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Abstract In recent years, although Chinese domestic field programmable gate array (FPGA) manufacturers have
developed rapidly, they still face challenges when deploying FPGA heterogeneous accelerators in data centers.
Compared with international manufacturers such as Xilinx (now AMD) and Intel, domestic manufacturers generally
lack solutions for high-speed transmission between PCle devices and hosts, especially in the field of high-performance
direct memory access (DMA) controller design, where there are obvious shortcomings. To solve this problem, we
design and implement a PCle-based multi-channel chained DMA controller. By using an independent descriptor
controller to manage each channel, sharing data movers, and reducing the consumption of FPGA logic resources, this
design improves resource efficiency. The adoption of a chain structure for descriptor management reduces CPU
interrupt pressure while meeting the requirements for continuous high-speed transmission between hosts and devices.
An innovative architecture for asynchronous internal information pre-processing is developed, enabling data stream
processing that significantly improves bandwidth utilization and transmission performance. Testing results show that
under PCIe Gen3x8, the DMA bandwidth between the hosts and the domestic FPGA accelerator reaches 6.91 GBps
(86% utilization rate), supporting up to 16 channels with channel balancing implementation. This design effectively
enables large-scale deployment of domestic FPGA heterogeneous accelerators in data center scenarios.

Key words PCle; FPGA; heterogeneous acceleration; multi-channel; chained DMA
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TR, IR 0 TR O R L
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PTILT 40 £, R EBARMRRIETE T 100%, [5 5 R 55
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PRA R 26 A0 R A BRAT 55, W 35 AR T 003 o o0 1)
FEAGE AT 7 o B TRR FH FPGA E47 W) 465 250 478 1)
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A, B HLWHE T GPU 5 FPGA Y 546 11 5 i ok
TR, HEE RGP . W RS T FPGA
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AN, BERICR BREERL R L AR R4 HESAH
fii F FPGA in i & 300 . R A3, Bl A
g N TR BB SS . KUk, FPGA 544 78
2R LN T S 4 R B M T N A N R B

HRME R S R ST, #83F A £ 0 FPGA 7
e g i T R @k U)o Bl oG #8 E 1 FPGA
T #5357 3k SR FH R M BE . KA R R, T SRR R
R KW T 3, B 5= FPGA S F fEtERE . &
i N A R A O T A A 3 22 0, 45 [ 7 FPGA
S A i T g ) S B S 2 T I IR PR AR . A SCIRATE T
ORI, BB Ba . HRE B2, B2l
Fh e ENRM R A HE ™, 8 HATE N
FPGA 77 it (¥ 8 = 1. 257K F- 29 12 nm, #x $% 3% (look up
table, LUT) fx K HLBL 4 60 J7, 5 5 Serdes i % hy 32
Gbps, # #5 MAC HLA% & 100 Gbps, PCle }L#% i i 52
¥F Gendx8, M Z T, EANZ 5 E R M 7 nm Soit T
2., LUT KL IA 1800 J7, Serdes 34 % 35 112 Gbps,
MAC #i 4% 45 T+ % 400 Gbps, PCle M 4% 3 #F Gen5x16.
SHO e N S e VR IR A . H 2016 4F
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B VU37P % [ A8 & TF &I A 77 5 TR IR S5
e RS WAHGEHEL PAC R, U280 55 H A R I % .
B R o 600% &5, B N Aok I 46 223 B = AR AR,
{51 40 2% FH W] 8] PG2L100H s A i % FPGA Jill i %% Ji
B, FPGA 544 Jin 388 5 FH 9 %00 M 55076 F 38 F = B0
¥% 55 P e BB N A7 15 7] (direct memory access, DMA)
Pl g, A SE F LS FPGA [a] B 14 i il 6 4,
g R XDMA, ¥ 45 /K SGDMA, Tfij [F 7= FPGA |~
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TR AR AL BT
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THRABEH Ak, 785 UE G 18 0k 57 v A SEA AT T,
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S B BRI IR B ), LR, RSN T
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BRSBTS T ] 2 A B IR A B 4 2
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TR A A BRI S L L RE % 4 A A AT T
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1 #HxIE

1.1 PCle 5 AXI f&i&
PCI Express J&h 2k J& — i 3 T a0 a5 5B A7 % 4241
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Fig. 1 PCle hierarchical structure
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ST DMA FEfilas i, W K 2 TLP KR FE 47
fit % 12 (memory read, Mrd) . 771 %% 5 (memory write,
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KI5, 24 PCle F 457 217 0] H A5 1% & (0 68
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% Mrd 353K, H AR B IR %05 K 5 228 i CplD
BB At 2 P B IR 1] 25 £ 4% . 7E PCle i,
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i@ﬂi@+§f§| HEAD | DATA | ECRC |

+0 +1 +2 +3
7 l6|s|al3]2]1|o|7]e]s|al3]2]1]ol7|6|s|a]l3]2]1]o0]|7]6|s|a]3]2]1]0
=30 R| Fmt Tipe R| 1C R |mleA 4w | R Length
T4 S5~TTF R T BOA A HL T TLPAI S | LastBE | FirstBE
B ] H~ 1 F AT F BL N A B T TLP I 2 8
T2 S12~15F AT T B A U T TLPIR S

Fig. 2 PCle packet header format
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Wiz, i Posted 45 WA %2 H br i3 45 1 i X Ji7
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P b BT AE . X AP AL B B AR T CPU MY 11 208,
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It, DMA BRI BN R G D8 T Z N H,
FFRCR IR RGN B TR —,

DMA 2 #fi TAE B A] L) 43 S e DMA. 43 H0R
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25 Al AR R o SR, 7RSS PR FH o, R G847 T

O FEAf 23 T A A JE W B 22, R b B DMA 7 X%
FORAL AT 55 7 E O 2 A IS e . MR A T
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AR FF, A 58 R — B B S B0 9 4% 4 S G
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KIBIEEHE 17 F — A5 LAk L AT o X FhAL T AR
TEAR A% S b5 oy 52 %, (B4R T T B A% i R
THPEFIRCR .

£ DMA 45 il 25 JF & s, th T2 4408 5 .
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SRR EEASE X4, 2017 4R, 38 R B T
it XDMA ¥ il #% , i i 5] A MSIUMSI-X H W #1L il |
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¥ o BT R AR EDY AR B R, SRS B 1%
B RGEMN, KBTI, SR, XDMA DL
I AT TE A4, AP Tk 18 781 XAPP1052 77
LIBREDEAT EHIIT % o [FEE, T XDMA Hifig 58 &
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FERRM AR, IR HE LR THRALSH '
HREAT ok B, 40 Kavianipour %5 A" 1 4 1/ 16 FH 4
1 SZH 750~790 MBps 7 % , Rota % A" 38 i3 FPGA
N B AT % 3 3k 75 7 20K B DMA F+4%  SGDMA, 7
Gen2x8 ¥4 5o $2 71 & 3 461 MBps, Zazo % A" N 7E
BB BIRIA LY R T X SRIOV Lk Y
Y. e U1 7 i, SCRK [9] £FXT 10 Gbps LA
I 97 il 48 FF T SRR A 4T 55 1 Je 94 SGDMA,
Forencich 2 \"" 7E NI EF 4 52 B T 100 Gbps [ 4% &
il DMA, 2545 i . 220, 58 ORI A3, %o 1 )
% 4 H DMA &3 HA 2 2% 38 X, 1 SCik [11] 5 0R
P35 45 IR B )7 % DMA $5 il g8 97 X, Rk T
400 Gbps W 2 f& 4 i 30 . 76 544 71 5 45 3, Kasai 45
AU FI ] XDMA B iE T FPGA-GPU B A% Al 47, {2
i s R AT A R S F AR E . AN, STk [13] 223K
Rl B 2R G418 5 &k DMA #6128, BRI T 1%
BE I IT KRR ), H & SEBRPERE A AL .

MHT I T 5 2 RO 7 R XDMA B35 R R
SGDMA H £ ¥ & R A", A 40 BT A 58 0
AR SR HAEE A, WA 22855 1 w9 AR B
T FH 1) DMA 51 28 7= i, 33X — UK S 30 2 A G4 ]
B H—, A MR BAEET SRR . DhRRY
J 1 2 S A B e PR R ZB W e T
A i R 0 AR KU . R, B A EL A% A T g
A% . PERE = L BT B A I A 3k DMA £ 1l %
% hy 5 M S5 g 1 590 30 5 S5 R B 7 ol i 22 4 1Y
B 02—

2 DMA = #I88i%1t
2.1 DMA EHEFERSHIRAFFEIT

DMA Fi il #5 1 52 B L filt 2 45 1 25 77 4 5 4 R
i, AR 44 PCle 538 F DMA AR, A £l

T —EZH i DMA 6l T8 SR %
P T 25 A7 45 53 R R AR A 4 T 27 7 4% RN S R AT 4
Hl 2L RS, o3 3% B H2C (host to card) F1 C2H( card to
host) J5 i) o 1325 R £F A7 fif 75 PCle R GE N A7,
AN R 2% i 22 T AR 128 R R, BSR4
HY 8 AN XUF 2 A 1 IR A5 A7 it 236 SR AR 38 2 in 4 i
FFRM S R, HAoR SR RGBT R Z 00,
ARZSF M 4R ik o H2C 1438 75 26 3 bk 5 C2H H%
AT Rk, 53R 2F 2 0 S 4R bk Ay 55 b hE o [
fi #% Hidik 0x200. DMA JF i %5 17 % H] T filk &% DMA
Pl g AR MU AR 2R . R, 72L& DMA fZ 5,
W TR A A2 AU Ry B Ji — 454 .

F IR T DMA 5§ 7 /7 25 9 L B . DMA i
VR AT 55 ) A AF 2% 0 T PCle 19 35 Hb hl 27 77 #5 (base
address register, BAR) %5 [A] |-, H2C 5 il 2 17 4% 09 U
% Mk 75 A 0x0000~0x01FF, k57 #5 16 4 18,
AN IE f7 ] 0x20 Ay b bk =S 6] C2H 45 il 27 A7 2% 1) T
% Mk Y5 Bl 0x0200~0x03FF, [A] BE 37 45 16 /Nl i,
BRI 5 0x20 (b Zs a]

% 2 7y DMA iR f7 g 2, 2 8 AR 1T, B
RS & 32 b, H2C Ml C2H &4 — /iR £ 2.
B R A A A 5% 1 Y HT DMA A% S Fir i85 1) ik
Bn G R, R RRBAT T RN E

G B B A DG AE B, DT S5 B4 =0 DMA 1% %, 38 />
T CPU X H W7 9 4 B b 2
2.2 DMA B E T2

AR RGIERT 3 AR EVRENFHE
3 #] FPGA S48 Huhk 25 o] i ad A2 o &1 3 PR il 1T
PCle Fl FPGA 1 £ 1l %5 [a] v B85 B 1 437 8 A0 /)N
Sy, T4 D AR AR R SOR E

FHLECE AT BRI T

BT BT TT N

OWRERPMWENZEH R 4B, 1280 FHHE

Table 1 Control Registers
F1 EHEFFHR

0x0000 Descriptor L TIRFF LA LR 32 b,
0x0004 Descriptor H HERFF LRI At bk = 32 b
0x0010 LAST_PTR FORIRSE 1 MEARAF ID (0~127),
0x0014 FIRST PTR FORE 1A EHARTF ID (0~127),
[31:2] 1454 -
[1]Ctrle HBLEN 1, AW DMA A ERPl; HEER 0, 7Ef)E 1 MR e R Kk Pl
0x0018 CONTROL

[0]Done., MIEN 1, FHAERIMBRFFAIRAES LD Done VB 1; HIWEN 0, L DMA_LAST_PTR X}/ Done

FES 1,

0x001C DMA_START

BIXAAFaHE R % DMA IR,
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Table 2 Descriptor Format
2 #HidAFEX

ks WA

filiik

0x00 LOW_SRC_ADDR

JEHBHEAE 32 b, PCle RGN AEHHE

0x04 HIGH_SRC_ADDR

IE b 32 b

0x08 LOW DEST ADDR

H B9 32 b, FPGA P28 il

0x0C HIGH DEST ADDR

H Akt 32 bo

[B111: HERIZMRITEA T — D AIRATEER R S

[30] Ctrl,

0x10 LENGTH [29]Done. M4i%EH 1,

0: Fn.
[30:29] R F—AMEERAE B HIE S

MULEN 1, PATSREERA LT HBCE 0, RS 1R AR
NEASE IR TR A FH Done (15 1;

M EH 0, {LFE DMA_LAST PTR
XY Done 1V &5 1,
[28] 82
[27:0] fEH RN, B0k B, AREN 0,

[31:16] magic {H,

0x14 DESC_ID

ZEUE P T SUE IR Sl R 4 2 A5 TC & A
[15:8] T—/MaER MY last_ptr.
(7] 5
[6:0] $67E R AFY ID, FHKH 127,

0x18 Next Desc Addr L

BRI Ak

0x1C Next Desc Addr H

R b e i

FHLPCle 2% A TE

0x1_2000_0000

0xF000_0000 RE SR
R
608 B

0x2000_0000 12 KB

0x1000_0000 64 KB

FPGA

FPGATEfifi i £ ik

64 KB 0x5000_0000

0x1000_0000
16 KB -

30 KB 0x0001_0000

i R P 2 1) 2%

H2C Descriptor Base(Low)
H2C Descriptor Base(High)
H2C LAST PTR
H2C_FIRST PTR
H2C_CONTROL

H2C DMA_START

itk

0x0000_0000
0x0000_0004
0x0000_0010
0x0000_0014
0x0000_0018
0x0000_001c

Fig.3 Schematic diagram of system to FPGA internal bus address space

% 3

512 B I AE -
QEAERFF R 32 B, 3R 755 96 B 11
R FH IR LT R SN AF 5B 608 B

YR 2.4E PCle Ml hik 25 8] v 43 FiE 608 B Y N A£F -
W73 5] v 4 T PN A 7 RS 1 Bk S 0x£000_0000, 1t
HuhE5 A H2C $ R 4545 il 2 A7 2 v o

AT 3 5L HE S 0xF000 0000, AF 4 %5 1 44 ik
T4 1Y H 41k A 0XFO00_0000+0x200,

D7FE 0xF000_0204 H15 A 32 b Y5 Hbhk 0x0,

WAT,

@7E 0xF000_0200 H 5 AKX 32 b 5 b hi: 0x1000_
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