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Abstract  Recently, with the evolvement of space remote sensing technology, the main earth
observation device has been gradually transitioning from the single-satellite to a constellation
composed of light and small satellites. A constellation of several high-resolution satellites collects
hundreds of TBs (Terabytes) of RSI (Remote Sensing Image) data every day. The traditional
satellite-to-ground data transmission mechanism has been unable to match the massive remote
sensing data processing. In-orbit satellites need to improve their data processing capabilities to deal
with increasingly complex observation missions. Meanwhile, in the field of RSI processing, deep
learning algorithms based on CNN (Convolutional Neural Network) have become the mainstream method
due to their excellent performance. However, the computation-intensive and memory-intensive

features have brought many challenges to the deployment of CNN. Academia and industry propose

WA H 91 :2021-09-26 5 2E LR K A H 391 :2022-04-11. A PRABIAF B H K 1 SR FL 2 B 4 (62171342, 61850410523 I 25 [6] ) 42 30 1% 1] 7 48 & A
45 (201701B) ¥ [y, 3B F 18 P Lo A G H AL & (CCPY 34 £ 5y, R ERFSE 7 1) i A2 b 2R 46 TR B3 45 00 4 458 260 I 4 %
A. E-mail: zbguo@stu. xidian. edu. en. XI  BLGEGFEMEE) L 882 44 S0, b BT EPLE S (CCF) £ 5, 3 Z A 58 4008 0k & ek
PR WA 2 5 i AR B &R S8, E-mail: kailiu@mail. xidian, edu. cn. $8fR R 8L PR AL FETFR T i AR LR G FEE W
WS B ST 0] O TR B i 28 X 4% B A TR 4 R . BRIF AR A A, = S DRI L SR RS O 9] O S RS AL i S A PR R



2048

Y,
&

it B il

many specific acceleration methods for the CNN domain to cope with the various application
scenarios. Numerous FPGA (Field Programmable Gate Array) and ASIC (Application Specific
Integrated Circuit) accelerators have been designed to accelerate CNN in edge and data center
scenarios. Compared with ASIC, FPGA has higher flexibility and faster development iteration
speed, making it very suitable for spaceborne scenarios. In this paper, we propose a microinstruction
driven CNN Accelerator for RSI processing on FPGA. This accelerator is jointly designed by soft-
ware and hardware, which mainly optimizes microinstruction coding, instruction-level parallelism
(Coarse-Grained Parallelism) and operation-level parallelism (Fine-Grained Parallelism) under
the constraints of limited storage bandwidth and computing resources on satellites. At software
level, we propose an extensible microinstruction encoding format and the corresponding compilation
method (Micro Assembler). A microinstruction code covers 14 instructions in 4 types, which can
schedule the dataflow between different components of the accelerator. The micro assembler
performs graph-level optimization on the CNN topology by convolutional loop tiling and operator
fusion, and then generates micro-instruction sequences that can be executed by the accelerator.
At hardware level, we design and implement an RTL (Register Transfer Level) CNN accelerator,
which is mainly composed of micro controller and logic operator. The micro controller achieves
the parallel execution of different types of instruction by a 5-stage coarse-grained pipeline (Data
Load, Data Fetch, Compute, Post Process, Write Back). The logic operator is a computing array
with DSP48E1 hard core resources cascaded, which can achieve parallel execution of convolution
operations by a 32-stage fine-grained pipeline. When the pipeline is established. the logic opera-
tor can complete 32X 32 MAC (Multiply-accumulate) operations in one clock cycle. The perform-
ance of our proposed accelerator is evaluated on the Xilinx VX690T FPGA chip commonly found
on satellites. The designed power consumption is 10. 68 W, The RMT (Runtime Max Through-
put) reaches 378. 63 GOP/s, and the ME (MAC Efficiency) reaches 91.5%. When our accelerator
is used as a coprocessor to accelerate the CNN object detection algorithm YOLOV3Tiny, the
average accuracy of the RSI data set reaches 0.9 and the detection speed reaches 102 frames/s.
The evaluation results show that our accelerator is 14 times more energy efficiency than the typi-
cal GPU acceleration method, and has more than 6. 9% improvement in ME compared with other
FPGA accelerators.

Keywords CNN; microinstruction sequences; FPGA; remote sensing object detection; micro-

processor design
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Bl 4(ETF) N C=232,C,=64,Ti, To=232 i},

B A Beon B Ol PR AIE B A S Hh A AE A% 209 — 2
PE,Ti W5 To #lE L J5 XA T #6840 T 5 To). #2 4
(1) (2)u[ 15 Ttero N 2, [teri S 1, B 7505 iy 1
AL I A 4R EE AR 2> 2 BRRIETL X T s A
HR TR)RRAE 55 A T o5 1Y R B AR R AR T — 2.
J3Ah . CNN £ J2 5% 1if 8 2 500 91 0 58 4 4K Mt
P A g b B A A [R) B () 2 O A% i PRI
TG i G AT 47 v 8] AR AIE T 7T o >R T BIDOR RDARE 1Y

J5 3 WO BB T o Yo s AR A T RS
YR A B BEE R IR s BN 4 Cl ED BT,
A LLE Y — BE i 5 5 Fhis 805 58 4 0F R B 1T
PR 20 i DA — 1> 2 B 20 B A o R A [R] 26 R Y
HAbZ 25285 AW — &8 2 b, B — 25 0ds
A AT B Sl B i 58 S — A~ 4 B B 5 HRT A 1 A
R TIa 5. AR 2 e 5 98 4 2 il h 2k ey
MERE CH o P s 7/ R T v B AE I AR 2 O
TR 2 R . B2 B BUIT 7 B B dE 2 2 B = ()
i
Inst_num =[C,/TXC,/T] 4)
SR T 5 ERAABOT R 2 R 8 A BRI 4R
L AT BB ERAT AR BRAHOCHE i T my e £+ 0 &
SR 22X T YOLOV3Tiny R, A [a] 43
RSB A TR S T R R .

R2 FARTSHHMER R

T BRAIBRAN/KB ARG T R
8 4.5 0. 96 7.68
16 9.0 0.94 15. 04
32 18.0 0. 84 26. 88
64 36.0 0. 35 22. 40

AR SCHE B B AR AT A e &
e B K R ST 2 R s — AN b R T AT
R T A Bz . 2% pArita sy 1. T
T H i SRR H 5@ B R G C/NF T &
A R TCRGE X S T8 AT I K 2R I AR AR 1Y)
PERBRG 5. 1 CNN R 2 FRAE B R ~F 4ok il 38 40K
I8 T S8 R S R B T8, an T 2 64
B 2T 5 A R AT A A 3506, DU ek
ROCRFRALA 22. 40,107 T Ry 32 B Hom #2005 05 5.



2054 it 23 Hl 2% i 2022 4
FAN T A SO T 8% MTKTF51264Hz M
DDRS3 ik B G 28 h 64 bits, £ %% WOk Xilinx Lok 119
1T %% (Memory Interface Generator, MIG) A 210l
SRR 8 R LS. MIG 19 AXTBE DR & -
it 7[32.64.128.256 512 Wy T MR A1 9. A B0 5 y
WS BRI 6.1 7 BTk, fE LSS 4KB g 2 7 77
256 KB MU LB 04 SR 3 7 i 512 bits 0 = 4] 259530
T H Ml A B AFL A S S A L T 2 Gl '
2% B8 B E R 16 bits BEALL T g 32 B AESE 4 oL M| : : _ L
7’|~‘|J)EH 512 bits )Ef,kéf%ﬁm’z }ﬁ%%ﬂz,fg/l\ﬁj‘%ﬁﬂlﬂﬁ |7\] 32 bit 64 bit 128 bit 256 bit 512 bit
K 7 AXI4 #10 DDR3 R HR
B4 B AT BRI — A4 B — AR B A A
PV BRSO T=52 4 B RURH g 522 PFUIR
P TRl A RS 5 M RS 4 BE SRS ST T —&XMIES S S5EHM
B B /N T 2 K S 0 i 2 O 5 4
[m256K @ 1K BPEAK] o A TP BN A2 48 4 AR S 8 R L B A7k £
e o 3504 1) o S FE B o R 45 5 A A R I 4
2107 9 TR AR AL AW 8 . th A bR AE R A
g s R UL FE T ] 3 45 ) A 5 2
& ol 578 T2 (Ping) 2 532 B I iz B 45 5 [l £ 2 47 (Pong)
i; Al JZ 2 IRER. WO U 146 4 immovl R 58 43 i
27235 B 1 B A7 A 00 T BRI 2R 48 A 1 B AN N A
il 0.70.70.8 ﬁ% m ﬂ [A] (mrmovf). 55 4k, X} F CNN w8 UL A % i 2 (75
0 s bit 64 bit 128 bit 256 bit 512 bit 5 2 6 A B9 F5 AR ED , BT LE B AE 28 77 ) Routel 5
6 AXI4 11 DDR3 Bik% Route2 #H1TE 1£.
mrmovf 1o Inst[n] immovi
| DDR ///‘FTH PLg [ Hig [ Routelz.2
- o] It 1] rrmovf -

K8 Btz 5 4 1k

3.3 #MiEL X4l

T 2 #5479 1 A A SRV T AR
P 1 TN, e AR e A A i hE ) Ak B ks
84 FEHh bk, 205 IR S A UM & B B2
BRI C,/ T XC/T A8 4 AT . 16 16 FR 14
AR 48 il 5 7 1105 T S BT 3 Bl T (9 4 4 2E AR
BREL. B JE A R 45 A IO B iR s M A B
G R EE 4.

BiE 1. IR T I A A k.

B EE R 4y 250D

i - R 4 ) 8 (Tnsy)

1. Initial() / /W1 A A At i

2. Num=0 / /W E AT AE 4 P B T R
3. FORt=0TO =N  //N JH&HZEH

4 /)t & TZ 5 A5 Y g 3

5. FOR i=0 TO i=IR[¢].C;/T

6 / /¢ A T2 M 43 HUAE BR

7. FOR j=0 TO j=IR[¢].C,/T

8 /R HE RSB BUZ AR S 1B SR 4
9. OplnstGenerator(Inst[ Num ][ 0xlcc])

10.

/R HE 2 S U BUZ A e 4 1 Rl B 1 4
11. FlowlInstGenerator(Inst [ Num][0x16e])
12. /SRR A B A OB R 4 A
13. MowvlInstGenerator(Inst| Num ][ 0x000 ])
14. Num= Num-—+1
15. END FOR
16.  END FOR

17. // TR I B — 458 2 R 15148 4 end BN A AL
18. Inst[ Num [ 0x1fd]=1
19. FineTuning () / /A FHEEE R L7 K/

[CEEy
20. END FOR



10 4]

B PERE  —Bh R 4 3 B R B o I R 2 O B 2 R 25 FPGA N #= 2055

M 1o — 50 b e 2 B X &
FEAALE T — U T A B Y A AR A 2k
JE Ry g ARRAE [ (58 X 7 XM T <64 X 256 X 32) &4t
WA EBRAXT SRR D EIE s ik (2 X2
HKA s H G S Bl R A CFE X R X< i A -
32X 128X 32) {yid . B 5% Tl AR 4 1 B L AR 2 7
FIKE AL CNN HE 35T 75 71 42 3R 4 1l 5.

4 FHITEERY

TEAEF)JZ . A SC¥t T RTL g 4% P47
AT MIA A B B4 4 77 51 a9 B/ il i 4

1 POA G5 1182 PO T 45 (R H 4 Sia |
GOFATH GERIZ B 2% . B il 4% 1 S i A JF 2>
Jeas B 5 R 1 4 202 s B A 45 48 5 LT (R AR
oy RGBS SO0 AL T EREEROD)
LUK SR A B U W12 4 4 5 9K 23h B il AR 12 1R s B A
PN T AL A . 12 R s T DU AT IAUAT 4% 28 s B B B
R
4.1 SRSt

Do i e Ky — 2R B ol i 4 A AT O %08 BB G
A%« S T 3R 2l 77 45 1 B0 58 R A 4% 2 A i
Ao 1) P 9 A . G BE AR A AT 9 () BT L 4
THUE VRS T AE AT V5 (el A

0

Tz il A WIRIZHR
e s 16b 16b1 CL ; 16b
=i ARV 16% b 16% 16% CLRT00MEA g,
. . . RS R | N
@ [ Row0 ] [Row0 ] [Row0 ]
a cemd Rowl Rowl [ Rowl ]
Row?2 Row2 Row?2
TREs] IR ot @ [Row3 | [Rowa Row3
T data|data emd F% 5 F% B F$21 &b
CLK 200 MHz
dath
=
Q& — 6},{F0 16b]LF1 b}FZ
data  |data 16b 16b) 16h
o[BI il die {8
_z U L
AX14 cmd] “emd Jemd DSP4SEL | | DSP4SEL | |_DSP4SEL
M rna lemd
Tetbsl
- '\_jm_f CLK 100 MHz
done done [done |done [done }
zEl Rl EAER] ELFOL || [ROM ] 16 16b
= | * N
£ L 16b | N 16 16b
BOEOEE —
w1k SrE N o E behn
i | EA MR | CLK 100 MHz 3t #55] [CLK 100 MHz 50k 8t |
Q W}L LRHE e W
R 3 - — 5 512b RAM — s P
H i 15 } 1, =
—_15b ] Ji6h B HE T
Tob —y =
(a) PdEtlgs (b) EHIEH A
B9 FHITiEeEEMRE
4.1.1  Hudg Counter, IC) i 1 [A] B Mkt fin 1, FFIRECT 5548 4.

A5 B T 9 UM A F 1 45 A 2
CROMD 1 3 332 oLt 97 4 (Firmuware) (076 54
FE L7 BN AR [ 9 954 7 51, 52 B [ 10 44
P 0 HE . PCle £ i 50U 52 U o 40 06 10 135 4 2
LT A AR T V. T 4 7 28 M
HLAI 0x000 FFRATRUAS » 4 HIRIIE H5 4 BT IR 2458
g Tinish 65 15 1 1 5 B - AT 48 0. 4710 4

B4 I I 91 R — 4 W48 4 1503 (Instruction

4.1.2 ¥

AR 2 B BT 5 50 & 4R 2 iR B2 RSN 5 45
FARZSHLLLR. W 10 iR 354 B as 34T 5 Fh
RA 2 B P) Ia 1 25 RIRAS (IDLE) L 3246 4 R &
(READ_INST) . ] i IR #& (SEND_STO0) . 4§ 4 43
KRS (SEND_ST1) 4541 i AR A (SEND_ST2).
X5 PR BB AN R AT A Y
HNERAY 5 RO I 48 58 B PR A AR T R ik



2056 it <A L

Y,
&

i 2022 4F

A IDLE Bk%t & READ_INST, B M $5 4 17 6%
b R 2 A RS BB Bk % & SEND_STo,
WP S 5% 25 BRL TG R 2 AU 9 A 5 2R A7 0 s Ak TR B 2
JRA 484 o K Hooc b F 25 ARSI IR S Bk 2
SEND_STT1, i 4 HR 3346 4 4 B A0 U)K 1ok 48 4 AS
] 7 Bt E A7 BF 40 9F W (E 45 4% Boc 5 15 5, 58 K
&AL B IS B R AR % A R R L R A
FREE PR % B s AT 45 R 5 Bk 4% & SEND_ST2
ARAS S BEH [0 2 i A5 43 & B0 B {5 5 CACKD L 1
W& R POUIREIKE Bas AR S/ F— &34
Gy K.

Inst_r<=1Inst

xfinishack 1 x_idle /

x_finish=1 ‘

(a) PR MREEHIRENL

Initial_Done=1

SEND_ST1 ARA& W} 14 4484 8 136 58 I 4
K BB HI0 5 4 K HOG. 38 B R 0 I R 2 5
J5 SRR AT IS B 4 & BT K AR A R B A
DA YOG HEAT B8 9502 » B 3 B0 18 4% 58 B B T Al
AL . 5 LR o K BITAE A BN U5 A R IR
B AR, 2 AR I E 10(b) iR .5 A4
KETC S VifFHITEE T done 5 done_ack {55 i
1738, 548 4 fif B 45 8] 38 4 finish 5 finish_ack
55 AT . T A 43 K 5.0 58 BUG 2 WU 2 58
JI A% BRG] 0 30 4% . 35 A B [ R R IA TS S5 S
NS R FFIT T — 55462 1R 5 AT,
| mommn | | wmenn |

| &t |
i Idle=1

HX

4
: o done=l g
L/M% .

5
! finish_ack=] !

£

done_ack—1

i Idle=1

B A
e

| e done=l 14
e
! finish_ack=1

(b) $RA 7 A

done_ack—]

i Idle=1

B 10 FWAITLRE

4.1.3 Pifr BAT 55 R

VR SE UG 3 HBEBE R % 4 HIZB R AR SR
7% ZE B I R T S 45 8 S TR T, 6 4L EUE S 4R
AW 53 Kk B AE B TTHE T 58 A % AT 1) ) BN A%
. &z BT WE 28U SRR i 1T iz
LA 9 R semd R HI BB, data S EIE .

ARSI S AEAE R R 73 B 4h WA (DDR) | |
24 (Block RAM) 5 i 8 8 50 2% f% (Distribute
RAM) 3 4. i AbNAES i B AT AXT4 B2k bl
VOHEAT R L . B E A 5 3 B R IT S
T (8] B 04 A% 4 B % 38 3% 1 (Native Port) . B Ff
Bl A v IF & EAT. 5 LB IR AE 48 A AT K 4R
nE 11 fros.

PRI mEAHEE R | [ Shlimmovf  |AXI4
(L3=>1L2)
VifEHt rrmovf IARE
(L2=>11)
b rrmovw | A EE
(L2=>L1)
R IEH/BEIEIR S
Bl11 B 48 4 AT K £

Horp mrmovf O 845 4E ) 5 mrmovw (A &)
AR SR IR 2 B T5 AT . HiAL & Y enable {5 545
TR ZEM DDR Nz . Hoh.4 His B84

5B 45 A AT IR 3. 2 35 4 B iR,
4.2 BIEIEHEFEIT

P Tl #2548 o 25 28 48 4 IF R AT PR 1 R AR
ETKL FBA BT SR BiERBSTHEH AT
DAL ) AR JBE 3 K 2R G2 BRI AT) S8 T I A8 1
B BRERHRSER RIS mE 9b)
FF7R.
4.2.1 BRES]

5 = 2 45 Rz BB A A o 2 PRR 4% 3 2 FE AR
R 5 XN G R R Rz . —A> 32 WA 4k
ERRESWNERZET 1XL SRR
Bl 12 s RRAE B ) — MR R T 2 32 IRk
Ehniz A

AKX EHREHZHAEE 16 M EHEITTH K
i S mE 9(b) s . ATl 32 4
KW Xilink DSP48E1 #i#% IP 45 64 AU E = %%
2217 (Distribute RAMD ZH 5. Hir 45 1 2% DSP %4
MR AX B, H:4vH AX B+ PCIN. 55 —%
DSP Z 5 & — 2. YEBEKT 1X1 I
RYESE ST 1 | SN i R AN D Ol R T
RFEAT BIMIFAEAN REG(HAE#) M AR F b, 2k
B B R UG A SR 0 b A 5 B O A B
T 32 g T gt (Multiply Accumulate, MAC).

B35 U T 1 400k B2 9 K a2 AR X an & 12



10 11 A — s 4 2 RO UG B A B 42 R 2% FPGA Jn i 2% 2057
mEsc 0 12 3 28 20 30 31 I | [ZB1ZDSPAX B [B2ZiDSPAX B-( Bs ADSPAX B 1 C RAZADS ] DSP: .
ZDSP: ZHDSP:/ SP. HDSPAXBAC| -~ | #329DSP:AX B4C
FoerriEro L] ] L1 0] ~ 01 0 [ B AL | [F0_W00
&R 8 8 K8 & KQ (Ping) ||| |oES~
Wi PRI IR - IR R Ry (e | el L
TR [T =
) b 2| | Fo.0_wio FO.l_Wo.l
g [ [ ][]~ (Pong) || JeBA-[ ][ ]0&3-
c o o e oo o 8 D‘QD®‘@®
A AP R 3] | FLO. Wo.0 o1 WL1 [0,z Wog
— -Ouzo,oﬁaumhﬁlg) (Ping) D®§:@D®?:@D®§:Q
o 18 B ) al [
FO (A0 : arEpE [P0 wg (RITwor TRZwe (R ws
g8 8 88 8 8wd Py ||[JeRd=[ J|Llegg-[ 1|[egd= ] [Jegi=[1|-
Wi 83 6 63 B - 651 693 9 e KL e -
‘ [T (IR - - -
i SRR i se | [F1s0 wo  FEewo. FLISW L FI4.3 W03
‘ { 15,1 W01 F14.2 W2 : :
RO ©69 (Pong) D®1:@D®1: LleRg=[ 1| leg=[]
-Ouz‘O,l(?ﬁﬁ%ﬁE)N@Wﬁgﬁgs FI60 W00 |FIs i WLl FI5 50,0 Fli3 W13
WIEH: 0 1 2 3 28 29 30 31 (Ping) || |®R3= D@iz@D@iz L okd=1]
F1(RAEED : ! ! ! g g g e a4 | [F18.0 wio  FIsPwo 580w, 50,0
_ 2w Bm m R R Bem 7 i Sl i v i [ H o
wo (b0 : B B B B - R B B Pong) || [IeRA=[1|legd=[ 1| []ekd=01|[Jeka-[]

K12 B T0E 540 K £

JIE 7 s T 1) AR % B A J 0 L B ) A 3R DSP 95
FE— B JE B P B 9% DSP 20 1 — % DSP 1)
SERAEAT IR BRI L1024 32 4> b R 2
AR MEZ ERKEESLZ . BN ER
BATTAE — A B B 3 P T A5 B4 AR 1 — AR
2. WA, B DSPASEL BPERE L 4% 32 ¥ FHLER T
il FH T PRS2 G0 0 R 7 5 (Ping) B 4 ]
15 & (Pong) B 8 8 3% A [A) 19 ¢ 4iE 1B 5 4[]
AL, PR, B A 45 BB T FE — A R G i B R
P AT SE R 12 i [ R AE B (FO) 5 AN 45 A%
(Wo.WD iy 1 X1 Bz 5. W, 16 M &I
41 B B S AT S B 32 BB IFTIS B ik
AR S A5 BB RIS AU 16 X332 4~ DSP48E1
PR A T 32X 32 (i) MAC B3, fE—A R G
B 3O P e TSR 1024 3 Bz B AT T ()
R BATIZEEA 1024 50058 32 7.

4.2.2 FFAES KOG

AR IR A BRI 51 9 AR B I L A SCiR T T
9(b) I 7 W FRAE 43 & % 4. FRAE B8 AE rrmovd
A 3K 3l I RRAE 28 47 T A% il 250 K BT, 43 R
JCHF 512 47 (bits) W EHE HE4T pad J5 #4316 bits
S MGAER 32 N EAFHL. BABAEPALS 4 4 Block
RAM, 5885 G A7 I 43 & B HE 546 L T FE 41, 76 BF
HNTT A1 () B L Ad AT AT 34T % A7 LA 3 o35 25046 43 &
R 16 A2 BT A [ 0 R AE 5000 DA B v
fIEH4E 52 .

T3 AEFLEAE rrmovw 15 4 9K B N AL E
AP EHEAABBR TN =% K
BATLERY . ALE WO, W2, W4, - , W30 ff AR 7=
(Ping) sW1,W3,W5, -, W3l f£ A A7 & (Pong).

MRFIE B K 4y K F B LR IT Y 32 9% DSPASEL
i, Ping 5 Pong 388 4 K ACE B, Nt . 7ERFAE 73
S 1A R R Y B A 2 B T R 5 B T T
GBI,
4.2.3  BfEKHRIC S 55 BB T

WE 9 (b) fir s . B BT AL & T it fb 43 e R
IR BSOS . o e B GE A B i e 4
psum £ 4] FIFO (32 5. & 46 5 8006 W 1K quant
5 relu $8 4 AT R LB 5.

LeakyReLU( >f{f’ 0 (5)
_eakyRel.U(x R
T, x=0
ShiftLeakyReLU(x) = { (6)
x>—log,A, <0

Ty A Sk O 2 A i U 2 S U eR L
(Leaky ReLLU) 4=t (5) A< SCffi R o 2 e i LA 42
50 i 5 BT 132 SRR R R 1A S =X (6)
(ZH A I BUE G L 0<A<<D).

E 9(b) iz, 55 6 2 B 0 A 7 3t Ak 2 4 R
IG5 FORFEZ R PAIT, B AT S LR A A
B A B % B0 1 38 S B PR T () 30 A 1Y) [ B A%
BTG R 8 T A N 1) 3 BB 5

5 XS

AR A Verilog HDL 288 T RTL 2% 1 i i3
P Xilinx VX690T FPGA | #E47 T 8% 5 W% 52
. EDA T.H} Vivado2020. 2, {}j B T. 2.} Model-
Sim10. 6d. SZFRri A3 A CPU ; Intel Core i7-7700
CPU; #: f£ & %: . Ubuntul6. 04; PCle K # : Xilinx
XDMA. 725 3C 36 5 B 4% PR A 3 b DL 1Y 3 Ik H A
R AT 55 64T S50 40 B, SEE0 T AR AN 1A 13 F .




2058 it <A

2022 4

=
=

% R 2 UCRFIE

i LN

3 CIEH AL

E . Ba(c‘lli})ﬁne — —>Neck CNN -

~

(4+1-+Class) X3

@H

T

R i iy

= ‘
—RNER FPGANNi#

P13 S E e A I S A R 1

5.1 REMHLRE

ATk W 24 2 R AL B bR R DU SR 3 AR R
YOLOV3Tiny" " fE h SE A . WA T4 3C 1 &= 1k
JikAE CAESAR-Radi $ds 5270 55 v 43 B4 4 W0
A3 BB A A R A TR

CAESAR-Radi SAR #EEBIBEEUKRE ST =
5 SAR % & 1 Sentinel-1 SAR %¥E h F 5857 .
KIEH g 256 R/ 39729 DATAAYI v 20 AL & o
s 4Lk B R I o LA, H R AR SR KT8 R
256 R 579 B AR 4 b A &R 4 VE
FHZE50 0 zs BRI B2 A 38 I R A 6L 4
KHLLETFHL 9 25 HFr.

K 14 . 15 Jy YOLOV3Tiny #5875 4 SC AL
RSRmE T e B AR PR R S b A PR RE R I Horh 4

1.000 0.07om0971 0.959

0.9501 0971
0.900F
0.850
a, 0.800f
S 0.150f
0.700F
0.650
0.600F
0550
0.500

—— R
—&—16 bitw AL
—m—8 bitEfk

0.‘4 015 0.‘7 O.‘8
TIoU
L4 3 43 B0 B A I RS 2 1R

0.900
0.850 -0
0.800
0.750
0.700

o, 0.650

< 0.600
0.550
0.500
0.450
0.400
0.350

0.300 : — .
0.45 0.50 0.65 0.70

ToU
B 15 CAESAR-Radi % 4 K Ik B

- —— A fE
0.845 —a—16 l?iéi%
—m— 8 bitE Ak

O
Q000
O
=0

K BEREALTE DarkNet 28K #E47 I 25, AL 1E Caffe
HEZR S SEBL. A B 3R IR R A RO J3E . 7 il 5 BN
J2JE R EA 2 R A 8 Ak A 3R R I AE 35 3 Bk
W 55 2l 25 8 i AL TR W S R AR LR B2 A AR Ol
FIARAS I 450380 1 DL RS BE 46 A oF 208G 2 24 {H (mean
Average Precision, mAP) , £ A& b5 2 7~ ] 32 mAP B}
SEFF b (ToUD Z: 8 A 18 (e 45 i WLk +% 0 0. 5).

B 14 s 1A e oy B gk b B AR S G
BERY [ KE BE XS L. 24 ToU B{E /N T 0. 7 B, P ROk
JEE F o A A TR 5 4 K R A RY A L ARG BE K.
L {Ey 0. 8 I, 16 bits KR 5 400K B2 AH LI 2K
fH 8bits BLAIAT 0. 078 ARG EHS. &1 15 3L 1
KA AE CAESAR-Radi %45 4 F A4S 00K F2 % 1E.
16 bits T A R Y b5 4k B2 AL R /e 2% B R AR B T
AT AH [) A A 2. 8 bits KRS 88 7 B (B /NI K
JEA — L. (AR B (22 K CRTF 0.65), K il
KA — & RE L k.

H S B2 XS LG R R L 16 bits Al 55 420K B2 A5 AL A
Fo JUSF- ToAS B4 2. 17 8 bits B AI7E ToU [ {8 8 A%
T 00T A JC 0 H 2 8 RO B (B RE A
s R I TR R BT RS E RS a0 Ak
JEFN 16bits BLAY, HAE ToU F# WL & 0.5 W), P Fil
AR T B T oA ik e HL AR SR W ) A Rk
WEAIR A7 i B8 5 A T 3% 3 . AR Sl
16bits AR JEAT M1 4% SR VAl

®3 BHUEEXN

R A /N /MB HZ R KSR
b 34. 8 18 MB
16 bits - ft 16. 8 18KB
8/16 bits 1k 8.5 9KB

5.2 MNESFMEEXWE SN
50201 i A YR IF AR A

AL A 0 2 4% 4E Xilink VX690T FPGA
ARG AC IR 4 PR, P 1 AT o il il



10 4] B PERE  —Bh R 4 3 B R B o I R 2 O B 2 R 25 FPGA N #= 2059

PO 58 A FAE 28 (ROMD Y WS TR #E. AT LA
AR SO FE A 2 B A B IR R D, B
TEEFER /N T 2. 200, FP 8 2 17 Ry o 4% 438 3%
PR THAE. BT AN I AR A R IR AR Y R
it 5090 WA SCIR HEAT T WA S B, W UR Y AR A 3R
A 3 AT TR,

& 4 TFPGA HFHFAER

LUT FF BRAM DSP
YN 2653 1312 32 0
B 0.06%) 0.15%) (2.18%) 0.00%)
X 153767 136143 602. 5 517
2 (35.50%) (15.71%)  (40.99%)  (14.36%)
Bty 268092 231912 1134 1034
& (61.89%) (26.77%) (77.14%) (28.72%)

KNP AR 2 PR OT T R IR LUT (197
FE(5 LLUNE 16 /R, B AL HLIE £ 66 (1 XDMA
¥ 5 DRAM ) 4 A7 5 il 4 i ol 2% 3= 2252 4
BT P A B B B G 9 TR T AR A K. TR B AR A
T 512 4~ DSP ¥E U . & 32 45 9 U5 T #E 5 K B
JC. B 17 JBIR T EEAAAE IR BRAM I #E 4 L
AR UE A BB IT 1 38 880 %, FR AR 28 A7 5 B K PR T
W 4 H BB T T FE T K i BRAM Sk 28 17 v []
AL .

19%

XDMA

Ak 3T 26%
3%

iV
Ly T

0,
AXI Crossbar‘
™

WELZEAT BIRETT
10% 22%
PAFHE ] &
11%
= XDMA LRI L PAFFERIE: o AL AT
m AX1 Crossbar m [{fii# #.7¢ m ik T iy

[ 16 LUT BEHHAE

He
24%
RHEEAT
34%
R
IV
&R
3%
LR ST
11%
Bt G
27%

wRHIERAF = BERRLOT BRI
BEZAT » ERFFRIT m LT

Bl 17 BRAM ¥t JIH #6501

R A5 B8 U5 FE PP AL L 5 BLEE S BOTAE S 2
PSR EAE T S 2 B AHAD A B I A i) it
TR 2 7 54 i At 2 58 18 5
5.2.2 M AFVERETVE AL

Bl 18 2y YOLOV3Tiny 45851 13 2% T
iz Zis B R AR R s s 5, B 1X10°
ANEEFE (Giga Operations, GOP). JKf k) 3 X3 £&H,
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Background

In order to improve the inference speed of CNN model,
Academia and industry have proposed many CNN-domain-
specific acceleration methods to cope with the various
application scenarios. However, how to accelerate CNN stably
and efficiently on orbit satellites with limited resources and
energy consumption is still a challenging proposition.

Compared with ASIC, FPGA has higher flexibility and
faster development iteration speed, which make it very suitable
for spaceborne scenarios. At present, the research on parallel
architecture of FPGA accelerator is mainly divided into two
categories: Stream mode and Single Engine mode. Stream
structure has high throughput but consumes more resources.
Single Engine structure has only a single operation unit, and
the data is driven by the control unit and transmitted repeatedly
between the operation units to complete all operations. It
achieves the purpose of acceleration through the concurrent
operation among all operation units and the parallel operation
within each operation unit. Although it cannot achieve the
high throughput of Stream mode, the resource consumption
will be greatly reduced. The key to the design of Single
Engine accelerator is the inter-layer Dataflow Schedule and
the parallel structure design of Single operation unit.

For low resource and low power consumption scenarios

LIU Kai, Ph.D., professor, Ph.D.

research interests include design embedded system on chip

supervisor, His

and high-speed image video coding.
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of in-orbit satellites, this work chooses Single Engine design
pattern. A kind of register transfer level CNN accelerator for
microinstruction sequence scheduling data stream is designed
and implemented on Xilinx XC7VX690T FPGA platform
commonly used on the satellite. The interlayer data flow
scheduling is optimized by the concurrent parsing and
execution of multiple sets of instructions in the micro control
unit. A cascade array structure of multiplicative accumulator
is used to realize the parallel computation in layer. Experi-
mental results show that the designed power consumption of
the accelerator is 10. 68 W, and the average accuracy of the
remote sensing image data set is 0.9 when it is used as a
coprocessor to accelerate the CNN object detection algorithm
YOLOV3Tiny, and the detection speed is up to 102 frames/s.
Compared with CPU and GPU, the accelerator has higher
energy efficiency. Compared with similar FPGA accelerators,
it also has an improvement of more than 6.9 percentage
points in ME (MAC Efficiency).
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