
1

Title

A Cryogenic 1024-Channel Mixed-Signal 
ASIC for SiPM Readout in 110 nm CMOS 
for the GRAIN Detector at DUNE

Stefano Durando, Sofia Blua, Valerio Pagliarino, Angelo Rivetti

DUNE ITALIA Collaboration Meeting 
11/11/2025 



2

DENEBx1024 for GRAIN at DUNE

Optical Lenses Coded Aperture Masks

60 Cameras operating in lAr (87K): 

• Optical lenses / Coded Aperture Masks for 

focusing the light

• Sensor: 32 x 32 SiPMs Matrix mounted on 

a board with a

• Readout ASIC 1024-channel

Dune integrated Electronics for

NEutrino Beams



DENEB Software Model
In the DUNE-GRAIN project, Python software implementing a full chip behavioral model has been developed, in order to validate the design 

requirements against simulated data (time-of-arrival of single photons) produced by physics simulation codes. 
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Title

Features DENEBx1024 
Technology UMC 110 nm

Operating Temperature 77 K – 300 K

Channel Modularity 1024

Measurements ToA, ToT, Slew Rate, Charge Integral

SPTR / Slew Rate Resolution 50-100 ps

Time over Threshold Resolution 3 ns

On-Pixel TDC Derandomization 4x

Photon Counting Resolution 3-4 codes/PE, 1 PE between 1 and 5 (Slew Rate)

Charge Dynamic Range [0.5 – 100 PE]

AVG Power Density 5-15 mW/ channel

Silicon Die Size 20 x 23 mm2 (Reticle Size)

Event word 128 bit , 64 bit (no charge integration)

Number of Tranceivers 32 = 1 x 32 Column (with TDM)

Single Transceiver Speed SLVS/LVDS : 320 Mbps SDR or 640 Mbps DDR

Event rate / pixel 312.5 kHz (uniform), 2 MHz (max on a single channel)

Clock Frequency 310-325 MHz

Specific Features Power gating, Asynchronous Events Gate VETO (ALICE 3 RICH)
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• WHIN: 1024 Channels 
TT Development at INFN Torino

• UMC 110 nm

• 1024 Channels, reading out silicon pixels

• The ASIC is bump-bonded to the pixels

• Key IP blocks like the TAC based TDC (30 ps)

CFD

• Output BW 20 Gbps, data rate limited by the EoC 

• It laid the basis for different following prototypes

From 
32-ch to 64-ch

• ALCOR v1-2-3 : 32 – 64 Channels
A Low power Chip for Optical sensors Readout

• Single photon sensitivity

• Time measurement: ToA + ToT or Slew-Rate 

information for time walk correction

• Triggerless readout scheme with fully digital 

output: 32-bit event word, 4 LVDS 320 MHz DDR 

Tx links

• Power consumption ~10-12 mW/channel 

Technology Choice 

ALCOR v2 wire-
bonded on the PCB

ALCOR’s Parent: 
1024 pixel 
channels were 
bump-bonded to 
the silicon pixels. 
The ASIC was wire-
bonded on the 
board 
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• WHIN: 1024 Channels 
TT Development at INFN Torino

• UMC 110 nm

• 1024 Channels, reading out silicon pixels

• The ASIC is bump-bonded to the pixels

• Key IP blocks like the TAC based TDC (30 ps)

CFD

• Output BW 20 Gbps, data rate limited by the EoC 

• It laid the basis for different following prototypes

• ALCOR v1-2-3 : 32 – 64 Channels
A Low power Chip for Optical sensors Readout

• Single photon sensitivity

• Time measurement: ToA + ToT or Slew-Rate 

information for time walk correction

• Triggerless readout scheme with fully digital 

output: 32-bit event word, 4 LVDS 320 MHz DDR 

Tx links

• Power consumption ~10-12 mW/channel 

Technology Choice 

high FE bias

low FE bias

Single Photon Time 
resolution 

Vbias [V]

σ t [
ns

] INFN Bologna

100 ps

If you are interested, check publication: 
https://www.sciencedirect.com/science/article/pii/S0168900224007435 

Vbias [V]

ALCOR’s Parent: 
1024 pixel 
channels were 
bump-bonded to 
the silicon pixels. 
The ASIC was wire-
bonded on the 
board 

https://www.sciencedirect.com/science/article/pii/S0168900224007435


AGND AGND AVDD AGND DVDD AGND AVDD AGND AVDD AGND DVDD AGND AVDD AGND AVDD AGND DVDD AGND AVDD AGND AVDD AGND DVDD AGND AVDD AGND AVDD AGND DVDD AGND AVDD AGND AVDD AGND DVDD AGND

AGND AGND ATP DPRB DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND

AVDD APRBa 0 32 64 96 128 160 192 224 256 288 320 352 384 416 448 480 512 544 576 608 640 672 704 736 768 800 832 864 896 928 960 992 APRBg AVDD

AGND APRBb 1 33 65 97 129 161 193 225 257 289 321 353 385 417 449 481 513 545 577 609 641 673 705 737 769 801 833 865 897 929 961 993 AGND AGND

DVDD DGND 2 34 66 98 130 162 194 226 258 290 322 354 386 418 450 482 514 546 578 610 642 674 706 738 770 802 834 866 898 930 962 994 DGND DVDD

AGND AGND 3 35 67 99 131 163 195 227 259 291 323 355 387 419 451 483 515 547 579 611 643 675 707 739 771 803 835 867 899 931 963 995 AGND AGND

AVDD DGND 4 36 68 100 132 164 196 228 260 292 324 356 388 420 452 484 516 548 580 612 644 676 708 740 772 804 836 868 900 932 964 996 DGND AVDD

AGND AGND 5 37 69 101 133 165 197 229 261 293 325 357 389 421 453 485 517 549 581 613 645 677 709 741 773 805 837 869 901 933 965 997 AGND AGND

AVDD DGND 6 38 70 102 134 166 198 230 262 294 326 358 390 422 454 486 518 550 582 614 646 678 710 742 774 806 838 870 902 934 966 998 DGND AVDD

AGND AGND 7 39 71 103 135 167 199 231 263 295 327 359 391 423 455 487 519 551 583 615 647 679 711 743 775 807 839 871 903 935 967 999 AGND AGND

DVDD DGND 8 40 72 104 136 168 200 232 264 296 328 360 392 424 456 488 520 552 584 616 648 680 712 744 776 808 840 872 904 936 968 1000 DGND DVDD

AGND AGND 9 41 73 105 137 169 201 233 265 297 329 361 393 425 457 489 521 553 585 617 649 681 713 745 777 809 841 873 905 937 969 1001 AGND AGND

AVDD DGND 10 42 74 106 138 170 202 234 266 298 330 362 394 426 458 490 522 554 586 618 650 682 714 746 778 810 842 874 906 938 970 1002 DGND AVDD

AGND AGND 11 43 75 107 139 171 203 235 267 299 331 363 395 427 459 491 523 555 587 619 651 683 715 747 779 811 843 875 907 939 971 1003 AGND AGND

AVDD DGND 12 44 76 108 140 172 204 236 268 300 332 364 396 428 460 492 524 556 588 620 652 684 716 748 780 812 844 876 908 940 972 1004 DGND AVDD

AGND AGND 13 45 77 109 141 173 205 237 269 301 333 365 397 429 461 493 525 557 589 621 653 685 717 749 781 813 845 877 909 941 973 1005 AGND AGND

DVDD DGND 14 46 78 110 142 174 206 238 270 302 334 366 398 430 462 494 526 558 590 622 654 686 718 750 782 814 846 878 910 942 974 1006 DGND DVDD

AGND AGND 15 47 79 111 143 175 207 239 271 303 335 367 399 431 463 495 527 559 591 623 655 687 719 751 783 815 847 879 911 943 975 1007 AGND AGND

AVDD DGND 16 48 80 112 144 176 208 240 272 304 336 368 400 432 464 496 528 560 592 624 656 688 720 752 784 816 848 880 912 944 976 1008 DGND AVDD

AGND AGND 17 49 81 113 145 177 209 241 273 305 337 369 401 433 465 497 529 561 593 625 657 689 721 753 785 817 849 881 913 945 977 1009 AGND AGND

AVDD DGND 18 50 82 114 146 178 210 242 274 306 338 370 402 434 466 498 530 562 594 626 658 690 722 754 786 818 850 882 914 946 978 1010 DGND AVDD

AGND AGND 19 51 83 115 147 179 211 243 275 307 339 371 403 435 467 499 531 563 595 627 659 691 723 755 787 819 851 883 915 947 979 1011 AGND AGND

DVDD DGND 20 52 84 116 148 180 212 244 276 308 340 372 404 436 468 500 532 564 596 628 660 692 724 756 788 820 852 884 916 948 980 1012 DGND DVDD

AGND AGND 21 53 85 117 149 181 213 245 277 309 341 373 405 437 469 501 533 565 597 629 661 693 725 757 789 821 853 885 917 949 981 1013 AGND AGND

AVDD DGND 22 54 86 118 150 182 214 246 278 310 342 374 406 438 470 502 534 566 598 630 662 694 726 758 790 822 854 886 918 950 982 1014 DGND AVDD

AGND AGND 23 55 87 119 151 183 215 247 279 311 343 375 407 439 471 503 535 567 599 631 663 695 727 759 791 823 855 887 919 951 983 1015 AGND AGND

AVDD DGND 24 56 88 120 152 184 216 248 280 312 344 376 408 440 472 504 536 568 600 632 664 696 728 760 792 824 856 888 920 952 984 1016 DGND AVDD

AGND AGND 25 57 89 121 153 185 217 249 281 313 345 377 409 441 473 505 537 569 601 633 665 697 729 761 793 825 857 889 921 953 985 1017 AGND AGND

DVDD DGND 26 58 90 122 154 186 218 250 282 314 346 378 410 442 474 506 538 570 602 634 666 698 730 762 794 826 858 890 922 954 986 1018 DGND DVDD

AGND AGND 27 59 91 123 155 187 219 251 283 315 347 379 411 443 475 507 539 571 603 635 667 699 731 763 795 827 859 891 923 955 987 1019 AGND AGND

AVDD DGND 28 60 92 124 156 188 220 252 284 316 348 380 412 444 476 508 540 572 604 636 668 700 732 764 796 828 860 892 924 956 988 1020 DGND AVDD

AGND AGND 29 61 93 125 157 189 221 253 285 317 349 381 413 445 477 509 541 573 605 637 669 701 733 765 797 829 861 893 925 957 989 1021 AGND AGND

AVDD DGND 30 62 94 126 158 190 222 254 286 318 350 382 414 446 478 510 542 574 606 638 670 702 734 766 798 830 862 894 926 958 990 1022 DGND AVDD

AGND AGND 31 63 95 127 159 191 223 255 287 319 351 383 415 447 479 511 543 575 607 639 671 703 735 767 799 831 863 895 927 959 991 1023 AGND AGND

DVDD DGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND DGND DVDD

DGND DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND DGND DGND

DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND

DGND DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DGND DGND

DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND

DGND TGND TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TGND DGND

TGND CLKip Tp0 Tp1 Tp2 Tp3 Tp4 Tp5 Tp6 Tp7 Tp8 Tp9 Tp10 Tp11 Tp12 Tp13 Tp14 Tp15 Tp16 Tp17 Tp18 Tp19 Tp20 Tp21 Tp22 Tp23 Tp24 Tp25 Tp26 Tp27 Tp28 Tp29 Tp30 Tp31 CLKop TGND

TGND CLKin Tn0 Tn1 Tn2 Tn3 Tn4 Tn5 Tn6 Tn7 Tn8 Tn9 Tn10 Tn11 Tn12 Tn13 Tn14 Tn15 Tn16 Tn17 Tn18 Tn19 Tn20 Tn21 Tn22 Tn23 Tn24 Tn25 Tn26 Tn27 Tn28 Tn29 Tn30 Tn31 CLKon TGND

DGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND DGND

DGND TGND ETRIGpETRIGn TGND VETOp VETOn TGND MOSIp MOSIn TGND MISOp MISOn TGND SCLKp SCLKn TGND CHselp CHseln TGND RSTp RSTn TGND RUNp RUNn TGND PSAVp PSAVn TGND TPp TPn TGND MFA_p MFA_n TGND DGND

ASIC Size & Layout

• Reticle-size chip: from 2 × 2 cm² up to 2 × 3 cm²

• Uniform array of I/O pads on a 500 µm pitch grid

Input Analog Interface

• Mixed-signal ASIC with high-density analog input pads

• 32 × 32 channels, each with a dedicated analog input pad

• Pad pitch driven by channel layout (500 µm square pixels)

Digital Ouputs: 

• Located at the EoC: 32 x SLVS-LVDS TXs, 640 DDR (TDM)

• EoC SRAMs can store up to 1 spill acquisition
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DENEBx1024 Floorplan

32 x 32 Pixels

EoC – Biases, Logic, SRAMs
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AGND AGND ATP DPRB DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND DGND AGND

AVDD APRBa 0 32 64 96 128 160 192 224 256 288 320 352 384 416 448 480 512 544 576 608 640 672 704 736 768 800 832 864 896 928 960 992 APRBg AVDD

AGND APRBb 1 33 65 97 129 161 193 225 257 289 321 353 385 417 449 481 513 545 577 609 641 673 705 737 769 801 833 865 897 929 961 993 AGND AGND

DVDD DGND 2 34 66 98 130 162 194 226 258 290 322 354 386 418 450 482 514 546 578 610 642 674 706 738 770 802 834 866 898 930 962 994 DGND DVDD

AGND AGND 3 35 67 99 131 163 195 227 259 291 323 355 387 419 451 483 515 547 579 611 643 675 707 739 771 803 835 867 899 931 963 995 AGND AGND

AVDD DGND 4 36 68 100 132 164 196 228 260 292 324 356 388 420 452 484 516 548 580 612 644 676 708 740 772 804 836 868 900 932 964 996 DGND AVDD

AGND AGND 5 37 69 101 133 165 197 229 261 293 325 357 389 421 453 485 517 549 581 613 645 677 709 741 773 805 837 869 901 933 965 997 AGND AGND

AVDD DGND 6 38 70 102 134 166 198 230 262 294 326 358 390 422 454 486 518 550 582 614 646 678 710 742 774 806 838 870 902 934 966 998 DGND AVDD

AGND AGND 7 39 71 103 135 167 199 231 263 295 327 359 391 423 455 487 519 551 583 615 647 679 711 743 775 807 839 871 903 935 967 999 AGND AGND

DVDD DGND 8 40 72 104 136 168 200 232 264 296 328 360 392 424 456 488 520 552 584 616 648 680 712 744 776 808 840 872 904 936 968 1000 DGND DVDD

AGND AGND 9 41 73 105 137 169 201 233 265 297 329 361 393 425 457 489 521 553 585 617 649 681 713 745 777 809 841 873 905 937 969 1001 AGND AGND

AVDD DGND 10 42 74 106 138 170 202 234 266 298 330 362 394 426 458 490 522 554 586 618 650 682 714 746 778 810 842 874 906 938 970 1002 DGND AVDD

AGND AGND 11 43 75 107 139 171 203 235 267 299 331 363 395 427 459 491 523 555 587 619 651 683 715 747 779 811 843 875 907 939 971 1003 AGND AGND

AVDD DGND 12 44 76 108 140 172 204 236 268 300 332 364 396 428 460 492 524 556 588 620 652 684 716 748 780 812 844 876 908 940 972 1004 DGND AVDD

AGND AGND 13 45 77 109 141 173 205 237 269 301 333 365 397 429 461 493 525 557 589 621 653 685 717 749 781 813 845 877 909 941 973 1005 AGND AGND

DVDD DGND 14 46 78 110 142 174 206 238 270 302 334 366 398 430 462 494 526 558 590 622 654 686 718 750 782 814 846 878 910 942 974 1006 DGND DVDD

AGND AGND 15 47 79 111 143 175 207 239 271 303 335 367 399 431 463 495 527 559 591 623 655 687 719 751 783 815 847 879 911 943 975 1007 AGND AGND

AVDD DGND 16 48 80 112 144 176 208 240 272 304 336 368 400 432 464 496 528 560 592 624 656 688 720 752 784 816 848 880 912 944 976 1008 DGND AVDD

AGND AGND 17 49 81 113 145 177 209 241 273 305 337 369 401 433 465 497 529 561 593 625 657 689 721 753 785 817 849 881 913 945 977 1009 AGND AGND

AVDD DGND 18 50 82 114 146 178 210 242 274 306 338 370 402 434 466 498 530 562 594 626 658 690 722 754 786 818 850 882 914 946 978 1010 DGND AVDD

AGND AGND 19 51 83 115 147 179 211 243 275 307 339 371 403 435 467 499 531 563 595 627 659 691 723 755 787 819 851 883 915 947 979 1011 AGND AGND

DVDD DGND 20 52 84 116 148 180 212 244 276 308 340 372 404 436 468 500 532 564 596 628 660 692 724 756 788 820 852 884 916 948 980 1012 DGND DVDD

AGND AGND 21 53 85 117 149 181 213 245 277 309 341 373 405 437 469 501 533 565 597 629 661 693 725 757 789 821 853 885 917 949 981 1013 AGND AGND

AVDD DGND 22 54 86 118 150 182 214 246 278 310 342 374 406 438 470 502 534 566 598 630 662 694 726 758 790 822 854 886 918 950 982 1014 DGND AVDD

AGND AGND 23 55 87 119 151 183 215 247 279 311 343 375 407 439 471 503 535 567 599 631 663 695 727 759 791 823 855 887 919 951 983 1015 AGND AGND

AVDD DGND 24 56 88 120 152 184 216 248 280 312 344 376 408 440 472 504 536 568 600 632 664 696 728 760 792 824 856 888 920 952 984 1016 DGND AVDD

AGND AGND 25 57 89 121 153 185 217 249 281 313 345 377 409 441 473 505 537 569 601 633 665 697 729 761 793 825 857 889 921 953 985 1017 AGND AGND

DVDD DGND 26 58 90 122 154 186 218 250 282 314 346 378 410 442 474 506 538 570 602 634 666 698 730 762 794 826 858 890 922 954 986 1018 DGND DVDD

AGND AGND 27 59 91 123 155 187 219 251 283 315 347 379 411 443 475 507 539 571 603 635 667 699 731 763 795 827 859 891 923 955 987 1019 AGND AGND

AVDD DGND 28 60 92 124 156 188 220 252 284 316 348 380 412 444 476 508 540 572 604 636 668 700 732 764 796 828 860 892 924 956 988 1020 DGND AVDD

AGND AGND 29 61 93 125 157 189 221 253 285 317 349 381 413 445 477 509 541 573 605 637 669 701 733 765 797 829 861 893 925 957 989 1021 AGND AGND

AVDD DGND 30 62 94 126 158 190 222 254 286 318 350 382 414 446 478 510 542 574 606 638 670 702 734 766 798 830 862 894 926 958 990 1022 DGND AVDD

AGND AGND 31 63 95 127 159 191 223 255 287 319 351 383 415 447 479 511 543 575 607 639 671 703 735 767 799 831 863 895 927 959 991 1023 AGND AGND

DVDD DGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND AGND DGND DVDD

DGND DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND AVDD DGND AVDD DGND AVDD DGND DVDD DGND DGND DGND

DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND

DGND DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DVDD DGND DGND DGND

DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND DGND

DGND TGND TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TVDD TGND DGND

TGND CLKip Tp0 Tp1 Tp2 Tp3 Tp4 Tp5 Tp6 Tp7 Tp8 Tp9 Tp10 Tp11 Tp12 Tp13 Tp14 Tp15 Tp16 Tp17 Tp18 Tp19 Tp20 Tp21 Tp22 Tp23 Tp24 Tp25 Tp26 Tp27 Tp28 Tp29 Tp30 Tp31 CLKop TGND

TGND CLKin Tn0 Tn1 Tn2 Tn3 Tn4 Tn5 Tn6 Tn7 Tn8 Tn9 Tn10 Tn11 Tn12 Tn13 Tn14 Tn15 Tn16 Tn17 Tn18 Tn19 Tn20 Tn21 Tn22 Tn23 Tn24 Tn25 Tn26 Tn27 Tn28 Tn29 Tn30 Tn31 CLKon TGND

DGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND TGND DGND

DGND TGND ETRIGpETRIGn TGND VETOp VETOn TGND MOSIp MOSIn TGND MISOp MISOn TGND SCLKp SCLKn TGND CHselp CHseln TGND RSTp RSTn TGND RUNp RUNn TGND PSAVp PSAVn TGND TPp TPn TGND MFA_p MFA_n TGND DGND
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DENEBx1024 Pixel Architecture

EoC – Biases, Logic, SRAMs

Txs

Pxl ANA In AVDD

DVDD

TxVDD

CTRLs

Txs out

AGND

DGND

TxGND

Calibration

CLK

ANA DIG

Horizontal Supply M7-5-3

ANADIG ANA DIG

ANADIG

Horizontal Supply M7-5-3

D
ata to EoC

500 µm
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DENEBx1024 Pixel Architecture

• Regulated Common-Gate (RCG) very front-end

• Fast transimpedance amplifier for the timing 

branch

• 2x Fast asynchronous discriminators (for slew 

rate measurements) with VETO and Force Trigger 

features for trigger and time pick-off

• 1x Charge Integrator with data converter to the 

digital domain

• 4x Time to Analog Converter with Hybrid SAR 

ADCs for fast time digitization

• In-pixel trigger window for dark count 

suppression

• Digital Test Pulse

• Analog Probe Buffered Output

2 X
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Very Front-End: Time Branch

Input stage

● Dual-polarity RCG current conveyor

● Programmable bias currents: CG (30-100 μA) and BOOST 
(1-4 mA)

● Zin ~ 10-20 Ω

Output stage

● TIA Res: 2.7 kΩ - 5.4 kΩ

● + Gain settings: 1/3, 4/3, 7/3 , 10/3 (12PE), 20/3 (6PE)

● DC coupled, baseline compensation based on: 

● Gain and CG bias current settings + fine offset adjust(3-bit)

● Continuous and discrete-time Baseline holder

RCG TIA

Best timing performance
 SPTR < 100 ps

Compensates for temperature excursions with low mismatch

Baseline Holder 

TWELL MOSFET for mitigating 
mixed-signal substrate noise

Check Poster by 
Sofia Blua, NSS-
01 #2984.

2984
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Very Front-End: Baseline Holder

Baseline Holder 

500 KHz Highly piled-up signals

Baseline 
drift

Baseline 
drift has 
been 
minimized 

Post-Layout vs Schematic Simulations
MC Mismatch Postlayout Jitter Post-Layout 



12

DENEB’s Time-of-Arrival Digitization

• The time-of-arrival measurement is performed using 4 time-

to-digital converters consisting of an analog interpolator of the 

main clock signal. 

• The asyncronous edge is used to trigger a high-precision 

current source that charges an integrating capacitor.

• The voltage across the capacitor is digitized using two 

selectable analog-to-digital converters: a high-linearity 

Wilkinson converter and a much faster SAR ADC

• The 4 units ensures high de-randomization capabilities,

they can be used independently for handling very high event 

rates or coupled (2+2) for slew-rate measurement, for photon 

couting and time-walk correction



Discrete-Time Charge Integrator

Every channel provides a charge integrator for photon couting consisting of a discrete-time current-to-

frequency converter. 

Dynamic Range: 50 piled-up photons and up to 500-1000 integrated photons, 3-4 codes/PE

Residuals: < 0.5 PE

Conversion time ≈ tsig

COUNTER_HICOUNTER_LO

Scheme of the Discrete-Time Delta-Sigma 

Integrator 
By simulating synchronous piled-up 

photon events a calibration is 

performed

𝑵𝑷𝑬 = 𝑲𝑳𝑶 #𝑳𝑶 − #𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆 + 𝑲𝑯𝑰(#𝑯𝑰)

#𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  = 𝑚 #𝐿𝑂−𝑛𝑜𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑏

Counts when there is no signal, only 

due to the DC current

Iin
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DENEBx1024 FOWLP

FOWLP (Fan-Out Wafer-Level-Package):
• Advanced semiconductor packaging technology that extends 

the interconnects beyond the original die size, 

• Allowing more space for redistribution layers (RDL) and larger 

ball pitches.

• ASIC: 47 x 36 PADs with 100-500 µm pitch

• Cu pillars

• Si interposer

• CTE match, good for cryogenic 

application

• RDL: 1P1M

1 to 1 from top to bottom

• 47 x 36 BGA with 500 µm pitch

• Ready for assembly Chip

• Signal integrity and thermal simulation 

outsourced by the company:

• Test socket 

• Probe card

1P1M
1 to 1

P-Substrate

BGA

Pillars

M8 PADs

8 Metal Layers
P-Substrate

DENEBx1024:

Si 
Interposer/S

ubstrate

Over-molding
(Polyamide, CTE ≈ Si)

P-Substrate

Cu VIA

Cu Cover

Backside Cu 
Metallization

P-Substrate

Backgrinding for cooling

Cu VIA + Cover for more uniform 
thermal dissipation
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DENEBx1024 Verification and Test Set-up Environments

• In order to reduce the time-to-test of the ASIC upon arrival from the foundry and to verify the design in more realistic conditions, the 
verification IP (VIP) packaging flow has been used to integrate synthesizable IPs of the test system into the SystemVerilog object-
oriented verification environment.

• The test system will be used for the mixed-signal debugging and testing of the ASIC after production. The arbitrary signal generator will 
be used as a detector emulator, while the LPD64 digitizer will be connected to the multi-channel analog probe. The ASIC has a SPI-like 
configuration interface and 32 LVDS/SLVS data links with 640 Mbps data bandwidth.



Conclusions and Timeline 

• A 1024-channel SiPM Readout ASIC for the GRAIN lAr GRAIN detector at DUNE ND (FNAL) is under development.

The chip will also serve the ALICE3 RICH detector (2035)

• Key ASIC features:

• 1024 channels, with on-chip time stamp and photon count digitization 
• 300 to 77 K operation

• UMC 110 nm CMOS node, leveraging key IP blocks developed and tested in the same technology

• Time: 50-100 ps SPTR,  TIA, two fast discriminators, and 4 (2+2) TDCs

• Charge: Integrator based on a current-to-frequency converter, can be disabled for doubling the data BW

• Power gating for low power, and In-pixel programmable delay lines for veto signal generation

• lpGBT-compatible data transceivers
• The chip will come with cryo-compatible 2x3 cm2 package (FOWLP) with low CTE mismatch

• Development Status

• The chip integration (Digital-on-Top) is ongoing in parallel with new blocks layout design and post-layout validation

• In the team the verification environment is under development, first verification will follow in 2026

• A first engineering run is scheduled for Q3-4 2026 to ensure the availability of the DENEB chip for testing in the course of 

2026. 

• In 2026/2027, once the cryogenic package is received, the ASIC characterization will proceed at room temperature and 

in liquid nitrogen (77K), including optical tests with the SiPM matrix and electrical and functional characterization without it.

• A second run will follow in Q4 2027, providing the final version of the ASIC. A second possible package production with modifications is 

considered to meet the variation in the final version of the ASIC submitted to the foundry in 2027
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Back Up
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GRAIN at DUNE
SAND at the Near Detector  FacilityDENEBx1024 is designed for GRAIN

GRAIN: 

• Part of the System for on-Axis Neutrino 

Detection (SAND) at the DUNE ND facility.

• 1 ton active cryogenic lAr target.

• Novel approach:
Neutrino tracks reconstruction through lAr 

scintillation light detection
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SiPM signals to be readout have a 

complex structure:

• Single photon and large number of piled-up 

photons.

• 10-20µs time window, with 1.2 s duty cycle

The ASIC must:

• Detect single photons (threshold = 0.5 p.e.)

• Timestamp the Maximum Number of Events 

• Count the photons while minimizing the 

unintegrated and undigitized charge

• Work at 77 K and 300 K

• < 1 W/cm2 For avoiding bubble generation in the 

cryostat

Timeline: System-grade ASIC in 2029

Data are distributed into 10/20 us time windows every 1.2 seconds 

1024 SiPM Matrix simulated light detection 

during a spill 

Single Pixel # Photons Statistics per Spll

(2𝑥2 𝑚𝑚2𝑆𝑖𝑃𝑀)  

AVG of 3-4 photons per pixel 

(SiPM) per spill, but wide 

distribution !

DENEBx1024 for GRAIN at DUNE



Design and Verification Strategies

Design Strategies
▪ Analog block design: Cadence Virtuoso with multi-corner simulations using Spectre and AMS
▪ Digital design (coding): Visual Studio Code with SIGASI code linter plugin, Synopsis Design Compiler and Library 

Compiler
▪ Digital integration: Cadence Innovus (Hierarchical Digital-on-Top)
▪ Logic radiation tolerance: Hamming-encoding for FSM states and TMR for configuration registers and crucial blocks 

such as the reset logic. Redundancy on the full-chip-level reset signal.
▪ Sign-off: Cadence Virtuoso  
▪ Source Control: Source control managed by INFN private Gitlab istance with pull-request system and CI/CD for code 

linting on commit.

Verification Strategies
▪ System-Level simulations: Python behavioral simulation model with GUI and interfaces for Monte Carlo physics 

simulation software
▪ Analog Verification: Cadence Spectre and AMS simulator
▪ Digital Verification: Cadence Xcelium with AMS, 

object-oriented System-Verilog testbench with coverage optimization.
▪ Top-level verification: digital verification environment integrated with FPGA IPs used as Verification IPs (VIPs) and 

Verilog-A models for the SiPM matrix. Radiation effects simulated injecting bit-flips in the SystemVerilog testbench.



Verification Strategy and Coverage Assessment

On the mixed-signal post-synthesis top-level:

▪ Xcelium (event driven) + Spectre / Fast SPICE Configuration testing, test of the digital 
logic and test of TMR and radiation tolerance systems using random (SEU + async 
signals) + sequential (configuration values) sampling of the space of parameters. 
Coverage supported by sequential testing of all the allowed configurations.

▪ Xcelium (event driven) + Spectre / Fast SPICE Injection of SiPM discharge signals 
using a Verilog-A model of the sensor driven by a Time-of-Arrival time series 
generator. Coverage supported by generating a very large amount of photon hit 
patterns in different configurations of the ASIC.

• Subset of runs on the post-layout design of the pixel
• Reduced subset of runs on the post-layout design of the top-level
• Computing power ensured by a > 512 core, 8-16 GB/core virtual machines on HPC cluster 
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Very Front-End: Baseline Holder 

Input stage

● Dual-polarity RCG current conveyor

● Programmable bias currents: CG (30-100 μA) and BOOST 
(1-4 mA)

● Zin ~ 10-20 Ω

Output stage

● TIA Res: 2.7 kΩ - 5.4 kΩ

● + Gain settings: 1/3, 4/3, 7/3 , 10/3 (12PE), 20/3 (6PE)

● DC coupled, baseline compensation based on: 

● Gain and CG bias current settings + fine offset adjust(3-bit)

● Continuous and discrete-time Baseline holder

Larger signals will reduce the impact 

Compensates for temperature excursions with low mismatch

Baseline Holder 

500 KHz Highly piled-up signals

Baseline 
drift

Baseline 
drift has 
been 
minimized 

Drift in a 20 µs window at different pulse frequencies
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ALCOR SPTR Results Highlights

First FE version (no BH, lower gain, i.e. worse jitter) has been tested at 
room temperature 

dRICH Collaboration effort for testing the prototypes 

● ALCOR v2 and ALCOR v2.1 characterized in Torino and Bologna 
laboratories  

● Validation with laser set-up and test-beam at PS (2023-2024)

1 pe

2 pe

3 pe

Time walk correction 
(SlewRate mode)

If you are interested, check this presentation: 
R. Preghenella «The ePIC_dRICH SiPM photodetector unit»

Designed using specifications close to final FEB: very similar space 
constraints and same number of channels (64)

high FE bias

low FE bias

Single Photon Time 
resolution 

Vbias [V]

σ t [
ns

] INFN Bologna

100 ps

300 K!

https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
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ALCOR SPTR Results Highlights

First FE version (no BH, lower gain, i.e. worse jitter) has been tested at 
room temperature 

dRICH Collaboration effort for testing the prototypes 

● ALCOR v2 and ALCOR v2.1 characterized in Torino and Bologna 
laboratories  

● Validation with laser set-up and test-beam at PS (2023-2024)

1 pe

2 pe

3 pe

Time walk
(SlewRate mode)

high FE bias

low FE bias

Single Photon Time 
resolution 

Vbias [V]

σ t [
ns

] INFN Bologna

If you are interested, check this presentation: 
R. Preghenella «The ePIC_dRICH SiPM photodetector unit»

Designed using specifications close to final FEB: very similar space 
constraints and same number of channels (64)

100 ps

300 K!

• SPTR is strongly dependent on 

• The SiPM type/size 

• Overvoltage 

• 𝐼𝑓 ℎ𝑝: 𝜎𝑉−𝑁𝑜𝑖𝑠𝑒 = 1 𝑚𝑉, Jitter < 100 ps

SP Slew-rate > 10
𝑚𝑉

𝑛𝑠
 i.e. 𝑽𝒑𝒆𝒂𝒌−𝑺𝑷 > 𝟏𝟎𝟎 𝒎𝑽

• SPTR Temperature dependence 

Slew rate mode provides 

• Better separation than ToT and 

consequent better Time-Walk 

correction

• Cons: Slew rate mode requires 

2 edges fine time stamp, i.e., 

2 TDCs busy per event, i.e. it 

doubles the dead time of the pixel 

Lower dynamic range (< 50), but 

only in the TIA! 

No impact on the time-walk 

correction, which is critical only for 

low PEs

Charge measurement is not affected!

Time walk
(ToT mode)

https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
https://indico.cern.ch/event/1536396/contributions/6465188/attachments/3047486/5385065/%5B20250408%5D%5BDRD4%5D%20WP3%20dRICH%20SiPM%20PDU.pdf
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ALCOR Time-to-Digital-Converter

● Coarse time: 15-bit clock counter
● Timestamp saved at the rising /falling edge of the Trigger 

signal

● Coarse time resolution is limited by the system clock 

frequency

● Time conversion performed by TDC based on 

analogue interpolation (9-bit fine time):

● Fast ramp: 

Constant current to charge Cfast → measure phase 

between event trigger and clock

● Slow ramp: 

Smaller constant current to charge Cslow → counts clock 

cycles until VCslow and VCfast are equal

● I.F. 64 or 128 → LSB = 25-50 ps @320 MHz

● Measured time interval: 0.5 - 1.5 clk period

● TDC conversion time: [200, 600] ns

● 4 TDCs per pixel for event derandomization

T₀ Before Clock Falling Edge:
If the trigger (T₀) occurs before the clock’s falling edge, the fine time is measured 

between T₀ and the next clock rising edge (t₁).

T₀ After Clock Falling Edge:
If the trigger (T₀) occurs after the clock’s falling edge, the fine time is measured up to the 

second rising edge. In this case, the full timestamp is obtained by adding one clock 

period to the fine time.

Stefano Durando



Discrete-Time Charge Integrator

77 K

𝑵𝑷𝑬 = 𝑲𝑳𝑶 #𝑳𝑶 − #𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆 + 𝑲𝑯𝑰(#𝑯𝑰)

#𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  = 𝑚 #𝐿𝑂−𝑛𝑜𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑏

Counts when there is no signal, only 

due to the DC current

Residuals show the error in units of  PE on 
the reconstruction when different piled-up 

photons are presented to the integrator 
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Time-of-Arrival Digitization

• The SAR ADC embedded in the DENEB 
TDC is a novel block that is being 
characterized for linearity, SINAD, ENOB 
etc.

• The time resolution is limited by the jitter 
of the front-end, so the conversion speed 
is maximized, at the cost of a resolution 
limited to 5-8 bit. (8 bit ⇒ 17 ps RMS).
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Improvements from ALCOR TDC
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Improvements from ALCOR TDC

In the ALCOR TDC, the Time-to-Amplitude Converter (TAC) and 
Wilkinson current sources occupy approximately one-third of the total 
TDC area.
The design includes 128 current sources, enabling an interpolation 
factor of 64 or 128.

The new TDC architecture:
• Maintains the area footprint for both SAR and Wilkinson operation 

modes.
• Enhance flexibility and functionality of the system.
• Accept faster conversion times

≈ 300 µm

≈ 100 µm



DENEB’s Control IOs 

The Global 

Run State 

signal is used 

to trigger the 

acquisition 
state

The save 

solution is 

used for 

triggering the 

power save 
mode

Asynchronous 
signals

External 
VETO

SPI Full Reset

• TDCs

• Logic
• SPI

Channel 
select

Clock

The VETO signal can also be 

injected through the MFA 

input, or it can be produced 

internally using a multi-tap 

delay line starting from the 

clock signal. This mode is 

suitable for the use with the 

lpGBT and the LHC-derived 
clock.

External 

Trigger



Auxiliary IOs

• The Global Run State signal 
is used to trigger the 
acquisition state of the ASIC
and it is controlled by a SPI 
register (non timing critical) 
or a dedicated differential 
pair (timing critical, 
synchronous).

• The SPI is based on a 
robust timeout-based 
protocol that doesn’t require 
the CS dedicated line.

• The digital test pulse and 
the external trigger are 
asynchronous signals that 
can be injected using a 
dedicated input pair, or the 
“multi function 
asynchronous (MFA)” input 
during the testing phase.



Veto and Reset

• The reset signal is synchronous and handled by a dedicated state machine. The duration of the trigger signal (in a similar 
fashion with the ALCOR chip) triggers the “new orbit” function (reset the coarse counters of the TDCs), the “logic reset” or 
the “full reset” that includes the SPI configuration. The logic is triplicated with TMR for SEU protection.

• The external VETO can be injected using a dedicated pair, the MFA input or it can be produced internally using a multi-tap 
delay line starting from the clock signal. This mode is suitable for the use with the lpGBT and the LHC-derived clock.



Pixel Logic

• The pixel logic is based on 4 independent event 
buffers that collect the timing, charge, ToT and 
ancillary data, formatting them to a couple of 57b 
event words.

• These words are appended to an output buffer and 
transmitted to the end-of-column logic using a 
daisy-chain data bus that is re-synced and 
arbitrated in every pixel of the column

• The charge word can be disabled for performing 
slew-rate only photon counting with more efficient 
exploitation of the bandwidth of the 320 Mbps / 640 
Mbps transceivers.
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