A\⊣↕≀} W⊣⊑⌉↕⌉⊔ T∇⊣\∫{≀∇⇕⌉∇ D∇⊣{⊔ ↓′⇔ N≀⊑⌉⇕⌊⌉∇ ∃⇔ ∞∃∃∋ T⟨⌉ A\⊣↕≀} W⊣⊑⌉↕⌉⊔ C⟨⟩√ {≀∇ S√⌉⌉⌋⟨ C≀⇕√∇⌉∫∫⟩≀\ C⟨⟩√ S√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫ R↙ T⟩⇕≀⊔⟨† E⌈⊒⊣∇⌈∫⇔ M⟩⌋⟨⊣⌉↕ D↙ G≀⌈{∇⌉†⇔ S⊔⌉⊑⌉ M⟩⇕∫ D⊣⊑⟩⌈ P⟩⌉⊔∇≀⇕≀\⊣⌋≀⇔ E∇⟩⌋ Z⌉⟩∫⌉↕ M⊣† ∞∋⇔ ∞∃∃∋ A⌊∫⊔∇⊣⌋⊔ T⟨⟩∫ √⊣√⌉∇ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⟩\ CMOS ⊔⌉⌋⟨\≀↕≀}† ≀{ ⊣ ⌋⟩∇⌋⊓⟩⊔ ⊒⟨⟩⌋⟨ √⌉∇{≀∇⇕∫ ⊣\⊣↕≀} ⊒⊣⊑⌉↕⌉⊔ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\∫ ≀{ ⊣ ≀\⌉↖⌈⟩⇕⌉\∫⟩≀\⊣↕ ⇐⌉↙}↙⇔ ∫≀⊓\⌈⇒ ⟩\√⊓⊔↙ T⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⟩∫ ⌊⊣∫⌉⌈ ≀\ ⊔⟨⌉ A\⊣↕≀} VLSI ⊔⌉⌋⟨\⟩∐⊓⌉∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⌊† C⊣∇⊑⌉∇ M⌉⊣⌈ ⟩\ A\⊣↕≀} VLSI ⊣\⌈ N⌉⊓∇⊣↕ S†∫⊔⌉⇕∫ ∪∞⊎↙ T⟨⌉ ⊣\⊣↕≀} ⊒⊣⊑⌉↕⌉⊔ ≀⊓⊔√⊓⊔∫ ⊣∇⌉ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ≀{ ⊣ ↕≀}⊣∇⟩⊔⟨⇕⟩⌋⊣↕↕† ∫⌋⊣↕⌉⌈ ∫⌉⊔ ≀{ ⌊⊣\⌈√⊣∫∫ ⊘↕⊔⌉∇∫∅ ⌉⊣⌋⟨ ⌊⊣\⌈ ⟩∫ ⊔≀ ⌊⌉ ∫⊣⇕√↕⌉⌈ ⇐⌉§⊔⌉∇\⊣↕↕†⇒ ⊣⊔ ⊣ ∇⊣⊔⌉ √∇≀√≀∇⊔⟩≀\⊣↕ ⊔≀ ⊔⟨⌉ N†∐⊓⟩∫⊔ ∇⊣⊔⌉ ≀{ ⊔⟨⌉ ⟨⟩}⟨⌉∫⊔ {∇⌉∐⊓⌉\⌋† ⌋≀\⊔⌉\⊔ ≀{ ⊔⟨⊣⊔ ⌊⊣\⌈↙ T⟨⌉ ∇⌉∫⊓↕⊔ ⟩∫ ⊣ ⇕⊣⊔∇⟩§ ≀{ ⌈⟩∫⌋∇⌉⊔⌉ √≀⟩\⊔∫ ⌈⌉∫⌋∇⟩⌊⟩\} ⊔⟨⌉ ⟩\√⊓⊔ ∫⟩}\⊣↕ ⊣∫ ⊣ {⊓\⌋⊔⟩≀\ ≀{ ⌊≀⊔⟨ {∇⌉∐⊓⌉\⌋† ⊣\⌈ ⊔⟩⇕⌉↙ T⟨⌉ ⊘↕⊔⌉∇ {⊓\⌋⊔⟩≀\ ≀{ ⌉⊣⌋⟨ ⌊⊣\⌈ ⟩∫ }⊣⊓∫∫⟩⊣\ ∫⟨⊣√⌉⌈ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⌊⌉∫⊔ ∇⌉∫≀↕⊑⌉ ⊔⟨⌉ ⊓\⌋⌉∇⊔⊣⟩\⊔† ∇⌉↕⊣⊔⟩≀\ ⌊⌉⊔⊒⌉⌉\ ⊔⟩⇕⌉ ⊣\⌈ {∇⌉∐⊓⌉\⌋† ⊣⊔ ⌉⊣⌋⟨ ∫⊣⇕√↕⌉⌈ √≀⟩\⊔↙ T⟨⟩∫ ⌋⟨⟩√ ⟨⊣∫ ⌊⌉⌉\ ⌈⌉∫⟩}\⌉⌈ ⌊† T⟩⇕ E⌈⊒⊣∇⌈∫ ⊓\⌈⌉∇ ⊔⟨⌉ ⌈⟩∇⌉⌋⊔⟩≀\ ≀{ M⟩⌋⟨⊣⌉↕ G≀⌈{∇⌉†⇔ ⊣\⌈ {⊣⌊∇⟩⌋⊣⊔⌉⌈ ⌊† MOSIS↙ Z⟩↕≀} C≀∇√≀∇⊣⊔⟩≀\ ≀{ C⊣⇕√⌊⌉↕↕⇔ C⊣↕⟩{≀∇\⟩⊣⇔ √∇≀⊑⟩⌈⌉⌈ ⊔⟨⌉ {⊓\⌈⟩\} {≀∇ ⊔⟨⟩∫ √∇≀|⌉⌋⊔↙ ∞ O⊑⌉∇⊑⟩⌉⊒ T⟨⟩∫ √⊣√⌉∇ ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ A\⊣↕≀} W⊣⊑⌉↕⌉⊔ T∇⊣\∫{≀∇⇕ ⌋⟨⟩√⇔ ⊣ CMOS ∫⊓⌊⊔⟨∇⌉∫⟨≀↕⌈ ⌋⟩∇⌋⊓⟩⊔ ⌈⌉∫⟩}\ ⟩\⊔⌉\⌈⌉⌈ {≀∇ ⊓∫⌉ ⟩\ ⊣\ ⌉§√⌉∇⟩⇕⌉\⊔⊣↕ ∫√⌉⌉⌋⟨ ⌋≀⇕√∇⌉∫∫⟩≀\ ∫†∫⊔⌉⇕↙ T⟨⟩∫ ⌋⟨⟩√ ⊒⊣∫ ⌊⊓⟩↕⊔ ⊣∫ ⊣\ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉ ⊔≀ ⊓∫⟩\} ⊣ ⌋≀⇕√⊓⊔⌉∇ ≀∇ DSP ∫†∫⊔⌉⇕ ⊔≀ √⌉∇{≀∇⇕ ⊔⟨⌉ ∫⊣⇕⌉ ⌋⊣↕⌋⊓↕⊣⊔⟩≀\∫∅ ⊔⟨⌉ ⊣⌈⊑⊣\⊔⊣}⌉∫ ≀{ ⊔⟨⟩∫ ⊣√√∇≀⊣⌋⟨ ⊣∇⌉ ∇⌉⌈⊓⌋⌉⌈ ∫⟩‡⌉ ⊣\⌈ √≀⊒⌉∇ ⌋≀\∫⊓⇕√⊔⟩≀\↙ T⟨⌉ ∇⌉∫⊓↕⊔⟩\} ⊣\⊣↕≀} ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ⟩∫ ⟩\⊙⌉§⟩⌊↕⌉ ⟩\ ⊔⌉∇⇕∫ ≀{ ⊣⌊⟩↕⟩⊔† ⊔≀ ∇⌉√∇≀}∇⊣⇕ ⊔⟨⌉ {⊓\⌋⊔⟩≀\ √⌉∇{≀∇⇕⌉⌈⇔ ⊣\⌈ ∇⌉∐⊓⟩∇⌉∫ ⌈⌉⊣↕⟩\} ⊒⟩⊔⟨ ⊔⟨⌉ √∇≀⌊↕⌉⇕ ≀{ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉ ∫⌉\∫⟩⊔⟩⊑⟩⊔†⇔ ⊑⊣∇⟩⊣⌊↕⌉ √∇≀⌋⌉∫∫ √⊣∇⊣⇕⌉⊔⌉∇∫⇔ ⊣\⌈ \≀⟩∫⌉ ⟩\|⌉⌋⊔⟩≀\ ⊔⟨∇≀⊓}⟨≀⊓⊔ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔↙ H≀⊒⌉⊑⌉∇⇔ ⊒⌉ ⌊⌉↕⟩⌉⊑⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⊒⟩↕↕ ⌊⌉ ⌉{{⌉⌋⊔⟩⊑⌉ {≀∇ ∫√⌉⌉⌋⟨ ∫⟩}\⊣↕∫ ⊣\⌈ ⊒⟩↕↕ ⌊⌉ ∫⇕⊣↕↕⌉∇ ⊣\⌈ ⌋⟨⌉⊣√⌉∇ ⊔⟨⊣\ ⊔⟨⌉ ⌈⟩}⟩⊔⊣↕ ⊣↕⊔⌉∇\⊣⊔⟩⊑⌉∫↙ T⟨⌉ ⊔⟨⌉≀∇† ⌊⌉⟨⟩\⌈ ⊔⟨⌉ C≀\⊔⟩\⊓≀⊓∫ W⊣⊑⌉↕⌉⊔ T∇⊣\∫{≀∇⇕ ⟨⊣∫ ⌊⌉⌉\ ⊔∇⌉⊣⊔⌉⌈ ⟩\ ⌉⊣∇↕⟩⌉∇ √⊣√⌉∇∫↙ T⟨⟩∫ √⊣√⌉∇ ∫⌉⌉‖∫ ⊔≀ ⌈⌉∫⌋∇⟩⌊⌉ ⟩\ {⊓↕↕ ⊔⟨⌉ ⇕≀∫⊔ ∇⌉⌋⌉\⊔ ⌋⟨⟩√ ⌈⌉∫⟩}\ ⊣\⌈ ⊔≀ }⟩⊑⌉ ⊣ ⌊∇⟩⌉{ ≀⊑⌉∇⊑⟩⌉⊒ ≀{ ⊔⟨⌉ {⊓\⌋⊔⟩≀\ ≀{ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔∇† ⟩\⊑≀↕⊑⌉⌈↙ T⟨⌉ ≀∇⟩}⟩\⊣↕ ⊑⌉∇∫⟩≀\ ≀{ ⊔⟨⟩∫ √⊣√⌉∇⇔ {≀∇ ⊔⟨⌉ ⊘∇∫⊔↖}⌉\⌉∇⊣⊔⟩≀\ ⌋⟨⟩√⇔ ⊣⌋⌋⊓∇⊣⊔⌉↕† ⌈⌉∫⌋∇⟩⌊⌉∫ ⊔⟨⌉ ⊔⟨⌉≀∇† ⌊⌉⟨⟩\⌈ ⊔⟨⌉ ⌋≀\⊔⟩\≀⊓∫ ⊒⊣⊑⌉↕⌉⊔ ⊔∇⊣\∫{≀∇⇕ ⊣\⌈ ⟩⊔∫ ⟩⇕√↕⌉⇕⌉\⊔⊣⊔⟩≀\ ≀\ ⊔⟨⌉ ⌋⟨⟩√↙ T⟨⌉ ⌋⟨⟩√ ∫√⌉⌋⟩⊘⌋⊣↕↕† ⊣⌈⌈∇⌉∫∫⌉⌈ ⌊† ⊔⟨⊣⊔ √⊣√⌉∇ ⟨⊣∫ ⌊⌉⌉\ ⌈⌉∫⟩}\⊣⊔⌉⌈ W⊣⊑⌉C⟨⟩√∈↙ A ∫⌉⌋≀\⌈↖}⌉\⌉∇⊣⊔⟩≀\ ⌋⟨⟩√ ⊒⊣∫ ⌈⌉∫⟩}\⊣⊔⌉⌈ ⊣\⌈ {⊣⌊∇⟩⌋⊣⊔⌉⌈ ⟩\ J⊣\⊓⊣∇†⇔ ∞∃∃∈∅ ⊔⟨⊣⊔ ≀\⌉ ⟨⊣∫ ⌊⌉⌉\ ⌈⌉∫⟩}\⊣⊔⌉⌈ W⊣⊑⌉C⟨⟩√△↙ W⊣⊑⌉C⟨⟩√∞ ⊒⊣∫ ⊔⟨⌉ ∫⊣⇕⌉ ⌈⌉∫⟩}\ ⊣∫ W⊣⊑⌉C⟨⟩√∈ ⌊⊓⊔ ⊒⟩⊔⟨ ⊣ ⌈⟩{{⌉∇⌉\⊔ ⊣∫√⌉⌋⊔ ∇⊣⊔⟩≀ {≀∇ ⊔⟨⌉ ↕⊣†≀⊓⊔↙ W⊣⊑⌉C⟨⟩√∋ ⟩∫ ⌉∫∫⌉\⊔⟩⊣↕↕† ⊔⟨⌉ ∫⊣⇕⌉ ⊣∫ W⊣⊑⌉C⟨⟩√△ ⌊⊓⊔ ⊒⊣∫ {⊣⌊∇⟩⌋⊣⊔⌉⌈ ⌊† Z⟩↕≀} ⊒⟩⊔⟨≀⊓⊔ ⊣ √≀↕†∞∝√≀↕†∈ √∇≀⌋⌉∫∫↙ A↕∫≀⇔ W⊣⊑⌉C⟨⟩√∋ ⌈⟩⌈ \≀⊔ ⌋≀\⊔⊣⟩\ ⊔⟨⌉ ↕⊣⊔⌉∫⊔ ⊑⌉∇∫⟩≀\ ≀{ ⊔⟨⌉ ≀∫⌋⟩↕↕⊣⊔≀∇ ⌋⟩∇⌋⊓⟩⊔↙ T⟨⌉ ⌋⊓∇∇⌉\⊔ ⌋⟨⟩√ ⟩∫ W⊣⊑⌉C⟨⟩√▽↙ T⟨⌉∇⌉ ⊣∇⌉ ⊔⟨∇⌉⌉ ⊑⌉∇∫⟩≀\∫ ≀{ ⊔⟨⟩∫ ⌋⟨⟩√⇔ ≀\⌉ ≀{ ⊒⟨⟩⌋⟨ ⊒⊣∫ ∫⊓⌊⇕⟩⊔⊔⌉⌈ ⊔≀ Z⟩↕≀} ⌊⊓⊔ \≀⊔ {⊣⌊∇⟩⌋⊣⊔⌉⌈ ⌈⊓⌉ ⊔≀ ⌈⌉↕⊣†∫ ⊣\⌈ √∇≀⌊↕⌉⇕∫ ⊒⟩⊔⟨ ⊔⟨⌉ Z⟩↕≀} ⊣⌈⇕⟩\⟩∫⊔∇⊣⊔⟩≀\↙ T⟨⌉ Z⟩↕≀} ⊑⌉∇∫⟩≀\ ⊒⟩↕↕ ⌊⌉ ∇⌉{⌉∇∇⌉⌈ ⊔≀ ⌊† ⟩⊔∫ Z⟩↕≀} ⌈⌉∫⟩}\⊣⊔⟩≀\⇔ ⊒⟨⟩⌋⟨ ⟩∫ Z∀∃⌋▽▽⌊⊣↙ T⟨⌉ ∫⌉⌋≀\⌈ ⊑⌉∇∫⟩≀\⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊣ ∫≀⇕⌉⊒⟨⊣⊔ ⌋↕⌉⊣\⌉⌈↖⊓√ ⊣\⌈ ⌉§√⊣\⌈⌉⌈ ⊑⌉∇∫⟩≀\ ≀{ ⊔⟨⌉ Z∀∃⌋▽▽⌊⊣⇔ ⊒⊣∫ ∇⌉⊔⊓∇\⌉⌈ {∇≀⇕ {⊣⌊∇⟩⌋⊣⊔⟩≀\ ⟩\ J⊓↕†⇔ ∞∃∃∋⇔ ⌊⊓⊔ ⊒⊣∫ {≀⊓\⌈ ⊔≀ ⟨⊣⊑⌉ ∇⌉⊑⌉∇∫⌉⌈ ∫⊓⌊∫⊔∇⊣⊔⌉ ⌋≀\⊔⊣⌋⊔∫ ⟩\ ∫⌉⊑⌉∇⊣↕ √↕⊣⌋⌉∫⇔ ∞

⌋⊣⊓∫⟩\} ⊣ ∫⟨≀∇⊔ ⌊⌉⊔⊒⌉⌉\ √≀⊒⌉∇ ⊣\⌈ }∇≀⊓\⌈∅ ⊔⟨⟩∫ ⌋⟨⟩√ ⊒⊣∫ \≀⊔ ⌉§⊔⌉\∫⟩⊑⌉↕† ⊔⌉∫⊔⌉⌈⇔ ⌊⊓⊔ ∫≀⇕⌉ ≀⊓⊔√⊓⊔∫ ⌋≀⊓↕⌈ ⌊⌉ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩‡⌉⌈⇔ ⊣↕⌊⌉⟩⊔ ⊒⟩⊔⟨ ⊔⟨⌉ ⌋⟨⟩√ ⌈∇⊣⊒⟩\} ⊣ ⊔∇⌉⇕⌉\⌈≀⊓∫ ⊣⇕≀⊓\⊔ ≀{ ⌋⊓∇∇⌉\⊔ ⊣\⌈ ∇⌉↕⌉⊣∫⟩\} ⊣ ⊔∇⌉⇕⌉\⌈≀⊓∫ ⊣⇕≀⊓\⊔ ≀{ ⟨⌉⊣⊔↙ T⟨⌉ ⊔⟨⟩∇⌈ ⌋⟨⟩√ ⊒⊣∫ ⌊∇⟩⌉⊙† ∇⌉⌈⌉∫⟩}\⌉⌈ {≀∇ P↖⊒⌉↕↕ {⊣⌊∇⟩⌋⊣⊔⟩≀\ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⇕⌉⌉⊔ ⊣ ⌋≀\⊑⌉\⟩⌉\⊔ ∫⌋⟨⌉⌈⊓↕⌉ ⌈⌉⊣⌈↕⟩\⌉∅ ⊔⟨⟩∫ ⌋⟨⟩√ ⊒⟩↕↕ ⌊⌉ ⊔⟨⌉ ≀\⌉ √∇⌉∫⌉\⊔⌉⌈ ⌊† ⊔⟨⟩∫ √⊣√⌉∇⇔ ⊣\⌈ ⊒⟩↕↕ ⌊⌉ ∇⌉{⌉∇∇⌉⌈ ⊔≀ ⊣∫ W⊣⊑⌉C⟨⟩√▽⌊ ≀∇ ∫⟩⇕√↕† W⊣⊑⌉C⟨⟩√▽↙ W⊣⊑⌉C⟨⟩√▽⌊ ⊒⊣∫ ∇⌉⊔⊓∇\⌉⌈ {∇≀⇕ {⊣⌊∇⟩⌋⊣⊔⟩≀\ ≀\ O⌋⊔≀⌊⌉∇ △⇔ ∞∃∃∋↙ T⟨⌉ ⊔⌉⌋⟨\≀↕≀}† ⊓∫⌉⌈ ⊔≀ {⊣⌊∇⟩⌋⊣⊔⌉ ⌉⊣⌋⟨ ⌋⟨⟩√ ⟩∫ ⊣∫ {≀↕↕≀⊒∫¬ C⟨⟩√ \⊣⇕⌉ F≀⊓\⌈∇† M⟩\↙ {⌉⊣⊔⊓∇⌉ ∫⟩‡⌉ W⌉↕↕ ⊔†√⌉ P≀↕† W⊣⊑⌉C⟨⟩√∈ Z⟩↕≀} ∈↙′ ⇕⟩⌋∇≀\ ⊔⊒⟩\↖⊒⌉↕↕ ∫⟩\}↕⌉ W⊣⊑⌉C⟨⟩√△ O∇⌊⟩⊔ ∈↙′ ⇕⟩⌋∇≀\ P↖⊒⌉↕↕ ⌈≀⊓⌊↕⌉ Z∀∃⌋▽▽⌊⊣ Z⟩↕≀} ∞↙∈ ⇕⟩⌋∇≀\ ⊔⊒⟩\↖⊒⌉↕↕ ∫⟩\}↕⌉ W⊣⊑⌉C⟨⟩√▽⊣ O∇⌊⟩⊔ ∈↙′ ⇕⟩⌋∇≀\ N↖⊒⌉↕↕ ⌈≀⊓⌊↕⌉ W⊣⊑⌉C⟨⟩√▽⌊ O∇⌊⟩⊔ ∈↙′ ⇕⟩⌋∇≀\ P↖⊒⌉↕↕ ⌈≀⊓⌊↕⌉

∈ W⊣⊑⌉↕⌉⊔ T∇⊣\∫{≀∇⇕⌉∇ C⟨⟩√ I∝O T⟨⌉ ⌋⊓∇∇⌉\⊔ ⌋⟩∇⌋⊓⟩⊔ ⌈⌉∫⟩}\ ∇⌉∐⊓⟩∇⌉∫ ⊣ ⊔≀⊔⊣↕ ≀{ ∀△ √⟩\∫⇔ ⊣∫ ⌈≀⌋⊓⇕⌉\⊔⌉⌈ ⌊⌉↕≀⊒↙ T⟨⌉ √⊣⌋‖⊣}⌉ ⊔†√⌉ {≀∇ ⊔⟨⟩∫ ⌋⟨⟩√ ⊒⟩↕↕ ⌊⌉ ⊣ ∀△↖√⟩\ PGA⇔ ⊣ ∫⊔⊣\⌈⊣∇⌈ MOSIS √⊣⌋‖⊣}⌉ {≀∇ ⊔⟨⌉ △′̸′ × ∀̸′′ ⇕⟩⌋∇≀\ ⌈⟩⌉ ∫⟩‡⌉↙ T⟨⌉ √⟩\≀⊓⊔∫ ⊣\⌈ ⊔⟨⌉⟩∇ \⊣⇕⌉∫ ⊣∇⌉ ⌈⌉∫∇⟩⌊⌉⌈ ⟩\ ⊔⟨⌉ T⊣⌊↕⌉ ∞↙ P⟩\∫ ⊣∇⌉ {≀∇ ⊔⟨⌉ ∀△↖√⟩\ PGA √⊣⌋‖⊣}⌉⇔ ⊣\⌈ ⌉\⊔∇⟩⌉∫ ⊣∇⌉ ↕⟩∫⊔⌉⌈ ⟩\ ⌋↕≀⌋‖⊒⟩∫⌉ ≀∇⌈⌉∇ ≀{ ⌋⟨⟩√ √⊣⌈∫⇔ ⌊⌉}⟩\\⟩\} ⟩\ ⊔⟨⌉ ⊓√√⌉∇ ↕⌉{⊔↖⟨⊣\⌈ ⌋≀∇\⌉∇ ≀\ ⊔⟨⌉ ⊔≀√↙ N≀⊔⌉¬ T⟨⟩∫ ⌋⟨⟩√ ⟨⊣∫ ⌊⌉⌉\ ∇≀⊔⊣⊔⌉⌈ ∃′^ffi from the previous version; all the pin numbers below have

been adjusted accordingly.

3 Chip Speci�cations • P≀⊒⌉∇ S⊓√√↕†¬ ⇓▽V DC ±▽↗ • I\√⊓⊔ ⇕⌉⊣\ ⊑⊣↕⊓⌉¬ ∈↙▽V ±∞↙′V • I\√⊓⊔ √↖√ ⊣⇕√↕⟩⊔⊓⌈⌉¬ ′↙△V ⇐⊥⇒ • I\√⊓⊔ {∇⌉∐⊓⌉\⌋† ∇⊣\}⌉¬ ∞∀′H‡ ⊔≀ ∞∈‖H‡ ⇐⊥⇒ • N⊓⇕⌊⌉∇ ≀{ ⊘↕⊔⌉∇ ⌊⊣\‖∫¬ ⇓ ∞ ⊔⌉∫⊔

△ W⊣⊑⌉↕⌉⊔ C⟨⟩√ ⌊↕≀⌋‖ ⌈⟩⊣}∇⊣⇕ A ⌊↕≀⌋‖ ⌈⟩⊣}∇⊣⇕ ≀{ ⊔⟨⌉ W⊣⊑⌉↕⌉⊔ T∇⊣\∫{≀∇⇕ ⌋⟨⟩√ ⟩∫ ∫⟨≀⊒\ ⟩\ F⟩}⊓∇⌉ ∞↙ T⟨⌉ ≀∫⌋⟩↕↕⊣⊔≀∇ ⊣\⌈ ⊔⌉∫⊔ ⌋⟩∇⌋⊓⟩⊔∇† ⊣∇⌉ \≀⊔ ∫⟨≀⊒\↙ ∈

T⊣⌊↕⌉ ∞¬ W⊣⊑⌉C⟨⟩√▽⌊ P⟩\ L⟩∫⊔ P⟩\ N≀↙ N⊣⇕⌉ D⌉∫⌋∇⟩√⊔⟩≀\ ∞ A∨V⌈⌈ ⊣\⊣↕≀} ⊣\⌈ √⊣⌈∇⟩\} P≀⊒⌉∇⇔ ⇓▽V ∈ ⌈⌉⌋≀⇕√∨\≀∇⇕⌊⟩⊣∫ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ AGC ≀⊓⊔√⊓⊔ ⊣⇕√ ⌊⟩⊣∫ ∋ V⊣⇕√∋H ∇⌉{⌉∇⌉\⌋⌉ ⊑≀↕⊔⊣}⌉ ⊔≀ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ AGC⇔ ⟨⟩}⟨ ⌉\⌈ △ D⌉⌋≀⇕√⌊⟩⊣∫H ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ AGC ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⟩\} ⊣⇕√⇔ ⟨⟩}⟨ ⌉\⌈ ▽ O⊑⌉∇∇⟩⌈⌉∋ ≀⊑⌉∇∇⟩⌈⌉ ≀{ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ≀⊓⊔√⊓⊔ AGC ̸V⊣⇕√△ ⌊⟩⊣∫ ⊔≀ ⊔⌉∫⊔ ∫⌉⌋⊔⟩≀\ ≀⊓⊔√⊓⊔ ⊑⊣∇⟩⊣⌊↕⌉ ∇⌉∫⟩∫⊔≀∇ V≀⊓⊔T⌉∫⊔ R⌉⌋≀\∫⊔∇⊓⌋⊔⌉⌈ ∫⟩}\⊣↕ ≀⊓⊔√⊓⊔ ⇐⊔⌉∫⊔ ∫⌉⌋⊔⟩≀\⇒ ∀ V⟩\ ∫⟩}\⊣↕ ⟩\√⊓⊔ ∃ V⟩\⊣⊑}⌊⟩⊣∫ ⌊⟩⊣∫ {≀∇ ↕≀⌋⊣↕ ⊣⊑⌉∇⊣}⌉ ≀{ ∫⟩}\⊣↕ ⟩\√⊓⊔ ∞′ ∇⌉⌋≀\⊣⊑}∨⌊⟩⊣∫H ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ↕≀⌋⊣↕ ∇⌉{⌉∇⌉\⌋⌉⇔ ⟨⟩}⟨ ⌉\⌈ ∞∞ ⊒⊣⊑⌉⊣⊑}∨⌊⟩⊣∫H ⇕≀⌈⊓↕⊣⊔≀∇ ↕≀⌋⊣↕ ∇⌉{⌉∇⌉\⌋⌉⇔ ⟨⟩}⟨ ⌉\⌈ ∞∈ R⌉∫⌉⊔⌊⊣∇ ∫†∫⊔⌉⇕ ∇⌉∫⌉⊔ ∫⟩}\⊣↕ ∞∋ O⊑⌉∇∇⟩⌈⌉∈ ≀⊑⌉∇∇⟩⌈⌉ ≀{ LPF AGC ∞△ V⊔⊣⊓H M≀⌈⊓↕⊣⊔≀∇ LPF ⊒⟩⌈⊔⟨ ⌋≀\⊔∇≀↕⇔ ⟨⟩}⟨ ∞▽ VQH M≀⌈⊓↕⊣⊔≀∇ LPF ∇⌉∫≀\⊣\⌋⌉ ⌋≀\⊔∇≀↕⇔ ⟨⟩}⟨ ∞ ̸V⊣⇕√∞H AGC ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊣⊔⊔⌉\⊓⊣⊔≀∇⇔ ⟨⟩}⟨ ⌉\⌈ ∞ V∇⌉{ I\√⊓⊔∝O⊓√⊓⊔ ⊑≀↕⊔⊣}⌉ ∇⌉{⌉∇⌉\⌋⌉ ⇐⊔†√↙ ⊣⌊≀⊓⊔ ∈↙▽V⇒ ∞∀ A⊔⊔⌉\↕≀⊒⌊⟩⊣∫H ⌊⟩⊣∫ ⊔≀ ⊣⊔⊔⌉\⊓⊣⊔≀∇ AGC ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⟩\} ⊣⇕√⇔ ⟨⟩}⟨ ⌉\⌈ ∞∃ CLK E§⊔⌉∇\⊣↕ ⌋↕≀⌋‖ ⟩\√⊓⊔ ∈′ E§⊔CLK E§⊔⌉∇\⊣↕ ⌋↕≀⌋‖ ≀⊑⌉∇∇⟩⌈⌉ ⇐I\√⊓⊔ ⊔≀ ⌋⟨⟩√ ⟩∫ ⌈∇⟩⊑⌉\ ⌊† CLK ⟩\√⊓⊔⇒ ∈∞ A∨GND A\⊣↕≀} ⊣\⌈ √⊣⌈∇⟩\} G∇≀⊓\⌈⇔ ′V ∈∈ ⊔≀⊔⌉⇕⊔⌉∫⊔∨⊔≀⊔⌉⇕≀⊓⊔ ⊔⌉∫⊔ AGC ≀⊓⊔√⊓⊔ ≀{ ⟩\⊑⌉∇⊔⌉∇ ⊔≀⊔⌉⇕ ∈∋ ⊔≀⊔⌉⇕⊔⌉∫⊔∨⌊⟩⊣∫≀⊓⊔ ⊔⌉∫⊔ AGC ⌋⟩∇⌋⊓⟩⊔ {⌉⌉⌈⌊⊣⌋‖ ≀⊓⊔√⊓⊔ ∈△ ⊔≀⊔⌉⇕⊔⌉∫⊔∨⌋⊣√\≀⌈⌉ ⊣⊑⌉∇⊣}⌉ ⊑⊣↕⊓⌉ ≀⊓⊔√⊓⊔ {∇≀⇕ AGC ⊔⌉∫⊔ ∈▽ ⊔≀⊔⌉⇕⊔⌉∫⊔∨⊑⊣⇕√ ∇⌉{⌉∇⌉\⌋⌉ ⊑≀↕⊔⊣}⌉ ⊔≀ AGC ⊔⌉∫⊔ ∈ ̸↕√{∨⌊⟩⊣∫H ⌊⟩⊣∫ ⊔≀ LPF AGC ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⟩\} ⊣⇕√⇔ ⟨⟩}⟨ ⌉\⌈ ∈ O⊑⌉∇∇⟩⌈⌉∞ ≀⊑⌉∇∇⟩⌈⌉ ≀{ AGC ≀\ ⊔⟨⌉ ⊣⊔⊔⌉\⊓⊣⊔≀∇ ∈∀ V{ {∇⌉∐⊓⌉\⌋†↖⌋≀\⊔∇≀↕ ⊑≀↕⊔⊣}⌉ ⟩\√⊓⊔ ∈∃ O∫⌋L≀⊒⌊⟩⊣∫ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⊔≀ ≀∫⌋⟩↕↕⊣⊔≀∇ ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⌉ ⟩\⊔⌉}∇⊣⊔≀∇ ∋′ O∫⌋N≀∇⇕⌊⟩⊣∫ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⊔≀ ≀∫⌋⟩↕↕⊣⊔≀∇ ⟨⟩}⟨↖}⊣⟩\ ⊣⇕√ ∋∞ H†∫⊔B⟩⊣∫ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⊔≀ ≀∫⌋⟩↕↕⊣⊔≀∇ ⟨†∫⊔⌉∇⌉⊔⟩⌋ ⟩\⊑⌉∇⊔⌉∇ ∋∈ M⊓§∨√⌊⟩⊣∫ P↖√⊓↕↕⊓√ ⌊⟩⊣∫ {≀∇ ⇕⊓↕⊔⟩√↕⌉§⌉∇ OR }⊣⊔⌉∫ ⇐\≀⇕↙ △↙∋V⇒ ∋∋ S⌉↕⌉⌋⊔∋ M⊓↕⊔⟩√↕⌉§⌉∇ ⇐I∝O⇒ ∫⌉↕⌉⌋⊔⇔ ⟨⟩}⟨ ⌊⟩⊔ ∋△ S⌉↕⌉⌋⊔∈ M⊓↕⊔⟩√↕⌉§⌉∇ ⇐I∝O⇒ ∫⌉↕⌉⌋⊔ ∋▽ S⌉↕⌉⌋⊔∞ M⊓↕⊔⟩√↕⌉§⌉∇ ⇐I∝O⇒ ∫⌉↕⌉⌋⊔ ∋ ̸S⌉↕⌉⌋⊔′ M⊓↕⊔⟩√↕⌉§⌉∇ ⇐I∝O⇒ ∫⌉↕⌉⌋⊔⇔ ↕≀⊒ ⌊⟩⊔ ∋ F⌊∨\≀∇⇕⌊⟩⊣∫ ⌊⟩⊣∫ ⊔≀ ⇕⊣⊔⌋⟨⌉⌈ ≀⊓⊔√⊓⊔ ⊣⇕√∫ ≀{ ⊔⟨⌉ AGC ∋∀ D∨GND ⌈⟩}⟩⊔⊣↕ G∇≀⊓\⌈ ⇐⟩∫≀↕⊣⊔⌉⌈⇒⇔ ′V ∋∃ O∫⌋T⌉∫⊔ ⇕⊓↕⊔⟩√↕⌉§⌉⌈ ≀⊓⊔√⊓⊔ {∇≀⇕ ⊔⟨⌉ ⌈⟩⊑⟩⌈⌉↖⌈≀⊒\ ⊙⟩√↖⊙≀√∫ △′ A⌊⟩⊣∫ ⌊⟩⊣∫ ⊔≀ ⊣⊔⊔⌉\⊓⊣⊔≀∇ ⊣⇕√↕⟩⊘⌉∇∫ △∞ √≀↕†⌋⊣√∞ ⊔⌉∫⊔ ⌋⊣√⊣⌋⟩⊔≀∇ √≀↕†∞ ⌋≀\\⌉⌋⊔⟩≀\ △∈ √≀↕†⌋⊣√∈ ⊔⌉∫⊔ ⌋⊣√⊣⌋⟩⊔≀∇ √≀↕†∈ ⌋≀\\⌉⌋⊔⟩≀\

∋

W⊣⊑⌉C⟨⟩√▽ P⟩\ L⟩∫⊔ ⇐⌋≀\⊔⟩\⊓⌉⌈⇒ P⟩\ N≀↙ N⊣⇕⌉ D⌉∫⌋∇⟩√⊔⟩≀\ △∋ A∨V⌈⌈ ⊣\⊣↕≀} ⊣\⌈ √⊣⌈∇⟩\} P≀⊒⌉∇⇔ ⇓▽V △△ W⊣⊑⌉T⌉∫⊔ ⇕⊓§⌉⌈ ≀⊓⊔√⊓⊔ {∇≀⇕ ⊔⟨⌉ ∫⇕≀≀⊔⟨⌉⌈ ⇐∫⟩\⊓∫≀⟩⌈⇒ A⊔⊔⌉\T⌉∫⊔ ∫⟩}\⊣↕ △▽ A⊔⊔⌉\T⌉∫⊔ ⇕⊓↕⊔⟩√↕⌉§⌉⌈ ≀⊓⊔√⊓⊔ {∇≀⇕ ⊔⟨⌉ ⊣⊔⊔⌉\⊓⊣⊔⌉⌈ O∫⌋T⌉∫⊔ ∫⟩}\⊣↕ △ ̸A⊔⊔⌉\↕≀⊒⌊⟩⊣∫L ⌊⟩⊣∫ ⊔≀ ⊣⊔⊔⌉\⊓⊣⊔≀∇ AGC ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⟩\} ⊣⇕√⇔ ↕≀⊒ ⌉\⌈ △ V⊣⇕√∞L AGC ∇⌉{⌉∇⌉\⌋⌉ ⊔≀ ⊣⊔⊔⌉\⊓⊣⊔≀∇⇔ ↕≀⊒ ⌉\⌈ △∀ VQL ⇕≀⌈⊓↕⊣⊔≀∇ LPF ∇⌉∫≀\⊣\⌋⌉ ⌋≀\⊔∇≀↕⇔ ↕≀⊒ △∃ V⊔⊣⊓L ⇕≀⌈⊓↕⊣⊔≀∇ LPF ⊒⟩⌈⊔⟨ ⌋≀\⊔∇≀↕⇔ ↕≀⊒ ▽′ ↕√{∨⌊⟩⊣∫L ⌊⟩⊣∫ ⊔≀ LPF AGC ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⟩\} ⊣⇕√⇔ ↕≀⊒ ⌉\⌈ ▽∞ ⊒⊣⊑⌉⊣⊑}∨⌊⟩⊣∫L ⇕≀⌈⊓↕⊣⊔≀∇ ↕≀⌋⊣↕ ∇⌉{⌉∇⌉\⌋⌉⇔ ↕≀⊒ ⌉\⌈ ▽∈ ∇⌉⌋≀\⊣⊑}∨⌊⟩⊣∫L ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ↕≀⌋⊣↕ ∇⌉{⌉∇⌉\⌋⌉⇔ ↕≀⊒ ⌉\⌈ ▽∋ M⊓↕⊔⌊⟩⊣∫ ⊔∇⊣\∫⊣⇕√ ⌊⟩⊣∫ {≀∇ ⊒⟩⌈⌉↖∇⊣\}⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇ ▽△ V⊣⇕√▽ ⌊⟩⊣∫ ⊔≀ ≀⊓⊔√⊓⊔ ⊑⊣∇⟩⊣⌊↕⌉ ∇⌉∫⟩∫⊔≀∇ ▽▽ V≀⊓⊔ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⌉⌈ ∫⟩}\⊣↕ ≀⊓⊔√⊓⊔ ▽ ̸D⌉⌋≀⇕√⌊⟩⊣∫L ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ AGC ⊔⟩⇕⌉↖⊣⊑⌉∇⊣}⟩\} ⊣⇕√⇔ ↕≀⊒ ⌉\⌈ ▽ V⊣⇕√∋L ∇⌉{⌉∇⌉\⌋⌉ ⊑≀↕⊔⊣}⌉ ⊔≀ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ AGC⇔ ↕≀⊒ ⌉\⌈ ▽∀ V}⊣⊓∫∫L G⊣⊓∫∫⟩⊣\ ⊘↕⊔⌉∇ ⊒⟩⌈⊔⟨ ⌋≀\⊔∇≀↕⇔ ↕≀⊒ ⌉\⌈ ▽∃ W⊣⊑⌉O⊓⊔ ⇕⊓↕⊔⟩√↕⌉§⌉⌈ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ≀⊓⊔√⊓⊔ ′̸ R⌉∫⌊⟩⊣∫T⌉∫⊔ ⇕⊓↕⊔⟩√↕⌉§⌉⌈ ⊣⊑⌉∇⊣}⌉ ⌉\⌉∇}† ≀⊓⊔√⊓⊔ ∞̸ M⊓↕⊔T⌉∫⊔ ≀⊓⊔√⊓⊔ {∇≀⇕ ⊔⟨⌉ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ⇕⊓↕⊔⟩√↕⟩⌉∇ ∉ I⟩\ ↕≀⊒↖{∇⌉∐⊓⌉\⌋† ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ ∌ A∨GND ⊣\⊣↕≀} ⊣\⌈ √⊣⌈∇⟩\} G∇≀⊓\⌈⇔ ′V △̸ R⟩\ ↕≀⊒↖{∇⌉∐⊓⌉\⌋† ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ ▽̸ I⟩\ ̸∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ ̸ R⟩\ ̸∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ ̸I⟩\▽ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ ∀̸ R⟩\▽ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ ∄ I⟩\△ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ ′ R⟩\△ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ ∞ I⟩\∋ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ ∈ R⟩\∋ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ ∋ I⟩\∈ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ △ R⟩\∈ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ ▽ I⟩\∞ ⟨⟩}⟨↖{∇⌉∐⊓⌉\⌋† ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐⟩⇕⊣}⟩\⊣∇†⇒ ̸R⟩\∞ ⟨⟩}⟨↖{∇⌉∐⊓⌉\⌋† ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⇐∇⌉⊣↕⇒ V⌈∇⟩⊑⌉ ⌊⟩⊣∫ ⊔≀ ≀⊓⊔√⊓⊔ {≀↕↕≀⊒⌉∇↖⊣⇕√↕⟩⊘⌉∇∫ ∀ TEST ∫⟩}\⊣↕ ⊔≀ ⌋∇⌉⊣⊔⌉ ↕≀≀√⌊⊣⌋‖ ≀{ ≀⊓⊔√⊓⊔∫ ⊔≀ ⟩\√⊓⊔∫⇔ ⌈⟩∫⊣⌊↕⟩\} ⟩\√⊓⊔ √⟩\∫ ∃ V}⊣⊓∫∫H G⊣⊓∫∫⟩⊣\ ⊘↕⊔⌉∇ ⊒⟩⌈⊔⟨ ⌋≀\⊔∇≀↕⇔ ⟨⟩}⟨ ⌉\⌈ ∀′ D∨V⌈⌈ ⌈⟩}⟩⊔⊣↕ P≀⊒⌉∇ ⇐⟩∫≀↕⊣⊔⌉⌈⇒⇔ ⇓▽V ∀∞ S⊔⊣⊔∇⌉∫∞ √≀↕† ∇⌉∫⟩∫⊔≀∇ ⊔⌉∫⊔ ∀∈ S⊔⊣⊔∇⌉∫∈ √≀↕† ∇⌉∫⟩∫⊔≀∇ ⊔⌉∫⊔ ∀∋ S⊔⊣⊔∇⌉∫′ √≀↕† ∇⌉∫⟩∫⊔≀∇ ⊔⌉∫⊔ ∀△ S⊔⊣⊔∇⌉∫∨⌋≀⇕⇕≀\ √≀↕† ∇⌉∫⟩∫⊔≀∇ ⊔⌉∫⊔

△

F⟩}⊓∇⌉ ∞¬ W⊣⊑⌉C⟨⟩√▽ ⌊↕≀⌋‖ ⌈⟩⊣}∇⊣⇕ {≀∇ ⊣ ∫⟩\}↕⌉ ∫⟩\⌉∝⌋≀∫⟩\⌉ √⊣⟩∇↙ ▽ A\⊣↕†∫⟩∫ ≀{ \⌉⊒ A\⊣↕≀} VLSI C⟩∇⌋⊓⟩⊔∫ F≀∇ ⊔⟨⌉ ⌊⊣∫⟩⌋ ⌊⊓⟩↕⌈⟩\} ⌊↕≀⌋‖∫ ≀{ ⊔⟨⌉ ⊒⊣⊑⌉↕⌉⊔ ⌋⟨⟩√⇔ ∫⌉⌉ ⊔⟨⌉ ⌋⟨⟩√ ∫√⌉⌋⟩⊘⌋⊣⊔⟩≀\∫ {≀∇ W⊣⊑⌉C⟨⟩√△ ⊣\⌈ ⌉⊣∇↕⟩⌉∇ ⌈⌉∫⟩}\∫↙ O\↕† ⊔⟨≀∫⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⟨⟩⌋⟨ ⊣∇⌉ {≀⊓\⌈ ≀\ W⊣⊑⌉C⟨⟩√▽ ⊣\⌈ \≀⊔ ≀\ ⌉⊣∇↕⟩⌉∇ ⇕≀⌈⌉↕∫ ⇐⌉§⌋↕⊓⌈⟩\} ⊔⟨⌉ Z∀∃⌋▽▽⌊⊣⇒⇔ ≀∇ ⊒⟨⟩⌋⟨ ⟨⊣⊑⌉ ⊓\⌈⌉∇}≀\⌉ ∇⌉⊑⟩∫⟩≀\⇔ ⊒⟩↕↕ ⌊⌉ √∇⌉∫⌉\⊔⌉⌈ ⟨⌉∇⌉↙ ▽↙∞ O∫⌋⟩↕↕⊣⊔≀∇ ⊣\⌈ ≀∫⌋⟩↕↕⊣⊔≀∇ ⌋≀\⊔∇≀↕ ↕≀}⟩⌋ T⟨⌉ ⊑≀↕⊔⊣}⌉ ⌋≀\⊔∇≀↕↕⌉⌈ ≀∫⌋⟩↕↕⊣⊔≀∇ ⟩∫ ⌉∫∫⌉\⊔⟩⊣↕↕† ⊓\⌋⟨⊣\}⌉⌈ {∇≀⇕ √∇⌉⊑⟩≀⊓∫ ⊑⌉∇∫⟩≀\∫⇔ ⌉§⌋⌉√⊔ ⊔⟨⊣⊔ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ↕≀≀√ ≀\ ⊔⟨⌉ ⊔≀√ ⟨⊣∫ ⌊⌉⌉\ ⊘§⌉⌈ ⊔≀ ∇⌉⇕≀⊑⌉ ⊣\ ⊓\{≀∇⊔⊓\⊣⊔⌉ √≀↕⌉ {∇≀⇕ ⊔⟨⌉ ⊔∇⊣\∫{⌉∇ {⊓\⌋⊔⟩≀\↙ A↕∫≀ ⊔⟨⌉ ∫⟩‡⌉ ≀{ ⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔≀∇∫ ⊒⊣∫ ∇⌉⌈⊓⌋⌉⌈ ⊔≀ √∇≀⊑⟩⌈⌉ ⊣ ⟨⟩}⟨⌉∇ {∇⌉∐⊓⌉\⌋† ≀⊓⊔√⊓⊔ {≀∇ ⊣ }⟩⊑⌉\ ⊑≀↕⊔⊣}⌉ ⟩\√⊓⊔↙ T⟨⌉ ⌈⟩}⟩⊔⊣↕ ⌋⟩∇⌋⊓⟩⊔∇† ⊣⊔ ⊔⟨⌉ ⌊≀⊔⊔≀⇕ ⊣↕↕≀⊒∫ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ ⊔≀ ⌊⌉ ⌈∇⟩⊑⌉\ ⌊† ⊣\ ⌉§⊔⌉∇\⊣↕ ⌋↕≀⌋‖⟩\} ∫⟩}\⊣↕↙ T⟨⌉ ⌉§⊔⌉∇\⊣↕ ∫⟩}\⊣↕ ⇐⟩\⊑⌉∇⊔⌉⌈⇒ √∇≀⊑⟩⌈⌉∫ ⊔⟨⌉ ⊘∇∫⊔ ⇕≀⌈⊓↕⊣⊔⟩\} ∫∐⊓⊣∇⌉ ⊒⊣⊑⌉ {≀∇ ⊔⟨⌉ ⌋⟨⟩√⇔ {∇≀⇕ ⊒⟨⟩⌋⟨ ⊣↕↕ ⊔⟨⌉ ≀⊔⟨⌉∇ ⇕≀⌈⊓↕⊣⊔⟩\} ∫⟩}\⊣↕∫ ⊣∇⌉ ⌈⌉∇⟩⊑⌉⌈↙ O⊔⟨⌉∇ ⌈⟩}⟩⊔⊣↕ ⌋⟩∇⌋⊓⟩⊔∇† ⇐∫⌉⌉ ⇕⟩∫⌋⌉↕↕⊣\⌉≀⊓∫ ⌋⟩∇⌋⊓⟩⊔∫⇔ ⌊⌉↕≀⊒⇒ ⟩∫ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ }∇≀⊓\⌈⟩\} H†∫⊔⌊⟩⊣∫ ∫⊓⌋⟨ ⊔⟨⊣⊔ ⟩⊔∫ ≀⊓⊔√⊓⊔ ⌈≀⌉∫ \≀⊔ ⟩\⊔⌉∇{⌉∇⌉ ⊒⟩⊔⟨ ⊔⟨⌉ ⌈∇⟩⊑⟩\} ∫⟩}\⊣↕↙ O⊔⟨⌉∇⊒⟩∫⌉⇔ ⊔⟨⌉ ⌈∇⟩⊑⌉\ ≀∫⌋⟩↕↕⊣⊔≀∇ ⊒≀∇‖∫ ⊣∫ ⊓∫⊓⊣↕⇔ √∇≀⊑⟩⌈⟩\} ⊣ √⟨⊣∫⌉↖∫⟨⟩{⊔⌉⌈ ⊑⌉∇∫⟩≀\ ≀{ ⊔⟨⌉ ⟩\√⊓⊔ ⊣⊔ ⊔⟨⌉ S⟩\O⊓⊔ ≀⊓⊔√⊓⊔↙ ▽↙∈ F↕⟩√⊙≀√∫ T⟨⌉ ⊙⟩√⊙≀√ ⌋⟩∇⌋⊓⟩⊔ ⟨⊣∫ ⌊⌉⌉\ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ √∇⌉⊑⟩≀⊓∫ √⊣√⌉∇∫∅ ⟩⊔∫ ≀√⌉∇⊣⊔⟩≀\ ⟩∫ ⊑⌉∇† ∫⊔∇⊣⟩}⟨⊔{≀∇⊒⊣∇⌈ ⊣\⌈ ⟩⊔ ⟩∫ ↕⌉{⊔ {≀∇ ⊔⟨⌉ ∇⌉⊣⌈⌉∇ ⊔≀ ⊑⌉∇⟩{† ⊔⟨⊣⊔ ⟩⊔ ⌈≀⌉∫ ⟩\⌈⌉⌉⌈ ⌋⊣⊓∫⌉ ⊔⟨⌉ ⟩\√⊓⊔ ∫∐⊓⊣∇⌉ ⊒⊣⊑⌉∫ ⇐⊒⟨⟩⌋⟨ ⊣∇⌉ ≀{{∫⌉⊔ ⟩\ √⟨⊣∫⌉ ⌊† ∃′ ⌈⌉}∇⌉⌉∫⇒ ⊔≀ ⌊⌉ ⌈⟩⊑⟩⌈⌉⌈ ⌊† ⟨⊣↕{ ⟩\ {∇⌉∐⊓⌉\⌋† ⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔∫↙ ▽

F⟩}⊓∇⌉ ∈¬ T⟨⌉ ↕≀⊒↖√≀⊒⌉∇ ⊣\⊣↕≀} ⊑≀↕⊔⊣}⌉↖⌋≀\⊔∇≀↕↕⌉⌈ ≀∫⌋⟩↕↕⊣⊔≀∇↙

▽↙∋ F⌉⌉⌈⌊⊣⌋‖ ⌋⟩∇⌋⊓⟩⊔ A \⊓⇕⌊⌉∇ ≀{ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⌉∇⌉ ⌈⌉⊑⌉↕≀√⌉⌈ ⟩\ ≀∇⌈⌉∇ ⊔≀ ≀⊑⌉∇⌋≀⇕⌉ ⊔⟨⌉ ⇕⟩∫⇕⊣⊔⌋⟨⌉∫ ⟩\⟨⌉∇⌉\⊔ ⟩\ ⊔⟨⌉ ⌋⟨⟩√↙ T⟨⌉∫⌉ ⟩\⊑≀↕⊑⌉⌈ ⊓∫⟩\} ⊣⊓⊔≀⇕⊣⊔⟩⌋ }⊣⟩\ ⌋≀\⊔∇≀↕ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⇕⊣⊔⌋⟨ ⊔⟨⌉ ≀⊓⊔√⊓⊔∫ ≀{ ⌉⊣⌋⟨ ⌋⟨⟩√ ∫↕⟩⌋⌉ ⊔≀ ⊣ ⌈⌉∫⟩∇⌉⌈ ⊣⇕√↕⟩⊔⊓⌈⌉↙ T⟨⟩∫ ⌋⟩∇⌋⊓⟩⊔ ⌈⟩⊣}∇⊣⇕ ∫⟨≀⊒∫ ⊔⟨⌉ ⌊⊣∫⟩⌋ ∫⊔∇⊓⌋⊔⊓∇⌉ ⊓∫⌉⌈ {≀∇ {⌉⌉⌈⌊⊣⌋‖↙ I\ }⌉\⌉∇⊣↕⇔ ⊒⌉ ⊒⊣\⊔ ⊔≀ ⊔⊣‖⌉ ⊣\ ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕⇔ ⊣\⌈ ⌊⊣∫⌉⌈ ≀\ ⟩⊔∫ √⌉⊣‖↖⊔≀↖√⌉⊣‖ ⊣⇕√↕⟩⊔⊓⌈⌉⇔ ⊣⌈|⊓∫⊔ ⊣ ⌋∇⟩⊔⟩⌋⊣↕ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⟩\ ⊔⟨⌉ ⌋⟩∇⌋⊓⟩⊔ √∇≀⌈⊓⌋⟩\} ⊔⟨⌉ ∫⟩}\⊣↕ ∫⊓⌋⟨ ⊔⟨⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⟩∫ ⇕⊣⟩\⊔⊣⟩\⌉⌈ ⊣⊔ ⊣ ⌈⌉∫⟩∇⌉⌈ ↕⌉⊑⌉↕↙ T⟨⌉ ⟩\√⊓⊔ ⌋⟩∇⌋⊓⟩⊔ ⟨⌉∇⌉ ⟩∫ ⊣ ↕≀⊒↖⌋⊓∇∇⌉\⊔ ⟩\⊑⌉∇⊔⌉∇⇔ {∇≀⇕ ⊒⟨⟩⌋⟨ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⌋⊓∇∇⌉\⊔ ⟩∫ ⊔∇⊣\∫{≀∇⇕⌉⌈ ⟩\⊔≀ ⊣ ⊑≀↕⊔⊣}⌉ ⌊† ⊔⟨⌉ ⌈⟩≀⌈⌉↖⌋≀\\⌉⌋⊔⌉⌈ ⊔∇⊣\∫⟩∫⊔≀∇ ⌊⌉\⌉⊣⊔⟨ ⊔⟨⌉ ⟩\⊑⌉∇⊔⌉∇ CMOS √⊣⟩∇↙ S⟩\⌋⌉ ⊔⟨⌉ ⟩\⊑⌉∇⊔⌉∇≃∫ ⌋⊓∇∇⌉\⊔ ⟩∫ }∇⌉⊣⊔⌉∫⊔ ⊒⟨⌉\ ⊔⟨⌉ ⟩\√⊓⊔ ⟩∫ ⊣∇≀⊓\⌈ ∈↙▽V⇔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊑≀↕⊔⊣}⌉ ⊒⟩↕↕ ⊖∫√⟩‖⌉⪰ ⊒⟨⌉\⌉⊑⌉∇ ⊣ ‡⌉∇≀↖⌋∇≀∫∫⟩\} ≀⌋⌋⊓∇∫ ⊣⊔ ⊔⟨⌉ ⟩\√⊓⊔↙ T⟨⌉ ⟩\⊔⌉}∇⊣⊔≀∇ {≀↕↕≀⊒⟩\} ⊔⟨⌉ ⟩\⊑⌉∇⊔⌉∇ ⌋⟩∇⌋⊓⟩⊔ ⊣⊑⌉∇⊣}⌉∫ ⊔⟨⌉∫⌉ ∫√⟩‖⌉∫ ⊔≀ √∇≀⌈⊓⌋⌉ ⊣\ ≀⊓⊔√⊓⊔ ⊑≀↕⊔⊣}⌉ ⊒⟨⟩⌋⟨ ⟩∫ ⟩\⊑⌉∇∫⌉↕† ∇⌉↕⊣⊔⌉⌈ ⊔≀ ⊔⟨⌉ ⟩\√⊓⊔ √⌉⊣‖↖⊔≀↖√⌉⊣‖ ⊑⊣↕⊓⌉↙ F⟩\⊣↕↕†⇔ ⊔⟨⌉ ↕≀⊒↖}⊣⟩\ ≀⊓⊔√⊓⊔ ⊣⇕√↕⟩⊘⌉∇∫ ⊣∇⌉ ⊓∫⌉⌈ ⊔≀ ⌋≀⇕√⊣∇⌉ ⊔⟨⟩∫ ⊣⊑⌉∇⊣}⌉ ⊑⊣↕⊓⌉ ⊔≀ ⊣ }⟩⊑⌉\ ⌋≀⇕√⊣∇⟩∫≀\ ⊑≀↕⊔⊣}⌉ V⊣⇕√↙ T⊒≀ ⊣⇕√∫ ⊣∇⌉ ⊓∫⌉⌈ ⟩\ ≀∇⌈⌉∇ ⇐⟨≀√⌉{⊓↕↕†⇒ ⊔≀ ∇⌉⌈⊓⌋⌉ ⊔⟨⌉ ⊑⊣∇⟩⊣\⌋⌉ ⟩\ ≀{{∫⌉⊔ ⊑≀↕⊔⊣}⌉∅ ⊣↕∫≀⇔ ⌈⟩≀⌈⌉↖⌋≀\\⌉⌋⊔⌉⌈ ⊔∇⊣\∫⟩∫⊔≀∇∫ √↕⊣⌋⌉⌈ ⌊⌉\⌉⊣⊔⟨ ⊔⟨⌉ ⟩\√⊓⊔ ⊔∇⊣\∫⟩∫⊔≀∇∫ ∇⌉⌈⊓⌋⌉ ⊔⟨⌉ }⊣⟩\ ⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔⇔ ⊒⟨⟩⌋⟨ ⊣↕∫≀ ⟨⌉↕√∫ ⊔≀ ∇⌉⌈⊓⌋⌉ ⊔⟨⌉ ⟩⇕√⊣⌋⊔ ≀{ ≀{{∫⌉⊔ ⊑≀↕⊔⊣}⌉ ⇕⟩∫⇕⊣⊔⌋⟨↙

F⟩}⊓∇⌉ ∋¬ O∫⌋⟩↕↕⊣⊔≀∇ ⌈⟩⊑⟩⌈⌉↖⌈≀⊒\ ⊙⟩√⊙≀√∫↙ N≀⊔⌉¬ P∇⌉↕⟩⇕⟩\⊣∇† ⊔⌉∫⊔∫ ≀\ ⊔⟨⌉ ⟩∫≀↕⊣⊔⌉⌈ {⌉⌉⌈⌊⊣⌋‖ ∫⌉⌋⊔⟩≀\ ≀{ ⊔⟨⌉ ⊖⟨≀⊔⪰ ⌋⟨⟩√ ∫⊓}}⌉∫⊔ ⊔⟨⊣⊔ ⊔⟨⌉ ⊑≀↕⊔⊣}⌉ ≀⊓⊔√⊓⊔ ≀{ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ∫⌉⌋⊔⟩≀\ ⊒≀∇‖∫ ⊒⌉↕↕ ⊣⊔ ↕≀⊒ {∇⌉∐⊓⌉\⌋⟩⌉∫ ⌊⊓⊔ ∫‖⌉⊒∫ ⟨⌉⊣⊑⟩↕† ⊣⊔ {∇⌉∐⊓⌉\⌋⟩⌉∫ ≀⊑⌉∇ ⊣⌊≀⊓⊔ ∞′′′H‡↙ I{ ⊔⟨⟩∫ ⟩∫ ⊔∇⊓⌉ ≀{ ⊔⟨⌉ √∇≀√⌉∇↕†↖⊒≀∇‖⟩\} ⌋⟨⟩√∫ ⊣∫ ⊒⌉↕↕⇔ ⊔⟨⌉\ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ⇕⌉⌋⟨⊣\⟩∫⇕∫ ⊒⟩↕↕ ⌊⌉ ⌉∫∫⌉\⊔⟩⊣↕↕† ⊓∫⌉↕⌉∫∫ ⊣⊔ \≀∇⇕⊣↕ ≀√⌉∇⊣⊔⟩\} {∇⌉∐⊓⌉\⌋⟩⌉∫↙ M≀⌈⟩⊘⌋⊣⊔⟩≀\∫ ⊔≀ ⊔⟨⌉ ⌈⌉∫⟩}\ ⊣∇⌉ √⌉\⌈⟩\}↙ ▽↙△ M≀⌈⊓↕⊣⊔≀∇∝⌈⌉⇕≀⌈⊓↕⊣⊔≀∇ ∫⌉⌋⊔⟩≀\∫ T⟨⌉ ⇕≀⌈⊓↕⊣⊔≀∇ ⊣\⌈ ⌈⌉⇕≀⌈⊓↕⊣⊔≀∇ ∫⌉⌋⊔⟩≀\∫ √∇≀⊑⟩⌈⌉ ⊔⟨⌉ ∫⊣⇕⌉ ⌊⊣∫⟩⌋ ⇕⊓↕⊔⟩√↕⟩⌋⊣⊔⟩≀\ {⊓\⌋⊔⟩≀\ ⊣∫ ⟩\ √∇⌉⊑⟩≀⊓∫ ⌋⟨⟩√∫∅ ⟨≀⊒⌉⊑⌉∇⇔ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⇕⟩\⟩⇕⟩‡⌉ ⊔⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⌈⟩{{⌉∇⌉\⌋⌉∫ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ ∇⌉{⌉∇⌉\⌋⌉ ⊑≀↕⊔⊣}⌉∫ ≀{ ⊔⟨⌉ ⊔⊒≀ ⟩\√⊓⊔∫ ⊔≀ ⊔⟨⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇⇔ ↕≀⊒↖⌊⟩⊣∫⌉⌈ ⟩\⊔⌉}∇⊣⊔≀∇∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ⊣⌈⌈⌉⌈ ⊔≀ √∇≀⊑⟩⌈⌉ ⊣ ⌋≀\⊔⟩\⊓≀⊓∫ ∫⟩}\⊣↕ ⇕⌉⊣\ ⊔≀ ⊔⟨⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇↙ E⊣⌋⟨ ∫⟩}\⊣↕ }≀⟩\} ⊔≀ ⊔⟨⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇ ⟨⊣∫ ⟩⊔∫ ≀⊒\ ∇⌉{⌉∇⌉\⌋⌉↙ T⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ∫⌋⟨⌉⇕⌉ ⟩∫ ⊓∫⌉⌈ ⟨⌉∇⌉ ⟩\ ≀∇⌈⌉∇ ⊔≀ ⌊≀≀∫⊔ ≀∇ ⊣⊔⊔⌉\⊓⊣⊔⌉ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕ ⊔≀ ⊣ ⌋≀\∫⊔⊣\⊔ ⊣⇕√↕⟩⊔⊓⌈⌉↙ T⟨⟩∫ ⟩∫ ⌈≀\⌉ ∫≀ ⊔⟨⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⌋⊣\ ⌊⌉ ∫⊣⇕√↕⌉⌈ ⊣⊔ ⊣ ∫⌉⊔ \⊓⇕⌊⌉∇ ≀{ ⌊⟩⊔∫ ≀{ ∐⊓⊣\⊔⟩‡⊣⊔⟩≀\ ⇐⌉§√⌉⌋⊔⌉⌈ ⊔≀ ⌊⌉ ⇕⟩\⟩⇕⊣↕⇒⇔ ⊣\⌈ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ≀{ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ⇕⌉⌋⟨⊣\⟩∫⇕⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⇐∇≀⊓}⟨↕†⇒ √∇≀√≀∇⊔⟩≀\⊣↕ ⊔≀ ⊔⟨⌉ ⊣⊑⌉∇⊣}⌉ ⌉\⌉∇}† ≀{ ⊔⟨⌉ \≀\↖\≀∇⇕⊣↕⟩‡⌉⌈ ≀⊓⊔√⊓⊔⇔ ⌋≀\⊔⊣⟩\∫ ⊔⟨⌉ ∇⌉∫⊔ ≀{ ⊔⟨⌉ ⟩\{≀∇⇕⊣⊔⟩≀\ ⊣⌊≀⊓⊔ ⊔⟨⌉ ∫⟩}\⊣↕↙ I\ ⊔⟨⟩∫ ⊒⊣†⇔ ⊔⟨⌉ ⊣\⊣↕≀} ⌋⟩∇⌋⊓⟩⊔∇† {⊓∇⊔⟨⌉∇ ⊣⟩⌈∫ ⊔⟨⌉ ⌈⟩}⟩⊔⊣↕ ⌋≀⇕√∇⌉∫∫⟩≀\ ⇕⌉⌋⟨⊣\⟩∫⇕ ⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔↙ N≀⊔⌉¬ I\ ⊔⟨⌉ ⌋⊣∫⌉ ≀{ ⊔⟨⌉ ⇕≀⌈⊓↕⊣⊔≀∇ ∫⟨≀⊒\ ⟨⌉∇⌉⇔ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ∫†∫⊔⌉⇕ ⟩∫ ∫↕⟩}⟨⊔↕† ⇕≀⌈⟩⊘⌉⌈↙ T⟨⌉ ⟩\√⊓⊔∫ ⊔≀ ⊔⟨⌉ ⌋≀⇕√⊣∇⊣⊔≀∇ ⊣⇕√↕⟩⊘⌉∇∫ ⊣∇⌉ ∇⌉⊑⌉∇∫⌉⌈ ⌊⌉⊔⊒⌉⌉\ ⊔⟨⌉ √≀∫⟩⊔⟩⊑⌉ ⊣\⌈ \⌉}⊣⊔⟩⊑⌉ ⊔⌉∇⇕⟩\⊣↕∫⇔ ∫⊓⌋⟨ ⊔⟨⊣⊔ ⊣\ ⟩\⌋∇⌉⊣∫⌉ ⟩\ ⟩\√⊓⊔ √⌉⊣‖↖⊔≀↖√⌉⊣‖ ⊣⇕√↕⟩⊔⊓⌈⌉ ⌋⊣⊓∫⌉∫ ⊔⟨⌉ ∇⌉∫⟩∫⊔≀∇↖⊣⇕√↕⟩⊘⌉∇≃∫ ⌊⟩⊣∫ ⊔≀ ⌈⌉⌋∇⌉⊣∫⌉⇔ ⌋⊣⊓∫⟩\} ⊔⟨⌉ ∇⌉∫⟩∫⊔⊣\⌋⌉ ⊔≀ }≀ ⊓√ ⊣\⌈ ⊔⟨⌉∇⌉{≀∇⌉ ⌋⊣⊓∫⟩\} ⊔⟨⌉ ≀⊓⊔√⊓⊔ ∫⟩}\⊣↕ ⊣⇕√↕⟩⊔⊓⌈⌉ ⊔≀ ⌈∇≀√↙ ▽↙▽ AGC A⊔⊔⌉\⊓⊣⊔≀∇ T⟨⌉ ⊣⊔⊔⌉\⊓⊣⊔≀∇ ⊣⌋⊔∫ ⌉§⊣⌋⊔↕† ⊣∫ ⟩⊔ ⟨⊣∫ √∇⌉⊑⟩≀⊓∫↕† ⟩\ ⊔⟨⌉ ⌋⊣∫⌉ ⊔⟨⊣⊔ \≀ {⌉⌉⌈⌊⊣⌋‖ ⟩∫ ⊓∫⌉⌈∅ ⟩↙⌉↙⇔ ⟩⊔ ⟩∫ |⊓∫⊔ ⊣ ⊑≀↕⊔⊣}⌉ ⊣⊑⌉∇⊣}⟩\} ⌋⟩∇⌋⊓⟩⊔ ⇐{≀↕↕≀⊒⌉∇↖⊣}}∇⌉}⊣⊔≀∇⇒↙ T⟨⌉ ⊣√√↕⟩⌋⊣⊔⟩≀\ ≀{ {⌉⌉⌈⌊⊣⌋‖ ⌋⊣⊓∫⌉∫ ⊣⊓⊔≀⇕⊣⊔⟩⌋ }⊣⟩\

F⟩}⊓∇⌉ △¬ T⟨⌉ ⌊⊣∫⟩⌋ {⌉⌉⌈⌊⊣⌋‖ ∫⊔∇⊣⊔⌉}† {≀∇ ⊣⌈|⊓∫⊔⟩\} ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉∫↙ ⌋≀\⊔∇≀↕ ⊔≀ ⊔⊣‖⌉ ⌉{{⌉⌋⊔ ⟩\ ⊔⟨⌉ {≀↕↕≀⊒⟩\} ⇕⊣\\⌉∇¬ T⟨⌉ ⟩\√⊓⊔ ⌊⟩⊣∫ {≀∇ ⊔⟨⌉ ∫⟩}\⊣↕ ⇐⊒⟨⟩⌋⟨ ⟩∫ ⊔⟨⌉ ⊖⊒⌉⟩}⟨⊔⪰ {≀∇ ⊔⟨⌉ ⊒⌉⟩}⟨⊔⌉⌈ ⊣⊑⌉∇⊣}⌉ ⟩\ ⊔⟨⌉ {≀↕↕≀⊒⌉∇↖⊣}}∇⌉}⊣⊔≀∇⇒ ⟩∫ ⟩\⌋∇⌉⊣∫⌉⌈ ≀∇ ⌈⌉⌋∇⌉⊣∫⌉⌈ ⊒⟩⊔⟨ ∇⌉∫√⌉⌋⊔ ⊔≀ ⊔⟨⌉ ⊒⌉⟩}⟨⊔ ≀{ ⊔⟨⌉ ∇⌉{⌉∇⌉\⌋⌉↙ T⟨⟩∫ ⊒⌉⟩}⟨⊔ ⟩∫ ⌈⌉∇⟩⊑⌉⌈ {∇≀⇕ ⊣\≀⊔⟨⌉∇ {≀↕↕≀⊒⌉∇↖⊣}}∇⌉}⊣⊔≀∇ ⊣⊑⌉∇⊣}⌉⇔ ⊔⟨⊣⊔ ≀{ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖ ≀⊓⊔√⊓⊔ ⊒⟩⊔⟨ ⊔⟨⌉ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⟩⊔∫⌉↕{↙ I\ ⊔⟨⟩∫ ⇕⊣\\⌉∇⇔ ≀\↕† ∫⇕⊣↕↕ ⌋⟨⊣\}⌉∫ ⟩\ ⊔⟨⌉ ⌊⟩⊣∫ ≀{ ⊔⟨⌉ ⇕⊣⟩\ ∫⟩}\⊣↕ ⊣}}∇⌉}⊣⊔≀∇ ⊣⌊≀⊓⊔ ⊔⟨⌉ ⇕⌉⊣\ ⊑⊣↕⊓⌉ ≀{ A⌊⟩⊣∫ ⊣∇⌉ ⊣↕↕≀⊒⌉⌈⇔ ⊒⟨⟩⌋⟨ ⟩∫ \⌉⌋⌉∫∫⊣∇† ⌊⌉⌋⊣⊓∫⌉ ∫⇕⊣↕↕ ⊒⌉⟩}⟨⊔ ⌋⟨⊣\}⌉∫ √∇≀⌈⊓⌋⌉ ↕⊣∇}⌉ ≀⊓⊔√⊓⊔ ⌋⟨⊣\}⌉∫↙ ▽↙ ̸A⌈⊣√⊔⟩⊑⌉↖Q LPF T⟨⌉ ↕≀⊒↖√⊣∫∫ ⊘↕⊔⌉∇ ≀{ W⊣⊑⌉C⟨⟩√△ ⊒⊣∫ {≀⊓\⌈ ⊔≀ √∇≀⌈⊓⌋⌉ ≀⊓⊔√⊓⊔∫ ⊒⟨⟩⌋⟨ ⊒⌉∇⌉ ⟨⟩}⟨↕† \≀\↖∫⟩\⊓∫≀⟩⌈⊣↕ ∇⌉}⊣∇⌈↕⌉∫∫ ≀{ ⊔⟨⌉ ⊑⊣↕⊓⌉∫ ≀{ ⊔⟨⌉ VQ ⊣\⌈ V⊔⊣⊓ ⌊⟩⊣∫⌉∫↙ A∫∫⊓⇕⟩\} ⊔⟨⊣⊔ ⊔⟨⟩∫ ⊒⊣∫ ⌈⊓⌉ ⊔≀ ⊣ ∫⟨⊣↕↕≀⊒ ⌋⊓⊔≀{{ ∫↕≀√⌉⇔ ⊘⊑⌉ ⌋⊣∫⌋⊣⌈⌉⌈ LPF ∫⊔⊣}⌉∫ ⊒⌉∇⌉ ⊓∫⌉⌈ ⟩\ W⊣⊑⌉C⟨⟩√▽↙ H≀⊒⌉⊑⌉∇⇔ ∫⊓⌊∫⌉∐⊓⌉\⊔ ⊔⌉∫⊔⟩\} ≀\ ⊔⟨⌉ ⊖⟨≀⊔⪰ ⌋⟨⟩√ ∫⟨≀⊒∫ ⊔⟨⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ \≀\↕⟩\⌉⊣∇⟩⊔⟩⌉∫ ⌈≀ \≀⊔ }≀ ⊣⊒⊣†⇔ ∫⊓}}⌉∫⊔⟩\} ⊔⟨⊣⊔ ∫≀⇕⌉ ∫≀∇⊔ ≀{ ∫↕⌉⊒↖∇⊣⊔⌉ ↕⟩⇕⟩⊔⊣⊔⟩≀\ ⟩∫ ⟩\⊑≀↕⊑⌉⌈∅ ⟩↙⌉↙⇔ ⊔⟨⊣⊔ ⊔⟨⌉ ⌋⊣√⊣⌋⟩⊔≀∇∫ ⊣∇⌉ ∫≀ ↕⊣∇}⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ≀⊓⊔√⊓⊔ ⊒⟨⟩⌋⟨ ⌋⟨⊣∇}⌉∫ ⊔⟨⌉⇕ ⌋⊣\\≀⊔ {≀∇⌋⌉ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊑≀↕⊔⊣}⌉ ⊔≀ ‖⌉⌉√ ⊓√ ⊒⟩⊔⟨ ⊔⟨⌉ ⟩\√⊓⊔↙ N≀∇⇕⊣↕↕† ⊔⟨⌉ ∫≀↕⊓⊔⟩≀\ ⟩∫ ⊔≀ ⟩\⌋∇⌉⊣∫⌉ ⊔⟨⌉ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⊔≀ ⊣↕↕≀⊒ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊔≀ √∇≀⊑⟩⌈⌉ ⇕≀∇⌉ ⌋⊓∇∇⌉\⊔⇔ ⌊⊓⊔ ⟩\ ⊔⟨⟩∫ ⌋⊣∫⌉ ⊔⟨⌉ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉ ⟩∫ ∇⌉∫⊔∇⟩⌋⊔⌉⌈ ⌊† ⊔⟨⌉ \⌉⌉⌈ ⊔≀ ∫⌉⊔ ⊣ √⊣∇⊔⟩⌋⊓↕⊣∇ ⊑⊣↕⊓⌉ ≀{ ⌋⊓⊔≀{{ {∇⌉∐⊓⌉\⌋†↙ O\⌉ √≀∫∫⟩⌊↕⌉ ∫≀↕⊓⊔⟩≀\ ⟩∫ ⊔≀ ⊑⊣∇† ⊔⟨⌉ ⌊⟩⊣∫ ⊑≀↕⊔⊣}⌉∫ {∇≀⇕ ≀\⌉ ⌉\⌈ ≀{ ⊔⟨⌉ ⌋⊣∫⌋⊣⌈⌉ ⊔≀ ⊔⟨⌉ ≀⊔⟨⌉∇⇔ ⌊⊓⊔ ⊔⟨⟩∫ √≀∫∫⟩⌊⟩↕⟩⊔† ⟩∫ \≀⊔ √∇≀⊑⟩⌈⌉⌈ {≀∇ ≀\ W⊣⊑⌉C⟨⟩√▽↙ ▽↙ O⊓⊔√⊓⊔ ⌋≀\⊑⌉∇∫⟩≀\ T⟨⌉ ≀⊓⊔√⊓⊔ ⌋≀\⊑⌉∇⊔⌉∇∫ ⊣∇⌉ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ ⊔⊣‖⟩\} ⊔⟨⌉ ⌋⊓∇∇⌉\⊔ ≀⊓⊔√⊓⊔ ≀{ ⊔⟨⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇ ⊣\⌈ ⌋≀\⊑⌉∇⊔⟩\} ⟩⊔ ⊔≀ ⊣ ⊑≀↕⊔⊣}⌉ ⌊† √∇≀⊑⟩⌈⟩\} ⊣ ⊑⊣∇⟩⊣⌊↕⌉ ∇⌉∫⟩∫⊔≀∇↙ T⟨⌉ ⊑⊣↕⊓⌉ ≀{ ⊔⟨⌉ ∇⌉∫⟩∫⊔≀∇ ⇕⊓∫⊔ ⌊⌉ ∫⌉⊔ ⌊† ⟨⊣\⌈ ⊔≀ ⌋⊣⊓∫⌉ ⊔⟨⌉ ⌋⟨⟩√ ≀⊓⊔√⊓⊔ ⊔≀ ⟨⊣⊑⌉ ⊔⟨⌉ √∇≀√⌉∇ √⌉⊣‖↖⊔≀↖√⌉⊣‖ ∫⊒⟩\}⇔ ⊓\↕⌉∫∫ {⌉⌉⌈⌊⊣⌋‖ ⟩∫ ⊓∫⌉⌈ ⊔≀ ⊣⌈|⊓∫⊔ ⊔⟨⌉ ⌊⟩⊣∫ ⊔≀ √∇≀⊑⟩⌈⌉ ⊣ ⌋≀\∫⊔⊣\⊔↖⌉\⌉∇}† ⇐\≀∇⇕⊣↕⟩‡⌉⌈⇒ ≀⊓⊔√⊓⊔ ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ {≀∇ ⊔⟨⌉ ⇕≀⌈⊓↕⊣⊔≀∇ ⊣⌊≀⊑⌉↙ T⟨⌉ ∀

F⟩}⊓∇⌉ ▽¬ M≀⌈⊓↕⊣⊔≀∇ ∫⌉⌋⊔⟩≀\↙ ⌈⌉⇕≀⌈⊓↕⊣⊔≀∇⇔ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ ∫⟩}\⊣↕ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\⇔ ⟨⊣∫ ⊣↕↕ ⇕⊓↕⊔⟩√↕⟩⌉∇ ≀⊓⊔√⊓⊔∫ ⊔⟩⌉⌈ ⊔≀}⌉⊔⟨⌉∇ ∫≀ ⊔⟨⊣⊔ ⊔⟨⌉ ⌋⊓∇∇⌉\⊔∫ ⊣⌈⌈ ⊣\⌈ ∫⊓⌊⊔∇⊣⌋⊔ ⊣⌋⌋≀∇⌈⟩\} ⊔≀ ⊔⟨⌉ ⌊⊣∫⟩⌋ K⟩∇⌋⟨≀{{ ↕⊣⊒∫∅ ⊔⟨⌉ ⊘\⊣↕ ⌋⊓∇∇⌉\⊔ ∫⊓⇕ ⟩∫ ⊔⟨⌉\ ⊔∇⊣\∫{≀∇⇕⌉⌈ ⊔≀ ⊣\ ≀⊓⊔√⊓⊔ ⊑≀↕⊔⊣}⌉ ⊒⟩⊔⟨ ⊣ ∫⟩\}↕⌉ ∇⌉∫⟩∫⊔≀∇↖⊣⇕√↕⟩⊘⌉∇↙ E⊣⌋⟨ ⇕≀⌈⊓↕⊣⊔≀∇ ⇐⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\⇒ ≀⊓⊔√⊓⊔ ⟨⊣∫ ⟩⊔∫ ≀⊒\ ≀⊓⊔√⊓⊔ ⌋≀\⊑⌉∇⊔⌉∇↙ ▽↙∀ L≀⊒↖}⊣⟩\⇔ ⊒⟩⌈⌉↖∇⊣\}⌉ G⟩↕⌊⌉∇⊔ ⇕⊓↕⊔⟩√↕⟩⌉∇ T⟨⟩∫ ⌋⟩∇⌋⊓⟩⊔ ⊒≀∇‖∫ ⌉∫∫⌉\⊔⟩⊣↕↕† ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ M⌉⊣⌈ ∪∞⊎↙ I\ ⊔⟨⟩∫ ⊑⌉∇∫⟩≀\⇔ ⌉§⊔⌉\∫⟩⊑⌉ ⊓∫⌉ ≀{ ⌈⟩≀⌈⌉↖ ⌋≀\\⌉⌋⊔⌉⌈ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⌋⊣⊓∫⌉∫ ⌉⊣⌋⟨ ∫⊔⊣}⌉ ≀{ ⊔⟨⌉ ⇕⊓↕⊔⟩√↕⟩⌉∇ ⊔≀ ⟨⊣⊑⌉ ⊣ ∇⌉⌈⊓⌋⌉⌈↖}⊣⟩\ ≀⊓⊔√⊓⊔↙ T⟨⟩∫ ⟩\⌋∇⌉⊣∫⌉∫ ⊔⟨⌉ ↕⟩\⌉⊣∇ ∇⊣\}⌉ ≀{ ⊔⟨⌉ ≀⊓⊔√⊓⊔↙ N≀⊔⌉¬ N≀\↕⟩\⌉⊣∇⟩⊔† ⟩\ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ≀⌋⌋⊓∇∫ ⊒⟨⌉\⌉⊑⌉∇ ⌉⟩⊔⟨⌉∇ ≀{ ⊔⟨⌉ ⟩\√⊓⊔∫ ⌉§⌋⌉⌉⌈∫ ⟩⊔∫ ↕⟩\⌉⊣∇ ∇⊣\}⌉⇔ ∫≀ \≀\↕⟩\⌉⊣∇⟩⊔† ⌋⊣\ ∫⟨≀⊒ ⊓√ ⊣⊔ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⌉⊑⌉\ ⊣⊔ ∫⇕⊣↕↕ ≀⊓⊔√⊓⊔ ⊑⊣↕⊓⌉∫ ⟩{ ≀\⌉ ≀{ ⊔⟨⌉ ⟩\√⊓⊔∫ ⟩∫ ⊑⌉∇† ↕⊣∇}⌉ ⊣\⌈ ⊔⟨⌉ ≀⊔⟨⌉∇ ⟩∫ ⊑⌉∇† ∫⇕⊣↕↕↙ T⟨⟩∫ ⟩∫ ⊣ {⊓\⌈⊣⇕⌉\⊔⊣↕ ↕⟩⇕⟩⊔⊣⊔⟩≀\ ≀{ ⊔⟨⌉ G⟩↕⌊⌉∇⊔ ⇕⊓↕⊔⟩√↕⟩⌉∇↙ ▽↙∃ O⊓⊔√⊓⊔ ⇕⊓↕⊔⟩√↕⌉§⌉∇ T⟨⟩∫ ⟩∫ ⊔⟨⌉ ∫⌋⟨⌉⇕⌉ ⊒⟨⟩⌋⟨ ⊣↕↕≀⊒∫ ⊣\ ⟩\⌋∇⌉⊣∫⌉⌈ ≀⌊∫⌉∇⊑⊣⌊⟩↕⟩⊔† ≀{ ⊔⟨⌉ ⟩\⊔⌉∇\⊣↕ ⊒≀∇‖⟩\}∫ ≀{ ⊔⟨⌉ ⌋⟨⟩√↙ T⊒≀ ≀{ ⊔⟨⌉∫⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⊣∇⌉ ⊣⊔⊔⊣⌋⟨⌉⌈ ⊔≀ ⊔⟨⌉ ↕⌉{⊔ ⊣\⌈ ∇⟩}⟨⊔ ∫⟩⌈⌉∫ ≀{ ⊔⟨⌉ ⌋⟨⟩√⇔ ⌉⊣⌋⟨ √∇≀⊑⟩⌈⟩\} ⊔⟨∇⌉⌉ ∫⟩}\⊣↕∫ ⊔≀ ⊔⟨⌉ ≀⊓⊔√⊓⊔ {∇≀⇕ ≀\⌉ ≀{ ⊔⟨⌉ ∫⟩§⊔⌉⌉\ ⌋⟨⟩√ ∫↕⟩⌋⌉∫↙ T⟨⌉ ↕⌉{⊔ ∫⟩⌈⌉ ⇕⊓§ √∇≀⊑⟩⌈⌉∫ ≀\⌉ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉ ⇕≀⌈⊓↕⊣⊔⟩\} ∫∐⊓⊣∇⌉ ⊒⊣⊑⌉ ⇐O∫⌋O⊓⊔⇒⇔ ⊔⟨⌉ ⇕≀⌈⊓↕⊣⊔⟩\} ∫⟩\⌉ ⊒⊣⊑⌉⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊔⟨⌉ LPF ≀⊓⊔√⊓⊔ ⇐W⊣⊑⌉T⌉∫⊔⇒⇔ ⊣\⌈ ⊔⟨⌉ ⊣⊔⊔⌉\⊓⊣⊔⌉⌈⇔ ⌊⟩⊣∫⌉⌈ ∫∐⊓⊣∇⌉ ⊒⊣⊑⌉⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊔⟨⌉ ⊣⊔⊔⌉\⊓⊣⊔≀∇ ⌋⟩∇⌋⊓⟩⊔ ≀⊓⊔√⊓⊔ ⇐A⊔⊔⌉\T⌉∫⊔⇒↙ T⟨⌉ ∇⟩}⟨⊔ ∫⟩⌈⌉ ⇕⊓§ √∇≀⊑⟩⌈⌉∫ ≀\⌉ ⌉⊣⌋⟨ ≀{ ⊔⟨⌉ ⊒⊣⊑⌉↕⌉⊔ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ≀⊓⊔√⊓⊔⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ≀{ ⊔⟨⌉ G⊣⊓∫∫⟩⊣\ ∃

F⟩}⊓∇⌉ ¬̸ D⌉⇕≀⌈⊓↕⊣⊔≀∇ ∫⌉⌋⊔⟩≀\↙ ⊘↕⌉⊔⌉∇∫ ⇐W⊣⊑⌉O⊓⊔⇒⇔ ⊔⟨⌉ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ⇕⊓↕⊔⟩√↕⟩⌉∇ ≀⊓⊔√⊓⊔⇔ ⇐M⊓↕⊔T⌉∫⊔⇒⇔ ⊣\⌈ ⊔⟨⌉ ⊣⊑⌉∇⊣}⌉ ⌉\⌉∇}† ≀{ ⊔⟨⌉ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ≀⊓⊔√⊓⊔⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⊔⟨⌉ {⌉⌉⌈⌊⊣⌋‖↖⌋≀\∇≀↕↕⌉⌈ ⌊⟩⊣∫ ≀{ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ∇⌉∫⟩∫⊔≀∇↖⊣⇕√↕⟩⊘⌉∇⇔ ⇐R⌉∫B⟩⊣∫T⌉∫⊔⇒↙ T⟨⌉ ↕⟩\⌉∫ S⌉↕⌉⌋⊔′ ⊔⟨∇≀⊓}⟨ S⌉↕⌉⌋⊔∋ ⌋≀\⊔∇≀↕ ⊒⟨⟩⌋⟨ ≀{ ⊔⟨⌉ ∫⟩§⊔⌉⌉\ ∫↕⟩⌋⌉∫ ⟩∫ ∫⌉↕⌉⌋⊔⌉⌈ {≀∇ ≀⊓⊔√⊓⊔↙ S⌉↕⌉⌋⊔′ ⟩∫ ⊔⟨⌉ ↕≀⊒↖≀∇⌈⌉∇ ⌊⟩⊔ ≀{ ⊔⟨⟩∫ {≀⊓∇↖⌊⟩⊔ ⊑⊣↕⊓⌉↙

▽↙∞′ T⌉∫⊔ ⇕≀⌈⌉ ⌋≀\⊔∇≀↕ T⟨⟩∫ ⊘}⊓∇⌉ ∫⟨≀⊒∫ {≀⊓∇ ⌈⟩{{⌉∇⌉\⊔ ⌋⟩∇⌋⊓⟩⊔∫ ⊒⟨⟩⌋⟨ ⌈⌉⊔⌉∇⇕⟩\⌉ ⊔⟨⌉ ≀√⌉∇⊣⊔⟩\} ⇕≀⌈⌉ ≀{ ⊔⟨⌉ ⌋⟨⟩√↙ T⟨⌉ ⊔⊒≀ ↕≀}⟩⌋ ⌋⟩∇⌋⊓⟩⊔∫ ≀\ ⊔⟨⌉ ↕⌉{⊔ ⊣↕⊔⌉∇ ⊔⟨⌉ ⇕⌉⊣\⟩\} ≀{ ⊔⟨⌉ ⌉§⊔⌉∇\⊣↕ ⌈∇⟩⊑⟩\} ∫⟩}\⊣↕ ⊙⊣} E§⊔CLK ⊣\⌈ ⊔⟨⌉ ⊣⌋⊔⊓⊣↕ ⌈∇⟩⊑⟩\} ∫⟩}\⊣↕ ⟩⊔∫⌉↕{ ⇐CLK⇒⇔ ⌈⌉√⌉\⌈⟩\} ≀\ ⊔⟨⌉ ⊑⊣↕⊓⌉ ≀{ ⊔⟨⌉ ∇⌉∫⌉⊔ ∫⊒⟩⊔⌋⟨ R⌉∫⌉⊔↙ O{ ⊔⟨⌉ ⊔⊒≀ ⇕⊓§⟩\} ⌋⟩∇⌋⊓⟩⊔∫ ≀\ ⊔⟨⌉ ∇⟩}⟨⊔⇔ ⊔⟨⌉ ⊔≀√ ≀\⌉ ⟩∫ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ ∫⟨⊓⊔⊔⟩\} ≀{{ ⊔⟨⌉ ⟨†∫⊔⌉∇⌉⊔⟩⌋ ⟩\⊑⌉∇⊔⌉∇ ⟩\ ⊔⟨⌉ ≀∫⌋⟩↕↕⊣⊔≀∇ ⊒⟨⌉\⌉⊑⌉∇ ⊣\ ⌉§⊔⌉∇\⊣↕ ⌈∇⟩⊑⟩\} ⌋↕≀⌋‖ ⟩∫ ⌋⟨≀∫⌉\⇔ ⊣∫ ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ ⊔⟨⌉ ∫⌉⌋⊔⟩≀\ ≀\ ⊔⟨⌉ ≀∫⌋⟩↕↕⊣⊔≀∇↙ T⟨⌉ ⌊≀⊔⊔≀⇕ ⌋⟩∇⌋⊓⟩⊔ ⟩∫ ∇⌉∫√≀\∫⟩⌊↕⌉ {≀∇ ⌋⊣⊓∫⟩\} ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⊔≀ ⌊⌉ ∇⌉⌈⟩∇⌉⌋⊔⌉⌈ ⊔≀ ⊔⟨⌉ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⊒⟨⟩↕⌉ ⌈⟩∫⊣⌊↕⟩\} ⊔⟨⌉ ⟩\√⊓⊔ √⟩\∫ R⟩\∞⇔ I⟩\∞ ⊔⟨∇≀⊓}⟨ R⟩\⇔ V⟩\⇔ ∫≀ ⊔⟨⊣⊔ ⟩⇕⇕⌉⌈⟩⊣⊔⌉ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ≀{ ⊔⟨⌉ ∫⟩}\⊣↕ ⌋⊣\ ⌊⌉ ⊣⊔⊔⊣⟩\⌉⌈ {≀∇ ⊔⌉∫⊔⟩\} √⊓∇√≀∫⌉∫↙

▽↙∞∞ O⊔⟨⌉∇ ⌋⟩∇⌋⊓⟩⊔∫ S≀⇕⌉ ⌋⟩∇⌋⊓⟩⊔∫ ⟨⊣⊑⌉ ⌊⌉⌉\ ⌉§⟨⊣⊓∫⊔⟩⊑⌉↕† ⌈⌉∫⌋∇⟩⌊⌉⌈ ⟩\ √⊣√⌉∇∫ √∇⌉⌈⊣⊔⟩\} ⊔⟨⟩∫ ≀\⌉↙ T⟨⌉∫⌉ ⟩\⌋↕⊓⌈⌉ ⊔⟨⌉ G⊣⊓∫∫⟩⊣\ ⊘↕⊔⌉∇ ⌊⊣\‖⇔ ⊔⟨⌉ ⟨†∫⊔⌉∇⌉⊔⟩⌋ ⟩\⊑⌉∇⊔⌉∇⇔ ⊣\⌈ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⌋≀\⊑⌉∇⊔⌉∇ ⇐∇⌉∫⟩∫⊔≀∇↖⊣⇕√↕⟩⊘⌉∇⇒↙ T⟨⌉∇⌉ ⊣∇⌉ ⊣ \⊓⇕⌊⌉∇ ≀{ {≀↕↕≀⊒⌉∇↖⊣⇕√↕⟩⊘⌉∇∫ ⊒⟨⟩⌋⟨ ⌋≀⇕√↕⌉⊔⌉ ⊔⟨⌉ ⟩\⊑⌉\⊔≀∇† ≀{ ⌋⟩∇⌋⊓⟩⊔∫ ≀\ ⊔⟨⟩∫ ⌋⟨⟩√↙ T⟨⌉† ⊣∇⌉ ⌊⟩⊣∫⌉⌈ ⊣⊔ ⟨⟩}⟨ ⊑⊣↕⊓⌉∫ ⇐V⌈∇⟩⊑⌉ ℑ ∈↙▽V⇒ ⊣\⌈ ⟨⊣⊑⌉ ↕⊣∇}⌉ ≀⊓⊔√⊓⊔ ⊔∇⊣\∫⟩∫⊔≀∇∫ ⟩\ ≀∇⌈⌉∇ ⊔≀ √∇≀⊑⟩⌈⌉ ⊣ ⌈⌉⌋⌉\⊔↕† ⟨⟩}⟨ }⊣⟩\ {≀∇ ⌈∇⟩⊑⟩\} √⊣⌈∫↙ T⟨⌉ ≀\↕† ⌉§⌋⌉√⊔⟩≀\ ⊔≀ ⊔⟨⟩∫ ∫⌋⟨⌉⇕⌉ {≀∇ ⊑⟩⌉⊒⟩\} ≀⊓⊔√⊓⊔∫ ⟩∫ ⊔⟨⌉ O∫⌋T⌉∫⊔ ∫⟩}\⊣↕⇔ ⊒⟨⟩⌋⟨ ⟩∫ ⌈⟩}⟩⊔⊣↕⇔ ⊣↕↕≀⊒⟩\} ⊔⟨⌉ ≀⊓⊔√⊓⊔ √⊣⌈ ⊔≀ ⌊⌉ ⌈∇⟩⊑⌉\ ⌊† ⊣ ↕⊣∇}⌉ ⟩\⊑⌉∇⊔⌉∇↙ ∞′

F⟩}⊓∇⌉ ¬ S†∫⊔⌉⇕ {≀∇ ⊣⊔⊔⌉\⊓⊣⊔⟩\} ⊣\⌈ ⌊⟩⊣∫⟩\} ⊔⟨⌉ ∫∐⊓⊣∇⌉ ⊒⊣⊑⌉ ∫⟩}\⊣↕↙ ▽↙∞∈ W⊣⊑⌉↕⌉⊔ ⌋⟨⟩√ ∫↕⟩⌋⌉ T⟨⌉ ⌊↕≀⌋‖ ⌈⟩⊣}∇⊣⇕ ≀{ F⟩}⊓∇⌉ ∞ ∫⟨≀⊒∫ ⊔⊒≀ ⊖∫↕⟩⌋⌉∫⪰ ≀{ ⊔⟨⌉ ⊒⊣⊑⌉↕⌉⊔ ⌋⟨⟩√⇔ ⊒⟨⟩⌋⟨ ⇕⊣‖⌉ ⊓√ ≀\⌉ ⊘↕⊔⌉∇ ⌊⊣\‖ }⌉\⌉∇⊣⊔⟩\} ∇⌉⊣↕ ⊣\⌈ ⟩⇕⊣}⟩\⊣∇† ⊒⊣⊑⌉↕⌉⊔ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ≀⊓⊔√⊓⊔∫↙ T⟨⌉∇⌉ ⊣∇⌉ ∫⟩§⊔⌉⌉\ ∫↕⟩⌋⌉∫ ≀{ ⊔⟨⟩∫ ⊒⊣⊑⌉↕⌉⊔ ⌋⟨⟩√⇔ ⌉⊣⌋⟨ ⌋≀\⊔⊣⟩\⟩\} ⊔⟨⌉ ↕≀}⟩⌋ ⊔≀ ⌈⟩⊑⟩⌈⌉ ⌈≀⊒\ ⊣\ ⟩\⌋≀⇕⟩\} ⌋↕≀⌋‖ ⇐≀∫⌋⟩↕↕⊣⊔≀∇⇒ ∫⟩}\⊣↕⇔ ↕≀⊒↖√⊣∫∫ ⊘↕⊔⌉∇ ⊔⟨⌉ ≀∫⌋⟩↕↕⊣⊔≀∇ ⊔≀ √∇≀⌈⊓⌋⌉ ⊣ ∫⇕≀≀⊔⟨ ∫⟩\⌉ ⇐≀∇ ⌋≀∫⟩\⌉⇒ ⊒⊣⊑⌉⇔ ⇕⊓↕⊔⟩√↕† ⊔⟨⟩∫ ⇕≀⌈⊓↕⊣⊔⟩\} ∫⟩}\⊣↕ ⊒⟩⊔⟨ ⊔⊒≀ ⌈⟩{{⌉∇⌉\⊔ ⟩\√⊓⊔∫ ⇐≀\⌉ ≀{ ⊔⟨⌉⇕ {≀∇ ⊔⟨⌉ ∫⟩}\⊣↕ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ √⊣∇⊔ ≀{ ⊔⟨⌉ ⊔∇⊣\∫{≀∇⇕⇔ ⊔⟨⌉ ≀⊔⟨⌉∇ {≀∇ ⊔⟨⌉ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟨⊣↕{⇒⇔ ↕≀⊒↖√⊣∫∫ ⊘↕⊔⌉∇ ⊔⟨⌉ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ∇⌉∫⊓↕⊔ ⊒⟩⊔⟨ ⊣ }⊣⊓∫∫⟩⊣\↖∫⟨⊣√⌉⌈ {⊓\⌋⊔⟩≀\⇔ ⊣\⌈ ⊣}}∇⌉}⊣⊔⌉ ⇐⊣⊑⌉∇⊣}⌉⇒ ⊔⟨⌉ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ∇⌉∫⊓↕⊔ ⊒⟩⊔⟨ ⊔⟨⌉ ∇⌉∫⊓↕⊔ {∇≀⇕ ⊣↕↕ ≀⊔⟨⌉∇ ∫↕⟩⌋⌉∫ ⊔≀ √∇≀⌈⊓⌋⌉ ⊣ ⊘\⊣↕ ∇⌉∫⊓↕⊔↙ E⊣⌋⟨ ∇⌉⌋≀\∫⊔∇⊓⌋⊔⟩≀\ ⟩\√⊓⊔ ⟩∫ ∇⌉⊔∇⟩⌉⊑⌉⌈ {∇≀⇕ ⊣ ∫⌉√⊣∇⊣⊔⌉ ⟩\√⊓⊔ ⌋≀⇕⟩\} {∇≀⇕ ⊣ ⌋⟨⟩√ √⟩\↙ T⟨⌉ ⌈⌉⌋≀⇕√≀∫⟩⊔⟩≀\ ≀⊓⊔√⊓⊔ ⟩∫ ⇕⊓↕⊔⟩√↕⌉§⌉⌈ ⟩\⊔≀ ⊣ ∫⊔∇⌉⊣⇕ ⊓∫⟩\} ⊣ ∫⟩⇕√↕⌉ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ⊒⟩⊔⟨ {≀⊓∇ ∫⌉↕⌉⌋⊔ ↕⟩\⌉∫↙ T⟨⌉ ⌋⟨≀⟩⌋⌉ ≀{ ∫⊣⇕√↕⟩\} ∇⊣⊔⌉ ⊣\⌈ ⊔⟩⇕⌉↖≀∇⌈⌉∇ ≀{ ⊔⟨⌉ ≀⊓⊔√⊓⊔ ⟩∫ ⇕⊣⌈⌉ ≀{{↖⌋⟨⟩√↙ T⟨⌉ ∫↕⟩⌋⌉∫ ≀{ ⊔⟨⌉ ⊔∇⊣\∫{≀∇⇕⌉∇ ⊣↕⊔⌉∇\⊣⊔⌉ ⌊⌉⊔⊒⌉⌉\ ⊔⟨≀∫⌉ √∇≀⌈⊓⌋⟩\} ∫⟩\⌉ ⊒⊣⊑⌉ ⇕≀⌈⊓↕⊣⊔⟩\} ∫⟩}\⊣↕∫ ⊣\⌈ ⌋≀∫⟩\⌉ ⊒⊣⊑⌉ ⇕≀⌈⊓↕⊣⊔⟩\} ∫⟩}\⊣↕∫ ⇐≀\↕† ⌈⌉⊘\⌉⌈ ⌊† ⊔⟨⌉⟩∇ √⟨⊣∫⌉ ∇⌉↕⊣⊔⟩≀\ ⊔≀ ≀\⌉ ⊣\≀⊔⟨⌉∇⇒⇔ ⊒⟩⊔⟨ ⌉⊣⌋⟨ √⊣⟩∇ ⌋≀\∫⊔⟩⊔⊓⊔⟩\} ⊣ ⊘↕⊔⌉∇ ⌊⊣\‖ ⊣∫ \≀⊔⌉⌈ ⊣⌊≀⊑⌉↙ I\ ⊔⟨⌉ ⌋⟨⟩√ √⟩\ ⌈⌉∫⌋∇⟩√⊔⟩≀\⇔ ⊔⟨⌉ ⊣⌈⌈⟩⊔⟩≀\ ≀{ H ≀∇ L ∫⊓⌊⌋∇⟩√⊔ ≀\ ⊣ ∫⟩}\⊣↕ \⊣⇕⌉ ⇕⌉⊣\∫ ⊔⟨⌉ ⟨⟩}⟨ ≀∇ ↕≀⊒ ⌉\⌈√≀⟩\⊔ ⊑⊣↕⊓⌉ ⇐{≀∇ ⊔⟨⌉ ⟨⟩}⟨↖{∇⌉∐⊓⌉\⌋† ⇕≀⌈⊓↕⊣⊔≀∇ ≀⊓⊔√⊓⊔ ≀∇ ↕≀⊒↖{∇⌉∐⊓⌉\⌋† ⇕≀⌈⊓↕⊣⊔≀∇ ≀⊓⊔√⊓⊔⇔ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕†⇒ {≀∇ ⊑≀↕⊔⊣}⌉ ≀\ ⊣ √≀↕†∫⟩↕⟩⌋≀\ ∇⌉∫⟩∫⊔≀∇ ⌋⟨⊣⟩\↙ T⟨⌉ ⇕⊓↕⊔⟩√↕⌉§⌉∇ ∫⌉↕⌉⌋⊔ ↕⟩\⌉∫ ⊣∇⌉ ⌈⌉⊘\⌉⌈ ∫⊓⌋⟨ ⊔⟨⊣⊔ ⊒⟨⌉\ ⊑⊣↕⊓⌉ ≀{ ⊔⟨⌉ ⊑⌉⌋⊔≀∇ Select3; Select2; Select1; Select0

is equal to zero, the low-frequency imaginary slice is chosen. A value of one chooses the lowfrequency real slice. Values of 14 and 15 (decimal) choose the imaginary and real high-frequency

Figure 8: The adaptive-Q cascaded second-order LPF.

outputs of the test slice, respectively. Values of 12 and 13 choose the imaginary and real highfrequency outputs of the full fflter bank array, respectively. Select values infiuence the signals which are listed in the pinout table and which are declared Ψmultiplexed.˚

6 Using the Wavelet Chip

Since the theoretical results are only approximations, we expect to set the operating voltages on the chip piece by piece, according to given test procedures.

1. Setup procedure: The lines which must be set before beginning the test procedures are A˙Vdd and D˙Vdd (5.0V), A˙GND and D˙GND (0.0V), Vdrive (2.0V to 3.0V), Vref (2.5V), and Mux˙pbias (4.3V). Attach Resetbar to a momentary toggle which defaults to 5.0V but drives 0.0V when depressed.

2. Single slice test: Before testing the wavelet transform as a whole, nominal values for various chip parameters (voltages) will be derived from tests to the single test slice (real and imaginary pair). Therefore, Select1, Select2, and Select3 should be 5 volts, and Select0 should be able to alternate between 0 volts and 5 volts in order to select the real or imaginary slice.

3. No AGC test: The wavelet chip is able to have all AGC controls disabled, in which case it acts essentially like WaveChip4. Since signals have been characterized through the entire signal path of a slice in WaveChip4, we will begin with all AGC circuits off to ensure that WaveChip5 operates correctly in WaveChip4 emulation mode. In order to shut off the AGC circuits, set Override1 to 5 volts, and both Override2 and Override3 to 0 volts.

4. Testing the Oscillator: Set OscLowbias to 0.35V, Hystbias and OscNormbias to 0.8V, and Vf to a variable voltage source. Attach OscTest to an oscilloscope, with Select0 at 5.0V to view the real part slice (also called the Ψcosine˚ part). Set ExtCLK low to disable the external clock. Set Vf to a value of 0.7V. This should produce a square wave on the oscilloscope. Vary Vf1 and measure frequency at a few different points. Find the maximum and minimum frequencies at which the circuit will behave properly. Investigate the change in frequency

Figure 9: Circuit schematic of the wide-range multiplier.

Figure 10: Symbol for the wide-range multiplier.

produced by varying the value of Hystbias. Set Select1 to 0.0V and repeat the experiment for the phase-lagged output (also called the Ψsine˚ part). Investigate the change in frequency produced by varying the value of OscNormbias for this case. Find the best operating range for OscLowbias; a value which is too low will cause the output not to be able to follow slow DC changes in the oscillator. A value which is too high will distort the output, in particular changing the duty cycle of the pulse wave.

Test the reset mechanism by setting Resetbar low (0.0V), and then high again (5.0V). During the low state, the cosine OscTest output and the sine OscTest output should be driven high. Upon transitioning of Resetbar back to the high state, the cosine output should wait one-half of its normal frequency period for the applied Vf, and then transition low as normal. The sine output will follow lagged by a quarter-phase as normal.

5. Testing the Flipfiops: This test will conffrm the clock range over which the fiipfiops operate correctly. Set ExtCLK high, and attach input CLK to a function generator generating a variable-frequency square wave between 0 and 5 volts. Set Vf to a value which would produce the frequency (or close thereto) of the function generator as output if the oscillator

Figure 11: Multiplexing scheme for observing chip outputs.

were running in its free, non-driven mode. Display the signal OscTest on an oscilloscope in addition to the input function generator signal. When Select0 is 5V OscTest should be the inversion of the input. When Select0 is 0V, OscTest should lead the input by one-quarter of a period. Determine the frequency range of correct operation. Verify that the various values of Select3:0 produce the correct divided-down frequency. Again, determine the proper range of OscLowbias over a range of frequencies.

The reset mechanism should work in a way similar to that when the oscillator is free-running. When Resetbar returns high, the cosine output will transition low on the next low-to-high transition of the clock.

6. Testing the Modulator Attenuator (without feedback): Set Abias to 0.8V. Set the external or internal clock rate to a value at which the wavelet chip will be expected to operate. Examine the value AttenTest for all slices of the chip. Compute the mean and variance for the amplitudes over the sixteen slices. Is there an amplitude dependence on the value of Vref? On the value of Abias? If so, what are these dependencies? The main consideration here is the variation in amplitude of the attenuated signal over different slices.

7. Testing the Modulator LPF: Set VtauH to about 0.61V and VQH to about 0.60V. Leave VtauL and VQL disconnected. Attach the signal WaveTest to an oscilloscope. Adjust the

Figure 12: Miscellaneous logical functions on WaveChip5.

values of VtauH and VQH until the output best matches a sinusoid. Generally, VtauH should remain about 0.01V higher than VQH. The adaptive-Q mechanism, when on, always uses equal values for Vtau and VQ, so also determine what the optimal value is at each frequency when these voltages are equal. Is a clean sinusoid available in all cases? What are the frequency bounds for a clean output?

Try to modify the gain using Abias (and also VQH and VtauH if necessary) to set the peak-to-peak amplitude of WaveTest for the test section to about 0.4V. Repeat the test for an oscillator rate of 1/64 of the ffrst test. When done, set VtauH and VQH to the values determined from the ffrst test, and VtauL and VQL to the values determined from the second test.

8. Testing the Modulator Multiplier: Initially set pins MultBias and Vamp3H to 0.8V each. Set Vinavgbias and Waveavg˙biasH to about 0.4V each. Leave Vamp3L and Waveavg˙biasL disconnected. All other pins should remain as they have been set from the previous tests. This test is important to keep the output of the multiplier from overfiowing. Set pin Vin to 2.5V (or attach to pin Vref), and the pin MultTest to an oscilloscope. The output MultTest should be nearly constant and equal to 2.5V. Any offset in the multiplier and time-averaging circuits will cause some of the input modulating signal to couple through to the output. Determine this offset for each slice by measuring the amplitude of the MultTest signal. Also determine the value of Waveavg˙biasH which minimizes this effect for each frequency. When these values are determined, set Waveavg˙biasL to a value appropriate for the low frequency end of the transformer.

Now, generate a sine wave at the input Vin, centered at 2.5V (Vref), and having a peak-to-peak amplitude of 0.4V. Using the results found above for the best Waveavg˙biasH vs. frequency, set Vinavgbias to a value consistent with the input frequency. The output MultTest should be a signal containing the sum and difference of the function generator sinusoid and the CLK input (or the output from the voltage-controlled oscillator, if that is being used instead). Adjust Vamp3H until the multiplier output is well-behaved, and approximately 0.4V peak-to-peak. Repeat this experiment for the other sections, then set Vamp3L at a voltage consistent with the required voltage for the low frequency end of the fflter bank, if it is any different. Otherwise, connect the pin directly to Vamp3H.

9. Testing the Gaussian Filter: Set VgaussH to 0.4V, and do not connect VgaussL. The output of WaveOut should now refiect the value at the output of the ffrst gaussian fflter. Adjust VgaussH until the high frequency part of the signal is attenuated and only the low frequency part remains.

For several values of VgaussH between about 0.4V and 0.7V, measure the amplitude of WaveOut vs. the frequency of the output for a sweep of frequencies to Vin. When done, ffnd the -3dB cutoff frequency for each. Set VgaussH to a value appropriate for the normal operating frequency of Vin, and VgaussL to a value appropreate for a frequency 1/64 times that. Finally, test each fflter bank to check that the output amplitude peaks at the center frequency of each band and has a bandwidth appropriate for each channel. Plot the individual frequency responses of each channel and the overall frequency response of the system (the sum of the frequency responses for each channel).

10. Testing the single-channel Recomposition Output: Set the Test line low (0.0V) in order to disconnect the decomposition outputs from the reconstruction inputs. Initially, we will conffrm reconstruction for the single test channel (real and imaginary parts) only, so the output to look at will be VoutTest and the controlling bias for the output converter will be Vamp4, which should initially be set to about 0.8V. Set Reconavg˙biasH to about 0.4V, and leave Reconavg˙biasL disconnected.

Generate a constant input to Rin1 and Iin1. The reconstruction signal should be constant at about 2.5V. If one of the inputs is changed instantaneously with a step voltage, the output VoutTest should briefiy output a sinusoid at the center frequency of the test section, which will die off to a constant in a time span determined by the value of Reconavg˙biasH. Now present a sinusoid signal to Rin1 and Iin1, preferably 90 ffi out of phase if possible, and at

about 0.4V p-p amplitude. Adjust Vamp4 to make the output have the highest possible gain without distortion. As the input frequency gets farther from zero, the reconstruction output frequency should move from the center frequency of the section. If the phase of Rin1 leads Iin1, then the frequency should go up. If the phase of Rin1 lags Iin1, then the frequency should go down.

Now set the value Test to 5.0V, to enable local loopback from the decomposition outputs to the reconstruction inputs. Check that the system is able to reconstruct any signal from Vin with an amplitude peak at the center frequency of the band and attenuating to either side according to the bandwidth determined by VgaussH.

Repeat the above experiments for the system as a whole, using Vamp5 in place of Vamp4 and Vout in place of VoutTest. All inputs Rin1:7 and Iin1:7 will be used for inputs; test one section at a time by setting all other input channels to a constant voltage value such as Vref.

From results of the previous two fabricated wavelet chips, it is expected that the variance in output amplitude of the square wave from the attenuator section and the mismatch of �lter sections in the LPF will prevent a clean sinusoid modulating signal from being produced for every channel of the wavelet transform. In order to resolve this problem, two AGC feedback circuits have been added to the system. Their operation is outlined below.

1. The Feedback test circuit: One corner of the chip is devoted to a single sample of the AGC feedback circuit used in the chip. First, attach CLK to a variable voltage supply. Adjust the voltage until the value of totemtest˙totemout reaches a maximum. The value of CLK will then be the optimal reference voltage for operating the system. Set Vref to this value. The test circuit can also be used to �nd the best values for the time-integrator ampli�er bias, the output ampli�er bias, and the output ampli�er reference. Lpf˙biasH is the time-integrator ampli�er bias to the test circuit, Oscnormbias is the output ampli�er bias, and totemtest˙vamp is the output ampli�er reference voltage. Change the clock to a square wave input with a p-p amplitude comparable to the output of AttenTest measured earlier. Adjust the value of Lpf˙biasH until the output at totemtest˙capnode has a minimum of ripple. Repeat for various frequencies of the input. Set Oscnormbias to about 0.8V, and set totemtest˙vamp to the DC value of totemtest˙capnode. Observe the output at totemtest˙biasout. Adjust all the bias and reference voltages until the output is relatively stable around 0.4 to 1.0V. The two bias voltages and reference voltage will be the optimal values to present to the wavelet transformer circuit. Make a table of these optimal values over a range of frequencies.

2. Testing the Attenuator AGC: Using the above measured values, set AttenlowbiasH, Fb˙normbias, and Vamp1H, to the optimal values for the given oscillator frequency. Set Override1 to 0.0V. Observe the output AttenTest for the test slice. Readjust Vamp1H in order to control the output amplitude; set it to a value which makes the output approximately 0.4V p-p. Next, set Vamp1L and AttenlowbiasL to values appropriate for the low frequency slice of the wavelet transformer. Observe the output of the last (low frequency) slice and adjust Vamp1L to make that output approximately 0.4V p-p. Now measure the variance of the p-p levels of all the AttenTest outputs, which should ideally be the same.

3. Testing the LPF AGC: Automatic Gain Control for the Lowpass Filter uses the same circuit as does the Attenuator AGC. Therefore set lpf˙biasH to the same value as AttenlowbiasH, and set VtauH (also called Vamp2H, becuase it serves a dual purpose) to the value of Vamp1H. VQL and VQH may be disconnected. Disconnect VtauL (which is also Vamp2L). Set

Override2 to 5.0V. Repeat the same procedure as above in order to get the output WaveTest for the test slice to be approximately 0.4V p-p. The resulting sine wave should be clean and undistorted. Also repeat the above procedure for the rest of the wavelet chip channels. Provided that the modulation signal is preferred to that using no AGC circuitry, the procedures for characterizing a signal through the chip should be repeated.

One ffnal check is for the value of the poly1-poly2 capacitors. The capacitance value between pins polycap1 and polycap2 should nominally be 27 pF + the capacitance of the pads, which should not be more than about 1.5 pF each. Measure this value and its variance over the set of chips.

References

[1] Mead, C. Analog VLSI and Neural Systems, Reading, MA, Addison-Wesley (1989).

[2] A. Grossmann, R. Kronland-Martinet, and J. Morlet. ΨReading and Understanding Continuous Wavelet Transforms,˚ Wavelets: Time-Frequency Methods and Phase Space, Springer-Verlag (1989), pp. 2ffi20.

[3] C. Bingham, M. D. Godfrey, and J. W. Tukey, ΨModern Techniques of Power Spectrum Estimation,˚ IEEE Transactions on Audio and Electroacoustics, Vol. AU-15, No. 2, June 1967, pp. 56ffi66.