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Abstract
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B5G and 6G era, broadband dynamic multi-beam communication is one of the key candidates to be
included in the next generation cellular systems and satellite communication systems, which uti-
lizes the broadband characteristics of high frequency band and further taps spatial dimension re-
sources, so as to improve quality of service (QoS). In this paper a broadband multi-beam wireless
communication prototype system combined with dynamic multi-beam control is proposed, in
which both base station side and user side are in consideration. On the base station side, hardware
architectures including X86 universal servers, RFSoCs, RF phased array antennas and high-speed
interfaces are implemented, available for dynamic multi-beam control and other baseband signal
processing functions. Wireless baseband algorithms are implemented in a fusion computing ar-
chitecture of X86 servers and FPGA. The unique features of this system are dynamic multi-beam
forming, large bandwidth, high throughput and high development flexibility for algorithms. This
prototype system will be of great significance to 6G oriented system development, as well as be
applied in rapid development and verification of intelligent algorithms.
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55 AR BlAE BOR(BG) I ] 2020 42 Jm KB — AR ShiE EHoR, FOEE M4 CE 2 RRVEH A
RIBEERE[1], (HRAEME BAZELAR AN _EIEA R AT R ARKAL ST R MRS E AR ETT
41 6G 1B R, 66 TLAGHE MLR iRt CZBFE A N LAk, PR EAN(UAV)ZEER R 2%
NANFESEFI AL, FTCL R KA, Bk, Bhdk. W MR FR, HESh AR AR A LA IR
Wkie, LRl WE. 28, ZAEEK2] [3] [4].

FERAEEBOR A 6G SRR T, Bahdaiin e 2 ANEAE I, P 5T 5 TR B H a5 58k,
JRA I 21385 2 GER IS Ao 22 ARCHOAR R TR R 2B 17 A AN R 170 (0 22 A, A3 22 4
FEAEREGRIR, SETHUE BRI R, O TG RG] BUA 2 B AR U
SELPRBARN T, FPHTUAR, T E, ARETE /202 MYERL 1[5 BhA 2 PR EBARR LLahds
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Figure 1. Overall structure of prototype system
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2. REIRGHEHRN

ASCHEH IR R G0, AR SR TG B8 B B e 5 57 P G . X86 + FPGA il e
THE R G R E B R OCR RR, PTERIL b NATRERE R B AR S S AR EE . 0 Y B R e
(RF-ADC/RF-DAC). %7 & M(DUC) 5 $ N 4(DDC) mid B a1 4 . 2 i1 S R B K sh 4
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2.1. SR

SRR T S8 U IS S WOR SRR . HUE 5 SR UE SR ThRe. Wikl 2 Fros, A
BEFERLESE TR A0, RETHICUU AT Hou. K, §4 TR A4 1 5 8 ARST) /i
ey R 8 i TDD S5 MRS AH ORI H A 1, 8 MRS AHBOR A SR 1ok 17 48 e i B Ak, Ty AR AR
Ik SMPM # - S IIUE RS 5 8 A~ TDD 5 MRS AHBOR A BHe Al , ok e B 7 S AR 41 56 ) Sk 1)
FEHE S KBRS TR A4F. RETFHIoH, BRHI PCB MR ENHIER TR, R BT
X, 4 MEWTREEIRA—NRLEFES], 7T SCELE B 40 B3R T8 B 5K 1 120 A E . AR
T IR IRASH T %, 43 WIS A A 2800 MHz Al 28 GHz, AR5 543 )4 2650 MHz Al 25.2 GHz,
Hrb 2650 MHz A4R%H 100 MHz 8% 10 MHz £ 2% (5 518 B AH PR B 4545 3], 25.2 GHz A4R>R H 100
MHz B 10 MHz 3£ 4E(5 5 BE81E 12.6 GHz DRO /£ 12.6 GHz 55 5, &I 2 5. e 2 Ja 155,
PIRAIRAE 5 0 A8 14 8 Thor 2RI T 1331 8 B Xt . I AHRAE 5 o BAREE R A 8 A TR AL4/KFHEF,
A TR 4409 8 NMEAH T IBIE XN B 8 N RLEFES, AT TSI AT D, S RIS A A 4%

g OERERE S, BRI RUES . BAHSAEIE =S 50.5 dB Bit), KETE TR
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AR, By 5 7 AR AT B N O RS AR ] 5=, mr SEI S5 AT U el [R5 =X, Rlid s s ik
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Figure 2. Structure of RF phased array antenna
2. SHSMIBIERE R L LEH

22. WHENHFHRREHFPMEAT

PZER o L BEET Xilinx 24 7 [ RFSoC ot Fr SEBL[10]. RFS0C £ 3137 i) 4 F2 1 TRE S (FPGA) . T8 i
L5 4% 4 283 (RF-ADC/RF-DAC) . 51 & R i [ K] P 2 45 2 i (SD-FEC) R He L DL Sz 4b 7 2% 22 45 (Processing
System, PS)&. Horhr, BN TR EHEN RGEF TN EE BRI, H 84 RF-ADC 5 8 41~ RF-DAC
AR, BT SMA B4k 5 5 AT 0 LA E AT (5 5 6%, WSS ThaE AN AT,

RF-ADC KRB R B E 3 Fras, H NS ML & BE N (Threshold Detection) itk 1EZZ 14
il #% 1F (Quadrature Modulation Correction, QMC)Fitk . 1Q VR . HixIR% 25 (NCO). 1Q F3~ i Fh HUAR
B bl R w] A2 FIFO Ak, t1 4 4 iR . 884~ RF-ADC A 12 bit ¥ %, 4F 2 4> RF-ADC 411 1 > 1 .t (tile) »
FEBC B AU IR (PLL) AL ZE I hoZ 4, 385t AXI4 BT PS Sk TiEME . AEAJR AL R4, RF-ADC
BB IS S AR N BTG 5 o RFEEE B e i i N 1T BRAS I 4 NSRS S Th, &0t QMC
R RIS 5 AT B2 RAE A 38 2 fM32, 2 N3 28 47(Digital Down Conversion, DDC) 82T 1/Q
TR RS SRR, B ST T AR S S 4 (Gearbox FIFO)HEAT B A %6 VT e H: o 3 B 47 5
T D L BT I A R G R A T R T AL B

RF-DAC JFFIRZ N 5 fror, H NS IR a5 T g fe FIFO B, 1Q 2 BRIGMEAIEL. 1Q R4
B, BdEIRZ 23 (NCO). QMC s kg th yg ik 2 ik, 1%l 6 fiur. 44> RF-DAC Jy 14 bit K%,
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4 > RF-DAC #4111 M 1Hoc(tile), JHEC B AU (PLL) AL E RN phiZ 4, FErGET AXI4 BE&miLS
PS Ui AT 8 G . TEARA RS H, RF-DAC WM FEWE S BHNEN PGS . A STy kgid
= _LAZ45i(Digital Up Conversion, DUC)REHLTE il NG B8, THRAFE DL BUCTIR AN, SR G4 5L 1¥ SincFIR
BEAAME IS, DAZE A T U E AN P B B R, FEZ A4S T RF-DAC W 2 FLI
BT ® RF Data Converter IP #% 7] LLAs RF-ADC #1 RF-DAC HISRFEZ ., o8, fhBUEE. AXI4
BRI B A BERAEEL W S 528 (Real 15581 1/Q 155 ) LA K B[ A8 22 ke X 25 24, T
BRGNS EMN TAERE . ARMRGEHET IPESHKEWE 1R,
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Figure 3. Schematic diagram of RF-ADC
[ 3. RF-ADC R REE
— - o I Decimation -
0 Q
g3 QMC S Tand Q =g
ADC_1 R 2 =3 r—
- &z Gain/Phase a Mixer og
= 2 - Q Decimation - o
— m e I Decimation -
Q
g3 QMC g Iand Q = g L
ADC_0 g M Gain/Phase z Mixer og
= IS o Q Decimation - »
Figure 4. Diagram of RF-ADC internal structure
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Figure 5. Schematic diagram of RF-DAC
5. RF-DAC RIEREE
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Figure 6. Diagram of RF-DAC internal structure
6. RF-DAC HER&EHREE
Table 1. Parameters settings in RF data converter IP core
= 1. RF BB MEBEXSHRE
SRR RF-ADCs RF-DACs
PR 3.93216 GSPS 3.93216 GSPS
G 491,52 MHz 491.52 MHz
eI PN A 5 2 8 8
Samples/AXI14-Stream Cycle 4 8
AXI14-Stream I} 122.88 MHz 122.88MHz
N A AR K Real->1/Q 1/Q->Real
HEMRFX 4, Zone 1 Zone 2
Pt 3lilE
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2.3.X86 + FPGA &+ E T

AR R R RS A FFC & Intel Xeon Gold 6154 f38 F il 45 %% 5 Xilinx UltraScale + FPGA 4 i filt
GUFERIC BT, &I 2 P AR T 2015 J5 A R 45 1) SR R 48 Rl F i 45 2 B FPGA
B 11]. X86 EH RS2 TH AR IaE. JFR AR & R R TG MR, (HCr 5 b8 s A IR, 7] kF
() Z& it i A FR[12] [13]: T FPGA ELAA T SIS I HHE v 1 F AT AL B, (R g A2 R ARG, PRl FE AR,
TEACIG TS 5 SIS AR B 7 THAA BORAMERE, NG A Tl (3 S PUd e [14] [15]. X
FACIEH AT E A, @ LB T (Block Design) Xt FPGA AT 4iFE, FH T3 & it @ ULk
Fi,(Software Defined Radio, SDR)AHC 5% ; E 2 4% X86 i i i 55 % th R i 2408 5 LA IFAT F5 A dE i
SEILECHE T A, I T R RE T B[R SR AR i T R AR A R R R, AT DA FE T R S i S
T EE .

24. EIRFEOSTT

Rz G PCI-Express M4k #: 11, GTY midisc k2 11, Xilink Aurora A& Alveo U200 %4
g . Hop, o iR 5 X86 kg #s PCI-Express i Zi#z MRz, nl LARTHIR S5 48T H gk
77; Xilinx Aurora 55 RFSoC il GTY fmidi#% N AHIE, BATIEMRAM. FrtEnd . i 5%
Mo s Fo R G (Xilink Aurora) 5 il A v B T (B0 o0 inidE ) 2 [AE i QSFP (Quad  Small
Form-factor Pluggable)$# 4z, 44> QSFP Hifs fL 4 # Al ik 25 Gbps, &UH A AL 100 Gbps. FATHE
PRAGHART, FhA TSR IIE T QSFP fR g A ik N A7 AT G FIFO 176t #, WK MR Bl s+ 11
5% 1R 15 5 # IRE SOk SUAR AL, 20 B4 3 P B0 A s i Bl . o P BoE A e
RF-DAC, ik Atz il Hdfs 22 Ab B 5 o s R TE 5, T IC B S oo Bas 42 i, SEIL R U -
ATEEER AR, B A G RF-ADC i A e e U A ZE iU B HE e St UAT AL, HEN
FIFO f#fifies o4t QSFP K iaidi% ML B RS 1HE . Ic. PRI RET, FIFO f7fifi#s 4k 2 Bt 2247 A
S I R AR

3. RERGHZASHHI
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Figure 7. Flow chart of baseband signal processing
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TATHEAE S A E AR, EORRR B WIS MAC E T REWMIE, B EEmG. FEANL.
S sl EMU . 5. UM . OFDM VAR I Re B AL, Al R AR . BATS, 5
HnhSKH] LDPC ShS &, ¥ gmhs LUK 17 51 5 NPt e S AR 3R, T2 it Lo AR B i 2 ey S48 R 755 3,
ARG 0] L FAHE BPSK. QPSK. 16-QAM. 64-QAM L} 256-QAM f1 5 Flifil 77 2, Fimid 2w 7
BC 2 AMME4 ), G0t Tigm s Bup R 2 1, 58 B IR L 5 DL OFDM £ 5 I R E#E N B4 fE1E.
ITHAE S AL B R, i mE R O S ER R R T, ek RFSoC #dE, £ OFDM
R IR . EEAN T S SR SRS AR ARZ B AR, R, SRS T AR
BHALEE, 192 P 8. BRI EARRAE SCI A SR T R i, TR E RO EATRERE
Bl , o MrFAEsE s 5 M P 2 S IR S R (CSl) . A T RS RS E B GCSl), ZitEiEik
A5 EL(SCSI)FETH LR 0 B BRI 2 1F R AR 518 HLAF 50 3145 - A0 3R U T IR A5 J2 5 3l Ik AR N (38 45 5
RSEIUAE AT BT L e A B R R O RS, ke A R R ) SR AR 2 R R .

X86 fR45a% NSRBI 2 RFERA, HERMOTIZ T, WYL H, MWMSLBIE T, s
M 4RI 26 RS . BB R RE . OB RS . AT HOR A B LR R AR A, AR 8 BoR. Bl
PR S RIBEHAR LSS LN ATEAR B AR A T B L B, AT SR AR R 2 T
FEMIR, LR e S S A3 ThRE, AR ST DR BB TE G T PR B, BORIEMI S HIE. Sk
WUH AR S ZEX O AT A I A B, 7 AR A B AT S I Eh A R . [, X86 @ HI R
S5 24 IEH ] B 20E S AR 4 2 BUR T HOAR (Single Instruction Multiple Data, SIMD) A Intel 27 4% /0 2 %
(Intel Math Kernel Library, MKL). SIMD # R AJ DL HE$E = A% P AT I BE , 1wy R R FH 22 4% R 55 48 1 2 U s
MKL JF BB (3t 7 A A . Dl A e . R BUFS 2R T A, KR s il s 5
FACERRIVERE, ARG R E, AR RGFR TS SEIUR A I3 HE .

X275

F%%ﬂ Fﬁ%ﬂ Fﬁ%ﬂ Fﬁﬁﬂ F%ﬁﬂ

54 57 ShIRLTE IR TR EH%TE

Figure 8. Multithreading software architecture of X86
B 8. X86 % LLFREX 122

4. RBEIRGSLIWINFSR

A ZGAEN 5G ) 6G BT W o)A Z PR IERIIE RS, Wit b5 BB AR EA—8. AR
Gri e Bl B 512 R4k, Ik 8 M TIEIE, SCHF 8 WRBNAEE, LIRSS 1~8 AN P &, I
BB YRR 2208 3.93216GSPS, 1] 3 RF 400 MHz A %085 4 9, FFT JK/INA 4096, 1 #8171 B8 24 120 KHz,
PRt 5 ATk pg A m) A 3, AR PIFIK ERIEIAAT S . A JFEBIGIE R G MERE TR bR A0 E 2 R . PTG H,
KB GAE R 2 REART B2 1) 56 AF T ILv] LAk — B SEMBh &S Z PR, £~ B 3EE RS R
LA ARG 1R S5 A UE S

N T IR R GAE SR B TSR S A R, AN BRI T RGN FEIE KA SRR
(Block Error Bit, BLER). i3 (Bit Error Rate, BER)M:AEHH £k LA K Frik E4ds . fEnf SEdEIkrh, W&
i FLB B ECH 2000, A% ELAR A 1.63952 x 10°, fEHIEECA 2000, W13 REAEA FME 8 214 F 1R
Peae ph Ze AR R M et 9 o
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Table 2. Performance index of prototype system
3 2. [RBIRGMREIEIR

SR HifE
FLuli REHL 512
EZ=iGIVAbE¢=! 1~8
RYGRFER 3.93216GSPS
RG 500 MHz
TR A B 120 KHz
FFT A/ 4096
s T 3276
PRAP T e 820
NI OFDM 75541 14
LELalae BPSK, QPSK, 16-QAM, 64-QAM, 256-QAM
EINIE -5 95 160(755 0)/144(75 5 1-6)

Modulation order = 4, Target code rate = 490/1024 Modulation order = 4, Target code rate = 490/1024

10° 10°
4
101 E
g
E 101
5 o 102F J
5 &
=
g 107 g 10°} ]
'E_d [8a)
< &=
2 D04t 3
§ 107 f [—#*—AWGN Channel —%—AWGN Channel
= —o— Perfect. Channel Estimate 5| |—©—Perfect Channel Estimate |
LS Estimate (Non-average) 10 LS Estimate (Non-average)
—— LS Estimate (Average) —<—LS Estimate (Average) \
10 . . | . . | L 10 . . . . L .
2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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Figure 9. Performance comparison of BLER and BER of 1Tx-1Rx link under different channel conditions

B 9. 1% 1 YA N EEE R THIIRIRE (BLER) IS % (BER) M REXT L&

Table 3. Throughput performance of 1Tx-1Rx system with 400 MHz effective bandwidth under different MCS
72 3. 400M BHHEE 1 & 1 WARGKEARRE MCS THIEM 21458

o) R eff‘igfet;ac'y Bits/frame SNR(dB)  Txtime(s) Txtp(Mbls) Rxtime(s) Rxtp (Mbs)
2 251 0.4902 1,680,000 5 1.5564 107.9405 16.7951 10.0029
2 679 1.3262 4,500,440 10 2.2918 196.7668 16.3946 27.5057
4 490 1.9141 6,558,080 15 33713 1945242 23.0767 28.4186
4 658 2.5703 8,684,160 20 3.8552 225.2599 20.1661 43.0631
6 517 3.0203 10,330,240 25 4.8384 213.5049 27.8199 37.1326
6 910 5.3320 18,038,400 30 6.7017 269.1624 21.8183 82.6754
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FTUE Y, LS fFiEfh it 5 BAREE M THEREZ B EUR, HEEE RIS RIEC, RPCRIIRE .
H TR0 FO R P IE Y E T80T ARG 1%, DRIAT DL R A &R LA 7 3 b {54 AR SO
FEIASCEEE M T ERE . R RT, GRS RB X T B E RBOPCT LY, g TR X
SIEAL T ER L IR, 1 LS Al tH AP REBON RO BARE TS A vH BRI . A AR, X RGHEA
[ MCS 77 A S B 2620 T, 0l DTS BERE Aid . $ROnS A DA Rk i, 45 R0 3 .
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5 RGN PR RGEHTT R b A DL T 0 B BOR BOE A e oIl A5 S R i 2, A A SE & .
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