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Outline

1. Some firmware tips 
✓ So that you learn them earlier/easier than I did 

2. ODMB  firmware 
✓ Firmware project 
✓ Functionality of main blocks 
✓ VME protocol 
✓ JTAG protocol
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Some firmware tips I wish somebody 
taught me from the beginning
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Firmware
Low-level software that directly controls a device specific hardware 

➡ ODMB  firmware mostly written in VHDL, some in Verilog  
➡ Good VHDL primer: http://www.seas.upenn.edu/~ese171/vhdl/vhdl_primer.html 

Code specifies how actual logic gates and components in FPGA resources are connected
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D
<latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit><latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit><latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit><latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit>

Q
<latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit><latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit><latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit><latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit>

CE
<latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit><latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit><latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit><latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit>

CLR
<latexit sha1_base64="APWCiJDnnn1+cwtdNGxoJ98wS5Q=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0DKYxsIiivnA5Ah7m0myZG/v2J0Tw5F/YWOhiK3/xs5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0RzqPJKRbgXMgBQK6ihQQivWwMJAQjMYVad+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6bVm7tJt1hyy+4MdJl4GSmRDLVu8avTi3gSgkIumTFtz43RT5lGwSVMCp3EQMz4iA2gbaliIRg/nV08oSdW6dF+pG0ppDP190TKQmPGYWA7Q4ZDs+hNxf+8doL9Sz8VKk4QFJ8v6ieSYkSn79Oe0MBRji1hXAt7K+VDphlHG1LBhuAtvrxMGmdlzy17t+elylUWR54ckWNySjxyQSrkmtRInXCiyDN5JW+OcV6cd+dj3ppzsplD8gfO5w+WSJDY</latexit><latexit sha1_base64="APWCiJDnnn1+cwtdNGxoJ98wS5Q=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0DKYxsIiivnA5Ah7m0myZG/v2J0Tw5F/YWOhiK3/xs5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0RzqPJKRbgXMgBQK6ihQQivWwMJAQjMYVad+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6bVm7tJt1hyy+4MdJl4GSmRDLVu8avTi3gSgkIumTFtz43RT5lGwSVMCp3EQMz4iA2gbaliIRg/nV08oSdW6dF+pG0ppDP190TKQmPGYWA7Q4ZDs+hNxf+8doL9Sz8VKk4QFJ8v6ieSYkSn79Oe0MBRji1hXAt7K+VDphlHG1LBhuAtvrxMGmdlzy17t+elylUWR54ckWNySjxyQSrkmtRInXCiyDN5JW+OcV6cd+dj3ppzsplD8gfO5w+WSJDY</latexit><latexit sha1_base64="APWCiJDnnn1+cwtdNGxoJ98wS5Q=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0DKYxsIiivnA5Ah7m0myZG/v2J0Tw5F/YWOhiK3/xs5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0RzqPJKRbgXMgBQK6ihQQivWwMJAQjMYVad+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6bVm7tJt1hyy+4MdJl4GSmRDLVu8avTi3gSgkIumTFtz43RT5lGwSVMCp3EQMz4iA2gbaliIRg/nV08oSdW6dF+pG0ppDP190TKQmPGYWA7Q4ZDs+hNxf+8doL9Sz8VKk4QFJ8v6ieSYkSn79Oe0MBRji1hXAt7K+VDphlHG1LBhuAtvrxMGmdlzy17t+elylUWR54ckWNySjxyQSrkmtRInXCiyDN5JW+OcV6cd+dj3ppzsplD8gfO5w+WSJDY</latexit><latexit sha1_base64="APWCiJDnnn1+cwtdNGxoJ98wS5Q=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0DKYxsIiivnA5Ah7m0myZG/v2J0Tw5F/YWOhiK3/xs5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0RzqPJKRbgXMgBQK6ihQQivWwMJAQjMYVad+8xG0EZG6x3EMfsgGSvQFZ2ilhw7CE6bVm7tJt1hyy+4MdJl4GSmRDLVu8avTi3gSgkIumTFtz43RT5lGwSVMCp3EQMz4iA2gbaliIRg/nV08oSdW6dF+pG0ppDP190TKQmPGYWA7Q4ZDs+hNxf+8doL9Sz8VKk4QFJ8v6ieSYkSn79Oe0MBRji1hXAt7K+VDphlHG1LBhuAtvrxMGmdlzy17t+elylUWR54ckWNySjxyQSrkmtRInXCiyDN5JW+OcV6cd+dj3ppzsplD8gfO5w+WSJDY</latexit>

C
<latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit>

FDCE
<latexit sha1_base64="kCEgs7oYbgInQpkxzrkWZM4yWrw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMdiVTxWsB+wXUo2zbah2WRJZsWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgorq2vrG8XN0tb2zu5eef+gZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4ej+tRvPzJtuJIPME5YEJOB5BGnBKzkd4E9QXZ7Xb+Z9MoVt+rOgJeJl5MKytHolb+6fUXTmEmgghjje24CQUY0cCrYpNRNDUsIHZEB8y2VJGYmyGYnT/CJVfo4UtqWBDxTf09kJDZmHIe2MyYwNIveVPzP81OILoOMyyQFJul8UZQKDApP/8d9rhkFMbaEUM3trZgOiSYUbEolG4K3+PIyaZ1VPbfq3Z9Xald5HEV0hI7RKfLQBaqhO9RATUSRQs/oFb054Lw4787HvLXg5DOH6A+czx8JKZET</latexit><latexit sha1_base64="kCEgs7oYbgInQpkxzrkWZM4yWrw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMdiVTxWsB+wXUo2zbah2WRJZsWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgorq2vrG8XN0tb2zu5eef+gZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4ej+tRvPzJtuJIPME5YEJOB5BGnBKzkd4E9QXZ7Xb+Z9MoVt+rOgJeJl5MKytHolb+6fUXTmEmgghjje24CQUY0cCrYpNRNDUsIHZEB8y2VJGYmyGYnT/CJVfo4UtqWBDxTf09kJDZmHIe2MyYwNIveVPzP81OILoOMyyQFJul8UZQKDApP/8d9rhkFMbaEUM3trZgOiSYUbEolG4K3+PIyaZ1VPbfq3Z9Xald5HEV0hI7RKfLQBaqhO9RATUSRQs/oFb054Lw4787HvLXg5DOH6A+czx8JKZET</latexit><latexit sha1_base64="kCEgs7oYbgInQpkxzrkWZM4yWrw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMdiVTxWsB+wXUo2zbah2WRJZsWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgorq2vrG8XN0tb2zu5eef+gZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4ej+tRvPzJtuJIPME5YEJOB5BGnBKzkd4E9QXZ7Xb+Z9MoVt+rOgJeJl5MKytHolb+6fUXTmEmgghjje24CQUY0cCrYpNRNDUsIHZEB8y2VJGYmyGYnT/CJVfo4UtqWBDxTf09kJDZmHIe2MyYwNIveVPzP81OILoOMyyQFJul8UZQKDApP/8d9rhkFMbaEUM3trZgOiSYUbEolG4K3+PIyaZ1VPbfq3Z9Xald5HEV0hI7RKfLQBaqhO9RATUSRQs/oFb054Lw4787HvLXg5DOH6A+czx8JKZET</latexit><latexit sha1_base64="kCEgs7oYbgInQpkxzrkWZM4yWrw=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoMdiVTxWsB+wXUo2zbah2WRJZsWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgorq2vrG8XN0tb2zu5eef+gZVSqKWtSJZTuhMQwwSVrAgfBOolmJA4Fa4ej+tRvPzJtuJIPME5YEJOB5BGnBKzkd4E9QXZ7Xb+Z9MoVt+rOgJeJl5MKytHolb+6fUXTmEmgghjje24CQUY0cCrYpNRNDUsIHZEB8y2VJGYmyGYnT/CJVfo4UtqWBDxTf09kJDZmHIe2MyYwNIveVPzP81OILoOMyyQFJul8UZQKDApP/8d9rhkFMbaEUM3trZgOiSYUbEolG4K3+PIyaZ1VPbfq3Z9Xald5HEV0hI7RKfLQBaqhO9RATUSRQs/oFb054Lw4787HvLXg5DOH6A+czx8JKZET</latexit>

D
<latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit><latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit><latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit><latexit sha1_base64="SbBIvWBEfT4FJDKE/2uLlSkgHuY=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRDx4r2A9oQ9lsJ+3SzSbuTsQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqOTR4LGPdDpgBKRQ0UKCEdqKBRYGEVjC6nvqtR9BGxOoexwn4ERsoEQrO0ErtLsITZjeTXrniVt0Z6DLxclIhOeq98le3H/M0AoVcMmM6npugnzGNgkuYlLqpgYTxERtAx1LFIjB+Nrt3Qk+s0qdhrG0ppDP190TGImPGUWA7I4ZDs+hNxf+8TorhpZ8JlaQIis8XhamkGNPp87QvNHCUY0sY18LeSvmQacbRRlSyIXiLLy+T5lnVc6ve3XmldpXHUSRH5JicEo9ckBq5JXXSIJxI8kxeyZvz4Lw4787HvLXg5DOH5A+czx9XuJAn</latexit>

Q
<latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit><latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit><latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit><latexit sha1_base64="lmK/R9AoSO5Z17YVW7s0asWtVXU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2aNab9ccavuHGSVeDmpQI56v/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1WtcVmo3eRxFOIFTOAcPrqAGd1CHJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNreZA0</latexit>

CE
<latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit><latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit><latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit><latexit sha1_base64="TpJrin+qmR95Rc6I5RVkdKTKa6I=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUQEPRaL4LGC/ZA2lM120i7d3YTdiVhCf4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJoIb9LxvZ2V1bX1js7BV3N7Z3dsvHRw2TZxqBg0Wi1i3Q2pAcAUN5CignWigMhTQCke1qd96BG14rO5xnEAg6UDxiDOKVnroIjxhVruZ9Eplr+LN4C4TPydlkqPeK311+zFLJShkghrT8b0Eg4xq5EzApNhNDSSUjegAOpYqKsEE2ezgiXtqlb4bxdqWQnem/p7IqDRmLEPbKSkOzaI3Ff/zOilGV0HGVZIiKDZfFKXCxdidfu/2uQaGYmwJZZrbW102pJoytBkVbQj+4svLpHle8b2Kf3dRrl7ncRTIMTkhZ8Qnl6RKbkmdNAgjkjyTV/LmaOfFeXc+5q0rTj5zRP7A+fwB5t2QdQ==</latexit>

C
<latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit>

FDPE
<latexit sha1_base64="fDdvTwA/ISmzl7hlHcvD6gT2e0w=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKoMfgC48RzAM2S5iddJIhszPLTK8YlnyGFw+KePVrvPk3TpI9aLSgoajqprsrSgQ36HlfTmFpeWV1rbhe2tjc2t4p7+41jUo1gwZTQul2RA0ILqGBHAW0Ew00jgS0otHl1G89gDZcyXscJxDGdCB5nzOKVgo6CI+Y3VzVryfdcsWrejO4f4mfkwrJUe+WPzs9xdIYJDJBjQl8L8Ewoxo5EzApdVIDCWUjOoDAUkljMGE2O3niHlml5/aVtiXRnak/JzIaGzOOI9sZUxyaRW8q/ucFKfbPw4zLJEWQbL6onwoXlTv93+1xDQzF2BLKNLe3umxINWVoUyrZEPzFl/+S5knV96r+3WmldpHHUSQH5JAcE5+ckRq5JXXSIIwo8kReyKuDzrPz5rzPWwtOPrNPfsH5+AYc95Eg</latexit><latexit sha1_base64="fDdvTwA/ISmzl7hlHcvD6gT2e0w=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKoMfgC48RzAM2S5iddJIhszPLTK8YlnyGFw+KePVrvPk3TpI9aLSgoajqprsrSgQ36HlfTmFpeWV1rbhe2tjc2t4p7+41jUo1gwZTQul2RA0ILqGBHAW0Ew00jgS0otHl1G89gDZcyXscJxDGdCB5nzOKVgo6CI+Y3VzVryfdcsWrejO4f4mfkwrJUe+WPzs9xdIYJDJBjQl8L8Ewoxo5EzApdVIDCWUjOoDAUkljMGE2O3niHlml5/aVtiXRnak/JzIaGzOOI9sZUxyaRW8q/ucFKfbPw4zLJEWQbL6onwoXlTv93+1xDQzF2BLKNLe3umxINWVoUyrZEPzFl/+S5knV96r+3WmldpHHUSQH5JAcE5+ckRq5JXXSIIwo8kReyKuDzrPz5rzPWwtOPrNPfsH5+AYc95Eg</latexit><latexit sha1_base64="fDdvTwA/ISmzl7hlHcvD6gT2e0w=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKoMfgC48RzAM2S5iddJIhszPLTK8YlnyGFw+KePVrvPk3TpI9aLSgoajqprsrSgQ36HlfTmFpeWV1rbhe2tjc2t4p7+41jUo1gwZTQul2RA0ILqGBHAW0Ew00jgS0otHl1G89gDZcyXscJxDGdCB5nzOKVgo6CI+Y3VzVryfdcsWrejO4f4mfkwrJUe+WPzs9xdIYJDJBjQl8L8Ewoxo5EzApdVIDCWUjOoDAUkljMGE2O3niHlml5/aVtiXRnak/JzIaGzOOI9sZUxyaRW8q/ucFKfbPw4zLJEWQbL6onwoXlTv93+1xDQzF2BLKNLe3umxINWVoUyrZEPzFl/+S5knV96r+3WmldpHHUSQH5JAcE5+ckRq5JXXSIIwo8kReyKuDzrPz5rzPWwtOPrNPfsH5+AYc95Eg</latexit><latexit sha1_base64="fDdvTwA/ISmzl7hlHcvD6gT2e0w=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPgKeyKoMfgC48RzAM2S5iddJIhszPLTK8YlnyGFw+KePVrvPk3TpI9aLSgoajqprsrSgQ36HlfTmFpeWV1rbhe2tjc2t4p7+41jUo1gwZTQul2RA0ILqGBHAW0Ew00jgS0otHl1G89gDZcyXscJxDGdCB5nzOKVgo6CI+Y3VzVryfdcsWrejO4f4mfkwrJUe+WPzs9xdIYJDJBjQl8L8Ewoxo5EzApdVIDCWUjOoDAUkljMGE2O3niHlml5/aVtiXRnak/JzIaGzOOI9sZUxyaRW8q/ucFKfbPw4zLJEWQbL6onwoXlTv93+1xDQzF2BLKNLe3umxINWVoUyrZEPzFl/+S5knV96r+3WmldpHHUSQH5JAcE5+ckRq5JXXSIIwo8kReyKuDzrPz5rzPWwtOPrNPfsH5+AYc95Eg</latexit>

PRE
<latexit sha1_base64="XSxhmrCVSMd7u7D9pD/IzYCuxSQ=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiyK4LGK/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7S8srq2Xtgobm5t7+yW9vYbJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIZXE7/5CNqIWN3jKAE/Yn0lQsEZWumhg/CEWe3uetwtld2KOwVdJF5OyiRHrVv66vRinkagkEtmTNtzE/QzplFwCeNiJzWQMD5kfWhbqlgExs+mF4/psVV6NIy1LYV0qv6eyFhkzCgKbGfEcGDmvYn4n9dOMbzwM6GSFEHx2aIwlRRjOnmf9oQGjnJkCeNa2FspHzDNONqQijYEb/7lRdI4rXhuxbs9K1cv8zgK5JAckRPikXNSJTekRuqEE0WeySt5c4zz4rw7H7PWJSefOSB/4Hz+AJ+GkN4=</latexit><latexit sha1_base64="XSxhmrCVSMd7u7D9pD/IzYCuxSQ=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiyK4LGK/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7S8srq2Xtgobm5t7+yW9vYbJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIZXE7/5CNqIWN3jKAE/Yn0lQsEZWumhg/CEWe3uetwtld2KOwVdJF5OyiRHrVv66vRinkagkEtmTNtzE/QzplFwCeNiJzWQMD5kfWhbqlgExs+mF4/psVV6NIy1LYV0qv6eyFhkzCgKbGfEcGDmvYn4n9dOMbzwM6GSFEHx2aIwlRRjOnmf9oQGjnJkCeNa2FspHzDNONqQijYEb/7lRdI4rXhuxbs9K1cv8zgK5JAckRPikXNSJTekRuqEE0WeySt5c4zz4rw7H7PWJSefOSB/4Hz+AJ+GkN4=</latexit><latexit sha1_base64="XSxhmrCVSMd7u7D9pD/IzYCuxSQ=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiyK4LGK/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7S8srq2Xtgobm5t7+yW9vYbJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIZXE7/5CNqIWN3jKAE/Yn0lQsEZWumhg/CEWe3uetwtld2KOwVdJF5OyiRHrVv66vRinkagkEtmTNtzE/QzplFwCeNiJzWQMD5kfWhbqlgExs+mF4/psVV6NIy1LYV0qv6eyFhkzCgKbGfEcGDmvYn4n9dOMbzwM6GSFEHx2aIwlRRjOnmf9oQGjnJkCeNa2FspHzDNONqQijYEb/7lRdI4rXhuxbs9K1cv8zgK5JAckRPikXNSJTekRuqEE0WeySt5c4zz4rw7H7PWJSefOSB/4Hz+AJ+GkN4=</latexit><latexit sha1_base64="XSxhmrCVSMd7u7D9pD/IzYCuxSQ=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiyK4LGK/cA2lM120i7dbMLuRCyh/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEikMuu63s7S8srq2Xtgobm5t7+yW9vYbJk41hzqPZaxbATMghYI6CpTQSjSwKJDQDIZXE7/5CNqIWN3jKAE/Yn0lQsEZWumhg/CEWe3uetwtld2KOwVdJF5OyiRHrVv66vRinkagkEtmTNtzE/QzplFwCeNiJzWQMD5kfWhbqlgExs+mF4/psVV6NIy1LYV0qv6eyFhkzCgKbGfEcGDmvYn4n9dOMbzwM6GSFEHx2aIwlRRjOnmf9oQGjnJkCeNa2FspHzDNONqQijYEb/7lRdI4rXhuxbs9K1cv8zgK5JAckRPikXNSJTekRuqEE0WeySt5c4zz4rw7H7PWJSefOSB/4Hz+AJ+GkN4=</latexit>

A
<latexit sha1_base64="jfLiu1ifZ6mm3O1netiDD+5/dZA=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPVi8cK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxupn7rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2dWkV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXedxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdTKZAk</latexit><latexit sha1_base64="jfLiu1ifZ6mm3O1netiDD+5/dZA=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPVi8cK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxupn7rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2dWkV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXedxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdTKZAk</latexit><latexit sha1_base64="jfLiu1ifZ6mm3O1netiDD+5/dZA=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPVi8cK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxupn7rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2dWkV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXedxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdTKZAk</latexit><latexit sha1_base64="jfLiu1ifZ6mm3O1netiDD+5/dZA=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPVi8cK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYxupn7rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2dWkV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3d16pXedxFMkROSanxCMXpEZuSZ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdTKZAk</latexit>

A b
<latexit sha1_base64="8+qZDfpZwMk54agbr2FHicQBBO8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHqxWMFWwtNKJvtpl262Q27E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoZuo/PDJtuJL3OE5ZmJCB5DGnBK3UDZA9YX4V9KJJr1rz6t4M7jLxC1KDAs1e9SvoK5olTCIVxJiu76UY5kQjp4JNKkFmWEroiAxY11JJEmbCfHbyxD2xSt+NlbYl0Z2pvydykhgzTiLbmRAcmkVvKv7ndTOML8OcyzRDJul8UZwJF5U7/d/tc80oirElhGpub3XpkGhC0aZUsSH4iy8vk/ZZ3ffq/t15rXFdxFGGIziGU/DhAhpwC01oAQUFz/AKbw46L8678zFvLTnFzCH8gfP5A3zikV8=</latexit><latexit sha1_base64="8+qZDfpZwMk54agbr2FHicQBBO8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHqxWMFWwtNKJvtpl262Q27E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoZuo/PDJtuJL3OE5ZmJCB5DGnBK3UDZA9YX4V9KJJr1rz6t4M7jLxC1KDAs1e9SvoK5olTCIVxJiu76UY5kQjp4JNKkFmWEroiAxY11JJEmbCfHbyxD2xSt+NlbYl0Z2pvydykhgzTiLbmRAcmkVvKv7ndTOML8OcyzRDJul8UZwJF5U7/d/tc80oirElhGpub3XpkGhC0aZUsSH4iy8vk/ZZ3ffq/t15rXFdxFGGIziGU/DhAhpwC01oAQUFz/AKbw46L8678zFvLTnFzCH8gfP5A3zikV8=</latexit><latexit sha1_base64="8+qZDfpZwMk54agbr2FHicQBBO8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHqxWMFWwtNKJvtpl262Q27E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoZuo/PDJtuJL3OE5ZmJCB5DGnBK3UDZA9YX4V9KJJr1rz6t4M7jLxC1KDAs1e9SvoK5olTCIVxJiu76UY5kQjp4JNKkFmWEroiAxY11JJEmbCfHbyxD2xSt+NlbYl0Z2pvydykhgzTiLbmRAcmkVvKv7ndTOML8OcyzRDJul8UZwJF5U7/d/tc80oirElhGpub3XpkGhC0aZUsSH4iy8vk/ZZ3ffq/t15rXFdxFGGIziGU/DhAhpwC01oAQUFz/AKbw46L8678zFvLTnFzCH8gfP5A3zikV8=</latexit><latexit sha1_base64="8+qZDfpZwMk54agbr2FHicQBBO8=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHqxWMFWwtNKJvtpl262Q27E7GE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmlldW19o7xZ2dre2d2r7h+0jco0ZS2qhNKdiBgmuGQt5ChYJ9WMJJFgD9HoZuo/PDJtuJL3OE5ZmJCB5DGnBK3UDZA9YX4V9KJJr1rz6t4M7jLxC1KDAs1e9SvoK5olTCIVxJiu76UY5kQjp4JNKkFmWEroiAxY11JJEmbCfHbyxD2xSt+NlbYl0Z2pvydykhgzTiLbmRAcmkVvKv7ndTOML8OcyzRDJul8UZwJF5U7/d/tc80oirElhGpub3XpkGhC0aZUsSH4iy8vk/ZZ3ffq/t15rXFdxFGGIziGU/DhAhpwC01oAQUFz/AKbw46L8678zFvLTnFzCH8gfP5A3zikV8=</latexit>

B
<latexit sha1_base64="3xolzF4hAmJZPH/FqlanHzUxtGE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2b1ab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1bu7rNTqeRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNUrpAl</latexit><latexit sha1_base64="3xolzF4hAmJZPH/FqlanHzUxtGE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2b1ab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1bu7rNTqeRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNUrpAl</latexit><latexit sha1_base64="3xolzF4hAmJZPH/FqlanHzUxtGE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2b1ab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1bu7rNTqeRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNUrpAl</latexit><latexit sha1_base64="3xolzF4hAmJZPH/FqlanHzUxtGE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GNzO//ci1EbG6x0nC/YgOlQgFo2ilTg/5E2b1ab9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5vVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmT1PBkJzhnJiCWVa2FsJG1FNGdqISjYEb/nlVdK6qHpu1bu7rNTqeRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNUrpAl</latexit>

C
<latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit><latexit sha1_base64="fFYHq2Ou843IZbTppveiT9DNkJE=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOxF48V7Ae0oWy2m3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7G9ZnffuTaiFjd4yThfkSHSoSCUbRSp4f8CbP6tF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn83ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzJ4nA6E5QzmxhDIt7K2EjaimDG1EJRuCt/zyKmldVD236t1dVmo3eRxFOIFTOAcPrqAGt9CAJjCQ8Ayv8OY8OC/Ou/OxaC04+cwx/IHz+QNWM5Am</latexit>
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Chapter 3: About Design Elements

FDCE
Primitive: D Flip-Flop with Clock Enable and Asynchronous Clear

Introduction
This design element is a single D-type flip-flop with clock enable and asynchronous clear. When clock enable
(CE) is High and asynchronous clear (CLR) is Low, the data on the data input (D) of this design element is
transferred to the corresponding data output (Q) during the Low-to-High clock (C) transition. When CLR is High,
it overrides all other inputs and resets the data output (Q) Low. When CE is Low, clock transitions are ignored.

This flip-flop is asynchronously cleared, outputs Low, when power is applied. For FPGA devices, power-on
conditions are simulated when global set/reset (GSR) is active. GSR defaults to active-High but can be inverted
by adding an inverter in front of the GSR input of the appropriate STARTUP_architecture symbol.

Logic Table
Inputs Outputs
CLR CE D C Q
1 X X X 0

0 0 X X No Change

0 1 D ↑ D

Design Entry Method
Instantiation Yes

Inference Recommended

CORE Generator™ and wizards No

Macro support No

Available Attributes

Attribute Type
Allowed
Values Default Description

INIT Binary 0, 1 0 Sets the initial value of Q output after configuration

For Spartan®-6, the INIT value should always match
the polarity of the set or reset. For this element, the
INIT should be 0. If set to 1, an asynchronous circuit
must be created to exhibit this behavior, which Xilinx
does not recommend.
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Chapter 3: About Design Elements

FDPE
Primitive: D Flip-Flop with Clock Enable and Asynchronous Preset

Introduction
This design element is a single D-type flip-flop with data (D), clock enable (CE), and asynchronous preset
(PRE) inputs and data output (Q). The asynchronous PRE, when High, overrides all other inputs and sets the
(Q) output High. Data on the (D) input is loaded into the flip-flop when PRE is Low and CE is High on the
Low-to-High clock (C) transition. When CE is Low, the clock transitions are ignored.

For FPGA devices, this flip-flop is asynchronously preset, output High, when power is applied. Power-on
conditions are simulated when global set/reset (GSR) is active. GSR defaults to active-High but can be inverted
by adding an inverter in front of the GSR input of the appropriate STARTUP_architecture symbol.

Logic Table
Inputs Outputs
PRE CE D C Q
1 X X X 1

0 0 X X No Change

0 1 D ↑ D

Design Entry Method
Instantiation Yes

Inference Recommended

CORE Generator™ and wizards No

Macro support No

Available Attributes

Attribute Type
Allowed
Values Default Description

INIT Binary 0, 1 1 Sets the initial value of Q output after configuration

For Spartan®-6, Xilinx recommends that the INIT
value always matches the polarity of the set or reset.
For this element, the INIT should be 1. If set to 0,
additional asynchronous circuitry will be created to
correctly model the behavior.
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http://www.seas.upenn.edu/~ese171/vhdl/vhdl_primer.html
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Concurrent logic

Whenever possible, concurrent logic is preferred 
➡ Less overhead and delays, clearer hardware implementation

!5

Concurrent

Bad sequential 
logic

Also possible to use sequential logic 
using processes

All standard statements happen at the same time
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Signal directionality
All signals have direction: modules have well defined inputs and outputs 

➡ When trying to understand new code, you look for which signal are driving others 

Possible to change direction, for instance, with IOBUF 
➡ eg. In ODMB.V2 by mistake DCFEB_TMS/TDI were inputs, and in V3/V4 we made them outputs, so we wrote the following 

code that works both with V2 and V3/V4 

➡ Single numbers between single quotes (eg. ‘1’) and multiple numbers between double quotes (eg. “11001”) are binary 
➡ Numbers between double quotes and preceded by an “x” are hexadecimal (eg. x“10” = “0001 0000”)

!6

Chapter 3: About Design Elements

IOBUF
Primitive: Bi-Directional Buffer

Introduction
The design element is a bidirectional single-ended I/O Buffer used to connect internal logic to an external
bidirectional pin.

Logic Table
Inputs Bidirectional Outputs
T I IO O
1 X Z IO

0 1 1 1

0 0 0 0

Port Descriptions
Port Direction Width Function
O Output 1 Buffer output

IO Inout 1 Buffer inout

I Input 1 Buffer input

T Input 1 3-State enable input

Design Entry Method
Instantiation Yes

Inference Recommended

CORE Generator™ and wizards No

Macro support No

Virtex-6 Libraries Guide for HDL Designs
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Need to be careful with timing issues 
➡ Signals take time to travel in FPGA, and each logic gate introduces a delay (~0.2 ns) 
➡ Need to respect the setup and hold times for flip-flops 
➡ In the ODMB, signal up to 160 MHz → 6.25 ns period, clock edge every 3.125 ns 

Timing errors lead to random behavior, difficult to debug 
➡ We will use synchronous design with most signals changing on edges of clock 

✴ Do no use gated clocks (flip-flops with non-clocks in the clock input) 
➡ Based on this paper https://inst.eecs.berkeley.edu/~cs150/sp10/Collections/Papers/ClockCrossing.pdf

Timing issues

!7
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Product Specification 37

Input/Output Logic Switching Characteristics
 

HT (HyperTransport), 2.5V LDT_25 100 0 0(2) 0.6

LVPECL (Low-Voltage Positive Emitter-Coupled Logic), 
2.5V

LVPECL_25 100 0 0(2) 0

LVDCI/HSLVDCI, 2.5V LVDCI_25, HSLVDCI_25 1M 0 1.25 0

LVDCI/HSLVDCI, 1.8V LVDCI_18, HSLVDCI_18 1M 0 0.9 0

LVDCI/HSLVDCI, 1.5V LVDCI_15, HSLVDCI_15 1M 0 0.75 0

HSTL (High-Speed Transceiver Logic), Class I & II, with DCI HSTL_I_DCI, HSTL_II_DCI 50 0 VREF 0.75

HSTL, Class III, with DCI HSTL_III_DCI 50 0 0.9 1.5

HSTL, Class I & II, 1.8V, with DCI HSTL_I_DCI_18, HSTL_II_DCI_18 50 0 VREF 0.9

HSTL, Class III, 1.8V, with DCI HSTL_III_DCI_18 50 0 1.1 1.8

SSTL (Stub Series Termi.Logic), Class I & II, 1.8V, with DCI SSTL18_I_DCI, SSTL18_II_DCI 50 0 VREF 0.9

SSTL, Class I & II, 2.5V, with DCI SSTL2_I_DCI, SSTL2_II_DCI 50 0 VREF 1.25

Notes: 
1. CREF is the capacitance of the probe, nominally 0 pF.
2. The value given is the differential output voltage.

Table  49: ILOGIC Switching Characteristics

Symbol Description
Speed Grade

Units
-3 -2 -1 -1L

Setup/Hold

TICE1CK/TICKCE1 CE1 pin Setup/Hold with respect to CLK 0.21/
0.03

0.25/
0.04

0.27/
0.04

0.31/
0.05

ns

TISRCK/TICKSR SR pin Setup/Hold with respect to CLK 0.66/
–0.08

0.78/
–0.08

0.96/
–0.08

1.09/
–0.11

ns

TIDOCK/TIOCKD D pin Setup/Hold with respect to CLK without Delay 0.07/
0.41

0.08/
0.46

0.10/
0.54

0.11/
0.64

ns

TIDOCKD/TIOCKDD DDLY pin Setup/Hold with respect to CLK (using IODELAY) 0.10/
0.32

0.12/
0.36

0.14/
0.42

0.16/
0.50

ns

Combinatorial

TIDI D pin to O pin propagation delay, no Delay 0.15 0.17 0.20 0.23 ns

TIDID DDLY pin to O pin propagation delay (using IODELAY) 0.19 0.22 0.25 0.28 ns

Sequential Delays

TIDLO D pin to Q1 pin using flip-flop as a latch without Delay 0.48 0.54 0.64 0.73 ns

TIDLOD DDLY pin to Q1 pin using flip-flop as a latch (using IODELAY) 0.52 0.58 0.68 0.78 ns

TICKQ CLK to Q outputs 0.54 0.61 0.70 0.93 ns

TRQ_ILOGIC SR pin to OQ/TQ out 0.85 0.97 1.15 1.32 ns

TGSRQ_ILOGIC Global Set/Reset to Q outputs 7.60 7.60 10.51 10.51 ns

Set/Reset

TRPW_ILOGIC Minimum Pulse Width, SR inputs 0.78 0.95 1.20 1.30 ns, Min

Table  48: Output Delay Measurement Methodology (Cont’d)

Description I/O Standard
Attribute

RREF 
(Ω)

CREF
(1) 

(pF)
VMEAS

(V)
VREF
(V)
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TIDID DDLY pin to O pin propagation delay (using IODELAY) 0.19 0.22 0.25 0.28 ns
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LVDCI/HSLVDCI, 2.5V LVDCI_25, HSLVDCI_25 1M 0 1.25 0
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Combinatorial

TIDI D pin to O pin propagation delay, no Delay 0.15 0.17 0.20 0.23 ns
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https://inst.eecs.berkeley.edu/~cs150/sp10/Collections/Papers/ClockCrossing.pdf
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Clock synchronizer
Used to synchronize a level signal to a new clock 

➡ Latency of 2 clock cycles in new clock domain 

Implemented in source/utils/crossclock.vhd

!8
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AS DIGITAL DESIGN BECOMES INCREASINGLY SOPHISTICATED,

CIRCUITS WITH MULTIPLE CLOCKS MUST RELIABLY 

COMMUNICATE WITH EACH OTHER.

Only the most elementary logic circuits use a
single clock. Most data-movement applica-
tions, including disk-drive controllers, CD-

ROM/DVD controllers, modems, network inter-
faces, and network processors, bear inherent
challenges moving data across multiple clock do-
mains. When signals travel from one clock domain
to another, the signal appears to be asynchronous
in the new clock domain.

In modern IC,ASIC, and FPGA designs, engineers
have many software programs to help them create
million-gate circuits, but these programs do not
solve the problem of signal synchronization. It is up
to the designer to know reliable design techniques
that reduce the risk of failure for circuits commu-
nicating across clock domains.

FUNDAMENTALS

The first step in managing multiclock designs is
to understand the problem of signal stability. When
a signal crosses a clock domain, it appears to the cir-
cuitry in the new clock domain as an asynchronous
signal. The circuit that receives this signal needs to
synchronize it. Synchronization prevents the meta-
stable state of the first storage element (flip-flop) in
the new clock domain from propagating through the
circuit.

Metastability is the inability of a flip-flop to arrive
at a known state in a specific amount of time. When
a flip-flop enters a metastable state, you can predict
neither the element’s output voltage level nor when
the output will settle to a correct voltage level. Dur-
ing this settling time, the flip-flop’s output is at some
intermediate voltage level or may oscillate and can
cascade the invalid output level to flip-flops
farther down the signal path.

The input must be stable during a small window
of time around the active edge of the clock for any
flip-flop. This window of time is a function of the
design of the flip-flop, the implementation technol-

ogy, operating conditions, and the load on the out-
put for outputs that are not buffered. Sharp edge
rates on the input signal minimize the window. More
windows of vulnerability arise as the clock frequen-
cy increases, and the probability of hitting the win-
dow increases as the data frequency increases.

FPGA manufacturers and IC foundries qualify
their flip-flops and determine their characteristics.
“MTBF”(mean time between failures) describes the
metastability characteristic of a flip-flop using sta-
tistics to determine the probability of a flip-flop’s
failure. Manufacturers base the MTBF in part on the
length of the time window during which a change in
the input signal causes the flip-flop to become un-
stable. In addition, MTBF calculation uses the fre-
quency of the input signal and the frequency of the
clock driving the flip-flop.

Each type of flip-flop in an ASIC or FPGA library
has timing requirements to help you determine the
window of vulnerability. “Setup time” describes the
time an input signal to a flip-flop must be stable be-
fore the clock edge. “Hold time” is the time the sig-
nal must remain stable after the clock edge. These
specifications are usually conservative to account for
all the possible variations in supply voltage, operat-

Crossing the abyss: 
asynchronous signals 
in a synchronous world

CLR

SET

CLR

SET

CLR

SET OUTPUT

CLOCK 2CLOCK 1

DATA

CLOCK 1 DOMAIN CLOCK 2 DOMAIN

NO COMBINATIONAL LOGIC HERE

D Q

Q

D Q

Q

D Q

Q

In a full synchronizer circuit, the signal-cross-
ing clock domains should pass from the origi-

nating flip-flop in the original clock domain to the first flip-
flop of the synchronizer without passing through any combi-
national logic between the originating flip-flop and the first
flip-flop of the synchronizer.

F igure  1

designfeature By Mike Stein, Paradigm Works

“Crossing the abyss: asynchronous signals in a synchronous world” 
 Mike Stein, designfeature 59 (2013)

Note convention of using 
ports (inputs/outputs) in 

all capitals

https://inst.eecs.berkeley.edu/~cs150/sp10/Collections/Papers/ClockCrossing.pdf
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Edge-detecting synchronizer
Creates a one-clock-cycle long pulse in a faster or equal clock domain when there is a rising 
edge in the original clock domain 

Implemented in source/utils/pulse2fast.vhd
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designfeature Asynchronous signals

60 edn | July 24, 2003 www.edn.com

ing temperature, signal quality, and fab-
rication. If a design meets these timing
requirements, the possibility is negligible
that the flip-flop will fail.

Synthesis programs in modern IC and
FPGA designs ensure that digital circuits
meet the setup-and-hold requirements
for each flip-flop in the design; however,
asynchronous signals pose problems for
the software.A signal crossing a clock do-
main appears to be asynchronous to the
logic in the new clock domain. Most syn-
thesis programs have trouble determin-
ing whether asynchronous signals meet
the timing requirements for flip-flops.
Because they cannot determine the time
the flip-flop is unstable, they cannot de-
termine the total delay from the flip-flop
through the combinational logic to the
next flip-flop. The best course, then, is to
use circuits that mitigate the impact of
asynchronous signaling.

SIGNAL SYNCHRONIZATION

The purpose of synchronizing signals
is to protect downstream logic from the
metastable state of the first flip-flop in a
new clock domain. A simple synchroniz-
er comprises two flip-flops in series with-
out any combinational circuitry between
them. This design ensures that the first
flip-flop exits its metastable state and its
output settles before the second flip-flop
samples it.You also need to place the flip-
flops close to each other to ensure the
smallest possible clock skew between
them.

IC foundries help with signal synchro-
nization by providing synchronizer cells.
These cells usually comprise a flip-flop
with a very high gain that uses more pow-
er and is larger than a standard flip-flop.
Such a flip-flop has reduced setup-and-
hold-time requirements for the input sig-
nal and is resistant to oscillation when the
input signal causes a metastable condi-
tion. Another type of synchronizer cell
contains two flip-flops, thus easing your

job by placing the flip-flops close to each
other and preventing you from placing
any combinational logic between them.

For synchronization to work properly,
the signal crossing a clock domain should
pass from flip-flop in the original clock
domain to the first flip-flop of the syn-
chronizer without passing through any
combinational logic between the two
(Figure 1). This requirement is important
because the first stage of a synchronizer is
sensitive to glitches that combination log-
ic produces.A long enough glitch that oc-
curs at the correct time could meet the
setup-and-hold requirements of the first
flip-flop in the synchronizer, leading the
synchronizer to pass a false-valid indica-
tion to the rest of the logic in the new
clock domain.

A synchronized signal is valid in the
new clock domain after two clock edges.
The signal delay is between one and two
clock periods in the new clock domain. A
rule of thumb is that a synchronizer cir-
cuit causes two clock cycles of delay in the
new clock domain, and a designer needs
to consider how synchronization delay
impacts timing of signals crossing clock
domains.

There are many designs for synchro-
nizers because one type does not work
well in all applications. Synchronizers fall
into one of three basic categories: level,
edge-detecting, and pulse (Table 1). Oth-
er synchronizer designs exist, but these
serve for most applications a designer en-
counters. In a level synchronizer, the sig-
nal crossing a clock domain stays high
and stays low for more than two clock cy-

cles in the new clock domain. A require-
ment of this circuit is that the signal
needs to change to its invalid state before
it can become valid again. Each time the
signal goes valid, the receiving logic con-
siders it a single event, no matter how
long the signal remains valid. This circuit
is the heart of all other synchronizers.

The edge-detecting synchronizer cir-
cuit adds a flip-flop to the output of the
level synchronizer (Figure 2). The output
of the additional flip-flop is inverted and
ANDed with the output of the level syn-
chronizer. This circuit detects the rising
edge of the input to the synchronizer and
generates a clockwide, active-high pulse.
Switching the inverter on the AND gate
inputs creates a synchronizer that detects
the falling edge of the input signal.
Changing the AND gate to a NAND gate
results in a circuit that generates an ac-
tive-low pulse.

The edge-detecting synchronizer works
well at synchronizing a pulse going to a
faster clock domain. This circuit produces
a pulse that indicates the rising or falling
edge of the input signal. One restriction
of this synchronizer is that the width of
the input pulse must be greater than the
period of the synchronizer clock plus the
required hold time of the first synchro-
nizer flip-flop. The safest pulse width is
twice the synchronizer clock period. This
synchronizer does not work if the input is
a single clockwide pulse entering a slow-
er clock domain; however, the pulse syn-
chronizer solves this problem.

The input signal of a pulse synchro-
nizer is a single clockwide pulse that trig-
gers a toggle circuit in the originating
clock domain (Figure 3). The output of
the toggle circuit switches from high to
low and vice versa each time it receives a
pulse and passes through the level syn-
chronizer to arrive at one input of the
XOR gate, while a one-clock-cycle-de-
layed version goes to the other input of
the XOR. For one clock cycle, each time
the toggle circuit changes state, the out-
put of this synchronizer generates a sin-
gle clockwide pulse.

The edge-detecting synchronizer circuit adds a flip-flop to the output of the level synchronizer.
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TABLE 1—SYNCHRONIZER TYPES AND USES
Type Application Input Output Restriction
Level Synchronizes level Level Level Input must be valid for at least two
signals clock periods in the new domain.

Each time output goes valid counts
as a single event.

Edge- Detects rising or Level or Pulse Input must be valid for at least two
detecting falling edge of input pulse clock periods in the new domain.
Pulse Synchronizes single Pulse Pulse Input pulses must have at least two

clockwide pulses clock periods between them in the
new domain.

“Crossing the abyss: asynchronous signals in a synchronous world” 
 Mike Stein, designfeature 59 (2013)

https://inst.eecs.berkeley.edu/~cs150/sp10/Collections/Papers/ClockCrossing.pdf
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Pulse synchronizer
Creates a one-clock-cycle long pulse in a slower, faster or equal clock domain when there is a 
pulse in the original clock domain 

Implemented in source/utils/pulse2slow.vhd

!10
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The basic function of a pulse synchro-
nizer is to take a single clockwide pulse
from one clock domain and create a sin-
gle clockwide pulse in the new domain.
One restriction of a pulse synchronizer is
that input pulses must have a minimum
spacing between pulses equal to two syn-
chronizer clock periods. If the input puls-
es are closer, the output pulses in the new
clock domain are adjacent to each other,
resulting in an output pulse that is wider
than one clock cycle.This problem is more
severe when the clock period of input
pulse is greater than twice the synchro-
nizer clock period. In this case,
if the input pulses are too close,
the synchronizer does not detect
every one.

HANDSHAKING AND FIFOs

In many applications, simple
signals are not the only infor-
mation crossing clock domains;
data, address, and con-
trol buses also travel
together across domains. Engi-
neers have at their disposal ad-
ditional tools, such as hand-
shaking protocols and FIFOs,
that can handle these situations.

Handshaking allows digital
circuits to effectively communi-

cate with each other when the response
time of one or both circuits is unpre-
dictable. For example, an arbitrated bus
allows more than one circuit to request
access to a single bus, such as PCI or
AMBA (Advanced Microcontroller Bus
Architecture), using arbitration to deter-
mine which circuit gains access to the bus.
Each circuit signals a request, and the ar-
bitration logic determines which request
“wins.” This winning circuit receives an
acknowledgment indicating that it has
access to the bus. It then discontinues its
request and begins the bus transaction.

Full- and partial-handshake signaling
are the two fundamental types of hand-
shake protocol that circuits on different
clock domains use. Each type of hand-
shake uses synchronizers, and each has its
own set of design trade-offs. In full-hand-
shake signaling, the two circuits wait for
each other before asserting or dropping
their respective handshake signal (Figure
4). First, Circuit A asserts its request sig-
nal.Next,Circuit B detects that the request
signal is valid and asserts its acknowledg-
ment signal. When Circuit A detects that
the acknowledgment signal is valid, it

drops its request signal. Finally,
when Circuit B detects that the
request is invalid, it drops its ac-
knowledgment signal. Circuit A
does not make a new request
until it detects that the ac-
knowledgment signal is invalid.

This type of handshake uses
level synchronizers. A designer
uses this technique when the
acknowledging circuit (Circuit
B) needs to inform the re-
questing circuit (Circuit A)
that it is actively processing the
request. This handshake re-
quires that the requesting cir-
cuit hold off its next request
until it detects that the ac-

TABLE 2—HANDSHAKING TECHNIQUES
Handshake type Circuits Signaling type Sequence length Synchronizer Restrictions

Full Circuit A Level Five clocks Level Sequence is long.
(request) Request must be invalid for at least two of the Circuit B

clock periods.
Circuit B Level Six clocks Level Acknowledgment must be invalid for at least two of the 
(acknowledge) Circuit A clock periods.

Partial I Circuit A Level Three clocks Pulse or edge- Must control rate of acknowledgment pulses.
(request) detect
Circuit B Pulse Five clocks Level Request must be invalid for at least two of the Circuit B
(acknowledge) clock periods.

Partial II Circuit A Pulse Two clocks Pulse or edge- Must save pending request information.
(request) detect
Circuit B Pulse Three clocks Pulse or edge- Must register request and acknowledgment signals.
(acknowledge) detect

The input signal of a pulse synchronizer is a single-clock, cyclewide pulse that triggers a toggle circuit in the originating clock domain.
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In full-handshake signaling, the two circuits wait for each other
before asserting or dropping their respective handshake signals.
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“Crossing the abyss: asynchronous signals in a synchronous world” 
 Mike Stein, designfeature 59 (2013)

https://inst.eecs.berkeley.edu/~cs150/sp10/Collections/Papers/ClockCrossing.pdf
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ODMB firmware project

Can be found at https://github.com/csc-fw/odmb_ucsb_v2 
➡ Typically committing to  https://github.com/odmb/odmb_ucsb_v2 and syncing the fork, but we probably should end that 

Top folders 
➡ commands: text files with input VME commands to test firmware (typically simulation) 
➡ ipcore_dir: IP cores from Xilinx that handle some sophisticated resources (GTX, big FIFOs) 

✴ Generated and configured from ISE, which also produces VHDL files to be able to simulate them 
➡ source: folder with VHDL and Verilog code 
➡ utils: a utility to transform a Verilog function into VHDL 

Top files 
➡ history.txt: to be updated with each firmware release 
➡ odmb_toprom.hex: marker to be introduced into each PROM configuration file (.mcs) 

✴ Allows us to identify ODMB firmware from DCFEB’s, since both use the same FPGA 

➡ odmb_ucsb.xise: ISE project 
➡ odmb_ucsb_v2.mpf: ModelsSim Windows project 
➡ odmb_ucsb_v2_linux.mpf: ModelSim Linux project

!12

https://github.com/csc-fw/odmb_ucsb_v2
https://github.com/odmb/odmb_ucsb_v2
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ODMB firmware code

Top folders 
➡ bpi: programs the PROM using BPI engine 
➡ dcfeb: simulates response from DCFEB (data and JTAG control) 
➡ dmb_receiver: handles the 7 optical receivers from the DCFEBs 
➡ gigalinks: handles the TX/RX with the DDU and spy PC 
➡ modelsim: simulated test bench and other utilities only used during simulation 
➡ odmb_ctrl: modules in MBC that handle the data flow (fast control) 
➡ odmb_VME: modules in MBV that handle the VME communication (slow control) 
➡ utils: utilities to safely cross clock domains, count pulses, etc 

Top files 
➡ lvmb_adc.vhd: simulates 1 of the 7 ADCs in an LVMB7 
➡ lvmb_mux.vhd: simulates response from an LVMB7 
➡ odmb_pinout_v2.ucf: correspondence between firmware signals and FPGA pins 
➡ odmb_ucsb_v2.vhd: top of the design that sends/receives signals from the board or test bench 
➡ package_hdlmacro.vhd: VHDL implementation of basic Xilinx resources such as FDCE

!13
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UCF: User Constraints File

UCF also specifies other constraints 
➡ eg. clocking, to know which clocking resources 

to use

!14
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Code structure
Two big blocks: MBV and MBC 

➡ They used to be two different FPGAs in the DMB 

MBV handles the VME communication 
➡ Translates VME instructions sent by PC to hardware commands 
➡ Slow control since it runs at 2.5 MHz 

MBC handles the data flow 
➡ Stores data as it comes, handles triggers, construct data packet 
➡ Fast control since it runs at 40-80 MHz 

Dummy devices simulate real LVMB7, 
DCFEBs, ALCT, OTMB 

➡ Can be used in simulation or in actual board

!15

CAFIFO	–	Event	manager

TRGCNTRL	–	Trigger	control

CALIBTRG	–	Calibration

CONTROL	–	DDU	packets

PCFIFO	–	PC	packets
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CFEBJTAG	–	Device	1

ODMBJTAG	–	Device	2

VMEMON	–	Device	3

VMECONFREGS	–	Device	4

TESTFIFOS	–	Device	5

LVDBMON	–	Device	8

LVMB_MUX	
Dummy	LVMB

DCFEB_V6		
Dummy	DCFEBs

GIGALINK_DDU	
TX/RX	for	DDU

GIGALINK_PC	
TX/RX	for	PC

DMB_RECEIVER	
RX	for	DCFEBs

DATA	FIFOs

ALCT_TMB_DATA_GEN		
Dummy	ALCT/OTMB

TEST	FIFOs

Control
Data

ODMB_UCSB_V2	–	Top	of	the	design/FPGA

LVMB7

DCFEBs

OTMB

DDU

PC

OTMB

CCB

VME

ODMB_VME	-	MBV

ODMB_CTRL	-	MBC

BPI_PORT–	Device	6

SYSTEM_MON	–	Device	7
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The VME address
The VME address contains both the requested slot in the crate and the 
command 
The first 5 bits correspond to the slot 

➡ eg. 0x541980 corresponds to slot 0x15 = 21 

Bits 18 to 1 correspond to the instruction 
➡ It is quite confusing because bit 0 is not passed to the FPGA, so the instruction is shifted by one 

bit in the firmware 
➡ eg. 0x541980 corresponds to instruction 0x3300 in slot 21 

The first hex digit of the 16-bit instruction corresponds to the device 
being addressed

!16

0x5  0x4  0x1  0x9  0x8  0x0 
101 0100 0001 1001 1000 0000Slot in crate = 0x15

0x0  0x3  0x3  0x0  0x0 
000 0011 0011 0000 0000
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CFEBJTAG	–	Device	1

ODMBJTAG	–	Device	2

VMEMON	–	Device	3

VMECONFREGS	–	Device	4

TESTFIFOS	–	Device	5

LVDBMON	–	Device	8

ODMB_VME	-	MBV

BPI_PORT–	Device	6

SYSTEM_MON	–	Device	7

VME
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VME protocol decoding
source/odmb_vme/command.vhd: decodes the key signals 

➡ Compares requested slot with board geographical address 
✴ Bits 23-19 of VME address indicate the slot 

➡ Generates COMMAND as a subset of the VME address 

➡ Generates DEVICE which selects which set of VME instructions will be executed

!17
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CFEBJTAG	–	Device	1

ODMBJTAG	–	Device	2

VMEMON	–	Device	3

VMECONFREGS	–	Device	4

TESTFIFOS	–	Device	5

LVDBMON	–	Device	8

ODMB_VME	-	MBV

BPI_PORT–	Device	6

SYSTEM_MON	–	Device	7

VME

Drops another bit from VME address!
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Example of VME decoding

Example: setting the ODMB to use dummy data and internal triggers 
➡ As shown in the ODMB user’s manual, these are commands 3300 and 3304 on device 3 (VMEMON) 

➡ source/odmb_vme/vmemon.vhd decodes the instruction directed at device 3 
✴ cmddev is a human readable instruction that does not require shifts 

WRITER indicates whether the instruction is a write (‘0’) or a read (‘1’) 
➡ Active-low VME signal 

!18

ODMB user’s manual

Device 3: ODMB/DCFEB control 

Instruction Description
W/R 3000 0 → nominal mode, 1 → calibration mode (ODMB generates L1A with every pulse)

W 3004 ODMB soft reset

W 3008 ODMB optical reset

W 3010 Reprograms all DCFEBs

W 3014 L1A reset and DCFEB RESYNC

W/R 3020 TP_SEL register (selects which signals are sent to TP31, TP35, TP41, TP45)

W/R 3024 Number of words in DCFEB packet before autokill. 1024 by default and after each reset.

W/R 3100 LOOPBACK: 0 → no loopback, 1 or 2 → internal loopback

R 3110 DIFFCTRL (TX voltage swing): 0 → minimum ~100 mV, F → maximum ~1100mV

R 3120 Read DONE bits from DCFEBs (7 bits)

R 3124 Read if QPLL is locked	

W 3200 Sends pulses to DCFEBs (see below)

W/R 3300 Data multiplexer: 0 → real data, 1 → dummy data

W/R 3304 Trigger multiplexer: 0 → external triggers, 1 → internal triggers

W/R 3308 LVMB multiplexer: 0 → real LVMB, 1 → dummy LVMB

W/R 3400 0 → normal, 1 → pedestal (L1A_MATCHes sent to DCFEBs for each L1A). 

W/R 3404 0 → normal, 1 → OTMB data requested for each L1A (requires special OTMB FW) 

W/R 3408 Bit 0 → kills L1A. Bits 1-7 → kills L1A_MATCHes

W/R 340C MASK_PLS: 0 → normal, 1 → no EXTPLS/INJPLS (for non-pulsed pedestals from CCB)

R 3YZC Read ODMB_DATA corresponding to selection YZ (see below)

Firmware tag: 3.12	 "7

ODMB user’s manual

Device 3: ODMB/DCFEB control 

Instruction Description
W/R 3000 0 → nominal mode, 1 → calibration mode (ODMB generates L1A with every pulse)

W 3004 ODMB soft reset

W 3008 ODMB optical reset

W 3010 Reprograms all DCFEBs

W 3014 L1A reset and DCFEB RESYNC

W/R 3020 TP_SEL register (selects which signals are sent to TP31, TP35, TP41, TP45)

W/R 3024 Number of words in DCFEB packet before autokill. 1024 by default and after each reset.

W/R 3100 LOOPBACK: 0 → no loopback, 1 or 2 → internal loopback

R 3110 DIFFCTRL (TX voltage swing): 0 → minimum ~100 mV, F → maximum ~1100mV

R 3120 Read DONE bits from DCFEBs (7 bits)

R 3124 Read if QPLL is locked	

W 3200 Sends pulses to DCFEBs (see below)

W/R 3300 Data multiplexer: 0 → real data, 1 → dummy data

W/R 3304 Trigger multiplexer: 0 → external triggers, 1 → internal triggers

W/R 3308 LVMB multiplexer: 0 → real LVMB, 1 → dummy LVMB

W/R 3400 0 → normal, 1 → pedestal (L1A_MATCHes sent to DCFEBs for each L1A). 

W/R 3404 0 → normal, 1 → OTMB data requested for each L1A (requires special OTMB FW) 

W/R 3408 Bit 0 → kills L1A. Bits 1-7 → kills L1A_MATCHes

W/R 340C MASK_PLS: 0 → normal, 1 → no EXTPLS/INJPLS (for non-pulsed pedestals from CCB)

R 3YZC Read ODMB_DATA corresponding to selection YZ (see below)

Firmware tag: 3.12	 "7

http://hep.ucsb.edu/cms/odmb/firmware/odmb_users_manual.pdf
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Example of VME decoding

Example: setting the ODMB to use dummy data and internal triggers 
➡ 0x541980 corresponds to instruction 0x3300 in slot 0x15 
➡ DEVICE in command.vhd is 0x8 (= b1000), so DEVICE in vmemon.vhd is ‘1’ 
➡ command.vhd also generates STROBE which is high while the command is being executed 

➡ When the instruction is done, the device sends a DTACK (data acknowledge) 
✴ In this case instruction is done automatically, so it sends it immediately

!19
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The JTAG protocol

Important serial protocol that use to communicate 
with the DCFEBs 

➡ TCK: JTAG clock (to the DCFEBs) 
➡ TMS: mode select (to the DCFEBs) 
➡ TDI: data input (to the DCFEBs) 
➡ TDO: data ouput (from the DCFEBs) 

Also used to program the ODMB FPGA via the 
Xilinx red box or the emergency logic

!20

Transitions controlled by value of 
TMS on a rising edge of TCK
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Example: data shift

Sending instruction 0x1B0C

!21

ODMB user’s manual

Device 1: DCFEB JTAG 
“Y” refers to the number of bits to be shifted

Example: Read DCFEB UserCode 

DCFEB registers are set and read via JTAG. The following procedure reads the 32-bit USERID of DCFEB 3: 

W  1020    4    Select DCFEB 3 (one bit per DCFEB) 

W  191c  3C8    Set instruction register to 3C8 (read UserCode) 
W  1F04    0    Shift 16 lower bits 
R  1014    0    Read last 16 shifted bits (DBDB) 
W  1F08    0    Shift 16 upper bits 
R  1014    0    Read last 16 shifted bits (XYZK) 

Instruction Description
W 1Y00 Shift Data; no TMS header; no TMS tailer

W 1Y04 Shift Data with TMS header only

W 1Y08 Shift Data with TMS tailer only

W 1Y0C Shift Data with TMS header & TMS tailer

R 1014 Read TDO register

W 1018 Resets JTAG protocol to IDLE state (data sent with this command is disregarded)

W 1Y1C Shift Instruction register

W 1020 Select DCFEB, one bit per DCFEB

R 1024 Read which DCFEB is selected

Firmware tag: 3.12	 "5

Transitions controlled by value of 
TMS on a rising edge of TCK

s)µTime (
0 2 4 6 8 10 12 14

JTAG TCK
JTAG TMS
DTACK
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Summary
Learned basic firmware tips 

Saw overview of ODMB firmware project 

Basics of VME protocol 

Basics of JTAG protocol 

Still to see 
➡ Description of each device 
➡ Packet building 

Summer task will be to implement arbitrarily-
long instructions 

➡ Just like we can send arbitrarily-long data

!22

CAFIFO	–	Event	manager

TRGCNTRL	–	Trigger	control

CALIBTRG	–	Calibration

CONTROL	–	DDU	packets

PCFIFO	–	PC	packets
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CFEBJTAG	–	Device	1

ODMBJTAG	–	Device	2

VMEMON	–	Device	3

VMECONFREGS	–	Device	4

TESTFIFOS	–	Device	5

LVDBMON	–	Device	8

LVMB_MUX	
Dummy	LVMB

DCFEB_V6		
Dummy	DCFEBs

GIGALINK_DDU	
TX/RX	for	DDU

GIGALINK_PC	
TX/RX	for	PC

DMB_RECEIVER	
RX	for	DCFEBs

DATA	FIFOs

ALCT_TMB_DATA_GEN		
Dummy	ALCT/OTMB

TEST	FIFOs

Control
Data

ODMB_UCSB_V2	–	Top	of	the	design/FPGA

LVMB7

DCFEBs

OTMB

DDU

PC

OTMB

CCB

VME

ODMB_VME	-	MBV

ODMB_CTRL	-	MBC

BPI_PORT–	Device	6

SYSTEM_MON	–	Device	7

ODMB user’s manual

Device 1: DCFEB JTAG 
“Y” refers to the number of bits to be shifted

Example: Read DCFEB UserCode 

DCFEB registers are set and read via JTAG. The following procedure reads the 32-bit USERID of DCFEB 3: 

W  1020    4    Select DCFEB 3 (one bit per DCFEB) 

W  191c  3C8    Set instruction register to 3C8 (read UserCode) 
W  1F04    0    Shift 16 lower bits 
R  1014    0    Read last 16 shifted bits (DBDB) 
W  1F08    0    Shift 16 upper bits 
R  1014    0    Read last 16 shifted bits (XYZK) 

Instruction Description
W 1Y00 Shift Data; no TMS header; no TMS tailer

W 1Y04 Shift Data with TMS header only

W 1Y08 Shift Data with TMS tailer only

W 1Y0C Shift Data with TMS header & TMS tailer

R 1014 Read TDO register

W 1018 Resets JTAG protocol to IDLE state (data sent with this command is disregarded)

W 1Y1C Shift Instruction register

W 1020 Select DCFEB, one bit per DCFEB

R 1024 Read which DCFEB is selected

Firmware tag: 3.12	 "5

ODMB user’s manual

Device 1: DCFEB JTAG 
“Y” refers to the number of bits to be shifted

Example: Read DCFEB UserCode 

DCFEB registers are set and read via JTAG. The following procedure reads the 32-bit USERID of DCFEB 3: 

W  1020    4    Select DCFEB 3 (one bit per DCFEB) 

W  191c  3C8    Set instruction register to 3C8 (read UserCode) 
W  1F04    0    Shift 16 lower bits 
R  1014    0    Read last 16 shifted bits (DBDB) 
W  1F08    0    Shift 16 upper bits 
R  1014    0    Read last 16 shifted bits (XYZK) 

Instruction Description
W 1Y00 Shift Data; no TMS header; no TMS tailer

W 1Y04 Shift Data with TMS header only

W 1Y08 Shift Data with TMS tailer only

W 1Y0C Shift Data with TMS header & TMS tailer

R 1014 Read TDO register

W 1018 Resets JTAG protocol to IDLE state (data sent with this command is disregarded)

W 1Y1C Shift Instruction register

W 1020 Select DCFEB, one bit per DCFEB

R 1024 Read which DCFEB is selected

Firmware tag: 3.12	 "5


