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Transistor aging: BTI and HCI

s d

gVgs,gd < 0
<latexit sha1_base64="n00wtdLKWViZ2fgzk5u2QCiAjSs=">AAAB9HicbVBNS8NAEJ3Ur1q1Vj16WWwFESmJFz14KAjisYL9gDaUzWaTLt1s0t1NoYSC/8KLB0W8+mO8+W/cfhy09cHA470ZZuZ5CWdK2/a3lVtb39jcym8Xdnb3ivulg8OmilNJaIPEPJZtDyvKmaANzTSn7URSHHmctrzB7dRvjahULBaPepxQN8KhYAEjWBvJrTR7WaguQn9yY1d6pbJdtWdAq8RZkHKteKeeAKDeK311/ZikERWacKxUx7ET7WZYakY4nRS6qaIJJgMc0o6hAkdUudns6Ak6NYqPgliaEhrN1N8TGY6UGkee6Yyw7qtlbyr+53VSHVy7GRNJqqkg80VBypGO0TQB5DNJieZjQzCRzNyKSB9LTLTJqWBCcJZfXiXNy6pjV50Hp1w7hznycAwncAYOXEEN7qEODSAwhGd4hTdrZL1Y79bHvDVnLWaO4A+szx9p1pKa</latexit><latexit sha1_base64="TGtMYjraztNu8OaWJ5k+clya8FA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCiJTEix48FLx4rGA/oA1ls9mkSzebuLsplNDf4cWDIl79Md78N27aHLT1wcDjvRlm5nkJZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0Vp5LQNol5LHseVpQzQduaaU57iaQ48jjteuO73O9OqFQsFo96mlA3wqFgASNYG8mtd4ZZqC5Df3Zr14fVmt2w50CrxClIDQq0htWvgR+TNKJCE46V6jt2ot0MS80Ip7PKIFU0wWSMQ9o3VOCIKjebHz1DZ0bxURBLU0Kjufp7IsORUtPIM50R1iO17OXif14/1cGNmzGRpJoKslgUpBzpGOUJIJ9JSjSfGoKJZOZWREZYYqJNThUTgrP88irpXDUcu+E8OLXmRRFHGU7gFM7BgWtowj20oA0EnuAZXuHNmlgv1rv1sWgtWcXMMfyB9fkDWieREw==</latexit>

Vgs,gd < 0
<latexit sha1_base64="n00wtdLKWViZ2fgzk5u2QCiAjSs=">AAAB9HicbVBNS8NAEJ3Ur1q1Vj16WWwFESmJFz14KAjisYL9gDaUzWaTLt1s0t1NoYSC/8KLB0W8+mO8+W/cfhy09cHA470ZZuZ5CWdK2/a3lVtb39jcym8Xdnb3ivulg8OmilNJaIPEPJZtDyvKmaANzTSn7URSHHmctrzB7dRvjahULBaPepxQN8KhYAEjWBvJrTR7WaguQn9yY1d6pbJdtWdAq8RZkHKteKeeAKDeK311/ZikERWacKxUx7ET7WZYakY4nRS6qaIJJgMc0o6hAkdUudns6Ak6NYqPgliaEhrN1N8TGY6UGkee6Yyw7qtlbyr+53VSHVy7GRNJqqkg80VBypGO0TQB5DNJieZjQzCRzNyKSB9LTLTJqWBCcJZfXiXNy6pjV50Hp1w7hznycAwncAYOXEEN7qEODSAwhGd4hTdrZL1Y79bHvDVnLWaO4A+szx9p1pKa</latexit><latexit sha1_base64="TGtMYjraztNu8OaWJ5k+clya8FA=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCiJTEix48FLx4rGA/oA1ls9mkSzebuLsplNDf4cWDIl79Md78N27aHLT1wcDjvRlm5nkJZ0rb9rdVWlvf2Nwqb1d2dvf2D6qHRx0Vp5LQNol5LHseVpQzQduaaU57iaQ48jjteuO73O9OqFQsFo96mlA3wqFgASNYG8mtd4ZZqC5Df3Zr14fVmt2w50CrxClIDQq0htWvgR+TNKJCE46V6jt2ot0MS80Ip7PKIFU0wWSMQ9o3VOCIKjebHz1DZ0bxURBLU0Kjufp7IsORUtPIM50R1iO17OXif14/1cGNmzGRpJoKslgUpBzpGOUJIJ9JSjSfGoKJZOZWREZYYqJNThUTgrP88irpXDUcu+E8OLXmRRFHGU7gFM7BgWtowj20oA0EnuAZXuHNmlgv1rv1sWgtWcXMMfyB9fkDWieREw==</latexit>

BTI mechanism

s d

gVds > 0
<latexit sha1_base64="CIqoN3IVB+bHZ+Fw/YhfN0o6rpw=">AAAB8XicbZC7SgNBFIbPeo3xFrUUZDARxCLs2mglARvLCOaCyRJmZyfJkNnZZeasEJa8hY2FIrbiy9jZ+ShOLoUm/jDw8f/nMOecIJHCoOt+OUvLK6tr67mN/ObW9s5uYW+/buJUM15jsYx1M6CGS6F4DQVK3kw0p1EgeSMYXI/zxgPXRsTqDocJ9yPaU6IrGEVr3ZfqnSw0oyu31CkU3bI7EVkEbwbFChx9fANAtVP4bIcxSyOukElqTMtzE/QzqlEwyUf5dmp4QtmA9njLoqIRN342mXhETqwTkm6s7VNIJu7vjoxGxgyjwFZGFPtmPhub/2WtFLuXfiZUkiJXbPpRN5UEYzJen4RCc4ZyaIEyLeyshPWppgztkfL2CN78yotQPy97btm79YqVM5gqB4dwDKfgwQVU4AaqUAMGCh7hGV4c4zw5r87btHTJmfUcwB857z/94JHo</latexit><latexit sha1_base64="eAAxMDJNDXe4Hf5udl+ObVfR/ts=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFhNBLMKdjVYSsLGMYD4wOcLe3iRZsrd37O4J4ci/sLFQxNZ/Y+e/cZNcoYkPBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48auk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDvz20+oNI/lg5kk6Ed0KPmAM2qs9Fht9bNQT2/car9ccWvuHGSVeDmpQI5Gv/zVC2OWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfja/eErOrBKSQaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpGVz7GZdJalCyxaJBKoiJyex9EnKFzIiJJZQpbm8lbEQVZcaGVLIheMsvr5LWZc1za969V6lf5HEU4QRO4Rw8uII63EEDmsBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFoEY/9</latexit>

Vds > 0
<latexit sha1_base64="CIqoN3IVB+bHZ+Fw/YhfN0o6rpw=">AAAB8XicbZC7SgNBFIbPeo3xFrUUZDARxCLs2mglARvLCOaCyRJmZyfJkNnZZeasEJa8hY2FIrbiy9jZ+ShOLoUm/jDw8f/nMOecIJHCoOt+OUvLK6tr67mN/ObW9s5uYW+/buJUM15jsYx1M6CGS6F4DQVK3kw0p1EgeSMYXI/zxgPXRsTqDocJ9yPaU6IrGEVr3ZfqnSw0oyu31CkU3bI7EVkEbwbFChx9fANAtVP4bIcxSyOukElqTMtzE/QzqlEwyUf5dmp4QtmA9njLoqIRN342mXhETqwTkm6s7VNIJu7vjoxGxgyjwFZGFPtmPhub/2WtFLuXfiZUkiJXbPpRN5UEYzJen4RCc4ZyaIEyLeyshPWppgztkfL2CN78yotQPy97btm79YqVM5gqB4dwDKfgwQVU4AaqUAMGCh7hGV4c4zw5r87btHTJmfUcwB857z/94JHo</latexit><latexit sha1_base64="eAAxMDJNDXe4Hf5udl+ObVfR/ts=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFhNBLMKdjVYSsLGMYD4wOcLe3iRZsrd37O4J4ci/sLFQxNZ/Y+e/cZNcoYkPBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48auk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDvz20+oNI/lg5kk6Ed0KPmAM2qs9Fht9bNQT2/car9ccWvuHGSVeDmpQI5Gv/zVC2OWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfja/eErOrBKSQaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpGVz7GZdJalCyxaJBKoiJyex9EnKFzIiJJZQpbm8lbEQVZcaGVLIheMsvr5LWZc1za969V6lf5HEU4QRO4Rw8uII63EEDmsBAwjO8wpujnRfn3flYtBacfOYY/sD5/AFoEY/9</latexit>

HCI mechanism

BTI and HCI mechanisms

I BTI mechanism is that accumulated holes in silicon/oxide interface result in breaking of
Si-H bonds.

I HCI mechanism is that due to high electric field in drain side, hot carriers cause
breaking of Si-H bond and traps oxide bulk.
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Circuit performance degradation
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T=200�C
<latexit sha1_base64="bDv9ewkdpeQIz7Cdc11h2ckY0ts=">AAAB9XicbVDJSgNBEK1xjXGLevTSmAjiIfTkojcDuXiMYBZIJqGn05M06ekZunuUMOQ/vHhwwat+ixfxb+wsB018UPB4r4qqen4suDYYfzsrq2vrG5uZrez2zu7efu7gsK6jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf1iZ+I07pjSP5K0ZxcwLSV/ygFNirNQplDDupG3KFR1XCt1cHhfxFGiZuHOSv/p4+QKLajf32e5FNAmZNFQQrVsujo2XEmU4FWycbSeaxYQOSZ+1LJUkZNpLp1eP0alVeiiIlC1p0FT9PZGSUOtR6NvOkJiBXvQm4n9eKzHBpZdyGSeGSTpbFCQCmQhNIkA9rhg1YmQJoYrbWxEdEEWosUFlbQju4svLpF4qurjo3rj58jnMkIFjOIEzcOECynANVagBBQUP8ATPzr3z6Lw6b7PWFWc+cwR/4Lz/AB9pk8Q=</latexit><latexit sha1_base64="kSQhi+V9+sf+1ysvIULqh4+MIGQ=">AAAB9XicbVA9TwJBEJ3DL8Qv1NJmI5gYC7JHgyUJjSUm8pHAQfaWPdiwt3fZ3dOQC//DxkJjbP0vdv4bF7hCwZdM8vLeTGbm+bHg2mD87eS2tnd29/L7hYPDo+OT4ulZW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+tLHwO49MaR7JBzOLmReSseQBp8RYaVCuYjxI+5QrOm+Uh8USruAl0CZxM1KCDM1h8as/imgSMmmoIFr3XBwbLyXKcCrYvNBPNIsJnZIx61kqSci0ly6vnqMrq4xQEClb0qCl+nsiJaHWs9C3nSExE73uLcT/vF5iglsv5TJODJN0tShIBDIRWkSARlwxasTMEkIVt7ciOiGKUGODKtgQ3PWXN0m7WnFxxb13S/WbLI48XMAlXIMLNajDHTShBRQUPMMrvDlPzovz7nysWnNONnMOf+B8/gDc7JFb</latexit>

200�C
<latexit sha1_base64="bDv9ewkdpeQIz7Cdc11h2ckY0ts=">AAAB9XicbVDJSgNBEK1xjXGLevTSmAjiIfTkojcDuXiMYBZIJqGn05M06ekZunuUMOQ/vHhwwat+ixfxb+wsB018UPB4r4qqen4suDYYfzsrq2vrG5uZrez2zu7efu7gsK6jRFFWo5GIVNMnmgkuWc1wI1gzVoyEvmANf1iZ+I07pjSP5K0ZxcwLSV/ygFNirNQplDDupG3KFR1XCt1cHhfxFGiZuHOSv/p4+QKLajf32e5FNAmZNFQQrVsujo2XEmU4FWycbSeaxYQOSZ+1LJUkZNpLp1eP0alVeiiIlC1p0FT9PZGSUOtR6NvOkJiBXvQm4n9eKzHBpZdyGSeGSTpbFCQCmQhNIkA9rhg1YmQJoYrbWxEdEEWosUFlbQju4svLpF4qurjo3rj58jnMkIFjOIEzcOECynANVagBBQUP8ATPzr3z6Lw6b7PWFWc+cwR/4Lz/AB9pk8Q=</latexit><latexit sha1_base64="kSQhi+V9+sf+1ysvIULqh4+MIGQ=">AAAB9XicbVA9TwJBEJ3DL8Qv1NJmI5gYC7JHgyUJjSUm8pHAQfaWPdiwt3fZ3dOQC//DxkJjbP0vdv4bF7hCwZdM8vLeTGbm+bHg2mD87eS2tnd29/L7hYPDo+OT4ulZW0eJoqxFIxGprk80E1yyluFGsG6sGAl9wTr+tLHwO49MaR7JBzOLmReSseQBp8RYaVCuYjxI+5QrOm+Uh8USruAl0CZxM1KCDM1h8as/imgSMmmoIFr3XBwbLyXKcCrYvNBPNIsJnZIx61kqSci0ly6vnqMrq4xQEClb0qCl+nsiJaHWs9C3nSExE73uLcT/vF5iglsv5TJODJN0tShIBDIRWkSARlwxasTMEkIVt7ciOiGKUGODKtgQ3PWXN0m7WnFxxb13S/WbLI48XMAlXIMLNajDHTShBRQUPMMrvDlPzovz7nysWnNONnMOf+B8/gDc7JFb</latexit>

T=175�C
<latexit sha1_base64="HKss1jLXmdU0QoX/ET8H6CS85wM=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxkQQD2FakHgzkIvHCGaBbPR0epImPT1Dd48ShvyHFw8ueNVv8SL+jZ3loIkPCh7vVVFVz4sE18Z1v53Uyura+kZ6M7O1vbO7l90/qOkwVpRVaShC1fCIZoJLVjXcCNaIFCOBJ1jdG5Ynfv2OKc1DeWtGEWsHpC+5zykxVurkcfGik7QoV3RcznezObfgToGWCZ6T3NXHyxdYVLrZz1YvpHHApKGCaN3EbmTaCVGGU8HGmVasWUTokPRZ01JJAqbbyfTqMTqxSg/5obIlDZqqvycSEmg9CjzbGRAz0IveRPzPa8bGv2wnXEaxYZLOFvmxQCZEkwhQjytGjRhZQqji9lZEB0QRamxQGRsCXnx5mdTOC9gt4BucK53BDGk4gmM4BQxFKME1VKAKFBQ8wBM8O/fOo/PqvM1aU8585hD+wHn/ATCIk88=</latexit><latexit sha1_base64="Z9vAB90cwNWUDXNv+3RGd9PbXIw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CbaCeCgbQeqx0IvHCvYD2m3Jptk2NJtdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzz48F18Z1v53cxubW9k5+t7C3f3B4VDw+aekoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbn9TnfvuRKc0j+WCmMfNCMpI84JQYK/XLuHrTT3uUKzqrlwfFkltxF0DrBGekBBkag+JXbxjRJGTSUEG07mI3Nl5KlOFUsFmhl2gWEzohI9a1VJKQaS9dXD1DF1YZoiBStqRBC/X3REpCraehbztDYsZ61ZuL/3ndxAS3XsplnBgm6XJRkAhkIjSPAA25YtSIqSWEKm5vRXRMFKHGBlWwIeDVl9dJ67qC3Qq+x6XaVRZHHs7gHC4BQxVqcAcNaAIFBc/wCm/Ok/PivDsfy9ack82cwh84nz/uC5Fm</latexit>

175�C
<latexit sha1_base64="HKss1jLXmdU0QoX/ET8H6CS85wM=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxkQQD2FakHgzkIvHCGaBbPR0epImPT1Dd48ShvyHFw8ueNVv8SL+jZ3loIkPCh7vVVFVz4sE18Z1v53Uyura+kZ6M7O1vbO7l90/qOkwVpRVaShC1fCIZoJLVjXcCNaIFCOBJ1jdG5Ynfv2OKc1DeWtGEWsHpC+5zykxVurkcfGik7QoV3RcznezObfgToGWCZ6T3NXHyxdYVLrZz1YvpHHApKGCaN3EbmTaCVGGU8HGmVasWUTokPRZ01JJAqbbyfTqMTqxSg/5obIlDZqqvycSEmg9CjzbGRAz0IveRPzPa8bGv2wnXEaxYZLOFvmxQCZEkwhQjytGjRhZQqji9lZEB0QRamxQGRsCXnx5mdTOC9gt4BucK53BDGk4gmM4BQxFKME1VKAKFBQ8wBM8O/fOo/PqvM1aU8585hD+wHn/ATCIk88=</latexit><latexit sha1_base64="Z9vAB90cwNWUDXNv+3RGd9PbXIw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CbaCeCgbQeqx0IvHCvYD2m3Jptk2NJtdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzz48F18Z1v53cxubW9k5+t7C3f3B4VDw+aekoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbn9TnfvuRKc0j+WCmMfNCMpI84JQYK/XLuHrTT3uUKzqrlwfFkltxF0DrBGekBBkag+JXbxjRJGTSUEG07mI3Nl5KlOFUsFmhl2gWEzohI9a1VJKQaS9dXD1DF1YZoiBStqRBC/X3REpCraehbztDYsZ61ZuL/3ndxAS3XsplnBgm6XJRkAhkIjSPAA25YtSIqSWEKm5vRXRMFKHGBlWwIeDVl9dJ67qC3Qq+x6XaVRZHHs7gHC4BQxVqcAcNaAIFBc/wCm/Ok/PivDsfy9ack82cwh84nz/uC5Fm</latexit>

T=150�C
<latexit sha1_base64="DYxtojWdvnk+8p3fat4M3qY0vqY=">AAAB9XicbVDJSgNBEK1xjXGLevTSmAjiIUwLojcDuXiMYBZIJqGn05M06ekZunuUMOQ/vHhwwat+ixfxb+wsB018UPB4r4qqen4suDau++0sLa+srq1nNrKbW9s7u7m9/ZqOEkVZlUYiUg2faCa4ZFXDjWCNWDES+oLV/UF57NfvmNI8krdmGDMvJD3JA06JsVK7gM/ddtqiXNFRudDJ5d2iOwFaJHhG8lcfL19gUenkPlvdiCYhk4YKonUTu7HxUqIMp4KNsq1Es5jQAemxpqWShEx76eTqETq2ShcFkbIlDZqovydSEmo9DH3bGRLT1/PeWPzPayYmuPRSLuPEMEmni4JEIBOhcQSoyxWjRgwtIVRxeyuifaIINTaorA0Bz7+8SGpnRewW8Q3Ol05higwcwhGcAIYLKME1VKAKFBQ8wBM8O/fOo/PqvE1bl5zZzAH8gfP+AyWkk8g=</latexit><latexit sha1_base64="rv8YY3jgsZPI5p5iSw3AO5ihYFk=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CbaCeCibguix0IvHCvYD2m3Jptk2NJtdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzz48F18Z1v53cxubW9k5+t7C3f3B4VDw+aekoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbn9TnfvuRKc0j+WCmMfNCMpI84JQYK/XL+Nrtpz3KFZ3Vy4Niya24C6B1gjNSggyNQfGrN4xoEjJpqCBad7EbGy8lynAq2KzQSzSLCZ2QEetaKknItJcurp6hC6sMURApW9Kghfp7IiWh1tPQt50hMWO96s3F/7xuYoJbL+UyTgyTdLkoSAQyEZpHgIZcMWrE1BJCFbe3IjomilBjgyrYEPDqy+ukVa1gt4Lvcal2lcWRhzM4h0vAcAM1uIMGNIGCgmd4hTfnyXlx3p2PZWvOyWZO4Q+czx/jJ5Ff</latexit>

150�C
<latexit sha1_base64="DYxtojWdvnk+8p3fat4M3qY0vqY=">AAAB9XicbVDJSgNBEK1xjXGLevTSmAjiIUwLojcDuXiMYBZIJqGn05M06ekZunuUMOQ/vHhwwat+ixfxb+wsB018UPB4r4qqen4suDau++0sLa+srq1nNrKbW9s7u7m9/ZqOEkVZlUYiUg2faCa4ZFXDjWCNWDES+oLV/UF57NfvmNI8krdmGDMvJD3JA06JsVK7gM/ddtqiXNFRudDJ5d2iOwFaJHhG8lcfL19gUenkPlvdiCYhk4YKonUTu7HxUqIMp4KNsq1Es5jQAemxpqWShEx76eTqETq2ShcFkbIlDZqovydSEmo9DH3bGRLT1/PeWPzPayYmuPRSLuPEMEmni4JEIBOhcQSoyxWjRgwtIVRxeyuifaIINTaorA0Bz7+8SGpnRewW8Q3Ol05higwcwhGcAIYLKME1VKAKFBQ8wBM8O/fOo/PqvE1bl5zZzAH8gfP+AyWkk8g=</latexit><latexit sha1_base64="rv8YY3jgsZPI5p5iSw3AO5ihYFk=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CbaCeCibguix0IvHCvYD2m3Jptk2NJtdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzz48F18Z1v53cxubW9k5+t7C3f3B4VDw+aekoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbn9TnfvuRKc0j+WCmMfNCMpI84JQYK/XL+Nrtpz3KFZ3Vy4Niya24C6B1gjNSggyNQfGrN4xoEjJpqCBad7EbGy8lynAq2KzQSzSLCZ2QEetaKknItJcurp6hC6sMURApW9Kghfp7IiWh1tPQt50hMWO96s3F/7xuYoJbL+UyTgyTdLkoSAQyEZpHgIZcMWrE1BJCFbe3IjomilBjgyrYEPDqy+ukVa1gt4Lvcal2lcWRhzM4h0vAcAM1uIMGNIGCgmd4hTfnyXlx3p2PZWvOyWZO4Q+czx/jJ5Ff</latexit>

T=125�C
<latexit sha1_base64="qR/QHyO2hP+whnPSJbgGLbTlc58=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxkQQD2E6IHozkIvHCGaBbPR0epImPT1Dd48ShvyHFw8ueNVv8SL+jZ3loIkPCh7vVVFVz4sE18Z1v53Uyura+kZ6M7O1vbO7l90/qOkwVpRVaShC1fCIZoJLVjXcCNaIFCOBJ1jdG5Ynfv2OKc1DeWtGEWsHpC+5zykxVurkcfG8k7QoV3RcznezObfgToGWCZ6T3NXHyxdYVLrZz1YvpHHApKGCaN3EbmTaCVGGU8HGmVasWUTokPRZ01JJAqbbyfTqMTqxSg/5obIlDZqqvycSEmg9CjzbGRAz0IveRPzPa8bGv2wnXEaxYZLOFvmxQCZEkwhQjytGjRhZQqji9lZEB0QRamxQGRsCXnx5mdSKBewW8A3Olc5ghjQcwTGcAoYLKME1VKAKFBQ8wBM8O/fOo/PqvM1aU8585hD+wHn/ASi9k8o=</latexit><latexit sha1_base64="1R1SCEGytL1R8mrE/sl6qga4Mbc=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CbaCeCibguix0IvHCvYD2m3Jptk2NJtdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzz48F18Z1v53cxubW9k5+t7C3f3B4VDw+aekoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbn9TnfvuRKc0j+WCmMfNCMpI84JQYK/XLuHrdT3uUKzqrlwfFkltxF0DrBGekBBkag+JXbxjRJGTSUEG07mI3Nl5KlOFUsFmhl2gWEzohI9a1VJKQaS9dXD1DF1YZoiBStqRBC/X3REpCraehbztDYsZ61ZuL/3ndxAS3XsplnBgm6XJRkAhkIjSPAA25YtSIqSWEKm5vRXRMFKHGBlWwIeDVl9dJq1rBbgXf41LtKosjD2dwDpeA4QZqcAcNaAIFBc/wCm/Ok/PivDsfy9ack82cwh84nz/mQJFh</latexit>
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<latexit sha1_base64="qR/QHyO2hP+whnPSJbgGLbTlc58=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxkQQD2E6IHozkIvHCGaBbPR0epImPT1Dd48ShvyHFw8ueNVv8SL+jZ3loIkPCh7vVVFVz4sE18Z1v53Uyura+kZ6M7O1vbO7l90/qOkwVpRVaShC1fCIZoJLVjXcCNaIFCOBJ1jdG5Ynfv2OKc1DeWtGEWsHpC+5zykxVurkcfG8k7QoV3RcznezObfgToGWCZ6T3NXHyxdYVLrZz1YvpHHApKGCaN3EbmTaCVGGU8HGmVasWUTokPRZ01JJAqbbyfTqMTqxSg/5obIlDZqqvycSEmg9CjzbGRAz0IveRPzPa8bGv2wnXEaxYZLOFvmxQCZEkwhQjytGjRhZQqji9lZEB0QRamxQGRsCXnx5mdSKBewW8A3Olc5ghjQcwTGcAoYLKME1VKAKFBQ8wBM8O/fOo/PqvM1aU8585hD+wHn/ASi9k8o=</latexit><latexit sha1_base64="1R1SCEGytL1R8mrE/sl6qga4Mbc=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CbaCeCibguix0IvHCvYD2m3Jptk2NJtdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzz48F18Z1v53cxubW9k5+t7C3f3B4VDw+aekoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbn9TnfvuRKc0j+WCmMfNCMpI84JQYK/XLuHrdT3uUKzqrlwfFkltxF0DrBGekBBkag+JXbxjRJGTSUEG07mI3Nl5KlOFUsFmhl2gWEzohI9a1VJKQaS9dXD1DF1YZoiBStqRBC/X3REpCraehbztDYsZ61ZuL/3ndxAS3XsplnBgm6XJRkAhkIjSPAA25YtSIqSWEKm5vRXRMFKHGBlWwIeDVl9dJq1rBbgXf41LtKosjD2dwDpeA4QZqcAcNaAIFBc/wCm/Ok/PivDsfy9ack82cwh84nz/mQJFh</latexit>
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<latexit sha1_base64="lTa0s9Z8WgU8H0GmG+fc8oZxd1U=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxkQQD2Hai94M5OIxglkgmYSeTk/SpKdn6O5RwpD/8OLBBa/6LV7Ev7GzHDTxQcHjvSqq6vmx4Nq47reTWVldW9/Ibua2tnd29/L7B3UdJYqyGo1EpJo+0UxwyWqGG8GasWIk9AVr+MPKxG/cMaV5JG/NKGZeSPqSB5wSY6VOEbtuJ21Trui4UuzmC27JnQItEzwnhauPly+wqHbzn+1eRJOQSUMF0bqF3dh4KVGGU8HGuXaiWUzokPRZy1JJQqa9dHr1GJ1YpYeCSNmSBk3V3xMpCbUehb7tDIkZ6EVvIv7ntRITXHopl3FimKSzRUEikInQJALU44pRI0aWEKq4vRXRAVGEGhtUzoaAF19eJvXzEnZL+AYXymcwQxaO4BhOAcMFlOEaqlADCgoe4AmenXvn0Xl13matGWc+cwh/4Lz/AB3Zk8M=</latexit><latexit sha1_base64="5TwhD7GBCdlPn56k6CvcuM0yMMI=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRjAxHkjrRY8kXDxiIh8JLKRbCjR0u5u2qyEb/ocXDxrj1f/izX9jgT0o+JJJXt6bycy8IJbCWIy/vdzG5tb2Tn63sLd/cHhUPD5pmijRjDdYJCPdDqjhUijesMJK3o41p2EgeSuY1OZ+65FrIyL1YKcx90M6UmIoGLVO6pUJxr20y4Rms1q5XyzhCl4ArROSkRJkqPeLX91BxJKQK8skNaZDcGz9lGormOSzQjcxPKZsQke846iiITd+urh6hi6cMkDDSLtSFi3U3xMpDY2ZhoHrDKkdm1VvLv7ndRI7vPVToeLEcsWWi4aJRDZC8wjQQGjOrJw6QpkW7lbExlRTZl1QBRcCWX15nTSvKwRXyD0pVa+yOPJwBudwCQRuoAp3UIcGMNDwDK/w5j15L96797FszXnZzCn8gff5A9tckVo=</latexit>
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<latexit sha1_base64="lTa0s9Z8WgU8H0GmG+fc8oZxd1U=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxkQQD2Hai94M5OIxglkgmYSeTk/SpKdn6O5RwpD/8OLBBa/6LV7Ev7GzHDTxQcHjvSqq6vmx4Nq47reTWVldW9/Ibua2tnd29/L7B3UdJYqyGo1EpJo+0UxwyWqGG8GasWIk9AVr+MPKxG/cMaV5JG/NKGZeSPqSB5wSY6VOEbtuJ21Trui4UuzmC27JnQItEzwnhauPly+wqHbzn+1eRJOQSUMF0bqF3dh4KVGGU8HGuXaiWUzokPRZy1JJQqa9dHr1GJ1YpYeCSNmSBk3V3xMpCbUehb7tDIkZ6EVvIv7ntRITXHopl3FimKSzRUEikInQJALU44pRI0aWEKq4vRXRAVGEGhtUzoaAF19eJvXzEnZL+AYXymcwQxaO4BhOAcMFlOEaqlADCgoe4AmenXvn0Xl13matGWc+cwh/4Lz/AB3Zk8M=</latexit><latexit sha1_base64="5TwhD7GBCdlPn56k6CvcuM0yMMI=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRjAxHkjrRY8kXDxiIh8JLKRbCjR0u5u2qyEb/ocXDxrj1f/izX9jgT0o+JJJXt6bycy8IJbCWIy/vdzG5tb2Tn63sLd/cHhUPD5pmijRjDdYJCPdDqjhUijesMJK3o41p2EgeSuY1OZ+65FrIyL1YKcx90M6UmIoGLVO6pUJxr20y4Rms1q5XyzhCl4ArROSkRJkqPeLX91BxJKQK8skNaZDcGz9lGormOSzQjcxPKZsQke846iiITd+urh6hi6cMkDDSLtSFi3U3xMpDY2ZhoHrDKkdm1VvLv7ndRI7vPVToeLEcsWWi4aJRDZC8wjQQGjOrJw6QpkW7lbExlRTZl1QBRcCWX15nTSvKwRXyD0pVa+yOPJwBudwCQRuoAp3UIcGMNDwDK/w5j15L96797FszXnZzCn8gff5A9tckVo=</latexit>

T=75�C
<latexit sha1_base64="p5R3Hx0mSzRvoKfZu057JM+PeHk=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCeCiJIPVmoRePFewHtLFstpt26WYTdzeFEvo7vHhQilfxt3gR/42btgdtfTDweG+GmXlexJnStv1tZdbWNza3stu5nd29/YP84VFDhbEktE5CHsqWhxXlTNC6ZprTViQpDjxOm96wmvrNEZWKheJejyPqBrgvmM8I1kZyi+Wrh6RDmCSTarGbL9glewa0SpwFKdx8TL/AoNbNf3Z6IYkDKjThWKm2Y0faTbDUjHA6yXViRSNMhrhP24YKHFDlJrOjJ+jMKD3kh9KU0Gim/p5IcKDUOPBMZ4D1QC17qfif1461f+0mTESxpoLMF/kxRzpEaQKoxyQlmo8NwUQycysiAywx0SannAnBWX55lTQuS45dcu6cQuUC5sjCCZzCOThQhgrcQg3qQOARnuAFXq2R9WxNrbd5a8ZazBzDH1jvP77Jk5Q=</latexit><latexit sha1_base64="nlzQNCWbQ9vxYt1Dj4dYlDZWRPA=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BFtBPJRdQeqx0IvHCvYD2rVk02wbms2uSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzz48F18ZxvlFuY3Nreye/W9jbPzg8Kh6ftHSUKMqaNBKR6vhEM8ElaxpuBOvEipHQF6ztj+tzvz1hSvNIPphpzLyQDCUPOCXGSl65evOY9ihXdFYv94slp+IsgNeJm5ESZGj0i1+9QUSTkElDBdG66zqx8VKiDKeCzQq9RLOY0DEZsq6lkoRMe+ni6Bm+sMoAB5GyJQ1eqL8nUhJqPQ192xkSM9Kr3lz8z+smJrj1Ui7jxDBJl4uCRGAT4XkCeMAVo0ZMLSFUcXsrpiOiCDU2p4INwV19eZ20riuuU3Hv3VLtKosjD2dwDpfgQhVqcAcNaAKFJ3iGV3hDE/SC3tHHsjWHsplT+AP0+QN8W5Er</latexit>

75�C
<latexit sha1_base64="p5R3Hx0mSzRvoKfZu057JM+PeHk=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LLaCeCiJIPVmoRePFewHtLFstpt26WYTdzeFEvo7vHhQilfxt3gR/42btgdtfTDweG+GmXlexJnStv1tZdbWNza3stu5nd29/YP84VFDhbEktE5CHsqWhxXlTNC6ZprTViQpDjxOm96wmvrNEZWKheJejyPqBrgvmM8I1kZyi+Wrh6RDmCSTarGbL9glewa0SpwFKdx8TL/AoNbNf3Z6IYkDKjThWKm2Y0faTbDUjHA6yXViRSNMhrhP24YKHFDlJrOjJ+jMKD3kh9KU0Gim/p5IcKDUOPBMZ4D1QC17qfif1461f+0mTESxpoLMF/kxRzpEaQKoxyQlmo8NwUQycysiAywx0SannAnBWX55lTQuS45dcu6cQuUC5sjCCZzCOThQhgrcQg3qQOARnuAFXq2R9WxNrbd5a8ZazBzDH1jvP77Jk5Q=</latexit><latexit sha1_base64="nlzQNCWbQ9vxYt1Dj4dYlDZWRPA=">AAAB9HicbVBNSwMxEJ3Ur1q/qh69BFtBPJRdQeqx0IvHCvYD2rVk02wbms2uSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzz48F18ZxvlFuY3Nreye/W9jbPzg8Kh6ftHSUKMqaNBKR6vhEM8ElaxpuBOvEipHQF6ztj+tzvz1hSvNIPphpzLyQDCUPOCXGSl65evOY9ihXdFYv94slp+IsgNeJm5ESZGj0i1+9QUSTkElDBdG66zqx8VKiDKeCzQq9RLOY0DEZsq6lkoRMe+ni6Bm+sMoAB5GyJQ1eqL8nUhJqPQ192xkSM9Kr3lz8z+smJrj1Ui7jxDBJl4uCRGAT4XkCeMAVo0ZMLSFUcXsrpiOiCDU2p4INwV19eZ20riuuU3Hv3VLtKosjD2dwDpfgQhVqcAcNaAKFJ3iGV3hDE/SC3tHHsjWHsplT+AP0+QN8W5Er</latexit>
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Failure mechanism

I These aging effects cause transistor parameters, e.g., threshold voltage, to shift from
their nominal values over time, resulting in gradual circuit failure.
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Drawbacks of previous works

Analytical models

I A correct judgment on the reliability of the circuits heavily depends on the appropriate
stress conditions for dynamic aging analysis. It is hard to find the appropriate stress
conditions that lead to the actual degradation on the aging-prone transistors.

I While the static aging analysis causes inaccurate judgment on the aging-prone
transistors since the dynamic stress conditions are completely ignored.

I It is time-consuming to achieve accurate detections when these models are
implemented within the simulators.
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Problem Formulation

Definition 1
dvtlin (HCI+BTI) is defined as the shifting value of threshold voltage of the transistor
from fresh to 10 years due to HCI and BTI.

Estimating dvtlin in Analog ICs

Given some analog IC post-layout netlists and a list containing all transistors with dvtlin
obtained by the dynamic aging analysis as the training set, our task is training a model on
the training set to fast and accurately estimate the dvtlin of transistors on the testing set
while minimizing the estimation error.
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Graph Convolutional Networks ∗
1
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4
3

5

1 2
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1 1
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f(l)i = σ

CONCAT(f(l−1)
i ,

∑
j∈N (i)

f(l−1)
j )W(l)


F(l) = σ

(
CONCAT(F(l−1),AF(l−1))W(l)

)


f(l)1
f(l)2
f(l)3
f(l)4
f(l)5

 = σ

CONCAT




f(l−1)
1

f(l−1)
2

f(l−1)
3

f(l−1)
4

f(l−1)
5

 ,


0 1 1 0 0
1 0 0 1 1
1 0 0 0 1
0 1 0 0 1
0 1 1 1 0




f(l−1)
1

f(l−1)
2

f(l−1)
3

f(l−1)
4

f(l−1)
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

W(l)


∗Kipf+, “Semi-supervised classification with graph convolutional networks,” ICLR, 2016.
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Circuit and Graph Representation†
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Heterogeneity of analog IC

I Typical analog IC netlists have heterogeneity since they contain multi-typed basic
devices and multi-typed connection ports.

†Meissner+,“Feats: Framework for explorative analog topology synthesis,” IEEE TCAD, 2014.
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Heterogeneous directed multigraph

Heterogeneous directed multigraph

A heterogeneous directed multigraph is defined as a graphHMGd(Vhmg, Ehmg,
OVhmg ,REhmg , ϕhmg), where Vhmg is the set of nodes, Ehmg is the multiset of edges. OVhmg

andREhmg represent the sets of node types and edge types, respectively. ϕhmg is adopted
to assign each node in Vhmg to a node type, i.e., ϕhmg(υi) ∈ OVhmg for ∀υi ∈ Vhmg. r
indicates the edge type, such that r ∈ REhmg . Each instance in Ehmg is ((υi, υj), r) and the
ordered pair (υi, υj) satisfies υi, υj ∈ Vhmg.
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Heterogeneous Graph Representation
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Heterogeneous Graph Representation

GND

M1 M2

R

M4

Vdd

M3

GND

M1 M2

R

M4

Vdd

M3

GND

M1 M2

R

M4

Vdd

M3

GND

M1 M2

R

M4

Vdd

M3

I One adjacency matrix is used to represent one type of edges in the heterogeneous
multigraph.
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Heterogeneous feature in analog IC

Heterogeneous feature

I Typical analog integrated circuit is composed of multiple types of basic devices, such
as resistor, capacitor, inductor, transistor and diode.

I Each device has specific design parameters as attributes.
I A unified feature is used to encode all types of basic devices.
I It will miss some information with structural relations (edges) among multi-typed nodes

as well as unstructured content associated with each node.
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Latent space representation

I A node υi ∈ Vhmg whose node type is t = ϕhmg(υi) ∈ OVhmg and feature vector is
xυi ∈ R1×ht ;

I A node-typed-related matrix Ut ∈ Rht×λ to map the feature vector with length ht into a
unified λ-dimension latent space, i.e., f(0)υi = xυi · Ut ∈ R1×λ.

F(0) =
∑

t∈OVhmg

Xt · Ut ∈ R|Vhmg|×λ.
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Embedding Generation

F(l−1)
N =
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Node embedding

Embedding Generation of H-GCN

Require: |REhmg | adjacency matrices Ar and connection-type-related model coefficients wr
with ∀r ∈ REhmg ; feature matrices of all nodes corresponding to each type of nodes Xt
and node-type-related latent space mapping matrices Ut with ∀t ∈ OVhmg ; Search depth
D; non-linear activation function σ(·); Model coefficients matrices W(l).

1: F(0) ←
∑

t∈OVhmg
XtUt;

2: for l = 0 to D− 1 do
3: F(l)

N ←
(∑

r∈REhmg
wrAr

)
· F(l);

4: F(l+1) ← σ
(
CONCAT

(
F(l)
N ,F(l)

)
·W(l)

)
;

5: end for
6: return Embedding feature matrix F(D).
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Large scale circuit netlist training
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The Neighborhood Sampling Algorithm

Require: The input node set Vs, neighborhood threshold T .
1: V(0) ← Vs;
2: for k = 1 to D do
3: V(k) ← V(k−1);
4: for all µ ∈ V(k−1) do
5: V(k) ← V(k) ∪N (µ);
6: end for
7: end for
8: if |V(D)| > T then
9: for all υi ∈ V(D)\Vs do

10: Calculate P(υi) =
|A(i,:)|+|A(:,i)|−A(i,i)

|A| ;
11: end for
12: Sample T − |V(D)| nodes according to the probability P to the set Vb;
13: else
14: Vb ← V(D);
15: end if
16: return The sampled node set Vb;16 / 24



The Neighborhood Sampling Algorithm
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(a) Neighborhood expansions; (b) The sampled set Vb.
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Benchmark: Advanced industrial designs

Table: Statistics of Designs

Design #trans. #device #net
1 4348 99009 18155
2 4382 99696 18299
3 3999 179758 31303
4 3998 185480 33819
5 523 31279 6002

Table: Types of Devices

Type # Design parameter

MOS 51
MOS spice 75
DIO/ESD 8

Cap 12
R 6

VSource 1

I Industrial 5nm technology;
I PLL designs;
I Netlist files include Spectre and SPICE formats.
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Baseline Methods

Method Feature Graph representation
Concat. Latent Homo. Heter.

GPR
√

/ /
MLP

√
/ /

GCN
√ √

Our H-GCN-concat
√ √

Our H-GCN
√ √
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Implementation Details

I Mean Square Error (MSE) function is used as the loss function;
I Weight decay hyperparameter: 10−7;
I Stochastic gradient descent for optimization;
I 2 H-GCN embedding layers + 3 fully-connected layers;
I Each output feature size: 512;
I The number of the training epoch: 500;
I Graph representation is implemented with Python and Networkx library;
I GCN models are implemented with TensorFlow.
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Evaluation Metrics

I The aging performance is obtained from industrial DFR tool.
I Mean Absolute Error (absolute metric) and r2 score (relative metric) as metric to

evaluate the performance.
I dvtlin is used to evaluate device aging performance.
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Experimental Results

Design GPR MLP GCN Our H-GCN-concat Our H-GCN
MAE r2 Score MAE r2 Score MAE r2 Score MAE r2 Score MAE r2 Score

1 3.394 0.366 3.037 0.370 1.416 0.618 1.307 0.775 1.060 0.807
2 3.481 0.448 3.283 0.540 1.395 0.601 1.355 0.763 1.070 0.784
3 5.041 0.257 4.736 0.415 4.404 0.558 2.771 0.760 2.462 0.791
4 4.985 0.245 4.850 0.401 4.408 0.548 2.811 0.749 2.487 0.753
5 4.641 0.393 4.230 0.595 2.344 0.792 1.861 0.818 1.427 0.851

Ave. 4.308 0.342 4.027 0.464 2.793 0.627 2.021 0.773 1.701 0.797

D1 D2 D3 D4 D5 Ave.
102

103

104

Ru
nt
im

e
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)

Industrial DFR tool H-GCN

24.623×
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Conclusion

I We propose a H-GCN framework to detect aging prone devices.
I We propose a unified graph representation for analog IC netlist.
I The heterogeneous embedding generation is developed to map features of various

devices to a unified feature space and multiple interconnections between the
heterogeneous devices in an analog IC.

I Compared with traditional machine learning and graph learning methods, the proposed
H-GCN can achieve more accurate estimations of aging-induced transistor
degradation.

I Compared with an industrial dynamic aging DFR tool, our proposed H-GCN can
achieve 24.623× speedup on average.

23 / 24



Thank You
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