅ  ʿ ʝ ʠʣʠ ὠ  (ʘʢʦ ʿʝ ʤʝʤʦʨʠʩʘʥʘ 

ʣʦʛʠʯʢʘ ʿʝʜʠʥʠʮʘ) ʠʣʠ ὠ  (ʘʢʦ ʿʝ ʤʝʤʦʨʠʩʘʥʘ ʣʦʛʠʯʢʘ ʥʫʣʘ). ʅʘʢʦʥ ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ 

(ʢʘʜʘ ʩʝ ʥʘʧʦʥ ʥʘ ʣʠʥʠʿʠ WL ʧʨʦʤʝʥʠ ʩʘ ὠ  ʥʘ ὠ ), ʧʨʠʩʪʫʧʥʠ ʪʨʘʥʟʠʩʪʦʨ ʩʝ ʫʢˀʫʯʫʿʝ 

ʠ ʜʦʣʘʟʠ ʜʦ ʧʨʝʨʘʩʧʦʜʝʣʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠʟʤʝʹʫ ʢʦʥʜʝʥʟʘʪʦʨʘ, ʪʘʢʦ ʜʘ ˂ʝ ʥʘʧʦʥ ʥʘ ʦʙʘ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʧʦʩʪʘʪʠ ʠʩʪʠ (ὠ). 
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ʦʜʥʦʩʥʦ, ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʿʝ ὠ ὠ  ʠʣʠ ὠ ὠ : 

 

ȿЎὠȿ
ὠ Ⱦς

ρ ὅ Ⱦὅ
 (2.7) 

ʇʨʦʤʝʥʘ ʥʘʧʦʥʘ ȿЎὠȿ ʢʦʿʘ ʥʘʩʪʘʿʝ ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ ʠʟ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʤʦʨʘ ʜʘ 

ʙʫʜʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ ʜʘ ʩʝ ʤʦʞʝ ʜʝʪʝʢʪʦʚʘʪʠ ʦʜ ʩʪʨʘʥʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ 

ʧʦʿʘʯʘʚʘʯʘ ʥʘ ʠʟʣʘʟʫ5. ʀʟ ʪʦʛ ʫʩʣʦʚʘ ʠ ʿʝʜʥʘʯʠʥʝ (2.7) ʩʝ ʦʜʨʝʹʫʿʝ ʛʨʘʥʠʮʘ 

ʜʦʟʚʦˀʝʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʣʠʥʠʿʝ BL: 

ÍÁØ ὅ ὅ Ͻ
ὠ Ⱦς

ÍÉÎȿЎὠȿ
ρ (2.8) 

Kʘʧʘʮʠʪʠʚʥʦʩʪ ὅ  ʨʘʩʪʝ ʩʘ ʜʦʜʘʪʢʦʤ ʩʚʘʢʝ ʥʦʚʝ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʫ ʢʦʣʦʥʠ. ɸʢʦ 

ʿʝ ὅᴂ  ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʜʝʣʘ BL ʣʠʥʠʿʝ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ʿʝʜʥʦʿ ʤʝʤʦʨʠʿʩʢʦʿ ˂ʝʣʠʿʠ, ʦʥʜʘ 

ʿʝ: 

ὅ ά ρϽὅᴂ  (2.9) 

ʀʟ (2.8) ʠ (2.9) ʩʝ ʜʦʙʠʿʘ ʜʘ ʿʝ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʚʨʩʪʘ ʦʜʨʝʹʝʥ ʩʘ: 

ά ρ
ὅ

ὅᴂ
Ͻ
ὠ Ⱦς

ÍÉÎȿЎὠȿ
ρ (2.10) 

ɼʨʫʛʠ ʬʘʢʪʦʨ ʢʦʿʠ ʦʛʨʘʥʠʯʘʚʘ ʙʨʦʿ ʚʨʩʪʘ ʩʝ ʪʠʯʝ ʝʥʝʨʛʠʿʝ ʢʦʿʘ ʿʝ ʧʦʪʨʝʙʥʘ 

ʟʘ ʧʫˁʝˁʝ ʠ ʧʨʘʞˁʝˁʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʢʦʣʦʥʘ ʪʦʢʦʤ ʘʢʪʠʚʥʦʛ ʧʝʨʠʦʜʘ. ʉʥʘʛʘ ʢʦʿʘ 

ʩʝ ʜʠʩʠʧʠʨʘ ʫ ʪʦʢʫ ʧʝʨʠʦʜʘ T ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʫʢʫʧʥʦʿ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʩʚʠʭ 

ʢʦʣʦʥʘ: 

ὖ
ὠ ϽὲϽὅ ὅ

ςὝ
 (2.11) 

                                                 

 
5 ʀʟʚʦʹʝˁʝ ʧʨʦʤʝʥʝ ʥʘʧʦʥʘ ʥʘ ʫʣʘʟʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ ʢʘʜʘ ʿʝ ʨʝʬʝʨʝʥʪʥʠ ʥʘʧʦʥ ʿʝʜʥʘʢ 

ʥʘʧʦʥʫ ʥʘ ʥʝʢʦʿ ʥʝʘʢʪʠʚʥʦʿ ˂ʝʣʠʿʠ ʿʝ ʜʘʪʦ ʫ [5]. ʈʝʬʝʨʝʥʪʥʠ ʥʘʧʦʥ ʿʝ ʙʠʦ ʬʦʨʤʠʨʘʥ ʥʘ ʦʚʘʿ ʥʘʯʠʥ ʫ 

ʩʪʘʨʠʿʠʤ ʛʝʥʝʨʘʮʠʿʘʤʘ DRAM ʤʝʤʦʨʠʿʘ, ʘʣʠ ʪʘʢʘʚ ʧʨʠʩʪʫʧ ʠʤʘ ʥʝʜʦʩʪʘʪʢʝ ʫ ʦʜʥʦʩʫ ʥʘ ʥʦʚʠʿʘ 

ʨʝʰʝˁʘ ʛʜʝ ʿʝ ʨʝʬʝʨʝʥʪʥʠ ʥʘʧʦʥ ʢʦʥʩʪʘʥʪʘʥ ʠ ʿʝʜʥʘʢ ὠ ςϳ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʝʪʧʦʩʪʘʚˀʝʥʦ ʫ 
ʿʝʜʥʘʯʠʥʘʤʘ (2.4)-(2.10). 
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ʆʚʘ ʩʥʘʛʘ ʥʝ ʩʤʝ ʧʨʝ˂ʠ ʚʨʝʜʥʦʩʪ ʦʜʨʝʹʝʥʫ ʤʘʢʩʠʤʘʣʥʦʤ ʜʦʟʚʦˀʝʥʦʤ ʩʪʨʫʿʦʤ 

(Ὅ ): 

ὖ ὠ ϽὍ   (2.12) 

ʉʘʜʘ ʩʝ ʠʟ ʿʝʜʥʘʯʠʥa (2.9), (2.11) ʠ (2.12) ʤʦʞʝ ʥʘ˂ʠ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʚʨʩʪʘ ʧʨʝʤʘ 

ʦʚʦʤ ʢʨʠʪʝʨʠʿʫʤʫ: 

ά ρ
ὅ

ὅᴂ
Ͻ
ςὝϽὍ

ὲϽὠ Ͻὅ
ρ  (2.13) 

ʀʟ ʠʟʨʘʟʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʚʨʩʪʘ ʥʠʿʝ ʥʝʟʘʚʠʩʪʘʥ ʦʜ ʙʨʦʿʘ 

ʢʦʣʦʥʘ ʢʘʜʘ ʿʝ ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠ ʬʘʢʪʦʨ ʫʪʨʦʰʝʥʘ ʝʥʝʨʛʠʿʘ. ʀʤʘʿʫ˂ʠ ʠʩʪʦʚʨʝʤʝʥʦ ʫ 

ʚʠʜʫ ʿʝʜʥʘʯʠʥʝ (2.10) ʠ (2.13) ʠ ʯʠˁʝʥʠʮʫ ʜʘ ʿʝ ά ς ὓᶰᴓ, ʠʟʨʘʟ ʟʘ 

ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʚʨʩʪʘ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʿʝʜʠʥʩʪʚʝʥʠʤ ʠʟʨʘʟʦʤ: 

ά ς

 Ͻ
ϳ
ȿЎȿ
ȟ 

Ͻ
Ͻ Ͻ

  

 
 (2.14) 

 

2.2.3 ɸʥʘʣʦʛʥʘ ʢʦʣʘ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʠ 

ʇʨʠʩʪʫʧ ʧʦʜʘʮʠʤʘ ʢʦʿʠ ʩʝ ʯʫʚʘʿʫ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʪʨʠʮʠ ʩʝ ʦʙʘʚˀʘ ʧʦʤʦ˂ʫ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʘʥʘʣʦʛʥʠʭ ʢʦʣʘ ʠ ʪʦ ʫ ʚʠʰʝ ʬʘʟʘ (ʉʣʠʢʘ 2.5). ʂʦʜ ʯʠʪʘˁʘ, ʥʘʿʧʨʝ ʩʝ 

ʫʟ ʧʦʤʦ˂ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ (ʝʥʛ. sense amplifier6) ʚʨʝʜʥʦʩʪ ʧʨʦʤʝʥʝ 

ʥʘʧʦʥʘ ʢʦʿʘ ʥʘʩʪʘʿʝ ʥʘ ʣʠʥʠʿʠ ʧʦʜʘʪʘʢʘ ʧʨʠʣʠʢʦʤ ʧʨʝʨʘʩʧʦʜʝʣʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʠʟʤʝʹʫ ˁʝ ʠ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʧʦʿʘʯʘʚʘ ʜʦ ʧʦʪʨʝʙʥʦʛ ʥʠʚʦʘ, ʪʿ. ʜʦ ʥʠʚʦʘ ʣʦʛʠʯʢʝ 

ʥʫʣʝ ʠʣʠ ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ. ʇʦʪʦʤ ʩʝ ʧʦʤʦ˂ʫ ʩʝʣʝʢʪʦʨʘ ʢʦʣʦʥʝ7 (ʝʥʛ. column 

selector) ʧʨʦʧʫʰʪʘʿʫ ʩʠʛʥʘʣʠ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʣʠʥʠʿʘ ʧʦʜʘʪʘʢʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ 

ʠʟ ʢʦʿʠʭ ʩʝ ʞʝʣʠ ʦʙʘʚʠʪʠ ʯʠʪʘˁʝ. ʅʘ ʢʨʘʿʫ ʩʝ ʩʝʣʝʢʪʦʚʘʥʠ ʩʠʛʥʘʣʠ ʧʦʤʦ˂ʫ ʠʟʣʘʟʥʠʭ 

                                                 

 
6 ʀʟ ʠʩʪʦʨʠʿʩʢʠʭ ʨʘʟʣʦʛʘ ʩʝ ʢʦʨʠʩʪʠ ʦʚʘʿ ʥʘʟʠʚ ʟʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ (ʝʥʛ. differential 

amplifier) ʢʦʿʠ ʩʣʫʞʠ ʟʘ ʧʦʿʘʯʘʚʘˁʝ ʦʯʠʪʘʥʦʛ ʩʠʛʥʘʣʘ ʠʟ ʤʝʤʦʨʠʿʝ. 

7 ʅʘ ʉʣʠʮʠ 2.4 ʩʫ ʚʨʩʪʝ ʠ ʢʦʣʦʥʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʨʦʪʠʨʘʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʉʣʠʢʫ 2.3 ʟʙʦʛ ʙʦˀʝ 

ʧʨʝʛʣʝʜʥʦʩʪʠ, ʘʣʠ ʩʫ ʦʟʥʘʢʝ ʚʨʩʪʘ ʠ ʢʦʣʦʥʘ ʢʦʥʟʠʩʪʝʥʪʥʝ. 
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ʜʨʘʿʚʝʨʘ (ʝʥʛ. output drivers) ʩʪʨʫʿʥʦ ʧʦʿʘʯʘʚʘʿʫ ʠ ʰʘˀʫ ʥʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ. ʂʦʜ 

ʫʧʠʩʘ, ʪʦʢ ʩʠʛʥʘʣʘ ʿʝ ʩʫʧʨʦʪʘʥ. ʉʠʛʥʘʣʠ ʩʘ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʩʝ ʥʘʿʧʨʝ 

ʧʦʘʿʯʘʚʘʿʫ ʧʨʝʢʦ ʫʣʘʟʥʠʭ ʜʨʘʿʚʝʨʘ (ʝʥʛ. input drivers), ʘ ʧʦʪʦʤ ʧʨʝʢʦ ʩʝʣʝʢʪʦʨʘ 

ʢʦʣʦʥʘ ʜʦʚʦʜʝ ʜʦ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʦʿʘʯʘʚʘʯʘ ʠ ʦʜʘʪʣʝ ʧʨʝʥʦʩʝ ʥʘ ʣʠʥʠʿʝ 

ʧʦʜʘʪʘʢʘ, ʯʠʤʝ ʩʝ ʘʞʫʨʠʨʘ ʩʘʜʨʞʘʿ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ. 

ʇʨʦʤʝʥʘ ʥʘʧʦʥʘ ʢʦʿʘ ʥʘʩʪʘʿʝ ʥʘ ʣʠʥʠʿʠ ʧʦʜʘʪʘʢʘ BL ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ ʠʟ 

ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʿʝ ʚʝʦʤʘ ʤʘʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʫʥ ʥʘʧʦʥʩʢʠ ʦʧʩʝʛ ʦʜ ʣʦʛʠʯʢʝ ʥʫʣʝ 

(ʥʘʧʦʥ ʫʟʝʤˀʝˁʘ) ʜʦ ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ (ʥʘʧʦʥ ʥʘʧʘʿʘˁʘ). ɼʘ ʙʠ ʩʝ ʦʚʘ ʧʨʦʤʝʥʘ 

ʧʨʝʪʚʦʨʠʣʘ ʫ ʨʝʛʫʣʘʨʥʠ ʜʠʛʠʪʘʣʥʠ ʩʠʛʥʘʣ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʚʨʰʠʪʠ ʥʘʧʦʥʩʢʦ 

ʧʦʿʘʯʘˁʝ ʜʝʪʝʢʪʦʚʘʥʦʛ ʩʠʛʥʘʣʘ. ʆʚʫ ʬʫʥʢʮʠʿʫ ʦʙʘʚˀʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ. 

ɼʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ ʨʘʜʠ ʪʘʢʦ ʰʪʦ ʨʘʟʣʠʢʫ ʥʘʧʦʥʘ ʥʘ ʣʠʥʠʿʠ ʧʦʜʘʪʘʢʘ (BL 

X) ʠ ʥʘʧʦʥʘ ʥʘ ʨʝʬʝʨʝʥʪʥʦʿ ʣʠʥʠʿʠ ʧʦʜʘʪʘʢʘ (BL Y) ʫʚʝ˂ʘʚʘ ʜʦ ʥʠʚʦʘ ʥʘʧʦʥʘ 

ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ, ʘʢʦ ʿʝ ʨʘʟʣʠʢʘ ʧʦʟʠʪʠʚʥʘ, ʦʜʥʦʩʥʦ ʣʦʛʠʯʢʝ ʥʫʣʝ, ʘʢʦ ʿʝ ʨʘʟʣʠʢʘ 

ʥʝʛʘʪʠʚʥʘ. ʇʨʝ ʥʝʛʦ ʰʪʦ ʩʝ ʘʢʪʠʚʠʨʘ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʚʨʩʪʘ ʫ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʪʨʠʮʠ, 

ʦʙʝ ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ (BL X ʠ BL Y) ʤʦʨʘʿʫ ʙʠʪʠ ʜʦʚʝʜʝʥʝ (ʝʥʛ. precharged) ʥʘ ʠʩʪʠ 

ʨʝʬʝʨʝʥʪʥʠ ʥʘʧʦʥ (ὠ ), ʢʦʿʠ ʿʝ ʪʠʧʠʯʥʦ ʿʝʜʥʘʢ ʧʦʣʦʚʠʥʠ ʥʘʧʦʥʘ ʥʘʧʘʿʘˁʘ 

(ὠ ςϳ ). ɼʦʚʦʹʝˁʝ ʥʘʧʦʥʘ ʥʘ ʣʠʥʠʿʘʤʘ ʧʦʜʘʪʘʢʘ ʢʦʿʝ ʩʫ ʧʦʚʝʟʘʥʝ ʥʘ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ ʥʘ ʠʩʪʫ ʨʝʬʝʨʝʥʪʥʫ ʚʨʝʜʥʦʩʪ ʩʝ ʚʨʰʠ ʧʦʤʦ˂ʫ ʢʦʣʘ ʟʘ 

ʠʟʿʝʜʥʘʯʘʚʘˁʝ ʥʘʧʦʥʘ (ʝʥʛ. ʝquilibration circuit). 

ʂʘʢʦ ʙʠ ʥʘʧʦʥ ʥʘ ʣʠʥʠʿʠ ʧʦʜʘʪʘʢʘ BL Y ʤʦʛʘʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʢʘʦ ʨʝʬʝʨʝʥʪʥʠ 

ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ ʠʟ ʢʦʣʦʥʝ BL X, ʦʥ ʤʦʨʘ ʦʩʪʘʪʠ ʥʝʧʨʦʤʝˁʝʥ ʩʚʝ ʚʨʝʤʝ ʦʜ 

ʤʦʤʝʥʪʘ ʢʘʜʘ ʿʝ ʠʟʚʨʰʝʥʦ ʠʟʿʝʜʥʘʯʘʚʘˁʝ ʥʘʧʦʥʘ. ʊʦ ʿʝ ʿʝʜʠʥʦ ʤʦʛʫ˂ʝ ʘʢʦ ʢʦʣʦʥʘ 

BL Y ʩʚʝ ʚʨʝʤʝ ʙʫʜʝ ʥʝʘʢʪʠʚʥʘ, ʦʜʥʦʩʥʦ ʘʢʦ ʩʝ ʥʝ ʘʢʪʠʚʠʨʘ ʥʠʿʝʜʥʘ ʚʨʩʪʘ ʢʦʿʦʿ 

ʧʨʠʧʘʜʘʿʫ ˂ʝʣʠʿʝ ʢʦʣʦʥʝ BL Y. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʧʘʨʦʚʠ ʣʠʥʠʿʘ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʫʣʘʟʝ ʫ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ ʤʦʨʘʿʫ ʙʠʪʠ ʠʟ ʤʝʹʫʩʦʙʥʦ ʜʠʩʿʫʥʢʪʥʠʭ ʢʦʣʦʥʘ, ʪʿ. ʠʟ 

ʢʦʣʦʥʘ ʢʦʿʠʤʘ ʥʝ ʧʨʠʧʘʜʘʿʫ ʠʩʪʝ ʚʨʩʪʝ. 

ʏʠʪʘˁʝ ʠʟ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʨʘʩʧʦʜʝʣʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ (ʧʦʛʣʘʚˀʝ 2.2.2). ʊʠʤʝ ʩʝ ʤʝˁʘ 

ʥʘʧʦʥ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝʤ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʜʝʥʟʘʪʦʨʫ (ʉʣʠʢʘ 2.4) ʠ ʜʦʚʦʜʠ ʥʘ ʥʠʚʦ 

ʙʣʠʟʘʢ ʨʝʬʝʨʝʥʪʥʦʤ ʥʘʧʦʥʫ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʝʬʝʢʪʠʚʥʦ ʫʥʠʰʪʘʚʘ ʫʩʢʣʘʜʠʰʪʝʥʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʠ ʦʥʝʤʦʛʫ˂ʘʚʘ ʧʦʥʦʚʥʦ ʯʠʪʘˁʝ ʠʟ ʪʝ ˂ʝʣʠʿʝ. ɼʘ ʙʠ ʩʝ ʪʘʿ ʧʨʦʙʣʝʤ 
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ʨʝʰʠʦ, ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ ʤʦʨʘ ʜʘ ʥʘ ʥʝʢʠ ʥʘʯʠʥ ʦʙʥʦʚʠ ʦʨʠʛʠʥʘʣʥʦ 

ʥʘʝʣʝʢʪʨʠʩʘˁʝ ʥʘ ʢʦʥʜʝʥʟʘʪʦʨʫ ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ. ʊʦ ʿʝ ʤʦʛʫ˂ʝ ʩʧʘʿʘˁʝʤ ʠʟʣʘʟʘ ʠ 

ʫʣʘʟʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ, ʯʠʤʝ ʩʝ ʩʘ ʿʝʜʥʝ ʩʪʨʘʥʝ ʩʪʚʘʨʘ ʧʦʟʠʪʠʚʥʘ 

ʧʦʚʨʘʪʥʘ ʩʧʨʝʛʘ ʢʦʿʘ ʫʙʨʟʘʚʘ ʧʦʿʘʯʘʚʘʯʢʠ ʧʨʦʮʝʩ (ʟʘʪʦ ʰʪʦ ʩʝ ʩʚʝ ʚʠʰʝ ʧʦʚʝ˂ʘʚʘ 

ʨʘʟʣʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʥʘʧʦʥ), ʘ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʧʦʿʘʯʘʥʠ 

ʩʠʛʥʘʣ ʙʫʜʝ ʜʦʚʝʜʘʥ ʠ ʥʘ ʫʣʘʟ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʜʝʥʟʘʪʦʨʘ ʯʠʤʝ ʩʝ ˁʝʛʦʚ ʥʘʧʦʥ 

ʦʙʥʘʚˀʘ ʥʘ ʧʨʚʦʙʠʪʥʠ ʥʠʚʦ. 

ʉʪʚʘʨʘˁʝʤ ʧʦʟʠʪʠʚʥʝ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʢʦʜ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ 

ʬʦʨʤʠʨʘ ʩʝ ʩʪʨʫʢʪʫʨʘ ʩʘ ʤʝʤʦʨʠʿʩʢʠʤ ʝʬʝʢʪʦʤ ï ʣʝʯ (ʝʥʛ. latch). ʋ ʧʨʠʤʝʨʫ ʩʘ 

ʉʣʠʢʝ 2.5 ʣʝʯ ʩʝ ʤʦʞʝ ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ ʫ ʦʙʣʠʢʫ ʜʚʘ ʫʥʘʢʨʩʥʦ ʧʦʚʝʟʘʥʘ CMOS 

ʠʥʚʝʨʪʦʨʘ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʪʦʛʘ, ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯʠ ʫ DRAM ʤʝʤʦʨʠʿʩʢʠʤ 

ʤʘʪʨʠʮʘʤʘ ʫʿʝʜʥʦ ʧʨʝʜʩʪʘʚˀʘʿʫ ʠ ʙʘʬʝʨʝ ʧʦʜʘʪʘʢʘ ʟʘ ʘʢʪʠʚʥʝ ʚʨʩʪʝ ʠʟ ʢʦʿʠʭ ʩʝ 

ʧʦʜʘʮʠ ʤʦʛʫ ʫʟʘʩʪʦʧʥʦ ʯʠʪʘʪʠ ʙʝʟ ʧʦʪʨʝʙʝ ʜʘ ʩʝ ʧʦʥʘʚˀʘʿʫ ʬʘʟʝ ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ, 

ʠʟʿʝʜʥʘʯʘʚʘˁʘ ʥʘʧʦʥʘ, ʧʨʝʨʘʩʧʦʜʝʣʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʠ ʨʝʛʝʥʝʨʘʮʠʿʝ. ʂʦʜ ʫʧʠʩʘ, 

ʫʣʘʟ ʠ ʠʟʣʘʟ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ ʤʝˁʘʿʫ ʤʝʩʪʘ. ʋʣʘʟʥʠ ʩʠʛʥʘʣ ʜʦʣʘʟʠ ʦʜ 

ʩʝʣʝʢʪʦʨʘ ʢʦʣʦʥʝ, ʘ ʠʟʣʘʟ ʩʝ ʰʘˀʝ ʥʘ ʣʠʥʠʿʫ ʧʦʜʘʪʘʢʘ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯʠ ʥʝʤʘʿʫ ʧʨʚʝʥʩʪʚʝʥʦ ʧʦʿʘʯʘʚʘʯʢʫ ʫʣʦʛʫ ʢʘʦ ʢʦʜ ʯʠʪʘˁʘ, 

ʿʝʨ ʩʫ ʫʣʘʟʥʠ ʩʠʛʥʘʣʠ ʧʨʝʪʭʦʜʥʦ ʧʦʿʘʯʘʥʠ, ʚʝ˂ ʧʨʝ ʩʚʝʛʘ ʫʣʦʛʫ ʙʘʬʝʨʘ. 

ʉʝʣʝʢʪʦʨʠ ʢʦʣʦʥʘ ʧʦʚʝʟʫʿʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʧʦʿʘʯʘʚʘʯʝ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʫʣʘʟʥʦ/ʠʟʣʘʟʥʝ ʜʨʘʿʚʝʨʝ ʢʦʣʦʥʘ. ʇʨʠʣʠʢʦʤ ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ (WL X), ʘʢʪʠʚʠʨʘʿʫ 

ʩʝ ʠʩʪʦʚʨʝʤʝʥʦ ʩʚʠ ʤʝʤʦʨʠʿʩʢʠ ʪʨʘʥʟʠʩʪʦʨʠ ʫ ʪʦʿ ʚʨʩʪʠ, ʢʦʿʠʭ ʠʤʘ ʢʦʣʠʢʦ ʠ ʢʦʣʦʥʘ 

ʫ ʤʘʪʨʠʮʠ (ʙʨʦʿ ʢʦʣʦʥʘ ʿʝ ʨʝʜʘ ʚʝʣʠʯʠʥʝ 27-212). ʉʝʣʝʢʪʦʨʠ ʢʦʣʦʥʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʜʘ 

ʩʝ ʥʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ ʧʦʚʝʞʫ ʩʘʤʦ ʦʥʝ ʢʦʣʦʥʝ ʢʦʿʠʤʘ ʩʝ ʞʝʣʠ ʧʨʠʩʪʫʧʠʪʠ 

(ʨʝʜʘ ʚʝʣʠʯʠʥʝ 22-27) ʥʘ ʦʩʥʦʚʫ ʜʝʢʦʜʦʚʘʥʝ ʘʜʨʝʩʝ. 

ɼʨʘʿʚʝʨʠ ʢʦʣʦʥʘ ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ ʩʣʫʞʝ ʢʘʦ ʩʪʨʫʿʥʠ ʧʦʿʘʯʘʚʘʯʠ ʩʠʛʥʘʣʘ 

ʢʦʿʠ ʩʝ ʧʦʪʦʤ ʫʧʠʩʫʿʫ ʫ ʠʟʣʘʟʥʝ ʙʘʬʝʨʝ ʠ ʰʘˀʫ ʥʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ. ɼʨʘʿʚʝʨʠ 

ʢʦʣʦʥʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʧʨʠʣʠʢʦʤ ʫʧʠʩʘ ʩʝ ʘʢʪʠʚʠʨʘʿʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʠʛʥʘʣʦʤ (WE 

ʥʘ ʉʣʠʮʠ 2.5) ʠ ʩʣʫʞʝ ʜʘ ʧʦʿʘʯʘʿʫ ʩʠʛʥʘʣ ʢʦʿʠ ʜʦʣʘʟʠ ʠʟ ʫʣʘʟʥʠʭ ʙʘʬʝʨʘ, ʫ ʢʦʿʝ ʩʫ 

ʧʨʝʪʭʦʜʥʦ ʫʧʠʩʘʥʝ ʚʨʝʜʥʦʩʪʠ ʩʘ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ, ʢʘʢʦ ʙʠ ʩʝ ʧʦʙʫʜʠʦ ʫʣʘʟ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ. ɺʠʰʝ ʜʝʪʘˀʘ ʦ ʘʥʘʣʦʛʥʠʤ ʢʦʣʠʤʘ DRAM ʤʝʤʦʨʠʿʝ ʩʝ 

ʤʦʞʝ ʥʘ˂ʠ ʫ [6], [7], [8], [9]. 
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ʘ) ɸʥʘʣʦʛʥʘ ʢʦʣʘ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ 

 
ʙ) ʂʦʥʪʦʨʣʥʠ ʩʠʛʥʘʣʠ ʢʦʣʘ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ 

ʉʣʠʢʘ 2.5 ï ʇʨʠʩʪʫʧ DRAM  ˂ʝʣʠʿʘʤʘ 

ʂʦʣʘ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʠʩʪʫʧ ˂ʝʣʠʿʘʤʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ: ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ ʠ 

ʢʦʣʦ ʟʘ ʠʟʿʝʜʥʘʯʘʚʘˁʝ ʥʘʧʦʥʘ ʠʤʘʿʫ ʫʣʦʛʫ ʜʘ ʧʦʿʘʯʘʿʫ ʦʯʠʪʘʥʠ ʩʠʛʥʘʣ ʠʟ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ 

ʠ ʙʘʬʝʨʫʿʫ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʩʝ ʯʠʪʘʿʫ ʠʣʠ ʫʧʠʩʫʿʫ, ʩʝʣʝʢʪʦʨ ʢʦʣʦʥʝ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʧʨʦʧʫʩʪʝ 

ʩʘʤʦ ʚʨʝʜʥʦʩʪʠ ʟʘ ʠʟʘʙʨʘʥʝ ʢʦʣʦʥʝ, ʘ ʜʨʘʿʚʝʨʠ ʢʦʣʦʥʘ ʧʦʿʘʯʘʚʘʿʫ ʩʠʛʥʘʣ ʧʨʝʤʘ/ʩʘ 

ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ. BL=Bit Line, WL=Word Line, SEN=Sense 

Enable for NMOS transistors, SEP=Sense Enable for PMOS transistors, EQ=Equilibrate, 

CS=Column Select, WE=Write Enable. 

ʅʘʧʦʤʝʥʘ: ʅʘ ʩʣʠʮʠ ʩʫ ʚʨʩʪʝ ʠ ʢʦʣʦʥʝ ʨʦʪʠʨʘʥʝ ʟʙʦʛ ʙʦˀʝ ʧʨʝʛʣʝʜʥʦʩʪʠ. 
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2.2.4 ʀʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ 

ʉ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʚʝʣʠʯʠʥʘ DRAM ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ ʦʛʨʘʥʠʯʝʥʘ (ʧʦʛʣʘʚˀʝ 

2.2.2), ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʚʝ˂ʝʛ ʢʘʧʘʮʠʪʝʪʘ ʩʝ ʧʨʦʿʝʢʪʫʿʫ ʪʘʢʦ ʜʘ ʩʘʜʨʞʝ ʚʝ˂ʠ ʙʨʦʿ 

DRAM ʤʝʤʦʨʠʿʩʢʠʭ ʤʘʪʨʠʮʘ (ʉʣʠʢʘ 2.6). DRAM ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ ʿʦʰ ʩʘʜʨʞʝ ʠ 

 

ʉʣʠʢʘ 2.6 ï DRAM  ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ 

ʅʘ ʩʣʠʮʠ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʪʨʫʢʪʫʨʘ xDDRx SDRAM ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ. ʇʦʜʝʙˀʘʥʝ 

ʩʪʨʝʣʠʮe ʦʟʥʘʯʘʚʘʿʫ ʪʦʢ ʘʜʨʝʩʥʠʭ ʩʠʛʥʘʣʘ, ʘ ʧʦʜʝʙˀʘʥʝ ʣʠʥʠʿʝ ʪʦʢ ʧʦʜʘʪʘʢʘ ʧʨʠʣʠʢʦʤ 

ʯʠʪʘˁʘ ʠʣʠ ʫʧʠʩʘ. 
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ʢʦʥʪʨʦʣʥʘ ʜʠʛʠʪʘʣʥʘ ʣʦʛʠʯʢʘ ʢʦʣʘ, ʢʘʦ ʠ ʘʥʘʣʦʛʥʘ ʢʦʣʘ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʩʢʠʤ 

˂ʝʣʠʿʘʤʘ ʠ ʢʦʤʫʥʠʢʘʮʠʿʫ ʩʘ ʤʝʤʦʨʠʿʩʢʦʤ ʤʘʛʠʩʪʨʘʣʦʤ [9], [10], [11], [12]. 

ʄʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ ʩʝ ʫ ʤʦʜʝʨʥʠʤ ʤʝʤʦʨʠʿʩʢʠʤ ʢʦʣʠʤʘ ʛʨʫʧʠʰʫ ʫ 

ʤʝʹʫʩʦʙʥʦ ʥʝʟʘʚʠʩʥʝ ʙʘʥʢʝ (ʝʥʛ. banks). ʆʚʘʢʚʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʩʤʘˁʝˁʝ 

ʚʨʝʤʝʥʘ ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ ʿʝʨ ʩʝ ʥʝʢʝ ʦʧʝʨʘʮʠʿʝ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʘʢʪʠʚʠʨʘˁʝ ʚʨʩʪʝ 

ʠʣʠ ʯʠʪʘˁʝ ʠ ʫʧʠʩ ʠʟ ʠ ʫ ʤʝʤʦʨʠʿʩʢʝ ˂ʝʣʠʿʝ ʤʦʛʫ ʦʙʘʚˀʘʪʠ ʩʠʤʫʣʪʘʥʦ ʫʥʫʪʘʨ 

ʨʘʟʣʠʯʠʪʠʭ ʙʘʥʢʠ. DRAM ʧʨʦʪʦʢʦʣ ʦʩʠʛʫʨʘʚʘ ʜʘ ʧʨʠʪʦʤ ʥʠʢʘʜʘ ʥʝ ʜʦʹʝ ʜʦ 

ʢʦʣʠʟʠʿʝ ʠʟʤʝʹʫ ʙʘʥʢʠ ʢʦʜ ʧʨʠʩʪʫʧʘ ʟʘʿʝʜʥʠʯʢʠʤ ʭʘʨʜʚʝʨʩʢʠʤ ʨʝʩʫʨʩʠʤʘ. 

ʂʦʨʠʰ˂ʝˁʝʤ ʚʠʰʝ ʤʝʤʦʨʠʿʩʢʠʭ ʤʘʪʨʠʮʘ ʫʥʫʪʘʨ ʿʝʜʥʝ ʙʘʥʢʝ ʧʦʚʝ˂ʘʚʘ ʩʝ ʠ 

ʧʨʦʪʦʯʥʦʩʪ ʧʦʜʘʪʘʢʘ, ʿʝʨ ʩʝ ʩʚʠʤ ʤʘʪʨʠʮʘʤʘ ʠʟ ʙʘʥʢʝ ʤʦʞʝ ʧʨʠʩʪʫʧaʪʠ 

ʠʩʪʦʚʨʝʤʝʥʦ. ɹʨʦʿ ʤʘʪʨʠʮʘ ʫ ʿʝʜʥʦʿ ʙʘʥʢʠ, ʦʟʥʘʯʠʤʦ ʛʘ ʩʘ N, ʧʨʝʜʩʪʘʚˀʘ 

ʤʠʥʠʤʘʣʥʫ ʛʨʘʥʫʣʘʨʥʦʩʪ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʠ ʫ ʙʠʪʠʤʘ. 

ʋ ʿʝʜʥʦʤ ʮʠʢʣʫʩʫ ʩʝ ʤʦʞʝ ʧʨʠʩʪʫʧʠʪʠ ʢʘ ʿʝʜʥʦʤ ʠʣʠ ʚʠʰʝ ʙʠʪʦʚʘ ʫ ʩʚʘʢʦʿ 

DRAM ʤʘʪʨʠʮʠ. ɸʢʦ ʧʨʝʪʧʦʩʪʘʚʠʤʦ ʜʘ ʩʝ ʩʚʘʢʘ ʙʘʥʢʘ ʩʘʩʪʦʿʠ ʦʜ N DRAM ʤʘʪʨʠʮʘ 

ʠ ʜʘ ʩʝ ʫ ʩʚaʢʦʿ ʤʘʪʨʠʮʠ ʠʩʪʦʚʨʝʤʝʥʦ ʯʠʪʘ ʠʣʠ ʧʠʰʝ B ʙʠʪʦʚʘ, ʪʦ ʜʘʿʝ ʫʢʫʧʥʦ ὔϽὄ 

ʙʠʪʦʚʘ ʧʦ ʮʠʢʣʫʩʫ. ʉ ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʫ ʿʝʜʥʦʤ ʮʠʢʣʫʩʫ ʤʦʞʝ ʧʨʠʩʪʫʧʘʪʠ ʩʘʤʦ ʿʝʜʥʦʿ 

ʙʘʥʢʠ (ʿʝʨ ʩʝ ʫ ʪʦʢʫ ʿʝʜʥʦʛ ʮʠʢʣʫʩʘ ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ ʩʘ ʿʝʜʥʝ ʘʜʨʝʩʝ), ʦʥʜʘ ʩʚʘʢʠ 

ʧʫʪ ʤʦʨʘ ʜʘ ʩʝ ʙʠʨʘ ʙʘʥʢʘ ʯʠʿʠʭ ὔϽὄ ʙʠʪʦʚʘ ʧʦʜʘʪʘʢʘ ˂ʝ ʙʠʪʠ ʧʦʚʝʟʘʥʦ ʥʘ 

ʫʣʘʟʥʦ/ʠʟʣʘʟʥʝ ʧʦʨʪʦʚʝ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ. ɹʨʦʿ ʫʣʘʟʥʦ/ʠʟʣʘʟʥʠʭ ʣʠʥʠʿʘ M ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ, ʦʜʥʦʩʥʦ ˁʝʥʘ ʰʠʨʠʥʘ, ʩʝ ʦʙʠʯʥʦ ʫ 

ʪʝʭʥʠʯʢʦʿ ʣʠʪʝʨʘʪʫʨʠ ʦʟʥʘʯʘʚʘ ʩʘ xʄ. 

ʉ ʦʙʟʠʨʦʤ ʜʘ ʿʝ ʙʨʟʠʥʘ ʢʦʿʦʤ ʩʝ ʤʦʞʝ ʧʨʠʩʪʫʧʘʪʠ ʧʦʜʘʮʠʤʘ ʠʟ ʤʝʤʦʨʠʿʩʢʝ 

ʤʘʪʨʠʮʝ ʯʝʩʪʦ ʤʘˁʘ ʦʜ ʙʨʟʠʥʝ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ, ʿʝʜʠʥʠ ʥʘʯʠʥ ʜʘ ʩʝ 

ʠʩʢʦʨʠʩʪʝ ʩʚʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʿʝ ʜʘ ʩʝ ʜʦʭʚʘʪʘ ʚʝ˂ʘ ʢʦʣʠʯʠʥʘ ʧʦʜʘʪʘʢʘ ʫ 

ʿʝʜʥʦʤ ʤʝʤʦʨʠʿʩʢʦʤ ʮʠʢʣʫʩʫ, ʘ ˁʠʭʦʚʦ ʩʣʘˁʝ ʚʨʰʠ ʫ ʚʠʰʝ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ 

ʤʘʛʠʩʪʨʘʣʠ ï ʪʟʚ. ʜʦʭʚʘʪʘˁʝ ʧʦʜʘʪʘʢʘ ʫʥʘʧʨʝʜ (ʝʥʛ. prefetch). ɸʢʦ ʩʝ ʫ ʿʝʜʥʦʤ 

ʤʝʤʦʨʠʿʩʢʦʤ ʮʠʢʣʫʩʫ ʜʦʭʚʘʪʘ ὔϽὄ ʙʠʪʦʚʘ ʠʟ ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ, ʢʦʿʠ ʩʝ ʥʘ 

ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ ʰʠʨʠʥʝ ʄ ʰʘʫˀ ʫ P ʫʟʘʩʪʦʧʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ, ʦʥʜʘ 

ʤʦʨʘ ʚʘʞʠʪʠ ʨʝʣʘʮʠʿʘ 

ὔϽὄ ὓϽὖ 
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2.2.5 ʄʝʤʦʨʠʿʩʢʠ ʯʠʧ 

ʋ ʊʘʙʝʣʠ 2.1 ʩʫ ʜʘʪʝ ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʢʪʫʨʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ 

DRAM ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ. ʆʨʛʘʥʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʩʝ ʦʙʠʯʥʦ 
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Micron MT42L256M16D1 LPDDR2 16384 2048 16 8 4 Gb 4 x16 1 4 Gb x16 256 Mb 256Mx16 

Micron MT42L128M32D1 LPDDR2 16384 1024 32 8 4 Gb 4 x32 1 4 Gb x32 128 Mb 128Mx32 

Micron MT42L128M64D2 LPDDR2 16384 1024 32 8 4 Gb 4 x32 2 8 Gb x64 128 Mb 128Mx64 

Micron MT42L256M64D4 LPDDR2 16384 2048 16 8 4 Gb 4 x16 4 16 Gb x64 256 Mb 256Mx64 

Micron MT42L512M32D4 LPDDR2 16384 2048 16 8 4 Gb 4 x16 4 16 Gb x32 512 Mb 512Mx32 

Micron EDF8164A1MA LPDDR3 16384 1024 32 8 4 Gb 8 x32 2 8 Gb x64 128 Mb 128Mx64 

Micron EDFA164A1MA LPDDR3 16384 2048 16 8 4 Gb 8 x16 4 16 Gb x64 256 Mb 256Mx64 

Hynix H5GQ1H24AFR GDDR5 4096 128 128 16 1 Gb 8 x16 1 1 Gb x16 64 Mb 64Mx16 

Hynix H5GQ1H24AFR GDDR5 4096 64 256 16 1 Gb 8 x32 1 1 Gb x32 32 Mb 32Mx32 

Micron MT41J1G4 DDR3 65536 256 32 8 4 Gb 8 x4 1 4 Gb x4 1 Gb 1Gx4 

Micron MT41J512M8 DDR3 65536 128 64 8 4 Gb 8 x8 1 4 Gb x8 512 Mb 512Mx8 

Micron MT41J256M16 DDR3 32768 128 128 8 4 Gb 8 x16 1 4 Gb x16 256 Mb 256Mx16 

Micron MT40A512M8 DDR4 32768 128 64 16 4 Gb 8 x8 1 4 Gb x8 512 Mb 512Mx8 

Samsung K4A8G045WB DDR4 65536 256 32 16 8 Gb 8 x4 1 8 Gb x4 2 Gb 2Gx4 

Samsung K4A8G085WB DDR4 65536 128 64 16 8 Gb 8 x8 1 8 Gb x8 1 Gb 1Gx8 

ʊʘʙʝʣʘ 2.1 ï ʇʘʨʘʤʝʪʨʠ ʢʦʤʝʨʮʠʿʘʣʥʠʭ DRAM  ʯʠʧʦʚʘ 

ʇʦʜʘʮʠ ʧʦʪʠʯʫ ʠʟ ʿʘʚʥʦ ʜʦʩʪʫʧʥʠʭ ʧʨʦʠʟʚʦʹʘʯʢʠʭ ʩʧʝʮʠʬʠʢʘʮʠʿʘ ʟʘ ʥʘʚʝʜʝʥʝ DRAM 

ʯʠʧʦʚʝ [13], [14], [15], [16], [17], [18]. ʉʚʘʢʠ ʧʘʨʘʤʝʪʘʨ ʩʝ ʦʜʥʦʩʠ ʥʘ ʢʦʤʧʦʥʝʥʪʫ ʥʘʟʥʘʯʝʥʫ 

ʫ ʩʝʢʮʠʿʠ ʠʟʥʘʜ; ʥʧʨ. #ʄʘʪʨʠʮʘ ʩʝ ʥʘʣʘʟʠ ʫ ʩʝʢʮʠʿʠ Ăɹʘʥʢʘñ ʠ ʧʨʝʜʩʪʘʚˀʘ ʙʨʦʿ ʤʘʪʨʠʮʘ ʫ 

ʿʝʜʥʦʿ ʙʘʥʢʠ, ʂʘʧʘʮʠʪʝʪ ʫ ʩʝʢʮʠʿʠ Ăʀʥʪ. ʢʦʣʦñ ʦʟʥʘʯʘʚʘ ʢʘʧʘʮʠʪʝʪ ʿʝʜʥʦʛ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ, 

ʘ ʂʘʧʘʮʠʪʝʪ ʫ ʩʝʢʮʠʿʠ Ăʏʠʧñ ʢʘʧʘʮʠʪʝʪ ʮʝʣʦʛ ʯʠʧʘ. 

ʂʘʧʘʮʠʪʝʪ [ʀʥʪ. ʢʦʣʦ] = #ɺʨʩʪʘ Ö #ʂʦʣʦʥʘ Ö #ʄʘʪʨʠʮʘ Ö #ɹʘʥʢʠ 

#ʄʘʪʨʠʮʘ Ö B (ʙʨʦ ʿʙʠʪʦʚʘ ʢʦʿʠ ʩʝ ʯʠʪʘʿʫ ʠʟ ʤʘʪʨʠʮʝ) = ʐʠʨʠʥʘ [ʀʥʪ. ʢʦʣʦ] Ö Prefetch 

ʂʘʧʘʮʠʪʝʪ [ʏʠʧ] = ʂʘʧʘʮʠʪʝʪ [ʀʥʪ. ʢʦʣʦ] Ö #ʀʥʪ. ʢʦʣʘ 

ɼʫʙʠʥʘ [ʏʠʧ] = ʂʘʧʘʮʠʪʝʪ [ʏʠʧ] / ʐʠʨʠʥʘ [ʏʠʧ] 
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ʦʙʝʣʝʞʘʚʘ ʩʘ Ăɼʫʙʠʥʘ x ʐʠʨʠʥʘñ, ʧʨʠ ʯʝʤʫ ʚʨʝʜʥʦʩʪ ʧʨʦʠʟʚʦʜʘ ʜʘʿʝ ʫʢʫʧʘʥ 

ʢʘʧʘʮʠʪʝʪ ʯʠʧʘ. 

ʄʝʤʦʨʠʿʩʢʠ ʯʠʧʦʚʠ ʤʦʛʫ ʩʘʜʨʞʘʪʠ ʿʝʜʥʦ ʠʣʠ ʚʠʰʝ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʫ 

ʦʢʚʠʨʫ ʧʘʢʦʚʘˁʘ. ʋʧʦʪʨʝʙʦʤ ʚʠʰʝ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʧʦʚʝ˂ʘʚʘ ʩʝ ʢʘʧʘʮʠʪʝʪ ʯʠʧʘ, 

ʘ ʧʦ ʧʦʪʨʝʙʠ ʩʝ ʤʦʞʝ ʧʦʚʝ˂ʘʪʠ ʠ ʰʠʨʠʥʘ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʰʠʨʠʥʫ 

ʤʘʛʠʩʪʨʘʣʝ ʿʝʜʥʦʛ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ, ʢʘʦ ʠ ʦʜʨʝʜʠʪʠ ʙʨʦʿ ʥʝʟʘʚʠʩʥʠʭ ʤʝʤʦʨʠʿʩʢʠʭ 

ʢʘʥʘʣʘ (ʉʣʠʢʘ 2.7).  

 

a) 512Mx32 b) 256Mx64 

 

ʉʣʠʢʘ 2.7 ï DRAM  ʯʠʧ 

ʉʪʨʫʢʪʫʨʘ LPDDR2 DRAM ʯʠʧʘ ʢʘʧʘʮʠʪʝʪʘ 2GB ʩʘʩʪʘʚˀʝʥʦʛ ʦʜ ʯʝʪʠʨʠ ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ 

ʢʘʧʘʮʠʪʝʪʘ 4Gb ʠ ʰʠʨʠʥʝ x16: 

a) ʦʨʛʘʥʠʟʘʮʠʿʘ ʩʘ ʿʝʜʥʠʤ ʢʘʥʘʣʦʤ (MT42L512M32D4) 

ʙ) ʦʨʛʘʥʠʟʘʮʠʿʘ ʩʘ ʜʚʘ ʢʘʥʘʣʘ (MT42L256M64D4) 

CA=Cmd/Addr bus, DQ=Data bus, DM=Data Mask, CK=Clock, CKE=Clock Enable, CS=Chip 

Select 

ʀʟʚʦʨ: Mobile LPDDR2 SDRAM S4 ʩʧʝʮʠʬʠʢʘʮʠʿʘ, Micron Technology Inc., 2011. 
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ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʬʠʟʠʯʢʠʭ ʜʠʤʝʥʟʠʿʘ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʠ ʥʘʤʝʥʝ, 

ʤʝʤʦʨʠʿʩʢʠ ʯʠʧʦʚʠ ʩʝ ʤʦʛʫ ʧʘʢʦʚʘʪʠ ʫ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʘ ʢʫ˂ʠʰʪʘ. ɿʘ DRAM 

ʯʠʧʦʚʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ FBGA ʧʘʢʦʚʘˁʘ (ʉʣʠʢʘ 2.8), ʿ ʝʨ ʦʙʝʟʙʝʹʫʿʫ ʚʝʦʤʘ ʤʘʣʠ 

ʧʨʦʬʠʣ ʯʠʧʘ, ʯʠʤʝ ʩʝ ʦʤʦʛʫ˂ʘʚʘ ˁʠʭʦʚʘ ʫʧʦʪʨʝʙʘ ʫ ʚʝʣʠʢʦʤ ʜʠʿʘʧʘʟʦʥʫ ʫʨʝʹʘʿʘ. 

ʌʠʟʠʯʢʝ ʜʠʤʝʥʟʠʿʝ ʯʠʧʘ ʩʫ ʢʨʠʪʠʯʥʝ ʟʘ ʧʨʠʤʝʥʝ ʫ ʥʦʩʠʚʠʤ, ʤʦʙʠʣʥʠʤ ʠ 

ʧʨʝʥʦʩʥʠʤ ʫʨʝʹʘʿʠʤʘ ʟʙʦʛ ʦʛʨʘʥʠʯʝʥʦʛ ʧʨʦʩʪʦʨʘ, ʘʣʠ ʠ ʫ ʜʨʫʛʠʤ ʩʠʩʪʝʤʠʤʘ, ʢʘʦ 

ʰʪʦ ʩʫ ʩʝʨʚʝʨʠ ʠ ʩʫʧʝʨʨʘʯʫʥʘʨʠ, ʛʜʝ ʿʝ ʟʙʦʛ ʦʛʨʘʥʠʯʝʥʦʛ ʙʨʦʿʘ ʤʝʩʪʘ ʟʘ ʤʝʤʦʨʠʿʩʢʝ 

ʤʦʜʫʣʝ ʥʘ ʤʘʪʠʯʥʦʿ ʧʣʦʯʠ ʠ ʧʦʪʨʝʙʝ ʟʘ h ʪʦ ʚʝ˂ʠʤ ʢʘʧʘʮʠʪʝʪʦʤ ʤʝʤʦʨʠʿʝ ʧʦʪʨʝʙʥʦ 

ʢʦʨʠʩʪʠʪʠ ʤʦʜʫʣʝ ʩʘ ʚʝʣʠʢʦʢʤ ʛʫʩʪʠʥʦʤ ʧʘʢʦʚʘˁʘ, ʦʜʥʦʩʥʦ ʩʘ ʯʠʧʦʚʠʤʘ ʰʪʦ 

ʤʘˁʠʭ ʜʠʤʝʥʟʠʿʘ. 

 

ʉʣʠʢʘ 2.8 ï FBGA ʧʘʢʦʚʘˁʝ 

ʅʘ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥʦ ʧʘʢʦʚʘˁʝ ʯʠʧʘ MT42L256M64D4 ʩʘ ʫʢʫʧʥʦ 253 ʢʦʥʪʘʢʪʥʝ ʣʦʧʪʠʮʝ 

ʫ ʢʦʤʝ ʩʝ ʥʘʣʘʟʝ ʧʦʚʝʟʘʥʘ ʯʝʪʠʨʠ LPDDR2 ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ. ʉʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʜʘʪʝ ʫ 

ʤʠʣʠʤʝʪʨʠʤʘ. 

ʀʟʚʦʨ: Mobile LPDDR2 SDRAM S4 ʩʧʝʮʠʬʠʢʘʮʠʿʘ, Micron Technology Inc., 2011. 
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2.2.6 ʄʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣ 

ʄʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʚʝʝ˂ʛ ʙʨʦʿʘ DRAM ʯʠʧʦʚʘ ʠʥʪʝʛʨʠʩʘʥʠʭ ʥʘ 

ʰʪʘʤʧʘʥʦʿ ʧʣʦʯʠʮʠ ʢʦʿʘ ʩʝ ʤʦʞʝ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʪʠ ʥʘ ʤʝʤʦʨʠʿʩʢʫ ʤʘʛʠʩʪʨʘʣʫ 

ʧʨʝʢʦ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʨʠʢˀʫʯʥʦʛ ʤʝʩʪʘ (ʝʥʛ. slot) ʥʘ ʤʘʪʠʯʥʦʿ ʧʣʦʯʠ. ʅʘ ʤʘʪʠʯʥʦʿ 

ʧʣʦʯʠ ʦʙʠʯʥʦ ʠʤʘ ʚʠʰʝ ʧʨʠʢˀʫʯʥʠʭ ʤʝʩʪʘ. ʋʦʙʠʯʘʿʝʥʠ ʙʨʦʿ ʢʦʜ ʤʘʪʠʯʥʠʭ ʧʣʦʯʘ 

ʟʘ ʣʘʧʪʦʧʦʚʘ ʿ ʝ ʜʚʘ, ʘ ʢʦʜ ʤʘʪʠʯʥʠʭ ʧʣʦʯʘ ʟʘ ʧʝʨʩʦʥʘʣʥʝ ʨʘʯʫʥʘʨʝ ʯʝʪʠʨʠ. ʄʘʪʠʯʥʝ 

ʧʣʦʯʝ ʟʘ ʨʘʜʥʝ ʩʪʘʥʠʮʝ ʠ ʩʝʨʚʝʨʝ ʤʦʛʫ ʠʤʘʪʠ ʠ ʚʠʰʝ ʧʨʠʢˀʫʯʥʠʭ ʤʝʩʪʘ ʟʘ 

ʤʝʤʦʨʠʿʩʢʝ ʤʦʜʫʣʝ, ʥʧʨ. ʦʩʘʤ ʠʣʠ ʰʝʩʥʘʝʩʪ, ʫ ʟʘʚʠʩʪʥʦʩʪʠ ʦʜ ʪʠʧʘ ʠ ʙʨʦʿʘ 

ʧʨʦʮʝʩʦʨʩʢʠʭ ʯʠʧʦʚʘ ʥʘ ʧʣʦʯʠ, ʢʘʦ ʠ ʚʨʩʪʝ ʤʝʤʦʨʠʿʩʢʠʭ ʤʦʜʫʣʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ. 

ʂʦʜ DIMM  (UDIMM) ʠ SODIMM ʤʦʜʫʣʘ ʦʩʠʤ DRAʄ ʯʠʧʦʚʘ ʧʦʩʪʦʿʠ ʩʘʤʦ 

ʿʦʰ SPD (ʝʥʛ. Serial Presence Detect) EEPROM ʯʠʧ ʩʘ ʧʦʜʘʮʠʤʘ ʢʦʿʝ ʧʨʦʧʠʩʫʿʝ 

JEDEC ʩʪʘʥʜʘʨʜ, ʰʪʦ ʫʢˀʫʯʫʿʝ ʪʠʧ ʤʝʤʦʨʠʿʝ, ʙʨʦʿ ʙʘʥʢʠ, ʢʘʧʘʮʠʪʝʪ ʤʦʜʫʣʘ, 

ʰʠʨʠʥʫ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ, ʚʨʝʤʝʥʩʢʝ ʧʘʨʘʤʝʪʨʝ, ʧʦʜʨʞʘʥʝ ʥʘʧʦʥʝ, ʧʦʜʨʰʢʫ ʟʘ 

ECC, ʧʦʜʘʪʢʝ ʦ ʧʨʦʠʟʚʦʹʘʯʫ ʠʪʜ. ʇʦʜʘʮʠ ʠʟ SPD EEPROM-ʘ ʩʝ ʯʠʪʘʿʫ ʧʨʠʣʠʢʦʤ 

ʩʪʘʨʪʦʚʘˁʘ ʨʘʯʫʥʘʨʘ ʠ ʧʨʦʩʣʝʹʫʿʫ BIOS-ʫ ʢʦʿʠ ʥʘ ʦʩʥʦʚʫ ˁʠʭ ʢʦʥʬʠʛʫʨʠʰʝ 

ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ. ʂʦʜ ʦʚʠʭ ʪʠʧʦʚʘ ʤʦʜʫʣʘ ʩʝ ʩʠʛʥʘʣʠ ʩʘ ʤʝʤʦʨʠʿʩʢʝ 

ʤʘʛʠʩʪʨʘʣʝ ʚʦʜʝ ʜʠʨʝʢʪʥʦ ʜʦ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ. ʇʦʰʪʦ ʜʦ ʩʚʘʢʦʛ ʯʠʧʘ ʚʦʜʝ ʠʩʪʝ 

ʘʜʨʝʩʥʝ, ʢʦʤʘʥʜʥʝ ʠ ʢʦʥʪʨʦʣʥʝ ʣʠʥʠʿʝ (ʉʣʠʢʘ 2.9), ʦʥʝ ʩʫ ʚʠʰʝʩʪʨʫʢʦ ʝʣʝʢʪʨʠʯʥʦ 

(ʢʘʧʘʮʠʪʠʚʥʦ, ʠʥʜʫʢʪʠʚʥʦ ʠ ʨʝʟʠʩʪʠʚʥʦ) ʦʧʪʝʨʝ˂ʝʥʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʣʠʥʠʿʘʤʘ 

ʧʦʜʘʪʘʢʘ. ɽʣʝʢʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʣʠʥʠʿʘ ʫʪʠʯʝ ʥʘ ʢʘʰˁʝˁʝ ʠ ʢʚʘʣʠʪʝʪ ʩʠʛʥʘʣʘ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ, ʧʘ ʿʝ ʙʨʦʿ ʤʦʜʫʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʧʦʚʝʟʘʪʠ ʦʛʨʘʥʠʯʝʥ, ʥʘʿʯʝʰ˂ʝ ʥʘ ʯʝʪʠʨʠ. 

ʉʢʫʧ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʢʦʿʠ ʩʝ ʟʘʿʝʜʥʦ ʩʝʣʝʢʪʫʿʫ ʠ ʢʦʿʠʤʘ ʩʝ ʠʩʪʦʚʨʝʤʝʥʦ 

ʧʨʠʩʪʫʧʘ ʟʦʚʝ ʩʝ ʨʘʥʢ (ʝʥʛ. rank). ʋ ʿʝʜʥʦʤ ʤʦʜʫʣʫ ʤʦʞʝ ʙʠʪʠ ʚʠʰʝ ʨʘʥʢʦʚʘ, ʘ 

ʥʘʿʯʝʰ˂ʝ ʠʭ ʠʤʘ 1, 2 ʠʣʠ 4. ʅʘ ʉʣʠʮʠ 2.9 ʧʨʠʢʘʟʘʥʘ ʿʝ ʰʝʤʘ ʚʝʟʝ SODIMM ʤʦʜʫʣʘ 

ʩʘ ʜʚʘ ʨʘʥʢʘ. ɺʝ˂ʠ ʙʨʦʿ ʨʘʥʢʦʚʘ ʤʦʞʝ ʜʘ ʧʦʚʝ˂ʘ ʝʬʠʢʘʩʥʦʩʪ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ 

DRAM ʤʝʤʦʨʠʿʠ, ʿʝʨ ʩʝ ʝʬʝʢʪʠʚʥʦ ʧʦʚʝ˂ʘʚʘ ʫʢʫʧʘʥ ʙʨʦʿ ʥʝʟʘʚʠʩʥʠʭ ʙʘʥʢʠ. ʉʘ 

ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʦʚʝ˂ʘʚʘ ʩʝ ʝʣʝʢʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ˁʝ ʣʠʥʠʿʘ ʧʦʜʘʪʘʢʘ, ʿʝʨ ʠʩʪʘ ʣʠʥʠʿʘ 

ʠʜʝ ʜʦ ʯʠʧʦʚʘ ʠʟ ʩʚʠʭ ʨʘʥʢʦʚʘ. 

ʄʦʜʫʣʠ ʢʦʿʠ ʠʤʘʿʫ ʧʦʜʨʰʢʫ ʟʘ ʜʝʪʝʢʪʦʚʘˁʝ ʠ ʢʦʨʝʢʮʠʿʫ ʛʨʝʰʘʢʘ (ECC) 

ʠʤʘʿʫ ʜʦʜaʪʥʝ ʯʠʧʦʚʝ ʟʘ ʩʤʝʰʪʘˁʝ ʢʦʜʥʠʭ ʨʝʯʠ. ɿʘ ʜʝʪʝʢʮʠʿʫ ʠ ʢʦʨʝʢʮʠʿʫ ʛʨʝʰʘʢʘ  
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ʘ) ʰʝʤʘ ʚʝʟʘ ʢʦʤʧʦʥʝʥʪʠ ʤʝʤʦʨʠʿʩʢʦʛ ʤʦʜʫʣʘ 

 

ʙ) ʬʠʟʠʯʢʠ ʠʟʛʣʝʜ ʤʦʜʫʣʘ 

ʉʣʠʢʘ 2.9 ï SODIMM  ʤʦʜʫʣ 

ʅʘ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 8GB x64 Dual-Rank 204-pin DDR3 SODIMM ʤʦʜʫʣʘ [19]. 

ʉʠʛʥʘʣʠ ʩʘ ʤʘʛʠʩʪʨʘʣʝ ʩʝ ʚʦʜʝ ʜʠʨʝʢʪʥʦ ʜʦ ʩʚʘʢʦʛ ʧʦʿʝʜʠʥʘʯʥʦʛ ʯʠʧʘ. CMD ʠ ADDR ʩʫ 

ʢʦʤʘʥʜʥʠ ʠ ʘʜʨʝʩʥʠ ʩʠʛʥʘʣʠ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ, DQx ʩʫ ʩʠʛʥʘʣʠ ʧʦʜʘʪʘʢʘ, DQSx ʩʫ 

ʩʠʛʥʘʣʠ ʙʠʨʘˁʘ ʟʘ DQx ʩʠʛʥʘʣʝ, ʘ Sx ʩʫ ʩʠʛʥʘʣʠ ʩʝʣʝʢʮʠʿʝ ʯʠʧʘ. ʉʚʝ ʤʝʨʝ ʩʫ ʫ ʤʠʣʠʤʝʪʨʠʤʘ. 
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ʘ) ʰʝʤʘ ʚʝʟʘ ʢʦʤʧʦʥʝʥʪʠ ʤʝʤʦʨʠʿʩʢʦʛ ʤʦʜʫʣʘ 

 

ʙ) ʬʠʟʠʯʢʠ ʠʟʛʣʝʜ ʤʦʜʫʣʘ 

ʉʣʠʢʘ 2.10 ï ECC RDIMM  ʤʦʜʫʣ 

ʅʘ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ 8GB x72 ECC Single-Rank 240-pin DDR3 RDIMM ʤʦʜʫʣʘ 

[20]. CMD ʠ ADDR ʩʫ ʨʝʛʠʩʪʨʦʚʘʥʠ ʢʦʤʘʥʜʥʠ ʠ ʘʜʨʝʩʥʠ ʩʠʛʥʘʣʠ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ, 

DQx ʩʫ ʩʠʛʥʘʣʠ ʧʦʜʘʪʘʢʘ, DQSx ʩʫ ʩʠʛʥʘʣʠ ʙʠʨʘˁʘ ʟʘ DQx ʩʠʛʥʘʣʝ, RSx ʩʫ ʨʝʛʠʩʪʨʦʚʘʥʠ 

ʩʠʛʥʘʣʠ ʩʝʣʝʢʮʠʿʝ ʯʠʧʘ, ʘ CBx ʩʫ ʢʦʜʥʠ ʙʠʪʦʚʠ ʢʦʿʠ ʩʣʫʞʝ ʟʘ ʢʦʨʝʢʮʠʿʫ ʠ ʜʝʪʝʢʮʠʿʫ ʛʨʝʰʘʢʘ. 
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ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʠ ʍʝʤʠʥʛʦʚ ʢʦʜ (127,120) ʢʦʿʠ ʟʘʭʪʝʚʘ 7 ʢʦʜʥʠʭ ʙʠʪʦʚʘ ʥʘ 120 

ʙʠʪʘ ʧʦʜʘʪʘʢʘ, ʘʣʠ ʩʢʨʘ˂ʝʥ ʥʘ 64 ʙʠʪʘ ʧʦʜʘʪʘʢʘ ʠ ʧʨʦʰʠʨʝʥ ʜʦʜʘʪʥʠʤ ʙʠʪʦʤ 

ʧʘʨʥʦʩʪʠ. ʊʦ ʜʘʿʝ (72,64) ʢʦʜ, ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʜʝʪʝʢʮʠʿʫ ʩʚʠʭ ʜʚʦʙʠʪʥʠʭ ʛʨʝʰʘʢʘ ʠ 

ʢʦʨʝʢʮʠʿʫ ʩʚʠʭ ʿʝʜʥʦʙʠʪʥʠʭ ʛʨʝʰʘʢʘ. ʇʦʰʪʦ ʦʚʘʿ ʢʦʜ ʢʦʨʠʩʪʠ ʿʝʜʘʥ ʢʦʜʥʠ ʙʠʪ ʥʘ 

ʩʚʘʢʠʭ ʦʩʘʤ ʙʠʪʦʚʘ ʧʦʜʘʪʘʢʘ, ʤʝʤʦʨʠʿʩʢʠ ʤʦʜʫʣʠ ʢʦʿʠ ʧʦʜʨʞʘʚʘʿʫ ECC ʠʤʘʿʫ ʿʝʜʘʥ 

ʜʦʜʘʪʥʠ ʤʝʤʦʨʠʿʩʢʠ ʯʠʧ ʥʘ ʩʚʘʢʠʭ ʦʩʘʤ ʯʠʧʦʚʘ ʟʘ ʧʦʜʘʪʢʝ (ʉʣʠʢʘ 2.10). 

ɼʘ ʙʠ ʩʝ ʩʤʘˁʠʣʦ ʝʣʝʢʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʘʜʨʝʩʥʠʭ ʠ ʢʦʤʘʥʜʥʠʭ ʣʠʥʠʿʘ ʠ 

ʣʠʥʠʿʝ ʪʘʢʪʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ, ʢʦʜ RDIMM ʤʦʜʫʣʘ ʩʝ ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʠ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʜʦʜʘʿʝ ʧʦʩʝʙʘʥ ʨʝʛʠʩʪʘʨʩʢʠ ʯʠʧ. ʈʝʛʠʩʪʘʨʩʢʠ 

ʯʠʧ ʨʝʛʠʩʪʨʫʿʝ ʩʠʛʥʘʣʝ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʫ ʩʚʘʢʦʤ ʮʠʢʣʫʩʫ, ʧʦʿʘʯʘʚʘ ʠʭ ʠ 

ʨʘʟʚʦʜʠ ʜʦ ʣʦʢʘʣʥʠʭ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʥʘ ʤʦʜʫʣʫ, ʟʘʿʝʜʥʦ ʩʘ ʩʠʛʥʘʣʦʤ ʪʘʢʪʘ ʢʦʿʠ 

ʩʝ ʧʦʿʘʯʘʚʘ ʧʦʤʦ˂ʫ PLL (ʝʥʛ. Phase-Locked Loop). ʊʘʢʦ ʩʝ ʧʦʚʝ˂ʘʚʘ ʤʘʢʩʠʤʘʣʘʥ 

ʙʨʦʿ ʯʠʧʦʚʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʧʦʩʪʘʚʠʪʠ ʥʘ ʿʝʜʥʦʤ ʤʦʜʫʣʫ, ʢʘʦ ʠ ʫʢʫʧʘʥ ʙʨʦʿ ʤʦʜʫʣʘ 

ʢʦʿʠ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʫ ʩʠʩʪʝʤʫ. ʋʿʝʜʥʦ ʩʝ ʧʦʚʝ˂ʘʚʘ ʠ ʤʘʢʩʠʤʘʣʥʘ ʬʨʝʢʚʝʥʮʠʿʘ 

ʨʘʜʘ, ʪʿ. ʤʝʤʦʨʠʿʩʢʝ ʧʝʨʬʦʨʤʘʥʩʝ. 

LRDIMM  ʤʦʜʫʣʠ ʩʝ ʨʘʟʣʠʢʫʿʫ ʦʜ RDIMM  ʤʦʜʫʣʘ ʧʦ ʪʦʤʝ ʰʪʦ ʩʝ ʢʦʜ ˁʠʭ 

ʥʝ ʙʘʬʝʨʫʿʫ ʩʘʤʦ ʘʜʨʝʩʥʠ ʠ ʢʦʤʘʥʜʥʠ ʩʠʛʥʘʣʠ, ʚʝ˂ ʩʝ ʙʘʬʝʨʫʿʫ ʠ ʩʚʠ ʜʨʫʛʠ ʩʠʛʥʘʣʠ 

ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʢʦʥʪʨʦʣʥʝ ʩʠʛʥʘʣʝ ʠ ʩʠʛʥʘʣʝ ʧʦʜʘʪʘʢʘ. 

ʉʠʛʥʘʣʠ ʧʦʜʘʪʘʢʘ ʩʝ ʙʘʬʝʨʫʿʫ ʧʦʤʦ˂ʫ ʙʠʜʠʨʝʢʮʠʦʥʠʭ ʜʨʘʿʚʝʨʘ (ʝʥʛ. driver). ʇʦʰʪʦ 

ʩʝ ʢʦʜ LRDIMM  ʤʦʜʫʣʘ ʙʘʬʝʨʫʿʫ ʠ ʧʦʜʘʮʠ, ʧʦʚʝ˂ʘʚʘ ʩʝ ʢʘʰˁʝˁʝ ʩʠʛʥʘʣʘ ʧʦʜʘʪʘʢʘ 

ʫ ʦʜʥʦʩʫ ʥʘ RDIMM ʤʦʜʫʣʝ. ʋ ʧʨʚʦʿ ʛʝʥʝʨʘʮʠʿʠ (DDR3) LRDIMM  ʤʦʜʫʣʘ ʦʚʦ 

ʧʦʚʝ˂ʘˁʝ ʢʘʰˁʝˁʘ ʿʝ ʙʠʣʦ ʧʨʠʤʝʪʥʦ [21]. ʈʘʟʣʦʛ ʟʘ ʪʦ ʿʝ ʰʪʦ ʢʦʜ RDIMM ʤʦʜʫʣʘ 

ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ ʠʜʫ ʜʠʨʝʢʪʥʦ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʜʦ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ 

(ʉʣʠʢʘ 2.11.ʘ), ʜʦʢ ʩʫ ʢʦʜ DDR3 LRDIMM  ʤʦʜʫʣʘ ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ ʨʫʪʠʨʘʥʝ ʪʘʢʦ 

ʜʘ ʩʚʝ ʠʜʫ ʜʦ ʮʝʥʪʨʘʣʥʦʛ ʙʘʬʝʨ ʯʠʧʘ, ʘ ʦʜʘʪʣʝ ʜʘˀʝ ʜʦ ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ (ʉʣʠʢʘ 

2.11.ʙ). ʊʠʤʝ ʩʝ ʟʥʘʪʥʦ ʧʦʚʝ˂ʘʚʘ ʜʫʞʠʥʘ ʣʠʥʠʿʘ ʧʦʜʘʪʘʢʘ, ʰʪʦ ʧʦʚʝ˂ʘʚʘ ʢʘʰˁʝˁʝ; 

ʥʧʨ. ʢʦʜ DDR3 LRDIMM, ʜʫʞʠʥʘ ʣʠʥʠʿʘ ʿʝ ʙʠʣʘ ʠ ʜʦ 70mm. ʋ ʜʨʫʛʦʿ ʛʝʥʝʨʘʮʠʿʠ 

(DDR4) LRDIMM  ʤʦʜʫʣʘ ʫʤʝʩʪʦ ʿʝʜʥʦʛ ʚʝ˂ʝʛ ʢʦʨʠʩʪʠ ʩʝ ʚʠʰʝ ʤʘˁʠʭ ʙʘʬʝʨ ʯʠʧʦʚʘ 

ʠ ʪʦ ʪʘʢʦ ʜʘ ʩʝ ʩʚʘʢʠ ʙʘʬʝʨ ʬʠʟʠʯʢʠ ʥʘʣʘʟʠ ʪʘʯʥʦ ʠʟʤʝʹʫ ʧʠʥʦʚʘ ʣʠʥʠʿʘ ʤʘʛʠʩʪʨʘʣʝ 

ʧʦʜʘʪʘʢʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʤʝʤʦʨʠʿʩʢʦʛ ʯʠʧʘ (ʉʣʠʢʘ 2.11.ʚ). ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ 

ʧʦʩʪʠʛʥʫʪʦ ʜʘ ʩʝ ʜʫʞʠʥʘ ʣʠʥʠʿʘ ʧʦʜʘʪʘʢʘ ʩʤʘˁʠ ʥʘ ʩʘʤʦ 2-8mm ʟʘ ʧʨʚʠ ʨʝʜ 
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ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ. ʋʟ ʪʦ, ʤʘˁʠ ʙʘʬʝʨ ʯʠʧʦʚʠ ʠ ʩʘʤʠ ʠʤʘʿʫ ʤʘˁʝ ʢʘʰˁʝˁʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʿʝʜʘʥ ʚʝʣʠʢʠ ʙʘʬʝʨ ʟʙʦʛ ʙʦˀʝ ʦʧʪʠʤʠʟʘʮʠʿʝ (ʉʣʠʢʘ 2.11.ʛ) [22]. 

 
a) RDIMM 

 
ʙ) DDR3 LRDIMM  

 
ʚ) DDR4 LRDIMM  

 
ʛ) ʢʘʰˁʝˁʝ ʢʦʜ DDR3 LRDIMM  ʠ DDR4 LRDIMM  

 
ʉʣʠʢʘ 2.11 ï LRDIMM  ʤʦʜʫʣ 

DDR3 LRDIMM ʤʦʜʫʣʠ ʠʤʘʿʫ ʮʝʥʪʨʘʣʥʠ ʙʘʬʝʨ ʯʠʧ, ʰʪʦ ʠʟʠʩʢʫʿʝ ʨʫʪʠʨʘˁʝ ʣʠʥʠʿʘ 

ʧʦʜʘʪʘʢʘ ʦʜ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʜʦ ʮʝʥʪʨʘ ʤʦʜʫʣʘ, ʘ ʧʦʪʦʤ ʜʦ ʩʚʠʭ ʤʝʤʦʨʠʿʩʢʠʭ 

ʯʠʧʦʚʘ. ʂʦʜ DDR4 LRDIMM ʤʦʜʫʣʘ ʠʤʘ ʚʠʰʝ ʤʘˁʠʭ ʙʘʬʝʨ ʯʠʧʦʚʘ ʣʦʮʠʨʘʥʠʭ ʪʘʢʦ ʜʘ 

ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ ʠʤʘʿʫ ʟʥʘʪʥʦ ʢʨʘ˂ʫ ʧʫʪʘˁʫ, ʩʣʠʯʥʦ ʦʥʦʿ ʢʦʿʦʿ ʠʤʘʿʫ ʢʦʜ RDIMM ʤʦʜʫʣʘ, 

ʧʘ ʿʝ ʢʘʰˁʝˁʝ ʢʦʜ DDR4 LRDIMM ʤʦʜʫʣʘ ʟʥʘʪʥʦ ʤʘˁʝ ʥʝʛʦ ʢʦʜ DDR3 LRDIMM ʤʦʜʫʣʘ. 
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2.3 ʇʨʦʪʦʯʥʘ ʦʙʨʘʜʘ ʢʦʜ DRAM  ʤʝʤʦʨʠʿʝ 

ʉʚʘʢʠ ʟʘʭʪʝʚ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʠ ʢʦʿʠ ʜʦʣʘʟʠ ʠʟ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʩʝ 

ʫʥʫʪʘʨ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʧʨʝʪʚʘʨʘ ʫ ʩʝʢʚʝʥʮʫ ʢʦʤʘʥʜʥʠʭ ʪʨʘʥʩʢʘʮʠʿʘ, 

ʘʜʨʝʩʥʠʭ ʪʨʘʥʩʢʘʮʠʿʘ ʠ ʪʨʘʥʩʢʘʮʠʿʘ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʰʘˀʫ DRAM 

ʤʝʤʦʨʠʿʠ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. ɻʣʘʚʥʝ ʬʘʟʝ ʢʨʦʟ ʢʦʿʝ ʧʨʦʣʘʟʝ ʦʚʝ 

ʪʨʘʥʩʢʘʮʠʿʝ ʫʥʫʪʘʨ DRAM ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ ʩʫ: 

1. ɹʘʬʝʨʦʚʘˁʝ ʢʦʤʘʥʜʝ, ʘʜʨʝʩʝ ʠ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ 

2. ɼʝʢʦʜʦʚʘˁʝ ʢʦʤʘʥʜʝ 

3. ɼʝʢʦʜʦʚʘˁʝ ʚʨʩʪʝ ʠ ʢʦʣʦʥʝ ʥʘ ʦʩʥʦʚʫ ʘʜʨʝʩʝ 

4. ɸʢʪʠʚʠʨʘˁʝ ʚʨʩʪʝ 

5. ʉʝʣʝʢʮʠʿʘ ʢʦʣʦʥʝ ʠ ʦʯʠʪʘʚʘˁʝ ʩʘʜʨʞʘʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ (ʢʦʜ ʯʠʪʘˁʘ), 

ʦʜʥʦʩʥʦ ʧʦʩʪʘʚˀʘˁʝ ʚʨʝʜʥʦʩʪʠ ʢʦʿʘ ʪʨʝʙʘ ʜʘ ʩʝ ʤʝʤʦʨʠʰʝ (ʢʦʜ ʫʧʠʩʘ) 

6. ɹʘʬʝʨʦʚʘˁʝ ʠʟʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʠ ʧʦʩʪʘʚˀʘˁʝ ʥʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ (ʢʦʜ 

ʯʠʪʘˁʘ) 

ɿʘ ʪʨʘʥʩʘʢʮʠʿʝ ʢʦʿʝ ʩʫ ʛʝʥʝʨʠʩʘʥʝ ʦʜ ʩʪʨʘʥʝ ʨʘʟʣʠʯʠʪʠʭ ʢʦʤʘʥʜʠ ʟʘ ʧʨʠʩʪʫʧ 

ʤʝʤʦʨʠʿʠ, ʬʘʟʝ 1, 2 ʠ 6 ʤʦʨʘʿʫ ʜʘ ʙʫʜʫ ʩʝʨʠʿʘʣʠʟʦʚʘʥʝ ʟʙʦʛ ʢʦʨʠʰ˂ʝˁʘ ʜʝˀʝʥʠʭ 

ʨʝʩʫʨʩʘ ʫʥʫʪʘʨ DRAM ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ (ʚʠʜʠ ʉʣʠʢʫ 2.6). ʅʘʩʫʧʨʪ ʪʦʤʝ, ʬʘʟʝ 3, 

4 ʠ 5 ʤʦʛʫ ʙʠʪʠ ʠʟʚʨʰʝʥʝ ʢʦʥʢʫʨʝʥʪʥʦ ʫʥʫʪʘʨ ʨʘʟʣʠʯʠʪʠʭ ʙʘʥʢʠ. ʉʘ ʪʘʯʢʝ ʛʣʝʜʠʰʪʘ 

ʧʝʨʬʦʨʤʘʥʩʠ, ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ ʫ ʬʘʟʘʤʘ 4 ʠ 5 ʿʝ ʥʘʿʢʨʠʪʠʯʥʠʿʠ, ʿʝʨ 

ʿʝ ʪʨʘʿʘˁʝ ʦʚʠʭ ʬʘʟʘ ʦʛʨʘʥʠʯʝʥʦ ʬʠʟʠʯʢʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ DRAM ʤʘʪʨʠʮʝ. 

ʅʘʿʢʨʠʪʠʯʥʠʿʠ ʩʫ ʟʘʧʨʘʚʦ ʯʠʪʘˁʝ ʠ ʫʧʠʩ ʫ ʬʘʟʠ 5, ʿʝʨ ʠʘʢʦ ʦʧʝʨʘʮʠʿʘ ʘʢʪʠʚʠʨʘˁʘ 

ʚʨʩʪʝ ʫ ʬʘʟʠ 4 ʜʫʞʝ ʪʨʘʿʝ, ʬʨʝʢʚʝʥʮʠʿʘ ʦʧʝʨʘʮʠʿʘ ʧʨʠʩʪʫʧʘ ʩʘʜʨʞʘʿʫ ʤʝʤʦʨʠʿʩʢʠʭ 

˂ʝʣʠʿʘ ʠʟ ʢʦʣʦʥʘ ʘʢʪʠʚʥʝ ʚʨʩʪʝ ʿʝ ʚʝ˂ʘ ʫ ʦʜʦʩʫ ʥʘ ʬʨʝʢʚʝʥʮʠʿʫ ʦʧʝʨʘʮʠʿʝ 

ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ. 

ʉʚʝ ʬʘʟʝ ʧʨʦʪʦʯʥʝ ʦʙʨʘʜʝ ʢʦʜ DRAM ʤʝʤʦʨʠʿʝ ʩʫ ʜʘʪʝ ʥʘ ʉʣʠʮʠ 2.12. 

ʀʟʿʝʜʥʘʯʘʚʘˁʝ ʥʘʧʦʥʘ ʤʦʨʘ ʜʘ ʧʨʝʪʭʦʜʠ ʘʢʪʠʚʠʨʘˁʫ ʚʨʩʪʝ, ʘʣʠ ʥʝ ʤʦʨʘ ʜʘ ʙʫʜʝ 

ʠʟʚʨʰʝʥʦ ʥʝʧʦʩʨʝʜʥʦ ʧʨʝ. ʈʘʟʜʚʘʿʘˁʝ ʬʘʟʝ ʠʟʿʝʜʥʘʯʘʚʘˁʘ ʥʘʧʦʥʘ ʦʜ ʦʩʪʘʣʠʭ 

ʦʧʝʨʘʮʠʿʘ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ ʧʦʚʝ˂ʘʚʘ ʚʝʨʦʚʘʪʥʦ˂ʫ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʝ 
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ʩʣʦʙʦʜʥʠ ʧʝʨʠʦʜʠ ʢʘʢʦ ʙʠ ʩʝ ʫ ʪʦʢʫ ˁʠʭ ʦʙʘʚʠʣʦ ʠʟʿʝʜʥʘʯʘʚʘˁʝ. ʉʣʠʯʥʦ ʪʦʤʝ, 

ʘʢʪʠʚʠʨʘˁʝ ʚʨʩʪʝ ʥʝ ʤʦʨʘ ʜʘ ʩʝ ʨʘʜʠ ʩʚʘʢʠ ʧʫʪ ʢʘʜʘ ʩʝ ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ. 

ʈʘʟʜʚʘʿʘˁʝ ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ ʦʜ ʦʩʪʘʣʠʭ ʦʧʝʨʘʮʠʿʘ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ 

ʤʦʞʝ ʩʤʘˁʠʪʠ ʧʨʦʩʝʯʥʦ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ, ʿʝʨ ʩʝ ʤʦʞʝ ʦʙʘʚʠʪʠ ʚʠʰʝ ʦʧʝʨʘʮʠʿʘ 

ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ ʧʦ ʢʦʣʦʥʘʤʘ ʠʩʪʝ ʘʢʪʠʚʥʝ ʚʨʩʪʝ. ʏʠʪʘˁʝ ʩʘʜʨʞʘʿʘ ʤʝʤʦʨʠʿʩʢʠʭ 

ʝ˂ʣʠʿʘ ʿ ʝʜʥʝ ʚʨʩʪʝ ʤʦʞʝ ʩʝ ʦʙʘʚʠʪʠ ʥʝʧʦʩʨʝʜʥʦ ʧʦ ˁ ʝʥʦʤ ʘʢʪʠʚʠʨʘˁʫ ʠ ʜʦʚʦˀʥʦ ʿʝ 

ʜʘ ʩʝ ʦʙʘʚʠ ʩʘʤʦ ʿʝʜʥʦʤ. ʆʯʠʪʘʥʝ ʚʨʝʜʥʦʩʪʠ ˂ʝ ʦʩʪʘʪʠ ʣʝʯʦʚʘʥʝ ʫʥʫʪʘʨ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʧʦʿʘʯʘʚʘʯʘ ʩʚʝ ʚʨʝʤʝ ʜʦʢ ʿʝ ʚʨʩʪʘ ʘʢʪʠʚʥʘ. ʊʠʤʝ ʩʝ ʨʝʜʫʢʫʿʝ 

ʢʘʰˁʝˁʝ ʧʨʠʣʠʢʦʤ ʯʠʪʘˁʘ, ʿʝʨ ʥʠʿʝ ʧʦʪʨʝʙʥʦ ʯʠʪʘʪʠ ʠʟ ʤʝʤʦʨʠʿʩʢʠʭ ˂ʝʣʠʿʘ ʠ 

ʘʞʫʨʠʨʘʪʠ ʩʪʘˁʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʦʿʘʯʘʚʘʯʘ ʫ ʩʚʘʢʦʤ ʮʠʢʣʫʩʫ. 

ʇʨʠʤʝʥʦʤ ʩʚʠʭ ʦʚʠʭ ʦʧʪʠʤʠʟʘʮʠʿʘ, ʦʧʝʨʘʮʠʿʘ ʯʠʪʘˁʘ ʩʝ ʩʚʦʜʠ ʥʘ ʪʨʘʥʩʬʝʨ 

ʧʦʜʘʪʘʢʘ ʠʟ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʦʿʘʯʘʚʘʯʘ ʩʝʣʝʢʪʦʚʘʥʠʭ ʢʦʣʦʥʘ ʥʘ ʣʠʥʠʿʝ 

ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ, ʘ ʦʧʝʨʘʮʠʿʘ ʫʧʠʩʘ ʥʘ ʧʨʝʥʦʩ ʚʨʝʜʥʦʩʪʠ ʩʘ ʤʘʛʠʩʪʨʘʣʝ 

ʧʦʜʘʪʘʢʘ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʧʦʿʘʯʘʚʘʯʝ ʢʦʣʦʥʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ, ʪʝʨʝʪ 

 

 

ʉʣʠʢʘ 2.12 ï ʇʨʦʪʦʯʥʘ ʦʙʨʘʜʘ ʢʦʜ DRAM  ʤʝʤʦʨʠʿʝ 

ʉʪʨʝʣʠʮʘʤʘ ʿʝ ʦʟʥʘʯʝʥʘ ʬʫʥʢʮʠʦʥʘʣʥʘ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʧʦʿʝʜʠʥʠʭ ʬʘʟʘ. ʌʘʟʝ ʢʦʿʝ ʩʝ 

ʨʘʟʣʠʢʫʿʫ ʢʦʜ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ ʩʫ ʧʦʩʝʙʥʦ ʦʟʥʘʯʝʥʝ ʥʘ ʩʣʠʮʠ. 
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ʦʙʘʚˀʘˁʘ ʬʫʥʢʮʠʿʘ ʠʟʿʝʜʥʘʯʘʚʘˁʘ ʥʘʧʦʥʘ ʢʦʣʦʥʘ, ʘʢʪʠʚʘʮʠʿʝ ʚʨʩʪʘ ʠ 

ʧʨʘʚʦʚʨʝʤʝʥʦʛ ʯʠʪʘˁʘ ʩʝ ʧʨʝʙʘʮʫʿʝ ʥʘ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ. 

2.4 DRAM  ʘʨʭʠʪʝʢʪʫʨʘ 

ʀʩʪʦʨʠʿʩʢʠ ʛʣʝʜʘʥʦ, ʠʥʦʚʘʮʠʿʝ ʫ ʜʦʤʝʥʫ DRAM ʘʨʭʠʪʝʢʪʫʨʘ ʩʫ ʙʠʣʝ 

ʤʦʪʠʚʠʩʘʥʝ ʧʦʪʨʝʙʦʤ ʜʘ ʩʝ ʫʢʣʦʥʠ ʫʩʢʦ ʛʨʣʦ ʠʟʤʝʹʫ ʧʨʦʮʝʩʦʨʘ ʠ ʛʣʘʚʥʝ ʤʝʤʦʨʠʿʝ 

ʤʠʥʠʤʠʟʦʚʘˁʝʤ ʢʘʰˁʝˁʘ ʠ ʧʦʚʝ˂ʘˁʝʤ ʧʨʦʪʦʢʘ ʧʦʜʘʪʘʢʘ. ʇʨʦʪʦʢ ʧʦʜʘʪʘʢʘ ʩʝ ʜʦ 

ʦʜʨʝʹʝʥʝ ʤʝʨʝ ʤʦʞʝ ʧʦʚʝ˂ʘʪʠ ʜʦʭʚʘʪʘˁʝʤ ʚʠʰʝ ʙʠʪʦʚʘ ʧʦ ʮʠʢʣʫʩʫ ʠʟ ʤʝʤʦʨʠʿʩʢʝ 

ʤʘʪʨʠʮʝ (ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʩʪʦʨʥʝ ʣʦʢʘʣʥʦʩʪʠ), ʜʦʢ ʩʝ ʢʘʰˁʝˁʝ ʤʦʞʝ ʨʝʜʫʢʦʚʘʪʠ 

ʦʧʪʠʤʠʟʘʮʠʿʦʤ ʧʨʦʪʦʯʥʝ ʦʙʨʘʜʝ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ ʫ DRAM ʤʝʤʦʨʠʿʠ. 

ʆʚʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʩʫ ʧʦʩʪʝʧʝʥʦ ʫʚʦʹʝʥʝ ʫ ʥʝʢʦʣʠʢʦ ʛʝʥʝʨʘʮʠʿʘ DRAM ʘʨʭʠʪʝʢʪʫʨʘ 

(ʉʣʠʢʘ 2.13). 

ʈʘʥʝ DRAM ʘʨʭʠʪʝʢʪʫʨʝ ʩʫ ʙʠʣʝ ʘʩʠʥʭʨʦʥʝ. ʂʦʜ ʘʩʠʥʭʨʦʥʠʭ DRAM 

ʘʨʭʠʪʝʢʪʫʨʘ, ʠʥʪʝʨʥʝ ʩʠʛʥʘʣʝ DRAM ʤʝʤʦʨʠʿʘ ʢʦʥʪʨʦʣʠʰʝ ʢʦʥʪʨʦʣʥʘ ʣʦʛʠʢʘ 

ʩʤʝʰʪʝʥʘ ʥʘ ʩʪʨʘʥʠ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. ʇʦʩʪʦʿʝ ʜʚʘ ʢʦʥʪʨʦʣʥʘ ʩʠʛʥʘʣʘ: 

ʠʚʠʮʘ RAS (ʝʥʛ. Row Address Strobe) ʩʠʛʥʘʣʘ ʠʥʠʮʠʨʘ ʧʨʦʮʝʩ ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ, 

ʜʦʢ ʠʚʠʮʘ CAS (ʝʥʛ. Column Address Strobe) ʩʠʛʥʘʣʘ ʠʥʠʮʠʨʘ ʧʨʠʩʪʫʧ ʢʦʣʦʥʘʤʘ ʠ 

ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ. ɸʜʨʝʩʝ ʚʨʩʪʘ ʠ ʢʦʣʦʥʘ ʩʝ ʰʘˀʫ ʦʜʚʦʿʝʥʦ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʝ 

ʤʘʛʠʩʪʨʘʣʝ, ʟʘʿʝʜʥʦ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ RAS ʠ CAS ʩʠʛʥʘʣʠʤʘ. ʂʦʨʠʰ˂ʝˁʝ ʠʩʪʝ 

ʤʘʛʠʩʪʨʘʣʝ ʟʘ ʩʣʘˁʝ ʘʜʨʝʩʘ ʚʨʩʪʘ ʠ ʢʦʣʦʥʘ ʨʝʜʫʢʫʿʝ ʧʦʪʨʝʙʘʥ ʙʨʦʿ ʣʠʥʠʿʘ ʠ ʧʠʥʦʚʘ 

ʥʘ ʧʦʣʦʚʠʥʫ. ʊʦ ʟʘʫʟʚʨʘʪ ʩʤʘˁʫʿʫʝ ʮʝʥʫ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪ. 

ʂʦʜ ʢʦʥʚʝʥʮʠʦʥʘʣʥʝ ʘʩʠʥʭʨʦʥʝ DRAM ʤʝʤʦʨʠʿʝ, ʧʨʠʣʠʢʦʤ ʩʚʘʢʦʛ 

ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ ʧʨʦʣʘʟʠ ʩʝ ʢʨʦʟ ʩʚʝ ʬʘʟʝ DRAM ʧʨʦʪʦʯʥʝ ʦʙʨʘʜʝ. ʊʦ ʟʥʘʯʠ ʜʘ 

ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʤʝʤʦʨʠʿʝ ʣʠʤʠʪʠʨʘʥʝ ʧʨʝ ʩʚʝʛʘ ʚʨʝʤʝʥʦʤ ʘʢʪʠʚʠʨʘˁʘ ʚʨʩʪʝ, ʿʝʨ 

ʦʥʘ ʪʨʘʿʝ ʥʘʿʜʫʞʝ ʦʜ ʩʚʠʭ ʬʘʟʘ. ʂʦʜ FPM (ʝʥʛ. Fast Page Mode) DRAM ʤʝʤʦʨʠʿʘ, 

ʜʦʟʚʦˀʝʥʦ ʿʝ ʜʘ ʚʨʩʪʘ ʦʩʪʘʥʝ ʘʢʪʠʚʥʘ ʠ ʥʘʢʦʥ ʧʨʠʩʪʫʧʘ ʢʘʢʦ ʙʠ ʩʝ ʦʤʦʛʫ˂ʠʣʦ 

ʚʠʰʝʩʪʨʫʢʦ ʧʨʠʩʪʫʧʘˁʝ ˂ʝʣʠʿʘʤʘ ʠʩʪʝ ʚʨʩʪʝ, ʠʟʙʝʛʘʚʘʿʫ˂ʠ ʪʘʢʦ ʜʘ ʩʝ ʩʚʘʢʠ ʧʫʪ 

ʥʝʧʦʪʨʝʙʥʦ ʚʨʰʠ ʘʢʪʠʚʠʨʘˁʝ ʠ ʠʟʿʝʜʥʘʯʘʚʘˁʝ ʥʘʧʦʥʘ. ʂʦʜ EDO (ʝʥʛ. Extended Data 

Out) DRAM ʤʝʤʦʨʠʿʘ, ʫʚʦʜʝ ʩʝ ʠʟʣʘʟʥʠ ʣʝʯʝʚʠ ʟʘ ʧʦʜʘʪʢʝ ʢʦʿʠ ʩʝ ʢʦʥʪʨʦʣʠʰʫ 

ʧʦʩʝʙʥʠʤ OE (ʝʥʛ. Output Enable) ʩʠʛʥʘʣʦʤ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʠʟʣʘʟʥʘ ʚʨʝʜʥʦʩʪ  
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ʂʦʥʚʝʥʮʠʦʥʘʣʥʠ 

ʘʩʠʥʭʨʦʥʠ DRAM 

 

FPM DRAM 

 

EDO DRAM 

 

BEDO DRAM 

 

SDR SDRAM 

(BOF2) 

 

DDR SDRAM 

(BOF4) 

 

  

ʉʣʠʢʘ 2.13 ï ɽʚʦʣʫʮʠʿʘ DRAM  ʘʨʭʠʪʝʢʪʫʨʘ 

ʉʠʛʥʘʣʠ ʠʣʫʩʪʨʫʿʫ ʩʮʝʥʘʨʠʦ ʫʟʘʩʪʦʧʥʦʛ ʯʠʪʘˁʘ ʠʟ ʠʩʪʝ ʚʨʩʪʝ ʤʝʤʦʨʠʿʩʢʝ ʤʘʪʨʠʮʝ. 



 DRAM ʤʝʤʦʨʠʿʘ 

61 

ʦʩʪʘʥʝ ʚʘʣʠʜʥʘ ʠ ʥʘʢʦʥ ʩʧʫʰʪʘˁʘ CAS ʠʚʠʮʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ CAS 

ʩʠʛʥʘʣ ʧʦʰʘˀʝ ʨʘʥʠʿʝ ʥʝʛʦ ʢʦʜ FPM DRAM ʤʝʤʦʨʠʿʘ, ʯʠʤʝ ʩʝ ʩʤʘˀʫʿʝ ʢʘʰˁʝˁʝ. 

ʂʦʜ BEDO (ʝʥʛ. Burst-mode EDO) DRAM ʤʝʤʦʨʠʿʘ, ʫʚʦʜʠ ʩʝ ʠʥʪʝʨʥʠ ʙʨʦʿʘʯ ʘʜʨʝʩʝ 

ʢʦʣʦʥʘ ʢʦʿʠ ʩʝ ʘʫʪʦʤʘʪʩʢʠ ʠʥʢʝʨʝʤʝʥʪʠʨʘ ʩʘ ʩʚʘʢʦʤ ʫʟʘʩʪʦʧʥʦʤ ʧʦʿʘʚʦʤ ʚʦʜʝ˂ʝ 

ʠʚʠʮʝ CAS ʩʠʛʥʘʣʘ ʜʦ ʩʧʝʮʠʬʠʮʠʨʘʥʦʛ ʣʠʤʠʪʘ. ʇʦʰʪʦ ʩʝ ʩʝʣʝʢʮʠʿʘ ʢʦʣʦʥʘ ʢʦʜ 

ʦʚʦʛ ʪʠʧʘ ʤʝʤʦʨʠʿʘ ʨʘʜʠ ʣʦʢʘʣʥʦ, ʘ ʥʝ ʧʦʤʦ˂ʫ ʝʢʩʪʝʨʥʠʭ ʩʠʛʥʘʣʘ ʢʘʦ ʫ 

ʧʨʝʪʭʦʜʥʠʤ ʛʝʥʝʨʘʮʠʿʘʤʘ DRAM ʤʝʤʦʨʠʿʘ, ʧʨʦʙʣʝʤʠ ʩʘ ʪʘʿʤʠʥʛʦʤ ʩʝ ʟʥʘʯʘʿʥʦ 

ʨʝʜʫʢʫʿʫ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʢʨʘ˂ʝ ʮʠʢʣʫʩʝ, ʘ ʪʠʤʝ ʠ ʧʦʚʝ˂ʘˁʝ ʙʨʟʠʥʝ ʨʘʜʘ. ʊʘʢʦʹʝ, 

ʧʨʠʩʪʫʧ ʫ ʚʠʰʝ ʫʟʘʩʪʦʧʥʠʭ ʮʠʢʣʫʩʘ ʧʦʤʘʞʝ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʠ ʧʨʦʩʪʦʨʥʘ ʣʦʢʘʣʥʦʩʪ 

ʧʦʜʘʪʘʢʘ ʢʦʿʘ ʧʦʩʪʦʿʠ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ. 

ʋ ʤʦʜʝʨʥʠʤ ʩʠʩʪʝʤʠʤʘ ʩʝ ʢʦʨʠʩʪʝ ʩʘʤʦ ʩʠʥʭʨʦʥʝ DRAM ʤʝʤʦʨʠʿʝ 

(SDRAM), ʿʝʨ ʠʤʘʿʫ ʩʫʧʝʨʠʦʨʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʫ ʦʜʥʦʩʫ ʥʘ ʘʩʠʥʭʨʦʥʝ DRAM 

ʤʝʤʦʨʠʿʝ ʫʩʣʝʜ ʤʘˁʝ ʚʘʨʠʿʘʮʠʿʝ ʫ ʚʨʝʤʝʥʫ ʜʦʣʘʩʢʘ ʩʠʛʥʘʣʘ ʪʘʢʪʘ (ʝʥʛ. clʦck skew), 

ʰʪʦ ʿʝ ʨʝʟʫʣʪʘʪ ʢʦʨʠʰ˂ʝˁʘ ʩʠʥʭʨʦʥʦʛ ʠʥʪʝʨʬʝʿʩʘ ʠ  ʩʠʥʭʨʦʥʠʭ ʣʦʢʘʣʥʠʭ 

ʢʦʥʪʨʦʣʥʠʭ ʩʠʛʥʘʣʘ. RAS ʠ CAS ʩʠʛʥʘʣʠ ʩʝ ʠ ʜʘˀʝ ʢʦʨʠʩʪʝ, ʘʣʠ ʥʝ ʜʘ ʜʠʨʝʢʪʥʦ 

ʢʦʥʪʨʦʣʠʰʫ ʠʥʪʝʨʥʘ DRAM ʢʦʣʘ ʢʘʦ ʢʦʜ ʘʩʠʥʭʨʦʥʠʭ DRAM ʤʝʤʦʨʠʿʘ. ʋʤʝʩʪʦ 

ʪʦʛʘ, RAS ʠ CAS ʩʠʛʥʘʣʠ ʩʫ ʩʘʤʦ ʜʝʦ ʠʥʪʝʨʬʝʿʩʘ ʧʨʝʢʦ ʢʦʛ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ 

ʠʟʜʘʿʝ ʢʦʤʘʥʜʝ DRAM ʤʝʤʦʨʠʿʠ, ʜʦʢ ʿʝ ʣʦʛʠʢʘ ʢʦʿʘ ʢʦʥʪʨʦʣʠʰʝ ʠʥʪʝʨʥʝ 

ʤʝʤʦʨʠʿʩʢʝ ʩʠʛʥʘʣʝ ʩʤʝʰʪʝʥʘ ʥʘ ʩʘʤʦʤ DRAM ʠʥʪʝʛʨʠʩʘʥʦʤ ʢʦʣʫ. ʋ ʩʫʰʪʠʥʠ, 

ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʚʠʜʠ DRAM ʤʝʤʦʨʠʿʫ ʢʘʦ ʩʠʥʭʨʦʥʠ ʢʦʥʘʯʥʠ ʘʫʪʦʤʘʪ. 

ɼʦʜʘʪʥʘ ʧʨʝʜʥʦʩʪ ʿʝ ʦʤʦʛʫ˂ʘʚʘˁʝ ʨʘʜʘ ʩʘ ʚʠʰʝ ʙʘʥʢʠ. DRAM ʤʦʞʝ ʜʘ ʧʨʠʭʚʘʪʘ 

ʥʦʚʝ ʢʦʤʘʥʜʝ ʢʦʿʝ ʘʜʨʝʩʠʨʘʿʫ ʨʘʟʣʠʯʠʪʝ ʙʘʥʢʝ ʜʦʢ ʩʝ ʩʪʘʨʝ ʢʦʤʘʥʜʝ ʿʦʰ ʫʚʝʢ 

ʠʟʚʨʰʘʚʘʿʫ, ʯʠʤʝ ʩʝ ʩʤʘˁʫʿʝ ʧʨʦʩʝʯʥʦ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʧʦʜʘʮʠʤʘ. ʊʘʢʦʹʝ, ʧʦʰʪʦ ʩʝ 

ʣʦʛʠʢʘ ʟʘ ʧʨʠʭʚʘʪ ʠ ʜʝʢʦʜʦʚʘˁʝ ʢʦʤʘʥʜʠ ʥʘʣʘʟʠ ʥʘ ʩʘʤʦʤ DRAM ʠʥʪʝʛʨʠʩʘʥʦʤ 

ʢʦʣʫ, ʤʦʞʝ ʩʝ ʫʯʠʥʠʪʠ ʧʨʦʛʨʘʤʘʙʠʣʥʦʤ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʦʙʝʟʙʝʹʫʿʝ ʚʝ˂ʘ 

ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʫ ʧʦʛʣʝʜʫ ʪʠʧʦʚʘ DRAM ʤʦʜʫʣʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʫ ʩʠʩʪʝʤʫ. 

SDR (ʝʥʛ. Single Data Rate) SDRAM ʤʝʤʦʨʠʿʝ ʢʦʨʠʩʪʝ ʩʘʤʦ ʫʟʣʘʟʥʫ ʠʚʠʮʫ 

ʩʠʛʥʘʣʘ ʪʘʢʪʘ ʟʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ ʠ ʩʣʘˁʝ ʢʦʥʪʨʦʣʥʠʭ ʩʠʛʥʘʣʘ. ʂʦʜ DDR (ʝʥʛ. 

Double Data Rate) SDRAM ʤʝʤʦʨʠʿʘ, ʤʘʛʠʩʪʨʘʣʘ ʧʦʜʘʪʘʢʘ ʠʤʘ ʜʚʦʩʪʨʫʢʦ ʚʝ˂ʠ 

ʧʨʦʪʦʢ ʦʜ ʘʜʨʝʩʥʝ ʠ ʢʦʥʪʨʦʣʥʝ ʤʘʛʠʩʪʨʘʣʝ, ʿʝʨ ʢʦʨʠʩʪʠ ʠ ʫʟʣʘʟʥʫ ʠ ʩʠʣʘʟʥʫ ʠʚʠʮʫ 

ʩʠʛʥʘʣʘ ʪʘʢʪʘ ʟʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ. ʄʘʛʠʩʪʨʘʣʘ ʧʦʜʘʪʘʢʘ ʤʦʞʝ ʜʘ ʨʘʜʠ ʥʘ ʚʝ˂ʦʿ 
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ʬʨʝʢʚʝʥʜʠʿʠ ʦʜ ʘʜʨʝʩʥʝ ʠ ʢʦʥʪʨʦʣʥʝ ʤʘʛʠʩʪʨʘʣʝ ʿʝʨ ʿʝ ʝʣʝʢʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʢʦʜ 

ˁʝ ʥʠʞʝ: ʘʜʨʝʩʥʘ ʠ ʢʦʥʪʨʦʣʥʘ ʤʘʛʠʩʪʨʘʣʘ ʤʦʨʘʿʫ ʜʘ ʙʫʜʫ ʚʝʟʘʥʝ ʥʘ ʧʠʥʦʚʝ ʩʚʠʭ 

ʤʝʤʦʨʠʿʩʢʠʭ ʯʠʧʦʚʘ ʫ ʩʠʩʪʝʤʫ, ʜʦʢ ʩʫ ʣʠʥʠʿʝ ʧʦʜʘʪʘʢʘ ʚʝʟʘʥʝ ʥʘ ʧʠʥʦʚʝ ʩʘʤʦ ʦʥʠʭ 

ʯʠʧʦʚʘ ʢʦʿʠ ʩʫ ʫ ʠʩʪʦʤ ʨʘʥʢʫ (ʚʠʜʠ ʉʣʠʢʫ 2.9 ʠ ʉʣʠʢʫ 2.10). ʀʘʢʦ ʿʝ ʧʨʦʪʦʢ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʢʦʜ DDR SDRAM ʜʚʦʩʪʨʫʢʦ ʚʝ˂ʠ ʫ ʦʜʥʦʩʫ ʥʘ SDR SDRAM, 

ʙʨʟʠʥʘ ʯʠʪʘˁʘ ʧʦʜʘʪʘʢʘ ʫʥʫʪʘʨ ʩʘʤʦʛ DRAM ʢʦʣʘ ʥʠʿʝ ʚʝ˂ʘ, ʚʝ˂ ʿʝ ʢʦʣʠʯʠʥʘ 

ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʯʠʪʘʿʫ ʫ ʿʝʜʥʦʤ ʮʠʢʣʫʩʫ ʜʚʦʩʪʨʫʢʦ ʚʝ˂ʘ. ʀʥʪʝʨʥʦ ʩʝ ʨʘʜʠ 

ʤʫʣʪʠʧʣʝʢʩʠʨʘˁʝ ʪʘʢʦ ʜʘ ʩʝ ʧʨʦʯʠʪʘʥʘ ʜʚʦʩʪʨʫʢʘ ʢʦʣʠʯʠʥʘ ʧʦʜʘʪʘʢʘ ʰʘˀʝ ʥʘ 

ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ ʫ ʜʚʘ ʧʦʣʫʮʠʢʣʫʩʘ, ʪʿ. ʜʫʧʣʦ ʙʨʞʝ ʥʝʛʦ ʰʪʦ ʩʝ ʧʦʜʘʮʠ ʠʥʪʝʨʥʦ 

ʯʠʪʘʿʫ. ʆʜʥʦʩ ʢʦʣʠʯʠʥʝ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʯʠʪʘʿʫ ʫ ʪʦʢʫ ʿʝʜʥʦʛ ʮʠʢʣʫʩʘ ʠ ʰʠʨʠʥʝ 

ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʩʝ ʥʘʟʠʚʘ ʦʜʥʦʩ ʜʦʭʚʘʪʘˁʘ (ʝʥʛ. prefetch ratio). ʆʚʘʿ ʦʜʥʦʩ 

ʦʜʨʝʹʫʿʝ ʤʠʥʠʤʘʣʘʥ ʙʨʦʿ ʮʠʢʣʫʩʘ BL (ʝʥʛ. burst length) ʢʦʣʠʢʦ ʤʦʨʘ ʜʘ ʪʨʘʿʝ ʩʚʘʢʘ 

ʪʨʘʥʩʘʢʮʠʿʘ ʧʨʝʥʦʩʘ  ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. ɿʘ ʦʜʥʦʩ ʜʦʭʚʘʪʘˁʘ ʚʝʣʠʯʠʥʝ P 

ʢʦʨʠʩʪʠ ʩʝ ʿʦʰ ʠ ʪʝʨʤʠʥ P-ʙʠʪʥʦ ʜʦʭʚʘʪʘˁʝ (ʝʥʛ. P-bit prefetching). ɼʫʞʠʥʘ ʪʨʘʿʘˁʘ 

ʪʨʘʥʩʘʢʮʠʿʘ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʢʦʜ SDRAM ʤʝʤʦʨʠʿʘ ʿʝ 

ʧʨʦʛʨʘʤʘʙʠʣʥʘ, ʘʣʠ ʤʦʨʘ ʙʠʪʠ ʮʝʣʦʙʨʦʿʥʠ ʫʤʥʦʞʘʢ ʦʜʥʦʩʘ ʜʦʭʚʘʪʘˁʘ, ʿʝʨ ʩʝ 

ʯʠʪʘˁʝ ʠʟ ʤʝʤʦʨʠʿʝ ʤʦʞʝ ʦʙʘʚˀʘʪʠ ʩʘʤʦ ʫ ʮʝʣʦʤ ʙʨʦʿʫ ʮʠʢʣʫʩʘ. ʊʦ ʟʥʘʯʠ ʜʘ ʩʝ ʟʘ 

ʩʚʘʢʫ ʪʨʘʥʩʢʘʮʠʿʫ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʦʙʘʚˀʘ ʿʝʜʘʥ ʠʣʠ ʚʠʰʝ 

ʠʥʪʝʨʥʠʭ ʮʠʢʣʫʩʘ ʯʠʪʘˁʘ ʠʣʠ ʫʧʠʩʘ ʫ ʤʝʤʦʨʠʿʠ. ɸʢʦ ʿʝ ʙʨʦʿ ʠʥʪʝʨʥʠʭ ʮʠʢʣʫʩʘ 

ʯʠʪʘˁʘ I, ʦʥʜʘ ˂ʝ ʪʨʘʥʩʘʢʮʠʿʘ ʧʨʝʥʦʩʘ ʪʨʘʿʘʪʠ ὄὒ ὍϽὖ ʮʠʢʣʫʩʘ. ɿʘ ʜʫʞʠʥʫ 

ʪʨʘʿʘˁʘ ʪʨʘʥʩʢʘʮʠʿʘ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ BL ʢʦʨʠʩʪʠ ʩʝ ʠ ʪʝʨʤʠʥ Ăʧʨʝʥʦʩ ʜʫʞʠʥʝ ὄὒñ 

(ʝʥʛ. burst of ὄὒ). ʋ ʧʦʛʣʘʚˀʫ 2.2.4 ʙʠʣʦ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʤʦʨʘ ʜʘ ʚʘʞʠ ʨʝʣʘʮʠʿʘ ὔϽ

ὄ ὓϽὖ, ʘ ʩʘʜʘ ʩʝ ʤʦʞʝ ʠʟʚʝʩʪʠ ʩʣʝʜʝ˂ʘ ʦʧʰʪʘ ʨʝʣʘʮʠʿʘ: 

ὍϽὔϽὄ ὓϽὄὒȟ ὄὒ ὲϽὖȟ ὲᶰᴓ (2.15) 

ʂʦʜ DDR SDRAM ʤʝʤʦʨʠʿʘ ʩʝ ʫ ʦʜʥʦʩʫ ʥʘ SDR SDRAM ʫʚʦʜʠ ʿʦʰ ʿʝʜʘʥ 

ʩʠʛʥʘʣ, DQS (ʝʥʛ. data strobe signal), ʢʦʿʠ ʩʣʫʞʠ ʢʘʦ ʨʝʬʝʨʝʥʪʥʠ ʩʠʛʥʘʣ ʟʘ 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʫ ʠʟʤʝʹʫ ʠʟʚʦʨʘ ʠ ʦʜʨʝʜʠʰʪʘ. ʆʥ ʦʙʝʟʙʝʹʫʿʝ ʜʘ ʩʝ ʧʨʠʣʠʢʦʤ ʧʨʝʥʦʩʘ 

ʫʟʦʨʢʦʚʘˁʝ (ʝʥʛ. sampling) ʥʘ ʦʜʨʝʜʠʰʪʫ ʚʨʰʠ ʩʠʛʥʘʣʦʤ ʢʦʿʠ ʿʝ ʩʠʥʭʨʦʥ ʩʘ 

ʧʦʜʘʮʠʤʘ (ʝʥʛ. source synchronous). ʂʦʜ ʫʧʠʩʘ ʫ ʤʝʤʦʨʠʿʫ, DQS ʩʠʛʥʘʣ ʛʝʥʝʨʠʰʝ 

ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʠ ʪʦ ʪʘʢʦ ʜʘ ʿʝ ʠʚʠʮʘ ʦʚʦʛ ʩʠʛʥʘʣʘ ʥʘ ʩʨʝʜʠʥʠ Ăʦʢʘñ ʩʠʛʥʘʣʘ 
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ʧʦʜʘʪʘʢʘ (ˁʝʛʦʚʘ ʬʘʟʘ ʿʝ ʧʦʤʝʨʝʥʘ ʟʘ “Ⱦς ʫ ʦʜʥʦʩʫ ʥʘ ʩʠʛʥʘʣ ʪʘʢʪʘ), ʿʝʨ ʩʝ ʜʠʨʝʢʪʥʦ 

ʢʦʨʠʩʪʠ ʟʘ ʫʟʦʨʢʦʚʘˁʝ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʫʧʠʩʫʿʫ ʫ ʤʝʤʦʨʠʿʫ. ʂʦʜ ʯʠʪʘˁʘ ʧʦʜʘʪʘʢʘ 

ʠʟ ʤʝʤʦʨʠʿʝ, DQS ʩʠʛʥʘʣ ʩʝ ʛʝʥʝʨʠʰʝ ʧʦʤʦ˂ʫ DLL (ʝʥʛ. Delay-Locked Loop) 

ʫʛʨʘʹʝʥʦʛ ʫ DRAM ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ, ʢʦʿʠ ʧʦʤʝʨʘ ʬʘʟʫ DQS ʩʠʛʥʘʣʘ ʪʘʢʦ ʜʘ ʙʫʜʝ 

ʩʠʥʭʨʦʥ ʫ ʦʜʥʦʩʫ ʥʘ ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʪʘʢʪʘ. 

ɸʥʘʣʠʟʝ ʩʫ ʧʦʢʘʟʘʣʝ ʜʘ ʿʝ ʩʚʘʢʘ ʛʝʥʝʨʘʮʠʿʘ DRAM ʤʝʤʦʨʠʿʘ ʩʘ ʥʦʚʦʤ 

ʘʨʭʠʪʝʢʪʫʨʦʤ ʧʨʝʜʩʪʘʚˀʘʣʘ ʢʦʨʘʢ ʫʥʘʧʨʝʜ ʫ ʩʤʠʩʣʫ ʧʝʨʬʦʨʤʘʥʩʠ [23]. ɼʦʜʘʪʥʘ 

ʫʥʘʧʨʝʹʝˁʘ ʩʝ ʿʦʰ ʤʦʛʫ ʧʦʩʪʠ˂ʠ ʥʘ ʩʠʩʪʝʤʩʢʦʤ ʥʠʚʦʫ, ʥʘ ʧʨʠʤʝʨ ʦʧʪʠʤʠʟʘʮʠʿʦʤ 

ʚʨʝʤʝʥʘ ʠ ʨʝʜʦʩʣʝʜʘ ʩʣʘˁʘ DRAM ʢʦʤʘʥʜʠ ʦʜ ʩʪʨʘʥʝ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ [24] 

ʠ ʢʦʨʠʰ˂ʝˁʝʤ ʪʝʭʥʠʢʘ ʟʘ ʩʢʨʠʚʘˁʝ ʢʘʰˁʝˁʘ (ʝʥʛ. latency hiding) ʢʘʦ ʰʪʦ ʿʝ 

ʧʨʝʧʣʠʪʘˁʝ ʤʝʤʦʨʠʿʩʢʠʭ ʙʘʥʢʠ ʠ ʢʘʥʘʣʘ (ʝʥʛ. bank and channel interleaving). 

2.5 DRAM  ʩʪʘʥʜʘʨʜʠ 

ʉʚʘʢʠ DRAM ʫʨʝʹʘʿ ʤʦʨʘ ʜʘ ʠʤʘ ʬʫʥʢʮʠʦʥʘʣʥʫ, ʚʨʝʤʝʥʩʢʫ ʠ ʝʣʝʢʪʨʠʯʥʫ 

ʩʧʝʮʠʬʠʢʘʮʠʿʫ ʢʦʿʘ ʜʝʬʠʥʠʰʝ ʫʩʣʦʚʝ ʟʘ ˁʝʛʦʚ ʨʘʜ ʠ ˁʝʛʦʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. ʉ 

ʦʙʟʠʨʦʤ ʜʘ ʧʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʧʨʦʠʟʚʦʹʘʯʘ DRAM ʤʝʤʦʨʠʿʘ ʠ ʜʘ ʩʝ DRAM 

ʤʝʤʦʨʠʿʝ ʢʦʨʠʩʪʝ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʫʨʝʹʘʿʘ, ʥʝʦʧʭʦʜʥʘ ʿʝ ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʘ ʢʘʢʦ ʙʠ ʩʝ 

ʦʣʘʢʰʘʣʘ ˁʠʭʦʚʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʠ ʢʦʨʠʰ˂ʝˁʝ. ʋ ʧʨʘʢʩʠ ʩʝ ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʦʤ 

DRAM ʫʨʝʹʘʿʘ ʙʘʚʠ JEDEC ʦʨʛʘʥʠʟʘʮʠʿʘ. ʄʝʤʦʨʠʿʩʢʠ ʩʪʘʥʜʘʨʜʠ ʜʝʬʠʥʠʰʫ: 1) 

ʬʠʟʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʠʢʝ ʤʝʤʦʨʠʿʩʢʠʭ ʫʨʝʹʘʿʘ, ʢʘʦ ʥʧʨ. ʧʘʢʦʚʘˁʝ, ʨʘʩʧʦʨʝʜ ʧʠʥʦʚʘ, 

ʠʪʜ.; 2) ʝʣʝʢʪʨʠʯʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʢʘʦ ʥʧʨ. ʥʘʧʦʥʝ, ʿʘʯʠʥʝ ʩʪʨʫʿʘ ʥʘ ʧʠʥʦʚʠʤʘ, 

ʜʦʟʚʦˀʝʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʠ ʩʣ.; ʠ 3) ʠʥʪʝʨʬʝʿʩ ʠ ʧʨʦʪʦʢʦʣ ʢʦʿʠʤ ʩʝ ʧʨʝʢʦ ˁʝʛʘ 

ʢʦʤʫʥʠʮʠʨʘ. 

JEDEC SDR [25], DDR [26], DDR2 [27], DDR3 [28] ʠ DDR4 [29] SDRAM 

ʩʪʘʥʜʘʨʜʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ DRAM ʤʝʤʦʨʠʿʘ ʫ ʚʝ˂ʠʥʠ ʤʦʜʝʨʥʠʭ 

ʧʝʨʩʦʥʘʣʥʠʭ ʠ ʩʝʨʚʝʨʩʢʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʩʪʝʤʘ ʠ ʚʝʣʠʢʦʤ ʙʨʦʿʫ embedded 

ʧʣʘʪʬʦʨʤʠ. JEDEC LPDDR [30], LPDDR2 [31], LPDDR3 [32] ʠ LPDDR4 [33] 

ʩʪʘʥʜʘʨʜʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʨʠʤʝʥʝ ʫ ʩʠʩʪʝʤʠʤʘ ʩʘ ʥʠʩʢʦʤ ʧʦʪʨʦʰˁʦʤ, ʢʘʦ ʰʪʦ ʩʫ 

ʥʦʩʠʚʠ, ʧʨʝʥʦʩʠʚʠ ʠ ʤʦʙʠʣʥʠ ʨʘʯʫʥʘʨʩʢʠ ʩʠʩʪʝʤʠ. LPDDR ʿʝ ʙʘʟʠʨʘʥ ʥʘ DDR 

ʩʪʘʥʜʘʨʜʫ, LPDDR2 ʥʘ ʝʣʝʤʝʥʪʠʤʘ LPDDR(1) ʠ DDR2/3 ʩʪʘʥʜʘʨʜʘ, LPDDR3 
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ʢʦʨʠʩʪʠ ʘʩʧʝʢʪʝ LPDDR1/2 ʠ DDR2/3 ʩʪʘʥʜʘʨʜʘ, ʜʦʢ ʿʝ LPDDR4 ʢʨʝʠʨʘʥ 

ʢʦʨʠʰ˂ʝˁʝʤ ʝʣʝʤʝʥʘʪʘ ʠʟ DDR2/3/4 ʠ LPDDR1/2/3 ʩʪʘʥʜʘʨʜʘ. 

ʂʦʜ ʛʨʘʬʠʯʢʠʭ ʧʦʜʩʠʩʪʝʤʘ, ʢʘʦ ʥʧʨ. ʢʦʜ ʛʨʘʬʠʯʢʠʭ ʢʘʨʪʠʮʘ ʠʣʠ ʢʦʜ 

ʠʛʨʘʯʢʠʭ ʢʦʥʟʦʣʘ, ʢʦʨʠʩʪʝ ʩʝ embedded ʤʝʤʦʨʠʿʩʢʠ ʯʠʧʦʚʠ, ʧʨʠ ʯʝʤʫ ʿʝ ʙʨʦʿ ʯʠʧʦʚʘ 

ʧʦ ʤʝʤʦʨʠʿʩʢʦʤ ʢʘʥʘʣʫ ʤʘʣʠ, ʪʘʢʦ ʜʘ ʿʝ ʤʝʤʦʨʠʿʩʢʘ ʤʘʛʠʩʪʨʘʣʘ ʢʨʘ˂ʘ, ʘ ʝʣʝʢʪʨʠʯʥʦ 

ʦʧʪʝʨʝ˂ʝˁʝ ʣʠʥʠʿʘ ʥʠʞʝ. ʊʦ ʦʤʦʛʫ˂ʘʚʘ ʤʝʤʦʨʠʿʩʢʠʤ ʯʠʧʦʚʠʤʘ ʜʘ ʨʘʜʝ ʙʨʞʝ ʠ ʫʟ 

ʤʘˁʫ ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ ʥʝʛʦ ʯʠʧʦʚʠ ʩʠʩʪʝʤʩʢʘ ʤʝʤʦʨʠʿʝ, ʰʪʦ ʿʝ ʙʠʣʘ ʤʦʪʠʚʘʮʠʿʘ 
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SDR 64Mb-512Mb x4,x8,x16 1 1,2,4,8 4 1 1 66-200 66-200 66-200 3.3 

DDR 128Mb-1Gb x4,x8,x16 2 2,4,8 4 1 1 83-200 83-200 200-400 2.5 

DDR2 256Mb-4Gb x4,x8,x16 4 4,8 4,8 1 1 100-200/266 200-400/533 400-800/1066 1.8 

DDR3 512Mb-8Gb x4,x8,x16 8 BC4,8 8 1 1 100-200/266 400-800/1066 800-1600/2133 1.5 

DDR4 2Gb-16Gb x4,x8,x16 8 BC4,8 4 4 1 100-200/266 800-1600 1600-3200 1.2 

LPDDR 64Mb-2Gb x16,x32 2 2,4,8,16* 4 1 1 100-200/266 100-200/266 200-400/533 1.8 

LPDDR2 64Mb-8Gb x8,x16,x32 2,4 4,8,16 4,8 1 1 100-200/266 200-400/533 400-800/1066 1.2 

LPDDR3 4Gb-16/32Gb x16,x32 8 8 8 1 1 100-200/266 400-800/1066 800-1600/2133 1.2 

LPDDR4 4Gb-32Gb 2x16 16 16,32 8 1 2 100-200/266 800-1600/2133 1600-3200/4266 1.1 

GDDR 8Mb-16Mb x32 2 2,4,8 1,2 1 1 166-300 166-300 333-600 2.5 

GDDR2 1Gb x16 4 4,8 8 1 1 200-225 400-500 800-1000 1.8 

GDDR3 256Mb-1Gb x32 4 4,8 4,8 1 1 250-300 500-600 1000-1200 1.8 

GDDR4 256Mb-1Gb x32 8 8 4,8 1 1 300-400 1200-1600 2400-3200 1.5 

GDDR5 512Mb-8Gb x16,x32 8 8 8,16 4 1 200-450 800-1800 3200-7200 1.5 

GDDR5X 4Gb-16Gb x16,x32 8,16 8,16 4 4 1 200 1600 6400-12800 1.35 

ʊʘʙʝʣʘ 2.2 ï ʇʘʨʘʤʝʪʨʠ DRAM  ʤʝʤʦʨʠʿʘ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠʭ ʧʨʝʤʘ JEDEC ʩʪʘʥʜʘʨʜʠʤʘ 

ɺʨʝʤʝ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ, ʦʜʥʦʩʥʦ ʚʨʝʜʥʦʩʪ ʠʥʪʝʨʥʦʛ ʪʘʢʪʘ ʤʝʤʦʨʠʿʩʢʦʛ ʿʝʟʛʨʘ, 

ʩʝ ʥʠʿʝ ʤʥʦʛʦ ʧʨʦʤʝʥʠʣʦ ʢʨʦʟ ʛʝʥʝʨʘʮʠʿʝ DRAM ʤʝʤʦʨʠʿʘ. ʇʦʚʝ˂ʘˁʝ ʧʨʦʪʦʢʘ ʢʦʜ ʥʦʚʠʿʠʭ 

ʤʝʤʦʨʠʿʘ ʩʝ ʧʦʩʪʠʞʝ ʫʛʣʘʚʥʦʤ ʧʦʚʝ˂ʘˁʝʤ ʙʨʦʿʘ prefetch ʙʠʪʦʚʘ ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠʤ 

ʧʦʚʝ˂ʘˁʝʤ ʙʨʟʠʥʝ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ, ʘ ʫ ʥʦʚʠʿʝ ʚʨʝʤʝ ʠʥʪʝʨʥʦʤ ʧʘʨʘʣʝʣʠʟʘʮʠʿʦʤ ʧʨʠʩʪʫʧʘ. 

ʅʦʚʠʿʝ ʪʝʭʥʦʣʦʛʠʿʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʠ ʚʝ˂ʫ ʛʫʩʪʠʥʫ ʧʘʢʦʚʘˁʘ, ʢʘʦ ʠ ʥʠʞʠ ʥʘʧʦʥ ʥʘʧʘʿʘˁʘ. 

*=optional, BL=Burst Length, BC4=Burst Chop of 4 
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ʟʘ ʩʪʚʘʨʘˁʝ JEDEC GDDR [34], GDDR2 [35], GDDR3 [36], GDDR4 [37], GDDR5 

[38] ʠ GDDR5X [39] SGRAM ʩʪʘʥʜʘʨʜʘ ʟʘ ʛʨʘʬʠʯʢʝ ʤʝʤʦʨʠʿʝ. GDDRx SGRAM 

ʩʪʘʥʜʘʨʜʠ ʩʫ ʠʥʠʮʠʿʘʣʥʦ ʙʠʣʠ ʙʘʟʠʨʘʥʠ ʥʘ DDRx SDRAM ʩʪʘʥʜʘʨʜʠʤʘ. ʊʘʢʦ ʿʝ 

GDDR ʙʘʟʠʨʘʥ ʥʘ DDR ʩʪʘʥʜʘʨʜʫ, GDDR2 ʠ GDDR3 ʥʘ DDR2 ʩʪʘʥʜʘʨʜʫ, ʘ GDDR4 

ʥʘ DDR3 ʩʪʘʥʜʘʨʜʫ. ʄʝʹʫʪʠʤ, ʢʦʜ GDDR5 ʩʝ ʦʜʩʪʫʧʠʣʦ ʦʜ ʪʦʛ ʰʘʙʣʦʥʘ, ʧʘ ʧʦʩʪʦʿʠ 

ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ GDDR5 ʠ DDR3 ʩʪʘʥʜʘʨʜʘ. ɱʝʜʥʘ ʦʜ ʛʣʘʚʥʠʭ ʨʘʟʣʠʢʘ ʩʝ 

ʦʜʥʦʩʠ ʥʘ ʩʠʛʥʘʣ ʪʘʢʪʘ: ʢʦʤʘʥʜʝ ʩʝ ʠ ʜʘˀʝ ʨʝʛʠʩʪʨʫʿʫ ʥʘ ʩʚʘʢʫ ʨʘʩʪʫ˂ʫ ʠʚʠʮʫ 

ʩʠʛʥʘʣʘ CK, ʘʜʨʝʩʝ ʩʝ ʨʝʛʠʩʪʨʫʿʫ ʥʘ ʨʘʩʪʫ˂ʝ ʠʚʠʮʝ ʩʠʛʥʘʣʘ CK ʠ CK, ʘʣʠ ʩʫ ʟʘ 

ʧʦʜʘʪʢʝ ʫʚʝʜʝʥʠ ʥʦʚʠ ʩʠʛʥʘʣʠ WCK ʠ 7CK, ʢʦʿʠ ʠʤʘʿʫ ʜʚʦʩʪʨʫʢʦ ʚʝ˂ʫ 

ʬʨʝʢʚʝʥʮʠʿʫ ʦʜ CK ʠ CK.  

ʅʝʢʝ ʦʜ ʛʣʘʚʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ JEDEC SDRAM ʤʝʤʦʨʠʿʘ ʩʫ ʜʘʪʝ ʫ ʊʘʙʝʣʠ 

2.2. ʀʟ ʪʘʙʝʣʝ ʩʝ ʚʠʜʠ ʜʘ ʩʝ ʚʨʝʤʝ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʩʢʠʤ ˂ʝʣʠʿʘʤʘ, ʪʿ. ʠʥʪʝʨʥʠ ʪʘʢʪ, 

ʤʘʣʦ ʧʨʦʤʝʥʠʣʦ ʦʜ ʧʨʚʠʭ ʛʝʥʝʨʘʮʠʿʘ DRAM ʤʝʤʦʨʠʿʘ. ʇʦʚʝ˂ʘˁʝ ʧʨʦʪʦʢʘ ʧʦʜʘʪʘʢʘ 

ʩʝ ʧʦʩʪʠʞʝ ʧʨʝ ʩʚʝʛʘ ʧʦʚʝ˂ʘˁem ʙʨʦʿʘ prefetch ʙʠʪʦʚʘ. ʂʦʜ ʥʦʚʠʿʠʭ ʤʝʤʦʨʠʿʘ 

ʜʦʜʘʪʥʦ ʧʦʚʝ˂ʘˁʝ ʧʨʦʪʦʢʘ ʩʝ ʧʦʩʪʠʞʝ ʚʨʝʤʝʥʩʢʠʤ ʤʫʣʪʠʧʣʝʢʩʠʨʘˁʝʤ ʦʯʠʪʘʥʠʭ 

ʚʨʝʜʥʦʩʪʠ, ʪʿ. ʧʨʠʤʝʥʦʤ TDM (ʝʥʛ. Time Divison Multiplex) ʰʝʤʝ ʥʘ ʚʠʰʝ ʛʨʫʧʘ 

ʙʘʥʢʠ (ʥʧʨ. ʢʦʜ DDR4) ʠʣʠ ʧʘʨʘʣʝʣʠʟʘʮʠʿʦʤ ʧʨʠʩʪʫʧʘ ʧʨʝʢʦ ʚʠʰʝ ʠʥʪʝʨʥʠʭ ʢʘʥʘʣʘ 

(ʥʧʨ. ʢʦʜ LPDDR4). 

ʆ ʥʦʚʠʤ ʩʪʘʥʜʘʨʜʠʤʘ ʟʘ 3D ʚʠʰʝʩʣʦʿʥʝ (ʝʥʛ. stacked die) ʤʝʤʦʨʠʿʝ, ʢʘʦ ʰʪʦ 

ʩʫ Wide I/O, Wide I/O 2, HBM ʠ HMC ˂ʝ ʙʠʪʠ ʚʠʰʝ ʨʝʯʠ ʫ ʧʦʛʣʘʚˀʫ 7.7. 

2.6 DRAM  ʧʨʦʪʦʢʦʣ 

ʂʘʦ ʪhʦ ʿʝ ʥʘʚʝʜʝʥʦ ʫ ʧʦʛʣʘʚˀʫ 2.5, DRAM ʩʪʘʥʜʘʨʜ, ʠʟʤʝʹʫ ʦʩʪʘʣʦʛ, 

ʜʝʬʠʥʠʰʝ ʠʥʪʝʨʬʝʿʩ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʦʚʝʟʠʚʘˁʝ DRAM ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʩʘ 

ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ, ʢʘʦ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʨʦʪʦʢʦʣ ʟʘ ʢʦʤʫʥʠʢʘʮʠʿʫ, ʪʟʚ. DRAM 

ʧʨʦʪʦʢʦʣ. ʎʠˀ DRAM ʧʨʦʪʦʢʦʣʘ ʿʝ ʜʘ ʦʤʦʛʫ˂ʠ ʢʦʤʫʥʠʢʘʮʠʿʫ ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʠ DRAM ʤʝʤʦʨʠʿʝ ʩʘ ʮʠˀʝʤ ʜʘ ʩʝ ʦʤʦʛʫ˂ʝ ʩʚʝ ʘʢʪʠʚʥʦʩʪʠ ʢʦʿʝ ʩʫ 

ʧʦʪʨʝʙʥʝ ʟʘ ʦʙʘʚˀʘˁʝ ʬʫʥʢʮʠʿʘ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ. 
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Kʘʦ ʠ ʩʚʘʢʠ ʜʨʫʛʠ ʧʨʦʪʦʢʦʣ, DRAM ʧʨʦʪʦʢʦʣ ʠʤʘ ʩʚʦʿʫ ʩʠʥʪʘʢʩʫ, ʩʝʤʘʥʪʠʢʫ 

ʠ ʩʠʥʭʨʦʥʠʟʘʮʠʿʫ. ʉʠʥʪʘʢʩʫ DRAM ʧʨʦʪʦʢʦʣʘ ʯʠʥʝ ʧʨʘʚʠʣʘ ʟʘ ʩʣʘˁʝ ʠ ʧʨʠʿʝʤ 

ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ʊʨʘʥʩʘʢʮʠʿʝ ʩʝ ʩʘʩʪʦʿʝ ʦʜ ʢʦʤʘʥʜʠ, ʘʜʨʝʩʘ 

ʠ ʧʦʜʘʪʘʢʘ. ɼʝʦ ʩʠʥʪʘʢʩʥʠʭ ʧʨʘʚʠʣʘ ʟʘ ʩʣʘˁʝ ʠ ʧʨʠʿʝʤ ʪʨʘʥʩʘʢʮʠʿʘ ʩʫ ʠ ʚʨʝʤʝʥʩʢʘ 

ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʜʝʬʠʥʠʰʫ ʢʘʜʘ ʩʝ ʥʝʢʠ ʩʠʛʥʘʣʠ ʩʤʝʿʫ ʩʣʘʪʠ, ʘ ʢʦʿʘ ʩʫ ʫʩʣʦʚˀʝʥʘ 

ʨʘʟʣʠʯʠʪʠʤ ʬʠʟʠʯʢʠʤ, ʘʨʭʠʪʝʢʪʫʨʘʣʥʠʤ ʠ ʜʨʫʛʠʤ ʨʘʟʣʦʟʠʤʘ. ʋ ʧʦʛʣʘʚˀʫ 4 ˂ ʝ ʙʠʪʠ 

ʧʦʢʘʟʘʥa ʫʣʦʛʘ ʢʦʿʫ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʠʤʘʿʫ ʫ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ. 

ʉʝʤʘʥʪʠʢʘ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʿʝ ʜʝʬʠʥʠʩʘʥʘ DRAM 

ʘʨʭʠʪʝʢʪʫʨʦʤ. ʂʘʜʘ ʩʫ ʫ ʧʠʪʘˁʫ ʪʨʘʥʩʘʢʮʠʿʝ ʢʦʿʝ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʰʘˀʝ ʢʘ 

ʤʝʤʦʨʠʿʠ, ʟʥʘʯʝˁʝ ʪʨʘʥʩʘʢʮʠʿʘ ʩʝ ʦʜʨʝʹʫʿʝ ʥʘ ʦʩʥʦʚʫ ʜʝʢʦʜʦʚʘˁʘ ʧʦʩʣʘʪʠʭ 

ʢʦʤʘʥʜʠ, ʧʨʠ ʯʝʤʫ ʩʝ ʘʜʨʝʩʝ ʠ ʧʦʜʘʮʠ ʫʟʠʤʘʿʫ ʢʘʦ ʧʨʘʪʝ˂ʠ ʘʨʛʫʤʝʥʪʠ. ʅʝʢʝ ʦʜ 

ʂʦʤʘʥʜʘ ʆʧʠʩ 

Activate ʆʪʚʘʨʘ  ʧʨʠʩʪʫʧʥʝ ʪʨʘʥʟʠʩʪʦʨʝ ʫ ʠʩʪʦʿ ʚʨʩʪʠ ʩʚʠʭ ʤʘʪʨʠʮʘ ʢʦʿʝ ʩʝ 

ʥʘʣʘʟʝ ʫʥʫʪʘʨ DRAM ʙʘʥʢʝ ʠ ʠʥʠʮʠʨʘ ʧʨʦʮʝʩ ʯʠʪʘˁʘ ʧʦʜʘʪʘʢʘ 

ʣʝʯʦʚʘˁʝʤ ʦʯʠʪʘʥʝ ʚʨʝʜʥʦʩʪʠ ʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʧʦʿʘʯʘʚʘʯ (ʥʘʟʠʚʘ ʩʝ 

ʠ ʦʪʚʘʨʘˁʝ ʩʪʨʘʥʠʮʝ) 

Precharge ɿʘʪʚʘʨʘ ʧʨʠʩʪʫʧʥʝ ʪʨʘʥʟʠʩʪʦʨʝ ʫ ʦʪʚʦʨʝʥʦʿ ʚʨʩʪʠ ʩʚʠʭ ʤʘʪʨʠʮʘ ʢʦʿʝ ʩʝ 

ʥʘʣʘʟʝ ʫʥʫʪʘʨ DRAM ʙʘʥʢʝ ʠ ʧʦʩʪʘʚˀʘ ʥʘʧʦʥ ʥʘ ʫʣʘʟʠʤʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʦʿʘʯʘʚʘʯʘ ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʥʠʚʦ 

(ʥʘʟʠʚʘ ʩʝ ʠ ʟʘʪʚʘʨʘˁʝ ʩʪʨʘʥʠʮʝ) 

Precharge all banks ʀʩʪʦ ʢʘʦ Precharge, ʘʣʠ ʟʘ ʩʚʝ DRAM ʙʘʥʢʝ 

Read ʇʨʝʥʦʩʠ ʧʦʜʘʪʢʝ ʣʝʯʦʚʘʥʝ ʫʥʫʪʘʨ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʦʿʘʯʘʚʘʯʘ 

ʩʝʣʝʢʪʦʚʘʥʠʭ ʢʦʣʦʥʘ ʥʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ 

Read with auto-precharge ʀʩʪʦ ʢʘʦ  Read, ʦʩʠʤ ʰʪʦ ʩʝ ʧʦʩʣʝ ʦʯʠʪʘʚʘˁʘ ʘʫʪʦʤʘʪʩʢʠ ʨʘʜʠ  

Precharge ʟʘ ʜʘʪʫ ʙʘʥʢʫ 

Write ɼʦʚʦʜʠ ʧʦʜʘʪʢʝ ʩʘ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʥʘ ʫʣʘʟʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ 

ʧʦʿʘʯʘʚʘʯʘ ʩʝʣʝʢʪʦʚʘʥʠʭ ʢʦʣʦʥʘ, ʦʜʘʢʣʝ ʩʝ ʫʧʠʩʫʿʫ ʫ ʤʝʤʦʨʠʿʩʢʝ 

˂ʝʣʠʿʝ 

Write with auto-precharge ʀʩʪʦ ʢʘʦ  Write, ʦʩʠʤ ʰʪʦ ʩʝ ʧʦʩʣʝ ʫʧʠʩʘ ʘʫʪʦʤʘʪʩʢʠ ʨʘʜʠ  Precharge ʟʘ 

ʜʘʪʫ ʙʘʥʢʫ 

Refresh ʆʩʚʝʞʘʚʘ ʧʦʜʘʪʢʝ ʫ DRAM ˂ʝʣʠʿʘʤʘ ʪʘʢʦ ʰʪʦ ʫ ʩʚʘʢʦʿ DRAM ʙʘʥʢʠ 

ʘʢʪʠʚʠʨʘ ʿʝʜʥʫ ʧʦ ʿʝʜʥʫ ʚʨʩʪʫ ʩʚʠʭ ʧʨʠʧʘʜʘʿʫ˂ʠʭ ʤʘʪʨʠʮʘ ʠ ʦʯʠʪʘʚʘ 

ʚʨʝʜʥʦʩʪʠ ʠʟ ˁʠʭ 

ʊʘʙʝʣʘ 2.3 ï ʂˀʫʯʥʝ ʢʦʤʘʥʜʝ DRAM  ʧʨʦʪʦʢʦʣʘ 
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ʪʨʘʥʩʘʢʮʠʿʘ ʤʦʛʫ, ʥʘ ʧʨʠʤʝʨ, ʙʠʪʠ: ʯʠʪʘˁʝ ʠʣʠ ʫʧʠʩ ʫ ʨʝʛʠʩʪʨʝ DRAM ʫʨʝʹʘʿʘ, 

ʘʢʪʠʚʠʨʘˁʝ ʚʨʩʪʝ ʫ ʤʝʤʦʨʠʿʠ, ʯʠʪʘˁʝ ʠʣʠ ʫʧʠʩ ʥʘ ʦʜʨʝʹʝʥʝ ʘʜʨʝʩʝ ʫ ʤʝʤʦʨʠʿʠ ʠ 

ʩʣ. ʂʘʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʩʣʘˁʝ ʧʦʜʘʪʘʢʘ ʦʜ ʤʝʤʦʨʠʿʝ ʢʘ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʪʨʦʣʝʨʫ, 

ʪʨʘʥʩʘʢʮʠʿʝ ʫʚʝʢ ʧʨʝʜʩʪʘʚˀʘʿʫ ʦʜʛʦʚʦʨ ʥʘ ʢʦʤʘʥʜʫ ʯʠʪʘˁʘ ʠʟ ʨʝʛʠʩʪʨʘ ʠʣʠ ʠʟ 

DRAM ʤʝʤʦʨʠʿʝ ʢʦʿʫ ʿʝ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʧʦʩʣʝʜˁʫ ʧʦʩʣʘʦ. 

ʉʠʥʭʨʦʥʠʟʘʮʠʿʘ ʢʦʤʫʥʠʢʘʮʠʿʝ ʩʝ ʦʙʘʚˀʘ ʧʦʤʦ˂ʫ ʩʠʛʥʘʣʘ ʪʘʢʪʘ ʢʦʿʠ ʩʝ 

ʪʘʢʦʹʝ ʰʘˀʝ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. ʆʚʦ ʿʝ ʟʥʘʯʘʿʘʥ ʘʩʧʝʢʪ DRAM 

ʧʨʦʪʦʢʦʣʘ, ʿʝʨ ʫʪʠʯʝ ʥʘ ʢʚʘʣʠʪʝʪ ʠ ʙʨʟʠʥʫ ʧʨʝʥʦʩʘ ʩʠʛʥʘʣʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ 

ʤʘʛʠʩʪʨʘʣʠ, ʘ ʪʠʤʝ ʠ ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ. 

DRAM ʢʦʤʘʥʜʝ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʫ ʜʚʝ ʛʨʫʧʝ: 1) ʢʦʤʘʥʜʝ ʟʘ 

ʠʥʠʮʠʿʘʣʠʟʘʮʠʿʫ, ʫʧʨʘʚˀʘˁʝ ʨʝʞʠʤʦʤ ʨʘʜʘ ʠ ʧʦʪʨʦʰˁʝ ʝʥʝʨʛʠʿʝ ʠ nop (ʝʥʛ. no 

operation) ʢʦʤʘʥʜʝ; ʠ 2) ʢʦʤʘʥʜʝ ʟʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ ʠ ʦʩʚʝʞʘʚʘˁʝ ʤʝʤʦʨʠʿʝ.  

ʂʦʤʘʥʜʝ ʠʟ ʜʨʫʛʝ ʛʨʫʧʝ ʩʫ ʩʫʰʪʠʥʩʢʠ ʚʘʞʥʝ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ ʠ ʥʘʟʠʚʘʿʫ ʩʝ ʢˀʫʯʥʝ ʢʦʤʘʥʜʝ (ʊʘʙʝʣʘ 2.3). ʆʚʝ ʢʦʤʘʥʜʝ ʩʫ ʠʩʪʝ ʢʦʜ DDR 

ʠ DDR2 ʧʨʦʪʦʢʦʣʘ, ʜʦʢ DDR3 ʧʨʦʪʦʢʦʣ ʠʤʘ ʜʦʜʘʪʥʝ ʤʦʜʦʚʝ ʦʧʝʨʘʮʠʿʘ ʯʠʪʘˁʘ ʠ 

ʫʧʠʩʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʜʘ ʩʝ ʜʫʞʠʥʘ ʪʨʘʿʘˁʘ ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ 

ʤʦʞʝ ʤʝˁʘʪʠ ʫ ʪʦʢʫ ʨʘʜʘ. LPDDRx ʠ GDDRx ʧʨʦʪʦʢʦʣʠ ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʠʩʪʠ ʩʢʫʧ 

ʢʦʤʘʥʜʠ ʢʘʦ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ DDRx ʧʨʦʪʦʢʦʣʠ ʥʘ ʢʦʿʠʤʘ ʩʫ ʙʘʟʠʨʘʥʠ. ʀʟʫʟʝʪʘʢ ʿʝ 

GDDR5, ʢʦʜ ʢʦʛʘ ʿʝ ʩʢʫʧ ʢʦʤʘʥʜʠ ʧʨʦʰʠʨʝʥ ʫ ʦʜʥʦʩʫ ʥʘ DDR3 ʧʨʦʪʦʢʦʣ 

ʢʦʤʘʥʜʘʤʘ ʟʘ ʪʨʝʥʠʨʘˁʝ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ. 

ɺʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ (ʝʥʛ. timing constraints) ʜʝʬʠʥʠʰʫ ʚʨʝʤʝ ʢʦʿʠ ʤʦʨʘ 

ʧʨʦʪʝ˂ʠ ʠʟʤʝʹʫ ʨʝʣʝʚʘʥʪʥʠʭ ʜʦʛʘʹʘʿʘ ʫ ʤʝʤʦʨʠʿʩʢʦʤ ʧʦʜʩʠʩʪʝʤʫ ʢʘʢʦ ʙʠ ʩʝ 

ʦʩʠʛʫʨʘʦ ʧʦʫʟʜʘʥ ʧʨʠʩʪʫʧ ʧʦʜʘʮʠʤʘ ʫʩʢʣʘʜʠʰʪʝʥʠʤ ʫ DRAM ˂ʝʣʠʿʘʤʘ ʠ ʢʘʢʦ ʙʠ 

ʩʝ ʠʟʙʝʛʘʦ ʢʦʥʬʣʠʢʪ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ ʠʥʪʝʨʥʠʤ ʨʝʩʫʨʩʠʤʘ ʫʥʫʪʘʨ ʢʦʣʘ ʠʣʠ 

ʢʦʥʬʣʠʢʪ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ʆʚʘ ʦʛʨʘʥʠʯʝˁʘ ʩʝ 

ʠʟʨʘʞʘʚʘʿʫ ʧʨʝʢʦ ʚʨʝʤʝʥʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ (ʝʥʛ. timing parameters) ʠ ʙʘʟʠʨʘʥʘ ʩʫ ʥʘ 

ʝʣʝʢʪʨʠʯʥʠʤ ʠ ʘʨʭʠʪʝʢʪʫʨʘʣʥʠʤ ʦʩʦʙʠʥʘʤʘ DRAM ʢʦʣʘ ʠ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. 

ɺʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʫ ʜʚʝ ʛʨʫʧʝ: 1) ʝʩʝʥʮʠʿʘʣʥʠ 

ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ ï ʢʚʘʥʪʠʬʠʢʫʿʫ ʬʠʟʠʯʢʝ ʠ ʘʨʭʠʪʝʢʪʫʨʘʣʥʝ ʦʩʦʙʠʥʝ DRAM 

ʢʦʣʘ ʠ 2) ʠʟʚʝʜʝʥʠ ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ ï ʢʦʨʠʩʪʝ ʩʝ ʫ ʧʨʘʢʩʠ ʟʘ ʜʝʬʠʥʠʩʘˁʝ 

ʚʨʝʤʝʥʩʢʠʭ ʦʛʨʘʥʠʯʝˁʘ, ʘʣʠ ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʧʨʝʢʦ ʝʩʝʥʮʠʿʘʣʥʠʭ ʚʨʝʤʝʥʩʢʠʭ  
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ʧʘʨʘʤʝʪʘʨʘ. ɽʩʝʥʮʠʿʘʣʥʠ ʠ ʠʟʚʝʜʝʥʠ ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ ʟʘ DDR2 SDRAM ʢʦʿʠ 

ʩʝ ʦʜʥʦʩʝ ʥʘ ʢˀʫʯʥʝ ʢʦʤʘʥʜʝ ʩʫ ʜʘʪʠ ʫ ʊʘʙʝʣʠ 2.4 ʠ ʊʘʙʝʣʠ 2.5. ɼʝʬʠʥʠʮʠʿʝ 

ʚʨʝʤʝʥʩʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʟʘ DDR3 SDRAM ʩʫ ʩʣʠʯʥʝ ʢʘʦ ʟʘ DDR2, ʩʘ ʥʝʢʦʣʠʢʦ 

ʠʟʫʟʝʪʘʢʘ ʢʦʿʠ ʩʝ ʦʜʥʦʩʝ ʥʘ ʢʦʥʪʨʦʣʫ ʜʫʞʠʥʝ ʪʨʘʿʘˁʘ ʪʨʘʥʩʘʢʮʠʿʘ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ 

ʠ ODT ʚʨʝʤʝʥʩʢʝ ʧʘʨʘʤʝʪʨʝ. ʅʘ ʧʨʠʤʝʨ, ʢʦʜ ʫʧʠʩʘ ʩʘ ʧʨʦʤʝʥˀʠʚʠʤ ʪʨʘʿʘˁʝʤ 

ʪʨʘʥʩʘʢʮʠʿʝ ʛʜʝ ʿʝ ʪʨʘʿʘˁʝ ʧʦʩʪʘʚˀʝʥʦ ʥʘ 4 ʮʠʢʣʫʩʘ (BL4), tWR ʠ tWTR ʧʦʯʠˁʫ ʜʚʘ 

ʆʟʥʘʢʘ ʇʘʨʘʤʝʪʘʨ ʆʧʠʩ 

tAL Additive Latency ɺʨʝʤʝ ʥʘʢʦʥ ʢʦʛ ʩʝ ʠʟʜʘʿʝ ʠʥʪʝʨʥʘ ʢʦʤʘʥʜʘ ʯʠʪʘˁʘ ʠʣʠ ʫʧʠʩʘ 

ʘʢʦ tRCD ʦʛʨʘʥʠʯʝˁʝ ʥʠʿʝ ʟʘʜʦʚʦˀʝʥʦ 

tCL CAS Latency ɺʨʝʤʝ ʠʟʤʝʹʫ ʠʥʪʝʨʥʝ ʢʦʤʘʥʜʝ ʯʠʪʘˁʘ ʠ ʧʦʿʘʚʝ ʧʦʜʘʪʘʢʘ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ 

tRTP Read-to-Precharge Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʠʥʪʝʨʥʝ ʢʦʤʘʥʜʝ ʯʠʪʘˁʘ ʠ 

Precharge ʢʦʤʘʥʜʝ 

tWR Write Recovery Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʢʨʘʿʘ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ 

ʠ Precharge ʢʦʤʘʥʜʝ 

tWTR Write-to-Read Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʢʨʘʿʘ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʫʣʘʟʥʠʭ 

ʧʦʜʘʪʘʢʘ ʠ ʢʦʤʘʥʜʝ ʯʠʪʘˁʘ 

tRCD RAS-to-CAS Delay ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Activate ʢʦʤʘʥʜʝ ʠ ʠʥʪʝʨʥʝ 

ʢʦʤʘʥʜʝ ʯʠʪʘˁʘ ʠʣʠ ʫʧʠʩʘ 

tRRD RAS-to-RAS Delay ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʝ Activate ʢʦʤʘʥʜʝ ʠʟʜʘʪʝ 

ʨʘʟʣʠʯʠʪʠʤ ʙʘʥʢʘʤʘ 

tRAS Row Activate Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Activate ʠ  Precharge ʢʦʤʘʥʜʝ 

tRP Row Precharge Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Precharge ʠ Activate ʠʣʠ Refresh 

ʢʦʤʘʥʜʝ 

tRFC Refresh Cycle Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Refresh ʢʦʤʘʥʜʝ ʠ Activate ʠʣʠ 

ʜʨʫʛʝ Refresh ʢʦʤʘʥʜʝ 

tAOND ODT Turn-On Delay ɺʨʝʤʝ ʠʟʤʝʹʫ ʨʝʛʠʩʪʨʦʚʘˁʘ  ODT (ʝʥʛ. on-die termination) 

ʩʠʛʥʘʣʘ ʠ ʠʩʢˀʫʯʝˁʘ ODT ʦʪʧʦʨʥʦʩʪʠ 

tAON ODT Turn-On Time ɺʨʝʤʝ ʦʜ ʢʘʜʘ ʿʝ ODT ʦʪʧʦʨʥʦʩʪ ʫ ʩʪʘˁʫ ʚʠʩʦʢʝ ʠʤʧʝʜʘʥʩʝ 

ʧʘ ʜʦʢ ʩʝ ODT ʦʪʧʦʨʥʦʩʪ ʧʦʪʧʫʥʦ ʥʝ ʫʢˀʫʯʠ 

tAOFD ODT Turn-Off Delay ɺʨʝʤʝ ʠʟʤʝʹʫ ʨʝʛʠʩʪʨʦʚʘˁʘ ODT ʩʠʛʥʘʣʘ ʠ ʠʩʢˀʫʯʝˁʘ ODT 

ʦʪʧʦʨʥʦʩʪ 

tAOF ODT Turn-Off Time ɺʨʝʤʝ ʦʜ ʫʢˀʫʯʠʚʘˁʘ ODT  ʦʪʧʦʨʥʦʩʪʠ ʜʦ ʫʣʘʩʢʘ ʫ ʤʦʜ 

ʚʠʩʦʢʝ ʠʤʧʝʜʘʥʩʝ 

tBTT Bus Turn-around Time ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʧʨʦʤʝʥʠ ʤʘʩʪʝʨ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ (ʜʘ ʩʝ ʨʝʩʠʥʭʨʦʥʠʟʫʿʝ DQS) 

tFAW Four-bank Activation 

Window 

ɺʨʝʤʝʥʩʢʠ ʠʥʪʝʨʚʘʣ ʫ ʪʦʢʫ ʢʦʛʘ ʩʝ ʥʝ ʩʤʝ ʠʟʜʘʪʠ ʚʠʰʝ ʦʜ 

ʯʝʪʠʨʠ Activate ʢʦʤʘʥʜʝ 

ʊʘʙʝʣʘ 2.4 ï ɽʩʝʥʮʠʿʘʣʥʠ ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ 
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ʮʠʢʣʫʩʘ ʥʘʢʦʥ ʧʦʯʝʪʢʘ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ, ʿ ʝʨ ʩʝ ʠʥʪʝʨʥʦ 

ʢʦʤʘʥʜʘ ʠʟʚʨʰʘʚʘ ʢʘʦ ʜʘ ʿʝ ʪʨʘʿʘˁʝ ʪʨʘʥʩʘʢʮʠʿʝ 8 ʮʠʢʣʫʩʘ (BL8). 

 

ʆʟʥʘʢʘ ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪ ʆʧʠʩ 

tCCD CAS-to-CAS Delay prefetch/DCBCR ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʝ ʥʘʨʝʜʙʝ 

ʯʠʪʘˁʘ ʠʣʠ ʫʧʠʩʘ 

tCWL CAS Write Latency tCL-1 ɺʨʝʤʝ ʠʟʤʝʹʫ ʠʥʪʝʨʥʝ ʢʦʤʘʥʜʝ ʫʧʠʩʘ 

ʠ ʧʦʯʝʪʢʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʪʨʘʥʩʘʢʮʠʿʝ 

ʧʨʝʥʦʩʘ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ  ʧʦʜʘʪʘʢʘ 

tREAD Read Time Read BL/DCBCR ɺʨʝʤʝ ʢʦʣʠʢʦ ʩʝ ʧʦʜʘʮʠ ʦʯʠʪʘʥʠ ʠʟ 

ʤʝʤʦʨʠʿʝ ʥʘʣʘʟʝ ʥʘ ʤʘʛʠʩʪʨʘʣʠ 

ʧʦʜʘʪʘʢʘ 

tRL Read Latency tAL+tCL ɺʨʝʤʝ ʠʟʤʝʹʫ ʠʟʜʘʚʘˁʘ Read ʢʦʤʘʥʜʝ 

ʠ ʧʦʿʘʚʝ ʦʯʠʪʘʥʠʭ ʧʦʜʘʪʘʢʘ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ 

tWRITE Write Time Write BL/DCBCR ɺʨʝʤʝ ʢʦʣʠʢʦ ʩʝ ʧʦʜʘʮʠ  ʢʦʿʠ ʪʨʝʙʘ ʜʘ 

ʩʝ ʫʧʠʰʫ ʫ ʤʝʤʦʨʠʿʫ ʥʘʣʘʟʝ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ 

tWL Write Latency tAL+tCWL ɺʨʝʤʝ ʠʟʤʝʹʫ Write ʢʦʤʘʥʜʝ ʠ ʧʦʿʘʚʝ 

ʧʦʜʘʪʘʢʘ ʟʘ ʫʧʠʩ ʥʘ ʤʘʛʠʩʪʨʘʣʠ 

ʧʦʜʘʪʘʢʘ 

tRTW Read-to-Write Delay tRL-tWL+tREAD+tBTT ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Read ʠ Write 

ʢʦʤʘʥʜʝ 

tRC RAS Cycle Time tRAS+tRP ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʝ ɸctivate 

ʢʦʤʘʥʜʝ 

tODT ODT Time max(tAOND-tAOFD+tAOF, tAOFD-

tAOND+tAON) 

ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʝ 

ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʠʟʜʘʪʝ 

ʟʘ ʨʘʟʣʠʯʠʪʝ ʨʘʥʢʦʚʝ 

tRDRD Read-to-Read Delay tREAD+max(tBTT, tODT*) ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʝ Read 

ʢʦʤʘʥʜʝ ʠʟʜʘʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʨʘʥʢʦʚʝ 

tRDWR Read-to-Write Delay tRL+tREAD+max(tBTT, tODT*)-tWL ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Read ʠ  

Write ʢʦʤʘʥʜʝ ʠʟʜʘʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʨʘʥʢʦʚʝ 

tWRRD Write-to-Read Delay tWL+tWRITE+max(tBTT, tODT*)-

tRL 

ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ Write ʠ  

Read ʢʦʤʘʥʜʝ ʠʟʜʘʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʨʘʥʢʦʚʝ 

tWRWR Write-to-Write Delay tWRITE+tODT* ʄʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʝ Write 

ʢʦʤʘʥʜʝ ʠʟʜʘʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʨʘʥʢʦʚʝ 

ʊʘʙʝʣʘ 2.5 ï ʀʟʚʝʜʝʥʠ ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ 

DCBCR=Data to Command Bus Clock Ratio, BL=Burst Length 
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2.7 ʆʨʛʘʥʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʦʛ ʩʠʩʪʝʤʘ 

ʇʦʜ ʦʨʛʘʥʠʟʘʮʠʿʦʤ ʤʝʤʦʨʠʿʩʢʦʛ ʩʠʩʪʝʤʘ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʥʘʯʠʥ ʢʘʢʦ ʿʝ 

DRAM ʤʝʤʦʨʠʿʘ ʧʦʚʝʟʘʥʘ ʩʘ ʦʩʪʘʪʢʦʤ ʩʠʩʪʝʤʘ. ʋʣʦʛʫ ʧʦʩʨʝʜʥʠʢʘ ʠʟʤʝʹʫ ʦʩʪʘʪʢʘ 

ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʠ ʤʝʤʦʨʠʿʝ ʦʙʘʚˀʘ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ. ʂʦʥʪʨʦʣʝʨ 

ʧʨʠʭʚʘʪʘ ʟʘʭʪʝʚʝ ʟʘ ʯʠʪʘˁʝ ʠ ʫʧʠʩ ʫ ʤʝʤʦʨʠʿʫ ʦʜ ʩʪʨʘʥʝ ʤʝʤʦʨʠʿʩʢʠʭ ʢʣʠʿʝʥʘʪʘ 

ʫʥʫʪʘʨ ʩʠʩʪʝʤʘ, ʘʨʙʠʪʨʠʨʘ ʢʦʿʠ ʦʜ ʪʠʭ ʟʘʭʪʝʚʘ ˂ʝ ʙʠʪʠ ʧʨʠʭʚʘ˂ʝʥ ʠ ʛʝʥʝʨʠʰʝ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʩʠʛʥʘʣʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʫ ʩʢʣʘʜʫ ʩʘ DRAM ʧʨʦʪʦʢʦʣʦʤ. ʋ 

ʩʠʩʪʝʤʫ ʤʦʞʝ ʧʦʩʪʦʿʘʪʠ ʚʠʰʝ ʤʝʤʦʨʠʿʩʢʠʭ ʤʘʛʠʩʪʨʘʣʘ. ʄʝʤʦʨʠʿʩʢʘ ʤʘʛʠʩʪʨʘʣʘ 

ʢʦʿʦʤ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʤʦʞʝ ʫʧʨʘʚˀʘʪʠ ʥʝʟʘʚʠʩʥʦ ʩʝ ʥʘʟʠʚʘ ʤʝʤʦʨʠʿʩʢʠ 

ʢʘʥʘʣ (ʝʥʛ. channel). 

ʈʘʟʣʠʯʠʪʝ ʦʨʛʘʥʠʟʘʮʠʿʝ ʤʝʤʦʨʠʿʘ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʫ ʩʢʣʘʜʫ ʩʘ 

ʪʦʧʦʣʦʛʠʿʦʤ ʚʝʟʘ ʢʦʿʝ ʤʝʤʦʨʠʿʩʢʠ ʩʠʛʥʘʣʠ ʤʦʨʘʿʫ ʜʘ ʧʨʝʹʫ ʦʜ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʜʦ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʣʘ ʠ ʦʙʨʘʪʥʦ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ ʤʝʤʦʨʠʿʠ. 

ʅʘʿʯʝʰ˂ʠ ʪʠʧʦʚʠ ʦʨʛʘʥʠʟʘʮʠʿʘ ʢʦʿʠ ʩʝ ʤʦʛʫ ʩʨʝʩʪʠ ʫ ʧʨʘʢʩʠ ʩʫ: ʧʘʨʘʣʝʣʥʘ, 

ʩʝʨʠʿʩʢʘ, ʧʘʨʘʣʝʣʥʦ/ʩʝʨʠʿʩʢʘ ʠ Ăʦʜ-ʪʘʯʢʝ-ʜʦ-ʪʘʯʢʝñ (ʝʥʛ. point-to-point) (ʉʣʠʢʘ 

2.14). ʇʘʨʘʣʝʣʥʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʩʝ ʧʨʝʪʝʞʥʦ ʢʦʨʠʩʪʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʣʦʢʘʣʥʝ 

ʤʝʤʦʨʠʿʝ ʫ embedded ʩʠʩʪʝʤʠʤʘ ʠʣʠ ʛʨʘʬʠʯʢʠʤ ʧʦʜʩʠʩʪʝʤʠʤʘ, ʩʝʨʠʿʩʢʘ ʠ 

ʧʘʨʘʣʝʣʥʦ/ʩʝʨʠʿʩʢʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʩʝ ʪʠʧʠʯʥʦ ʢʦʨʠʩʪʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʩʠʩʪʝʤʩʢʝ 

ʤʝʤʦʨʠʿʝ, ʘ ʦʨʛʘʥʠʟʘʮʠʿʘ Ăʦʜ-ʪʘʯʢʝ-ʜʦ-ʪʘʯʢʝñ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʩʠʩʪʝʤʩʢʝ 

ʤʝʤʦʨʠʿʝ ʫ ʩʝʨʚʝʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ. 

ʎʠˀ ʩʚʘʢʝ ʦʨʛʘʥʠʟʘʮʠʿʝ ʤʝʤʦʨʠʿʩʢʦʛ ʩʠʩʪʝʤʘ ʿʝ ʜʘ ʦʤʦʛʫ˂ʠ ʰʪʦ ʚʝ˂ʠ 

ʢʘʧʘʮʠʪʝʪ ʠ ʧʨʦʪʦʢ ʧʦʜʘʪʘʢʘ ʫʟ ʰʪʦ ʤʘˁʝ ʢʘʰˁʝˁʝ ʠ ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ. 

ʇʘʨʘʣʝʣʥʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʩʪʦʿʘˁʝ ʚʠʰʝ ʤʝʤʦʨʠʿʩʢʠʭ ʢʘʥʘʣʘ, ʧʨʠ 

ʯʝʤʫ ʿʝ ʜʫʞʠʥʘ ʧʫʪʘˁʘ ʩʠʛʥʘʣʘ ʥʘ ʩʚʠʤ ʢʘʥʘʣʠʤʘ ʿʝʜʥʘʢʘ ʟʘ ʩʚʘʢʠ DRAM ʯʠʧ. ʂʦʜ 

ʩʝʨʠʿʩʢʝ ʦʨʛʘʥʠʟʘʮʠʿʝ ʧʦʩʪʦʿʠ ʩʘʤʦ ʿʝʜʘʥ ʤʝʤʦʨʠʿʩʢʠ ʢʘʥʘʣ, ʧʨʠ ʯʝʤʫ ʜʫʞʠʥʝ 

ʧʫʪʘˁʘ ʩʠʛʥʘʣʘ ʥʠʩʫ ʿʝʜʥʘʢʝ ʟʘ ʩʚʘʢʠ DRAM ʯʠʧ, ʚʝ˂ ʦʥʘ ʧʨʦʛʨʝʩʠʚʥʦ ʨʘʩʪʝ ʩʘ 

ʬʠʟʠʯʢʦʤ ʫʜʘˀʝʥʦʰ˂ʫ ʦʜ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. ʂʦʜ ʧʘʨʘʣʝʣʥʦ/ʩʝʨʠʿʩʢʝ 

ʦʨʛʘʥʠʟʘʮʠʿʝ ʧʦʩʪʦʿʠ ʚʠʰʝ ʤʝʤʦʨʠʿʩʢʠʭ ʢʘʥʘʣʘ, ʧʨʠ ʯʝʤʫ ʩʫ DRAM ʯʠʧʦʚʠ ʥʘ 

ʩʚʘʢʦʤ ʢʘʥʘʣʫ ʦʨʛʘʥʠʟʦʚʘʥʠ ʩʝʨʠʿʩʢʠ. ʂʦʜ ʦʨʛʘʥʠʟʘʮʠʿʝ Ăʦʜ-ʪʘʯʢʝ-ʜʦ-ʪʘʯʢʝñ 

ʩʠʛʥʘʣʠ ʩʘ ʤʘʛʠʩʪʨʘʣʝ ʥʝ ʧʨʦʧʘʛʠʨʘʿʫ ʜʦ ʩʚʠʭ DRAM ʯʠʧʦʚʘ ʫ ʿʝʜʥʦʤ ʪʘʢʪʫ, ʢʘʦ  
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ʘ) ʇʘʨʘʣʝʣʥʘ ʦʨʛʘʥʠʟʘʮʠʿʘ 

 

ʚ) ʇʘʨʘʣʝʣʥʦ/ʩʝʨʠʿʩʢʘ ʦʨʛʘʥʠʟʘʮʠʿʘ 
 
 

 
 

 

 

  
 

 

 

 

ʙ) ʉʝʨʠʿʩʢʘ ʦʨʛʘʥʠʟʘʮʠʿʘ 

 

ʛ) ʆʨʛʘʥʠʟʘʮʠʿʘ Ăʦʜ-ʪʘʯʢʝ-ʜʦ-ʪʘʯʢʝñ 

 
ʉʣʠʢʘ 2.14 ï ʆʨʛʘʥʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʦʛ ʩʠʩʪʝʤʘ 
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ʢʦʜ ʧʨʝʪʭʦʜʥʦ ʥʘʚʝʜʝʥʠʭ ʦʨʛʘʥʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʝ. ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʝ ʩʠʛʥʘʣʠ ʩʘ 

ʤʘʛʠʩʪʨʘʣʝ ʫ ʿʝʜʥʦʤ ʪʘʢʪʫ ʧʨʦʩʣʝʹʫʿʫ ʩʘʤʦ ʿʝʜʥʦʿ ʛʨʫʧʠ DRAM ʯʠʧʦʚʘ (ʥʧʨ. ʫ 

ʦʢʚʠʨʫ ʿʝʜʥʦʛ ʤʦʜʫʣʘ), ʛʜʝ ʩʝ ʙʘʬʝʨʫʿʫ ʠ ʧʨʦʩʣʝʹʫʿʫ ʥʘʨʝʜʥʦʿ ʛʨʫʧʠ ʪʝʢ ʫ ʩʣʝʜʝ˂ʝʤ 

ʪʘʢʪʫ. 

ʉʚʘʢʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʠʤʘ ʩʚʦʿʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ. ʇʘʨʘʣʝʣʝʥʘ ʦʨʛʘʥʠʟʘʮʠʿʘ 

ʦʤʦʛʫ˂ʘʚʘ ʤʘʢʩʠʤʘʣʥʦ ʩʢʨʘ˂ʠʚʘˁʝ ʜʫʞʠʥʝ ʣʠʥʠʿʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʠ 

ʨʝʜʫʢʦʚʘˁʝ ʙʨʦʿʘ ʯʠʧʦʚʘ ʧʦ ʢʘʥʘʣʫ, ʘʣʠ ʧʦʪʨʝʙʘ ʜʘ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʫʧʨʘʚˀʘ 

ʩʘ ʚʠʰʝ ʥʝʟʘʚʠʩʥʠʭ ʢʘʥʘʣʘ ʟʘʭʪʝʚʘ ʜʦʜʘʪʥʝ ʨʝʩʫʨʩʝ ʥʘ ʯʠʧʫ, ʦʜʥʦʩʥʦ ʧʦʚʝ˂ʘʚʘ 

ʟʘʫʟʝʪʫ ʧʦʚʨʰʠʥʫ ʠ ʧʦʪʨʦʰˁʫ. ʅʘʩʫʧʨʦʪ ʪʦʤʝ, ʩʝʨʠʿʩʢʘ ʦʨʛʘʥʠʟʘʮʠʿʘ ʤʠʥʠʤʠʟʫʿʝ 

ʧʦʪʨʝʙʥʝ ʨʝʩʫʨʩʝ ʟʘ ʫʧʨʘʚˀʘˁʝ DRAM ʤʝʤʦʨʠʿʦʤ, ʘʣʠ ʥʘ ʨʘʯʫʥ ʧʦʚʝ˂ʘʥʦʛ 

ʝʣʝʢʪʨʠʯʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʤʘʛʠʩʪʨʘʣʝ ʠ ʩʤʘˁʝˁʘ ʧʝʨʬʦʨʤʘʥʩʠ. ʇʘʨʘʣʝʣʥʦ/ʩʝʨʠʿʩʢʘ 

ʦʨʛʘʥʠʟʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʦʚʝ ʜʚʝ ʢʨʘʿʥʦʩʪʠ, ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʜʘ ʩʝ 

ʥʘʹʝ ʨʘʚʥʦʪʝʞʘ ʠʟʤʝʹʫ ʧʦʪʨʝʙʘ (ʧʝʨʬʦʨʤʘʥʩʝ) ʠ ʤʦʛʫ˂ʥʦʩʪʠ (ʧʦʚʨʰʠʥʘ ʠ 

ʧʦʪʨʦʰˁʘ). ʆʨʛʘʥʠʟʘʮʠʿʘ Ăʦʜ-ʪʘʯʢʝ-ʜʦ-ʪʘʯʢʝñ ʦʤʦʛʫ˂ʘʚʘ ʩʤʘˁʝˁʝ ʝʣʝʢʪʨʠʯʥʦʛ 

ʦʧʪʝʨʝ˂ʝˁʘ ʤʘʛʠʩʪʨʘʣʝ ʩʘ ʮʠˀʝʤ ʧʦʚʝ˂ʘˁʘ ʫʢʫʧʥʦʛ ʢʘʧʘʮʠʪʝʪʘ ʤʝʤʦʨʠʿʝ, ʧʦ ʮʝʥʫ 

ʫʧʦʪʨʝʙʝ ʜʦʜʘʪʥʠʭ ʨʝʩʫʨʩʘ ʫ ʦʙʣʠʢʫ ʙʘʬʝʨ ʯʠʧʦʚʘ, ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʧʦʚʝ˂ʘˁʘ 

ʧʦʪʨʦʰˁʝ, ʢʘʦ ʠ ʜʦʜʘʪʥʦʛ ʢʘʰˁʝˁʘ ʩʠʛʥʘʣʘ ʟʙʦʛ ʙʘʬʝʨʦʚʘˁʘ. 

ʇʨʠʤʝʨ ʩʠʩʪʝʤʘ ʩʘ ʦʨʛʘʥʠʟʘʮʠʿʦʤ Ăʦʜ-ʪʘʯʢʝ-ʜʦ-ʪʘʯʢʝñ ʿʝ FB-DIMM  (ʝʥʛ. 

Fully Buffered DIMM ) ʘʨʭʠʪʝʢʪʫʨʘ [40] ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʩʝ ʫʚʦʜʠ AMB (ʝʥʛ. Advanced 

Memory Buffer) [41] ʙʘʬʝʨ ʯʠʧ ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʠ DRAM ʯʠʧʦʚʘ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʤ ʤʦʜʫʣʫ. ʂʦʜ FB-DIMM  ʘʨʭʠʪʝʢʪʫʨʝ ʩʝ ʫʤʝʩʪʦ ʧʘʨʘʣʝʣʥʦʛ ʧʨʝʥʦʩʘ 

ʧʦʜʘʪʘʢʘ ʧʨʝʢʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʫʚʦʜʠ ʩʝʨʠʿʘʣʠʟʘʮʠʿʘ ʩʠʛʥʘʣʘ ʤʘʛʠʩʪʨʘʣʝ 

ʧʦʜʘʪʘʢʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʥʦʩ ʚʝ˂ʝ ʢʦʣʠʯʠʥʝ ʧʦʜʘʪʘʢʘ ʢʦʨʠʰ˂ʝˁʝʤ 

ʠʩʪʦʛ ʙʨʦʿʘ ʧʠʥʦʚʘ, ʘʣʠ ʫʟ ʧʦʚʝ˂ʘˁʝ ʬʨʝʢʚʝʥʮʠʿʝ ʨʘʜʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. 

AMB ʯʠʧ ʢʦʤʧʝʥʟʫʿʝ ʥʘʩʪʘʣʝ ʩʤʝʪˁʝ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʪʘʢʦ ʰʪʦ ʙʘʬʝʨʫʿʝ ʩʚʝ ʩʠʛʥʘʣʝ 

ʠ ʧʨʠʪʦʤ ʘʫʪʦʥʦʤʥʦ ʨʘʜʠ ʢʦʨʝʢʮʠʿʫ ʛʨʝʰʘʢʘ, ʥʝ ʦʧʪʝʨʝ˂ʫʿʫ˂ʠ ʤʝʤʦʨʠʿʩʢʠ 

ʢʦʥʪʨʦʣʝʨ ʠʣʠ ʧʨʦʮʝʩʦʨ. ʊʘʢʦʹʝ, ʢʦʨʠʩʪʠ ʠ BLFC (ʝʥʛ. Bit Lane Failover Correction) 

ʤʝʭʘʥʠʟʘʤ ʢʘʢʦ ʙʠ ʩʝ ʠʜʝʥʪʠʬʠʢʦʚʘʣʝ ʣʠʥʠʿʝ ʢʦʿʝ ʩʫ ʧʦʜʣʦʞʥʝ ʛʨʝʰʢʘʤʘ ʠ 

ʠʟʙʘʮʠʣʝ ʠʟ ʫʧʦʪʨʝʙʝ, ʯʠʤʝ ʩʝ ʟʥʘʯʘʿʥʦ ʤʦʞʝ ʩʤʘˁʠʪʠ ʩʪʦʧʘ ʛʨʝʰʘʢʘ. ʇʦʨʝʜ ʪʦʛʘ, 

ʧʦʰʪʦ ʩʝ ʦʧʝʨʘʮʠʿʝ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ ʙʘʬʝʨʫʿʫ, ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʤʦʞʝ ʜʘ ʠʭ 

ʰʘˀʝ ʠʩʪʦʚʨʝʤʝʥʦ, ʯʠʤʝ ʩʝ ʧʦʚʝ˂ʘʚʘ ʫʢʫʧʘʥ ʧʨʦʪʦʢ. ʇʦʩʪʦʿʝ ʠ ʭʠʙʨʠʜʥʝ 
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ʦʨʛʘʥʠʟʘʮʠʿʝ ʢʦʿʝ ʠʤʘʿʫ ʟʘ ʮʠˀ ʜʘ ʠʩʢʦʨʠʩʪʝ ʧʨʝʜʥʦʩʪʠ ʜʚʝ ʠʣʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ 

ʦʨʛʘʥʠʟʘʮʠʿʘ. ʇʨʠʤʝʨ ʟʘ ʪʦ ʿʝ ʭʠʙʨʠʜ ʧʘʨʘʣʝʣʥʦ/ʩʝʨʠʿʩʢʝ ʠ ʦʨʛʘʥʠʟʘʮʠʿʝ Ăʦʜ-ʪʘʯʢʝ-

ʜʦ-ʪʘʯʢʝñ ʧʨʠʤʝˁʝʥ ʫ ʩʝʨʚʝʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʩʘ RDIMM ʠ LRDIMM  ʤʦʜʫʣʠʤʘ. 

ɼʨʫʛʠ ʥʘʯʠʥ ʜʘ ʩʝ ʧʨʝʚʘʟʠʹʝ ʧʨʦʙʣʝʤ ʩʘ ʠʥʪʝʛʨʠʪʝʪʦʤ ʩʠʛʥʘʣʘ ʢʦʿʠ ʥʘʩʪʘʿʝ 

ʟʙʦʛ ʧʦʚʝ˂ʘʚʘˁʘ ʝʣʝʢʪʨʠʯʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʘʜʨʝʩʥʝ ʠ ʢʦʤʘʥʜʥʝ ʤʘʛʠʩʪʨʘʣʝ ʿʝ ʜʘ ʩʝ 

ʙʨʦʿ ʮʠʢʣʫʩʘ ʪʦʢʦʤ ʢʦʿʠʭ ʩʫ ʘʜʨʝʩʥʠ ʠ ʢʦʤʘʥʜʥʠ ʩʠʛʥʘʣʠ ʘʢʪʠʚʥʠ ʧʦʚʝ˂ʘ ʩʘ ʿʝʜʘʥ 

ʥʘ ʜʚʘ. ʆʚʘʿ ʨʝʞʠʤ ʿʝ ʧʦʟʥʘʪ ʠ ʢʘʦ Ă2ʊñ ʢʦʤʘʥʜʥʠ ʤʦʜ. ʄʘʥʘ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʿʝ ʰʪʦ 

ʩʝ ʧʨʦʪʦʢ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʧʨʝʧʦʣʦʚˀʫʿʝ ʫ ʦʜʥʦʩʫ ʥʘ Ă1ʊñ ʢʦʤʘʥʜʥʠ ʤʦʜ, 

ʰʪʦ ʤʦʞʝ ʙʠʪʥʦ ʜʘ ʫʪʠʯʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ. 
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3 ʇʦʨʝʹʝˁʝ ʩʘ ʧʦʩʪʦʿʝ˂ʠʤ 

ʨʝʰʝˁʠʤʘ 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʧʨʝʜʣʦʞʝʥʘ ʫ ʦʢʚʠʨʫ ʜʠʩʝʨʪʘʮʠʿʝ ʩʝ ʙʘʟʠʨʘ ʥʘ ACDC ʤʦʜʝʣʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ. ɱʝʜʘʥ ʦʜ ʢˀʫʯʥʠʭ ʢʦʥʮʝʧʘʪʘ ʫ ʦʚʠʨʫ ACDC ʤʦʜʝʣʘ ʿʝʩʪʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ 

ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʥʘ ʩʣʦʙʦʜʥʝ ʠ ʟʘʫʟʝʪʝ ʧʦʤʦ˂ʫ 

ʨʘʯʫʥʘˁʘ ʨʝʞʠʿʩʢʦʛ ʚʨʝʤʝʥʘ ʫʟʨʦʢʦʚʘʥʦʛ ʚʨʝʤʝʥʩʢʠʤ ʦʛʨʘʥʠʯʝˁʠʤʘ DRAM 

ʧʨʦʪʦʢʦʣa. ʅʝʢʝ ʦʜ ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ ʩʝ 

ʪʘʢʦʹʝ ʙʘʟʠʨʘʿʫ ʥʘ ʠʜʝʿʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿe ʩʣʦʙʦʜʥʠʭ ʠ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ, ʘʣʠ ʥʝʤʘʿʫ ʥʝʦʧʭʦʜʥʫ ʪʘʯʥʦʩʪ ʠ ʦʧʰʪʦʩʪ ʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ, ʥʠʪʠ 

ʜʦʚʦˀʥʦ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʫ ʤʝʪʨʠʢʫ. ɼʨʫʛʝ ʤʝʪʦʜʦʣʦʛʠʿʝ, ʧʘʢ, ʨʘʯʫʥʘʿʫ ʚʨeʤʝʥʩʢa 

ʦʛʨʘʥʠʯʝˁʘ, ʘʣʠ ʥʝ ʩʘ ʮʠˀʝʤ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʮʠʢʣʫʩʘ, ʚʝ˂ ʨʘʜʠ ʧʨʦʚʝʨʝ 

ʫʩʘʛʣʘʰʝʥʦʩʪʠ ʩʘ DRAM ʧʨʦʪʦʢʦʣʦʤ, ʜʦʢ ʩʝ ʧʠʪʘˁʝ ʤʦʜʝʣʠʨʘˁʘ ʧʝʨʬʦʨʤʘʥʩʠ 

ʧʦʩʤʘʪʨʘ ʦʜʚʦʿʝʥʦ. ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ ˂ʝ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʙʠʪʠ 

ʫʧʦʨʝʹʝʥʘ ʩʘ ʧʦʩʪʦʿʝ˂ʠʤ ʤʝʪʦʜʦʣʦʛʠʿʘʤʘ ʧʦ ʩʚʠʤ ʨʝʣʝʚʘʥʪʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, ʘ 

ˁʝʥʝ ʧʨʝʜʥʦʩʪʠ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʦ ʦʙʨʘʟʣʦʞʝʥʝ. 

3.1 ʄʝʪʦʜʦʣʦʛʠʿʝ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʘ 

ʋ ʧʨʘʢʩʠ, ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ ʩʫ ʙʘʟʠʨʘʥʠ ʥʘ ʧʨʠʤʝʥʠ ʜʚʝ 

ʤʝʪʦʜʝ: ʘʥʘʣʠʪʠʯʢʦʿ ʤʝʪʦʜʠ ʠ ʤʝʪʦʜʠ ʩʠʤʫʣʘʮʠʿʝ. ɸʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ ʩʝ ʙʘʟʠʨʘʿʫ 

ʥʘ ʤʘʪʝʤʘʪʠʯʢʦʤ ʤʦʜʝʣʠʨʘˁʫ ʩʠʩʪʝʤʘ, ʘ ʤʝʪʦʜʝ ʩʠʤʫʣʘʮʠʿʝ ʥʘ ʢʨʝʠʨʘˁʫ ʠʟʚʨʰʥʦʛ 

ʤʦʜʝʣʘ ʩʠʩʪʝʤʘ ʢʦʿʠ ʦʧʦʥʘʰʘ ʨʝʘʣʥʠ ʩʠʩʪʝʤ ʫ ʩʚʠʤ ˁʝʛʦʚʠʤ ʙʠʪʥʠʤ ʝʣʝʤʝʥʪʠʤʘ. 
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ʇʦʩʪʦʿʝ ʠ ʭʠʙʨʠʜʥʝ ʤʝʪʦʜʝ, ʢʦʿʝ ʥʧʨ. ʢʦʨʠʩʪʝ ʤʝʪʦʜʫ ʩʠʤʫʣʘʮʠʿʝ ʟʘ ʛʝʥʝʨʠʩʘˁʝ 

ʨʝʟʫʣʪʘʪʘ ʢʦʿʠ ʩʣʫʞʝ ʢʘʦ ʫʣʘʟʥʠ ʧʘʨʘʤʝʪʨʠ ʘʥʘʣʠʪʠʯʢʦʛ ʤʦʜʝʣʘ. 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ ʪʨʝʙʘ ʜʘ ʦʧʠʰʝ ʥʝ ʩʘʤʦ 

ʢʘʢʦ ʩʝ ʧʨʠʥʮʠʧʠʿʝʣʥʦ ʤʝʨʝ ʧʝʨʬʦʨʤʘʥʩʝ, ʚʝ˂ ʩʚʝ ʧʨʘʢʪʠʯʥʝ ʠ ʪʝʦʨʠʿʩʢʝ ʘʩʧʝʢʪʝ 

ʦʚʦʛ ʧʨʦʮʝʩʘ, ʫʢˀʫʯʫʿʫ˂ʠ: ʢʘʢʦ ʩʝ ʧʨʠʢʫʧˀʘʿʫ ʫʣʘʟʥʠ ʧʦʜʘʮʠ, ʢʘʢʦ ʩʝ ʤʦʜʝʣʠʨʘʿʫ 

ʧʝʨʬʦʨʤʘʥʩʝ, ʢʦʿʘ ʤʝʪʨʠʢʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ, ʢʘʢʦ ʩʝ ʜʦʙʠʿʝʥʠ 

ʨʝʟʫʣʪʘʪʠ ʢʦʨʠʩʪʝ ʫ ʘʥʘʣʠʟʠ ʠʪʜ. ɺʝ˂ʠʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʧʨʘʢʩʠ ʠʤʘ 

ʟʥʘʯʘʿʥʝ ʥʝʜʦʩʪʘʪʢʝ ʫ ʚʝʟʠ ʩʘ ʥʝʢʠʤ ʦʜ ʦʚʠʭ ʘʩʧʝʢʘʪʘ. 

3.1.1 ʄʝʪʦʜʦʣʦʛʠʿʝ ʙʘʟʠʨʘʥʝ ʥʘ ʘʥʘʣʠʪʠʯʢʦʤ ʤʦʜʝʣʦʚʘˁʫ ʧʝʨʬʦʨʤʘʥʩʠ 

ɸʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ ʤʘʪʝʤʘʪʠʯʢʘ ʘʧʩʪʨʘʢʮʠʿʘ, ʥʘʿʯʝʰ˂ʝ ʫ 

ʚʠʜʫ ʘʣʛʝʙʘʨʩʢʠʭ ʬʦʨʤʫʣʘ, ʢʦʿʘ ʛʝʥʝʨʠʰʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʧʝʨʬʦʨʤʘʥʩʠ 

ʨʝʘʣʥʦʛ ʩʠʩʪʝʤʘ ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʢʘʦ ʰʪʦ ʩʫ ʤʝʤʦʨʠʿʩʢʠ ʟʘʭʪʝʚʠ ʢʦʿʠ 

ʩʪʠʞʫ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʪʨʦʣʝʨʫ, DRAM ʢʦʤʘʥʜʝ ʢʦʿʝ ʩʝ ʰʘˀʫ ʥʘ ʤʝʤʦʨʠʿʩʢʫ 

ʤʘʛʠʩʪʨʘʣʫ ʠ ʩʣ. ɿʙʦʛ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʦʨʛʘʥʠʟʘʮʠʿʝ ʠ ʨʘʜʘ DRAM ʤʝʤʦʨʠʿʝ, ʟʘ 

ʬʦʨʤʠʨʘˁʝ ʘʥʘʣʠʪʠʯʢʠʭ ʤʦʜʝʣʘ ʩʝ ʤʦʨʘʿʫ ʫʚʦʜʠʪʠ ʨʘʟʣʠʯʠʪʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʢʦʿʝ 

ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦ ʤʦʜʝʣʦʚʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ. ʊʦ ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ 

ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʫʧʦʪʨʝʙˀʠʚʠʭ ʨʝʟʫʣʪʘʪʘ, ʘʣʠ ʥʠʢʘʜʘ ʧʦʪʧʫʥʦ ʪʘʯʥʠʭ. 

ʄʝʹʫʪʠʤ, ʢʘʦ ʰʪʦ ʿʝ ʧʦʤʝʥʫʪʦ ʫ ʧʦʛʣʘʚˀʫ 1.5, ʚʠʨʪʫʝʣʠʟʘʮʠʿʘ ʠ ʚʝʣʠʢʠ ʙʨʦʿ 

ʤʝʤʦʨʠʿʩʢʠʭ ʢʣʠʿʝʥʘʪʘ ʫ ʤʦʜʝʨʥʠʤ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʩʪʝʤʠʤʘ ʯʠʥʝ ʜʘ ʤʝʤʦʨʠʿʩʢʠ 

ʩʘʦʙʨʘ˂ʘʿ ʧʦʩʪʘʿʝ ʚʝʦʤʘ ʥʝʧʨʝʜʚʠʜˀʠʚ. ʋ ʪʘʢʚʦʿ ʩʠʪʫʘʮʠʿʠ ʛʨʝʰʢʝ ʫʩʣʝʜ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʫ ʘʥʘʣʠʪʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʧʦʩʪʘʿʫ ʥʝʧʨʠʭʚʘʪˀʠʚʦ ʚʝʣʠʢʝ. 

ʇʨʠʤʝʨʠ ʘʥʘʣʠʪʠʯʢʠʭ ʤʦʜʝʣʘ ʩʫ ʭʠʙʨʠʜʥʠ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ [42] ʠ RAD 

(Request Access Distance) ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ [43]. ʍʠʙʨʠʜʥʠ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʢʘʦ 

ʫʣʘʟ ʢʦʨʠʩʪʠ ʤʝʤʦʨʠʿʩʢʝ ʟʘʭʪʝʚʝ ʢʦʿʠ ʩʫ ʧʨʦʰʣʠ ʘʨʙʠʪʨʘʞʫ ʫʥʫʪʘʨ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʠ ʩʪʠʛʣʠ ʥʘ ʫʣʘʟ ʩʝʢʚʝʥʮʝʨʘ ʢʦʿʠ ʛʝʥʝʨʠʰʝ DRAM ʢʦʤʘʥʜʝ. ʅʘ ʪʘʿ 

ʥʘʯʠʥ ʩʝ ʯʫʚʘ ʦʨʠʛʠʥʘʣʥʠ ʨʝʜʦʩʣʝʜ ʤʝʤʦʨʠʿʩʢʠʭ ʟʘʭʪʝʚʘ. ɿʘ ʩʚʘʢʠ ʦʜ ʟʘʭʪʝʚʘ ʩʝ 

ʩʠʤʫʣʠʨʘ ʛʝʥʝʨʠʩʘˁʝ DRAM ʢʦʤʘʥʜʠ ʧʦʤʦ˂ʫ ʿʝʜʥʦʩʪʘʚʥʦʛ ʠʥʪʝʨʥʦʛ ʘʣʛʦʨʠʪʤʘ. 

ɿʘʫʟʝʪʠ ʮʠʢʣʫʩʠ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʪʘʢʦ ʰʪʦ ʩʝ ʟʘ ʥʠʟ ʢʦʤʘʥʜʠ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ 

ʠʟʤʝʹʫ ʘʢʪʠʚʠʨʘˁʘ ʠ ʟʘʪʚʘʨʘˁʘ ʿʝʜʥʝ ʚʨʩʪʝ ʨʘʯʫʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʤʝʪʨʠʢʘ ʫ ʚʠʜʫ 

ʤʠʥʠʤʘʣʥʦʛ ʚʨʝʤʝʥʩʢʦʛ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʢʦʤʘʥʜʠ. ʉʫʤʠʨʘˁʝʤ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ 
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ʪʦʢʦʤ ʧʨʠʩʪʫʧʘ ʘʜʨʝʩʘʤʘ ʫʥʫʪʘʨ ʿʝʜʥʝ ʚʨʩʪʝ ʠ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ ʧʨʠʣʠʢʦʤ ʧʨʦʤʝʥʝ 

ʚʨʩʪʘ ʟʘ ʩʚʘʢʫ ʙʘʥʢʫ ʩʝ ʨʘʯʫʥʘ ʫʢʫʧʥʦ ʟʘʫʟʝʪʦ ʚʨʝʤʝ. ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ ʩʝ ʨʘʯʫʥʘ ʙʨʦʿ 

ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʠ, ʢʦʥʘʯʥʦ, ʝʬʠʢʘʩʥʦʩʪ. 

ʆʩʥʦʚʥʘ ʠʜʝʿʘ ʢʦʜ RAD ʘʥʘʣʠʪʠʯʢʦʛ ʤʦʜʝʣʘ ʿʝ ʜʘ ʩʝ ʠʟʨʘʯʫʥʘ ʙʨʦʿ ʮʠʢʣʫʩʘ 

ʢʦʿʠ ʩʝ ʤʦʨʘ ʫʪʨʦʰʠʪʠ ʥʘ ʨʘʟʣʠʯʠʪʝ ʨʝʞʠʿʩʢʝ ʧʦʩʣʦʚʝ ʥʘʩʧʨʘʤ ʮʠʢʣʫʩʘ ʢʦʿʠ ʩʣʫʞʝ 

ʟʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ. ʎʠˀ ʿʝ ʜʘ ʩʝ ʠʟʨʘʯʫʥʘ ʝʬʠʢʘʩʥʦʩʪ DRAM ʤʝʤʦʨʠʿʝ, ʦʜʥʦʩʥʦ 

ʦʜʨʝʜʠ ʢʦʣʠʢʠ ʿʝ ʤʘʢʩʠʤʘʣʘʥ ʤʦʛʫ˂ ʧʨʦʪʦʢ ʧʦʜʘʪʘʢʘ, ʫ ʫʩʣʦʚʠʤʘ ʧʨʠʤʝʥʝ ʨʘʟʥʠʭ 

ʨʘʜʥʠʭ ʦʧʪʝʨʝ˂ʝˁʘ, ʚʘʨʠʿʘʮʠʿʝ ʚʨʝʤʝʥʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʩʠʩʪʝʤʘ ʠ ʘʣʛʦʨʠʪʤʝ ʘʨʙʠʪʨʘʮʠʿʝ ʠ ʩʝʢʚʝʥʮʠʨʘˁʘ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ. ʋ ʦʢʚʠʨʫ ʤʦʜʝʣʘ ʿʝ ʫʯʠˁʝʥ ʧʦʢʫʰʘʿ ʜʘ ʩʝ ʤʝʪʦʜ ʟʘ ʨʘʯʫʥʘˁʝ ʨʝʞʠʿʩʢʠʭ 

ʮʠʢʣʫʩʘ ʬʦʨʤʘʣʠʟʫʿʝ. ʊʦ ʩʝ ʧʦʩʪʠʞʝ ʪʘʢʦ ʰʪʦ ʩʝ ʥʘʿʧʨʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʛʣʘʚʥʠ 

ʬʘʢʪʦʨʠ ʢʦʿʠ ʫʟʨʦʢʫʿʫ ʧʦʿʘʚʫ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ, ʧʦʪʦʤ ʩʝ ʪʠ ʬʘʢʪʦʨʠ ʘʥʘʣʠʟʠʨʘʿʫ 

ʫ ʢʦʥʪʝʢʩʪʫ ʠʥʪʝʨʘʢʮʠʿʝ ʨʘʟʣʠʯʠʪʠʭ DRAM ʢʦʤʘʥʜʠ ʠ ʥʘ ʢʨʘʿʫ ʩʝ ˁʠʭʦʚʠ ʝʬʝʢʪʠ 

ʢʚʘʥʪʠʬʠʢʫʿʫ ʧʦʤʦ˂ʫ RAD ʤʝʪʨʠʢʝ, ʢʦʿʘ ʩʧʝʮʠʬʠʮʠʨʘ ʤʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʢʦʿʝ ʤʦʨʘ 

ʧʨʦʪʝ˂ʠ ʠʟʤʝʹʫ ʢʦʤʘʥʜʠ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʩʮʝʥʘʨʠʿʠʤʘ. 

3.1.2 ʄʝʪʦʜʦʣʦʛʠʿʝ ʙʘʟʠʨʘʥʝ ʥʘ ʧʨʠʤʝʥʠ ʤʝʪʦʜʝ ʩʠʤʫʣʘʮʠʿʝ 

ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʿʝ ʠʟʚʨʰʥʠ ʤʦʜʝʣ, ʥʘʿʯʝʰ˂ʝ ʫ ʚʠʜʫ ʢʦʜʘ ʧʠʩʘʥʦʛ ʫ 

ʚʠʰʝʤ ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ ʠʣʠ ʢʦʜʘ ʫ ʥʝʢʦʤ ʿʝʟʠʢʫ ʟʘ ʦʧʠʩ ʭʘʨʜʚʝʨʘ, ʫ ʢʦʤʝ ʿʝ 

ʘʧʩʪʨʘʭʦʚʘʥʦ ʧʦʥʘʰʘˁʝ ʢˀʫʯʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʩʠʩʪʝʤʘ ʫ ʚʨʝʤʝʥʫ. ʉʠʤʫʣʘʮʠʦʥʠ 

ʤʦʜʝʣʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ ʩʫ ʦʙʠʯʥʦ ʙʠʭʝʚʠʦʨʘʣʥʠ (ʝʥʛ. 

behavioral), ʦʜʥʦʩʥʦ ʩʘʜʨʞʝ ʦʧʠʩ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ʢʦʿʠ ʿʝ ʨʝʣʝʚʘʥʪʘʥ ʟʘ 

ʘʨʭʠʪʝʢʪʫʨʘʣʥʠ ʥʠʚʦ ʘʥʘʣʠʟʝ, ʘʣʠ ʥʝ ʠ ʜʨʫʛʝ ʜʝʪʘˀʝ ʢʦʿʠ ʥʠʩʫ ʦʜ ʟʥʘʯʘʿʘ ʫ ʪʦʤ 

ʢʦʥʪʝʢʩʪʫ.  ʆʚʠ ʤʦʜʝʣʠ ʩʫ ʟʥʘʪʥʦ ʿʝʜʥʦʩʪʘʚʥʠʿʠ, ʘ ʪʠʤʝ ʠ ʙʨʞʠ ʟʘ ʩʠʤʫʣʠʨʘˁʝ, ʦʜ 

RTL ʦʧʠʩʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. 

ʄʝʪʦʜʦʣʦʛʠʿʝ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʙʘʟʠʨʘʥʝ ʥʘ ʤʝʪʦʜʠ 

ʩʠʤʫʣʘʮʠʿʝ ʩʝ ʦʩʣʘˁʘʿʫ ʥʘ ʬʫʥʢʮʠʦʥʘʣʥʝ ʤʦʜʝʣʝ DRAM ʢʦʣʘ ʠ ʜʝʣʦʚʘ ʤʝʤʦʨʠʿʩʢʦʛ 

ʧʦʜʩʠʩʪʝʤʘ, ʧʨʝ ʩʚʝʛʘ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. ʇʦʤʦ˂ʫ ʠʥʪʝʨʥʠʭ ʩʠʛʥʘʣʘ ʤʦʜʝʣʘ 

ʠʜʝʥʪʠʬʠʢʫʿʫ ʩʝ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʩʪʘˁʘ ʠ ʥʘ ʦʩʥʦʚʫ ˁʠʭ ʩʝ ʨʘʯʫʥʘʿʫ ʧʘʨʘʤʝʪʨʠ 

ʤʝʤʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʧʨʠ ʯʝʤʫ ʿʝ ʩʘʤ ʤʦʜʝʣ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʥʝʟʘʚʠʩʪʘʥ ʦʜ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ. 
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DRAMsim [44] ʠ ˁ ʝʛʦʚ ʥʘʩʣʝʜʥʠʭ DRAMsim2 [45] ʩʫ ʧʨʠʤʝʨʠ 

ʩʠʤʫʣʘʮʠʦʥʠʭ ʦʢʨʫʞʝˁʘ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʜʘ ʩʝ ʨʘʜ ʤʝʤʦʨʠʿʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ ʤʦʞʝ 

ʩʠʤʫʣʠʨʘʪʠ ʩʘ ʪʘʯʥʦʰ˂ʫ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ. ʋ ʦʢʚʠʨʫ ʩʠʤʫʣʘʮʠʦʥʦʛ ʦʢʨʫʞʝˁʘ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʩʫ ʤʦʜʝʣʠ DRAM ʤʝʤʦʨʠʿʩʢʠʭ ʢʦʣʘ, ʢʘʦ ʠ ʮʝʣʦʛ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʩʘ ʩʝʢʚʝʥʮʝʨʦʤ DRAM ʢʦʤʘʥʜʠ ʠ ʢʦʤʘʥʜʥʠʤ ʙʘʬʝʨʠʤʘ ʟʘ ʩʚʘʢʫ ʙʘʥʢʫ. 

ʄʦʜʝʣʠ ʧʦʜʨʞʘʚʘʿʫ DDR2 ʠ DDR3 ʧʨʦʪʦʢʦʣʝ. DRAMsim ʢʦʨʠʩʪʠ Ăʪʘʙʝʣʫ 

ʧʨʦʪʦʢʦʣʘñ ʢʘʢʦ ʙʠ ʩʝ ʨʘʯʫʥʘʣʘ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʠʟʤʝʹʫ ʧʘʨʦʚʘ DRAM 

ʢʦʤʘʥʜʠ ʫ ʮʠˀʫ ʚʝʨʠʬʠʢʘʮʠʿʝ ʩʘʛʣʘʩʥʦʩʪʠ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ DRAM ʧʨʦʪʦʢʦʣʦʤ. 

ʄʝʹʫʪʠʤ, DRAMsim ʥʝ ʠʤʧʣʝʤʝʥʪʠʨʘ ʥʝʢʠ ʦʜʨʝʹʝʥʠ ʤʦʜʝʣ DRAM ʧʝʨʬʦʨʤʘʥʩʠ 

ʠ ʩʪʦʛʘ ʥʝ ʛʝʥʝʨʠʰʝ ʨʝʟʫʣʪʘʪʝ ʢʦʿʠ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʫ ʧʨʘʢʩʠ, ʦʩʠʤ ʤʝʪʨʠʢʝ 

ʙʘʟʠʨʘʥʝ ʥʘ ʜʠʨʝʢʪʥʦ ʦʧʩʝʨʚʘʙʠʣʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʦʪʦʢ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. 

Ramulator [46] ʿʝ ʬʫʥʢʮʠʦʥʘʣʥʠ DRAM ʩʠʤʫʣʘʪʦʨ ʢʦʿʠ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥ ʪʘʢʦ 

ʜʘ ʩʝ ʣʘʢʦ ʤʦʞʝ ʧʨʦʰʠʨʠʪʠ ʢʘʢʦ ʙʠ ʧʦʜʨʞʘʦ ʥʝʢʠ ʥʦʚ DRAM ʧʨʦʪʦʢʦʣ. ʊʨʝʥʫʪʥʦ 

ʧʦʜʨʞʘʚʘ ʚʝ˂ʠʥʫ ʥʦʚʠʿʠʭ ʧʨʦʪʦʢʦʣʘ, ʫʢˀʫʯʫʿʫ˂ʠ DDR3/4, LPDDR3/4, GDDR5, 

Wide I/O 1/2 ʠ HBM, ʢʘʦ ʠ ʥʝʢʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʨʦʪʦʢʦʣʝ. ɸʫʪʦʨʠ ʥʘʚʦʜʝ ʜʘ ʿʝ 

ʦʢʦ 3 ʧʫʪʘ ʙʨʞʠ ʦʜ DRAMsim2 ʩʠʤʫʣʘʪʦʨʘ. ʅʠ ʦʚʘʿ ʩʠʤʫʣʘʪʦʨ ʥʝ ʠʤʧʣʝʤʝʥʪʠʨʘ 

ʦʜʨʝʹʝʥʠ ʤʦʜʝʣ DRAM ʧʝʨʬʦʨʤʘʥʩʠ, ʢʘʦ ʥʠ DRAMsim. 

ʋ ʧʨʘʢʩʠ, ʤʝʪʦʜʦʣʦʛʠʿʝ ʙʘʟʠʨʘʥʝ ʥʘ ʧʨʠʤʝʥʠ ʤʝʪʦʜʝ ʩʠʤʫʣʘʮʠʿʝ ʠʤʘʿʫ ʚʠʰʝ 

ʥʝʜʦʩʪʘʪʘʢʘ. ʇʨʝ ʩʚʝʛʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʢʨʝʠʨʘˁʝ ʪʘʯʥʦʛ ʤʦʜʝʣʘ ʤʝʤʦʨʠʿʩʢʦʛ 

ʧʦʜʩʠʩʪʝʤʘ, ʢʘʦ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʦʢʨʫʞʝˁʝ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʪʦʤ 

ʤʦʜʝʣʫ. ɸʢʦ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʫ ʩʚʠʤ ʝʣʝʤʝʥʪʠʤʘ ʥʝ ʦʜʛʦʚʘʨʘ ʩʪʚʘʨʥʦʤ ʩʠʩʪʝʤʫ, 

ʨʝʟʫʣʪʫʿʫ˂ʠ ʤʝʤʦʨʠʿʩʢʠ ʩʘʦʙʨʘ˂ʘʿ ʥʝ˂ʝ ʙʠʪʠ ʚʝʨʦʜʦʩʪʦʿʘʥ, ʧʘ ʥʠʿʝ ʤʦʛʫ˂ʝ ʧʦʫʟʜʘʥʦ 

ʤʝʨʠʪʠ ʥʠ ʘʥʘʣʠʟʠʨʘʪʠ ʧʝʨʬʦʨʤʘʥʩʝ ʤʝʤʦʨʠʿʝ. ʊʘʢʦʹʝ, ʛʝʥʝʨʠʩʘˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ 

ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʿʝ ʯʝʩʪʦ ʥʝʧʨʝʤʦʩʪʠʚ ʧʨʦʙʣʝʤ, ʿʝʨ ʩʝ ʫʪʠʮʘʿʠ ʨʘʟʣʠʯʠʪʠʭ 

ʝʣʝʤʝʥʘʪʘ ʩʠʩʪʝʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʨʘʜ ʦʧʝʨʘʪʠʚʥʦʛ ʩʠʩʪʝʤʘ ʠ ʩʠʤʫʣʪʘʥʠ ʨʘʜ 

ʨʘʟʣʠʯʠʪʠʭ ʢʦʤʧʦʥʝʥʪʠ, ʪʝʰʢʦ ʤʦʜʝʣʠʨʘʿʫ. ɱʦʰ ʿʝʜʘʥ ʧʦʪʝʥʮʠʿʘʣʥʠ ʧʨʦʙʣʝʤ ʿʝ 

ʰʪʦ, ʩ ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʧʦʪʨʝʙʥʠ ʨʝʟʫʣʪʘʪʠ ʛʝʥʝʨʠʰʫ ʜʠʥʘʤʠʯʢʠ ʫ ʪʦʢʫ ʩʠʤʫʣʘʮʠʿʝ, 

ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ ʩʚʘʢʝ ʤʝʤʦʨʠʿʩʢʝ ʩʝʢʚʝʥʮʝ ʟʘʭʪʝʚʘ ʥʦʚʦ ʧʦʢʨʝʪʘˁʝ 

ʩʠʤʫʣʘʮʠʿʝ. ʊʦ ʯʝʩʪʦ ʠʤʘ ʚʝʣʠʢʫ ʮʝʥʫ ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʫʞʠʥʫ ʪʨʘʿʘˁʘ 

ʩʠʤʫʣʘʮʠʿʘ ʠ ʨʝʩʫʨʩʝ ʢʦʿʠ ʩʝ ʧʨʠ ʪʦʤ ʘʥʛʘʞʫʿʫ. 
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ʂʦʥʘʯʥʦ, ʤʝʪʦʜʘ ʩʠʤʫʣʘʮʠʿʝ ʩʘʤʘ ʧʦ ʩʝʙʠ ʥʝ ʜʝʬʠʥʠʰʝ ʦʜʨʝʹʝʥʠ ʤʦʜʝʣ 

DRAM ʧʝʨʬʦʨʤʘʥʩʠ, ʤʝʪʨʠʢʫ ʟʘ ʤʝʨʝˁʝ DRAM ʧʝʨʬʦʨʤʘʥʩʠ, ʥʠʪʠ ʦʤʦʛʫ˂ʘʚʘ 

ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʜʦʙʠʿʝʥʠʭ ʨʝʟʫʣʪʘʪʘ. ʉʚʘ ʦʚʘ ʧʠʪʘˁʘ ʤʦʨʘʿʫ 

ʙʠʪʠ ʨʝʰʝʥʘ ʥʝʟʘʚʠʩʥʦ, ʫ ʦʢʚʠʨʫ ʤʝʪʦʜʦʣʦʛʠʿʝ. 

3.1.3 ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʪʘʯʥʦʿ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ ʮʠʢʣʫʩʘ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʥʘ ʩʣʦʙʦʜʥʝ, ʘʢʪʠʚʥʝ ʠ ʨʝʞʠʿʩʢʝ. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʩʝ ʨʘʜʠ 

ʧʦʤʦ˂ʫ ʥʦʚʦʛ ʤʦʜʝʣʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʧʦʜ ʥʘʟʠʚʦʤ ACDC (ʧʦʛʣʘʚˀʝ 

4). ACDC ʤʦʜʝʣ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʥʘ ʦʩʥʦʚʫ ʚʨʝʤʝʥʩʢʠʭ 

ʦʛʨʘʥʠʯʝˁʘ ʩʧʝʮʠʬʠʮʠʨʘʥʠʭ DRAM ʧʨʦʪʦʢʦʣʦʤ. ʄʦʜʝʣ ʠʤʘ ʦʙʣʠʢ ʢʦʥʘʯʥʦʛ 

ʘʫʪʦʤʘʪʘ ʢʦʿʠ ʿʝ ʧʘʨʘʤʝʪʨʠʟʦʚʘʥ ʪʘʢʦ ʜʘ ʤʦʞʝ ʜʘ ʧʦʜʨʞʠ ʨʘʟʣʠʯʠʪʝ ʚʨʩʪʝ DRAM 

ʫʨʝʹʘʿʘ, ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʤʝʤʦʨʠʿʝ ʠ ʚʨʝʜʥʦʩʪʠ ʚʨʝʤʝʥʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʰʪʦ 

ʟʥʘʯʘʿʥʦ ʧʦʚʝ˂ʘʚʘ ʝʬʠʢʘʩʥʦʩʪ ʫ ʧʨʠʤʝʥʠ ʠ ʧʦʿʝʜʥʦʩʪʘʚˀʫʿʝ ʫʧʦʪʨʝʙʫ. 

ʋ ʦʢʚʠʨʫ ʤʝʪʦʜʦʣʦʛʠʿʝ ʿʝ ʧʨʝʜʣʦʞʝʥʘ ʧʦʪʧʫʥʦ ʥʦʚʘ ʤʝʪʨʠʢʘ ʟʘ ʤʝʨʝˁʝ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ, ʢʦʿʘ ʿʝ ʧʨʠʤʝʥˀʠʚʘ ʠ ʥʘ ʢʦʥʪʨʦʣʥʫ ʤʘʛʠʩʪʨʘʣʫ ʠ ʥʘ 

ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ. ʅʘ ʦʩʥʦʚʫ ʥʦʚʝ ʤʝʪʨʠʢʝ ʿʝ ʜʝʬʠʥʠʩʘʥ ʠ ʤʝʪʦʜ ʟʘ ʪʘʯʥʫ 

ʜʠʥʘʤʠʯʢʫ ʧʨʦʮʝʥʫ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ, ʯʠʤʝ ʩʝ ʨʝʰʘʚʘ 

ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ. ʋʚʦʹʝˁʝʤ ʦʚʠʭ ʥʦʚʠʭ ʢʦʤʧʦʥʝʥʪʠ, 

ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʨʝʰʘʚʘ ʢˀʫʯʥʝ ʧʨʦʙʣʝʤʝ ʫ ʜʦʤʝʥʫ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. 

3.2 ʇʦʨʝʹʝˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʘ 

ʇʦʨʝʹʝˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʩʝ ʚʨʰʠ ʧʨʝʤʘ ʢʨʠʪʝʨʠʿʫʤʠʤʘ ʢʦʿʠ ʩʫ ʦʜ ʥʘʿʚʝ˂ʝʛ ʟʥʘʯʘʿʘ ʩʘ ʪʝʦʨʠʿʩʢʦʛ ʠ 

ʧʨʘʢʪʠʯʥʦʛ ʘʩʧʝʢʪʘ. ʋʧʦʨʝʹʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʩʫ ʠʟʘʙʨʘʥʝ ʢʘʦ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʝ ʥʘ 

ʦʩʥʦʚʫ ʧʨʠʤʝˁʝʥʠʭ ʤʝʪʦʜʘ ʠ ʤʦʜʝʣʘ DRAM ʧʝʨʬʦʨʤʘʥʩʠ. 

ɹʨʟʠʥʘ ʨʘʜʘ ʫ ʦʢʚʠʨʫ ʦʜʨʝʹʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʿʝ ʫ ʥʘʿʚʝ˂ʦʿ ʤʝʨʠ ʦʜʨʝʹʝʥʘ 

ʧʨʠʨʦʜʦʤ ʤʦʜʝʣʘ DRAM ʧʝʨʬʦʨʤʘʥʩʠ ʥʘ ʢʦʤ ʩʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʙʘʟʠʨʘ. ɸʥʘʣʠʪʠʯʢʠ 
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ʤʦʜʝʣʠ ʩʫ ʙʨʟʠ, ʿʝʨ ʟʘʭʪʝʚʘʿʫ ʤʠʥʠʤʘʣʥʦ ʧʨʦʮʝʩʠʨʘˁʝ ʟʘ ʩʚʘʢʫ ʪʨʘʥʩʘʢʮʠʿʫ, ʢʦʿʝ ʩʝ 

ʦʙʠʯʥʦ ʩʚʦʜʠ ʥʘ ʨʘʯʫʥʘˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʬʦʨʤʫʣʘ. ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣʠ ʩʫ 

ʠʥʭʝʨʝʥʪʥʦ ʩʧʦʨʠ, ʿʝʨ ʿʝ ʟʘ ʩʚʘʢʫ ʪʨʘʥʩʘʢʮʠʿʫ, ʠʣʠ ʿʦʰ ʯʝʰ˂ʝ, ʟʘ ʩʚʘʢʠ ʮʠʢʣʫʩ, 

ʧʦʪʨʝʙʥʦ ʩʠʤʫʣʠʨʘʪʠ ʨʘʜ ʯʠʪʘʚʦʛ ʤʝʤʦʨʠʿʩʢʦʛ ʧʦʜʩʠʩʪʝʤʘ (ʫ ʩʣʫʯʘʿʫ trace-driven 

ʩʠʤʫʣʘʮʠʿʘ) ʠʣʠ ʯʠʪʘʚʦʛ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ (ʫ ʩʣʫʯʘʿʫ execution-driven 

ʩʠʤʫʣʘʮʠʿʘ). ʄʦʜʝʣʠ ʙʘʟʠʨʘʥʠ ʥʘ ʨʘʜʫ ʢʦʥʘʯʥʦʛ ʘʫʪʦʤʘʪʘ ʩʫ ʙʨʟʠ, ʿʝʨ ʿʝ ʟʘ ʩʚʘʢʫ 

ʪʨʘʥʩʘʢʮʠʿʫ ʜʦʚʦˀʥʦ ʩʘʤʦ ʦʯʠʪʘʪʠ ʪʘʙʝʣʫ ʧʨʝʣʘʟʘ. 

ʋʣʘʟ RAD ʘʥʘʣʠʪʠʯʢʦʛ ʤʦʜʝʣʘ ʯʠʥʝ Read ʠ Write DRAM ʢʦʤʘʥʜʝ, ʢʘʦ ʠ 

ʚʨʝʤʝ ʧʦʿʘʚʝ ʢʦʤʘʥʜʠ ʥʘ ʢʦʥʪʨʦʣʥʦʿ ʤʘʛʠʩʪʨʘʣʠ, ʥʘ ʦʥʦʚʫ ʢʦʿʠʭ ʩʝ ʧʨʠʤʝʥʦʤ RAD 

ʤʝʪʨʠʢʝ ʨʘʯʫʥʘ ʤʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʢʦʿʝ ʤʦʨʘ ʧʨʦʪʝ˂ʠ ʠʟʤʝʹʫ ʩʚʘʢʝ ʦʜ ˁʠʭ. ʇʦʰʪʦ 

ʤʦʜʝʣ ʥʝ ʫʢˀʫʯʫʿʝ ʜʨʫʛʝ DRAM ʢʦʤʘʥʜʝ, ʯʘʢ ʥʠ ʢʦʤʙʠʥʦʚʘʥʝ ʢʦʤʘʥʜʝ ʟʘ ʯʠʪʘˁʝ 

ʠ ʫʧʠʩ (Read with Auto-precharge ʠ Write with Auto-precharge), ˁʝʛʦʚʘ ʧʨʠʤʝʥʘ ʫ 

ʤʥʦʛʠʤ ʜʦʤʝʥʠʤʘ ʿʝ ʣʠʤʠʪʠʨʘʥʘ. 

ʋʣʘʟ DRAMsim ʠ Ramulator ʤʦʜʝʣʘ ʯʠʥʝ ʟʘʭʪʝʚʠ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʠ ʢʦʿʠ 

ʩʪʠʞʫ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʪʨʦʣʝʨʫ. ʀʥʪʝʨʥʠ ʤʦʜʝʣ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʩʠʤʫʣʠʨʘ 

ʧʨʦʮʝʩ ʘʨʙʠʪʨʠʨʘˁʘ ʠʟʤʝʹʫ ʦʚʠʭ ʟʘʭʪʝʚʘ ʠ ʚʨʰʠ ˁʠʭʦʚʦ ʩʝʢʚʝʥʮʠʨʘˁʝ ʫ ʥʠʟ 

DRAM ʢʦʤʘʥʜʠ ʢʦʿʠ ʩʝ ʰʘˀʫ ʥʘ ʤʝʤʦʨʠʿʩʢʫ ʤʘʛʠʩʪʨʘʣʫ. DRAMsim ʠ Ramulator 

ʠʤʧʣʝʤʝʥʪʠʨʘju ʩʚʝʦʙʫʭʚʘʪʥʠʿe ʤʦʜʝʣe ʟʘ ʨʘʯʫʥʘˁʝ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʥʝʛʦ RAD 

ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ. DRAMsim ʤʦʜʝʣ ʫʢˀʫʯʫʿʝ ʠ Activate, Precharge ʠ Refresh 

ʢʦʤʘʥʜʝ, ʘʣʠ ʥʝʢʝ ʢʦʤʙʠʥʦʚʘʥʝ ʢʦʤʘʥʜʝ ʠ ʜʘˀʝ ʥʝʜʦʩʪʘʿʫ, ʢʘʦ ʰʪʦ ʩʫ Read with 

Auto-precharge, Write with Auto-precharge ʠ Precharge all banks, ʜʦʢ Ramulator 

ʧʦʜʨʞʘʚʘ ʮʝʦ ʩʢʫʧ DRAM ʢʦʤʘʥʜʠ. ʊʘʢʦʹʝ, ʢʦʜ DRAMsim ʥʠʩʫ ʨʘʟʤʦʪʨʝʥʠ ʠ ʥʝʢʠ 

ʩʧʝʮʠʿʘʣʥʠ ʩʣʫʯʘʿʝʚʠ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʝʣʘʟ ʦʜ Read ʥʘ Write ʢʦʤʘʥʜʫ ʢʘʜʘ ʩʝ 

ʘʜʨʝʩʠʨʘʿʫ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʨʘʥʢʘ ʠʣʠ ʧʨʝʢʠʥʫʪʝ ʢʦʤʘʥʜʝ ʯʠʪʘˁʘ ʠ ʧʠʩʘˁʘ ʢʘʜʘ ʿʝ 

ʜʫʞʠʥʘ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʿʝʜʥʘʢʘ 8. ɿʘ ʧʦʜʨʞʘʥʝ ʧʨʦʪʦʢʦʣʝ, 

ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣʠ ʩʫ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʬʫʥʢʮʠʦʥʘʣʥʦ ʪʘʯʥʠ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ. 

DRAMsim ʠ Ramulator ʥʝ ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʥʠ ʿʝʜʘʥ ʦʜʨʝʹʝʥ ʤʦʜʝʣ DRAM 

ʧʝʨʬʦʨʤʘʥʩʠ, ʪʘʢʦ ʜʘ ʩʝ ʤʝʪʨʠʢʝ ʢʦʿʝ ʩʝ ʥʝ ʜʦʙʠʿʘʿʫ ʜʠʨʝʢʪʥʦ ʥʘ ʦʩʥʦʚʫ 

ʦʧʩʝʨʚʘʙʠʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ, ʢʘʦ ʰʪʦ ʩʫ ʠʩʢʦʨʠʰ˂ʝˁʝ ʠ ʝʬʠʢʘʩʥʦʩʪ, ʥʝ ʤʦʛʫ ʤʝʨʠʪʠ. 

ʏʘʢ ʠ ʢʘʜʘ ʙʠ ʪʘʙʝʣʘ ʧʨʦʪʦʢʦʣʘ ʙʠʣʘ  ʢʦʤʧʣʝʪʥʘ ʠ ʪʘʯʥʘ, ʧʝʨʬʦʨʤʘʥʩʝ ʙʘʟʠʨʘʥʝ ʥʘ 

ʠʟʤʝʨʝʥʠʤ (ʥʝʦʧʩʝʨʚʘʙʠʣʥʠʤ) ʨʝʞʠʿʩʢʠʤ ʮʠʢʣʫʩʠʤʘ ʥʝ ʙʠ ʙʠʣʝ ʧʦʪʧʫʥʦ ʪʘʯʥʝ. ɿʘ 
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ʪʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʠ ʤʦʜʝʣ ʧʝʨʬʦʨʤʘʥʩʠ ʙʫʜʝ ʪʘʯʘʥ ʠ ʜʘ ʫ ʩʝʙʠ ʫʢˀʫʯʫʿʝ ʥʝ ʩʘʤʦ 

command-command, ʚʝ˂ ʠ data-data ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ (ʚʠʜʠ ʧʦʛʣʘʚˀʝ 4.3). 

ACDC ʤʦʜʝʣ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʫ ʚʠʜʫ ʢʦʥʘʯʥʦʛ ʘʫʪʦʤʘʪʘ. 

ʆʚʘʢʚʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʠʤʘ ʥʠʟʘʢ ʥʠʚʦ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʠ ʟʘʭʪʝʚʘ ʟʥʘʪʥʦ ʤʘˁʠ 

ʥʘʧʦʨ ʧʨʠ ʢʦʨʠʰ˂ʝˁʫ ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʝ ʙʘʟʠʨʘʥʝ ʥʘ ʤʝʪʦʜʠ ʩʠʤʫʣʘʮʠʿʝ. 

ʋʣʘʟʥʠ ʧʦʜʘʮʠ ʤʦʜʝʣʘ ʩʫ DRAM ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ʊʦ ʿʝ 

ʜʦʙʨʦ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʦʧʩʝʨʚʘʙʠʣʥʦʩʪʠ, ʿʝʨ ʿʝ ʠʥʪʝʨʬʝʿʩ ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʠ DRAM ʤʝʤʦʨʠʿʝ ʪʠʧʠʯʥʦ ʜʦʩʪʫʧʘʥ ʟʘ ʢʦʨʠʩʥʠʢʘ, ʢʘʢʦ ʫ ʦʢʚʠʨʫ 

ʨʘʟʚʦʿʥʦʛ ʦʢʨʫʞʝˁʘ, ʪʘʢʦ ʠ ʫ ʬʠʟʠʯʢʦʤ ʩʠʩʪʝʤʫ. ʉʣʠʯʥʦ ʚʘʞʠ ʠ ʟʘ ʦʧʩʝʨʚʘʙʠʣʥʦʩʪ 

DRAM ʢʦʤʘʥʜʠ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ RAD ʘʥʘʣʠʪʠʯʢʦʤ ʤʦʜʝʣʫ. ACDC ʤʦʜʝʣ ʠ RAD 

ʤʦʜʝʣ ʩʫ ʥʝʟʘʚʠʩʥʠ ʦʜ ʘʨʭʠʪʝʢʪʫʨʝ ʠ ʜʠʟʘʿʥʘ ʩʠʩʪʝʤʘ ʥʘ ʢʦʤʝ ʩʝ ʛʝʥʝʨʠʰʫ 

ʪʨʘʥʩʘʢʮʠʿʝ, ʧʘ ʤʦʛʫ ʜʘ ʧʨʦʮʝʩʠʨʘʿʫ ʪʨʘʥʩʘʢʮʠʿʝ ʠʟ ʧʨʦʠʟʚʦˀʥʠʭ ʠʟʚʦʨʘ ʠ ʜʘ ʙʫʜʫ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʣʘʪʬʦʨʤʘʤʘ. 

ʅʘʩʫʧʨʦʪ ʪʦʤʝ, ʠʥʪʝʨʬʝʿʩ ʠʟʤʝʹʫ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʠ ʦʩʪʘʣʠʭ ʜʝʣʦʚʘ 

ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ ʧʨʝʢʦ ʢʦʛʘ ʜʦʣʘʟʝ ʟʘʭʪʝʚʠ ʟʘ ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʠ, ʰʪʦ ʿʝ ʤʝʩʪʦ 

ʛʜʝ ʩʝ ʩʢʫʧˀʘʿʫ ʫʣʘʟʥʝ ʪʨʘʥʩʘʢʮʠʿʝ ʫ DRAMsim ʤʦʜʝʣʫ, ʥʘʿʯʝʰ˂ʝ ʥʠʿʝ ʣʘʢʦ 

ʜʦʩʪʫʧʘʥ. ʆʚʘʿ ʠʥʪʝʨʬʝʿʩ ʤʦʞʝ ʙʠʪʠ ʠʥʪʝʛʨʘʣʥʠ ʜʝʦ ʚʝ˂ʝ IP ʮʝʣʠʥʝ, ʢʘʦ ʰʪʦ ʿʝ CPU 

ʠʣʠ SOC, ʰʪʦ ʛʘ ʤʦʞʝ ʯʠʥʠʪʠ ʥʝʜʦʩʪʫʧʥʠʤ ʫ ʨʘʟʚʦʿʥʦʤ ʦʢʨʫʞʝˁʫ, ʥʧʨ. ʘʢʦ 

ʠʟʚʦʨʥʠ ʢʦʜ ʥʠʿʝ ʜʦʩʪʫʧʘʥ ʟʙʦʛ ʟʘʰʪʠʪʝ ʠʥʪʝʣʝʢʪʫʘʣʥʝ ʩʚʦʿʠʥʝ, ʠʣʠ ʫ ʬʠʟʠʯʢʦʤ 

ʩʠʩʪʝʤʫ, ʛʜʝ ʥʧʨ. ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʮʝʣʦʛ ʩʠʩʪʝʤʘ ʤʦʞʝ ʙʠʪʠ ʥʘ ʿʝʜʥʦʤ ʯʠʧʫ, ʪʘʢʦ 

ʜʘ ʩʝ ʠʥʪʝʨʥʠʤ ʠʥʪʝʨʬʝʿʩʠʤʘ ʥʝ ʤʦʞʝ ʬʠʟʠʯʢʠ ʧʨʠʩʪʫʧʠʪʠ. ʇʦʨʝʜ ʪʦʛʘ, ʟʙʦʛ 

ʠʥʭʝʨʝʥʪʥʝ ʟʘʚʠʩʥʦʩʪʠ ʢʦʿʘ ʧʦʩʪʦʿʠ ʠʟʤʝʹʫ ʫʣʘʟʥʠʭ ʟʘʭʪʝʚʘ, ʜʠʟʘʿʥʘ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʠ DRAM ʧʝʨʬʦʨʤʘʥʩʠ, ʩʠʤʫʣʠʨʘˁʝ ʦʙʨʘʜʝ ʟʘʭʪʝʚʘ ʢʦʿʠ ʩʫ ʛʝʥʝʨʠʩʘʥʠ 

ʥʘ ʿʝʜʥʦʿ ʧʣʘʪʬʦʨʤʠ ʥʝ˂ʝ ʜʘʪʠ ʠʩʪʝ ʨʝʟʫʣʪʘʪʝ ʥʘ ʜʨʫʛʦʿ ʧʣʘʪʬʦʨʤʠ ʦʩʠʤ ʘʢʦ ʿʝ 

ʤʝʤʦʨʠʿʩʢʠ ʧʦʜʩʠʩʪʝʤ ʫ ʦʙʘ ʩʣʫʯʘʿʘ ʠʩʪʠ. 

ɼʦʜʘʪʥʘ ʤʝʪʦʜʦʣʦʰʢʘ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ RAD ʠ DRAMsim ʤʦʜʝʣʘ ʩʘ ʿʝʜʥʝ 

ʩʪʨʘʥʝ ʠ ACDC ʤʦʜʝʣʘ ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʿʝ ʰʪʦ ʩʝ ʧʨʚʘ ʜʚʘ ʤʦʜʝʣʘ ʙʘʟʠʨʘʿʫ ʥʘ 

ʬʫʥʢʮʠʦʥʘʣʥʦʿ ʠ ʚʨʝʤʝʥʩʢʦʿ ʘʥʘʣʠʟʠ ʛʝʥʝʨʠʯʢʦʛ DRAM ʢʦʣʘ, ʜʦʢ ʩʝ ACDC ʤʦʜʝʣ 

ʙʘʟʠʨʘ ʥʘ ʤʦʜʝʣʫ ʢʦʿʠ ʿʝ ʜʝʬʠʥʠʩʘʥ ʥʘ ʦʩʥʦʚʫ DRAM ʩʪʘʥʜʘʨʜʘ. ʆʚʘʿ ʜʨʫʛʠ 

ʧʨʠʩʪʫʧ ʠʤʘ ʚʠʰʝʩʪʨʫʢʝ ʧʨʝʜʥʦʩʪʠ. ʉʚʠ ʬʠʟʠʯʢʠ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʦʥʠ ʘʩʧʝʢʪʠ 

DRAM ʢʦʣʘ ʢʦʿʠ ʠʤʘʿʫ ʫʪʠʮʘʿ ʥʘ ʪʘʿʤʠʥʛ ʩʠʛʥʘʣʘ ʚʝ˂ ʩʫ ʘʧʩʪʨʘʭʦʚʘʥʠ ʫ ʦʢʚʠʨʫ 
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DRAM ʩʪʘʥʜʘʨʜʘ ʫ ʦʙʣʠʢʫ ʥʠʟʘ ʦʛʨʘʥʠʯʝˁʘ, ʪʘʢʦ ʜʘ ʿʝ ACDC ʤʦʜʝʣ ʧʦ ʜʝʬʠʥʠʮʠʿʠ 

ʤʠʥʠʤʘʣʘʥ, ʢʦʤʧʣʝʪʘʥ ʠ ʜʠʨʝʢʪʥʦ ʧʨʠʤʝʥˀʠʚ ʥʘ ʘʥʘʣʠʟʫ DRAM ʩʘʦʙʨʘ˂ʘʿʘ ʫ 

ʧʨʘʢʩʠ. ʅʘʩʫʧʨʦʪ ʪʦʤʝ, ʤʦʜʝʣʠ ʙʘʟʠʨʘʥʠ ʥʘ ʛʝʥʝʨʠʯʢʦʿ ʧʨʝʜʩʪʘʚʠ DRAM ʢʦʣʘ ʩʫ 

ʦʙʠʯʥʦ ʥʝʢʦʤʧʣʝʪʥʠ ʠ ʠʤʘʿʫ ʧʨʦʙʣʝʤʘ ʩʘ ʢʦʤʧʘʪʠʙʠʣʥʦʰ˂ʫ. ʅʘ ʧʨʠʤʝʨ, ʥʝʢʠ 

ʛʝʥʝʨʠʯʢʠ ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ DRAMsim ʦʢʨʫʞʝˁʫ ʙʠ ʥʘʿʧʨʝ 

ʤʦʨʘʣʠ ʜʘ ʙʫʜʫ ʬʦʨʤʘʣʥʦ ʠʥʪʝʨʧʨʝʪʠʨʘʥʠ, ʿʝʨ ʩʝ ʥʝ ʤʦʛʫ ʣʘʢʦ ʠʟʨʘʟʠʪʠ ʧʨʝʢʦ 

ʧʘʨʘʤʝʪʘʨʘ ʠʟ JEDEC DRAM ʩʧʝʮʠʬʠʢʘʮʠʿʘ. 

ʊʘʯʥʦʩʪ ʢʦʜ ʘʧʨʦʢʩʠʤʘʪʠʚʥʠʭ ʤʦʜʝʣʘ, ʢʘʦ ʰʪʦ ʩʫ ʘʥʘʣʠʪʠʯʢʠ, ʟʘʚʠʩʠ ʦʜ 

ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʄʦʜʝʣʠ ʩʘ ʠʥʭʝʨʝʥʪʥʦ ʥʠʞʦʤ ʪʘʯʥʦʰ˂ʫ ʤʦʛʫ ʜʘ ʜʘʿʫ ʜʦʚʦˀʥʦ 

ʪʘʯʥʝ ʨʝʟʫʣʪʘʪʝ ʘʢʦ ʿʝ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʪʘʢʚʦ ʜʘ ʥʝ ʠʩʪʠʯʝ ʩʣʘʙʦʩʪʠ ʤʦʜʝʣʘ. ʅʘ 

ʧʨʠʤʝʨ, RAD ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ˂ʝ ʜʘʪʠ ʨʝʟʫʣʪʘʪʝ ʚʝʦʤʘ ʚʝʣʠʢʝ ʪʘʯʥʦʩʪʠ ʘʢʦ ʩʝ 

ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʩʘʩʪʦʿʠ ʦʜ ʜʫʛʘʯʢʠʭ ʩʝʢʚʝʥʮʠ ʪʨʘʥʩʘʢʮʠʿʘ ʟʘ ʯʠʪʘˁʝ ʠ ʫʧʠʩ. 

ʆʜʛʦʚʦʨ ʥʘ ʧʠʪʘˁʝ ʜʘ ʣʠ ʿʝ ʪʘʯʥʦʩʪ ʥʝʢʦʛ ʤʦʜʝʣʘ ʧʨʠʭʚʘʪˀʠʚʘ ʟʘʚʠʩʠ ʦʜ ʪʦʛʘ ʢʘʢʚʘ 

ʘʥʘʣʠʟʘ ʿʝ ʧʦʪʨʝʙʥʘ, ʘʣʠ ʪʝʨʝʪ ʜʦʢʘʟʠʚʘˁʘ ʜʘ ʿʝ ʘʥʘʣʠʟʘ ʪʘʯʥʘ ʫʚʝʢ ʣʝʞʠ ʥʘ ʩʘʤʦʤ 

˸͔ͦ͒͡ RAD DRAMsim/Ramulator ACDC 

˸͔ͭͦ͒ ˢ͙͙ͤ͊ͭ͡;͙͟ ˿͙ͣͯ͊͡ͼ͙͊͞ ˴ͦͤ͊;͙ͤ ͊ͯͭͦͣ͊ͭ 

ˣ͙ͪͤ͊͘ ˣͪ͘ ˿ͨͦͪ ˣͪ͘ 

͙̂͊ͤ͘͡ ͨͦ͒͊ͼ͙ RW ͟ ͔ͦͣ͊ͤ͒ RW ͘ ͊ͻ͔͍͙ͭ DRAM ͭ ͪ͊ͤͫ͊͟ͼ͙͔͞ 

˴͔ͦͣͨͭͤͦͫͭ͡ ˹͔͔ͦͣͨͭ͊ͤ͟͡ ˨͔͙͙ͣ͡;ͤͦκ˴͔ͦͣͨͭ͊ͤ͡ ˴͔ͦͣͨͭ͊ͤ͡ 

˻͔͍͙ͨͫͪ͊͋ͤͦͫͭ͡ ͔ͨ͊ͪ͊ͣͭ͊ͪ͊ ˿ͨͦͤ͊͢ ̂ͤͯͭͪ͊΄ͥ͊ ˿ͨͦͤ͊͢ 

DRAM ͨ ͔͙͊ͪ͊ͣͭͪ ˥͔͔͙ͤͪ;͙͟ DRAM ˥͔͔͙ͤͪ;͙͟ DRAM/  
DRAM ͫ ͔ͨͼ͙ͺ͙͊͟ͼ͙͊͞ 

DRAM ͫ ͔ͨͼ͙ͺ͙͊͟ͼ͙͊͞ 

˴ͦͣͨ͡ ͔ͫͤͦͫͭ͟ ˹͙ͫ͊͟ ˤ͙ͫͦ͊͟ ˹͙ͫ͊͟ 

˹͊ͨͦͪ ͔ͨͦͭͪ͋͊ͤ ͊͘ ͙ͦͪ͟΄ΐ͔͔ͥ ˿͔͙ͪ͒ͥ ˤ͙ͫͦ͟ ˹͙͊͘͟ 

˭͍͙͊ͫͤͦͫͭ ͦ͒ ͨ͊ͭ͡ͺ͔ͦͪͣ ˹͔͍͙͊ͫ͊ͤ͘ ˭͍͙͊ͫ͊ͤ ˹͔͍͙͊ͫ͊ͤ͘ 

˽͔͙͍ͪͤͦͫͦͫͭ ˤ͙ͫͦ͊͟ ˹͙ͫ͊͟ ˤ͙ͫͦ͊͟ 

́͊;ͤͦͫͭ ˢ͙͙͍ͨͪͦͫͣ͊ͭ͊͟ ͤ ́͊;͊ͤ ́͊;͊ͤ 

˽ͪͦͼ͔ͤ͊ ͙ͣ͊ͫͣͯͣ͊͟ ͔ͨͪͺͦͪͣ. ˢ͙͙͍ͨͪͦͫͣ͊ͭ͊ͤ͟ ˹˩˸ˢ ́͊;͊ͤ 

ʊʘʙʝʣʘ 3.1 ï ʇʦʨʝʹʝˁʝ ʩʘ ʧʦʩʪʦʿʝ˂ʠʤ ʤʝʪʦʜʦʣʦʛʠʿʘʤʘ 
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ʢʦʨʠʩʥʠʢʫ. ʆʚʘʿ ʧʨʦʙʣʝʤ ʥʠʿʝ ʪʨʠʚʠʿʘʣʘʥ ʠ ʤʦʞʝ ʩʝ ʧʦʪʧʫʥʦ ʝʣʠʤʠʥʠʩʘʪʠ ʩʘʤʦ 

ʧʨʠʤʝʥʦʤ ʤʦʜʝʣʘ ʩʘ ʪʘʯʥʦʰ˂ʫ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ. 

ʏʘʢ ʠ ʢʘʜʘ ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʪʘʯʥʦ ʠʟʤʝʨʝʥʝ, ʘʢʦ ʥʠʿʝ ʤʦʛʫ˂ʝ ʥʘ˂ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʪʝʦʨʠʿʩʢʠ ʤʘʢʩʠʤʫʤ, ʿʘʚˀʘ ʩʝ ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ. ʆʜ 

ʩʚʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ, ʿʝʜʠʥʦ ʤʝʪʦʜʦʣʦʛʠʿʘ ʙʘʟʠʨʘʥʘ ʥʘ ACDC ʤʦʜʝʣʫ ʦʤʦʛʫ˂ʘʚʘ 

ʪʘʯʥʫ ʧʨʦʮʝʥʫ ʪʝʦʨʠʿʩʢʦʛ ʤʘʢʩʠʤʫʤʘ ʥʘ ʙʠʣʦ ʢʦʤ ʥʠʚʦʫ ʛʨʘʥʫʣʘʨʥʦʩʪʠ. ʇʨʝʛʣʝʜ 

ʢˀ ʫʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʧʦʨʝʹʝʥʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ ʿʝ ʜʘʪ ʫ ʊʘʙʝʣʠ 3.1. 
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4 ʄʦʜʝʣʦʚʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʘ 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʩʝ 

ʙʘʟʠʨʘ ʥʘ ʥʦʚʦʤ ʤʦʜʝʣʫ DRAM ʧʝʨʬʦʨʤʘʥʩʠ ʧʦʜ ʥʘʟʠʚʦʤ ACDC (ʝʥʛ. Accurate 

Characterization of DRAM Cycles)8. ACDC ʤʦʜʝʣ ʦʙʝʟʙʝʹʫʿʝ ʬʦʨʤʘʣʥʠ ʤʝʭʘʥʠʟʘʤ 

ʟʘ ʿʝʜʥʦʟʥʘʯʥʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʢʘʦ ʩʣʦʙʦʜʥʠʭ, 

ʘʢʪʠʚʥʠʭ ʠʣʠ ʨʝʞʠʿʩʢʠʭ. ʊʠʤʝ ʩʝ ʨʝʰʘʚʘ ʿʝʜʘʥ ʦʜ ʢʨʠʪʠʯʥʠʭ ʧʨʦʙʣʝʤʘ ʫ ʘʥʘʣʠʟʠ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ï ʥʝʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʨʘʟʣʠʢʫʿʫ ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ ʦʜ 

ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ. 

ʄʦʜʝʣ ʿʝ ʙʘʟʠʨʘʥ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʥʦʤ ʟʘʧʘʞʘˁʫ ʜʘ ʩʝ ʨʘʜ DRAM ʤʝʤʦʨʠʿʝ 

ʥʘ ʥʠʚʦʫ DRAM ʧʨʦʪʦʢʦʣʘ, ʦʜʥʦʩʥʦ ʥʘ ʥʠʚʦʫ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ 

ʤʘʛʠʩʪʨʘʣʠ, ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʧʦʤʦ˂ʫ ʢʦʥʘʯʥʦʛ ʘʫʪʦʤʘʪʘ (ʝʥʛ. finite state machine). 

ʉʪʘˁʘ ʦʚʦʛ ʘʫʪʦʤʘʪʘ ʦʜʛʦʚʘʨʘʿʫ DRAM ʢʦʤʘʥʜʘʤʘ, ʜʦʢ ʩʫ ʧʨʝʣʘʟʠ ʠʟʤʝʹʫ ʢʦʤʘʥʜʠ, 

ʦʜʥʦʩʥʦ ʠʟʤʝʹʫ ʩʪʘˁʘ ʘʫʪʦʤʘʪʘ, ʫʩʣʦʚˀʝʥʠ ʪʨʝʥʫʪʥʠʤ ʩʪʘʪʫʩʦʤ DRAM ʤʝʤʦʨʠʿʝ, 

ʘʜʨʝʩʦʤ ʥʘʨʝʜʥʝ ʢʦʤʘʥʜʝ ʠ ʚʨʝʤʝʥʩʢʠʤ ʦʛʨʘʥʠʯʝˁʠʤʘ ʜʘʪʠʤ ʫ ʩʧʝʮʠʬʠʢʘʮʠʿʠ 

DRAM ʢʦʣʘ. ʆʚʘʿ ʢʦʥʘʯʥʠ ʘʫʪʦʤʘʪ ʩʝ ʤʦʞʝ ʪʨʘʥʩʬʦʨʤʠʩʘʪʠ ʫ ʢʦʥʘʯʥʠ ʘʫʪʦʤʘʪ ʩʘ 

ʠʩʪʠʤ ʩʪʘˁʠʤʘ ʠ ʠʩʪʠʤ ʧʨʝʣʘʟʠʤʘ ʠʟʤʝʹʫ ʩʪʘˁʘ, ʢʦʤʝ ʿʝ ʫʣʘʟ ʪʨʝʥʫʪʥʠ ʩʪʘʪʫʩ 

DRAM ʤʝʤʦʨʠʿʝ ʠ ʘʜʨʝʩʘ ʥʘʨʝʜʥʝ ʢʦʤʘʥʜʝ, ʘ ʠʟʣʘʟ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʚʨʝʤʝʥʩʢʘ 

ʦʛʨʘʥʠʯʝˁʘ. ʇʦʤʦ˂ʫ ʦʚʘʢʦ ʪʨʘʥʩʬʦʨʤʠʩʘʥʦʛ ʢʦʥʘʯʥʦʛ ʘʫʪʦʤʘʪʘ, ʧʨʠʤʝʥʦʤ 

                                                 

 
8 ʅʘʟʠʚ ʿʝ ʠʟʘʙʨʘʥ ʩʘ ʥʘʤʝʨʦʤ ʜʘ ʘʩʦʮʠʨʘ ʥʘ ʘʢʨʦʥʠʤ AC/DC (ʝʥʛ. Alternate Current / Direct Current) 

ʢʦʿʠ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʥʘ ʠʩʧʨʘʚˀʘʯʢʠʤ ʫʨʝʹʘʿʠʤʘ, ʪʿ. ʫʨʝʹʘʿʠʤʘ ʢʦʿʠ ʚʨʰʝ ʧʨʝʪʚʘʨʘˁʝ ʥʘʠʟʤʝʥʠʯʥʝ 

ʫ ʿʝʜʥʦʩʤʝʨʥʫ ʩʪʨʫʿʫ, ʿʝʨ ʧʦʜʩʝ˂ʘ ʥʘ ʪʦ ʢʘʢʦ ACDC ʤʦʜʝʣ ʧʨʝʪʚʘʨʘ Ăʥʘʠʟʤʝʥʠʯʥʝñ ʜʠʥʘʤʠʯʢʝ 

ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʫ Ăʿʝʜʥʦʩʤʝʨʥʝñ ʢʘʨʘʢʪʝʨʠʟʦʚʘʥʝ ʤʝʤʦʨʠʿʩʢʝ ʮʠʢʣʫʩʝ. 
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ʘʣʛʦʨʠʪʤʘ ʜʝʬʠʥʠʩʘʥʦʛ ʫ ACDC ʤʦʜʝʣʫ, ʤʦʛʫ˂ʝ ʿʝ ʧʦʪʦʤ ʠʟʨʰʠʪʠ ʿʝʜʥʦʟʥʘʯʥʫ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʮʠʢʣʫʩʘ. 

4.1 ʆʛʨʘʥʠʯʝˁʘ ʫ DRAM  ʧʨʦʪʦʯʥʦʿ ʦʙʨʘʜʠ 

DRAM ʧʨʦʪʦʯʥʘ ʦʙʨʘʜʘ ʠʤʘ ʦʛʨʘʥʠʯʝˁʘ ʫ ʚʠʜʫ ʨʝʜʦʩʣʝʜʘ ʜʦʛʘʹʘʿʘ ʠ 

ʚʨʝʤʝʥʩʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʠʟʤʝʹʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʜʦʛʘʹʘʿʘ ʢʦʿʠ ʩʝ ʤʦʨʘʿʫ ʧʦʰʪʦʚʘʪʠ 

ʢʘʢʦ ʙʠ ʨʘʜ DRAM ʢʦʣʘ ʙʠʦ ʠʩʧʨʘʚʘʥ. ʇʦʜ ʜʦʛʘʹʘʿʝʤ ʩʝ ʦʚʜʝ ʧʦʜʨʘʟʫʤʝʚʘ 

ʘʢʪʠʚʠʨʘˁʝ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʩʢʫʧʘ ʢʦʥʪʨʦʣʥʠʭ ʩʠʛʥʘʣʘ (ʧʦʧʫʪ ʦʥʠʭ ʥʘ ʉʣʠʮʠ 2.5), ʩʘ 

ʮʠˀʝʤ ʜʘ ʩʝ ʦʙʘʚʠ ʥʝʢʘ ʘʢʪʠʚʥʦʩʪ. ɼʦʛʘʹʘʿ ʩʝ, ʨʘʜʠ ʣʘʢʰʝʛ ʧʨʘ˂ʝˁʘ, ʤʦʞʝ ʦʟʥʘʯʠʪʠ 

ʠ ʠʤʝʥʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʘʢʪʠʚʥʦʩʪʠ. ʅʘ ʧʨʠʤʝʨ: 

0ÒÅÃÈÁÒÇÅ  ȡ %1ȟὡὒȟὛὉὔȟὛὉὖȟὅὛȟὡὉ 

!ÃÔÉÖÁÔÅ      ȡ Ὁὗȟ 7,ȟ 3%.ȟ ὛὉὖȟὅὛȟὡὉ 

3ÅÎÓÅ           ȡ Ὁὗȟ 7,ȟ ὛὉὔȟ 3%0ȟ ὅὛȟὡὉ 

2ÅÁÄ            ȡ Ὁὗȟ 7,ȟ ὛὉὔȟ 3%0ȟ #3ȟὡὉ 

7ÒÉÔÅ           ȡ Ὁὗȟ 7,ȟ ὛὉὔȟ 3%0ȟ #3ȟὡὉ 

2ÅÓÔÏÒÅ        ȡ Ὁὗȟ 7,ȟ ὛὉὔȟ 3%0ȟ ὅὛȟὡὉ 

)Ⱦ/ ÇÁÔÉÎÇ   ȡ ȣ 

$ÁÔÁ ÂÕÆÆÅÒ ȡ ȣ 

$ÁÔÁ ÂÕÓ      ȡ ȣ 

ɺʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʬʫʥʢʮʠʦʥʘʣʥʝ ʠ ʬʠʟʠʯʢʝ ʫʟʨʦʢʝ, 

ʢʘʦ ʰʪʦ ʩʫ: ʚʨʝʤʝ ʧʨʝʨʘʩʧʦʜʝʣʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʤʘʢʩʠʤʘʣʥʝ ʚʨʰʥʝ ʩʪʨʫʿʝ, 

ʠʟʙʝʛʘʚʘˁʘ ʢʦʣʠʟʠʿʝ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ ʨʝʩʫʨʩʠʤʘ ʠʪʜ. (ʚʠʜʠ ʧʦʛʣʘʚˀʝ 2.3). ʆʚʘ 

ʦʛʨʘʥʠʯʝˁʘ ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ: 

̔̒̌̏̃ ȡ ̖̐̑̆̓̏̅̎̉ ̣̪̅̏̄́́  ̯̒̌̆̅̆̉ ̣̪̅̏̄́́ 
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ʰʪʦ ʩʝ ʤʦʞʝ ʠʥʪʝʨʧʨʝʪʠʨʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: ñʧʨʝʣʘʟ ʦʜ ̖̐̑̆̓̏̅̎̏̄ ̣̪̅̏̄́́́ 

ʥʘ ̒̌ ̯̆̅̆ ̣̪̉̅̏̄́́ ʿʝ ʜʦʟʚʦˀʝʥ ʩʘʤʦ ʘʢʦ ʿʝ ʟʘʜʦʚʦˀʝʥ ̔̒̌̏̃ò. ʉʧʝʮʠʬʠʮʠʨʘˁʝʤ 

ʩʚʠʭ ʜʦʟʚʦˀʝʥʠʭ ʧʨʝʣʘʟʘ ʦʩʠʛʫʨʘʚʘ ʩʝ ʠʩʧʨʘʚʘʥ ʨʝʜʦʩʣʝʜ ʠ ʚʨʝʤʝ ʠʟʚʨʰʝˁʘ ʩʚʠʭ 

ʜʦʛʘʹʘʿʘ ʢʦʜ DRAM ʧʨʦʪʦʯʥʝ ʦʙʨʘʜʝ. ʅʘ ʧʨʠʤʝʨ, ʘʢʦ ʩʫ A ʠ B ʤʝʤʦʨʠʿʩʢʝ ʘʜʨʝʩʝ, 

Ўὸ ʚʨʝʤʝ ʠʟʤʝʹʫ ʜʚʘ ʜʦʛʘʹʘʿʘ, ʘ ὸ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʚʨʝʤʝʥʩʢʠ ʧʘʨʘʤʝʪʨʠ, ʦʛʨʘʥʠʯʝˁʘ 

ʙʠ ʩʝ ʤʦʛʣʘ ʬʦʨʤʫʣʠʩʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ ḊὖὶὩὧὬὥὶὫὩ ὃ O ὃὧὸὭὺὥὸὩ ὄ 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ ḊὃὧὸὭὺὥὸὩ ὃ O ὛὩὲίὩ ὄ  

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ ὸȾ ὸ Ḋ ὛὩὲίὩ ὃ O  ὛὩὲίὩ ὄ 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ ὸ Ḋ ὛὩὲίὩ ὃ O  ὛὩὲίὩ ὄ 

ὶὥὲὯὃ ὶὥὲὯὄȟЎὸ ὸ ὸ  Ḋ ὛὩὲίὩ ὃ O  ὛὩὲίὩ ὄ 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ  ḊὃὧὸὭὺὥὸὩ ὃ O ὃὧὸὭὺὥὸὩ ὄ  

é 

ʋ ʣʠʩʪʠ ʦʛʨʘʥʠʯʝˁʘ ʩʝ ʤʦʞʝ ʜʝʩʠʪʠ ʜʘ ʩʝ ʚʠʰʝ ʫʩʣʦʚʘ ʦʜʥʦʩʠ ʥʘ ʠʩʪʠ 

ʧʨʝʣʘʟ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʩʝ ʦʜʛʦʚʘʨʘʿʫ˂ʘ ʦʛʨʘʥʠʯʝˁʘ ʤʦʛʫ ʩʧʦʿʠʪʠ ʫ ʿʝʜʥʦ ʦʛʨʘʥʠʯʝˁʝ 

ʯʠʿʠ ʫʩʣʦʚ ʿʝ ʢʦʥʿʫʥʢʮʠʿʘ ʫʩʣʦʚʘ ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʦʛʨʘʥʠʯʝˁʘ. ʅʘ ʧʨʠʤʝʨ, ʪʨʝ˂ʝ ʠ 

ʯʝʪʚʨʪʦ ʦʛʨʘʥʠʯʝˁʝ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʨʠʤʝʨʫ ʩʝ ʤʦʞʝ ʩʧʦʿʠʪʠ ʫ ʿʝʜʥʦ ʦʛʨʘʥʠʯʝˁʝ: 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ άὥὼ ὸ ὸȾ ὸ ȟὸ

ὸ ḊὛὩὲίὩ ὃ O  ὛὩὲίὩ ὄ  

4.2 ʇʨʝʣʘʟʠ ʠʟʤʝʹʫ DRAM ʢʦʤʘʥʜʠ 

ʉʚʘʢʦʿ DRAM ʢʦʤʘʥʜʠ ʦʜʛʦʚʘʨʘ ʿʝʜʘʥ ʠʣʠ ʚʠʰʝ ʜʦʛʘʹʘʿʘ ʢʦʿʠ ʩʝ ʠʥʠʮʠʨʘʿʫ 

ˁʝʥʠʤ ʠʟʚʨʰʝˁʝʤ. ʅʘ ʧʨʠʤʝʨ: 

ὃὧὸὭὺὥὸὩḊὛὩὲίὩȟὃὧὸὭὺὥὸὩȟὙὩίὸέὶὩ 

ὙὩὥὨḊὍȾὕ ὫὥὸὭὲὫȟὈὥὸὥ ὦόὪὪὩὶȟὈὥὸὥ ὦόί 
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ὡὶὭὸὩḊ Ὀὥὸὥ ὦόίȟὈὥὸὥ ὦόὪὪὩὶȟὍȾὕ ὫὥὸὭὲὫȟὡὶὭὸὩ 

ὙὩὥὨ ύὭὸὬ ὥόὸέὴὶὩὧὬ́ὶὫ̆ḊὍȾὕ ὫὥὸὭὲὫȟὈὥὸὥ ὦόὪὪὩὶȟὈὥὸὥ ὦόίȟὖὶὩὧὬὥὶὫὩ 

é 

ʀʤʘʿʫ˂ʠ ʪʦ ʫ ʚʠʜʫ, ʦʛʨʘʥʠʯʝˁʘ ʢʦʜ ʧʨʝʣʘʟʘ ʠʟʤʝʹʫ DRAM ʢʦʤʘʥʜʠ ʩʝ ʤʦʛʫ 

ʧʨʝʜʩʪʘʚʠʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

̔̒̌̏̃ ȡ ̖̐̑̆̓̏̅̎́ ̋̏̍́̎̅́  ̯̒̌̆̅̆́ ̋̏̍́̎̅́ 

̔̒̌̏̃ ̔̒̌̏̃ Ô

 ɴ 

 

Ὕ ὩᴼὩ  ɱὩᴼὩ ȟὩᶰὉȟὩᶰὉ  

Ὁ ̣̪̅̏̄́́̉ ̗̉̎̉̉̑́̎̉ ̏̅ ̒̓̑́̎̆ ̖̐̑̆̓̏̅̎̆ ̋̏̍́̎̅̆ 

Ὁ ̣̪̅̏̄́́̉ ̗̉̎̉̉̑́̎̉ ̏̅ ̒̓̑́̎̆ ̯̒̌̆̅̆̆ ̋̏̍́̎̅̆   

̔̒̌̏̃ᶮ Ṷ 

ʂʦʜ ʧʨʘʚʠʣʥʦ ʜʝʬʠʥʠʩʘʥʠʭ DRAM ʧʨʦʪʦʢʦʣʘ ʩʢʫʧ ʫʩʣʦʚʘ ʟʘ ʧʨʝʣʘʟʝ ʠʟʤʝʹʫ 

DRAM ʢʦʤʘʥʜʠ ʩʘʜʨʞʠ ʩʚʘ ʦʛʨʘʥʠʯʝˁʘ DRAM ʧʨʦʪʦʯʥʝ ʦʙʨʘʜʝ, ʯʠʥʝ˂ʠ ʦʚʘ ʜʚʘ 

ʩʢʫʧʘ ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʫ ʦʜʥʦʩʫ ʥʘ ʫʩʣʦʚʝ ʟʘ ʠʟʚʨʰʘʚʘˁʝ DRAM ʦʧʝʨʘʮʠʿʘ. ʋʢʦʣʠʢʦ 

ʩʝ ʬʦʨʤʫʣʠʰʝ ʣʠʩʪʘ ʦʛʨʘʥʠʯʝˁʘ ʟʘ ʧʨʝʣʘʟ ʠʟʤʝʹʫ ʩʚʘʢʝ ʜʚʝ DRAM ʢʦʤʘʥʜʝ, ʜʦʙʠʿʘ 

ʩʝ ʩʢʫʧ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʠ ʫ ʧʦʪʧʫʥʦʩʪʠ ʜʝʬʠʥʠʰʫ ʨʘʜ DRAM ʤʝʤʦʨʠʿʝ ʥʘ ʥʠʚʦʫ 

DRAM ʧʨʦʪʦʢʦʣʘ. 

˜̖̑̆̓̏̅̎́ ̋̏̍́̎̅́ ʠ ̯̒̌̆̅̆́ ̋̏̍́̎̅́ ʢʦʿʝ ʩʫ ʩʧʝʮʠʬʮʠʨʘʥʝ ʫ ʦʢʚʠʨʫ 

ʦʛʨʘʥʠʯʝˁʘ DRAM ʢʦʤʘʥʜʠ ʥʝ ʤʦʨʘʿʫ ʥʫʞʥʦ ʙʠʪʠ ʩʫʩʝʜʥʝ ʥʘ DRAM ʢʦʤʘʥʜʥʦʿ 

ʤʘʛʠʩʪʨʘʣʠ. ʂʦʥʪʝʢʩʪ ʫ ʢʦʤʝ ʩʝ ʧʦʩʤʘʪʨʘ ʧʨʝʣʘʟ ʠʟʤʝʹʫ ʜʚʝ ʢʦʤʘʥʜʝ ʿʝ ʦʜʨʝʹʝʥ 

̔̒̌̏̃̏̍. ʅʘ ʧʨʠʤʝʨ, ̐̑ ̖̆̓̏̅̎́ ̋̏̍́̎̅́ ʠ ̯̒̌̆̅̆́ ̋̏̍́̎̅́ ʤʦʞʜʘ ʤʦʨʘʿʫ ʜʘ 

ʟʘʜʦʚʦˀʘʚʘʿʫ ʫʩʣʦʚ ʜʘ ʘʜʨʝʩʠʨʘʿʫ ʣʦʢʘʮʠʿʝ ʫ ʠʩʪʦʿ ʙʘʥʢʠ ʠʣʠ ʨʘʥʢʫ. ʆʚʦ ʩʝ ʤʦʞʝ 

ʠʣʫʩʪʨʦʚʘʪʠ ʨʘʟʤʘʪʨʘˁʝʤ ʩʣʝʜʝ˂ʝ ʩʝʢʚʝʥʮʝ ʢʦʤʘʥʜʠ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ: 

ὃὧὸὭὺὥὸὩ ὃȟὃὧὸὭὺὥὸὩ ὄȟὙὩὥὨ ὥȟὙὩὥὨ ὦȟȣ 
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ʇʨʝʪʧʦʩʪʘʚʠʤʦ ʜʘ ʚʘʞʠ bank(a)=bank(A), bank(b)=bank(B), bank(a,AɊЅbank(b,B), 

ʛʜʝ ʩʫ a ʠ b ʤʝʤʦʨʠʿʩʢʝ ʘʜʨʝʩʝ, ʘ A ʠ B ʚʨʩʪʝ ʢʦʿʠʤʘ ʧʨʠʧʘʜʘʿʫ ʧʦʜʘʮʠ ʩʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʘʜʨʝʩʘ a ʠ b. ʇʦʟʥʘʪʦ ʿʝ ʜʘ ʧʦʩʪʦʿʝ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ 

ʜʝʬʠʥʠʰʫ ʤʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʢʦʿʝ ʤʦʨʘ ʧʨʦʪʝ˂ʠ ʠʟʤʝʹʫ ʜʚʝ c̱tivate ʢʦʤʘʥʜʝ, 

ʠʟʤʝʹʫ c̱tivate ʠ Read ʢʦʤʘʥʜʝ ʠʟʜʘʪʝ ʠʩʪʦʿ ʙʘʥʢʠ ʠ ʠʟʤʝʹʫ ʜʚʝ Read ʢʦʤʘʥʜʝ 

(ʚʠʜʠ ʊʘʙʝʣʫ 4.1). ʇʨʠʣʠʢʦʤ ʜʝʬʠʥʠʩʘˁʘ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʚʘʞʝ ʟʘ ʜʘʪʫ ʩʝʢʚʝʥʮʫ 

ʢʦʤʘʥʜʠ, ʥʝ ʪʨʝʙʘ ʨʘʟʤʘʪʨʘʪʠ ʧʨʝʣʘʟʝ ʠʟʤʝʹʫ DRAM ʢʦʤʘʥʜʠ ʫ ʨʝʜʦʩʣʝʜʫ ʫ ʢʦʤ ʩʝ 

ʦʥʝ ʧʦʿʘʚˀʫʿʫ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ. ʊʦ ʙʠ ʜʦʚʝʣʦ ʜʦ ʨʘʟʤʘʪʨʘˁʘ ʩʣʝʜʝ˂ʠʭ 

ʦʛʨʘʥʠʯʝˁʘ, ʰʪʦ ʿʝ ʧʦʛʨʝʰʥʦ: 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ ὸ  Ḋ ὃὧὸὭὺὥὸὩ ὃ O  ὃὧὸὭὺὥὸὩ ὄ 

ὦὥὲὯὄ ὦὥὲὯὥḊ ὃὧὸὭὺὥὸὩ ὄ O  ὙὩὥὨ ὥ  (ʥʝʤʘ ʚʨʝʤʝʥʩʢʦʛ ʫʩʣʦʚʘ) 

ὶὥὲὯὥ ὶὥὲὯὦȟЎὸ άὥὼὸ ȟὸ ȡ ὙὩὥὨ ὥ O  ὙὩὥὨ ὦ 

é 

ʋʤʝʩʪʦ ʪʦʛʘ, ʧʨʝʣʘʟʝ ʪʨʝʙʘ ʨʘʟʤʘʪʨʘʪʠ ʫ ʢʦʥʪʝʢʩʪʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʫʩʣʦʚʘ. 

ʆʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʟʘʧʨʘʚʦ ʪʨʝʙʘ ʨʘʟʤʘʪʨʘʪʠ ʩʫ: 

ὦὥὲὯὃ ὦὥὲὯὄȟЎὸ ὸ ὸ  Ḋ ὃὧὸὭὺὥὸὩ ὃ O  ὃὧὸὭὺὥὸὩ ὄ 

ὦὥὲὯὃ ὦὥὲὯὥȟЎὸ ὸ ὸ Ḋ ὃὧὸὭὺὥὸὩ ὃ O  ὙὩὥὨ ὥ 

ὦὥὲὯὄ ὦὥὲὯὦȟЎὸ ὸ ὸ Ḋ ὃὧὸὭὺὥὸὩ ὄ O  ὙὩὥὨ ὦ 

ὶὥὲὯὥ ὶὥὲὯὦȟЎὸ άὥὼὸ ȟὸ ȡ ὙὩὥὨ ὥ O  ὙὩὥὨ ὦ 

é 

4.3 ʂʦʥʘʯʥʠ ʘʫʪʦʤʘʪ ʧʨʝʣʘʟʘ ʠʟʤʝʹʫ DRAM  ʢʦʤʘʥʜʠ 

ʋ ʧʦʛʣʘʚˀʫ 4.2 ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʿʝ ʨʘʜ DRAM ʤʝʤʦʨʠʿʝ ʥʘ ʥʠʚʦʫ DRAM 

ʧʨʦʪʦʢʦʣʘ, ʦʜʥʦʩʥʦ ʥʘ ʥʠʚʦʫ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ, ʧʦʪʧʫʥʦ 

ʜʝʬʠʥʠʩʘʥ ʦʛʨʘʥʠʯʝˁʠʤʘ ʫ ʢʦʿʠʤʘ ʬʠʛʫʨʠʰʫ ʧʨʝʣʘʟʠ ʠʟʤʝʹʫ DRAM ʢʦʤʘʥʜʠ ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʫʩʣʦʚʠ ʟʘ ʧʨʝʣʘʟ. ʇʦʰʪʦ ʩʝ ʫ DRAM ʩʧʝʮʠʬʠʢʘʮʠʿʘʤʘ ʩʚʘ ʚʨʝʤʝʥʩʢʘ 

ʦʛʨʘʥʠʯˁʘ ʜʝʬʠʥʠʰʫ ʫʧʨʘʚʦ ʥʘ ʥʠʚʦʫ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ, ʤʦʛʫ˂ʝ ʿʝ 
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ʠʟʨʘʟʠʪʠ ʩʚʘ DRAM ʦʛʨʘʥʠʯʝˁʘ ʠʟ DRAM ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʫ ʦʙʣʠʢʫ ʫʩʣʦʚʥʠʭ 

ʧʨʝʣʘʟʘ ʠʟʤʝʹʫ ʢʦʤʘʥʜʠ. 

ʋʩʣʦʚʠ ʠʟ ʦʛʨʘʥʠʯʝˁʘ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʫ ʪʨʠ ʢʘʪʝʛʦʨʠʿʝ: ʧʨʦʩʪʦʨʥʠ, 

ʦʧʝʨʘʪʠʚʥʠ ʠ ʚʨʝʤʝʥʩʢʠ. ʇʨʦʩʪʦʨʥʘ ʢʦʤʧʦʥʝʥʪʘ ʜʝʬʠʥʠʰʝ ʜʘ ʣʠ ʧʨʝʪʭʦʜʥʘ ʠ 

ʩʣʝʜʝ˂ʘ ʢʦʤʘʥʜʘ ʢʦʜ ʧʨʝʣʘʟʘ ʘʜʨʝʩʠʨʘʿʫ ʠʩʪʫ ʙʘʥʢʫ ʠʣʠ ʨʘʥʢ. ʆʧʝʨʘʪʠʚʥʘ 

ʢʦʤʧʦʥʝʥʪʘ ʜʝʬʠʥʠʰʝ ʦʧʝʨʘʪʠʚʥʝ ʫʩʣʦʚʝ ʧʦʜ ʢʦʿʠʤʘ ʩʝ ʧʨʠʤʝˀʫʿʝ ʦʛʨʘʥʠʯʝˁʝ, 

ʢʘʦ ʰʪʦ ʿʝ ʜʫʞʠʥʘ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʠʣʠ ʩʪʘʪʫʩ ʟʘʚʨʰʝʪʢʘ ʧʨʝʪʭʦʜʥʝ 

ʢʦʤʘʥʜʝ. ɺʨʝʤʝʥʩʢʘ ʢʦʤʧʦʥʝʥʪʘ ʜʝʬʠʥʠʰʝ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʟʘ ʧʨʝʣʘʟ. 

DRAM ʦʛʨʘʥʠʯʝˁʘ ʩʝ ʩʪʦʛʘ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ: 

̐̑̏̒̓̏̑̎́ ̔̒̌̏̃᷈̏ ̐̆̑́̓̉̃̎̉ ̔̒̌̏̃᷈̃ ̑̆̍̆̎̒̋̉ ̔̒̌̏̃Ḋ

̖̐̑̆̓̏̅̎́ ̋̏̍́̎̅́ᴼ̯̒̌̆̅̆́ ̋̏̍́̎̅́  
 (4.1) 

ʋʩʣʦʚʠ ʫ DRAM ʦʛʨʘʥʠʯʝˁʫ ʦʜʨʝʹʫʿʫ ʢʘʜʘ ʩʝ ʧʨʝʣʘʟ ʩʤʝ ʜʝʩʠʪʠ. ʆʚʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʿʝ ʧʦʪʨʝʙʥʘ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʪʨʦʣʝʨʫ ʢʘʜʘ ʧʣʘʥʠʨʘ DRAM 

ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ɼʘ ʙʠ ʩʝ ʠʟʚʨʰʠʣʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ DRAM 

ʮʠʢʣʫʩʘ ʧʦʨʝʙʥʦ ʿʝ ʫʯʠʥʠʪʠ ʩʫʧʨʦʪʥʦ ï ʦʜʨʝʜʠʪʠ ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʩʫ 

ʚʘʞʠʣʘ ʧʨʠʣʠʢʦʤ ʧʨʝʣʘʟʘ ʥʘʢʦʥ ʰʪʦ ʩʝ ʦʥ ʚʝ˂ ʜʝʩʠʦ (ʪʿ. post factum): 

̐̑̏̒̓̏̑̎̉ ̔̒̌̏̃᷈̏ ̐̆̑́̓̉̃̎̉ ̔̒̌̏̃᷈̐ ̖̑̆̓̏̅̎ ́̋̏̍́̎̅́ᴼ

̯̒̌̆̅̆́ ̋̏̍́̎̅́Ḋ̃ ̑̆̍̆̎̒̋̉ ̔̒̌̏̃  
 (4.2) 

ʆʚʘʿ ʠʟʨʘʟ ʩʝ ʤʦʞʝ ʠʥʪʝʨʧʨʝʪʠʨʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: Ăɸʢʦ ʩʝ ʧʦʜ 

̐̑̏̒̓̏̑̎̉̍ ̔̒̌̏̃̏̍ ʠ ̏̐ ̆̑́̓̉̃̎̉̍ ̔̒̌̏̃̍ ʜʝʩʠʦ ʧʨʝʣʘʟ ʩʘ ̖̐̑̆̏̅̎̆ ̋̏̍́̎̅̆ 

ʥʘ ̒̌ ̯̆̅̆̔ ̋̏̍́̎̅̔, ʦʥʜʘ ʿʝ ʚʘʞʠʦ ̃̑̆̍̆̎̒̋̉ ̔̒̌̏̃ñ. ɼʦʢʘʟ ʜʘ ʩʫ ʠʟʨʘʟʠ (4.1) ʠ 

(4.2) ʣʦʛʠʯʢʠ ʝʢʚʠʚʘʣʝʥʪʥʠ ʿʝ ʜʘʪ ʫ ʇʨʠʣʦʛ ɸ. ʈʝʣʘʮʠʿʘ (4.2) ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ 

ʥʘ ʚʠʰʝ ʥʘʯʠʥʘ: ʪʘʙʝʣʘʨʥʦ, ʪʝʢʩʪʫʘʣʥʦ, ʫ ʦʙʣʠʢʫ ʛʨʘʬʘ, ʘʥʦʪʠʨʘʥʠʭ ʜʠʿʘʛʨʘʤʘ 

ʚʨʝʤʝʥʩʢʠʭ ʩʠʛʥʘʣʘ ʠʪʜ. JEDEC DRAM ʩʧʝʮʠʬʠʢʘʮʠʿʝ, ʥʘ ʧʨʠʤʝʨ, ʢʦʨʠʩʪʝ 

ʥʝʢʦʣʠʢʦ ʦʜ ʦʚʠʭ ʥʘʯʠʥʘ ʜʘ ʩʧʝʮʠʬʠʮʠʨʘʿʫ DRAM ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ. 

ʅʘ ʦʩʥʦʚʫ post factum ʨʝʧʨʝʟʝʥʪʘʮʠʿʝ ʫʩʣʦʚʥʠʭ ʧʨʝʣʘʟʘ DRAM ʢʦʤʘʥʜʠ 

ʤʦʛʫ˂ʝ ʿʝ ʢʦʥʩʪʨʫʠʩʘʪʠ ʢʦʥʘʯʥʠ ʘʫʪʦʤʘʪ DCT FSM (ʝʥʛ. DRAM Command 
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Transition FSM) ʩʘ ʩʣʝʜʝ˂ʠʤ ʦʩʦʙʠʥʘʤʘ: ʩʪʘˁʘ ʦʜʛʦʚʘʨʘʿʫ DRAM ʢʦʤʘʥʜʘʤʘ, 

ʧʨʝʣʘʟʠ ʠʟʤʝʹʫ ʩʪʘˁʘ ʩʫ ʫʩʣʦʚˀʝʥʠ ʧʨʦʩʪʦʨʥʠʤ ʠ ʦʧʝʨʘʪʠʚʥʠʤ ʫʩʣʦʚʠʤʘ, ʘ ʠʟʣʘʟ 

ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʚʨʝʤʝʥʩʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʩʫ ʚʘʞʠʣʘ ʧʨʠʣʠʢʦʤ ʧʨʝʣʘʟʘ (ʉʣʠʢʘ 4.1). 

ɺʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʛʝʥʝʨʠʩʘʥʘ ʦʜ ʩʪʨʘʥʝ DCT FSM ʩʫ ʧʦʪʨʝʙʥʘ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ. 

ɺʨʝʤʝʥʩʢʠ ʫʩʣʦʚ ʟʘ ʧʨʝʣʘʟ ʠʟʤʝʹʫ ʜʚʝ DRAM ʢʦʤʘʥʜʝ ʧʨʝʜʩʪʘʚˀʘ 

ʤʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʢʦʿʝ ʤʦʨʘ ʧʨʦʪʝ˂ʠ ʠʟʤʝʹʫ ʢʦʤʘʥʜʠ ʪʘʢʦ ʜʘ ʦʜʛʦʚʘʨʘʿʫ˂ʘ DRAM 

ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʙʫʜʫ ʟʘʜʦʚʦˀʝʥʘ. DRAM ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʩʝ ʤʦʛʫ 

ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʫ ʯʝʪʠʨʠ ʢʘʪʝʛʦʨʠʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʪʦ ʜʘ ʣʠ ʩʝ ʦʜʥʦʩʝ ʥʘ ʢʦʤʘʥʜʝ (ʝʥʛ. 

command) ʠʣʠ ʧʦʜʘʪʢʝ (ʝʥʛ. data): CC (command-command) ʦʛʨʘʥʠʯʝˁʘ, CD 

(command-data) ʦʛʨʘʥʠʯʝˁʘ, DC (data-command) ʦʛʨʘʥʠʯʝˁʘ ʠ DD (data-data) 

ʦʛʨʘʥʠʯʝˁʘ. ʇʦʰʪʦ ʩʝ ʦʛʨʘʥʠʯʝˁʘ ʠʟ ʚʠʰʝ ʢʘʪʝʛʦʨʠʿʘ ʤʦʛʫ ʦʜʥʦʩʠʪʠ ʥʘ ʠʩʪʠ 

ʧʨʝʣʘʟ, ʠʟʤʝʹʫ ʜʚʝ ʢʦʤʘʥʜʝ ʤʦʛʫ ʧʦʩʪʦʿʘʪʠ ʨʘʟʣʠʯʠʪʝ ʚʨʝʤʝʥʩʢʝ ʧʫʪʘˁʝ. 

ɺʨʝʤʝʥʩʢʦ ʦʛʨʘʥʠʯʝˁʝ ʿʝ ʦʜʨʝʹʝʥʦ ʥʘʿʜʫʞʦʤ ʦʜ ʪʠʭ ʧʫʪʘˁʘ. 

ʇʦʩʪʦʿʝ ʜʚʝ ʚʨʩʪʝ CC ʚʨʝʤʝʥʩʢʠʭ ʧʫʪʘˁʘ: ʿʝʜʥʘ ʩʘʜʨʞʠ ʩʘʤʦ CC 

ʦʛʨʘʥʠʯʝˁʘ, ʘ ʜʨʫʛʘ ʩʚʘ ʦʛʨʘʥʠʯʝˁʘ ʥʘ CD-DD-DC ʧʫʪʘˁʠ. ɸʢʦ ʩʫ ὸ , ὸ , ὸ  ʠ 

ὸ  ʢʫʤʫʣʘʪʠʚʥa CC, CD, DC, and DD DRAM ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ  ʥʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʦʿ ʚʨʝʤʝʥʩʢʦʿ ʧʫʪʘˁʠ, ʦʥʜʘ ʩʝ command-command ʚʨʝʤʝʥʩʢʠ ʫʩʣʦʚ 

ʤʦʞʝ ʨʘʯʫʥʘʪʠ ʢʘʦ: 

 
 

 

ʉʣʠʢʘ 4.1 ï ʇʨʝʣʘʟ ʠʟʤʝʹʫ ʜʚʝ ʢʦʤʘʥʜʝ ʫ DCT FSM 

ʋʣʘʟʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʦʩʪʦʨʥʠ ʫʩʣʦʚ (ʠʟ ʘʜʨʝʩʝ) ʠ ʦʧʝʨʘʪʠʚʥʠ ʫʩʣʦʚ (ʠʟ ʢʦʤʘʥʜʝ ʠʣʠ 

ʨʝʛʠʩʪʘʨʘ), ʘ ʠʟʣʘʟ ʚʨʝʤʝʥʩʢʠ ʫʩʣʦʚ ʢʦʿʠ ʿʝ ʚʘʞʠʦ ʧʨʠʣʠʢʦʤ ʧʨʝʣʘʩʢʘ ʠʟ ʧʨʝʪʭʦʜʥʝ ʫ 

ʩʣʝʜʝ˂ʫ ʢʦʤʘʥʜʫ. 
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Ўὸ άὥὼάὥὼ
ᶪ  

ὸ ȟ άὥὼ
ᶪ  

ὸ ὸ ὸ  (4.3) 

ʇʦʨʝʜ ʪʦʛʘ, ʤʦʨʘʿʫ ʙʠʪʠ ʟʘʜʦʚʦˀʝʥʘ ʠ data-data ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʟʘ 

ʧʨʝʣʘʟʝ ʠʟʤʝʹʫ ʜʚʝ ʢʦʤʘʥʜʝ ʧʨʝʥʦʩa ʧʦʜʘʪʘʢʘ (Read, Write, Read with auto-precharge 

ʠ Write with auto-precharge). ʉʣʠʯʥʦ ʢʘʦ ʠ ʢʦʜ command-command ʚʨʝʤʝʥʩʢʦʛ 

ʫʩʣʦʚʘ, data-data ʚʨʝʤʝʥʩʢʠ ʫʩʣʦʚ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʢʘʦ: 

Ўὸ άὥὼάὥὼ
ᶪ  

ὸ ȟ άὥὼ
ᶪ  

ὸ ὸ ὸ   (4.4) 

ɺʨʝʤʝʥʩʢʠ ʫʩʣʦʚ ʟʘ ʧʨʝʣʘʟ ʠʟʤʝʹʫ ʜʚʝ ʧʨʦʠʟʚʦˀʥʝ DRAM ʢʦʤʘʥʜʝ ʝʿ ʤʦʞʝ 

ʨʘʯʫʥʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

Ўὸ άὥὼ Ўὸ ȟЎὸ   (4.5) 

ʂʦʤʧʣʝʪʘʥ DCT FSM ʟʘ JEDEC DDR2 SDRAM ʿʝ ʜʘʪ ʫ ʊʘʙʝʣʠ 4.1. 

ɺʨʝʜʥʦʩʪʠ ʫ ʪʘʙʝʣʠ ʩʫ ʠʟʚʝʜʝʥʝ ʥʘ ʦʩʥʦʚʫ ʚʨʝʤʝʥʩʢʠʭ ʜʠʿʘʛʨʘʤʘ ʫ ʇʨʠʣʦʛ ɹ. 

4.4 ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ 

ʇʨʚʠ ʢʦʨʘʢ ʫ ʧʨʦʮʝʩʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ 

ʿʝ ʜʘ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʨʝʣʘʟʠ ʠʟʤʝʹʫ ʢʦʤʘʥʜʠ ʫ DCT FSM ʟʘ ʩʚʘʢʫ 

ʧʦʩʣʘʪʫ ʢʦʤʘʥʜʫ. ʊʦ ʥʠʿʝ ʪʨʠʚʠʿʘʣʥʦ, ʿʝʨ, ʢʘʦ ʰʪʦ ʿʝ ʧʦʤʝʥʫʪʦ ʫ ʧʦʛʣʘʚˀʫ 4.2, 

ʧʨʝʪʭʦʜʥʘ ʢʦʤʘʥʜʘ ʠ ʩʣʝʜʝ˂ʘ ʢʦʤʘʥʜʘ ʥʠʩʫ ʫʚʝʢ ʩʫʩʝʜʥʝ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ. 

ɼʘ ʙʠ ʩʝ ʠʜʝʥʪʠʬʠʢʦʚʘʦ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʨʝʣʘʟ, ʧʦʨʝʙʥʦ ʿʝ ʟʘ ʩʚʘʢʫ ʙʘʥʢʫ ʠ ʨʘʥʢ ʫ 

ʩʠʩʪʝʤʫ ʯʫʚʘʪʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʧʦʩʣʝʜˁʦʿ ʢʦʤʘʥʜʠ ʢʦʿʘ ʠʭ ʿʝ ʘʜʨʝʩʠʨʘʣʘ. ɱʝʜʥʘ ʦʜ 

ʦʚʠʭ ʢʦʤʘʥʜʠ ˂ʝ ʧʦʩʪʘʪʠ Ăʧʨʝʪʭʦʜʥʘ ʢʦʤʘʥʜʘñ, ʜʦʢ ˂ʝ ʧʦʩʣʝʜˁʘ ʧʦʩʣʘʪʘ ʢʦʤʘʥʜʘ 

ʙʠʪʠ Ăʩʣʝʜʝ˂ʘ ʢʦʤʘʥʜʘñ ʫ ʧʨʝʣʘʟʫ. 

ʇʦʩʣʘʪʘ ʢʦʤʘʥʜʘ ʩʝ ʫʧʘʨʫʿʝ ʩʘ ʢʘʥʜʠʜʘʪʠʤʘ ʟʘ Ăʧʨʝʪʭʦʜʥʫ ʢʦʤʘʥʜʫñ ʥʘ 

ʦʩʥʦʚʫ ʧʨʦʩʪʦʨʥʠʭ ʠ ʦʧʝʨʘʪʠʚʥʠʭ ʫʩʣʦʚʘ. ʇʨʦʩʪʦʨʥʠ ʫʩʣʦʚ ʩʝ ʦʜʨʝʹʫʿʝ ʥʘ ʦʩʥʦʚʫ 
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ʇʨʝʪʭ. ʢʦʤʘʥʜʘ ʉʣʝʜʝ˂ʘ ʢʦʤʘʥʜʘ ʋʩʣʦʚ ACDC (command-command)  ACDC (data-data) 

Read Read 

ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tREAD+max(tBTT,tODT) Ó tREAD+max(tBTT,tODT) 

ʀʩʪʠ ʨʘʥʢ Ó max(tCCD, tREAD) Ó tREAD 

ʀʩʪʠ ʨʘʥʢ/BL=8/ ʧʨ. 2ÖtCK 2ÖtCK 

Read Read with AP 

ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tREAD+max(tBTT,tODT) Ó tREAD+max(tBTT,tODT) 

ʀʩʪʠ ʨʘʥʢ Ó max (tCCD, tREAD) Ó tREAD 

ʀʩʪʠ ʨʘʥʢ/BL=8/ ʧʨ. 2ÖtCK 2ÖtCK 

Read Write 
ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tRL+tREAD+max(tBTT,tODT)-tWL Ó tREAD+max(tBTT,tODT) 

ʀʩʪʠ ʨʘʥʢ Ó tRL+tREAD-tWL Ó tREAD 

Read Write with AP 
ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tRL+tREAD+max(tBTT,tODT)-tWL Ó tREAD+max(tBTT, tODT) 

ʀʩʪʠ ʨʘʥʢ Ó tRL+tREAD-tWL Ó tREAD 

Read Precharge ʀʩʪʘ ʙʘʥʢʘ Ó tAL+tREAD-tCCD+tRTP Ó tREAD 

Read Precharge all banks ʀʩʪʠ ʨʘʥʢ Ó tAL+tREAD-tCCD+tRTP Ó tREAD 

Read Activate ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Read Refresh ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Read with AP Read ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Read with AP Read with AP ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Read with AP Write ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Read with AP Write with AP ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Read with AP Precharge ʀʩʪʘ ʙʘʥʢʘ Ó tAL+tREAD-tCCD+tRTP Ó tREAD 

Read with AP Precharge all banks ʀʩʪʠ ʨʘʥʢ Ó tAL+tREAD-tCCD+tRTP Ó tREAD 

Read with AP Activate ʀʩʪʘ ʙʘʥʢʘ Ó tAL+tREAD-tCCD+tRTP+tRP+tFAW*  Ó tREAD 

Read with AP Refresh ʀʩʪʠ ʨʘʥʢ Ó tAL+tREAD-tCCD+tRTP+tRP Ó tREAD 

Write Read 
ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tWL+tWRITE+max(tBTT,tODT)-tRL Ó tWRITE+max(tBTT,tODT) 

ʀʩʪʠ ʨʘʥʢ Ó max(tCCD, tCWL+tWRITE+tWTR) Ó tWRITE+tWTR+tRL 

Write Read with AP 
ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tWL+tWRITE+max(tBTT,tODT)-tRL Ó tWRITE+max(tBTT,tODT) 

ʀʩʪʠ ʨʘʥʢ Ó max(tCCD, tCWL+tWRITE+tWTR) Ó tWRITE+tWTR+tRL 

Write Write 

ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tWRITE+tODT Ó tWRITE+tODT 

ʀʩʪʠ ʨʘʥʢ Ó max(tCCD, tWRITE) Ó tWRITE 

ʀʩʪʠ ʨʘʥʢ/BL=8/ ʧʨ. 2ÖtCK 2ÖtCK 

Write Write with AP 

ʈʘʟʣʠʯʠʪ ʨʘʥʢ Ó tWRITE+tODT Ó tWRITE+tODT 

ʀʩʪʠ ʨʘʥʢ Ó max(tCCD, tWRITE) Ó tWRITE 

ʀʩʪʠ ʨʘʥʢ/BL=8/ ʧʨ. 2ÖtCK 2ÖtCK 

Write Precharge ʀʩʪʘ ʙʘʥʢʘ Ó tWL+tWRITE+tWR Ó tWRITE+tWR 

Write Precharge all banks ʀʩʪʠ ʨʘʥʢ Ó tWL+tWRITE+tWR Ó tWRITE+tWR 

Write Activate ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Write Refresh ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Write with AP Read ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Write with AP Read with AP ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Write with AP Write ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Write with AP Write with AP ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 
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ʇʨʝʪʭʦʜʥʘ ʢʦʤʘʥʜʘ ʉʣʝʜʝ˂ʘ ʢʦʤʘʥʜʘ ʋʩʣʦʚ ACDC (command-command)  ACDC (data-data) 

Write with AP Precharge ʀʩʪʘ ʙʘʥʢʘ Ó tWL+tWRITE+tWR Ó tWRITE+tWR 

Write with AP Precharge all banks ʀʩʪʠ ʨʘʥʢ Ó tWL+tWRITE+tWR Ó tWRITE+tWR 

Write with AP Activate ʀʩʪʘ ʙʘʥʢʘ Ó tWL+tWRITE+tWR+tRP+tFAW*  Ó tWRITE+tWR+tRP+tFAW*  

Write with AP Refresh ʀʩʪʠ ʨʘʥʢ Ó tWL+tWRITE+tWR+tRP Ó tWRITE+tWR+tRP 

Precharge Read ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge Read with AP ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge Write ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge Write with AP ʀʩʪʘ ʙʘʥʢʘ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge Precharge ʀʩʪʘ ʙʘʥʢʘ ï ï 

Precharge Precharge all banks ʀʩʪʠ ʨʘʥʢ ï ï 

Precharge Activate ʀʩʪʘ ʙʘʥʢʘ Ó tRP+tFAW*  ï 

Precharge Refresh ʀʩʪʠ ʨʘʥʢ Ó tRP ï 

Precharge all banks Read ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge all banks Read with AP ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge all banks Write ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge all banks Write with AP ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Precharge all banks Precharge ʀʩʪʠ ʨʘʥʢ ï ï 

Precharge all banks Precharge all banks ʀʩʪʠ ʨʘʥʢ ï ï 

Precharge all banks Activate ʀʩʪʠ ʨʘʥʢ Ó tRP+tFAW*  ï 

Precharge all banks Refresh ʀʩʪʠ ʨʘʥʢ Ó tRP ï 

Activate Read ʀʩʪʘ ʙʘʥʢʘ Ó tRCD-tAL ï 

Activate Read with AP ʀʩʪʘ ʙʘʥʢʘ Ó tRCD-tAL ï 

Activate Write ʀʩʪʘ ʙʘʥʢʘ Ó tRCD-tAL ï 

Activate Write with AP ʀʩʪʘ ʙʘʥʢʘ Ó tRCD-tAL ï 

Activate Precharge ʀʩʪʘ ʙʘʥʢʘ Ó tRAS ï 

Activate Precharge all banks ʀʩʪʠ ʨʘʥʢ Ó tRAS ï 

Activate Activate 
ʈʘʟʣʠʯʠʪʘ ʙʘʥʢʘ Ó tRRD+tFAW*  ï 

ʀʩʪʘ ʙʘʥʢʘ Ó tRC+tFAW*  ï 

Activate Refresh ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Refresh Read ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Refresh Read with AP ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Refresh Write ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Refresh Write with AP ʀʩʪʠ ʨʘʥʢ ʅɽʃɽɻɸʃʅʆ ʅɽʃɽɻɸʃʅʆ 

Refresh Precharge ʀʩʪʠ ʨʘʥʢ Ó tRFC ï 

Refresh Precharge all banks ʀʩʪʠ ʨʘʥʢ Ó tRFC ï 

Refresh Activate ʀʩʪʠ ʨʘʥʢ Ó tRFC+tFAW*  ï 

Refresh Refresh ʀʩʪʠ ʨʘʥʢ Ó tRFC  

ʊʘʙʝʣʘ 4.1 ï DCT FSM ʟʘ DDR2 SDRAM  

DCT FSM ʫ ʪʘʙʝʣʠ ʿʝ ʬʦʨʤʫʣʠʩʘʥ ʟʘ 1ʊ ʤʦʜ. ʇʨʝʣʘʟʠ ʦʟʥʘʯʝʥʠ ʫ ʪʘʙʝʣʠ ʩʘ Ăïñ ʥʝʤʘʿʫ ʚʨʝʤʝʥʩʢʘ 

ʦʛʨʘʥʠʯʝˁʘ. ʋʩʣʦʚʠ Ăʀʩʪʘ ʙʘʥʢʘñ ʠ Ăʈʘʟʣʠʯʠʪʘ ʙʘʥʢʘñ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʜʘ ʦʙʝ ʙʘʥʢʝ ʧʨʠʧʘʜʘʿʫ 

ʠʩʪʦʤ ʨʘʥʢʫ. ʇʘʨʘʤʝʪʨʠ ʦʟʥʘʯʝʥʠ ʩʘ Ă*ñ ʩʝ ʢʦʨʠʩʪʝ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʩʫ ʧʨʠʤʝʥˀʠʚʠ. 
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ʙʘʥʢʝ ʠ ʨʘʥʢʘ ʠʟ ʘʜʨʝʩʝ ʧʨʝʪʭʦʜʥʝ ʠ ʩʣʝʜʝ˂ʝ ʢʦʤʘʥʜʝ, ʘ ʦʧʝʨʘʪʠʚʥʠ ʫʩʣʦʚ ʩʝ 

ʦʜʨʝʹʫʿʝ ʜʠʥʘʤʠʯʢʠ. ʇʦʪʨʘʛʘ ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʧʨʝʣʘʟʦʤ ʤʦʞʝ ʨʝʟʫʣʪʠʨʘʪʠ ʿʝʜʥʠʤ 

ʦʜ ʩʣʝʜʝ˂ʠʭ ʠʩʭʦʜʘ: 

1. ʋ DCT FSM ʥʝ ʧʦʩʪʦʿʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʨʝʣʘʟ: ʊʦ ʟʥʘʯʠ ʜʘ ʥʝ ʧʦʩʪʦʿʝ 

ʚʨʝʤʝʥʩʢʘ ʦʛʨʘʥʠʯʝˁʘ ʟʘ ʪʘʿ ʧʨʝʣʘʟ, ʧʘ ʿʝ ʨʝʞʠʿʩʢʦ ʚʨʝʤʝ ʥʫʣʘ. 

2. ʋ DCT FSM ʧʦʩʪʦʿʠ ʪʘʯʥʦ ʿʝʜʘʥ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʧʨʝʣʘʟ: ɿʘ ʨʘʯʫʥʘˁʝ 

ʨʝʞʠʿʩʢʦʛ ʚʨʝʤʝʥʘ ʩʝ ʢʦʨʠʩʪʠ ʚʨʝʤʝʥʩʢʠ ʫʩʣʦʚ ʪʦʛ ʧʨʝʣʘʟʘ. 

3. ʋ DCT FSM ʧʦʩʪʦʿʠ ʚʠʰʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʧʨʝʣʘʟʘ: ɹʠʨʘ ʩʝ ʧʨʝʣʘʟ ʢʦʿʠ 

ʠʤʘ ʥʘʿʩʪʨʦʞʠ ʚʨʝʤʝʥʩʢʠ ʫʩʣʦʚ (ʿʝʨ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʤʦʨʘ ʜʘ 

ʧʦʰʪʫʿʝ ʥʘʿʩʪʨʦʞʠ ʫʩʣʦʚ ʢʘʜʘ ʰʘˀʝ ʢʦʤʘʥʜʫ), ʘ ʨʝʞʠʿʩʢʦ ʚʨʝʤʝ ʩʝ 

ʨʘʯʫʥʘ ʥʘ ʦʩʥʦʚʫ ʪʦʛ ʚʨʝʤʝʥʩʢʦʛ ʫʩʣʦʚʘ. 

ʌʠʥʘʣʥʠ ʢʦʨʘʢ ʿʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʠʥʜʠʚʠʜʫʘʣʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʢʦʥʪʨʦʣʥʦʿ 

ʤʘʛʠʩʪʨʘʣʠ ʠ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʢʘʦ ʘʢʪʠʚʥʠʭ, ʩʣʦʙʦʜʥʠʭ ʠʣʠ ʨʝʞʠʿʩʢʠʭ ʥʘ 

ʦʩʥʦʚʫ ʚʨʝʤʝʥʩʢʦʛ ʫʩʣʦʚʘ ʜʦʙʠʿʝʥʦʛ ʠʟ DCT FSM. ʅʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ, ʩʘʤʦ 

ʿʝ ʮʠʢʣʫʩ ʢʘʜʘ ʩʝ ʢʦʤʘʥʜʘ ʠʟʜʘʿʝ ʘʢʪʠʚʘʥ. ʅʘʨʝʜʥʠ ʮʠʢʣʫʩʠ, ʩʚʝ ʜʦ ʠʩʪʝʢʘ ʚʨʝʤʝʥʘ 

ʩʧʝʮʠʬʠʮʠʨʘʥʦʛ ʚʨʝʤʝʥʩʢʠʤ ʫʩʣʦʚʦʤ, ʩʝ ʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ ʨʝʞʠʿʩʢʠ. ʎʠʢʣʫʩʠ ʢʦʿʠ 

ʩʣʝʜʝ ʠʟʘ ʪʦʛʘ, ʩʚʝ ʜʦ ʧʦʿʘʚʝ ʥʦʚʝ ʢʦʤʘʥʜʝ, ʩʝ ʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ ʩʣʦʙʦʜʥʠ. ʅʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ, ʮʠʢʣʫʩʠ ʫ ʪʦʢʫ ʢʦʿʠʭ ʩʝ ʧʨʝʥʦʩʝ ʧʦʜʘʮʠ ʩʝ ʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ 

ʘʢʪʠʚʥʠ. ʅʘʨʝʜʥʠ ʮʠʢʣʫʩʠ, ʩʚʝ ʜʦ ʠʩʪʝʢʘ ʚʨʝʤʝʥʘ ʩʧʝʮʠʬʠʮʠʨʘʥʦʛ ʚʨʝʤʝʥʩʢʠʤ 

ʫʩʣʦʚʦʤ, ʩʝ ʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ ʨʝʞʠʿʩʢʠ. ʎʠʢʣʫʩʠ ʥʘʢʦʥ ʪʦʛʘ, ʩʚʝ ʜʦ ʧʦʿʘʚʝ ʥʦʚʝ 

ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ, ʩʫ ʩʣʦʙʦʜʥʠ. 

ɸʢʪʠʚʥʠ ʮʠʢʣʫʩʠ ʛʝʥʝʨʠʩʘʥʠ ʦʜ ʩʪʨʘʥʝ ʨʘʟʣʠʯʠʪʠʭ ʢʦʤʘʥʜʠ ʩʝ ʥʠʢʘʜʘ ʥʝ 

ʧʨʝʢʣʘʧʘʿʫ, ʜʦʢ ʨʝʞʠʿʩʢʠ ʠ ʩʣʦʙʦʜʥʠ ʮʠʢʣʫʩʠ ʢʦʿʠ ʥʘʩʪʘʿʫ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʚʠʰʝ 

ʨʘʟʣʠʯʠʪʠʭ ʧʨʝʣʘʟʘ ʫ DCT FSM ʤʦʛʫ ʜʘ ʩʝ ʧʨʝʢʣʦʧʝ. ɸʢʦ ʩʝ ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ 

ʧʨʝʢʣʘʧʘʿʫ ʩʘ ʩʣʦʙoʜʥʠʤ ʮʠʢʣʫʩʠʤʘ, ʪʨʝʙʘ ʠʭ ʢʘʨʘʢʪʝʨʠʟʦʚʘʪʠ ʢʘʦ ʨʝʞʠʿʩʢʝ. ɸʢʦ 

ʩʝ ʘʢʪʠʚʥʠ ʮʠʢʣʫʩʠ ʧʨʝʢʣʘʧʘʿʘʫ ʩʘ ʩʣʦʙʦʜʥʠʤ ʠʣʠ ʨʝʞʠʿʩʢʠʤ ʮʠʢʣʫʩʠʤʘ, ʪʨʝʙʘ ʠʭ 

ʢʘʨʘʢʪʝʨʠʟʦʚʘʪʠ ʢʘʦ ʘʢʪʠʚʥʝ. 

ʇʨʠʤʝʨ ʩʘ ʥʠʟʦʤ DRAM ʢʦʤʘʥʜʠ ʠ ʢʘʨʘʢʪʝʨʠʟʦʚʘʥʠʤ ʮʠʢʣʫʩʠʤʘ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʿʝ ʜʘʪ ʥʘ ʉʣʠʮʠ 4.2. ʅʘ ʩʣʠʮʠ ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʠ Ăʠʚʠʯʥʠñ ʝʬʝʢʘʪ: 

ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʥʘ ʧʦʯʝʪʢʫ ʠ ʮʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ  
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ʊʘʢʪ ʂʦʤʘʥʜʘ ʈʘʥʢ ɹʘʥʢʘ ɺʨʩʪʘ ʂʦʣʦʥʘ 
ʎʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ 

ʤʘʛʠʩʪʨʘʣʠ 

ʎʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ 

ʧʦʜʘʪʘʢʘ 

1 Read 3 2  02d8 ȬɖɞɔɎɌə NC 

2      ȼɑɒɔɳɝɖɔ NC 

3 Read 3 1  02ac ȬɖɞɔɎɌə NC 

4      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

5 Read 3 1  02a4 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

6      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

7      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

8      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

9      ȽɗɚɍɚɐɌə ȬɖɞɔɎɌə 

10      ȽɗɚɍɚɐɌə ȼɑɒɔɳɝɖɔ 

11 Write  2 2  02cc ȬɖɞɔɎɌə ȽɗɚɍɚɐɌə 

12      ȼɑɒɔɳɝɖɔ ȽɗɚɍɚɐɌə 

13 Write  2 2  02d8 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

14      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

15 Write  2 2  02dc ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

16      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

17 Write  2 2  02c0 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

18      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

19 Read 3 1  0294 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

20      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

21 Read 3 2  0330 ȬɖɞɔɎɌə ȼɑɒɔɳɝɖɔ 

22      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

23      ȽɗɚɍɚɐɌə ȬɖɞɔɎɌə 

24      ȽɗɚɍɚɐɌə ȬɖɞɔɎɌə 

25 Read 3 2  0324 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

26      ȼɑɒɔɳɝɖɔ ȽɗɚɍɚɐɌə 

27 Read 3 2  0320 ȬɖɞɔɎɌə ȽɗɚɍɚɐɌə 

28      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

29      ȽɗɚɍɚɐɌə ȬɖɞɔɎɌə 

30 Precharge 3 1   ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

31      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

32      ȼɑɒɔɳɝɖɔ ȼɑɒɔɳɝɖɔ 

33 Write  2 2  02c0 ȬɖɞɔɎɌə ȽɗɚɍɚɐɌə 

34 Activate  3 1 0415  ȬɖɞɔɎɌə ȽɗɚɍɚɐɌə 

35 Write  2 2  02c4 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

36      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

37 Write  2 2  02d0 ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

38      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

39 Read 3 1  029c ȬɖɞɔɎɌə ȬɖɞɔɎɌə 

40      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

41 Read 3 1  035c ȬɖɞɔɎɌə ȼɑɒɔɳɝɖɔ 

42      ȼɑɒɔɳɝɖɔ ȬɖɞɔɎɌə 

43      NC ȬɖɞɔɎɌə 

44      NC ȬɖɞɔɎɌə 

45      NC ȬɖɞɔɎɌə 

ʉʣʠʢʘ 4.2 ï ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ DRAM  ʮʠʢʣʫʩʘ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ 

NC=Non-Characterizable. Timing constraints: BL=2, tAL=0, tCCD=2, tCL=3, tRTW=3, tRTP=2, 

tWR=4, tWTR=3, tRCD=3, tRC=15, tRRD=3, tRAS=15, tRP=3, tRFC=28, tRDRD=3, tRDWR=4, tWRRD=2, 

tWRWR=2 
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ʤʘʛʠʩʪʨʘʣʠ ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʥʘ ʢʨʘʿʫ ʘʥʘʣʠʟʠʨʘʥʝ ʩʝʢʚʝʥʮʝ ʥʝ ʤʦʛʫ ʜʘ ʩʝ ʢʘʨʘʢʪʝʨʠʰʫ 

ʿʝʨ ʥʠʿʝ ʤʦʛʫ˂ʝ ʬʦʨʤʠʨʘʪʠ ʧʘʨ DRAM ʢʦʤʘʥʜʠ ʢʦʿʠ ʙʠ ʯʠʥʠʦ ʚʘʣʠʜʘʥ ʧʨʝʣʘʟ ʫ 

DCT FSM, ʫ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʥʝʜʦʩʪʘʿʝ Ăʧʨʝʪʭʦʜʥʘ ʢʦʤʘʥʜʘñ, ʘ ʫ ʜʨʫʛʦʤ ʩʣʫʯʘʿʫ 

Ăʩʣʝʜʝ˂ʘ ʢʦʤʘʥʜʘñ.
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5 ʄʝʪʨʠʢʘ 

ʇʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʢʘʦ ʢʦʣʠʯʠʥʘ ʧʦʜʘʪʘʢʘ 

ʢʦʿʦʿ ʩʝ ʤʦʞʝ ʧʨʠʩʪʫʧʠʪʠ ʫ ʿʝʜʠʥʠʮʠ ʚʨʝʤʝʥʘ. ɿʙʦʛ ʣʘʢʰʝ ʘʥʘʣʠʟʝ, ʧʝʨʬʦʨʤʘʥʩʝ ʩʝ 

ʯʝʩʪʦ ʠʟʨʘʞʘʚʘʿʫ ʠ ʫ ʚʠʜʫ ʧʨʦʮʝʥʪʘ ʦʜ ʪʝʦʨʠʿʩʢʦʛ ʤʘʢʩʠʤʫʤʘ, ʢʦʿʠ ʿʝ ʦʜʨʝʹʝʥ 

ʬʠʟʠʯʢʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʤʝʤʦʨʠʿʝ, ʢʘʦ ʰʪʦ ʩʫ ʰʠʨʠʥʘ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ, ʨʘʜʥʘ 

ʬʨʝʢʚʝʥʮʠʿʘ, ʠʪʜ. ʠ ʜʨʫʛʠʤ ʬʘʢʪʦʨʠʤʘ, ʢʘʦ ʪhʦ ʩʫ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʥʘʤʝ˂ʝ DRAM 

ʧʨʦʪʦʢʦʣ. ʅʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʝ ʤʝʪʨʠʢʝ ʫ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʩʫ ʠʩʢʦʨʠʰ˂ʝˁʝ ʠ ʝʬʠʢʘʩʥʦʩʪ. ʆʚʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʪʠʧʠʯʥʦ ʜʝʬʠʥʠʰʫ ʩʘʤʦ ʫ 

ʢʦʥʪʝʢʩʪʫ ʩʘʦʙʨʘ˂ʘʿʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ, ʜʦʢ ʩʝ ʘʥʘʣʠʟʘ ʩʘʦʙʨʘ˂ʘʿʘ ʥʘ 

ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʦʙʠʯʥʦ ʨʘʜʠ ʦʜʚʦʿʝʥʦ ʠ ʩʚʦʜʠ ʩʝ ʥʘ ʨʘʟʤʘʪʨʘˁʝ ʩʘʤʦ 

ʦʜʨʝʹʝʥʠʭ ʩʝʢʚʝʥʮʠ, ʥʘʿʯʝʰ˂ʝ ʤʘʥʫʝʣʥʠʤ ʧʫʪʝʤ. 

ʋ ʦʢʚʠʨʫ ʤʝʪʦʜʦʣʦʛʠʿʝ ʧʨʝʜʣʦʞʝʥʝ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ (ʧʦʛʣʘʚˀʝ 5.1) ʫʚʦʜʠ 

ʩʝ ʥʦʚʘ ʤʝʪʨʠʢʘ ʢʦʿʘ ʿʝ ʠʩʪʦʚʨʝʤʝʥʦ ʧʨʠʤʝʥˀʠʚʘ ʠ ʥʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ ʠ ʥʘ 

ʢʦʥʪʨʦʣʥʫ ʤʘʛʠʩʪʨʘʣʫ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʧʨʝʚʘʟʠʣʘʟʠ ʜʠʭʦʪʦʤʠʿʘ ʢʦʿʘ ʿʝ ʨʘʥʠʿʝ 

ʧʦʩʪʦʿʘʣʘ ʫ ʘʥʘʣʠʟʠ ʨʘʜʘ DRAM ʤʝʤʦʨʠʿʘ ʟʙʦʛ ʥʫʞʥʦʩʪʠ ʜʘ ʩʝ ʘʥʘʣʠʟʘ ʪʨʘʥʩʘʢʮʠʿʘ 

ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʨʘʜʠ ʥʝʟʘʚʠʩʥʦ ʫʩʣʝʜ ʥʝʧʦʩʪʦʿʘˁʘ 

ʿʝʜʠʥʩʪʚʝʥʦʛ ʤʦʜʝʣʘ DRAM ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʠ ʙʠ ʦʙʫʭʚʘʪʘʦ ʦʙʝ ʤʘʛʠʩʪʨʘʣʝ. ʅʦʚʘ 

ʤʝʪʨʠʢʘ ʿʝ, ʥʘʩʫʧʨʦʪ ʪʦʤʝ, ʥʘʩʪʘʣʘ ʥʘ ʦʩʥʦʚʫ ʤʦʜʝʣʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ 

ʠʟʣʦʞʝʥʦʛ ʫ ʧʦʛʣʘʚˀʫ 4, ʢʦʿʠ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʤʦʜʝʣʠʨʘ ʧʝʨʬʦʨʤʘʥʩʝ ʦʙʝ ʢʦʤʧʦʥʝʥʪʝ 

ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ. 

ʅʘ ʦʩʥʦʚʫ ʥʦʚʝ ʤʝʪʨʠʢʝ ʩʫ ʧʦʪʦʤ ʧʨʝʜʣʦʞʝʥʝ ʜʚʝ ʤʝʪʦʜʝ ʟʘ ʧʨʦʮʝʥʫ 

ʪʝʦʨʠʿʩʢʠʭ ʛʨʘʥʠʮʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ (ʧʦʛʣʘʚˀʝ 5.2). ɱʝʜʥʘ ʤʝʪʦʜʘ 

ʜʘʿʝ ʛʦʨˁʫ ʛʨʘʥʠʮʫ ʪʝʦʨʠʿʩʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʘ ʜʨʫʛʘ ʜʘʿʝ ʧʦʪʝʥʮʠʿʘʣʥʦ 

ʨʝʘʣʠʩʪʠʯʥʠʿʫ ʧʨʦʮʝʥʫ ʪʝʦʨʠʿʩʢʦʛ ʤʘʢʩʠʤʫʤʘ ʠʥʪʝʨʧʦʣʘʮʠʿʦʤ. ʆʙʝ ʤʝʪʦʜʝ ʩʫ 
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ʜʠʥʘʤʠʯʢʝ ʠ ʘʫʪʦʤʘʪʩʢʠ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʫʪʠʮʘʿ ʧʨʦʤʝʥʘ ʫʟʨʦʢʦʚʘʥʠʭ 

ʬʣʫʢʪʫʘʮʠʿʘʤʘ ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʊʠʤʝ ʩʝ ʨʝʰʘʚʘ ʠ ʜʨʫʛʠ ʢˀʫʯʥʠ ʧʨʦʙʣʝʤ ʫ 

ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ ï ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ. 

5.1 ʄʝʪʨʠʢʘ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʤʝʤʦʨʠʿʘ 

ʂʦʜ ʢʨʝʠʨʘˁʘ ʥʦʚʝ ʤʝʪʨʠʢʝ ʧʦʪʨʝʙʥʦ ʿʝ ʥʘʿʧʨʝ ʜʝʬʠʥʠʩʘʪʠ ʨʝʣʝʚʘʥʪʥʝ 

ʧʦʤʿʦʚʝ, ʧʘʨʘʤʝʪʨʝ ʠ ʦʟʥʘʢʝ. 

ɼʝʬʠʥʠʮʠʿʘ 5.1: ʂʦʤʘʥʜʥʘ ʤʘʛʠʩʪʨʘʣʘ ʿʝ ʜʝʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ 

ʧʨʝʢʦ ʢʦʿʝ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʰʘˀʝ ʢʦʤʘʥʜʥʝ ʪʨʘʥʩʘʢʮʠʿʝ DRAM ʤʝʤʦʨʠʿʠ. 

ʄʘʛʠʩʪʨʘʣʘ ʧʦʜʘʪʘʢʘ ʿʝ ʜʝʦ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʧʨʝʢʦ ʢʦʿʝ ʤʝʤʦʨʠʿʩʢʠ 

ʢʦʥʪʨʦʣʝʨ ʰʘˀʝ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʧʨʠʣʠʢʦʤ ʫʧʠʩʘ ʫ DRAM ʤʝʤʦʨʠʿʫ 

ʠʣʠ ʧʨʝʢʦ ʢʦʿʝ DRAM ʤʝʤʦʨʠʿʘ ʰʘˀʝ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʫ 

ʧʨʝʪʭʦʜʥʦ ʦʯʠʪʘʥʠ ʢʘ ʤʝʤʦʨʠʿʩʢʦʤ ʢʦʥʪʨʦʣʝʨʫ. 

ʆʟʥʘʢʘ ʟʘ ʢʦʤʘʥʜʥʫ ʤʘʛʠʩʪʨʘʣʫ ʿʝ ộὅὄỚ (ʝʥʛ. Command Bus), ʘ ʟʘ ʤʘʛʠʩʪʨʘʣʫ 

ʧʦʜʘʪʘʢʘ ộὈὄỚ (ʝʥʛ. Data Bus). ʆʟʥʘʢʘ ộὄὟὛỚ ʩʝ ʢʦʨʠʩʪʠ ʜʘ ʩʝ ʦʙʝʣʝʞʠ ʙʠʣʘ ʢʦʿʘ ʦʜ 

ʦʚʝ ʜʚʝ ʤʘʛʠʩʪʨʘʣʝ, ʦʜʥʦʩʥʦ ʦʚʘ ʦʟʥʘʢʘ ʩʝ ʤʦʞʝ ʟʘʤʝʥʠʪʠ ʙʠʣʦ ʩʘ ộὅὄỚ ʙʠʣʦ ʩʘ 

ộὈὄỚ. 

ɼʝʬʠʥʠʮʠʿʘ 5.2: ɸʢʪʠʚʘʥ ʮʠʢʣʫʩ ʿʝ ʮʠʢʣʫʩ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʠʣʠ 

ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʪʦʢʦʤ ʢʦʛʘ ʩʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʩʠʛʥʘʣʠ ʧʦʜʘʪʘʢʘ, ʦʜʥʦʩʥʦ 

ʢʦʤʘʥʜʥʠ ʩʠʛʥʘʣʠ ʘʢʪʠʚʥʠ. 

ʋʦʙʠʯʘʿʝʥʦ ʿʝ ʜʘ ʿʝ ʩʠʛʥʘʣ ʘʢʪʠʚʘʥ ʘʢʦ ʠʤʘ ʚʨʝʜʥʦʩʪ ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ, ʘʣʠ 

ʪʦ ʥʝ ʤʦʨʘ ʙʠʪʠ ʧʨʘʚʠʣʦ. ʂʦʜ ʥʝʢʠʭ ʧʨʦʪʦʢʦʣʘ ʩʝ ʧʦʣʘʨʠʪʝʪ ʘʢʪʠʚʥʠʭ ʩʠʛʥʘʣʘ ʤʦʞʝ 

ʯʘʢ ʠ ʜʠʥʘʤʠʯʢʠ ʤʝˁʘʪʠ ʫ ʪʦʢʫ ʧʨʝʥʦʩʘ ʨʘʜʠ ʩʤʘˁʝˁʘ ʧʦʪʨʦʰˁʝ ʠ ʦʯʫʚʘˁʘ 

ʠʥʪʝʛʨʠʪʝʪʘ ʩʠʛʥʘʣʘ. ʇʨʠʤʝʨ ʟʘ ʪʦ ʿʝ DBI (ʝʥʛ. Data Bus Inversion) ʤʝʭʘʥʠʟʘʤ ʢʦʜ 

GGDR4/5, DDR3/4 ʠ LPDDR4 ʧʨʦʪʦʢʦʣʘ, ʛʜʝ ʩʝ ʧʦʣʘʨʠʪʝʪ ʙʠʪʦʚʘ ʥʘ ʘʜʨʝʩʥʦʿ ʠ 

ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʤʝˁʘ ʩʚʘʢʠ ʧʫʪ ʢʘʜʘ ʙʨʦʿ ʙʠʪʦʚʘ ʣʦʛʠʯʢʝ ʥʫʣʝ ʠʣʠ ʿʝʜʠʥʠʮʝ 

(ʟʘʚʠʩʥʦ ʦʜ ʩʠʛʥʘʣʥʝ ʣʦʛʠʢʝ ʢʦʿʫ ʩʪʘʥʜʘʨʜ ʢʦʨʠʩʪʠ) ʧʨʝʹʝ ʧʦʣʦʚʠʥʫ. ʅʘ ʪʘʿ ʥʘʯʠʥ 

ʩʝ ʤʠʥʠʤʠʟʫʿʝ ʙʨʦʿ ʙʠʪʦʚʘ ʢʦʿʠ ʫʟʨʦʢʫʿʫ ʧʦʪʨʦʰˁʫ ʝʥʝʨʛʠʿʝ ʥʘ ʪʝʨʤʠʥʘʣʥʦʤ ʢʨʘʿʫ. 

ɹʨʦʿ ʘʢʪʠʚʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʦʟʥʘʯʘʚʘ ʩʘ ὔộ Ớ .  
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ɼʝʬʠʥʠʮʠʿʘ 5.3: ʉʣʦʙʦʜʘʥ ʮʠʢʣʫʩ ʿʝ ʥʝʘʢʪʠʚʘʥ ʮʠʢʣʫʩ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ 

ʤʘʛʠʩʪʨʘʣʠ ʢʦʿʠ ʿʝ ʤʦʛʘʦ ʙʠʪʠ ʘʢʪʠʚʘʥ. 

ʈʘʟʣʦʛ ʟʘʰʪʦ ʥʝʢʠ ʩʣʦʙʦʜʘʥ ʮʠʢʣʫʩ ʥʠʿʝ ʘʢʪʠʚʘʥ, ʠʘʢʦ ʙʠ ʤʦʛʘʦ ʙʠʪʠ, ʤʦʞʝ 

ʜʘ ʙʫʜʝ ʪʦ ʰʪʦ ʥʧʨ. ʥʠʿʝ ʙʠʣʦ ʟʘʭʪʝʚʘ ʦʜ ʩʪʨʘʥʝ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. ɹʨʦʿ 

ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʦʟʥʘʯʘʚʘ ʩʘ ὔộ Ớ . 

ɼʝʬʠʥʠʮʠʿʘ 5.4: ʈʝʞʠʿʩʢʠ ʮʠʢʣʫʩ ʿʝ ʥʝʘʢʪʠʚʘʥ ʮʠʢʣʫʩ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ 

ʤʘʛʠʩʪʨʘʣʠ ʢʦʿʠ ʥʠʿʝ ʤʦʛʘʦ ʙʠʪʠ ʘʢʪʠʚʘʥ. 

ʈʘʟʣʦʛ ʟʘʰʪʦ ʥʝʘʢʪʠʚʘʥ ʮʠʢʣʫʩ ʥʠʿʝ ʤʦʛʘʦ ʙʠʪʠ ʘʢʪʠʚʘʥ ʤʦʞʝ ʜʘ ʙʫʜʝ ʪʦ 

ʰʪʦ ʥʧʨ. ʧʨʦʪʦʢʦʣ ʥʝ ʜʦʟʚʦˀʘʚʘ ˁʝʛʦʚʦ ʢʦʨʠʰ˂ʝˁʝ ʟʙʦʛ ʦʜʨʝʹʝʥʠʭ ʦʛʨʘʥʠʯʝˁʘ. 

ɹʨʦʿ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʦʟʥʘʯʘʚʘ ʩʘ ὔộ Ớ . 

ɼʝʬʠʥʠʮʠʿʘ 5.5: ɿʘʫʟʝʪ ʮʠʢʣʫʩ ʿʝ ʩʚʘʢʠ ʮʠʢʣʫʩ ʢʦʿʠ ʥʠʿʝ ʩʣʦʙʦʜʘʥ. 

ɹʨʦʿ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʦʟʥʘʯʘʚʘ ʩʘ ὔộ Ớ . 

ɼʝʬʠʥʠʮʠʿʘ 5.6: ʀʩʢʦʨʠʰ˂ʝˁʝ ʿʝ ʦʜʥʦʩ ʙʨʦʿʘ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ ʠ ʫʢʫʧʥʦʛ 

ʙʨʦʿʘ ʮʠʢʣʫʩʘ. 

ʇʦʰʪʦ ʩʝ ʘʢʪʠʚʥʠ ʠ ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ ʥʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʩʣʘˁʝ ʥʦʚʠʭ 

ʪʨʘʥʩʘʢʮʠʿʘ, ʦʥʠ ʩʫ, ʧʦ ʧʨʠʨʦʜʠ, ʟʘʫʟʝʪʠ. ʉʪʦʛʘ ʩʝ ʠʩʢʦʨʠʰ˂ʝˁʝ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ 

ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

Ὗộ Ớ

ὔộ Ớ 

ὔộ Ớ 
 

ὔộ Ớ ὔộ Ớ ὔộ Ớ  

ὔộ Ớ ὔộ Ớ ὔộ Ớ   

 (5.1) 

ɼʝʬʠʥʠʮʠʿʘ 5.7: ʎʠʢʣʫʩ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʿʝ ʠʩʢʦʨʠʰ˂ʝʥ ʘʢʦ ʿʝ 

ʜʝʦ ʪʨʘʥʩʘʢʮʠʿʝ ʩʣʘˁʘ ʢʦʤʘʥʜʝ. ʎʠʢʣʫʩ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʿʝ ʠʩʢʦʨʠʰ˂ʝʥ ʘʢʦ 

ʿʝ ʜʝʦ ʪʨʘʥʩʘʢʮʠʿʝ ʩʣʘˁʘ ʧʦʜʘʪʘʢʘ. 

ɼʝʬʠʥʠʮʠʿʘ 5.8: ɽʬʠʢʘʩʥʦʩʪ ʿ ʝ ʦʜʥʦʩ ʙʨʦʿʘ ʮʠʢʣʫʩʘ ʢʦʿʠ ʩʫ ʠʩʢʦʨʠʰ˂ʝʥʠ 

ʠ ʙʨʦʿʘ ʟʘʫʟʝʪʠʭ ʮʠʢʣʫʩʘ. 
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ɽʬʠʢʘʩʥʦʩʪ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʠ ʢʘʦ ʠʩʢʦʨʠʰ˂ʝˁʝ ʫ ʧʝʨʠʦʜʠʤʘ ʢʘʜʘ ʿʝ 

ʤʘʛʠʩʪʨʘʣʘ ʟʘʫʟʝʪʘ. 

ʋ ʠʜʝʘʣʥʦʿ DRAM ʤʝʤʦʨʠʿʠ ʥʝʤʘ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ. ʊʦ ʟʥʘʯʠ ʜʘ ʦʩʠʤ 

ʪʨʘʥʩʘʢʮʠʿʘ ʟʘ ʯʠʪʘˁʝ ʠ ʫʧʠʩ ʧʦʜʘʪʘʢʘ ʥʝʤʘ ʜʨʫʛʠʭ ʪʨʘʥʩʘʢʮʠʿʘ. ʊʨʘʥʩʘʢʮʠʿʝ ʟʘ 

ʯʠʪʘˁʝ ʠ ʫʧʠʩ ʩʫ ʝʩʝʥʮʠʿʘʣʥʝ ʟʘ ʨʘʜ ʤʝʤʦʨʠʿʝ ʙʝʟ ʦʙʟʠʨʘ ʥʘ DRAM ʘʨʭʠʪʝʢʪʫʨʫ, ʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʟʦʚʫ ʝʩʝʥʮʠʘʿʣʥʠ ʮʠʢʣʫʩʠ. 

ɼʝʬʠʥʠʮʠʿʘ 5.9: ɽʩʝʥʮʠʿʘʣʥʠ ʮʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʫ 

ʟʘʫʟʝʪʠ ʮʠʢʣʫʩʠ ʢʦʿʠ ʩʝ ʛʝʥʝʨʠʰʫ ʫʩʣʝʜ ʢʦʤʘʥʜʠ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ ʫ ʠʜʝʘʣʥʦʿ DRAM 

ʤʝʤʦʨʠʿʠ. 

ʆʚʠ ʮʠʢʣʫʩʠ ʟʘʧʨʘʚʦ ʢʘʨʘʢʪʝʨʠʰʫ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʘ ʥʝ ʨʘʜ DRAM 

ʤʝʤʦʨʠʿʝ, ʿʝʨ ʩʝ ʧʦʿʘʚˀʫʿʫ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʪʨʝʥʫʪʥʦ ʩʪʘˁʝ DRAM ʤʝʤʦʨʠʿʝ ʠ 

ʜʠʥʘʤʠʢʫ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ, ʚʝ˂ ʩʘʤʦ ʥʘ ʦʩʥʦʚʫ ʟʘʭʪʝʚʘ ʤʝʤʦʨʠʿʩʢʠʭ 

ʢʣʠʿʝʥʘʪʘ ʫ ʩʠʩʪʝʤʫ. 

ɼʝʬʠʥʠʮʠʿʘ 5.10: ʌʫʥʢʮʠʦʥʘʣʥʠ ʮʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʫ 

ʥʝʝʩʝʥʮʠʿʘʣʥʠ ʟʘʫʟʝʪʠ ʮʠʢʣʫʩʠ. 

ʆʚʠ ʮʠʢʣʫʩʠ ʢʘʨʘʢʪʝʨʠʰʫ ʨʘʜ DRAM ʤʝʤʦʨʠʿʝ ʟʘ ʜʘʪʦ ʨʘʜʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, 

ʿʝʨ ʟʘʚʠʩʝ ʦʜ ʪʨʝʥʫʪʥʦʛ ʩʪʘˁʘ DRAM ʤʝʤʦʨʠʿʝ ʠ ʜʠʥʘʤʠʢʝ ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ. ʌʫʥʢʮʠʦʥʘʣʥʠ ʮʠʢʣʫʩʠ ʩʫ ʥʝʦʧʭʦʜʥʠ ʟʘ ʢʦʨʝʢʪʘʥ ʨʘʜ ʥʝʠʜʝʘʣʥʦʛ 

DRAM ʢʦʣʘ. ʋ ʩʣʫʯʘʿʫ ʜʘ ʩʝ ʝʩʝʥʮʠʿʘʣʥʠ  ʮʠʢʣʫʩ ʠʟʘʟʚʘʥ ʿʝʜʥʦʤ ʢʦʤʘʥʜʦʤ 

ʧʨʝʢʣʘʧʘ ʩʘ ʬʫʥʢʮʠʦʥʘʣʥʠʤ ʮʠʢʣʫʩʦʤ ʠʟʘʟʚʥʠʤ ʜʨʫʛʦʤ ʢʦʤʘʥʜʦʤ, ʮʠʢʣʫʩ ʩʝ 

ʢʘʨʘʢʪʝʨʠʰʝ ʢʘʦ ʝʩʝʥʮʠʿʘʣʥʠ.  

ɼʝʬʠʥʠʮʠʿʘ 5.11: ɽʩʝʥʮʠʿʘʣʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʩʫ ʟʘʫʟʝʪʠ 

ʮʠʢʣʫʩʠ ʢʦʿʠ ʩʝ ʛʝʥʝʨʠʰʫ ʫʩʣʝʜ ʢʦʤʘʥʜʠ ʯʠʪʘˁʘ ʠ ʫʧʠʩʘ, ʰʪʦ ʩʫ, ʧʦ ʜʝʬʠʥʠʮʠʿʠ, 

ʘʢʪʠʚʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. 

ɼʝʬʠʥʠʮʠʿʘ 5.12: ʌʫʥʢʮʠʦʥʘʣʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʩʫ 

ʥʝʝʩʝʥʮʠʿʘʣʥʠ ʟʘʫʟʝʪʠ ʮʠʢʣʫʩʠ, ʰʪʦ ʩʫ, ʧʦ ʜʝʬʠʥʠʮʠʿʠ, ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. 

ɹʨʦʿ ʝʩʝʥʮʠʿʘʣʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʦʟʥʘʯʘʚʘ ʩʘ ὔộ Ớ , a 

ʙʨʦʿ ʬʫʥʢʮʠʦʥʘʣʥʠʭ ʮʠʢʣʫʩʘ ʩʘ ὔộ Ớ . 
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ʅʘ ʦʩʥʦʚʫ ʥʘʚʝʜʝʥʠʭ ʜʝʬʠʥʠʮʠʿʘ, ʤʦʞʝ ʩʝ ʠʟʚʝʩʪʠ ʩʣʝʜʝ˂ʘ ʨʝʣʘʮʠʿʘ: 

ὔộ Ớ  ὔộ Ớ  ὔộ Ớ    (5.2) 

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʝʬʠʥʠʮʠʿʝ 5.7-5.12 ʤʦʞʝ ʩʝ ʫʩʧʦʩʪʘʚʠʪʠ ʨʝʣʘʮʠʿʘ 

ʿʝʜʥʘʢʦʩʪʠ ʠʟʤʝʹʫ ʧʦʿʤʦʚʘ Ăʠʩʢʦʨʠʰ˂ʝʥ ʮʠʢʣʫʩñ ʫ ʠʜʝʘʣʥʦʿ DRAM ʤʝʤʦʨʠʿʠ ʠ 

ʧʦʿʤʘ Ăʝʩʝʥʮʠʿʘʣʥʠ ʮʠʢʣʫʩñ ʫ ʥʝʠʜʝʘʣʥʦʿ ʤʝʤʦʨʠʿʠ. ɽʬʠʢʘʩʥʦʩʪ ʩʝ ʩʪʦʛʘ ʤʦʞʝ 

ʜʝʬʠʥʠʩʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

Ὁộ Ớ 

ὔộ Ớ  

ὔộ Ớ  
  (5.3) 

ɸʢʦ ʿʝ Ὢộ Ớ ʬʨʝʢʚʝʥʮʠʿʘ ʨʘʜʘ ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʜʝʣʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ
9, 

ʦʥʜʘ ʿʝ ʧʝʨʠʦʜ ʚʨʝʤʝʥʘ ʢʦʿʠ ʧʨʦʪʝʢʥʝ ʪʦʢʦʤ ὔộ Ớ  ʮʠʢʣʫʩʘ ʿʝʜʥʘʢ ὸộ Ớ

ὔộ ỚȾὪộ Ớ. ʇʦʰʪʦ ʩʫ ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʦʙʝ ʤʘʛʠʩʪʨʘʣʝ ʫ ʥʝʧʦʩʨʝʜʥʦʿ ʚʝʟʠ, ʪʦ ʿʝ 

ʫʢʫʧʥʦ ʧʦʩʤʘʪʨʘʥʦ ʚʨʝʤʝ ʥʘ ʦʙʝ ʤʘʛʠʩʪʨʘʣʝ ʦʙʠʯʥʦ ʿʝʜʥʘʢʦ, ʪʿ. ʚʘʞʠ ὸộ Ớ 

ὸộ Ớ . ʆʜʘʪʣʝ ʩʣʝʜʠ: 

ὔộ Ớ 

Ὢộ Ớ

ὔộ Ớ 

Ὢộ Ớ
  (5.4) 

ʇʦ ʜʝʬʠʥʠʮʠʿʠ, ʚʨʝʤʝ ʢʦʿʝ ʟʘʫʟʠʤʘʿʫ ʝʩʝʥʮʠʿʘʣʥʠ ʮʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ 

ʤʘʛʠʩʪʨʘʣʠ ʠ ʝʩʝʢʥʮʠʿʘʣʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʫ ʧʦʩʤʘʪʨʘʥʦʤ 

ʧʝʨʠʦʜʫ ʿʝ ʿʝʜʥʘʢʦ, ʪʿ. ὸộ Ớ ὸộ Ớ ὸộ Ớ , ʦʜʘʢʣʝ ʩʣʝʜʠ: 

ὔộ Ớ 

Ὢộ Ớ

ὔộ Ớ 

Ὢộ Ớ
  (5.5) 

ʀʟ (5.3)-(5.5) ʩʘʜʘ ʩʣʝʜʠ: 

                                                 

 
9 ʂʦʤʘʥʜʥʘ ʤʘʛʠʩʪʨʘʣʘ ʠ ʤʘʛʠʩʪʨʘʣʘ ʧʦʜʘʪʘʢʘ ʥʝ ʤʦʨʘʿʫ ʜʘ ʨʘʜʝ ʥʘ ʠʩʪʦʿ ʬʨʝʢʚʝʥʮʠʿʠ. 
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Ὁộ Ớ

ὔộ Ớ  

ὔộ Ớ  
 

Ὢộ ỚὪộ Ớϳ Ͻὔộ Ớ 

ὔộ Ớ  
Ͻ
ὔộ Ớ  

ὔộ Ớ  
 

Ὢộ ỚȾὪộ ỚϽὔộ Ớ 

ὔộ Ớ  
Ͻ
Ὢộ ỚȾὪộ ỚϽὔộ Ớ 

ὔộ Ớ  
 

ὔộ Ớ 

ὔộ Ớ  
Ͻ
ὔộ Ớ  

ὔộ Ớ  
Ͻ
ὔộ Ớ 

ὔộ Ớ  
 

Ὁộ ỚϽὟộ ỚȾὟộ Ớ 

ʦʜʥʦʩʥʦ: 

Ὁộ ỚϽὟộ Ớ Ὁộ ỚϽὟộ Ớ  (5.6) 

ɺʨʝʜʥʦʩʪ ʧʨʦʠʟʚʦʜʘ ʫ ʠʟʨʘʟʫ (5.6) ʥʘʟʠʚʘ ʩʝ ʝʩʝʥʮʠʘʿʣʥʦ ʠʩʢʦʨʠʰ˂ʝˁʝ, EU 

(ʝʥʛ. essential utilization)10: 

ὉὟộ Ớ 

ὔộ Ớ  

ὔộ Ớ  
  (5.7) 

ʆʚʘʿ ʧʘʨʘʤʝʪʘʨ ʧʦʢʘʟʫʿʝ ʢʦʣʠʢʠ ʙʨʦʿ ʮʠʢʣʫʩʘ ʦʜ ʫʢʫʧʥʦʛ ʙʨʦʿʘ ʮʠʢʣʫʩʘ ʥʘ 

ʤʘʛʠʩʪʨʘʣʠ ʝʿ ʙʠʦ ʥʝʦʧʭʦʜʘʥ ʠʩʢˀʫʯʠʚʦ ʟʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ. ʆʚʦ ʿʝ ʚʝʦʤʘ 

ʠʥʪʫʠʪʠʚʥʘ ʤʝʪʨʠʢʘ, ʰʪʦ ʿʝ, ʫʟ ʯʠˁʝʥʠʮʫ ʜʘ ʠʩʪʦʚʨʝʤʝʥʦ ʢʘʨʘʢʪʝʨʠʰʝ ʠ ʢʦʤʘʥʜʥʫ 

ʤʘʛʠʩʪʨʘʣʫ ʠ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ, ʯʠʥʠ ʚʝʦʤʘ ʧʦʛʦʜʥʦʤ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ: 

ὉὟộ Ớ Ὁộ ỚϽὟộ Ớ  (5.8) 

                                                 

 
10 ɿʛʦʜʥʘ ʩʣʫʯʘʿʥʦʩʪ ʿʝ ʰʪʦ ʩʝ ʘʢʨʦʥʠʤ EU ʩʘʩʪʦʿʠ ʫʧʨʘʚʦ ʦʜ ʩʣʦʚʘ E ʠ U ʢʦʿʠ ʩʫ ʠ ʯʠʥʠʦʮʠ 

ʧʨʦʠʟʚʦʜʘ ʢʦʿʠ ʜʘʿʝ ʚʨʝʜʥʦʩʪ ʪʦʛ ʧʘʨʘʤʝʪʨʘ. 
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ʂʘʢʦ DRAM ʧʨʦʪʦʢʦʣ ʤʦʨʘ ʜʘ ʩʧʨʝʯʠ ʢʦʣʠʟʠʿʝ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ 

ʫʟʨʦʢʦʚʘʥʝ ʢʦʤʘʥʜʘʤʘ ʢʦʿʝ ʧʨʠʩʪʫʧʘʿʫ ʧʦʜʘʮʠʤʘ ʫ ʤʝʤʦʨʠʿʠ, ʚʨʝʤʝ ʢʦʿʝ ʿʝ 

ʤʘʛʠʩʪʨʘʣʘ ʧʦʜʘʪʘʢʘ ʟʘʫʟʝʪʘ ʤʦʨʘ ʙʠʪʠ ʫʢˀʫʯʝʥʦ ʫ command-command ʚʨʝʤʝʥʩʢʘ 

ʦʛʨʘʥʠʯʝˁʘ, ʘ ʩʭʦʜʥʦ ʪʦʤʝ ʠ ʫ ʚʨʝʤʝ ʟʘʫʟʝ˂ʘ ʢʦʤʘʥʜʥʝ ʤʘʛʠʩʪʨʘʣʝ (ʧʦʛʣʘʚˀʝ 4.2). 

ʉʪʦʛʘ ʿʝ ὸộ Ớ ὸộ Ớ , ʦʜʘʢʣʝ ʩʣʝʜʠ: 

Ὗộ Ớ Ὗộ Ớ  (5.9) 

ʘ ʧʦʩʣʝʜʠʯʥʦ, ʠʟ (5.6) ʠ (5.8)-(5.9): 

Ὁộ Ớ Ὁộ Ớ 
 

(5.10) 

5.2 ʊʝʦʨʠʿʩʢʠ ʤʘʢʩʠʤʫʤ ʧʝʨʬʦʨʤʘʥʩʠ 

ʄʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʪʘʯʥʦ ʢʚʘʥʪʠʬʠʢʫʿʝ ʤʘʢʩʠʤʫʤ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ ʩʫʰʪʠʥʩʢʠ 

ʚʘʞʥʘ ʫ ʘʥʘʣʠʟʠ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. ʇʨʦʩʪʦ ʢʦʨʠʰ˂ʝˁʝ ὉὟộ Ớ

ρππ Ϸ ʢʘʦ ʛʦʨˁʝ ʛʨʘʥʠʮʝ ʧʝʨʬʦʨʤʘʥʩʠ ʟʘʥʝʤʘʨʫʿʝ ʧʦʩʪʦʿʘˁʝ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ, 

ʰʪʦ ʠʩʢʨʠʚˀʫʿʝ ʝʬʝʢʪʝ ʫʟʨʦʢʦʚʘʥʝ ʜʠʥʘʤʠʯʢʠʤ ʧʨʦʤʝʥʘʤʘ ʨʘʜʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʠ 

ʯʠʥʠ ʘʥʘʣʠʟʫ ʥʝʪʘʯʥʦʤ. ʇʨʝʮʠʟʥʠʿʝ ʛʨʘʥʠʮʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ ʩʝ ʤʦʛʫ 

ʜʝʬʠʥʠʩʘʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʥʦʚʝ ʤʝʪʨʠʢʝ ʟʘ ʤʝʨʝˁʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ. 

5.2.1 ɻʦʨˁʘ ʛʨʘʥʠʮʘ ʧʝʨʬʦʨʤʘʥʩʠ 

ʇʦʰʪʦ ʿʝ ὉὟộ Ớ άὥὼ Ὁộ ỚϽάὥὼ Ὗộ Ớ, ʠʟ (5.8)-(5.9) ʩʣʝʜʠ ʜʘ ʩʝ 

ʪʝʦʨʠʿʩʢʠ ʤʘʢʩʠʤʫʤ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ ʧʦʩʪʠʞʝ ʟʘ Ὗộ Ớ ρππϷ: 

άὥὼ ὉὟộ Ớ άὥὼ Ὁộ Ớ  (5.11) 

ɽʬʠʢʘʩʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʨʝʜʦʩʣʝʜʘ DRAM ʢʦʤʘʥʜʠ, ʢʦʿʠ ʟʘʚʠʩʠ ʦʜ 

ʘʨʙʠʪʨʘʮʠʿʝ ʠ ʩʝʢʚʝʥʮʠʨʘˁʘ ʤʝʤʦʨʠʿʩʢʠʭ ʟʘʭʪʝʚʘ ʫʥʫʪʘʨ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. 

ʂʘʜʘ ʿʝ ʨʝʜʦʩʣʝʜ ʢʦʤʘʥʜʠ ʟʘ ʜʘʪʫ ʩʝʢʚʝʥʮʫ ʥʝʧʨʦʤʝʥˀʠʚ, ʝʬʠʢʘʩʥʦʩʪ ʿʝ ʪʘʢʦʹʝ 

ʥʝʧʨʦʤʝʥˀʠʚʘ. 
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ɸʢʦ ʩʝ ʦʜʨʝʹʝʥ ʙʨʦʿ ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ ʟʘʤʝʥʠ ʿʝʜʥʘʢʠʤ ʙʨʦʿʝʤ ʟʘʫʟʝʪʠʭ 

ʮʠʢʣʫʩʘ (Ўὔộ Ớ Ўὔộ Ớ ), ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʫʢʫʧʘʥ ʙʨʦʿ ʮʠʢʣʫʩʘ 

ʦʩʪʘʿʝ ʥʝʧʨʦʤʝˁʝʥ, ʤʦʞʝ ʩʝ ʠʟ (5.1)-(5.3) ʠʟʚʝʩʪʠ ʜʘ ˂ʝ ʧʨʦʤʝʥʘ ʝʬʠʢʘʩʥʦʩʪʠ ʙʠʪʠ: 

ЎὉộ Ớ

ὔộ Ớ Ўὔộ Ớ 

ὔộ Ớ Ўὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 
 

Ўὔộ Ớ Ͻὔộ Ớ Ўὔộ Ớ ϽЎὔộ Ớ 

ὔộ Ớ Ўὔộ Ớ Ͻὔộ Ớ 
 

Ўὔộ Ớ Ͻ
Ўὔộ Ớ 

ὔộ Ớ 

Ўὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ Ͻρ
Ўὔộ Ớ 

ὔộ Ớ 

 

Ὁộ ỚϽ
Ὠὔộ Ớ Ὠὔộ Ớ 

ρ Ὠὔộ Ớ 
 

Ὁộ ỚϽ
ρ Ὠὔộ Ớ ρ Ὠὔộ Ớ 

ρ Ὠὔộ Ớ 
 

Ὁộ ỚϽ
ρ Ὠὔộ Ớ 

ρ Ὠὔộ Ớ 
ρ  

ʛʜʝ ʿʝ Ὠὔộ Ớ Ўὔộ ỚȾὔộ Ớ. ʇʦʩʤʘʪʨʘʿʤʦ ʜʦʙʠʿʝʥʫ ʨʝʣʘʮʠʿʫ: 

ЎὉộ Ớ Ὁộ ỚϽ
ρ Ὠὔộ Ớ 

ρ Ὠὔộ Ớ 
ρ   (5.12) 

ɽʬʠʢʘʩʥʦʩʪ ʨʘʩʪʝ ʘʢʦ ʿʝ ЎὉộ Ớ π, ʰʪʦ ʩʝ ʩʚʦʜʠ ʥʘ ʫʩʣʦʚ 

Ὠὔộ Ớ Ὠὔộ Ớ , ʪʿ. ʥʘ ʫʩʣʦʚ ʜʘ ʿʝ ʦʜʥʦʩ ʜʦʜʘʪʠʭ ʝʩʝʥʮʠʿʘʣʥʠʭ 

ʮʠʢʣʫʩʘ ʤʝʹʫ ʟʘʤʝˁʝʥʠʤ ʩʣʦʙʦʜʥʠʤ ʮʠʢʣʫʩʠʤʘ ʚʝ˂ʠ ʥʝʛʦ ʰʪʦ ʿʝ ʙʠʦ ʫ ʦʩʪʘʪʢʫ 

ʧʦʩʤʘʪʨʘʥʦʛ ʧʝʨʠʦʜʘ. ʇʦʰʪʦ ʿʝ (5.12) ʤʦʥʦʪʦʥʦ ʨʘʩʪʫ˂ʘ ʬʫʥʢʮʠʿʘ ʦʜ 

Ὠὔộ Ớ , ʘ ʪʠʤʝ ʠ ʦʜ Ўὔộ Ớ , ʤʘʢʩʠʤʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʩʝ ʧʦʩʪʠʞʝ 

ʟʘ άὥὼ Ўὔộ Ớ ), ʧʘ ʠʟ (5.3) ʩʣʝʜʠ: 
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άὥὼ Ὁộ Ớ

ὔộ Ớ άὥὼ Ўὔộ Ớ 

ὔộ Ớ Ўὔộ Ớ 
 (5.13) 

άὥὼ Ўὔộ Ớ Ўὔộ Ớ , ʪʿ. ʘʢʦ ʩʫ ʩʚʠ ʩʣʦʙʦʜʥʠ ʮʠʢʣʫʩʠ 

ʟʘʤʝˁʝʥʠ ʩʘ ʟʘʫʟʝʪʠʤ ʮʠʢʣʫʩʠʤʘ ʟʘʧʨʘʚʦ ʝʩʝʥʮʠʿʘʣʥʠ. ʇʦʰʪʦ ʩʝ ʪʝʦʨʠʿʩʢʠ 

ʤʘʢʩʠʤʫʤ ʧʝʨʬʨʦʤʘʥʩʠ ʢʦʤʘʥʜʥʝ ʤʘʛʠʩʪʨʘʣʝ ʧʦʩʪʠʞʝ ʟʘ Ὗộ Ớ ρππϷ, ʰʪʦ 

ʠʤʧʣʠʮʠʨʘ Ўὔộ Ớ ὔộ Ớ , ʪʿ. ʜʘ ʩʝ ʩʚʠ ʩʣʦʙʦʜʥʠ ʮʠʢʣʫʩʠ ʤʦʛʫ ʟʘʤʝʥʠʪʠ 

ʟʘʫʟʝʪʠʤ ʮʠʢʣʫʩʠʤʘ, ʛʦʨˁʘ ʛʨʘʥʠʮʘ ʝʬʠʢʘʩʥʦʩʪʠ ʢʦʤʘʥʜʥʝ ʤʘʛʠʩʪʨʘʣʝ ʧʦʩʪʘʿʝ: 

άὥὼ Ὁộ Ớ

ὔộ Ớ Ўὔộ Ớ 

ὔộ Ớ Ўὔộ Ớ 
 

ὔộ Ớ ὔộ Ớ 

ὔộ Ớ ὔộ Ớ 
 

ὔộ Ớ ὔộ Ớ 

ὔộ Ớ 
 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 
 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ ὔộ Ớ 

ὔộ Ớ 
 

ὉὟộ Ớ ρ Ὗộ Ớ 

ʦʜʥʦʩʥʦ: 

άὥὼὉộ Ớ  ὉὟộ Ớ Ὅộ Ớȟ           Ὅộ Ớ ρ Ὗộ Ớ  (5.14) 

ɻʦʨˁʘ ʛʨʘʥʠʮʘ ʝʬʠʢʘʩʥʦʩʪʠ ʟʘ ʤʘʛʠʩʪʨʘʣʫ ʧʦʜʘʪʘʢʘ ʩʝ ʤʦʞʝ ʠʟʚʝʩʪʠ ʠʟ 

(5.3), (5.5), (5.6) ʠ (5.13) ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʿʝ άὥὼЎὔộ Ớ 

Ўὔộ Ớ Ў ộ Ớ ộ Ớ 
Ὢộ ỚȾὪộ ỚϽὔộ Ớ  : 
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άὥὼ Ὁộ Ớ

ὔộ Ớ άὥὼ Ўὔộ Ớ 

ὔộ Ớ Ўὔộ Ớ 
 

ὔộ Ớ Ўὔộ Ớ Ў ộ Ớ ộ Ớ 

ὔộ Ớ Ўὔộ Ớ Ў ộ Ớ ộ Ớ 

 

ὔộ Ớ Ўὔộ Ớ Ў ộ Ớ ộ Ớ 

ὔộ Ớ Ͻ
ὔộ Ớ 

ὔộ Ớ 
Ўὔộ Ớ Ў ộ Ớ ộ Ớ 

 

Ὢộ ỚȾὪộ ỚϽὔộ Ớ Ὢộ ỚȾὪộ ỚϽὔộ Ớ 

Ὢộ ỚȾὪộ ỚϽὔộ Ớ ȾὉộ Ớ Ὢộ ỚȾὪộ ỚϽὔộ Ớ 
 

ὔộ Ớ ὔộ Ớ 

ὔộ Ớ ȾὉộ Ớ ὔộ Ớ 
 

ὔộ Ớ ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ ȾὉộ Ớ ὔộ Ớ 

ὔộ Ớ 

 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 

ὔộ Ớ 
ȾὉộ Ớ

ὔộ Ớ 

ὔộ Ớ 

 

ὉὟộ Ớ Ὅộ Ớ

ὉὟộ ỚȾὉộ Ớ Ὅộ Ớ
 

ʦʜʥʦʩʥʦ: 

 άὥὼ Ὁộ Ớ

άὥὼὉộ Ớ

Ὗộ Ớ Ὅộ Ớ
  (5.15) 

ɻʦʨˁʘ ʛʨʘʥʠʮʘ ʠʩʢʦʨʠʰ˂ʝˁʘ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʩʝ ʣʘʢʦ ʠʟʚʦʜʠ ʥʘ ʦʩʥʦʚʫ 

ʜʝʬʠʥʠʮʠʿʝ (5.1) ʟʘʤʝʥʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʚʨʝʜʥʦʩʪʠ: 
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άὥὼ Ὗộ Ớ

ὔộ Ớ άὥὼ Ўὔộ Ớ 

ὔộ Ớ 
 

ὔộ Ớ Ўὔộ Ớ Ў ộ Ớ ộ Ớ 

ὔộ Ớ 
 

ὔộ Ớ 

ὔộ Ớ 

Ὢộ ỚȾὪộ ỚϽὔộ Ớ 

ὔộ Ớ 
 

ὔộ Ớ 

ὔộ Ớ 

Ὢộ ỚȾὪộ ỚϽὔộ Ớ 

Ὢộ ỚȾὪộ ỚϽὔộ Ớ 
 

ʦʜʥʦʩʥʦ: 

άὥὼὟộ Ớ Ὗộ Ớ Ὅộ Ớ  (5.16) 

ʇʨʝʤʘ (5.6) ʛʦʨˁʘ ʛʨʘʥʠʮʘ ʧʝʨʬʦʨʤʘʥʩʠ ʤʘʛʠʩʪʨʘʣʝ ʧʦʜʘʪʘʢʘ ʿʝ: 

άὥὼὉὟộ Ớ άὥὼὉὟộ Ớ άὥὼὉộ Ớ  (5.17) 

ɼʝʬʠʥʠʮʠʿʘ 5.13: ʄʘʨʛʠʥʘ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʧʨʦʮʝˁʝʥʦʛ 

ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʩʪʚʘʨʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ. 

ЎὉὟ άὥὼὉὟộ Ớ ὉὟộ Ớ  (5.18) 

ʋ ʦʚʦʤ ʩʣʫʯʘʿʫ ʤʘʨʛʠʥʘ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ: 

ЎὉὟ Ὅộ Ớ (5.19) 

ʇʨʠʤʝ˂ʫʿʝ ʩʝ ʜʘ ЎὉὟ  ʟʘʚʠʩʠ ʩʘʤʦ ʦʜ ʙʨʦʿʘ ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ. ʊʦ ʿʝ 

ʧʦʩʣʝʜʠʮʘ ʠʜʝʘʣʠʟʘʮʠʿʝ ʜʘ ʩʝ, ʫ ʩʚʨʭʫ ʧʨʦʮʝʥʝ ʛʦʨˁʝ ʛʨʘʥʠʮʝ ʧʝʨʬʦʨʤʘʥʩʠ DRAM 

ʤʝʤʦʨʠʿʝ, ʩʚʠ ʩʣʦʙʦʜʥʠ ʮʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʤʦʛʫ ʟʘʤʝʥʠʪʠ 

ʝʩʝʥʮʠʿʘʣʥʠʤ ʮʠʢʣʫʩʠʤʘ. ʋ ʩʪʚʘʨʥʦʩʪʠ, ʪʦ ʥʠʿʝ ʤʦʛʫ˂ʝ ʟʙʦʛ ʧʦʩʪʦʿʘˁʘ 

ʬʫʥʢʮʠʦʥʘʣʥʠʭ ʮʠʢʣʫʩʘ. 
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5.2.2 ʇʨʦʮʝʥʘ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ ʠʥʪʝʨʧʦʣʘʮʠʿʦʤ 

ʇʦʰʪʦ ʩʝ ʛʦʨˁʘ ʛʨʘʥʠʮʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʧʨʦʮʝˁʫʿʝ a 

posteriori, ʙʨʦʿ ʝʩʝʥʮʠʿʘʣʥʠʭ ʮʠʢʣʫʩʘ ʩʝ ʤʦʞʝ ʠʥʪʝʨʧʦʣʠʨʘʪʠ, ʫʤʝʩʪʦ ʜʘ ʩʝ 

ʧʨʝʪʧʦʩʪʘʚˀʘ ˁʝʛʦʚʘ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʜʘʿʝ ʨʝʘʣʠʩʪʠʯʥʠʿʫ 

ʧʨʦʮʝʥʫ ʤʘʢʩʠʤʫʤʘ ʧʝʨʬʦʨʤʘʥʩʠ. ɼʘ ʙʠ ʩʝ ʦʣʘʢʰʘʣʦ ʨʘʯʫʥʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʝ ʢʘʜʘ ʩʝ ʠʥʪʝʨʧʦʣʠʨʘ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʝʩʝʥʮʠʿʘʣʥʠʭ ʮʠʢʣʫʩʘ, 

ʢʦʨʠʩʥʦ ʿʝ ʠʟʚʝʩʪʠ ʠʟʨʘʟ ʟʘ άὥὼὉộ Ớ ʠʟ (5.13) ʢʦʨʠʩʪʝ˂ʠ ʛʝʥʝʨʘʣʠʟʘʮʠʿʫ 

άὥὼЎὔộ Ớ ὴộ ỚϽὔộ Ớ , ʛʜʝ ʿʝ ὴộ Ớ ʧʨʦʮʝʥʘʪ ʝʩʝʥʮʠʿʘʣʥʠʭ 

ʮʠʢʣʫʩʘ ʢʦʿʠ ʟʘʤʝˁʫʿʫ ʩʣʦʙʦʜʥʝ ʮʠʢʣʫʩʝ: 

άὥὼ Ὁộ Ớ

ὔộ Ớ ὴộ ỚϽὔộ Ớ 

ὔộ Ớ Ўὔộ Ớ 
 

ὔộ Ớ ὴộ ỚϽὔộ Ớ 

ὔộ Ớ ὔộ Ớ 
 

ὔộ Ớ ὴộ ỚϽὔộ Ớ 

ὔộ Ớ 
 

ὉὟộ Ớ ὴộ ỚϽὍộ Ớ 

ʦʜʥʦʩʥʦ: 

άὥὼὉὟộ Ớ  ὉὟộ Ớ ὴộ ỚϽὍộ Ớȟ       ὴộ Ớ

Ўὔộ Ớ 

Ўὔộ Ớ 
  (5.20) 

ʈʘʟʣʠʢʘ ʠʟʤʝʹʫ ʧʨʦʮʝˁʝʥʠʭ ʠ ʩʪʚʘʨʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʧʨʝʤʘ (5.18) ʧʦʩʪʘʿʝ: 

ЎὉὟ ὴộ ỚϽὍộ Ớ  (5.21) 

ʌʦʨʤʫʣʝ (5.11)-(5.13) and (5.15)-(5.17) ʠ ʜʘˀʝ ʚʘʞʝ. 

ʀʥʪʝʨʧʦʣʘʮʠʿʝ ʩʝ ʤʦʞʝ ʫʨʘʜʠʪʠ ʥʘ ʨʘʟʥʝ ʥʘʯʠʥʝ, ʘʣʠ ʿʝ ʥʘʿʠʥʪʫʠʪʠʚʥʠʿʠ 

ʧʨʠʩʪʫʧ ʜʘ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʩʝ ʦʜʥʦʩ ʙʨʦʿʘ ʝʩʝʥʮʠʿʘʣʥʠʭ ʮʠʢʣʫʩʘ ʠ ʫʢʫʧʥʦʛ ʙʨʦʿʘ 
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ʮʠʢʣʫʩʘ ʫ ʟʘʤʝˁʝʥʠʤ ʩʣʦʙʦʜʥʠʤ ʮʠʢʣʫʩʠʤʘ ʥʝ ʤʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʪʘʪʘʢ 

ʧʦʩʤʘʪʨʘʥʝ ʩʝʢʚʝʥʮʝ: 

Ўὔộ Ớ ȡЎὔộ Ớ ὔộ Ớ ȡὔộ Ớ   (5.22) 

ʀʟ ʦʚʦʛʘ ʫʩʣʦʚʘ ʩʣʝʜʠ ὴộ Ớ Ὁộ Ớ, ʘ ʠʟ (5.21): 

άὥὼὉộ Ớ  Ὁộ Ớ  (5.23) 

ʇʦʰʪʦ ʿʝ ʧʨʝʤʘ (5.23) ʤʘʢʩʠʤʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ 

ʥʝʧʦʨʦʤʝʥˀʠʚʘ, ʜʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ ЎὉὟ  ʩʝ ʤʦʞʝ ʠʥʪʝʨʧʨʝʪʠʨʘʪʠ ʢʘʦ 

ʧʝʨʬʦʨʤʘʥʩʝ DRAM ʤʝʤʦʨʠʿʝ ʢʦʿʝ ʥʠʩʫ ʠʩʢʦʨʠʰ˂ʝʥʝ ʠʩʢˀʫʯʠʚʦ ʟʙʦʛ ʤʘˁʝʛ 

ʠʩʢʦʨʠʰ˂ʝˁʘ ʢʦʤʘʥʜʥʝ ʤʘʛʠʩʪʨʘʣʝ: 

ЎὉὟ Ὗ ЎὉὟ ȿ˒
ộὅὄỚ ὧέὲίὸ

Ὁộ ỚϽὍộ Ớ  (5.24) 

ЎὉὟ Ὗ  ʧʨʝʜʩʪʘʚˀʘ ʜʝʦ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʝ ʩʫ ʠʟʛʫʙˀʝʥʝ ʫʩʣʝʜ ʧʦʿʘʚʝ 

ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. ʋʟʨʦʢ ʪʦʤʝ ʤʦʞʝ ʙʠʪʠ 

Ăʠʟʛʣʘʜˁʠʚʘˁʝñ, ʦʜʥʦʩʥʦ ʥʠʞʘ ʩʪʦʧʘ ʟʘʭʪʝʚʘ ʢʦʿʠ ʩʪʠʞʫ ʜʦ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʥʦ ʰʪʦ ʤʝʤʦʨʠʿʘ ʤʦʞʝ ʜʘ ʦʧʩʣʫʞʠ, ʠʣʠ ʥʝʦʧʪʠʤʘʣʘʥ 

ʪʘʿʤʠʥʛ ʧʨʠʣʠʢʦʤ ʩʣʘˁʘ ʢʦʤʘʥʜʠ ʦʜ ʩʪʨʘʥʝ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ, ʯʠʤʝ ʩʝ ʥʘ 

ʤʘʛʠʩʪʨʘʣʫ ʫʚʦʜʝ Ăʙʘʣʦʥʯʠ˂ʠñ ʩʣʦʙʦʜʥʠʭ ʮʠʢʣʫʩʘ. ʉʤʘˁʠʚʘˁʝ ЎὉὟ Ὗ  

ʠʤʧʣʠʮʠʨʘ ʩʤʘˁʠʚʘˁʝ Ὅộ Ớ, ʰʪʦ ʿ ʝ ʤʦʛʫ˂ʝ ʿʝʨ ʥʝ ʟʘʭʪʝʚʘ ʧʨʦʤʝʥʫ ʨʝʜʦʩʣʝʜʘ DRAM 

ʢʦʤʘʥʜʠ. 

ʈʘʟʣʠʢʘ ʠʟʤʝʹʫ (5.19) ʠ (5.24) ʩʝ ʤʦʞʝ ʠʥʪʝʨʧʨʝʪʠʨʘʪʠ ʢʘʦ ʜʝʦ ʧʝʨʬʦʨʤʘʥʩʠ 

DRAM ʤʝʤʦʨʠʿʝ ʢʦʿʝ ʥʠʩʫ ʠʩʢʦʨʠʰ˂ʝʥʝ ʟʙʦʛ ʥʠʞʝ ʝʬʠʢʘʩʥʦʩʪʠ ʢʦʤʘʥʜʥʝ 

ʤʘʛʠʩʪʨʘʣʝ. ʇʦʰʪʦ ʩʝ ʤʘʢʩʠʤʫʤ ʧʝʨʬʦʨʤʘʥʩʠ ʧʦʩʪʠʞʝ ʟʘ Ὗộ Ớ ρππϷ, ʪʦ 

ʠʤʧʣʠʮʠʨʘ Ὁộ Ớ Ὂộ Ớ ρ, ʛʜʝ ʿʝ Ὂộ Ớ ὔộ Ớ Ⱦὔộ Ớ , ʰʪʦ ʜʘʿʝ: 

ЎὉὟ Ὁ Ὅộ Ớ ЎὉὟ Ὗ Ὂộ ỚϽὍộ Ớ  (5.25) 
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ЎὉὟ Ὁ ʧʨʝʜʩʪʘʚˀʘ ʜʝʦ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʝ ʩʫ ʠʟʛʫʙˀʝʥʝ ʟʙʦʛ 

ʥʝʦʧʪʠʤʘʣʥʦʛ ʩʝʢʚʝʥʮʠʨʘˁʘ ʢʦʤʘʥʜʠ ʦʜ ʩʪʨʘʥʝ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. ʇʦʰʪʦ ʩʝ 

ʨʝʜʦʩʣʝʜ DRAM ʢʦʤʘʥʜʠ ʫ ʧʦʩʪʦʿʝ˂ʦʿ ʩʝʢʚʝʥʮʠ ʥʝ ʤʦʞʝ ʤʝˁʘʪʠ, ЎὉὟ Ὁ ʿʝ 

ʥʝʧʨʦʤʝʥˀʠʚʦ. 

ʅʘ ʉʣʠʮʠ 5.1 ʩʫ ʜʘʪʠ ʛʨʘʬʠʢʦʥʠ ʢʦʿʠ ʠʣʫʩʪʨʫʿʫ ʢˀʫʯʥʝ ʤʝʪʨʠʢʝ 

ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ. 
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ʉʣʠʢʘ 5.1 ï ɻʨʘʬʠʢʦʥʠ ʤʝʪʨʠʢʘ ʧʝʨʬʦʨʤʘʩʠ DRAM  ʤʝʤʦʨʠʿʘ 
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6 ʄʝʪʦʜʦʣʦʛʠʿʘ 

ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʤʝʨʝˁʝ ʠ ʘʥʘʣʠʟʫ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ 

ʩʧʝʮʠʬʠʮʠʨʘ ʤʝʪʦʜʝ, ʧʨʦʮʝʩʝ ʠ ʘʣʘʪʝ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʨʠʢʫʧˀʘˁʝ ʧʦʜʘʪʘʢʘ ʠ 

ˁʠʭʦʚʫ ʦʙʨʘʜʫ ʩʘ ʮʠˀʝʤ ʧʨʦʫʯʘʚʘˁʘ ʨʘʜʘ DRAM ʤʝʤʦʨʠʿʝ ʠ ʛʝʥʝʨʠʩʘʥʦʛ DRAM 

ʩʘʦʙʨʘ˂ʘʿʘ ʫ ʨʘʯʫʥʘʨʩʢʦʤ ʩʠʩʪʝʤʫ. ʄʝʪʦʜʦʣʦʛʠʿʘ ʧʨʝʜʣʦʞʝʥʘ ʫ ʦʢʚʠʨʫ ʦʚʝ 

ʜʠʩʝʨʪʘʮʠʿʝ ʠʤʘ ʟʘ ʮʠˀ ʜʘ ʨʝʠh ʥʘʿʚʘʞʥʠʿʝ ʧʨʦʙʣʝʤʝ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ  ʫ ʢʦʿʝ ʩʧʘʜʘʿʫ 

ʧʨʦʙʣʝʤ ʪʘʯʥʦʩʪʠ, ʧʨʦʙʣʝʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʠ ʧʨʦʙʣʝʤ 

ʢʦʤʧʘʨʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ (ʚʠʜʝʪʠ ʧʦʛʣʘʚˀʝ 1.5.1). ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʫʿʝʜʥʦ 

ʥʫʜʠ ʥʠʟ ʜʨʫʛʠʭ ʧʨʝʜʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʪʦʿʝ˂ʝ ʤʝʪʦʜʦʣʦʛʠʿʝ, ʢʘʦ ʰʪʦ ʩʫ ʙʨʟʠʥʘ 

ʨʘʜʘ, ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʫʧʦʪʨʝʙʝ, ʧʨʠʤʝʥˀʠʚʦʩʪ ʥʘ ʨʘʟʣʠʯʠʪʝ ʨʘʯʫʥʘʨʩʢʝ ʩʠʩʪʝʤʝ, 

ʢʦʤʧʣʝʪʥʦʩʪ ʧʦʢʨʠʚʘˁʘ ʩʚʠʭ ʨʝʣʝʚʘʥʪʥʠʭ ʪʨʘʥʩʘʢʮʠʿʘ, ʦʧʩʝʨʚʘʙʠʣʥʦʩʪ ʫʣʘʟʥʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʠ ʜʨ. 

6.1 ʊʦʢ ʨʘʜʘ 

ʊʦʢ ʨʘʜʘ (ʝʥʛ. workflow) ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʫ ʦʢʚʠʨʫ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ 

ʿʝ ʜʘʪ ʥʘ ʉʣʠʮʠ 6.1. ʂˀ ʫʯʥʝ ʬʘʟʝ ʫ ʦʢʚʠʨʫ ʤʝʪʦʜʦʣʦʛʠʿʝ ʩʫ: 

1. ʇʨʠʢʫʧˀʘˁʝ/ʩʥʠʤʘˁʝ DRAM ʪʨʘʥʩʘʢʮʠʿʘ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝʤ ʬʦʨʤʘʪʫ 

2. ʇʘʨʩʠʨʘˁʝ ʧʨʠʢʫʧˀʝʥʠʭ ʧʦʜʘʪʘʢʘ ʦ ʤʝʤʦʨʠʿʩʢʠʤ ʪʨʘʥʢʩʘʢʮʠʿʘʤʘ ʩʘ 

ʮʠˀʝʤ ʬʦʨʤʠʨʘˁʘ ʿʝʜʠʥʩʪʚʝʥʝ ʨʝʧʨʝʟʝʥʪʘʮʠʿʝ DRAM ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ 

ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʧʦʨʝʢʣʦ ʠ 

ʬʦʨʤʘʪ ʫ ʢʦʤʝ ʩʫ ʧʦʜʘʮʠ ʦʨʠʛʠʥʘʣʥʦ ʧʨʠʢʫʧˀʝʥʠ 
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3. ʆʜʨʝʹʠʚʘˁʝ ʧʦʯʝʪʥʦʛ ʩʪʘˁʘ ʤʝʤʦʨʠʿʝ ʢʘʢʦ ʙʠ ʩʝ ʤʦʛʣʠ ʬʦʨʤʠʨʘʪʠ 

ʠʥʠʮʠʿʘʣʥʠ ʧʨʝʣʘʟʠ ʫ DCT FSM 

4. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʮʠʢʣʫʩʘ ʧʨʠʤʝʥʦʤ ACDC ʤʦʜʝʣʘ 

5. ɻʝʥʝʨʠʩʘˁʝ ʨʝʟʫʣʪʘʪʘ 

i. ʄʝʪʨʠʢʘ: ʠʩʢʦʨʠʰ˂ʝˁʝ, ʝʬʠʢʘʩʥʦʩʪ, ʝʩʝʥʮʠʿʘʣʥʦ ʠʩʢʦʨʠʰ˂ʝˁʝ ʠ 

ʤʘʨʛʠʥʝ ʧʝʨʬʦʨʤʘʥʩʠ 

ii.  ɼʦʛʘʹʘʿʠ: ʘʪʦʤʩʢʠ (ʟʘʫʟʝʪʠ ʧʝʨʠʦʜʠ, ʩʣʦʙʦʜʥʠ ʧʝʨʠʦʜʠ, ʠʪʜ.) ʠ 

ʩʣʦʞʝʥʠ (ʧʦʛʦʮʠ, ʧʨʦʤʘʰʘʿʠ ʠ ʢʦʥʬʣʠʢʪʠ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ 

ʙʘʥʢʠ, ʠʪʜ.) 

6. ʇʦʩʪʧʨʦʮʝʩʠʨʘˁʝ ʛʝʥʝʨʠʩʘʥʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ʢʨʝʠʨʘˁʝ ʩʪʘʪʠʩʪʠʯʢʠʭ 

ʠʟʚʝʰʪʘʿʘ 

7. ɺʠʟʫʝʣʠʟʘʮʠʿʘ ʜʦʙʠʿʝʥʠʭ ʧʦʜʘʪʘʢʘ 

8. ɸʥʘʣʠʟʘ ʧʦʜʘʪʘʢʘ ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʫ ʧʨʝʪʭʦʜʥʠʤ ʬʘʟʘʤʘ 

ʋ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʦ ʨʘʟʤʘʪʨʘʥʘ ʨʝʣʝʚʘʥʪʥʘ ʧʠʪʘˁʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ʩʚʘʢʫ ʦʜ ʬʘʟʘ. 

6.2 ʉʥʠʤʘˁʝ DRAM  ʪʨʘʥʩʘʢʮʠʿʘ 

ʋʣʘʟʥʝ ʧʦʜʘʪʢʝ, ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʝ ʚʨʰʝ ʩʚʘ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʝ, ʯʠʥʠ ʥʠʟ 

DRAM ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. ɿʘ 

ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʝ ʙʝʣʝʞʝ ʩʣʝʜʝ˂ʠ ʧʦʜʘʮʠ: 

¶ ʚʨʝʤʝ ʪʨʘʥʩʘʢʮʠʿʝ 

¶ ʪʨʘʿʘˁʝ ʪʨʘʥʩʘʢʮʠʿʝ ʠʟʜʘʚʘˁʘ ʢʦʤʘʥʜʝ 

¶ DRAM ʢʦʤʘʥʜʘ 

¶ ʤʝʤʦʨʠʿʩʢʠ ʢʘʥʘʣ 

¶ ʨʘʥʢ 

¶ ʙʘʥʢʘ 

¶ ʚʨʩʪʘ 
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¶ ʢʦʣʦʥʘ 

ɿʘ ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʙʝʣʝʞʝ ʩʝ ʩʣʝʜʝ˂ʠ ʧʦʜʘʮʠ: 

¶ ʚʨʝʤʝ ʪʨʘʥʩʘʢʮʠʿʝ 

¶ ʪʨʘʿʘˁʝ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʝʥʦʩʘ ʧʦʜʘʪʘʢʘ 

DRAM ʪʨʘʥʩʘʢʮʠʿʝ ʤʦʛʫ ʧʦʪʠʮʘʪʠ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ, ʢʘʦ ʰʪʦ ʩʫ: 

¶ ʩʠʤʫʣʘʮʠʿʝ ʥʘ RTL ʤʦʜʝʣʫ ʩʠʩʪʝʤʘ 

¶ ʩʠʤʫʣʘʮʠʿʝ ʥʘ ʘʨʭʠʪʝʢʪʫʨʘʣʥʦʤ ʤʦʜʝʣʫ ʩʠʩʪʝʤʘ 

¶ ʚʨʝʤʝʥʩʢʠ ʩʥʠʤʮʠ ʩʠʛʥʘʣʘ ʥʘ ʤʝʤʦʨʠʿʩʦʿ ʤʘʛʠʩʪʨʘʣʠ 

¶ ʩʠʛʥʘʣʠ ʥʘ DRAM ʤʘʛʠʩʪʨʘʣʠ ʫ ʨʝʘʣʥʦʤ ʩʠʩʪʝʤʫ 

ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʣʘʪʬʦʨʤʝ ʥʘ ʢʦʿʦʿ ʩʝ ʩʥʠʤʘʿʫ DRAM ʪʨʘʥʩʘʢʮʠʿʝ ʠ ʘʣʘʪʘ ʧʦʤʦ˂ʫ 

ʢʦʿʠʭ ʩʝ ʚʨʰʠ ʩʥʠʤʘˁʝ, ʬʦʨʤʘʪ ʫ ʢʦʤʝ ʩʝ ʙʝʣʝʞʝ ʧʦʜʘʮʠ ʤʦʞʝ ʙʠʪʠ ʨʘʟʣʠʯʠʪ. 

Mʦʥʠʪʦʨʠ ʪʨʘʥʩʘʢʮʠʿʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʩʠʤʫʣʘʮʠʿʘʤʘ ʥʘ RTL ʠʣʠ 

ʘʨʭʠʪʝʢʪʫʨʘʣʥʠʤ ʤʦʜʝʣʠʤʘ ʩʠʩʪʝʤʘ ʛʝʥʝʨʠʰʫ ʩʚʝ ʧʦʪʨʝʙʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʟʘ ʩʚʘʢʫ 

ʧʦʿʝʜʠʥʯʘʥʫ ʪʨʘʥʩʘʢʮʠʿʫ. ʂʦʨʠʩʪʝ˂ʠ ʩʠʥʪʘʢʩʫ ʿʝʟʠʢʘ Perl, ʩʪʨʫʢʪʫʨʘ ʧʦʜʘʪʘʢʘ ʠʤʘ 

ʩʣʝʜʝ˂ʠ ʠʟʛʣʝʜ: 

    time  => { Command  => ɜɠɞɒɟɖɒ,  

              Duration  => ɤɢɒɻɒɿɗ,  

              Channel   => ɞɗɞɠɢɚɻɣɜɚ ɜɒɟɒɝ,  

              Rank     => ɢɒɟɜ,  

              Bank     => ɓɒɟɜɒ,  

              Row      => ɔɢɣɤɒ,  

              Column   => ɜɠɝɠɟɒ }  

    time  => { Data     => ɡɠɖɒɨɚ,  

              Duration  => ɤɢɒɻɒɿɗ }  

ʉʝʤʧʣʦʚʘˁʝʤ ʚʨʝʤʝʥʩʢʠʭ ʟʘʧʠʩʘ ʩʠʛʥʘʣʘ ʥʝ ʤʦʛʫ ʩʝ ʜʦʙʠʪʠ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʥʠʚʦʫ ʮʝʣʝ ʪʨʘʥʩʘʢʮʠʿʝ, ʚʝ˂ ʩʝ ʧʦʜʘʮʠ ʩʥʠʤʘʿʫ ʟʘ ʩʚʘʢʠ ʮʠʢʣʫʩ: 

    time  => { Read     => ɒɜɤɚɔɒɟƳɟɗɒɜɤɚɔɒɟ,  

              ...  

              Refresh   => ɒɜɤɚɔɒɟƳɟɗɒɜɤɚɔɒɟ,  

              Rank     => ɢɒɟɜ,  

              Bank     => ɓɒɟɜɒ,  

ʉʘʤʦ ʿʝʜʘʥ ʤʦʞʝ 

ʙʠʪʠ ʘʢʪʠʚʘʥ ʫ 

ʿʝʜʥʦʤ ʮʠʢʣʫʩʫ 
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ɱʝʜʘʥ ʧʦʜʘʪʘʢ ʫ 

ʿʝʜʥʦʤ ʮʠʢʣʫʩʫ 

              Row      => ɔɢɣɤɒ,  

              Column   => ɜɠɝɠɟɒ }  

    time  => { Data     => ɡɠɖɒɤɒɜ }  

DRAM ʩʦʥʜʘ ʫʧʠʩʫʿʝ ʧʦʜʘʪʢʝ ʜʝʪʝʢʪʦʚʘʥʝ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʫ 

ʠʥʪʝʨʥʫ ʤʝʤʦʨʠʿʫ ʠʟ ʢʦʿʝ ʩʝ ʧʦʜʘʮʠ ʢʘʩʥʠʿʝ ʤʦʛʫ ʦʯʠʪʘʪʠ ʠ ʩʥʠʤʠʪʠ ʫ ʚʠʜʫ ʬʘʿʣʘ. 

ʉʚʘʢʠ ʟʘʧʠʩ ʫ ʬʘʿʣʫ ʩʘʜʨʞʠ ʮʠʢʣʫʩ ʫ ʢʦʤʝ ʿʝ ʩʪʘˁʝ ʜʝʪʝʢʪʦʚʘʥʦ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ 

ʚʨʝʜʥʦʩʪʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ. ʇʦ ʩʪʨʫʢʪʫʨʠ ʠ ʩʘʜʨʞʘʿʫ ʟʘʧʠʩ ʿʝ ʠʩʪʠ ʢʘʦ ʢʦʜ 

ʩʝʤʧʣʦʚʘʥʠʭ ʚʨʝʤʝʥʩʢʠʭ ʟʘʧʠʩʘ. 

6.3 ʇʘʨʩʠʨʘˁʝ DRAM  ʪʨʘʥʩʘʢʮʠʿʘ 

ʇʘʨʩʠʨʘˁʝʤ ʩʝ ʦʜ ʧʦʜʘʪʘʢʘ ʩʥʠʤˀʝʥʠʭ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ ʤʦʞʝ 

ʛʝʥʝʨʠʩʘʪʠ ʿʝʜʠʥʩʪʚʝʥʘ ʠʥʪʝʨʥʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ DRAM ʪʨʘʥʩʘʢʮʠʿʘ ʥʘ ʢʦʤʘʥʜʥʦʿ 

ʤʘʛʠʩʪʨʘʣʠ ʠ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ. ʆʚʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʠʤʘ ʠʜʝʥʪʠʯʥʫ ʩʪʨʫʢʪʫʨʫ 

ʢʘʦ ʠ ʩʪʨʫʢʪʫʨʘ ʢʦʿʫ ʛʝʥʝʨʠʰʝ ʤʦʥʠʪʦʨ DRAM ʪʨʘʥʩʘʢʮʠʿʘ. 

ʂʘʦ ʧʨʠʤʝʨ ʜʘʪ ʿʝ ʿʝʜʘʥ ʿʝʜʥʦʩʪʘʚʘʥ ʧʘʨʩʝʨ ʫ ʿʝʟʠʢʫ Perl ʢʦʿʠ ʧʨʦʮʝʩʠʨʘ 

ʪʨʘʥʩʘʢʮʠʿʝ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʥʠʤˀʝʥʝ ʧʦʤʦ˂ʫ DRAM ʩʦʥʜʝ. ʇʘʨʩʝʨ 

ʛʝʥʝʨʠʰʝ ʭʝʰ ʣʠʩʪʫ ʯʠʿʠ ʝʣʝʤʝʥʪʠ ʩʫ ʚʨʝʤʝʥʘ ʪʨʘʥʩʘʢʮʠʿʘ, ʘ ʩʚʘʢʠ ʝʣʝʤʝʥʪ 

ʧʦʢʘʟʫʿʝ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʩʪʨʫʢʪʫʨʫ ʩʘ ʦʯʠʪʘʥʠʤ ʧʘʨʘʤʝʪʨʤʘ: 

my %REGEXP; 

$REGEXP{Time}        = qr/( \ d+) \ . \ d+\ s+ps/;  

$REGEXP{Command}     = qr/( \ w+)/;  

$REGEXP{Channel}     = qr/(ChA|ChB)/;  

$REGEXP{Rank}        = qr/RA NK=\ s*([0 - 9A- Fa- fxX]+)/;  

$REGEXP{Bank}        = qr/BANK=\ s*([0 - 9A- Fa- fxX]+)/;  

$REGEXP{Row}         = qr/ROW=\ s*([0 - 9A- Fa- fxX]+)/;  

$REGEXP{Column}      = qr/COL=\ s*([0 - 9A- Fa- fxX]+)/;  

$REGEXP{Transaction}  = qr/$REGEXP{Time}\ s+$REGEXP{Command}\ s+$REGEXP{Channel} 

\ s+$REGEXP{Rank} \ s+$REGEXP{Bank}\ s+$REGEXP{Row}\ s+$REGEXP{Column}/; 

my $Operations_by_Time = {};  

sub Parse {  

    my $Time,$Cmd,$Ch,$ Rank,$Ban k,$Row,$Col;  

    my $FILE=open(TRANSACTIONS_LOG, "< $Transactions_Log");  
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    while (<$FILE>)  {  

        ($Time,$Cmd,$Ch,$ Rank,$Bank,$Row,$Col)  = $_ =~ $REGEXP{Transaction};  

        push @{$Operations_by_Time - >{$Time}},  {  Command=>$Cmd, 

                                                Channel=>$Ch,  

                                                Rank   =>$Rank,  

                                                Bank   =>$Bank,  

                                                Row    =>$Row, 

                                                Column =>$Col };  }  

    return $Operations_by_Time;  

}  

6.4 ʆʜʨʝʹʠʚʘˁʝ ʧʦʯʝʪʥʦʛ ʩʪʘˁʘ 

ɸʥʘʣʠʟʘ DRAM ʩʘʦʙʨʘ˂ʘʿʘ ʩʝ ʤʦʞʝ ʨʘʜʠʪʠ ʜʦʢ ʩʝ ʪʨʘʥʩʘʢʮʠʿʝ ʛʝʥʝʨʠʰʫ 

(ʝʥʛ. runtime) ʠʣʠ ʥʘʢʦʥ ʰʪʦ ʩʝ ʪʨʘʥʩʘʢʮʠʿʝ ʥʘʿʧʨʝ ʩʥʠʤʝ ʥʘ ʫʨʝʹʘʿ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ 

ʧʦʜʘʪʘʢʘ (ʝʥʛ. postprocessing). ʋ ʦʙʘ ʩʣʫʯʘʿʘ ʿʝ ʧʦʪʨʝʙʥʦ ʥʘʿʧʨʝ ʦʜʨʝʜʠʪʠ 

ʠʥʠʮʠʿʘʣʥʦ ʩʪʘˁʝ ʤʝʤʦʨʠʿʝ, ʦʜʥʦʩʥʦ ʩʚʠʭ DRAM ʢʦʣʘ. ʊʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʢʘʢʦ ʙʠ ʩʝ 

ʤʦʛʣʠ ʬʦʨʤʠʨʘʪʠ ʧʘʨʦʚʠ ʢʦʤʘʥʜʠ ʢʦʿʠ ʯʠʥʝ ʧʨʝʣʘʟ ʫ DCT FSM. ʉʪʘˁʝ ʤʝʤʦʨʠʿʝ 

ʢʦʿʝ ʪʨʝʙʘ ʧʨʘʪʠʪʠ ʿʝ ʙʠʣʦ ʨʘʥʠʿʝ ʜʝʬʠʥʠʩʘʥʦ, ʘ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʠʥʬʦʨʤʘʮʠʿʘ ʟʘ ʩʚʘʢʫ 

ʙʘʥʢʫ ʠ ʨʘʥʢ ʫ ʩʠʩʪʝʤʫ ʦ ʪʦʤʝ ʢʦʿʘ ʿʝ ʧʦʩʣʝʜˁʘ ʢʦʤʘʥʜʘ ʢʦʿʘ ʠʭ ʿʝ ʘʜʨʝʩʠʨʘʣʘ. 

ʋʢʦʣʠʢʦ ʠʥʠʮʠʿʘʣʥʦ ʩʪʘˁʝ ʤʝʤʦʨʠʿʝ ʥʠʿʝ ʧʦʟʥʘʪʦ ʠʣʠ ʿʝ ʥʝʢʦʤʧʣʝʪʥʦ, ʢʘʦ 

ʥʧʨ. ʥʘ ʧʦʯʝʪʢʫ ʩʠʤʫʣʘʮʠʿʝ ʠʣʠ ʫʢʦʣʠʢʦ ʪʨʘʥʩʘʢʮʠʿʝ ʥʠʩʫ ʧʨʘ˂ʝʥʝ ʩʚʝ ʚʨʝʤʝ ʦʜ 

ʤʦʤʝʥʪʘ ʢʘʜʘ ʿʝ ʩʪʘˁʝ ʙʠʣʦ ʧʦʟʥʘʪʦ, ʤʦʛʫ˂ʝ ʿʝ ʧʦʧʫʥʠʪʠ ʥʝʜʦʩʪʘʿʫ˂ʝ ʠʥʬʦʨʤʘʮʠʿʝ 

ʪʘʢʦ ʰʪʦ ˂ʝ ʩʝ ʧʨʘʪʠʪʠ DRAM ʪʨʘʥʩʘʢʮʠʿʝ ʩʚʝ ʜʦ ʪʨʝʥʫʪʢʘ ʜʦʢ ʩʝ ʥʝ ʘʜʨʝʩʠʨʘʿʫ 

ʩʚʘʢʘ ʙʘʥʢʘ ʠ ʨʘʥʢ ʫ ʩʠʩʪʝʤʫ, ʧʨʠ ʯʝʤʫ ʩʝ ʫʩʧʫʪ ʙʝʣʝʞʝ ʥʝʜʦʩʪʘʿʫ˂ʝ ʠʥʬʦʨʤʘʮʠʿʝ 

ʦ ʧʦʩʣʝʜˁʦʿ ʢʦʤʘʥʜʠ ʢʦʿʘ ʠʭ ʿʝ ʘʜʨʝʩʠʨʘʣʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ˂ʝ ʩʝ ʫ ʿʝʜʥʦʤ ʪʨʝʥʫʪʢʫ 

ʜʦʙʠʪʠ ʢʦʤʧʣʝʪʥʦ ʩʪʘˁʝ ʤʝʤʦʨʠʿʝ. ʅʘʢʦʥ ʪʦʛʘ ʿʝ ʤʦʛʫ˂ʝ ʥʘʩʪʘʚʠʪʠ ʩʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʦʤ ʮʠʢʣʫʩʘ. Kʘʨʘʢʪʝʨʠʟʘʮʠʿʫ je ʤʦʛʫ˂ʝ ʨʘʜʠʪʠ ʠ ʧʨʝ ʢʦʤʧʣʝʪʠʨʘˁʘ 

ʩʪʘˁʘ ʤʝʤʦʨʠʿʝ, ʢʘʜʘ ʛʦʜ ʿʝ ʤʦʛʫ˂ʝ ʬʦʨʤʠʨʘʪʠ ʧʨʝʣʘʟ ʫ DCT FSM. ʄʝʹʫʪʠʤ, ʫ ʪʦʤ 

ʩʣʫʯʘʿʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʥʝ ʤʦʨʘ ʙʠʪʠ ʧʦʪʧʫʥʦ ʪʘʯʥʘ, ʿʝʨ ʧʨʝʣʘʟʠ ʢʦʿʝ ʥʠʿʝ ʤʦʛʫ˂ʝ 

ʬʦʨʤʠʨʘʪʠ ʟʙʦʛ ʥʝʢʦʤʧʣʝʪʥʦʛ ʩʪʘˁʘ ʤʝʤʦʨʠʿʝ ʤʦʛʫ ʧʨʦʤʝʥʠʪʠ ʢʘʨʘʢʪʝʨ ʮʠʢʣʫʩʘ ʫ 

ʩʣʫʯʘʿʫ ʢʘʜʘ ʧʦʩʪʦʿʠ ʧʨʝʢʣʘʧʘˁʝ ʮʠʢʣʫʩʘ ʠʟ ʜʚʘ ʧʨʝʣʘʟʘ. 
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6.5 ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʤʝʤʦʨʠʿʩʢʠʭ ʮʠʢʣʫʩʘ 

ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʮʠʢʣʫʩʘ ʩʝ ʨʘʜʠ ʧʦʤʦ˂ʫ ACDC ʤʦʜʝʣʘ. ACDC ʤʦʜʝʣ ʤʦʞʝ 

ʙʠʪʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʥʘ ʙʠʣʦ ʢʦʿʦʿ ʧʣʘʪʬʦʨʤʠ ʠ ʫ ʙʠʣʦ ʢʦʤ ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ. 

ʋʢʦʣʠʢʦ ʩʝ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʠʢʫʧˀʘʿʫ ʫ ʪʦʢʫ ʩʠʤʫʣʘʮʠʿʝ ʧʦʤʦ˂ʫ DRAM ʤʦʥʠʪʦʨʘ, 

ʦʥʜʘ ʿʝ ʤʦʛʫ˂ʝ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʤʦʜʝʣ ʫ ʚʝʨʠʬʠʢʘʮʠʦʥʦʤ ʿʝʟʠʢʫ ʢʘʦ ʰʪʦ ʿʝ e ʠʣʠ 

SystemVerilog. ɸʢʦ ʩʝ ʧʨʠʢʫʧˀʝʥʝ ʪʨʘʥʩʘʢʮʠʿʝ ʧʨʦʮʝʩʠʨʘʿʫ ʥʘʢʥʘʜʥʦ, ʦʥʜʘ ʤʦʜʝʣ 

ʤʦʞʝ ʙʠʪʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʠ ʫ ʚʠʰʝʤ ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ ʦʧʰʪʝ ʥʘʤʝʥʝ ʢʘʦ ʰʪʦ 

ʩʫ C ʠʣʠ Perl. ʂʦʥʘʯʥʦ, ʘʢʦ ʿʝ ʧʦʪʨʝʙʥʦ ʘʥʘʣʠʟʠʨʘʪʠ ʩʘʤʦ ʤʘˁʝ ʩʝʢʚʝʥʮʝ, ʦʥʜʘ ʩʝ 

ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʠ Excel. ʅʘ ʉʣʠʮʠ 6.2 ʿʝ ʜʘʪ ʿʝʜʘʥ ʪʘʢʘʚ ʧʨʠʤʝʨ. 

 
 
ʉʣʠʢʘ 6.2 ï ʀʤʧʣʝʤʝʥʪʘʮʠʿʘ ACDC ʤʦʜʝʣʘ ʫ Excel-ʫ 

CMD 

bus 

clk

CMD Rank Bank Row Col Addr CB

active

CB

overhead

CB

idle

CB

busy

CB

essential

CB

functional

CB

active 

essential

CB

overhead 

essential

CB

active 

functional

CB

overhead 

functional

DB 

active

DB 

overhead

DB 

idle

DB

busy

21958Read 3 2 02d8 20abad80 1 0 0 1 1 0 1 0 0 0 0 0 1 0

21959 0 1 0 1 1 0 0 0 0 0 0 0 1 0

21960Read 3 1 02ac 20ab6ac0 1 0 0 1 1 0 1 0 0 0 0 0 1 0

21961 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21962Read 3 1 02a4 20ab6a40 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21963 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21964 0 1 0 1 0 1 0 1 0 1 1 0 0 1

21965 0 1 0 1 0 1 0 1 0 1 1 0 0 1

21966 0 0 1 0 0 0 0 0 0 0 1 0 0 1

21967 0 0 1 0 0 0 0 0 0 0 0 1 0 1

21968Write 2 2 02cc 2002acc0 1 0 0 1 1 0 1 0 0 0 0 0 1 0

21969 0 1 0 1 1 0 0 0 0 0 0 0 1 0

21970Write 2 2 02d8 2002ad80 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21971 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21972Write 2 2 02dc 2002adc0 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21973 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21974Write 2 2 02c0 2002ac00 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21975 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21976Read 3 1 0294 20ab6940 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21977 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21978Read 3 2 0330 20abb300 1 0 0 1 1 0 1 0 0 0 0 1 0 1

21979 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21980 0 0 1 0 0 0 0 0 0 0 1 0 0 1

21981 0 0 1 0 0 0 0 0 0 0 1 0 0 1

21982Read 3 2 0324 20abb240 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21983 0 1 0 1 1 0 0 0 0 0 0 0 1 0

21984Read 3 2 0320 20abb200 1 0 0 1 1 0 1 0 0 0 0 0 1 0

21985 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21986 0 0 1 0 0 0 0 0 0 0 1 0 0 1

21987Prech 3 1 0000 1 0 0 1 0 1 0 0 1 0 1 0 0 1

21988 0 1 0 1 0 1 0 0 0 1 1 0 0 1

21989 0 1 0 1 0 1 0 0 0 1 0 1 0 1

21990Write 2 2 02c0 2002ac00 1 0 0 1 1 0 1 0 0 0 0 0 1 0

21991Activ 3 1 0415 1 0 0 1 1 0 0 0 0 0 0 0 1 0

21992Write 2 2 02c4 2002ac40 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21993 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21994Write 2 2 02d0 2002ad00 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21995 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21996Read 3 1 029c 20ab69c0 1 0 0 1 1 0 1 0 0 0 1 0 0 1

21997 0 1 0 1 1 0 0 0 0 0 1 0 0 1

21998Read 3 1 035c 20ab75c0 1 0 0 1 1 0 1 0 0 0 0 1 0 1

21999 0 1 0 1 1 0 0 0 0 0 1 0 0 1

22000 0 1 0 1 0 1 0 1 0 1 1 0 0 1

22001 0 1 0 1 0 1 0 1 0 1 1 0 0 1

22002 0 0 1 0 0 0 0 0 0 0 1 0 0 1

22003 0 0 1 0 0 0 0 0 0 0 0 1 0 1
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6.6 ɻʝʥʝʨʠʩʘˁʝ ʨʝʟʫʣʪʘʪʘ 

ʄʦʛʫ˂ʝ ʿʝ ʛʝʥʝʨʠʩʘʪʠ ʜʚʘ ʪʠʧʘ ʨʝʟʫʣʪʘʪʘ. ɱʝʜʘʥ ʪʠʧ ʨʝʟʫʣʪʘʪʘ, ʥʘʟʚʘʥ 

ʜʦʛʘʹʘʿʠ, ʩʝ ʛʝʥʝʨʠʰʝ ʩʘʤʦ ʥʘ ʦʩʥʦʚʫ ʘʢʪʠʚʥʦʩʪʠ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ɿʘ 

ˁʠʭ ʥʠʿʝ ʥʝʦʧʭʦʜʥʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ, ʤʘʜʘ ʦʥʘ ʤʦʞʝ ʦʣʘʢʰʘʪʠ ʨʘʟʫʤʝʚʘˁʝ 

ʜʦʛʘʹʘʿʘ. ɼʦʛʘʹʘʿʠ ʩʝ ʤʦʛʫ ʢʣʘʩʠʬʠʢʦʚʘʪʠ ʫ ʜʚʝ ʛʨʫʧʝ: ʘʪʦʤʩʢʝ ʠ ʩʣʦʞʝʥʝ. ɸʪʦʤʩʢʠ 

ʜʦʛʘʹʘʿʠ ʩʫ ʜʦʛʘʹʘʿʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʠʜʝʥʪʠʬʠʢʦʚʘʪʠ ʩʘʤʦ ʥʘ ʦʩʥʦʚʫ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʫ 

ʦʧʩʝʨʚʘʙʠʣʥʠ ʥʘ ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ. ʊʠʧʠʯʥʠ ʘʪʦʤʩʢʠ ʜʦʛʘʹʘʿʠ ʩʫ: 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʿʝ ʘʢʪʠʚʥʘ ʦʜʨʝʹʝʥʘ ʢʦʤʘʥʜʘ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʧʦʩʪʦʿʠ ʥʝʧʨʝʢʠʜʘʥ ʥʠʟ Read ʢʦʤʘʥʜʠ (ʝʥʛ. read bursts) 

ʠʣʠ Write ʢʦʤʘʥʜʠ (ʝʥʛ. write bursts) 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʩʝ ʧʨʝʥʦʩʝ ʧʦʜʘʮʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ (ʝʥʛ. data bursts) 

¶ ʇʨʝʣʘʟʠ ʠʟʤʝʹʫ ʦʜʨʝʹʝʥʠʭ ʢʦʤʘʥʜʠ (ʥʧʨ. Write­Read ʧʨʝʣʘʟ ʿʝ 

ʠʥʪʝʨʝʩʘʥʪʘʥ ʿʝʨ ʠʟʘʟʠʚʘ ʚʝʣʠʢʠ ʙʨʦʿ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ) 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʩʝ ʧʨʠʩʪʫʧʘ ʦʜʨʝʹʝʥʦʤ ʢʘʥʘʣʫ, ʨʘʥʢʫ, ʙʘʥʢʠ ʠʣʠ ʚʨʩʪʠ 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʿʝ ʤʘʛʠʩʪʨʘʣʘ ʥʝʘʢʪʠʚʥʘ ʠʣʠ ʘʢʪʠʚʥʘ11 

ʉʣʦʞʝʥʠ ʜʦʛʘʹʘʿʠ ʩʫ ʜʦʛʘʹʘʿʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʠʟʚʝʩʪʠ ʥʘ ʦʩʥʦʚʫ ʦʧʩʝʨʚʘʙʠʣʥʠʭ 

ʩʠʛʥʘʣʘ ʩʘ ʤʝʤʦʨʠʿʩʢʝ ʤʘʛʠʩʪʨʘʣʝ ʠ ʪʨʝʥʫʪʥʦʛ ʩʪʘˁʘ ʤʝʤʦʨʠʿʝ. ʊʠʧʠʯʥʠ ʩʣʦʞʝʥʠ 

ʜʦʛʘʹʘʿʠ ʩʫ: 

¶ ʇʦʛʦʜʘʢ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ (ʧʨʠʩʪʫʧʘ ʩʝ ʧʦʜʘʪʢʫ ʫ ʚʨʩʪʠ ʢʦʿʘ ʿʝ ʚʝ˂ 

ʘʢʪʠʚʠʨʘʥʘ; ʥʝʤʘ ʧʦʪʨʝʙʝ ʟʘ ʜʦʜʘʪʥʠʤ ʘʢʪʠʚʥʦʩʪʠʤʘ) 

¶ ʇʨʦʤʘʰʘʿ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ (ʧʨʠʩʪʫʧʘ ʩʝ ʧʦʜʘʪʢʫ ʫ ʙʘʥʢʠ ʫ ʢʦʿʦʿ ʥʝʤʘ 

ʘʢʪʠʚʠʨʘʥʠʭ ʚʨʩʪʘ; ʤʦʨʘ ʩʝ ʫʨʘʜʠʪʠ Activate ʚʨʩʪʝ) 

¶ ʂʦʥʬʣʠʢʪ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ (ʧʨʠʩʪʫʧʘ ʩʝ ʧʦʜʘʪʢʫ ʫ ʨʘʟʣʠʯʠʪʦʿ ʚʨʩʪʠ 

ʦʜ ʦʥʝ ʢʦʿʘ ʿʝ ʘʢʪʠʚʠʨʘʥʘ; ʤʦʨʘ ʩʝ ʧʨʚʦ ʫʨʘʜʠʪʠ Precharge ʦʪʚʦʨʝʥʝ 

ʚʨʩʪʝ, ʧʘ Activate ʥʦʚʝ ʚʨʩʪʝ) 

                                                 

 
11  ʉʘʤʦ ʩʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʦʤ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʜʘ ʣʠ ʩʫ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʩʣʦʙʦʜʥʠ ʠʣʠ 

ʟʘʫʟʝʪʠ, ʘʣʠ ʘʢʦ ʿʝ ʧʝʨʠʦʜ ʥʝʘʢʪʠʚʥʦʩʪʠ ʜʫʛ, ʦʥʜʘ ʩʝ ʤʦʞʝ ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʿʝ ʤʘʛʠʩʪʨʘʣʘ 

ʩʣʦʙʦʜʥʘ. 
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ɼʨʫʛʠ ʪʠʧ ʨʝʟʫʣʪʘʪʘ ʢʦʿʠ ʩʝ ʛʝʥʝʨʠʰʝ ʩʝ ʙʘʟʠʨʘ ʥʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ. ʅʘ 

ʦʩʥʦʚʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʮʠʢʣʫʩʘ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʩʣʝʜʝ˂ʠ ʜʦʛʘʹʘʿʠ: 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʿʝ ʤʘʛʠʩʪʨʘʣʘ ʩʣʦʙʦʜʥʘ 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʿʝ ʤʘʛʠʩʪʨʘʣʘ ʟʘʫʟʝʪʘ 

¶ ʇʝʨʠʦʜʠ ʢʘʜʘ ʩʝ ʿʘʚˀʘʿʫ ʨʝʞʠʿʩʢʠ ʮʠʢʣʫʩʠ 

ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʛʝʥʝʨʠʰʫ ʨʝʟʫʣʪʘʪʠ ʫ ʩʢʣʘʜʫ ʩʘ ʥʦʚʦʫʚʝʜʝʥʦʤ 

ʤʝʪʨʠʢʦʤ, ʩʘ ʪʘʯʥʦʰ˂ʫ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ. ʋ ʪʝ ʨʝʟʫʣʪʘʪʝ ʩʧʘʜʘʿʫ: 

¶ ʀʩʢʦʨʠʰ˂ʝˁʝ 

¶ ɽʬʠʢʘʩʥʦʩʪ 

¶ ɽʩʝʥʮʠʿʘʣʥʦ ʠʩʢʦʨʠʰ˂ʝˁʝ 

¶ ʄʘʨʛʠʥʘ ʧʝʨʬʦʨʤʘʥʩʠ 

¶ ʄʘʨʛʠʥʘ ʧʝʨʬʦʨʤʘʥʩʠ ʫʟʨʦʢʦʚʘʥʘ ʩʣʦʙʦʜʥʠʤ ʮʠʢʣʫʩʠʤʘ 

¶ ʄʘʨʛʠʥʘ ʧʝʨʬʦʨʤʘʥʩʠ ʫʟʨʦʢʦʚʘʥʘ ʥʝʦʧʪʠʤʘʣʥʠʤ ʩʝʢʚʝʥʮʠʨʘˁʝʤ 

ʄʝʪʨʠʢʘ ʟʥʘʪʥʦ ʦʣʘʢʰʘʚʘ ʘʥʘʣʠʟʫ, ʿʝʨ ʦʤʦʛʫ˂ʘʚʘ ʨʘʟʫʤʝʚʘˁʝ ʜʝʰʘʚʘˁʘ ʥʘ 

ʤʝʤʦʨʠʿʩʢʦʿ ʤʘʛʠʩʪʨʘʣʠ ʩʘ ʧʨʦʠʟʚʦˀʥʠʤ ʥʠʚʦʦʤ ʜʝʪʘˀʥʦʩʪʠ. 

6.7 ʇʦʩʪʧʨʦʮʝʩʠʨʘˁʝ 

ʇʨʦʮʝʩʠʨʘˁʝʤ ʛʝʥʝʨʠʩʘʥʠʭ ʨʝʟʫʣʪʘʪʘ ʤʦʛʫ ʩʝ ʜʦʙʠʪʠ ʨʝʟʫʣʪʘʪʠ ʧʦʛʦʜʥʠ ʟʘ 

ʚʠʟʫʝʣʠʟʘʮʠʿʫ ʠ ʘʥʘʣʠʟʫ. ʋ ʪʘʢʚʝ ʨʝʟʫʣʪʘʪʝ ʩʧʘʜʘʿʫ ʩʝʢʚʝʥʮʝ ʜʦʛʘʹʘʿʘ, ʩʪʘʪʠʩʪʠʯʢʠ 

ʠʟʚʝʰʪʘʿʠ ʦ ʫʢʫʧʥʦʤ ʙʨʦʿʫ ʠʣʠ ʧʨʦʮʝʥʪʫ ʚʨʝʜʥʦʩʪʠ ʦʜʨʝʹʝʥʦʛ ʪʠʧʘ, ʦ ʩʪʘʪʠʩʪʠʯʢʦʿ 

ʚʝʟʠ (ʢʦʨʝʣʘʮʠʿʠ) ʜʦʛʘʹʘʿʘ, ʜʠʩʪʨʠʙʫʮʠʿʠ ʚʨʝʜʥʦʩʪʠ ʠʪʜ. ʇʨʠʤʝʨʠ ʨʝʟʫʣʪʘʪʘ ʢʦʿʠ 

ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʧʦʩʪʧʨʦʮʝʩʠʨʘˁʝʤ ʩʫ: 

¶ ʉʝʢʚʝʥʮʘ ʩʣʦʙʦʜʥʠʭ ʠ ʟʘʫʟʝʪʠʭ ʧʝʨʠʦʜʘ ʥʘ ʤʘʛʠʩʪʨʘʣʠ 

¶ ʉʝʢʚʝʥʮʘ ʧʦʛʦʜʘʢʘ, ʧʨʦʤʘʰʘʿʘ ʠ ʢʦʥʬʣʠʢʘʪʘ ʧʨʠʣʠʢʦʤ ʧʨʠʩʪʫʧʘ 

¶ ʋʢʫʧʘʥ ʙʨʦʿ ʧʦʛʦʜʘʢʘ, ʧʨʦʤʘʰʘʿʘ ʠ ʢʦʥʬʣʠʢʘʪʘ ʟʘ ʦʜʨʝʹʝʥʠ ʢʘʥʘʣ, ʨʘʥʢ, 

ʙʘʥʢʫ ʠʣʠ ʚʨʩʪʫ 

¶ ʋʢʫʧʘʥ ʙʨʦʿ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʟʘ ʜʘʪʠ ʢʘʥʘʣ, ʨʘʥʢ, ʙʘʥʢʫ ʠʣʠ ʚʨʩʪʫ 

¶ ʂʦʨʝʘʣʘʮʠʿʘ ʤʝʪʨʠʢʝ ʠ ʙʨʦʿʘ ʧʦʛʦʜʘʢʘ, ʧʨʦʤʘʰʘʿʘ ʠ ʢʦʥʬʣʠʢʘʪʘ 
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¶ ɼʠʩʪʨʠʙʫʮʠʿʘ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʤʝʪʨʠʢʝ: ʤʘʢʩʠʤʫʤ, ʤʠʥʠʤʫʤ, 

ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʠʪʜ. 

ʅʘ ʉʣʠʮʠ 6.3 ʿʝ ʜʘʪ ʧʨʠʤʝʨ ʜʠʩʪʨʠʙʫʮʠʿʝ ʚʨʝʜʥʦʩʪʠ ʝʩʝʥʮʠʿʘʣʥʦʛ 

ʠʩʢʦʨʠʰ˂ʝˁʘ ʟʘ ʧʝʨʠʦʜ ʦʜ 240 ʮʠʢʣʫʩʘ ʩʘ ʧʨʦʟʦʨʦʤ ʦʜ 1 ʮʠʢʣʫʩʘ. ʅʘ ʦʩʥʦʚʫ ʦʚʝ 

ʩʪʘʪʠʩʪʠʢʝ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʥʠʚʦ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʝ ʫ 90% 

ʩʣʫʯʘʿʝʚʘ ʥʘʣʘʟʠ ʫ ʦʧʩʝʛʫ 63%Ñ5%. 

6.8 ɺʠʟʫʝʣʠʟʘʮʠʿʘ 

ʈʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʧʦʩʪʧʨʦʮʝʩʠʨʘˁʝʤ ʩʝ ʥʝʢʘʜʘ ʣʘʢʰʝ, ʘ ʥʝʢʘʜʘ ʠ ʿʝʜʠʥʦ 

ʤʦʛʫ ʨʘʟʫʤʝʪʠ ʥʘʢʦʥ ʰʪʦ ʙʫʜʫ ʚʠʟʫʝʣʠʟʦʚʘʥʠ ʥʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʥʘʯʠʥ. ʅʝ ʧʦʩʪʦʿʠ 

Ăʥʘʿʙʦˀʠñ ʥʘʯʠʥ ʟʘ ʚʠʟʫʝʣʠʟʘʮʠʿʫ ʢʦʿʠ ʿʝ ʧʨʠʤʝʥˀʠʚ ʥʘ ʩʚʝ ʪʠʧʦʚʝ ʧʦʜʘʪʘʢʘ. 

ʅʘʿʙʦˀʠ ʥʘʯʠʥ ʿʝ ʦʥʘʿ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʫʦʯʝ ʢˀʫʯʥʝ ʨʝʣʘʮʠʿʝ ʢʦʿʝ ʤʦʛʫ ʧʦʤʦ˂ʠ 

ʫ ʘʥʘʣʠʟʠ. 

ʅʘ ʉʣʠʮʠ 6.4 ʿʝ ʜʘʪ ʧʨʠʤʝʨ ʪʨʠ ʥʘʯʠʥʘ ʚʠʟʫʝʣʠʟʘʮʠʿʝ. ʋ ʩʣʫʯʘʿʫ ʥʘ ʉʣʠʮʠ 

6.4.ʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʪʘʪʠʩʪʠʢʘ ʙʨʦʿʘ ʢʦʥʬʣʠʢʘʪʘ ʠ ʧʨʦʤʘʰʘʿʘ ʚʠʟʫʝʣʥʦ ʤʘʧʠʨʘʥʘ  

 
ʉʣʠʢʘ 6.3 ï ɼʠʩʪʨʠʙʫʮʠʿʘ ʚʨʝʜʥʦʩʪʠ ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ 
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ʘ) ɼʠʩʪʨʠʙʫʮʠʿʘ ʙʨʦʿʘ ʢʦʥʬʣʠʢʘʪʘ ʠ ʧʨʦʤʘʰʘʿʘ ʧʦ ʨʘʥʢʫ ʠ ʙʘʥʢʠ 

 

 

ʙ) ʂʦʥʬʣʠʢʪʠ ʠ ʧʨʦʤʘʰʘʿʠ ʧʦ ʨʘʥʢʫ ʠ ʙʘʥʢʘʤʘ ʫ ʚʨʝʤʝʥʫ  

 

ʚ) 

ʂʘʨʘʢʪʝʨʠʟʦʚʘʥ ʩʘʦʙʨʘ˂ʘʿ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ 

 

ʉʣʠʢʘ 6.4 ï ɺʠʟʫʝʣʠʟʘʮʠʿʘ ʧʦʩʪʧʨʦʮʝʩʠʨʘʥʠʭ ʧʦʜʘʪʘʢʘ 
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ʧʦ ʨʘʥʢʫ ʠ ʙʘʥʢʠ. ɺʝʣʠʯʠʥʘ ʢʨʫʛʦʚʘ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʙʨʦʿʫ ʢʦʥʬʣʠʢʘʪʘ, ʦʜʥʦʩʥʦ 

ʧʨʦʤʘʰʘʿʘ. ʆʚʘʿ ʧʨʠʢʘʟ ʿʝ ʜʦʙʘʨ ʿʝʨ ʦʜʤʘʭ ʠʩʪʠʯʝ ʢˀʫʯʥʫ ʠʥʬʦʨʤʘʮʠʿʫ: ʢʦʿʠ ʨʘʥʢ 

ʠ ʙʘʥʢʘ ʠʤʘʿʫ ʚʠʰʝ ʢʦʥʬʣʠʢʘʪʘ ʥʝʛʦ ʜʨʫʛʠ. ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ ʩʝ ʤʦʞʝ ʘʥʘʣʠʟʠʨʘʪʠ 

ʟʘʰʪʦ ʜʦʣʘʟʠ ʜʦ ʪʦʛʘ ʠ ʫʪʚʨʜʠʪʠ ʜʘ ʣʠ ʿʝ, ʨʝʮʠʤʦ, ʫ ʧʠʪʘˁʫ ʠʩʪʠ ʢʣʠʿʝʥʪ ʢʦʿʠ ʠʤʘ 

ʥʝʧʦʚʦˀʥʫ ʘʜʨʝʩʥʫ ʩʝʢʚʝʥʮʫ ʠʣʠ ʤʦʞʜʘ ʤʝʤʦʨʠʿʩʢʠ ʢʦʥʪʨʦʣʝʨ ʥʝ ʨʘʜʠ ʦʧʪʠʤʘʣʥʦ. 

ʅʘ ʉʣʠʮʠ 6.4.ʙ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʢʦʥʬʣʠʢʪʠ ʠ ʧʨʦʤʘʰʘʿʠ ʫ ʚʨʝʤʝʥʫ. ʈʘʜʠ ʣʘʢʰʝ 

ʘʥʘʣʠʟʝ ʫʚʝʜʝʥʘ ʿʝ ʧʦʤʦ˂ʥʘ ʤʝʪʨʠʢʘ ʢʦʿʘ ʧʦʢʘʟʫʿʝ ʜʠʥʘʤʠʢʫ ʨʘʩʪʘ ˁʠʭʦʚʦʛ ʙʨʦʿʘ ʫ 

ʚʨʝʤʝʥʫ. ʆʚʘʿ ʧʨʠʢʘʟ ʿʝ ʜʦʙʘʨ ʿʝʨ ʿ ʘʩʥʦ ʧʦʢʘʟʫʿʝ ʜʘ ʫ ʜʚʘ ʧʝʨʠʦʜʘ ʜʦʣʘʟʠ ʜʦ ʚʝʣʠʢʦʛ 

ʧʦʚʝ˂ʘˁʘ ʙʨʦʿʘ ʢʦʥʬʣʠʢʘʪʘ. 

ʅʘ ʉʣʠʮʠ 6.4.ʚ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʢʘʨʘʢʪʝʨʠʟʦʚʘʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ 

ʧʦʜʘʪʘʢʘ. ʉʚʘʢʠ ʪʠʧ ʮʠʢʣʫʩʘ ʿʝ ʧʨʠʢʘʟʘʥ ʫ ʨʘʟʣʠʯʠʪʦʿ ʙʦʿʠ. ʆʚʘʿ ʧʨʠʢʘʟ ʿʝ ʜʦʙʘʨ ʿʝʨ 

ʚʠʟʫʝʣʥʦ ʠʩʪʠʯʝ ʧʝʨʠʦʜʝ ʫ ʢʦʿʠʤʘ ʨʘʩʪʝ ʙʨʦʿ ʩʣʦʙʦʜʥʠʭ ʠ ʨʝʞʠʿʩʢʮʠʭ ʮʠʢʣʫʩʘ. 

6.9 ɸʥʘʣʠʟʘ 

ɸʥʘʣʠʟʘ ʩʝ ʨʘʜʠ ʥʘ ʦʩʥʦʚʫ ʧʦʩʪʧʨʦʮʝʩʠʨʘʥʠʭ ʠ, ʪʘʤʦ ʛʜʝ ʟʘ ʪʠʤ ʠʤʘ ʧʦʪʨʝʙʝ, 

ʧʨʝʪʭʦʜʥʦ ʚʠʟʫʝʣʠʟʦʚʘʥʠʭ ʨʝʟʫʣʪʘʪʘ. ʅʘ ʉʣʠʮʠ 6.5 ʩʫ ʧʨʠʢʘʟʘʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʢʦʿʝ 

ʩʫ ʪʠʧʠʯʥʦ ʜʦʩʪʫʧʥʝ ʫ ʘʥʘʣʠʟʠ. ʅʘ ʉʣʠʮʠ 6.5.ʘ ʠ ʉʣʠʮʠ 6.5.ʙ ʩʫ ʚʠʟʫʝʣʠʟʦʚʘʥʠ 

ʮʠʢʣʫʩʠ ʥʘ ʢʦʥʪʨʦʣʥʦʿ ʤʘʛʠʩʪʨʘʣʠ ʠ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʫ ʢʘʨʘʢʪʝʨʠʟʦʚʘʥʠ 

ʧʦʤʦ˂ʫ ACDC ʤʦʜʝʣʘ. ʆʚʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʧʦʩʪʧʨʦʮʝʩʠʨʘʥʠ ʢʘʢʦ ʙʠ ʩʝ ʢʨʝʠʨʘʣʝ 

ʩʝʢʚʝʥʮʝ ʧʘʨʘʤʝʪʘʨʘ ʤʝʪʨʠʢʝ, ʢʦʿʝ ʩʫ ʚʠʟʫʝʣʠʟʦʚʘʥʝ ʥʘ ʉʣʠʮʠ 6.5.ʚ (ʚʨʝʤʝʥʩʢʠ 

ʧʝʨʠʦʜ, ʪʿ. Ăʧʨʦʟʦʨñ ʢʦʿʠ ʿʝ ʢʦʨʠʰ˂ʝʥ ʧʨʠʣʠʢʦʤ ʛʝʥʝʨʠʩʘˁʘ ʤʝʪʨʠʢʝ ʿʝ 100 

ʮʠʢʣʫʩʘ). ʅʘ ʩʣʠʮʠ ʩʫ ʧʦʜʝʙˀʘʥʠ ʧʘʨʘʤʝʪʨʠ ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ (ʟʝʣʝʥʦ) ʠ 

ʤʘʨʛʠʥʝ ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ (ˀʫʙʠʯʘʩʪʦ). 

ʇʦʩʪʧʨʦʮʝʩʠʨʘˁʝʤ ʩʝ ʤʦʛʫ ʛʝʥʝʨʠʩʘʪʠ ʩʝʢʚʝʥʮʝ ʟʘ ʚʨʝʤʝʥʩʢʝ ʧʝʨʠʦʜʝ 

ʨʘʟʣʠʯʠʪʝ ʜʫʞʠʥʝ ʪʨʘʿʘˁʘ. ʋ ʢʦʥʪʝʢʩʪʫ ʤʝʪʨʠʢʝ, ʚʝʣʠʯʠʥʘ Ăʧʨʦʟʦʨʘñ ʿʝ ʿʝʜʥʘʢʘ 

ʫʢʫʧʥʦʤ ʙʨʦʿʫ ʧʦʩʤʘʪʨʘʥʠʭ ʮʠʢʣʫʩʘ ὔộ Ớ . ʄʘˁʘ ʚʝʣʠʯʠʥʘ ʧʨʦʟʦʨʘ ʜʘʿʝ ʚʝ˂ʫ 

ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʧʨʦʤʝʥʝ ʠ ʦʙʨʥʫʪʦ. ʊʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʥʘ ʉʣʠʮʠ 6.5.ʛ, ʛʜʝ ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʚʨʝʜʥʦʩʪ ʤʘʨʛʠʥʝ ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ ʟʘ ʚʝʣʠʯʠʥʝ Ăʧʨʦʟʦʨʘñ ʦʜ 

5 ʜʦ 100 ʮʠʢʣʫʩʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʦʜ ʧʦ 5 ʮʠʢʣʫʩʘ (ʚʨʝʜʥʦʩʪ ʨʘʩʪʝ ʧʦ z ʦʩʠ). ʋ ʧʨʘʢʩʠ, 

ʙʦˀʝ ʿʝ ʜʘ ʩʝ ʚʝʣʠʯʠʥʘ ʧʨʦʟʦʨʘ ʧʦʚʝ˂ʘʚʘ ʣʦʛʘʨʠʪʘʤʩʢʠ ʫʤʝʩʪʦ ʣʠʥʝʘʨʥʦ. 
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ʘ) ʂʘʨʘʢʪʝʨʠʟʦʚʘʥʠ ʮʠʢʣʫʩʠ ʥʘ ʢʦʤʘʥʜʥʦʿ ʤʘʛʠʩʪʨʘʣʠ 

 

 

ʙ) ʂʘʨʘʢʪʝʨʠʟʦʚʘʥʠ ʮʠʢʣʫʩʠ ʥʘ ʤʘʛʠʩʪʨʘʣʠ ʧʦʜʘʪʘʢʘ 

 

 

ʚ) ʄʝʪʨʠʢʘ (ʧʨʦʟʦʨ ʦʜ 100 ʮʠʢʣʫʩʘ) 

 

 

ʛ) ʉʧʝʢʪʘʨ ʤʘʨʛʠʥʝ ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ 

 

ʉʣʠʢʘ 6.5 ï ʉʧʝʢʪʨʘʣʥʘ ʘʥʘʣʠʟʘ 
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ʉʧʝʢʪʘʨ ʚʨʝʜʥʦʩʪʠ ʤʘʨʛʠʥʝ ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ ЎὉὟ , ʢʘʦ ʠ ˁʝʥʝ 

ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ ЎὉὟ Ὗ  ʠ ЎὉὟ Ὁ, ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʝʣʠʯʠʥʝ ʧʨʦʟʦʨʘ, 

ʦʤʦʛʫ˂ʘʚʘʿʫ  ʜʘ  ʩʝ  ʘʥʘʣʠʟʠʨʘ  ʩʚʘʢʘ  ʧʦʿʘʚʘ  ʥʘ  ʤʝʤʦʨʠʿʩʢʦʿ  ʤʘʛʠʩʪʨʘʣʠ. ʋʢʦʣʠʢʦ 

ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʫ ʥʝʢʦʤ ʧʝʨʠʦʜʫ ʥʠʞʝ, ʜʦʚʦˀʥʦ ʿʝ ʫ ʩʧʝʢʪʨʫ ʥʘ˂ʠ ʥʠʚʦʫ ʥʘ ʢʦʤ 

ʙʨʦʿ ʩʣʦʙʦʜʥʠʭ ʠ ʨʝʞʠʿʩʢʠʭ ʮʠʢʣʫʩʘ ʨʘʩʪʝ ʠ ʦʥʜʘ ʘʥʘʣʠʟʠʨʘʪʠ ʢʦʤʧʦʥʝʥʪʝ ʤʘʨʛʠʥʝ 

ʝʩʝʥʮʠʿʘʣʥʦʛ ʠʩʢʦʨʠʰ˂ʝˁʘ ʫ ʪʠʤ ʧʝʨʠʦʜʠʤʘ ʜʘ ʩʝ ʫʪʚʨʜʠ ʫʟʨʦʢ. 

ʅʘ ʉʣʠʮʠ 6.6 ʿʝ ʜʘʪ ʧʨʠʤʝʨ ʫʚʝʣʠʯʘʥʝ ʩʠʪʫʘʮʠʿʝ ʩʘ ʉʣʠʢʝ 6.5.ʚ ʛʜʝ ʩʫ 

ʧʝʨʬʦʨʤʘʥʩʝ ʥʘʿʥʠʞʝ. ʇʦʰʪʦ ʿʝ ʩʚʘʢʠ ʮʠʢʣʫʩ ʪʘʯʥʦ ʢʘʨʘʢʪʝʨʠʟʦʚʘʥ, ʪʦ ʿʝ ʠ ʩʚʘ 

ʤʝʪʨʠʢʘ, ʢʦʿʘ ʩʝ ʥʘ ʦʩʥʦʚʫ ˁʠʭ ʨʘʯʫʥʘ, ʪʘʢʦʹʝ ʪʘʯʥʘ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ. ʋ ʩʣʫʯʘʿʫ ʩʘ 

ʩʣʠʢʝ ʩʝ ʚʠʜʠ ʜʘ ʜʦ ʧʘʜʘ ʧʝʨʬʦʨʤʘʥʩʠ ʜʦʣʘʟʠ ʧʨʝʪʝʞʥʦ ʟʙʦʛ ЎὉὟ Ὗ. ʋʟʨʦʢ 

ʪʦʤʝ ʿʝ ʠʣʠ ʧʦʚʨʝʤʝʥʦ ʠʟʛʣʘʜˁʠʚʘˁʝ ʟʙʦʛ ʥʝʜʦʩʪʘʪʢʘ ʟʘʭʪʝʚʘ, ʰʪʦ ʿʝ ʤʘˁʝ 

ʚʝʨʦʚʘʪʥʦ ʩ ʦʙʟʠʨʦʤ ʜʘ ʩʝ ʨʘʜʠ ʦ ʛʫʙʠʮʠʤʘ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʩʘ ʫʯʝʩʪʘʥʦʰ˂ʫ ʦʜ 

 
 

ʉʣʠʢʘ 6.6 ï ɸʥʘʣʠʟʘ ʫʟʨʦʢʘ 
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ʥʝʢʦʣʠʢʦ ʮʠʢʣʫʩʘ, ʠʣʠ ʫʩʣʝʜ ʥʝʦʧʪʠʤʘʣʥʦʛ ʨʘʜʘ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʢʦʿʠ ʥʝ 

ʫʩʧʝʚʘ ʜʘ ʦʧʪʠʤʠʟʫʿʝ ʩʣʘˁʝ ʢʦʤʘʥʜʠ ʪʘʢʦ ʜʘ ʠʢʦʨʠʩʪʠ ʩʚʝ ʜʦʩʪʫʧʥʝ ʮʠʢʣʫʩʝ, ʰʪʦ 

ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʚʝʨʦʚʘʪʥʠʿʝ, ʿʝʨ ʩʝ ʩʣʘˁʝ ʢʦʤʘʥʜʠ ʨʘʜʠ ʥʘ ʥʠʚʦʫ ʮʠʢʣʫʩʘ. 
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7 ʇʨʠʤʝʥʘ 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʠʤʘ ʧʨʠʤʝʥʫ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʦʙʣʘʩʪʠ. ʆʚʜʝ ˂ʝ 

ʙʠʪʠ ʥʘʚʝʜʝʥʝ ʠ ʜʠʩʢʫʪʦʚʘʥʝ ʩʚʝ ʚʘʞʥʠʿʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝ, ʢʘʦ ʠ ʥʝʢʝ ʥʦʚʝ ʦʙʣʘʩʪʠ 

ʛʜʝ ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ DRAM ʤʝʤʦʨʠʿʘ ʥʠʿʝ ʜʦ ʩʘʜʘ ʤʦʛʣʘ ʜʘ ʩʝ ʫʧʦʪʨʝʙʠ. ʉʚʘʢʘ 

ʦʜ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝ ʠʤʘ ʩʚʦʿʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ. ʇʨʝʜʥʦʩʪ ʦʚʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʿʝ ʰʪʦ 

ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʧʨʠʤʝʥʦʤ ʠʩʪʦʛ ʧʨʦʮʝʩʘ ʨʘʜʘ ʤʦʞʝ ʜʘ ʦʜʛʦʚʦʨʠ ʟʘʭʪʝʚʠʤʘ ʫʧʦʪʨʝʙʝ 

ʫ ʩʚʠʤ ʦʚʠʤ ʦʙʣʘʩʪʠʤʘ. 

7.1 ʉʠʩʪʝʤʩʢʘ ʘʥʘʣʠʟʘ 

ʋ ʩʠʩʪʝʤʩʢʦʿ ʘʥʘʣʠʟʠ, ʦʜʥʦʩʥʦ ʘʥʘʣʠʟʠ ʨʘʜʘ ʮʝʣʦʛ ʨʘʯʫʥʘʨʩʢʦʛ ʩʠʩʪʝʤʘ, 

ʮʠˀ ʿʝ ʫʩʪʘʥʦʚʠʪʠ ʜʘ ʣʠ ʿʝ DRAM ʤʝʤʦʨʠʿʘ ʫʩʢʦ ʛʨʣʦ ʩʠʩʪʝʤʘ. ʋʢʦʣʠʢʦ ʿʝ ʪʦ ʪʘʯʥʦ, 

ʦʥʜʘ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʤʦʛʫ ʫʚʝ˂ʘʪʠ ʧʦʚʝ˂ʘʚʘˁʝʤ ʧʝʨʬʦʨʤʘʥʩʠ  DRAM 

ʤʝʤʦʨʠʿʝ. DRAM ʤʝʤʦʨʠʿʘ ʿʝ ʫʩʢʦ ʛʨʣʦ ʩʠʩʪʝʤʘ ʘʢʦ ʩʫ ʙʘʬʝʨʠ ʤʝʤʦʨʠʿʩʢʦʛ 

ʢʦʥʪʨʦʣʝʨʘ ʢʦʿʠ ʧʨʠʭʚʘʪʘʿʫ ʥʦʚʝ ʟʘʭʪʝʚʝ ʧʫʥʠ. ɸʢʦ ʿʝ ʠʟʤʝʨʝʥʘ ʝʬʠʢʘʩʥʦʩʪ 

ʤʝʤʦʨʠʿʝ ʥʘ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝʤ ʥʠʚʦʫ, ʘ ʤʘʨʛʠʥʦʤ ʧʝʨʬʦʨʤʘʥʩʠ ʜʦʤʠʥʠʨʘ 

ЎὉὟ Ὗ, ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʩʝ ʤʦʛʫ ʧʦʧʨʘʚʠʪʠ ʧʦʚʝ˂ʘˁʝʤ ʠʩʢʦʨʠʰ˂ʝˁʘ ʥʘ 

ʨʘʯʫʥ ʙʦˀʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʢʦʜ ʩʣʘˁʘ ʢʦʤʘʥʜʠ ʦʜ ʩʪʨʘʥʝ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. 

ʋʢʦʣʠʢʦ ʠʟʤʝʨʝʥʘ ʝʬʠʢʘʩʥʦʩʪ ʤʝʤʦʨʠʿʝ ʥʠʿʝ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʘ, ʤʦʨʘ ʩʝ 

ʫʨʘʜʠʪʠ ʘʥʘʣʠʟʘ ʘʣʛʦʨʠʪʤʘ ʘʨʙʠʪʨʘʮʠʿʝ ʤʝʤʦʨʠʿʩʢʠʭ ʟʘʭʪʝʚʘ ʠ ʘʣʛʦʨʠʪʤʘ ʟʘ ʩʣʘˁʝ 

DRAM ʢʦʤʘʥʜʠ ʫʥʫʪʘʨ ʤʝʤʦʨʠʿʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ. 
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ʉʣʠʢʘ 7.1 ï ʉʠʩʪʝʤʩʢʘ ʘʥʘʣʠʟʘ ʧʝʨʬʦʨʤʘʥʩʠ: ʂʦʨʝʣʘʮʠʿʘ ʜʦʛʘʹʘʿʘ ʫ ʩʠʩʪʝʤʫ 


































































