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RESEARCH ON MASSIVE MIMO DETECTION
ALGORITHM AND CHIP IMPLEMENTATION

ABSTRACT

Massive Multi-Input Multi-Output (Massive MIMO) technology is one of the key technologies of
the fifth-generation communication system. It can achieve higher spectral efficiency than traditional
MIMO technology, and Gbps transmission rate. The BER performance and complexity of the signal
detection at the receiving end is the key to the practical application of this technology. However, as the
size of the base station antenna increases and the number of users increases, the detection complexity
increases dramatically. Therefore, high detection performance, low complexity algorithms, AND high
throughput massive MIMO detector is urgently needed to be implemented.

In terms of algorithm research, two signal detection algorithms are proposed based on Non-
Stationary Richardson iteration and Second-Order Richardson iteration. By adopting strategies such
as approximate eigenvalue estimation, low complexity initialization, and matrix vector product, not
only the calculation of large-scale multiplication Gram matrix and its direct inversion are effectively
avoided, but also the division operation is eliminated, thereby achieving near optimal performance.
Meanwhile, the algorithm complexity is reduced by over 25%. The simulation results show that
the antenna configuration is 128x16 MIMO system. The two algorithms proposed in this paper
are close to the minimum mean square error algorithm with exact inversion when the number of
iteration is three. In addition, for large-scale MIMO systems with more users and actual channels, the
algorithm based on Second-Order Richardson algorithm attains performance improvement comparing
with current algorithms.

In this paper, based on the Second-Order Richardson detection algorithm, the first hardware
design supporting the variable user number massive MIMO system is completed with systolic array
structure. The implementation on the Xilinx Virtex-7 XC7VX980T FPGA has a throughput of
1302Mbps and the hardware efficiency (Throughput/LUTs) of 18043, which is significantly better
than the NS, CG, GS, PCI and SDJC algorithms. In addition, the SMIC 40nm, 1.21V process library
is used for chip implementation, the throughput of detector reaches 3.0Gbps, latency is as low as
59 clock cycles. Meanwhile, normalized energy efficiency compared to Weji, NS and CG detectors
increased to 1.48%, 15.1x, and 1.76X, respectively. It lays a theoretical and practical foundation for

the design of next-generation high-performance generic Gbps massive MIMO detectors.

KEY WORDS: Massive MIMO, Detection, Low Complexity, Second-Order Richardson,
Non-Stationary Richardson, Variable Number of Users
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SR ) U e A 1 T RR AL PSR AR ) R, A IEARI DT R AT SRl . XM, RE
PEREA —E RS, (H2nl DL B PR R R B, B Sl At o AR Iy s AT LA
FRZWNETFE, SMEATE, B REAR & EAE M.

S /R R C.Studer #0437 BT 7T 1 BA$2 H i 3 T 412 24 %0 (Neumann Series, NS)
JE M 17 2 I R AR AR . NS BUER 42 208U (WET N B/E N Gram 55 FF
WRERE R ME . 177701 FPGA 30k, {E(SIEFEREAUR Y 128 x 8 Itf, AEAZ3KASF 621Mb/s
Pt (B2, 2 N BUNZEEAR TR KU MMSE PR R E0K, 1 & Hr 240
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A& H R
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IxIl, = VEelxel?s R() FORIVRERISLER, T() o i 5 1 .

KEFE B RoRFLIEREH, KGR U LR REEH. R FREHE, CRRE
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BTE  AHIE MIMO R4 N A

AT FEZS AR MIMO R Gt AT HAR IR, I 20 Hr BUA BT 7 & SR 1 sk
BB ARME MIMO R0 L N ATHERS IR ARR, (554000 5 Bl g 9 (R BCA R LR,
xR MIMO RSB FEREMOEAI A, IF i A K52 . fea, VR4
500 7 RHUEE MIMO R G BLA ) SR A I 0%

21 KEE MIMO ZR4G1EE!

165G @ 5, KHUBE MIMO £ 48 32 B8 FH 0] Loy A an 21 s 2 /X 2 F 2 R4
M/ NXZH P 2 REMEET . 20X E Y, BN AHP 5%/
BT KINBE R LGB (L5 AT I8 s A 7 SRS SR (] B, A SO R/ X RT3, 8
Horp— NN H SR AR B A0 B 2-1(b) BT B/ X N — ANk 5 2 A - 3 T80 13 5.

KHUEE MIMO F 5t AJ PAS3 A0 FRFIAERT AR A2, A bR ik S ik R 28405 - 4k
EIE RN . SRR KU MIMO 2 Gt fi5 55 3 (1) R 28 £ i 5 1R I AR 4% (00 P B el 1 1
B, TEZEAT T PGS S S A0 R e R B ok, ERE LIS RS, MEReE:
ZHERE . EAERRI R MIMO R4, P HuE /TR RN R, @E N
A, I R B A% B B R RLSE, SR A AR RS 5 T 4w A RS 00 £ 42K e A
BN RRAEAE T IR RSRIGEARR RIS, 52, FEXRFRIRIAEE MIMO R40A F T FK
FRIRPD AR I (R 52 2 B o BRI, BT 904 S ARG 0 ) R S 90 K 22 8 TR R OR B MIMO
RGETIT, AR T EIEMMEYERE N 128 x 8, 128 x 16 KA MIMO R4 ML &, [H
W58 128 x 32 M RGACE, F SIELEH 2 IEXT ARSI RIT, 3208 6 AR 155 T v

TRAEAE S AL T ), KHRE MIMO J815 R4 0] Loy A P ATRERR AN EAT RS . N ATHERK
e (G S Al M 2 J5 RIEG R, B PGS A AT R R 2 B H S
SORIEB I, TR RIZ S S S AT

@ ZARZRPZ KL (b) N8 P % KA

B 21 KA MIMO #2315 5
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SHANGHAI JIAO TONG UNIVERSITY k%md*i MIMO %liyllj ﬁ_ i%zﬂ; %&ﬁ: }:'L g{_ I)r‘L
E R T R
> ==
Gl E @ RS Data stream 1
l ’ @,_ 15 NN Terminal 1
Data stream 1 1 S - RN SN
L4 //’ - N . W
2 / II ’ Sao
1 / ~ R
Data stream 2 0w —-" ! ~
5 o 1] , . .
S o RN, A Data stream 2
@ P "
: (s —_— - . _—
/! N Terminal 2
Data stream K M , .
—_—

. N
M-antenna base station Data stream K
—_—
Terminal K

2-2 KL MIMO ZR48 4T 8ERE

2-3 KIBL MIMO £ G i R Rl B L R4

2.1.1 FATEEH: Tigmiy

WER-2 7~ N KB MIMO R4t FATRER R U0, FEab (5 5 & FiEmig, 52
24, A ARG A e KRR R R 2R 5 IR 25 2 B 7, A5 S AR I A5 1 ) & AT
PO 7S A0 (5 5 5240, F P B B0 3200005 5 5 a2 ss el , SREUS T3 CRfE R . x4
st 5 P B)AE 5 A% 3 23 (] A5 T RRAIE N LARAE BRI N {5 38 15 2. (channel state information, CSD.

ZRTH P SRR, P L e R RS S, R A E T
WEFRRE ST BRI B A . BRI, 9 T AR P oL BT, A B U0 A AR S S
BEATPALEE, DU AT BE RV RS E AL S R gl N P A A A . X R AR TE (S B XHE
STRAFE AR B A TGS EAR . K MIMO 5 55 (1) 75140 A B AR wT DL 38 3R % S8,
FUEDW B g an B 2-3 B Rt @ R 2 BRARRHIE, FEAS[F] 7 1R) b A A [R] PRI R S ERAE S
TaALHE .

&
2
b=l
H
&
b=l



T N s
=i} /" XA %
, SHANGHAI JIAO TONG UNIVERSITY k%')lﬁ: MIMO 4‘/1‘/91‘1 ﬁ /2{:?5):]: %E\:‘i: }:"' g% im‘

------------ u Data stream 1
-—

Terminal 1
Data stream 1
e
Data stream 2 RN
.. ™ Datastream 2
N —
Terminal 2
Data stream K
— SO
LR
\\
\‘\
M-antenna base station . LJ Data stream K

Terminal K

K 24 KHEE MIMO £#%: FAT 8%

T, [SEl
e . s

N

El B3 E4El EE

K 2-5 KHAEE MIMO #4¢ AT 8RR h eIl i 22 (A2

2,12 BATHEERG:

WER-AFT 7R KA MIMO F48 FAT HE B 7 = B A i S48 KB MIMO &
G FATRERE AL B I E2-5FR . AN P S A& g, A2 SR S S R4S BRI A%
ZEL, ETE SRR S SRR S RIS g, WA R (Inter-User Infer-
ence, IlUD . FEINBINEIZH N ZH PG ES A, B@d M7 T EE i, R,
BIEIE S S, REF A EEE EXHE ST, &5 20 A8 B0 550 BRE J5 %
RIS B

AT R (1 B 1) R AE S A, RCTE T R B FE R R 7R T AT R
B S P R IE I SRR 5
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BS user BS user
lﬁ&?
ty 2 ‘
— - Vol «
t, %5 Ny
.|Precoder -| detector f7:’
tU : f . y 3 -
-l U | N
yoA
(a) FATHERK g id A A5 1Y (b) A7 S 2 R

K] 2-6 KR MIMO % 45 3 2 A iy

2.1.3  KIUBE MIMO 2 St 19120 A5 A s I Fr) 2 = A A

KA MIMO F ¢ T AT HEH FIBCA T I182-6(a) FT7r, BscHE sl & S5 AT 5 A t,
TR FE I N LUEFZSE T8 B x U (B HGERE P, WL B 48R HU ST R & q 7T RIS N:

q =Pt (2-1)

M PR S T oRm X (2-2) o, oS n, € Cyy WiRMALFE M (id), ATk
BEN 0, 77N 0%, Hy R U x B YEPAREAEIEAG T o JRSZAIT T T4 A BRI 30 A
A AR EEAM T, B b H PSS v Z 8T T i HoR A 78 5 . Rl
SRR, PgwAS S5 SR AR — BN, B IR T AR, AL R A T D 1 A
RS A XS TG SRE AT A 41

r=H,q+ny (2-2)

KA MIMO R Gt EATHERS 1) RSB B A B 2-6(b) o, U ANERZ PRSI
B gD 5 AT Rk Feul, FuSfERIEIZ MR GE 5 2 5l E E Al A
TR ENE B EERRR, AR5 8T A SRR 15 B ARy . AR MIMO A Fr) K o A Y
AU (2-3) Fome K, x € Cyx R MAERIE SRR, H i K E X
N E{|x|’} = Ey» y € Cpg RRIEIGEI IR, B2 ny € Cpy WAEBIEN 0, HERN o2 1
ML R 73 AT (Lid)e [FIRERT, N 7SI TR B, vl i FA 5 A0 TR
Hy € Cupyo

y =Hyx+ny (2-3)

STRGMASSEAART, AT B R TN ) S B 7] AU G R AR e 5 3 A TH AR R By SROAT E T BR
B RER TR LI APERE .t T A TR K MIMO RSEAS NSk, AJ5
I, NP EEFERE RS Oy H, M R 5 Oy n RO R AT AR N

y=Hx+n (2-4)

&
o
b=l
H
&
b=l
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Hrb, HA RN (2-5).

hl,l hl,2 ot hl,U
hyy hip -+ iy

H= . (2_5)
h'B,l hB,Z et hB,U

22 AHMIE MIMO RZHNE L

f£4; MIMO RGN EyE v LA N E At Coptimal) FIVRAL (sub-optimal ) 46 5275
Ko s M AR W A2 A, i s R ARL AR AL DN B39 R0 e K5 B MR A (Maximum A Posteriori
estimation, MAP) P, {H& YA AR 251 DR 53 0 P o vy T G VA A A S 3, i 9 AR PR RE I 2
AR UE. N T BRI R RS, — RANRAR I EERE R e, nT 73 AR G A I B3 AN 45
PRI VAP R, AR AU T30 7E B (Interference Cancellation, IC) £l 5572,
2 (Tree Search) Hyk%E . SLAYZR MG Bk N 4518 F % (Zero Forcing, ZF) Al /N7
RZERIMEVES . fE4E9 MIMO R4, ARZeMRsill Bk ge g L — e M= 4 BN AN SR A5 47
T AR SR 1 R

SR, BEE R MIMO R4t R ZGEHS AL 48 MIMO RS, &5 Rl &%
RAFANE R o FELAEFE I B % B 0 25 B v M LR SIEIR, RN e 1 A5 el T8 TE AL S5 2%
I L2 R SRAFIE T B (near-optimal) FIPERE. PRth, Zeth ik DI B 4 RIERRAR, 14 RE
B BRE R S| B N AR 2 22 3 R T Fi o AR SO TELR A AR P B0, TR AR 4 1 B0 Jir B
R ERI N, s BAR B SEILA T 70 A

2.2.1  ARLAEAII S
(1) FHOHBRFEE

FHIEBREIETT LA N AT THLIH B (Sequential Interference Cancellation, SIC) 5.k 13F
T THLERR 5% (Parallel Interference Cancellation, SIC) 4, IR AR AR i o ) v J 4 76 42
W ot AN FH P T B CAS TG S M R R S 5 7= AR B o A I X E T R AT T 0T Bk
FAXT Z2 A~ P BAN AT B0 P D B SR, T IEAT TP B U A2 B — B T R i 0k 2 A FH P i 2
HETF AT R BE, (HR PP TR Z

AT TRV PR A R ey B, (HR N R, AT ) et iR 20 5 22 i ) ok AR R R
fEF B Re ™ 5T . IEAT THLEIRI A /MEZ TH R K. PIE T P DR E R &, 7
ZRAEES, DIZREHIATAR, AR PR,

(2) MHEREL

f£4; MIMO R4 8 2R FA A FEER L 15 (Sphere Decoding, SD) &A1 K-Best H.i%
%o SD HIERIEEABAATES EMERIE AR d RO AT E M AT R, AR A R EAE R
A B R R AR d R, BRI R BRI SRR R EMERH SR

2510 U1 3t 54 51



KHAAE MIMO # ) H R RS K 2

R0 ML BVE TR LA M S VG AT R, RS T 2R FE A I (8] . SD %
J& TR, WIER k BT S0 NONTEEERTE 42 d 9, IR k HIHE Ao K-Best &
R B B R LA B AR RS HY 31T QR A3 H = QR, Hb Q NIEXRAEFE, R
N E=MMERE. IREME K JEWIEER, SRR A8 H STRE177 56, DIERIREE S
P, J% IR B e 2R R S R AT B e LA &5 . HAlxS + SD 54 K-Best AW 2K
HERRG, (FRIX A AR U MIMO 15 5 4« FEid s ik ai, H AT 2 H T/ 4 x 4
] MIMO %4

222  LRVERTINE

KA MIMO 5 Se4 M K ISV BRI 205 R (2-6), 3o & MEShi IR A 5 B )
W KL AR
% = Wy (2-6)

AR A8 L FE R (R AN ] 7T DIOR ek 559270 J9 UL BC I (Matched Filter, MF) &I 550355, 30 224Gl
AR N TR ZAR N AL . T ULECIE B RA DR T RGR T, TERERCE. WA H1E
EFERE H BA B RIAT IEASVERS , DLRCIEP SR REe RIS B TR RS, IR A4S PR 4

(1) ZF
1RSI R (R A R A T AR R AR (2-7)
W = (H'H)"'H” (2-7)
K] sbb il A I R0 A I 45 SR AT BAR R A
%= H"H)'Hy =x + (H"H) 'H"n (2-8)

PRON38 ZA B R My B R R HA DR 1Y, S8 ZF a0, (SIE R4 58 2T ER,
A THER T RUP R TPE, B (R I 2 52 210k 75 8 5 S8 SE RS2 o X AAS R RN AE AR A
MELE IR O T JC R, BN ZF Rl SR VERE . AL ZF A S92 5 58 A T v 5 e b
1H7po

(2) wNITRERNEE (MMSE)

ANFET ZF Hi%, MMSE 8k B 7 TR A R 5 R T2 B — AP, HAERE
FERT AR R N
W = (H'H + &°1I,) 'H? = A”'H" (2-9)

Hr o2 = Ny/Eso RIS A 45 B T AR IR A
%= A'Hy (2-10)

K A~ AN ARE, Rk MMSE 8353 e avEbrH P R 4. e ZF Hi%, MMSE
HEJLVFEARFELE, HEAEREWRILWAGT, WAL ZF SEiEEM AR EERE, &

2511 71 3t 54 51



KHAUABE MIMO #0) F ok 41 50 B%s | SR AL

fEME AN, MMSE SyERMEREIE T ZF 5% . 1l PUAE B MMSE K 5002 503 & T s
MIMO & &4 .

2.3 EHT MMSE #&NaE R E &
2.3.1 K MIMO £ %t 15 8 58 MR

A EEAGRHE MIMO F G015 38 R R 1R S HOOHE S A I A om, 3 T2 2R
Ja LR EARIEREEN . Gram FERF € XN G = HYH, MMSE SF0E7E LR B oI N T,

A =H"H + 5’1, 2-11)
TERHEE MIMO R4, Gram FEFE A B4 DL R &M
(a) FLHOXTHRIEE
A=A
(2-12)
{XAXH = xHH”x" = (xH)(xH)" > 0

PR A s — NSRBI 8 R

(b) EX IR G

SR N AR Gram FERE XMoo GG, R KU MIMO &4t HATHER 1,
I R A P B AR AR K, (SRR S AT T IERCS . mE2-7aT LA, R
BHIERIE MIMO R4 (E2-7(c) ME2-7(d)) 1, FREFEXT AR A LE S, HrE g
TN BR

KHBE MIMO Z 55 HF 45 T8 A Ak 25N A 3 T MMISE A6 00 10 28 1 S5y B B i e A o ik
e, XM SRS E R R R T EX AT E SR, RTINS
[ FHRALET 40N, S5AEG /NI MIMO 2 45 bR 2R M 432 I 208 — 30

— 0.8

W/ Wi

15
10 10
5

Co\\l\'““ *

/?owm 5

(@H=16x16 (b)H=064x16

10 15 15

5
Row p, 5 n K

10
Roy,, °

10
o™ *

5

(c)H=128x16 (d) H =256 x 16

2-7 BRAMEIE R, ANFERLEE K MIMO &%t Gram 5434

2512 71 3t 54 1
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BSOS I A AL MIMO R G {58 AR PR RF I EAT 1 3R, KM MIMO %
girh MMSE Kl 5595 R 08 SRAFIE T e PR RE, (E2 %5 R B R FEFE ML K, MMSE 5
TEE LR, MELUBEAESEEL. AT BT FCEE PR T MMSE S0 B AR Hadt AT
Pttt B D BRI R RN RUR] e gk D PR RE 2 2K o

232 EARELA R E

MMSE 50325 4% 2 £ BORVE T Gram FEFFE A P THE R =R, I8 8 G i 7 B 2 sk v]
DL I A B 2 i . B2 PR A 4L Ax = b (KR AR&E AT MMSE K 25 58t 2k 2—13
No & b=Hy, TJLLEFERHENRERZEESEM.

x=A"1p
R I (2-13)
X =A"H"y

320 T Gram FEFEEX A TCE GIAITER, IAAUEREMSIRRNE TG AR xo HIb il KT LA
IEAERS Gram FEFFITARLRY PLFRIRE AL . MRIE1.2.000 7028, N R0 % 855005 1 B A R
B, AU AR s A . SRV R A O R SR R AR, b ke
MR IR R, R E B HSRE M ERIA I FIR B i & .

233 ZHJRITE
() A=Z29H0% (NS
NS HEW AU AT BLRIR N
Al =32 (D'(D-A)'D" (2-14)
Hrh Dy A KX AR, NS BOREEE ik AR Bkse, ZkARRE n N T 3 1, NS KR E
AREN OWU?), WMTFEERIENERE OWUP), HRILRIGTERZ 2 T 5K K MMSE &

o MIEARHKTAET 3 0, NS FUAEREHE— DT, 5 EERE R L2 5%
R, XK NS SRR AR T .

234 L MIEARE

2 JIAIE A AN R IKIAEER x I E— MR R AR x, BHT
BITFEWAE A~ Do ANTINEEARTE i 2-1507R, Hh A ZoRBIOs g E, kN
A FTIEAR L

Xpi1 = Xg + A (2-15)

AANFTIGA AN ) 1 B 2R TR AR I vk .
(1) RI
Richardson Z7ED! FEARE A AT LR IR N
Xi+1 = X + Cl(b - AXk) (2—16)

3513 71 3t 54 11
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Horpr, D92 RISERICEUE, o 7230 2 LU 51
2

0 _— 2-17
<O (HTH) (e-17)

a FIERIIRAE T, HEEAES, MET NS HENE, H—UOsRINERERE. A2
BEE S ARBE N, R MSEE . EAFENERIKRET, RIBEBIRAGFEL NS AR
T RE .

2) GS

5 RI EEARFERRE, GS ZEO 4% Gram M4 AT = MR L FXHAFE D 3T R A%,
HFEXH
Xest = (L+ D)7 (b - L¥xy) (2-18)

JE GS FESIA L REFEEPResioa &, 7EAR R RS A RECT REVE AT S8 47 1R AS 1L RE
HRE TN TERESRAE, SR R FR R E R

(3) SOR
7E GS H k2, SOR Bk @it 5| AT A T w, (ERVEA TR USIGE R . J

ERIE TR RN

((éD) - LH)xk +b

1
X1 = (L+ =) (2-19)
w

7E0 < w < 256N, SOR Bk SRS . (ARSI, fERHEINT SOR H%kEH GS
FiEZ T URMREEHE, SREAMRG, eI, HEAEMABRRET, f&
g IRAFLE GS FLIR AR AITERE -

4) PCI

PCI HEB B TP E RIEA, FIH KB MIMO REHEEREM 7 —E sk, H
PLmiA =, — AR 7 RRIEIE S, — A REER T Gram JEREITHEE, KiEREAR 17 iHE R 2%
FEo RN E R HRE NS E AT T, DR T R, ERXREE N
—, HNZEEANEE T A G ERAL . PCT HEVEMIEAUE R = (2-20) FivR.

Xi+1 = Xp + O
Ok = PkTk + PO (2-20)
ry = yMF - N()E;le - HH(HXk)

Hrbs oo o IREIERRBOT E M S % F PCIENER 51— AN 7 EAF# AT
UOEREER, P 7 Bn 5 RIM R HOosE,  AH TSl

=

14k 54

=

%14
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(a) SD &% (b) CG i

& 2-8 SD HyEM CG FikiH R Iy mn = A

235 BREHRE
Tob FE 48 22302 5 IR e e A 1n) 0 PP SR SEL S 2L, 38 T SR 36 i) B A SR SR B ARL TR) R
il IR BAAL ) B LA R SD Bk, CG Hyk, ik k2. ik %

f(x) = %XTAX - b'x (2-21)

RFLFERI G
of

Ox 1
of

%ix) = grad(f) = || = Ax—b (2-22)

of

(9)(4
HIEAUE 0T U A 2-238R . Il TSRS BRI E R T 17 O, RJEIRCEZRDK A 155
RN O - o

Xp+1 = X+ 0O- A (2-23)

(1) SD

B0 P2 R ST 160 2 bR KRRy B8 T B dme R AR 5 ], DRI de i S Biids (SD B3R D0V Il i AE RIS
AR B, BT AR T, DU R A S RS i . HsAUE
R H

Xi+1 = X tax + I, (2—24)
Sl WIEAIZOT, @, = S IR K Ctepsize) o WITHTERICIIMI IR

B YRR USOE FE IR, (H R EIEARIREIE N, RN RS &S, i
K, RPN, WSUEEAHENARNE, HSs1s, wnE2-8F 288 v tRAGHRS 1 i
FEIEU8I,

(2) CG

R T RAh SD S Ja WSO FE i i Bk i, R R BRVE (CG R R R T7 T 110
e, BV AR — OB AR S Bk 22 1n) 405 2 1 A Bk 22 1) DR A2 10T, L SE B s A dn T o

=

15 T 3t 54
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CG il 5k
Input: H, y, 02, K

Initialization:
1.b = HfyandA = HYH + oI
2.vo=0,ryg =b,py =19
fork=12---,Kdo
3. e = Apy_,
4. o = Iy, /(P €ex-1)
5.V = Vi_y + @xPi-1
6.1 =T — are
7. B = lleel*/llees |1?
8. Px = I + BiPx
end for

Horb, pe AEGERIE R TTI, TG CG HVESE — kNS SD SVESE — kA
BRI —H. R CG FIEAEM FIEAE A A H SD SE IR TERE, Hd T3
RUGET BN IRERE, BRI .

2.3.6 BEIERE
IBEEREREELA SDIC B, A NRI BVRZRH pF st 121 HEAERTER
R TR

RAEEREEARTEA
Iterations
fork=1:ndo

1. iteration 1

end for other iteration
fork=n+1: Kdo
2. iteration method 2

end for

(1) SDIC

SDIC Sikai & 1 — i N Bkl K-1 YOS Bk A%, e Jacobi IAUE T4 843k
RIE T BT —Fh o SD SIAE 5 — I AI DU O WS S0 R @ RS R, P85 I8 1T
A f] LA R AR Jacobi IEAE— W aR1G AL IIVERE . 72 KR MIMO R4tH, JUH A&k
REH B KT UKIZEMET, UHBIOEBRE RS IL T B LR TERE, Ptk SDIC 5k
AT — ik SD kAR ZITIEMER A — N2 SD BEGI N T RRERR M T SR E, 5H— D RED
128 x 32 FUHL MIMO R4+, 1ZH %R LS.

2516 71 3t 54 1
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(2) NRI

NRI 5L 254 7 A 0E VAR RS DL—2 AU A 0B m IR SIGEFE, AR5
IR — & RBURE Z: E 1 RUEAREIEE R BRI E. (B2, BT aTid7E % NRI 7R
W, EIERIKEEET 3 It © 481 MMSE [IERE, R n B AT DURIERI 2 AR N . k4T,
AR RIERIE R G-1) Fim. EREFREI 251, FikXn 2 1, 4@k E
IREEFUIAR] T OQBU? +2U%), MELAREESZH.

X = X + Iy — P 'HPH - V) x,, (2-25)

2.3.7  CHFTEASEIEN 2 h]

AT EA BT MMSE f il A AREVEEAT TR, it — RO E R s, AT
PLE B AT s EAA = S FRIRA 2 .

B, WAL 2 R LS IR GF BT, e A2 DU 52 2 B Bl PR RE R 3R
BR— R

F, WAES Gram HEERTRE, HEXN RIS T T, 1R MIMO R4
HRHA Gram SRR 6 C 48t 70 HoR i S 44

=, FIRGE AT AR R KA MIMO R4, 24 HZ i a6 FR B AR MIMO & 4t
THERE, CREFAR FRDEARRB I, MEREI R R .

24 FENE

ATV T R MIMO ZR e DL R AS I 5035 e R 2 B . S R e 2
FE S S AEVEMEEL, T 2 ET EIR AT AL T MMSE Rl A REEE AT RN A S
M, BRGNS NREEFERA L. TR R R R, TEREL T
BRALAIEEE

17 T3 54

=
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£ =% ZT Non-Stationary RI 1 Second-Order RI B4
Vo a 5£

AREH N —MHT 3T Non-Stationary Richardson HIIEACE L, 25 R KA
MIMO RS ERE, S =R SENE . ZEER X =R A s, FRK T Wb =
HREE, [RS8 4 | Gram 55 S HARHEE R TH R . %R R| BIEEA R REE SRR LL & Gram 1
FEEXT A ICER AR RS NEEHE, ARPEH—MEE T ER KT Second-
Order Richardson [P AEE . 12 BEAE 3 52 bR 45 B A AN A P 30 2 1) KBRS MIMO &
4t, 40128 x 32 (1) MIMO R4, {hRefRiFic-Faiveae, 1R RHE v ZEE ATt .

B G, AFIETRKIE MIMO 240 56, EAFSEBRAIRLRE T Ea Hik
DAJC A SCHR H P R BV BER PEREHEAT VAL, 45 T S BIEM R R0 K AR .

3.1 E-F Non-Stationary Richardson BJiEXE A

AN —FP 3 AU 2E T Non-Stationary Richardson 254 46 557% (proposed-1), 1Z%5
VA e A B 8 SR AR 2 M 7 AR AR IE AR I AS A, DAL IRE S Gram BOREHRSRIYE, wf
PURZRTE b SCRTR & kAR . M8 T14£ 48 Richardson(RI) 5HiED), 1Z 85K H BEIEAR IR
ORISR T o ARE B R B B St R o Fasth R 1R IE = (3-1) Fis.
2
_ k=12, 3-1
o (/lmax + /lmin) - (/lmax - mm)COS(M) K ( )
Horp, K ORISR 20 B AE ERHE I € LS AR S, 4 K e s, mTelEd Bt
SRR IR A St R I . AR A R AE T 0T DA AN [ (0 385 AR IR B80T SR F AR AL
ST, DAMESRIRAS SRS SR B . xR e B R R = (3-2) FroRi).

Xpi1 = X + ar(b — AXy) (3-2)

H#%5] A\ Non-Stationary Richardson FLiE A7 7L UL JLAN A /8 .

5, AT R Gram EFEMITHE, 115 HYH 25] N OQBU?) IRFEEEAE, X371
HRECEEE TN EERT N E AT,

B, Gram R B KB/ NFIEAE Anax A1 Ain WK BHEATE R 77, — 7 HEK
# Gram FEFERTFEA R RERES, ) — 7 I BIMNG e 2 H IR T .

W= VITHRIWAE, BD xo MYIUEXE LA E o A5 2 R AL S YIaE L SRES . 2 %o =0, NI
TE— 7€ IR BN PERE 1 R BUR

Zi bRk, SFORMEEIARAFATH, & ERB—E NI, 7435 T Non-
Stationary Richardson [FJIEARELELRERSBE S Gram JE B ¥ TH 5 A0 ] A0 5 R B 1 T Bk BRI 5
VR EREE, AR I S E BRI G SRS SR ik — 5 5 SR AE ] e kAR IEON i M e
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3.2 fLILTRES
BT EAAREI R, AN A 2R A R (LR

3.2.1  ITfUFAEE

ERKHRE MIMO 2%, JUHZY B> UK, Gram %4465 Wishart Matrix 7345 2%
120, T T Wishart S5 M, = LV, Vy, V, € Rywer SICHBEAERFRORNT, 20 HERI A
BN T (1+ nfs) R (1= ynfs)’e Bt ¥F G =HHTGE, 3 He Cpay
ASHY =V, U=s,B=n NWH

Amax = B(1 + U/B)?, Anin = B(1 —+/U/B)? (3-3)

F &R ET MMSE falll 5%, H Gram MR RN A = HYH + o2 B, wJ LR 3]
Gram #F F (1) 5 KA e /INRFAEAR 73 79 an X3 -4 s

Amax = B(1 + JU/B) + 0%, Amin = B(1 = \JU/B)* + o (3-4)

Hyt, FRATTRT LAy S (5 GE AR H 4R B TE M A S BT R AL X =45
HOTRNESE, IR REVE SRR T3, AN LA VAR RE P DR

322 [REREXIIRILFNS

TEXEAMIUG B B BT T, 2480 SCoR = EAAAE IR 1, — P ewiaatt, B EENETF
HIEAR . S —Fhi2 ik Neumann FEFT B 26— TU/E N WIU6/% . Neumann & T #IE 0=t (3-5)
Fror, Hoi D A Gram 555 A %) £ B

A'=D"+322,(Iy -D'A)'D! D! (3-5)

ot DR REHfR B SRR AT 1, (HE B RE R MIMO R4t ™4 B > U B, Gram
FERE XA AR IHRE T, Neumann & 58 — Tz K TRIR I, K D¢ ERI46 f7 2 il
1710 T H UL WIAE A T A0 29 T 347 — K NS IEAR, X R IIRT ARl BARITE D
STl B A2 % O(4BU) i/ T 115 Gram HiFE S ETRIEE 2% OQ2BU?), {Hi2HEF
AR D 25, WHH D NHRE U RERIE, M 2 MBRVEREE ST AU o s BRiE AL,
T BEXRZAT 4610 W A — 7 [ et

B SCIRBIE R FUEIE S, 24 B > U WA Gram FiFE L0 S0ATER, WE2-7. EEN
SEFRIF{E 18 Correlation fHIEHA T, ML REL & = 0.5 B, 1E3-1517%, Gram H A5 4% 3254
AR R . R 2T AN 31, R RO IR A 7 B AE TE I 2 B SR correlation
S8 T Gram PRI AL & A T0R MER/MEIE T 2R/, BRI e P A SRR AE
D & —FREF AL, n3-6fR.
U

D’lt = ——Ipyt=nt
Eydiag®@) U

(3-6)
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5
L] 0 0

(H=128x8 (b)H=128x% 16

(c)H=256x38 (d)H = 256 x 32

Kl 3-1 #HE R %L £=0.5 1) correlation {538 F, AN[FRLRALE K MIMO R4t Gram #i %73 Af

BRI FERLARMELS Gram FEFE R THEEADANTT @ S, 5 RE 2 BN XML R THER, BATT]
PAF Amax A1 Amyin BSPSERILAA n (O4EL, 152000 F 7R

(-7

PRI, xo AORTARIRMEL R B2 20% BERORFAR, AR 4BU IR SERIGRVE AT U IR BRI AR IR 21
RN 0. H—J71H, 4 t=Hy it MF &I 0 2 48 R R0 A AURIE Y 4h (E 2
UCAFHAE -

3.2.3 %R E I

I F AN AR RS, VIUEE xo FURFIEAE BT AU A H T Gram HERERIME R,
WEFF T BRI Gram FEFERIJCRME . 8 N RA/NTDE A H i 4y 2550 B 1) 8 e A 8 KR
FIFERE e, =k (3-8) Fia.

Ax, = (HH + o’Iy)x, = H (Hx) + 0% (3-8)

FIFZRRS, 11 Ax, FIEHEREZEHERE T OQBU? + 4U?) J8/MN8] OBBU +2U), 1
KITBAR T B4 . WIEMRIRECN K, a7 Gram SEFEFT K YK Gram FiFE 5 [H) & x, 9
FAT e I SEEORIVE IR BN 2BU? + 4KU?s 43R fa v B KO A6 FE ] S AR AN — A 1) 2 45 )
H G T R B SE R E I HIR BN 8KBU + 2KU .

220 U1 3t 54 51



) N s
e/ SHANGHAI JIAO TONG UNIVERSITY k%m;*;’: MIMO ;}»/T_Zlyw ﬁ_ /2{:?5):]: %E\:‘i: }:"' g‘_\_ I)F‘L

T4

2 2
P () 0 o IR HHFR() 0 0 EARUH(K)

() 7B AR (b) 7MW HR SR

K

4
N 2
ML) oo AR

(0) A TR 5 525 B S 2 i L

K 3-2 B=128 I}, 7B it5lJa B ARG T B AR Bz AL 18

WAL, SARBUNT 4 VORBESRIFIRGF FPERE, DURAESEPRE ot - B — B
KT8, HBLAIE3Z-2, RTUAGH 705 M R R R T AT R 28 . Beah, RGE — 34 1
RS, MR, JERERERD RIS .

BRI, ) PR REL R [y B ARG G 0 Gram FEFE I BELIETHERL, A EIA SAR B R PR IRIR 2 .

33 LLRiHHE

AR RS BB R B xenrs TOHEF TSRS B0 R 5, ASCRAE
I LLR s 3 A i, st 3-9) fios, Hhr Lo, Foma i M b A s
Ho R4 X0 il X 7% S B P 2 T

2 2

Lip(&) = po( min |25 = x| = min | = x] ) (3-9)
xex9 M xeX, M
IR AR & it E A, Wl (3-10) Fis.

% =A"'H”y = A"'HHx + A"'H"n (3-10)

EXE=ATH/H UK F =EA™ . [Fbt, SMHPEER T FORA & = g + 1, o
i = Ei,ia L K M 7 T tiz = Z}Li|El-,j|2 + F ;0% ~ F; ;0*0, A LUK LLR &l AR 3-11.
_ :“? _ (Ei,i)z _ Ei,i Aii B+U+o?

;= b= S O N 311
P TR, oA o? o? G-1D
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3.4 ETRALRESHY proposed-1 BE

A A SCARAL S AT 2t 2 J& 7T LORE Non-Stationary Richardson U5,  DLAR M
RGN KHIEE MIMO & Gekar il TAE

3.4.1 proposed-1 FHiEHiFE
SEREM R R R, NITER N, 5 SCRARIZFIED proposed-1 5%

# 3-1 3T Non-Stationary Richardson &A% A 59% (proposed-1)

proposed-1: %:-T Non-Stationary Richardson 1% A {4 i 53
Input:, H,y,0%,K

Initialization:

2 2
1. Ay = B(l +\/§) 402, Ay = B(l —\/g) + o2
2. ﬁ B+U+o-2 ’ y HHy
3. X = ﬁyMF
iterations: Non-Stationary Richardson iteration
fork=12, .- K

4. A =

2
(Amax +Amin)—(Amax —Amin)cOS( % )

5. fl = HXk
6. Xp41 = Xg + a/k(yMF - HHFI - O'ZXk)

end for

output LLR computation
7. pi — (B+U+0c?/o?

A . 2. 2 . 2. 2
8. Lip(%) = pi(min,exy 12 = x|’ = min oy 15— xI’)

3.4.2  proposed-1 FIEUCSIME Bt

AT H Y proposed-1 HyEFISSAEREA T /08, FRUE Iz EERS . ' GRZETUN Y
ANEREE R x. SHAM £ = A-yMF FIZEE, TTRLRRN

ek = Xk —_ ﬁ (3—12)

BE RIS AT LB e HOMCECMERAA A . RO IEAL SO SAIE SR S, Rt A R
AL, Xpw RIEAF N (3-13).

X = Xg + (YN — Axy) (3-13)
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=(ky)

.

: ~
HI F(U) 15 100 SRR HE)

(a) K=6 (b)K=11

B 3-3 5 k JOEAIRE e(k) IELRE 50 (U) Aiskul R2H (B) 2 fkia% K

HY e M Y0550 lexll,, H3K (3-13) #EFAE I (3-14).
e =X — X=X + a’k(yMF - Ax;) - X

= et + AATYM —x) = (1 - xA)er (3-14)

=[]0 - wA Ve = ekres

k=1
KI3-345 H T Bk ARIRE K=6 1 K=11 B}, [T, (1 — ax A)* BIMERE A 7 400 U FIR 0l K 2620 B
AL E . NEB-3T LR, BEEERIREIEZ, k) — 0, HT e NEE, HILEE
k — oo, f e, — 0, proposed-1 FiESAIEIE

k—o0 = e —0 = proposed-1 HiLEIELH (3-15)

3.4.3 proposed-1 FiEMHAHA E

PI3—axt bb T AN A B R A< B2 A BER, 7T DL B — R AL AL RS, proposed-1 5
PAFAE L AR

5, AR T RSN S A o G S Gram FEFERTHED, DL TR AT A5 R A AL A Y
THE, AHECT B 592: proposed-1 BE RIS A EMRKIBEAG, 76 1 YOEAE AR T A 2%
BARERRAR T 67.5%, 2 UGS R T 46.1%, 3 UOEARHFEIK T 25.6%, [EFIEE T PCI
LR E .,

o, EAREREACRECR, RS T EVEN BER TEAE. WIHAL R 4 proposed-1 BV AE S
— PRI e SRAT LT (1 B8 7E 128 x 16 A FE T, i£ARIKECH 3 RIS, proposed-1 &2
BER 14 Rt CL %1 B 43K % (1) MMSE B4 M4 B o

=, AL, AT — ORISR, FEAREE AR, A TR AR s
B

AR 2 — R BB BT AR AT € A s 1H B R UGS RIS ar . I EI3-5FT
N, AERRIERKBAFRELTY, B—IRERBSERA TR DEE—IER ],

- FRBIER LK, BAH a(K=1)= —21—;
- B I:' i C \/_’ / = — 2 — 4 -_—
FIRBIBR2I WAH (K =2) Amax+Aumin+H(Amax = Amin) 2 (2= V2)Amax +(2+V2) Amin #aK=1)
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x10% 128 x 16, rayleigh channel 0
12 T T T T T T T T T T T T T T T T T T T T T T T 3 ]_O
NS Hlrct Eproposed-1 ]
ok []cG [ ]sbiC =@=BER(SNR=9dB) 1. 4
s IR 10
ol 67.5% 46.1%
2>
g .| 1,2 &
g' 1107 o
£ :
(8]
4 - il 10-4
2r —H 10°°
0 | 1 | L 1 | L1 | 10-6

N N N N N N
Q@ & 2 L 030 eq. Q,é'\/ $9 O 2 L 030 éq. QP'\/ é% O 2 L 030 éq. QP'\/
< & 9 & 9 &

Algorithms

34 IEAREL K=1~3, A[FAI %5 E 4B A1 BER PEAERC & ELi &, v BER HU SNR=9dB %
R

0.02 T T T T
—0—=K=1 —0—K=5
0.018 =0=K=2 ~0—K=6|

K=3 =o=K=7
- (=t O =8 | |

4 5
BRI (k)

3-5 5 k YA o IES BIERKE K KARE, 128 x 16 R4

#
2
=
o
&
=
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KERE X TAE R — MEEEA, 3508 BIEAIRETC IR R P RR RN, AN Al ] B i) i
W — AR Ak $E R BER TRRE, T2 75 248 i 5T A initialization FFARF A, X ToEES
BEATRAS I () 250K, 38 InAGI AIMEFE - proposed-1 7% B AN — N AR R H T EAREEN Z M{EE
R, WIET SCHR B correlation {FE R, AHOC REECRES, B SCHE BV B 45 proposed-1
LM RESZ ARG R, TMIEARE G N2 3 B 2 R FE it — 4 T

U, FE—AGEE8IEH T 5 e bt A Honl b = s R, IR Be R FRIR S 2
FE v 1 R PR RS W B9

3.5 ETHIKEEH Second-Order Richardson i%{X A proposed-2 &
%
AT proposed-1 FLEZM S HN S, 42 7R 3.2/0 55846 S0 1) — B Richardson
AT, 4 Az 5L B e B RAR NS 70 A o 77 (AL L 5 SORE PR I 59224 proposed-
2 ik

3.5.1 proposed-2 HiLHFE

proposed-2 FLiLIAE T2 SIS MGERI TS, —Hra R — IS EE R AT 5 R 2 A
FIRTPIREAEE R, e o FIABEREIR B A E R R . HSR ALY

Xi+l = Xp-1 Tt yz)ptaopt(yMF - Axk) + aopt(xk - Xk—l) (3_16)

Htbt @opr = =20 Yopr WHEFE C = Ty — aop A BEEARIREL 05K (3-17) BRI,

/lmax_ﬂmin
C) = —ppr Ay + 1 = 22— “min
Q( ) @ pt“‘min /lmax +Amin

5 (3-17)
3.2/N 4 HH AR A SR S AL T ALLRE AU AL 11 B50RT FH R A ) s afe oA a B 1 B3 Gram A B AT 8 .
T proposed-2 ik, HT I EETREMHTIMIOERME R, XEWRE VG T ZEX x Al
x; WRMH . 5 REF] Neumann ZEURITHIZE T (I - D'A)D™ tHE &5 &, M UAENHIIGIE,
DRI O A g Hrb — N6 3k 5 52 R B2 )42 71, mT A AR (3-18) Ko, Hirr, yMF = HYy.
A1 proposed-2 Ik B K E AR H [F] proposed-1 5%, AN THIR.

2
=0 S — 3-18
Xo * /lmax + /lmin y ( )

56 #E 1 proposed-2 FIEAE I3 -2 o

=
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#* 3-2 3T Second-Order Richardson 1EAX FI& I 512 (proposed-2)

proposed-2: 3T Second-Order Richardson 34X IS I 5%
Input: H, y, 0%, K

Initialization:
L A = B(1+ \/%)2 +07 Ao = B(1 - ‘/%)2 o
2. Qopr = ﬁ
3. 0(C) = —oprAmin + 1 = %’ Yopr = “‘/ﬁ

iteration:second order Richardson iteraion
fork=1: Kdo
5. h=Hx,
6. Xpi1 = Xp_ + )’opzaopz(yMF - H"h - o?x) + Yopt (X — Xk—1)

end for

output LLR computation
6. pi — (B+U+0?)/o?

. . G2 (2
7. Lip(%) = Pi(mlnxexg I%F — x| = min,ex |55 — x| )

3.5.2 proposed-2 HiZE W SIUH 2 LR

AN E SGUE proposed-2 FHVER WS, S5 THE proposed-2 B SIE I 5 L
A AT L

RZET e M XFAX (3-12) —8, A

e =X, — £ =x, — A lyMF (3-19)

B3 6K RNTEIEARIKEL K 2058 3, 6, 11, 16 1, e MIMEFEIEYE R LZE (B) FH P % (U)
KER, MEFATLLE H e MEREE K B3 RKZ#R/N, B BUAE propsoed-2 5% 2 ISk
.

H: (3-19) #E— P HEFAF A (3-20).

€1 = Xg+1 T ')/opta'opt(yMF - Axk) + 'erpt(xk - Xk—l) - A_1YMF
= €1 — 70pta’optAek + yopt(ek - ek—l) (3_20)
= yopt(IU - a’optA)ek + (1 - 70pt)ek—l

= 7optcek + (1 - y()pt)ek—l

Moy B HE G R B SOR AR, SRR, ISCER R . proposed-2 HIE IR

=il
=
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03 -

0.2

lle,l,

0.1 -

T
30 25\ — 250
- 200
S~— 20 — 150
JF24(U:16:32) 100 FEih R 455 (B:128~256) JA P $i(U:16:32) 100 FE R LK (B:128~256)
(a) k=3 (b) K=6

200

20 T 150 —
JH P 3(U:16:32) 100 FEHER£EH(B:128~256) FI%(U:16:32) 100 Fe R 28 (B:128~256)

(©)K=11 (d)K=16

K 3-6 IARIKELK=3, 6, 11, 16 %M F, |lexll, MMEBER L R &E B) A% (U) KARK

ZEEARHRE T,,, A1 PCI® B3R 22 EACE FE W A3 -21
AR T [P B
= = Tpro
€r+1 (1 —)’upz)IU %prc €x €
e 0 Iy | [ex- €1
= = Tpci
€r+1 (I -y)ly mC €x €x
Hrb oy N PCL BRI ERIR B 25, BI3-T/87R T 128 x 32MIMO R4t T,
proposed-2 A1 PCL HIEAEA [FEARIEC R 1% 2R LK, 7T DUE H 24k AR E <4
i, PCI A VLRI 12 8 & /N T45T proposed-2 ik, JUHIEH — VAN ZEHE VAL, X

B proposed-2 HIEA th PCI AL RAIKSIGER . SCHRE! FiER T PCT By ISIGE
FiEmT NS BiEA CG &k, RHEIENSGEFRGFE I T LR

(3-21)

convergence rate: proposed-2 > PCI > CG > NS (3-22)

3.6 FJEHY BER $RESERELLE

AT G A BET MATLAB (XU MIMO RZ 07 20T &, FRTLA 5k 5 A IR
YRR SN BER HEAEHEAT 075050 b, S P AASCHR IO PR S S A, I ST 5
HRH S A AT X Lo

=
=
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[ PC: Spectral Radius
[ Froposed-2: Spectral Radius
1 2 3 4

Number of lteration K

3-7 proposed-2 HIEH PCI HIRIEAN FIERE PR, 128 x 32 &4t

Tx:

Spectral Radius

Rx:
et (S ﬁﬁ;ﬁ’gf’ w

K 3-8 KEIE MIMO R&G15 5T 4 451

3.6.1 KIEIELI MIMO ARG EFE&

AN T M EERVERE AT VR, AR TR T MATLAB W KB RGBT &, X
proposed-1 %%, proposed-2 5% Ik UM A 007 545 BER TRREHHATXS L. 1 E-F&
ALFE T R MIMO 2 4018 15 S B (1) A B A AL A2, W3-8 o

PiET-ERAT 64QAM HI TR, 1/2 HiliB2ZE LUK [133,,171,] B iG.

3.6.2 EiAMEIE T, A[FHE BER HREEXT L
() AR KA 5445 RIS BER PEREX H

K39k R~ T proposed-1 5%, propsoed-2 kML 4 RI HiEAE 128 x 16 KFEE MIMO
RGN, BERECH 1,2,3 B BER HEREXTEE

AT EI3-9RT A1, proposed-1 SR AR LA Gt 7, proposed-2 ByEF FH Al R4
g5, AH LR R e A st R 7 HAXCRI R A 1 J0EAR e L4 RID J5ik, HEREA R T
KEHRTF. Bildn, N7 3% BER=10"° [ AE, proposed-1 5Li2:H proposed-2 L%k A H I AH
b T RIBVEEAR = 0.9dB 1 RedE 7t -

TM%} b proposed-1 552 fl1 proposed-2 &1, 7] LLE BITE S —IKIEAHS, propsoed-2 HL 1)
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—O0—RI, K=1
=-0-=RI, K=2

W 104} |—g—RI, K=3

—0O—proposed-1, K=1
=-0-=proposed-1, K=2
—%— proposed-1, K=3
10-6 L =O=proposed-2, K=1
=-0-= proposed-2, K=2

== proposed-2, K=3
——MMSE

6 7 8 9 10 MM 12 13 14 15
SNR(dB)

B 3-9 A SCHEH B 546458 RT B3 BER TEAEXT L, 128 x 16 £48, K=1~3

PEBE Z I 4T proposed-1 535, £ M UGS = JOE AU P& TERESRIL, JCHE = UUEAR
MRS MMSE MZE3LF—8, 58] 7P st fvEbe.

(2) AFEEER BER PEREXT EL

AATERT =L UL MIMO R GUR R AEA [F] R 260 B 0] S v Re o sgm . o,
B x U = 128 x 8 1% Gram [ F X0 A0 53 5L, B x U = 128 x 16 FAR IR E X £
HACAEDL, T B x U = 128 x 32 MMXER T Gram H FE 3 X5 A o5 A0AS 535 1100 o

BT RN BIER RS 0, ARSCIEE T & 2807 (1 SR R AT 1 AT 2
H BER TEfE. EEUT54 5 2 TR IR EL I NS FkB 2k Rk GS HiLA PCI
FIEI6 8 B RIEN CG HEIO) VR AR SDIC B4 NRI &k 121,

BI3-10/&7R 7 128 x 8 KFHE MIMO £4t I, ARIEIEEEMKE K=1 i BER PEREXS
tb. ATLLEH, proposed-1 51k 5 NRI 59, SDIC Hi%Lh K& PCI 5% 1) BER A8 JLF—5
propsoed-2 LI RE 0 AR T HABSYE, Fll, 75 BER = 10~ i, proposed-2 HiEAHE T
proposed-1 5i%, NRI #i%, SDIC Hi%LL K& PCI %A 0.5dB I RESE T -

BI3-11/E7R 7 128 x 8 KIMHE MIMO £4t I, ARIEIEEEMIKE K=2 i BER PEREXS
tb. 5—UEMAMELEL, Frfi kst — 24T, BR T SDIC Bk, NS 5k CG Bz RE
EI1S 3] 7 A MMSE AH[FI) BER PERE. #t—20 1), fEAHRIFITERE T, propsoed-1 HikE IR &
KTFHREE.

BI3-12J&7R T 128 x 16 KA MIMO R41 1, A [RIEIELEEAIREL 7 79— ORI I
(1) BER PEREXT L

e M K=1HK, SDIC HiLkpMERER T HARF L, KEHTHE —-IUEREES THEER

SD B2 145 B AN Jacobi IEMEE, B — s RISuR . Rif1, REE—IKIE
REF T HEEEM SD HIiEERER, BREHBEAMPIIMEEK. SDIC kR —Ik
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10°

BER

103 F

K 3-10 HAEIE T,

‘|—o—NS

oGS
r|—o—PCI

SDJC
'|—o—NRI
||—o—proposed-1
‘|—o—proposed-2
' —MMSE

1

10
SNR(dB)

1

11

1

12

1

13

14

AN[EVEVEAE AR S K=1 I BER PEREXT L, 128 x 8 MIMO &%t

lOOE ‘ w v w * ‘ *
¢
107 3
L |—0—NS
10'2§ ——CG
o i GS
@ ,| |——PCI
103 F
i SDJC
F|—o—NRI
104+ |9~ proposed-1
- |—0—proposed-2
| |——MMSE
107 : : : : ‘ ‘ ‘
6 7 8 9 10 11 12 13 14
SNR(dB)

K 3-11 FAEIE T,

ANEVEEAE AR RS K=2 I BER PEBEXTEL, 128 x 8 MIMO £#4¢
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K=2

0
10 T : . :
4 —0—NS —0—PClI —0—proposed-1

——CG SDJC —{— proposed-2
GS —0—NRI ——MMSE

—o—proposed-1
105} |—O—proposed-2
—MMSE

4 5 6 7 8 9 0 1 12 13 14 E 10.3 L
(a) SNR(dB) ]
K=3

w Ao

N

" —o—NS B 1
1% | o ca 10°
v GS 1.9
410°f |—o—pcl
sbJc 10°® . .
104} |——NRI 4 5 6 7 8 9 10 1 12 13 14
—o—proposed-1 (b) SNR(dB)

10} |—=—proposed-2
—o—MMSE

4 5 6 7 8 9 10 1 12 13 14
(c) SNR(dB)

K 3-12 FAMEE F, AREEEEERRE K=1~3 I BER TERENTEL, 128 x I6MIMO &%

P KRN OBU? + 4BU + 8U* + 10U) [N IEA U+l IRERIZIS S, WA SR H
) proposed-1 LM IER IR R EI T OQOBU + 10U), /T SDIC Hik—IkiEAR
I AFE . proposed-2 BIEMIVEREAL T HAREE, FIFIXAS T HARISE % .

o M K=2 i, ASCHHMPAECIASEGE MMSE 1) BER HERE. CG HILMI—
UOEAGRE Y SD By, 28 EARRT, R S 4 &= ), DA IR B2 R A
BERARMY, IRA3 TERIIPERESR T o A SCHE I propsoed-1 FLVAAE AR, B
HY5 CG Bk L F—8USo® &, #WifE BER = 107%, K=1 #| K=2, CG Hi:Zf
2.9dB W RESE T SDIC B /B RESRAFIL T H AR BV RE, Jacobi FIZLI SR
JEE 18 PR A L L — T

o M K=3 W, Fr NS HEI, HRBEEYPSM MMSE —31) BER thfe. FFER,
proposed-1 BEiE B A B /NE 4%, proposed-2 kAN PCI HyLME =T proposed-1 &z,
AT H AR T,

BI3-13J@/R T1E 128 x 32 KHBE MIMO R4t &, AFSILR BER PEREXTH, BLEFRR
ER—IR, SEFRRIE 4 K. SDIC HiEIEAL 4 Ik, BER HHERIEA FEm, X EWAE £ RHIE
MIMO F 4t A0 AR R R BE BV SDIC BVEA GRS, X2 i T B SD B2 M1 Jacobi
ERE A G ARG N E X AR G RAH BB . HFEIERIKET, propsoed-2 HikEA
FHAET B R AR SR BER PERE, JUHRZIER— KT, proposed-2 FiFiRE—KiEAR T 2
AT PRUGEARIIEE 5, DR T A RSSO AR MIMO 5 4t EL A B8 5 1438 R

=
=
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N

o
P AR

BER

SDJC, K=1
SDJC, K=4

—O—NRI, K=4
----- proposed-1, K
—O—proposed-1, K
Y |=m—-m proposed-2, K
—O—proposed-2, K
— MMSE

1 1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12 13 14
SNR(dB)

K 313 BRFMEIE R, ANFEEEEIERRE K=1, 4 B BER MEREXTEL, 128 x 32MIMO £ %

3.6.3 correlation {516 F, A[A/% % BER PHREXT EL

EI3-14Jg/R TEAR R MIMO 24T, AFEEIEER—IREE correlation {5 &2
TIEREILE . ST =R E T LR B, BEE N, BT A BiE A MMSE 8%,
PEREIE BT FBE. o, NS #EM CG FyEfEEARREUNTFET 3 0, Ak, ARl
F T b B2 U S B S P T GS 2%, SDIC 83k, {HAS4R AL, proposed-2 SHikAEIAM
— RIS BIG FE IR R PCT 43, NRI LA proposed-1 5%, L 128 x 16 KHUEE MIMO
R4GAM), 1£ BER N 1072 i, proposed-2 BiEAHEL T PCI 5%, NRI HiZEF proposed-1 ik
H 2.6dB HITERESETT .

BI3-15/&7R T A% R E0CH 0.3 1) correlation {518, 128 x 32MIMO & 41 N AN A 52:1%4X 4
X BER PEREE] . T LB 2, RIETE Gram HEFEF X5 A oc R HIAHE K MIMO R4t 1, U
BN — UOEARAE 7] DLA BT Tt fg . e proposed-2 5% A1 proposed-1 S 1114 g B
ST NRI HyEA1 SDIC 5k, JoH 2 SDIC HiAFI NS Hik k2 T Uitk . Her, proposed-2
FIEMET CG 5k, PCI Hy%A proposed-1 FikMERER — & MR T

KI3—-16/87r T1E 128 x 16 KMAE MIMO &R4t, correlation {518, K AE £ =03, ANH
SRIEAR 2 ORI 3 IR BER PEREELAL, AR, LLARFER =R MEE 4L
Bl B, ARSCHTHRIMPIRIRILIER 2 IS RS CG Fa%kAR 3 IR REA 2, #1248 F NRI
AT NS BEIEAR 3 RIIMERE, X ERAE AU I A AT UEE AR BRI T AR R, UK
D RIEARFT R IR A . LAb, proposed-1 5%, proposed-2 &%, PCI B LM GS BiEEAR
3 REIRTS T P Lt RE, 5 MMSE AHEE, 78 BER 24 1075 &b, 1A 0.01dB [HERESR K.
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. 128 x 8,£=0.7
10°
—0—NS —o0—PCl —o—proposed-1
102 —0—CG SDJC —o—proposed-2
GS —0—NRI ——MMSE
x -4
w19 1 0 128 x 16, £=0.3
10 T
G
10°®
-8 L L L L L L L L L
a5 6 7 8 o 10 1 12 13 14 102}
SNR(dB)
. 128 x 32, £=0.3 %
v T T m
1071 10
w 192
10°® ' ' ' ' : ‘ ' ' '
103} ] 4 5 6 7 8 9 10 11 12 13 14
SNR(dB)
10

4 5 6 7 8 9 10 11 12 13 14
(c) SNR(dB)

Kl 3-14 MK R #L £ = 0.3 | correlation 5B T, AFFIEFEEACREL K=1 IFAEA R
MIMO %%t T i) BER PEfELEH

3.6.4 FIEERESHT

TV R HURE MIMO S0E R 1058 2R I, 38 5 DA S SO ANk O VROBE AN 8
Fo T g3 8 ol A2 2 G4 S B0 14 £ I ) 8 Y v R, 33— (B K
BT DR IF I M S O 2R B o ol T B A A S M v T e, R R R 4
MRtz

H1 T proposed-1 I proposed-2 B E J MR EEA — 50, IR, HIE
PELFEAT LU PB4 W16k, K UGS, S isRrh EEALE h = Hx, /1 HYh (it
o 3t B SEHERIFE FIREL, B RINER3-3FRNEE R, Hd K ARk

FEIEMA RSN, H R IR M RT3 AL R AN 7 vH 5 Gram FERE, XA
BE D SR, JEACAR. Hb Gram 46FE A = HYH + 021y (IR T 30 A4k, Y
FE A O A B R e b =T R R R, T S HOR 2B U, XA R SR AT AW AN
FORBIEORIA, T8 U RBREEEHE; BREFEPEEFEORIETIHE Ax,, 752 4U% K
TeIEIBE, W FOoRARRAE I 4G CG EVEM SDIC 5124 bk 2 24 %

BRI R B R R IR 3ATTR . A SR IO PR R A W B R A%, H
WA B BCR IO, XA RN . T PEREARE (5, AR Y proposed-1
L TR B SRR R >, AN TR E BRI IREL
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—v—NS

—-—CG

o« GS
107 F |—w—PClI
SDJC

—v—NRI

10°F |—v—proposed-1
—v—proposed-2
—MMSE

10-4 I I I I I I
6 7 8 9 10 11 12 13 14 15 16

SNR(dB)

1

1 1

Kl 3-15 FHR R EL € = 0.3 1) correlation {518 T, AFFIZIERIRE K=4 i BER 4 fE AR,
128 x 32MIMO £ %t

—O0—NRI, K=3
----- proposed-1, K
—O—proposed-1, K
----- proposed-2, K
—O—proposed-2, K
—MMSE

W N WN

5 13 135 14 145 15 155 J
10 | | | | | i . . .
6 7 8 9 10 1 12 13 14 15 16

SNR(dB)

Kl 3-16 FHR R EL £ = 0.3 1) correlation {518 T, ARG ZEMRIRE K=2, 3 i BER ERELLE:,
128 x 16MIMO %%t
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# 3-3 proposed-1 H.y%H1 proposed-2 5% E 42 & 0t

IR Hh i) 25 proposed-1 SEHIRIEIREL  proposed-2 SELIRIE AL
VB AL, YMmF 4BU 4BU
X 2U 2U
K VAt h 4KBU 4KBU
Xit1 K(4BU +2U +2U) K(4BU +2U +2U +2U)
Bt - (8K + 4)BU + (4K +2)U (8K + 4)BU + (6K +2)U
* 34 FEIEEREREREA
RS SRS IR EL ik
2BU? +4BU (K = 1) U
NS 2BU? + 4BU + 4U? - 4U (K = 2) U
2BU? + 4BU + 8(K - 2)U3 + (20 — 8K)U + (2K — 8)U U
RIP! 2BU? + 4BU + 4KU?* + (2K + 8)U 0
CGll 2BU? + 4BU + (4K + 1)U? + (14K + 8)U 2K
GS!¢! 2BU? +4BU + 4(K + )U? + (10 + 2K)U §]
PCI®! (8K + 4)BU + (6K +2)U 0
SDJCI! 2BU? + 4BU + (4K + 8)U? + (20 - 2K)U U+l
NRI(n=1)!12! 2BU? + (8K — 4)BU + 6U>
proposed-1 (8K +4)BU + (4K +2)U
proposed-2 (8K +4)BU + (6K +2)U

3.7 PMEBEIAXILL
WHIESACRE b, PR SLALERE R ST, MU LA S 3230 %, S AR PO
B8 0.2%, FLLRBEAN

52 2% & (proposed-2) — 5 %% % (proposed-1) 6U
2 % ¥ (proposed-1) ~ 28BU + 14U

Mg b, REAERFISE, 128 x 16 MIMO R4, W MMERELF—8, HEE
correlation {518, &ALk proposed-2 HiFMERELL L T proposed-1 Hiik .

WA BE I 2% 2 W 7 TSR U, P A SRR BRI 95 2 43« proposed-2 32 75 EEAF i Aif
PRUGEARI TR B, B 75 (R R B2 U5 o P B vy, R AR K o AR T, 285 18 1) SIZ B A3 3 1 AR R0
PE, XM b BT e A A8 I 5 BEARBUR AN € 1, 72/ 153.4.31 2 21, proposed-1
FOFAE BRI BOR AR, & UERKISEIIAE, TP JFE A B L 5 1k
KIRTFVERE I — (3R TE, 1 proposed-2 LNV A X — &, RS HET proposed-2 5
VRS8R SR

X R E % =

=0.2% (3-23)

=il
=
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3.8 AKRE/NG

AZEA/4 T HT Non-Stationary Richardson E4XH Second-Order Richardson 34k il 57%
I EREGAE, H HE R KU MIMO R4, $2 7 =M IRising. Frabfadit, RE5R
FERIAE A TN 53 25 506 B ) B 38, MITTIBE 5 T Gram 0 R (R V15 e FLOR 306, 703 ey 14k RE 1 L Al
ERCRIIBRAR T B AR ARTEIRE T AE S S 1 DL S BB 9 SEBRIY correlation {518 R AN [
V1) BER TEREXT L . (7 AR K], ERLRCE N 128 x 16 [ MIMO R4t HT, ASCHEH
FhEENT AT —UGEAC ) 52 4% BE 0 RN RERTRD CG 8032 JLF—3, T NS Hi: M1 NRI &
%o EMFFEARIRECT, propsoed-1 FIEEAMMETEREMITTHE ~ RA R ERE. 1AL,
proposed-2 HEWEIE N AN [F AR () KA MIMO R 48, AR AEIEAS— ki B B 2 A T HAh 5
ERIYERE .
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FMNE EHTF Second-Order RI #&50 E LY REHESCIN

K EASHEET Second-Order Richardson AR E % (proposed-2 %) 58 i & F it
R ARSI T R, N ARAN RIS RIER LA E S, RGN DL Ok
R BETE, AN TEIET Verilog 5 5 JE7E Xilinx Virtex-7 FF &R _EFEATSEHL . A48
G T 128 x U REBCE KM MIMO 248, Hrf Uy 8~32 PIEEEME, BIASHRH
(PIREEA 244 S 4 8~32 ANATAZF P .

41 EBEZEHTIHUEESK
4.1.1 s2¥tk

7 1) proposed-2 LRI T HEPE A, ERFSEIT, [FE0R SRR EAT S L
5y FE R . B AT S O B S RN B B ) SE R 4y, Al sk (4-1) AR
(4-2) Fizso

_[r@ -5 )
real S(H) (R(H)
R i
Xreal = lS(x)] (4 2)

SKHA G FE B AR BT AR x0 BRSSHIAE

412 EEM

R E AR AT RSO AT DD IR . BORIPERE O] AR & T 5 TR B0 3
R TREAFSCI &, s R b R E AL B R IT A, DI RR 20 RE AT E
ab s, i RERARALTE, TREBERRIE, KRB E R SR E S B TR
/NG R FE IR [ I BRAIE M BEAS 32 R KR

&8 MATLAB [ Fixed-point designer .1, %45 testbench X} HiEZ IR F, MEEHIA
iy e DA S b B B R BUE S L TR E BB RS . Bt 2 IRE, A4S 3N
FA-1FT7~ 10 proposed-2 HiEE LS EER,

4.2 RIGEERGEN

RIE R T2 N 5, AR SCHRE AR SRR SRR B IE R H € 128 x U I P 0] 42
A4, HUe8~32). MWRIEHEREMT AR, NEIGIE TN T IE BTt i RERT 75 2%
RRBRA T . FAUSTE TISIEMEM N 128 x 8 F1 128 x 16 I, 2 ik ALiAF] 5 MMSE
JUF—8tERe, MAERAMEIE RSB AN 128 x 32 DL correlation 518 , 1@ % 75 2 4
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# 4-1 proposed-2 HIEE S SHE

L AR EACEy 1
Ux128  (1,16,13)

==

. y 128x1 (1,16,10)
2 o? - (1,16,12)
K (1,3,0)
yMF Ux1 (1,16,6)
QoptYopt - (1,16,21)
Xo Ux1 (1,16,13)
X Ux1 (1,16,13)
h 128x1 (1,16,10)
g HYh Ux1 (1,16,5)
yMF — 2%, Ux1 (1,16,6)
Yope(Xk = Xk—1) Ux1 (1,16,13)
Xk—1 + Yop: Xk — Xk-1) Ux1 (1,16,13)
Yopt@opi(YMF — 2%, —Hh) Ux 1 (1,16,14)
Xps1 Ux1 (1,16,13)
iy &5 Lip log,(M) (1,8,3)

UOEACR R TERE 2K . RGBSR RKGANKBI FEF 54, THEARS IRT, EKE
RIS THE R ICAE R IE 100%. RG0SR W 41T

BANRGF LR =, aalEHRoe, Aot BRI, S f s
il memory FIAEEUHIAE DA K v SRR ER () 3@ 5 ] s AP G AR ER 67 B AE A S R R HORISR | A P
PME R ys THER TS BN %G, SIREVIE BRI JOEARES, DR G
LLR #ith sk, Hrb g Jos ARSI S AN FESfe m) B DR, DRIb TS BT mT L4y ok 6
AMEEH . WA B yM P IR UGEA R T HY B (1) stage 2 AEH B — 350 W &R T
S Y stage | BRI SEIL—8. MR RCE, OB ORI, #F 4 KER, 1T
DL )i i 42 i 5 control unit 4> initial block %15, 4 iterative block 2 stage 2 FEHTH 5[]
g5 x;3 1EN iterative block 1 stage 1 BEERAVHIN, BB HATEE 3 IRFIEE 4 kA, &Ja i Eds
%A LLR #EHuAG 250 LR

RGN 427K, SRS A BOREUEE, BimK bz 5, &9
TSR E AT, R E TR A R AR A R . RGMIEIE N 59 cycles, HAoliaik
AP IRIEACH stage 2 3809 13 cycles PIIEIR, T IRIERHY stage 1 L7351 75 22 9 cycles [ 4E
iR, LLR I FHEE 3 cycles LR

=
=
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| I
| Control Unit |
| I
B [ R b 1
R [ r—-——"——"""= e 1=
| | H I H |
: Matched 3J|Mf PEB | Hisi| AT 152 oe 8 Array '{1521 HTHs; I |
| Filter | Array | T PEA Scalar || || | | PE-A Scalar ||s3 |
| | | ' Mul || || [ Mul = LR
[ }'Mpl Scalar | [Array &add|| || || |Array &Add| | | LLR
| | | Add|| Scalar | | | A —_—
N R L | T"|mul & Addf,, | I
| : Add [ Y | Y | I
| Solution || - Yur 1 0%s,,50 + alsy — sg) | - Yar — 0251, 50 + alsy — So) I |
I | Iiterative Block 1| | Iterative Block1 | Ilteratlve Block 2 : Iterative Block 2 Ll LR |
Initial Block Stage 1 | Stage 1 i
I | stse! | | stge2 | Smeel ) | stage2 | (EMraction)
A S T R L
—>|y |
_z>: Memory (Channel Matrix H, Received vector y and Parameters) :
Qy,o
_____________________________________ ]
K 4—1 proposed-2 Bk R AL K
Input
dfta L Total Clock Latency: 59 cycles - 0utpuLdata
o i ] [ : ] ] o o
L 1st Iteration . 2nd Iteration : LLR
1281 Initialization | Stage 1 | 1st Iteration Stage 2 | Stage 1 | 2nd Iteration Stage 2 | Extraction LER>6 "
f e — — — - — — — —_—— e —— — — — — — — — — — — ——— — — — — — > —— 0
Received ™ each bitin
symbol |11 cyclesl | | 1 cycle | | | 9 cycles | | | 13 cycles | | | 9 cycles | | | 13 cycles | | | 3 cycles | 64-QAM
vectory | | | | Modulation
128>8 Scalar Scalar
PE-B Arra -1 PE-A [ PE-B Array [»t»| PE-A |» ~
Channel Initial Y Array Mul & Y Array Mul & LLR
Matrix H ] M'f_tl‘;:d Solution Add Add
! Sy Scalar f Scalar f
Mul & Add Mul & Add

K 42 240 FFE

4.3 1RERITE

RGBT S =28, BAERHERE A R h = Hx,, FEFEF e Hh LU
ok, Kb, WHERAEICOVE R, AT HRMANA. RIS ETEER H
AMAPFER yo BT WY Ry HILHER B, HULER & AN 2 8] o b A A 7
FLFFAI A 4G T ASIC HSEBLER TR I B UR 7 B X N E 1N, DRI RG it —Fh
A BRI e 5 P e o, BIVAD P SO0 i i ) 4 2 (1 SEBLSEms , 1 TnRs BT PR A 4

43.1 H¥oR
T S b R 2 eV 3 A Ry SR A
(a + bi)(c + di) = (ac — bd) + (ad + bc)i (4-3)

P T B S B 3Ry AN 2% R sk 1) A2 2% P35 RN TR B2 2% R AN —RE I, 33 5 A4 i [ A i AR
BT RKTIE, R BENEEAE & E T LA RUnEEH . AR winograd &
%, HisEHNW X 4-4) Frs.

2 39 71 3t 54 51



KHAAE MIMO # ) H R RS K 2

Fe I I I | i/g
- X .

HH

12]3]a]s5] .. [16] f27)128]

[l o) <

127
128

43 CUX128 5 C1250 J5 e e 1) B 4 i 2

ac—bd =a(c—d)+d(a—-Db)

ad + bc = b(c+d) +d(a—b)
ik B, AR, | ‘433N SERGSEIN Y “3 5 N7 MSERS R, AR
T 25% SEEIRIEIZ . . ARSI IR ek EI BN winograd HESEIL .

(4-4)

432 FEFEAEFe: PE-A array

WAL 5 yM P = HY y 5i%40R R stage 2 115 HY h B2 48 CUXB x CB 1)
STHCRARAE, IR FH [RRE (14 SRS S 30

El4-30L yMF = Hy (iSRG, R T CU8 x CB #fEmh SR B,
HR S R BN B EAE 128, FRBEISCRF A P #Ch 8~32, ¥ HY #AT 128 Nusw U Ky 7
16 x 8, 16 MICEN 1 HIFATAHE, L84, —RisH AT ISR 16 N c R Teikgs 1, 1
e yME B AU R TVEIRER 1/8. UL T 8 WKIg S AR T 15 3 yMF (95 —4
e -

PE-A array B R 3fe i) B4R VEn 2 N B4R . TR I, BLHY e C3128 Jyf)
BT/ . B PE-A B E Ny HY Ay, 23 5 FH BB 8 S 28 T (o Se 2k R .

¥ PE-A WA B HET, 25 PE-A [AIBSCBLUEAT/R . 15 PE-A 7R85 — AN LK Rk
B 16 MRS y IRERER) 16 NICHRAMATE, 193] 1~16 LR, S —Yafidnfhihss 2
5 PE-A. FBEANEM, 15 PE-A ISR T3, KA KOZPURE AR 16 Nt
5y WEOR 16 MRS, SHFER, 25 PE-A MAEAERBH U — AN KA FI B %
W16 Mok, 5y BEEN 16 MuRMARM R 17~32 TR, FHER—FEICEA
PE-A [f] 1~16 DML R, K HEMHINE&#HS F—4 PE-A ¥, Kk, 35 PE-A $o0f
FE 55 = AN Bh R BN BOR B 2 5 PE-A B 16 AN IRANSE SR IF15 A HafefR 33~48 e fL45 AR N
645 4 %5 PE-A. LARSEHE, 8 MBS 8 5 PE-A HAGEIA 16 ML HY | xy (K145
R, &3 3 WHINER LA ARG 2] yM . BB HERER R, PE-A TEAREN S
PR — R B AEIR ,,  [RIE stage 1 BEERAEIR A 11 ANHE A, S50 B2

Fl4-5/R T PE-A SAA AR IR A BT 7Rt iR K 3 B 2K (o 51 543 )
REFNAFNEERRE HY ATHY, MRS KER T INZRRPHAARFER y.
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. e, yi128 X1
HH:8 x 128 [
PE-A @ % 5
e
A4
-
) _
, -
PE-A PE-A — PE-A « « o— PE-A —
D @ €)
d 1 4 =

4
®, gn

K] 44 PE-A array i3 M & SCIZ R E

®

1
— PE-A e+ +— PE-A D >
A A
_l - [ Y1
2
77777777 - Y2
N DR -
R T S S S A I

P 4-5 PE-A array g~ =
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1~U

LT

GRNENS

]
X

128

& 4-6 C?V x CUX! JhREsfe [ B A i R 1A

A4 PE b HY ()— MK EFIE, 38 /N PE-A Xt —47 8 i &K, MR, f14 PE-A
BRFER TR L y FIAHTE 16 MR . A PE-A IHHE I 16 MRRZ R G, S —HFFH
fEik45 F—A> PE-A i, & —A PE-A L E—> PE-A Me—ANBHe R 46 TAF, 8 AN b
WG, Frf PE-A HITREIF TAE.

REL N b2 AR B RO B, B R AR AE 7] — A i b o B3 ) e . xof b
Fl4—44ERE HY JuR AW, 7T LUE S| stage 1 BIZABETEAS 2 R A — 17 H i 99 415K
i, PRIFE R T RGO T HEAE A, Bl —AT 4 T —> memory 1, FI /7 HaL A0 — A
FERER 5 19 memory ML MIA S AERHRHR . MEE4-SHE, 2485 PE-A KL HY, | 5
W, 15 PE D458 HY IR G HIH KA TR LSS — AMERE HY, SRS HY 1A
WM U. RIEXS T stage 1 BT S, 13 DRGSR IR 4 — A 45 Rtk i oy
stage 2 TR,

433 JEfEREE: PE-B array

stage 1 BEHUBR IR H h = Hx, B, SEIL4ERE Ny CBXU x CU [ g afe 1) 41 -
543285 —38, PLB x U =128 x 8 NI B TFiZ B St Bl 5% (1441

Kl4-6f#/~ T PE-B M E4ERI R E R . HRER] stage 2 LA matched filter #EH R34
F W — AR, NRATRE R R TR EE R, B AR AR R RN R . HERE H
HUF, GH 128 MIUES N 16x8, 16 A 14, L8 4. HINE —FIuRMRLL x;, HIZE
—MNIEEK x . A PE-B AEMEHE A G HEM AR R E A HE, MMMy RS EZRTF
¥, A UANEYE, B85 h IFT 16 DNICE he BN stage 1 BRI, AN E )
B —4 16 N ER, & U ANEE h 0 128 AN nEihsete, 5 stage | BIHTIEACH B4R
Fr—8, AN RGELIRIK, SMEEERITIEE,

NITAERE I, A/NTTPL x BoRG—RERGE R xi, x RRx Wi Mok, F4-TRRT
PE-B array A L[] f1 50 2 S A S SE L@ 48 . AR B SE 2k KR4 x € CY £ PE-B HL G I i)
fEid, WEESERRNEERME H, 2ELEERRED PE-B FILHMiH: M-

1% PE-B HLIGAE S — AN BHIF 4G TAE, RUEE 3 /Mo A 3 5 PE-B o3
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OR @ v ® v
| 2

PE-B—— PE-B|—— PE-B—~ - - -— PE-B

\

¥
2E~0T

H:128 X 8

4-7 PE-B array Hi [ 3 [m) & S I8 4R R B K

KH 25 PE-B HIGIICE xi; [FFEM 2 5 PE-B Btk H 1 5 PE-B HLGITTE xp, LA
LT 2 ROk, 25 PE-B G 5 — MR N H 158247, 520 IIRIA stage 2
T 44 [ AN KESIEL. 2 5 PE-B HIGIUH RIS 2] Hi7s00 X xp B9 16 P IRIGE REEH
T Hye x x16 ANSRFAGE RAINE R 16 NMINELE R, FNTFAHRT I x, £ 35
PE-B *.7C.

K47}~ T PE-B H ot nE K. PE-B s MAEE AT, 54 PE AHESEFE H 1)
—ANMTE, BIHP 7EE4-4(0— 3B, PE-A ¥t PE-B Bkt HA UK — 8, AN
W REORAKERTRERHARFR x. x DI RUEEE AN TRRITFHA 1
5 PE-B H.J0, %A PE-B BRI MM AL x; MIFEE, BWeckE E—4 PE-B 2701 xiyy
JLEK . HRER| TN HIVE A K H winograd 5i%, fFE— AR 4L, Kk 15 PE-B
FAITLESE 9 AN EIAE R e S0P E4-2—F 55 10 NMEM 15 PE-B FLICHURF T
T EHE S N S ) ] RIS 2 5 PE-B SCAE R hygspe VA EHTRIMSR, BT ST TAEZ G
stage 1 PLHAEANHBP B A% H h (1) 16 DGR, 5 stage 2 BEHE 4 N EAR 0 ZR — 8, Ktk
BA RGN 0T AR
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Cycle 9 Cycle 10 Cycle 11 Cycle 16
Hx 1716 17732 33748 1137128

4-8 PE-B array H4 i~ = K

434 LLR fEiH

LLR #5457 iterative block 2 stage 2 FEH L H )23 Bt R T 2 YGEACH 4 IER IR S
HE x; F xs. %08 N2, RIEE B M i log, M LR RIS B, AR
64-QAM | 5=, Rt AE A 6 A~ LLR, &4~ LLR A 8 4§,

2

% 7 £
Lip(&) = po( min |- — x| = min | = x] ) (4-5)
xeX) Mi xeX;, Mi

4.4 KB

A SR T T proposed-2 SIAMOME(F i, WHBCHHEM, RGUEH L O PG AT
TR . A SCHE L ROBE O BRI RE NS SOHE 8 ~ 32 I RS, AT DA A R4 B
A ORI T A bR . 4B UHON 2 1, T L3Rk 100%. ISR, 45/ 1
BB FE L A x S5, XIRET 6/ 8 HOA IRt TR R G
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5.1 HMEHESCIPANIEIERE

A G BT
|
fkk MATLAB B %t
A A ]
/H: Verilog
KA 25 5
|

1T AR 22 A

@3 ‘ DCET/ma
FPGAZ5

ﬁ; ICCHy 32 5230,

l

23 So02d 42 3tk

3
g

B 5—1 S E AN BG I i A
FS5—1 R T NERAE0 B B S2 B A BARVR AR . o S X AT Sy s EUL i e Ak 3+ H
matlab 1/j FIGIEERE PIERATE, 2 RYEREATE S MMEUE BT R, A2 MR 2 3 T i
Bt A RTL ARSHE S . A modelsim LB X i AR AT hRET B, W45 3R 5 MATLAB &

25 45 71 3t 54 1



%"‘ ,,-::no*“é SHANGHAI JIAO TONG UNIVERSITY k%m_‘;}z;g; MIMO #’i«ﬂ’]ﬁ—«f:/gﬁ ;CE\;&: }:l" g‘_\_ I)I"L

%% 5-1 FPGA 2345 B xt bt

Detector NSH# cG? GsP¥ PCI®  SDJC!'  This work
the number of iteration, K 3 3 1 2 2 2
128 x U
MIMO scale 128 x8 128x8 128x8 128x16 128 x 16
(U €(8,32))
LUTs 168125 3324 18976 70288 6330 72158
FFs 193451 3878 15864 70452 28010 52426
DSP48s 1059 33 232 1064 1312 1164
Clock frequency [MHz] 317 412 309 205 200 217
Latency (clock cycles) 196 951 311 n.a. n.a. 59
Throughput [Mb/s] 603 20 48 1230 1.65 1302
Throughput/LUTs 4173 6016 2530 17499 260 18043

REERIH, GR5E2—BEIRTIREIER, & NWESARS R AIE . B85 AH Xilinx Vivado T
B 17 FPGA 523, Ji83T post-implementation i 2 | fif ZLIRTHFEIE Ol . 1B #2585 181T Design
compiler T 25, PEESLILIEIE IC compiler T AL,

5.2 FPGA SSIZER3TEE

ABETHTE VIRTEX-7 XC7TVX980T FPGA bidb47 T WEAF 5230, -5 AH 5 STk R 1 S B0 45
AT TR, R S-1HTR,

XA SCRF ) MIMO RGP, AUATSCHE 1) propsoed-2 FVEME{F JEH4) REAE S HF 8
~ 32 AEEH P B R MIMO R%1. % ERISEPR 5t, Bl REHRISAECR, 1
FECI I 7 (5 ELRRAY, DRI ] 5 Bt R 2R 8k,  SCRERT AR FH P 3500 SRS 7 S b Ak

At B A& AT R E, BRI IR T 59 ANETEP R, NT NS B
%, CG %%, GS Hik, PClHILA SDIC 5k, 1823 T AT BBk shBEFI 224, K
A IT TAEZ 100%, proposed-2 VLA ZIEF] T 1302Mb/s. PCI %A proposed-2 5
I AAHEM TR P HREEMNA R, WA SR R B A T PCT B & B4
B, RSO IR S T T PCT BRI AL 2R, L3 T 5.8%. A SCIHIZEM,
HFETHEZ LUT $ot, XN TR mERRmAH N —e R0, B—hz)E, R
(Throughput/LUTs) &% 18043, BEMMTHRPHRELL, M PCLEENH 3% BIHEF.

5.3 ASIC SEIZERXTEE

AR H 3T Second-Order Ricahrdson 1A AR I 5792 () i £ % i1 7 SMIC 40nm,
1.21V T2 AT ASIC 523l R5-28.45 7RI MIMO R4 ~, AU, post-layout
SCHL SRR, IERERFRGIN LK) ASIC 45 BT AT EL . BERRCERE AR R 5 IhR
(LA (Throughput/Power), MFRRE & ONFFE 25 A HAE (Throughput/Area). X1
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£ 5-2 A[FEIRIFEE MIMO F5: 2% 1 ASIC SEEl4: L i

Inversion method Wejil24l NS PCI®! CG'?0! This work
Technology 65nm 45nm 65nm 45nm 40nm
128 x U
MIMO Systems 128 x 8 128 x 8 128 x 16 128 x 8
U € (8,32)
modulation 64-QAM  64-QAM  64-QAM  64-QAM  64-QAM
Memory [KB] 3.52 131.25 37.22 1.5 16.13
Area (mm?) 2.57 11.1 7.70 0.107 2.09
Frequency (MHz) 680 1000 680 934 500
Power(W) 0.65 8 1.66 0.03 0.71
(@ Voltage) (@ 1.00V) (@0.82V) (@ 1.00V) (@0.81V) (@1.21V)
Throughput [Gbps] 1.02 3.8 4.08 0.06 3.00
Energy efficiency
1.58 0.475 2.46 2.00 4.23
(Gbps/W)
Area efficiency
0.40 0.34 0.53 0.55 1.43
(Gbps/mm?)
Normalized Energy”
2.85 0.28 4.44 1.13 4.23
efficiency (Gbps/W)

Normalized Area*
1.72 0.48 2.27 0.78 143
efficiency (Gbps/mm?)

JA—{L 7 40nm CMOS T 2, AT fox ~ 5, A ~ 1/52, andPayn ~ (1/5)Vaa/V,,) -

AR LEHEAR, NTREATFRERE, RPAH THEREZCRAMEBRGERT B T EN
40nm, FEEN 121V GGG R, 8T Zn5-101xR.

fok ~ A~ 1752 and Pagy ~ (1/5)Vaa/ Vo) (5-1)

Horbt 5, A, Py B Vg 53 WIRR T, TR, DhEMB g X EamOr Tz T AR T
AN EZEHY, Gt 25.27. 281

ATDUE R, AR SCHE H B AR SRR AR F P B0 KRS MIMO R4, 1w 47 I 28 2844
$75 memory HIVHFEA FTHRTE, (HZTHMET NS A1 PCI®!, 7E S00MHz [FI B4R T, FFnt
FHILF) T 3Gb/s, MHET Wejil?*! Hl CGRO 43 il 504 2.94x Al 50.0x . S A ST F i ZR R AIG
F NS 1 PCI fsRBlgh R, (H 2 B8 & RCR R T FUSCR A B T 3R h HADAS I 23 356 it s %
R (5-1) BTSRRI, 4 RE B SCR A AR R 3 — 2 40nm, 1.21V L5, AL R
P — LR ERCR AR T Wejin NS Fil CG AL l#8 7 A3 508 1.48x. 15.1x f1 1.76x, 5 PCI
KR — B E R Y . A — TSGR T Weji A28 A0 PCL AT 2S, (HJ2AHEL
T NS kil 25 A1 CG A #5737 2 = 2.98x 1 1.83x

=il
=
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54 KRB

AFEX VLS A 22K (1 S 45 SR 5 A SCRR 45 SRk AT 7 xF b, Horh FPGA SEIL4E R 2
TR S WA A0 B R AR i B R A . h4h, ASIC SEBl4E R EoR, fEH—{LREES
I, ARSCHISEIAL T Weji Kol 2% . NS Kol 2%, PCI AL #s A1 CG Rl #s; 20— 4k
RCR T A EET NS A 88 DL CG Kl 28t AT — e FE B i i o
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EBRE Hig

61 =XTI1ERL

AL IR, PERE, REAFSZILCL R ASIC SEBUNZRZE, XU MIMO R Guk il 512
AT 75 21 5050, IR A SO TAR RS R R 6 AN .

(1) A E N AR LA SRA 5% KA MIMO T 4 5 S5y RIS 0 8503 1 SCik i3k 47 7 1A
i, @I SCER ), TR T OREIEE MIMO RS HIAHOC R BE, Pl f A il () B4, 5
TR OO ) B 2850 0 8 P A U SRV A 1 BB SR B2 o DR B FTR AR MIMO il R 42
AEAE 1) 32 B2 ) 3R AT 76 DR AIE 12 RE R AT B N PRARZR MR SRR B S A B o 12 vl RGBT I P 7 R ik
4 Gram FEFE R THE AT Gram 55 FERIS . Bl Seka il B2 SCER I RIS, B ARINE, 0f HE e A
JRIEAT 25 S A T, R IA 25T MMSE faill (i A 4% B SR 10 2% 70 DU, VR4 1
PR EEIRR TR AR AL

(2) #T MATLAB i 5P EHATHH, % FEEE T K MIMO R4t A »H 1
GBI RE, A EATREES AN AT RERR SRR, EEREERAEIER R 2 A, T
HEEBRE correlation (FIEAL, DAUISIE EIAEA RS M@ M. B e, T
Xof LA e U S50 A M e TR AR RO B AR . itk Ah, 18473 T MATLAB fixed-point designer . H.
FAMIEH, FEMEIETE R 1 B AL TR, 5 2) 1 Vivado B S P RE S5 544 A0 A4 1) SRS
T f# Vivado &R AT IR LR A IS FE I T7 1%

(3) EXTRFEE MIMO R G HIEIE N RN, B 28k R &% KT H -~ 26 Gram
B PR R A ORHPE BT, ARSCERH T =M g . i — P et RE A RA b, ORI PRI
TEVEFEE IR . (R IR e T BRSSO R

(4) ARSCHEH T PRI 43 731 2E T Non-Stationary Richardson 1%/ #1 Second-Order Ricahrd-
son IEACHIRT I y2:, I R BRI =PRSS, #E S | Gram FEFERITHE . AEAH IR
KR, AP PR EE I Re AR BRI PERE, ARG RS 1E 128 x 16 KK MIMO #
G, PFNETEEA S IRAEIRTS S5 MMSE — 3 RE . [RIEF, ARSCHRHH AP VL S A
RHEREAK . PR EERR T e, % BAF . 5T Non-Stationary Ricahrdson 1EAK 1Al
ik, REZHTERNIEE 2, (BRGNS H8e i 5, BRI EA SR Bk
b A RIKFIE 2 Z . 5T Second-Order Richardson &R GVE, & —RIEARR L R FH
BT GRS RAE RS, itk m TURSIoR E, U AEE AR —IRET, fEA 1) MIMO
RGP BRAF R EEBRA S, ZHEERBEIRFHEN T NS 5%, CGHiE, GS Hik,
PCI 5%, SDIC 5% BER TERE.

(5) 58K T #F Second-Order Richardson 6l 535 FOBELFSZ BN, %€ € MRS 2 J5, N
FFZ M MIMO 5%, &il 1 A R s afegb #, AN X5 b ik e 1 w] 28 P B8Pt Sk A
PRRPIR PRI DL o 3B R RS RS E5 4, ST T8, DLRRUK SR, 7€ 217M I
BRZE TN IAF] T 1302Mb/s AR, LR (Throughput/LUTs) 4 18043, LT NS
Sk, CG 51k, GS 5L SDIC 53k, AT PCISEMA 3% K.
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(6) 1f FPGA SZIL )AL it —25 58 i T ASIC SE8L TAE, HE5AFE KM MIMO R4
REDU2S ASIC SEIGE AT Lhi . AR SCSE I A I 28 4 ik 2R 7E 400M BB AT R T 77 It 2k 3]
T 2.4Gbps. X SEILZERARUEALZE 40nm,1.21V TEJ5, A SCSZIEE B AR ALk AE B RCR AL
T Weji. NS H1 CG il & 73 742 =9 1.48x. 15.1x 1 1.76X.

6.2 flFTmE4,

AT FEE TR MIMO R4 mERe . IREARERRN RS, RS
I ZE RS R, BT R

(1) #-H 7 =R T IA EATER A 5k . ARR RN, o Lk — P42
EAEIERE: Gram FEFERFE(E AL T, A RRE IR REEH B, ARSI - % U Fing s
NO, BIAJ € fe K f /NEAVRHEAE, A RIS 7 S8R E R, 58T Bl sk
W&, Gram FEFEH)THE DL Gram FERE 5045 R B R AT LA 40 B 56 R n) 2 A E, FEIEAR
IR BRI D 25% LA SR AR .

2) R THMEARENEZE: T Non-Stationary Richardson £ Second-Order
Richardson 5. 56 B =040 SEmg, AT DLJ7 {8 R sd i 39 ik A B B &7 B ks
MMSE ta il (P RE, PIARREEVERE A 28 FE B IOL T A SO S SRk . JUH 2L T Second-
Order Richardson IR, XA [F RIS 1) R 2 5 45 LA SAN[R] 45 308 R B B A 0o S 12

(3) $RH 7SRRI AR P AR SRR, R SR T FPGA JRAYSEELAE s, A,
355 P R () SRR B R P S o AN VT 10 KR R R [ R ) Rl R 2 Kl S Oy PE AU
T FH P H LS Dy st TB) B3R, ATt FH P 250 ) A A S e I 1] S 305 1717 A 5 W 1 25 RE A 008
B SEIR A5 RN B s, AR SR A A T At ARV 1) v A P 2 R e A 2

6.3 KRERIIEREZE

WAL FE s R, ARRVVE T LSRR R A, AL TP

(1) 9 A5 r TR,

(2) AR B R se B, ARG — PR T RS E], R Je i ie AT RARE
(AT R AT L B XEBERTFA LA AT e R M A DA IR 2% s[RI IE el b 2 e iR, 2
— PR I R
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AT SE AT L = PR IRAN A B, ARG RAFRIRHIT IR, SR K
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B, SR S AR M MIMO R 487 T AT 7Tkt C45 % 80075 SCIRIAL R, 1y
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HK, BRI E . B R, Sl KR A (8] 56 7)
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CAFE BETH R i A BUAF L 1) ) 7L
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RESEARCH ON MASSIVE MIMO DETECTION
ALGORITHM AND CHIP IMPLEMENTATION

With the rapid development of the Internet, applications such as the Internet of Things and
augmented reality have entered the public life, mobile data requirements will experience explosive
growth, and the user experience of high transmission rate and low transmission delay, puts higher
demands on wireless communication systems. The 5G (5"-generation) mobile communication system
supports peak transmission rates of over 10 Gbps and spectral efficiency of more than 100 bps/Hz,
which can meet wireless communication requirements of users in various scenarios. One of the
key technologies of 5G is the large-scale multiple-input multiple-output (MIMO) system. However,
comparing massive MIMO systems with traditional MIMO systems, a key problem emerges that
the complexity of the uplink detection algorithm and the downlink precoding algorithm increases
dramatically for massive MIMO systems, which is difficult in hardware implementation. Considering
the consistency of precoding and detection, two low-complexity detection algorithms with near-
optimal performance are proposed in this thesis. Besides, high throughput VLSI (Very Large Scale
Implementation) architecture is designed based on the proposed-2 algorithm to support various users
MIMO systems. In addition, comparison with other algorithms in terms of hardware implementation
and logic synthesis is provided.

Due to the channel hardening effect of massive MIMO systems, linear algorithms such as
MMSE detection algorithms can achieve near-optimal performance with a lot of complexity reduced.
However, the complexity is still too large for hardware implementation, which mainly comes from
the calculation of the Gram matrix and its inversion. Widely researches have been made on reducing
the complexity of matrix inversion. The basic idea is to transforming the problem of matrix inversion
into the problem of solving the linear system of.

The Neumann series algorithm (NS) is first proposed with Neumann series expansion. However,
when the number of iterations is small, the performance loss is large. When the number of iterations
is greater than or equal to 3, the complexity even exceeds the exact inversion, which is not worth it!*!.
The Richardson iterative algorithm (RI) introduces a relaxation factor to improve the performance,
but a large number of iteration is required to obtain near-optimal performancel®’. The Gauss-Seidel
(GS) method achieves near-optimal performance by decomposing the Gram matrix into an upper
triangular matrix and a diagonal matrix. The CG algorithm update the estimation results with
efficient search direction from the calculation of gradient. However, both methods introducing
division operations, which is not friendly hardware implementation!® !, Parallel Chebyshev iteration

(PCI) approximates the Gram matrix inversion based on the Chebyshev polynomial, and achieves
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near-optimal performance with a small number of iteration, the disadvantage of PCI is that its poor
adaptability under different scale systems!®!. Joint algorithms are also explored by many researchers,
such as SDJC (steepest descent, SD and Jacobi, JC) algorithm and NRI (Improved Newton iteration
and Richardson iteration)!'’ 2!, These algorithms intend to combine the merits of two methods
to further improve the performance within smaller number of iteration. Both SD algorithm and
Improved Newton algorithm provide efficient search direction by computing the gradient, especially
for early iterations. And Richardson algorithm differs from Jacobi algorithm with relaxation factor,
both of them employs simple iterative form. The SDJC algorithm converges fast in first iteration,
unfortunately, it is unable to adapt in different scale MIMO systems and more practical correlation
channels. For example, the SDJC algorithm does not converge anymore under the 128 x 32 MIMO
system. Meanwhile, the complexity of the NRI algorithm grows exponentially with the number of
Newton iterations.

In order to solve the problems encountered by the aforementioned algorithms, this thesis proposes
two detection algorithms based on Non-Stationary Richardson iterative (proposed-1) and Second-
Order Richardson (proposed-2) iterations, which significantly reduce the complexity while achieving
near-optimal performance. With reasonable initialization method, the performance is further improved
with complexity slightly increased. Optimizations specified at the characteristics of the channel
hardening effect of the massive MIMO system, this thesis utilizes the eigenvalue estimation of the
Gram matrix to calculate the parameter in iterative equation without additional complexity. Based on
the above two optimization strategies, the computation of the Gram matrix is no longer necessary. By
replacing the multiplication of the product of the Gram matrix and the iterative result with two-step
matrix vector multiplication, the complexity is reduced by more than 25% when the iteration number
is three.

Based on the MATLAB massive MIMO system simulation platform, the BER performance
simulation and comparison of different algorithms are provided. The system model employs 64-QAM
modulation, and rate 1/2 convolutional code with [133,,171,] polynomial. The simulation results
show that for 128 x 16 massive MIMO system, the two proposed algorithms achieve near-optimal
performance with 3 iterations under rayleigh channel and with 4 iteration under correlation model,
respectively. In addition, the detailed complexity analysis is given, for example, when the number
of iteration is three, the complexity of the algorithm is reduced by 45.9%, 26.7%, 26.25%, 27.1%,
25.6% comparing with NS, CG, GS, SDJC and NRI algorithm, respectively. Note that the proposed-1
algorithm consumes the lowest complexity among the algorithm mentioned in this thesis. As the
previous two iteration results is utilized to update the iteration result x;, the proposed-2 algorithm
is adaptive to different scale massive MIMO systems, such as 128 x 32 MIMO system. Besides,
under the more realistic correlation channel model, algorithms proposed in this thesis still achieve
near-optimal peformance within a small number of iterations. Convergence rate analysis of two
proposed algorithms is given in this thesis, the proposed-2 algorithm converges faster than NS and

CG algorihtm, especially in the first iteration.
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Based on the proposed-2 algorithm, this thesis proposes a VLSI architecture that supports
various number of users. The bit width for each step of data is determined through real number
and fixed point simulation, and the consistency of the fixed point scheme is verified using MATLAB
simulation platform. The hardware architecture design mainly includes the implementation of two
matrix vector multiplication modules. By mapping the fixed number of base station antennas to the
number of PE modules, and mapping the number of users to the change of time dimension, the variable
number of users only affects the latency, which will not affect the throughput and hardware efficiency
(throughput/LUTs). With reasonable data scheduling strategy, the waste of hardware resources caused
by the variable number of users is avoided. Through the use of systolic array structure, high parallel
computing, and pipeline strategy, high throughput and hardware efficiency is obtained.

In this thesis, the hardware design based on Second-Order Richardson detection algorithm is
implemented using Verilog language. It is implemented on Xilinx Virtex-7 XC7VX980T FPGA
(Field-Programmable Gate Array), and the high throughput rate of 1302Mb/s is achieved at 217M
clock frequency. Hardware efficiency (Throughput/LUTs) achieves 18043, which is obviously superior
to NS, CG, GS, PCI and SDIJC algorithm, for example, having a improvement of 199% over the CG
algorithm.

Using the Design Compiler tool, the hardware design proposed by this thesis is synthesized with
the 40nm process, SMIC. The performance is further improved as it achieves a high throughput rate
of 2.4 Gbps at a clock frequency of 400M, and the area is 3.6mm?. The power consumption is only
0.41W at a voltage of 1.21V, thus the energy efficiency is 5.85 Gbps/W, and the area efficiency is 0.66
Gbps/mm?.

On the basis of hardware implementation, the logic synthesis work is further completed with
the Design Compiler tool and compared with the ASIC implementation results of different large-
scale MIMO system detector. The detector based on Second-Order Richardson algorithm in this
thesis achieves a throughput of 2.4 Gbps at a 400 MHz clock frequency. After normalizing the
implementation results to 1.21V, 40nm process, comparing with Weji, NSand CG detector, the
normalized energy efficiency of our work increased to 1.48x, 15.1x and 1.76X, respectively.

To sum up, the main contributions of this thesis lies in three aspects. 1) two detection algorithms
are proposed based on Non-Stationary Richardson iteration and Second-Order Richardson iteration,
respectively. These two algorithms achieve near-optimal performance while the complexity is signif-
icantly reduced, as over 25% complexity is reduced. Besides, the division operation is avoided of
these two proposed algorithms. 2) three optimization strategies specified in massive MIMO systems
are proposed to improve the performance and reduce the complexity, including low complexity initial
solution, approximate eigenvalue estimation and the multiplication of Gram matrix with iteration
results is replaced with 2-step multiplication of matrix and vector. 3) Completed High throughput
and hardware efficiency VLSI architecture design of proposed-2 algorithm, which is able to support
128 x U MIMO system and U € (8,32). Synthesized the architecture design proposed in this thesis

using the SMIC 40nm technology, high energy efficiency is obtained at no expense of area efficiency.
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