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TOM TAT

B¢ tach tin hiéu hop Iy cuc dai (Maximum likelihood — ML) co thé dat dwoc ty lé 16i bit tot
nhat nhing doi héi @ phirc tap tinh todn rat cao. Piéu ndy lam cho thudt todn nay khéng dwgc
dp dung trong thuc té. Do dé, nhiéu kién tric bg giai ma da dwoc dé xudt dé khdc phuc dg phirc
tap cao cua bg tach tin hiéu ML. Trong 56 d6, thudt toan giai ma cau (Sphere decoder — SD) la
mét trong nhitng cdch tiép cin hira hen nhat cung cdp chat lwong gan nhw ML véi khéi heong
tinh toan hop ly. Bai bao nay dé xudt mot cdch tzep cdn hiéu qua va co tinh kha dung cao cho
thiét ké bé gidi ma cau trén phan citng 6 thé cdau hinh lai (FPGA). Thiét ké dwoc danh gid la
mang lai gid tri tiém cdn vé chdt lwong ciia phwong phdp woc lwong hop Iy cuc dai (ML) nhung
Vvéi dg phikc tap tinh todn giam déng ké.

Tir khoa: MIMO; FPGA; Ghép khong gian (SM); B giai mé cau (SD); Hop 1é cuc dai (ML).
1. MO PAU

Trong cac nghién ctru gan day, cac hé théng truyén thong MIMO da duoc chimg minh ¢ kha
ning ting dung luong kénh va nang cao do tin cdy ciia kénh truyén vo tuyén. Y tudng chinh cua
hé thong MIMO la kha nang bién hiéu tng lan truyén da dudng, von 1a mot trd ngai trong giao
tiép vo tuyen thong thudng, thanh mét loi ich cho hé thong [1]. Hién nay, cac ky thuat MIMO da
dugc chap nhan nhu mét tiéu chuan giao tiép vo tuyén cho cac hé thong truyén thong khong day
hién dai nhu hé thong thong tin di dong 4G LTE, 5G, Wi-Fi, WiMAX, cho phép ting thong
luong truyén dan bang cach thuc hién cac sira d6i trong 16p PHY va MAC [2].

Véi sy gia ting cua sd luong cic ang-ten phat va bac didu ché, do phirc tap cta b giai ma
hop 1é cyc dai t6i wvu ML (Maximum Likelihood) ting 1én theo cp sé nhan khién né khong
con phit hop dé trién khai phan ctng thoi gian thyc, dic biét 1a ddi véi cac hé théng MIMO c&
16n (Massive MIMO) [1, 3]. Giai ma cau (Shpere Decoder — SD) 1a mot trong cac giai phap
tiép can chinh dé giam bot do phirc tap tach tin hiéu trong cac hé théng ghép kénh phan chia
theo khong gian (Spatial Division Multiplexing — SDM) va da truy cdp phan chia theo khong
gian (Spatial Division Multiple Access — SDMA) trong khi van duy tri dugc cac duong cong
BER cua SD tiém céan voi dudng cong BER cuia bo giai ma ML. Giai mé cau ban dau duoc gidi
thiéu vao nam 1985 boi Finke va Pohst [4], nd nhu 1a mot k¥ thuat dé giam khdi luong tinh
toan khi tim véc to c6 do dai ngan trong mot ludi. SD lan dau tién duge sir dung trong truyén
thong vao nam 1993 dé giai md mém mi Golay bai Viterbi va Bigleri [5]. Sau d6, mot sb
lugng 16n cac nghién ciru vé thudt toan giai ma cau da duoc nghién ctru voi muc dich dam bao
cac h¢ s6 pham chat ciia by giai ma SD tién gan toi chét lugng ctia bd giai ma ML voi do phirc
tap tinh toan giam dang ké [4, 6-8].

Mot s6 cac so do cdy tim kiém duge sir dung trong giai mi ciu c6 thé ké dén nhu tim kiém
cdy theo chiéu sau, tim kiém cdy theo chiéu rong [9-11] tim kiém theo chiéu sau két hop giira
chiéu rong va chiéu sau [12]. Mot phuong phap khac 1 giam d6 phuc tap cho tim kiém theo do
sau 1a thuét toan giai ma Schnorr-Euchner (SE) [13, 14]. Thuét toan nay liét ké va sip xép cac
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khoang cach Euclid ciia chung theo thtr ty ting dan dé tim kiém wu tién. Qua trinh nay c6 thé
ding lai khi giai phap thoa dang dugc tim thay trong siéu cau, do do tranh ting thém khoi lwong
tinh toan [5, 14]. Tuy nhién, d§ phuc tap tinh toan cta loai phuwong phap gidi ma nay phu thude
vao gia tri dugc chon cia ban kinh cu va mirc do nhiéu cling nhu diéu kién kénh truyén. Nhiing
yéu td nay dan dén thong lugng va do tré khong thé doan trude duge va khong phi hop cho viée
trién khai phan cting. Do d0, trong nghién ciru nay, chiing t6i thuc thi thiét ké dé xuat mot kién
tric cho bo giai ma cau dé danh gia chat lugng hé thong va tai nguyén chiém dung. Téi wu thiét
ké cho hé théng dam bao cén bing gilta cac tai nguyén st dung va hé s6 phdm chét BER, thong
luong hé thong dé mang lai hiéu qua thiét ké t6i wu. Véi klen tric cho bd giai ma cau dé xuat, hé
s6 pham chat BER va thong lugng hé thong c6 thé dugc t6i uu va diéu chinh thong qua tham s6
khoi tao cau. bong gop cua nghién ciru la da dé xuat va thyc thi dugc mot kién triic cho bo giai
ma cau SD trén nén tang phan cting FPGA c6 thé dat duoc ti 1¢ 18i bit xap xi ctia bo tich ML véi
d6 phuc tap phu hop c6 thé dugc cai dit trén cac linh kién c6 tai nguyén tuong duong véi FPGA
Kintex 7 XC7k325 va Virtex UltraScale+ xcvy7p-flva2104-3-e-EVAL cua hang Xilinx.

Phén con lai cua bai bao dugc t6 chirc nhu sau: Phan 2 trinh bay mé hinh hé théng chung va
dinh dang tin hi¢u twong tmg. Phan 3 trinh bay thyc thi trén phan cimg chuyén dung thuat toan
giai ma cau. Phan 4 két luan bai bao.

2. NOI DUNG CAN GIAI QUYET
2.1. M6 hinh h¢ thong
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Hinh 1. So d6 khéi ciia cdc hé thong MIMO téng quit.
Xem xét mot hé théng MIMO véi Ny anten phat va Ni anten thu nhu trong hinh 1. Kénh
MIMO duge dic trung bi ma tran kénh phic H =(h..)NRXNT CN=Nrcac phan tir cia H co

phan bé véi phuong sai don vi va ky vong bang khong. Cac thdong s6 nay mo ta do suy hao va
léch pha d6i véi mdi duong dan tir mot 3 dng-ten phat dén mot dng-ten thu; chiing duoc gia dinh la
da biét trudc mot cach hoan hao (co thé thong qua giai doan wdc lugng kénh). Di véi qua trinh

truyén din, céc phan tir X, cia véc-to tin hidu phic x=(x )" e Q< CM* dugc giri ddng thoi
qua N anten phat, trong d6 £2 la tap hop cua chom sao diéu ché tin hiéu. Do do, véc-to tin hiéu

phirc nhan dugc y = ()" e CM* ¢6 thé dugc biéu thi bing cong thirc:

y=Hx+n (1)

trong do, n=(n )NRXl CN (0 52I) 12 mot véc-to tap 4m Gauss phtc tring cong tinh (AWGN).

B giai ma ML thyc hién tim kiém theo phurong phap vét can tat ca cac véc-to ky hiéu c6 thé c6
trong tap SM* dé thu dugc véc-to phat voi cu ly Euclid nho nhét:

Ry =argmin]y - Hx|’ 2
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Do d9, d6 phuec tap tinh toan cua bo giai ma ML tang 1én theo ham mi cua bac didu ché tin
hiéu M va s6 lugng cic dng-ten thu trong hé thong. Bo giai ma cau SD don gian hoéa bd giai ma
ML bang viéc han ché cac diém tim kiém cua SD dé giam do phuc tap tinh toan theo hudng chi
s0 sanh nhitng diém tin hiéu nim bén trong siéu cau véi ban kinh xéac dinh trude duoc hinh thanh
Xung quanh véc-to tin hiéu nhan duoc, tuc la:

%o =argmin[ly - Hx|’ (3)

trong d6, ScCV:|ly—HX|<r,, 1a tap hop tat ca cac diém ndm trén lu6i thoa man khoang

sph
cach cua n6 toi 'y ludn nho hon ban kinh 1, cia siéu cau. Viéc chon gia tri clia Foh vé co ban la

quan trong cdy nghia quyét dinh truc tiép dén do phirc tap tinh toan ctiia SD va hiéu suit BER.
Dé giam hon nita s6 lugng tinh toan ctia SD, phuong trinh (3) ¢6 thé duoc chuyén d6i thanh mot
dang khac twong dwong nho bién d6i QRD cho ma trdn kénh H, khi 6 H = QR trong d6 ma

tran Q 1a ma tran don nhét c6 kich thudc 1a Ny X N; va QQ" =Itrong khi R 13 ma tran tam
giac trén N x Np. Thay thé H bang QR va sau khi bién ddi, biéu thirc (1) tré thanh:

y =Rx+Q"nvéi y=Q"y (4)

Luu y rang Q"ncé cung thong ké véi n, nén phuong trinh (3) duoc bién doi vé dang
tuong duong:

o e 2 b
% =argmin |¥ - Rx||" khi § = Rx (5)
Phuong trinh (5) ¢6 thé duoc tinh toan thong qua ham gia tri nhu sau:
D(y y) - ||y RX" sph (6)

Vi matran R la tam giac trén nén ham gia tri D(y,y)ciing 14 khoang cach Euclide mot phan
c6 thé duoc tinh toan dé quy tir mot Ang ten phat nay dén mot ang ten phat khac:

Dm(yvy)é__ZR(yi _ZTRinij)z (7)
D(.9)=D,(.9) ®
D,..(5.9)= Dm(y,9>+[yml—__i ij ©

vé6i ¥, 1a phan tir thar (m-1) cua vector tin higu thu dugc sau khi né dwgc nhan véi Q" R la
phan tir ciia ma tran R thugc hang tha i va cot thir j va ham gia tri D, (¥,Y) la khoang cach
Euclid mot phan cua symbol x tai mac tim kiém m. D4i véi tat ca cac véc-to ky hiéu phat thoa
man x; e {xe S < CY* :|Rx-y| <1, |, khoitao Dy ,(7,9)=0

D,.(.y)<rs o, —D NUAY)

trong do6 T, Sph sph Z D:(.y)

i=m+1

(10)

Ddi véi viéc trién khai phan cang, viéc thuc hién phan ra gié tri thuc (RVD) cua H ciing hiéu
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qua, diéu nay gitp don gian hda viec tinh toan khoang cach Euclid. Phép phan tich gia tri thuc
tach phuong trinh kénh (1) thanh mét biéu dién gia tri thuc méi nhu sau [15]:

P(Y)} _ P(H) —S(H)}[i}{(x)} N P(n)} (11)
3(y) | L3(H)  R®(H) 30 [S(n)
v6i R(.), I()tuong ung biéu dién phan thuc va phan do cta véc-to phirc. Hon nita, chiing ta ¢

thé giai phuong trinh (1) théng qua phuong trinh (11) v6i cac bude nhu trén, va voi viée bién dbi
tap hop chom sao phtrc thanh tip s6 nguyén nhu sau:

S, ={—M +1,...JM +1} (12)

trong d6, M 1a bac diéu ché. Sau d6, QRD c6 thé duoc thuc hién noi chung dya trén phuong trin}n
kénh tang cuong trong (12). Kich thudc ciia ma tran kénh twong duwong (H), ma tran don nhat
(Q) va ma tran tam giac trén (R) lan luot duoc bién ddi thanh 2Ng x 2Ny, 2Ny X 2Np,
2Ny x 2Ng. Sb luong cap do tim kié:m cdy thay doi thanh 2Ng. Trong phan sau, s& trinh bay
thuc thi thuat todn gidi ma cau trén phan cing chuyén dung.
2.2. Thye thi trén phian cirng chuyén dung thuit toin giii ma ciu

‘Trong phan nay, ching t6i m ta Viéc‘trién khai VHDL cua hé thong 4x4 MIMO véi diéu
ché 16-QAM sur dung thuét toan giai mé cau. Toan b thiét ké dugc moé ta dung ngoén ngir VHDL
va dugc mo phong vé mat chire nang dung phan mém Xilinx Vivado 2016.4. Dt liéu dau vao
dugc tao ra trén Matlab, v6i mire d6 ngau nhién gan nhu ly tuong (ty 1€ bit 0/1 1a 50/50). Sau do,
cac tin hiéu 16-QAM~dqu anh xa va co thé dugc cong thém tap am nhicu trang AWGN. B dir
liéu gobm mdt triéu mau dau vao cho phép nay ciing gitp ta danh gia sat thyc nhét vé chic nang
va chat lugng cia hé thong.

2.2.1. Thiét ké cdc khoi tinh todn co ban trong khéi gidi md cau
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Hinh 2. Cdy gidi md doi véi thudt todn gidi md cau.

Toan bd chlric ndng tinh toan giai ma cAu duoc thuc hién béng mot khéi chire nang duy nhét,
goi la CELL vdi so do trinh bay trén hinh 3, hinh 4. Thiét ké nhu vay dam bao dugc tinh don
gian, thong nhat cling nhu kha nang mo rong cua thiét ké vé sau. Tat ca cac 16p tim ki€ém (goi tat
la 16p) cla qua trinh giai ma SD s€ dugc thuc hién lan lugt bang CELL. Toan bd qua trinh tinh
toan s€ dugc chia thanh ba pha chinh. Pha thur nhat s€ tinh 3 16p dau tién, pha tiep theo s€ tinh
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tiép 2 16p va pha cudi cing s& tinh 3 16p con lai (hinh 2). Gitra cac pha tinh toan, dit li¢u trung
gian s€ dugc luu tai cac thanh ghi dé cho xu 1y lan lugt. Bang céch tinh toan nay ma tai nguyén
dugc st dung mot cach hiéu qua hon trong khi van bao dam vé mat chirc nang.

Khai tinh todn co ban CELL

Phan tir tinh toan co ban SD-Element (SDE) thyc hién tinh gia tri ban kinh cau méi, d6 1a
phép tinh co ban nhat cua thuat toan giai ma cau. Theo 1y thuyét da trinh bay & phan trudc ta co
cong thue tinh dugce trinh bay phia dudi. Phan tir tinh toan co ban phai thyc hién phep tinh nay
bang tai nguyén phan cung c6 san trén FPGA.

r2, =r2—|e, (%) (13)

Nhiam muc dinh d& dang ap dung phép tinh trén phan cimg (tranh cac phép toan khai can) va
thong nhat tén goi cuia céc tap dit li€u dau vao, cdng thuc trén dugc bien doi tuong duong nhu sau:

rrr?— = rnf _(ixi Rm,i _(Q'Y)mj (14)
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Hinh 3. So do khéi ciia khoi SD_CELL.
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cLK
| 7 OUTi6
v v
i3 % v cukann | CLKIUL
E> INPUT :’\/X4 INPUT z,ou1'64:>

SELECTOR| X OUT SELECTOR| _X_OUT TK_N

I X0

n

SDE_4
3

SDE_20

I X INPUT_ e T

:> SELECTOR L
| . v

.
R2 | (O] . .
L :
I @ TN_OUT16
| cLkuny— @ vl
INPUT, 2 Z
INPUT_

R3 | . E> SELECTOR|__X_OUT Z E> SELECTOR » Z
| . o [ren o o om
| . R2 > g g RS a2 >

Qv1 v2 O

: ™o O NG o O
17bit L | -
I W . .
L]
QY2 I se e °

VALID_OUT16 >

|
|
|
|
|
|
|
|
|
|
|
|
|
TN,OUT64:> |
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

| INPUT_ —
I D SELECTOR (O] LIy
2L o E> Ly X_OUT X19 INPUT.
SELECTOR ! T
T | o 2 [ n SELECTOR VALID70U®
| R2 » 1=
| ]
Qv2
TK‘ ,, NS TN19
24 bit I — —

Hinh 4. Cdu triic phan ciing khéi CELL.
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trong d6 m = 1+8 la thir tw cac 16p. Pé dam nhiém tinh toan giai ma dong thoi cho tir 2 dén 3
16p lién tiép, theo so do giai ma hinh cdy chung ta can tong cong 84 khdi SDE, 4 khdi cho 16p
dau tién, 16 khéi cho 16p thir hai va 64 khéi cho 16p tha 3 nhu trinh bay trén hinh 3. SD CELL la
su ghép ndi cac khdi SDE lai voi nhau theo diing so do giai ma hinh cdy, trong d6 sy to hop céac
dir liéu d4u ra ciia timg khdi SDE tao thanh cac ludng dir liéu dugc sir dung, dong thoi xac dinh
céc to hop nghiém dung bang cach xét cac gia tri ban kinh cau méi tir cac SDE.

Dir liéu dau vao cua khdi CELL la cac tap dit liéu can thiét dé tinh toan cho ba Iép lién tiép
bao gom: vector nghiém ban dau x = {xy, x,, ..., xg}; ba vector Ry, = {Ry1, Rz, -» Rmg} NAM
trong ma tran R va ba gia tri Q'y,, twong tng v4i ba 16p can tinh toan giai ma; gia tri ban kinh
cau binh phuong 7,2, trong trudng hop nay chung toi ky hiéu 1a TK. Dir liéu dau ra cta khdi
CELL la tap 16 bo nghiém cho tinh toan 2 16p va tap 64 bo nghiém cho tinh toan 3 16p. Trong d6
mdi bo nghiém bao gém: vector nghiém x, gi tri ban kinh ciu méi binh phuong ;2 _, va bit hop
I& (valid bit) dé xac nhan nghiém dung. Tung thanh phan trong mdi bo nghiém duogc tap hop
thanh cac tap dir liéu 16n hon. Cu thé, véc-to nghiém x ciia cac bd nghiém duoc tap hop thanh
ma tran hai chiéu Z_OUT c6 kich thudc 8xN, trong d6 N 1a s6 lugng véc-to x chira trong ma
tran, mdi cot tuong tng véi Mot véc-to nghiém x. Cac gia tri ban kinh cau méi binh phuong
r2_, chia trong mang mot chiéu TN_OUT kich thude 1xN, trong d6, N twong tmg véi s6 bo
nghiém, tuong ty nhu vdy cic bit valid cia mdi bd nghiém tip hop thanh mot vector
VALID OUT c¢6 d6 rong N bit. Theo cach bé tri ndy, trong trudng hop tinh toan cho hai 16p dau
racua CELL sé1la Z OUT16, TN_OUT16, VALID OUT16 ung véi 16 bo nghiém va véi truong
hop tinh toan cho ba I6p ta cé Z OUT64, TN _OUT64, VALID OUT64.

Khoi lwa chon dau vao INPUT SELECTOR

Khdi CELL thuc hién tinh toan giai ma dua trén hoat dong tinh toan gia tri ban kinh cau moi
ctua khdi SDE. Nhu di trinh bay ¢ phan trude khdi phan tir tinh toan co ban SDE chi thuc hién
chire ning tinh toan gia tri ban kinh cau méi dé dua vao 16p tiép theo, no khdng phan biét viec
tinh toan cho Iép nao trong toan bo qué trinh giai ma. Ban chat qué trinh giai ma cau ap dung
trong thiét ké nay 1a tir cac t6 hop nghiém da biét truée dé tién hanh lya chon ra nghiém dung
bang céch thir tinh khoang céch Euclid cua td hop nghiém do. Do d6, ta can mot khéi chon
nghiém dé xac dinh 16p can tinh toan va té hop nghiém dau vao dé day vao SDE tinh todn bén
kinh cau méi. Chirc ning nay duoc thuc hién bai khdi INPUT SELECTOR.

| INPUT SELECTOR |

X vector

|
|

: PRIORITY
| DECODER
I

|

|

index i 3bit

IConstant 3 hit REPLACE
: symbol >

X vector out
Hinh 5. Cau triic ciia INPUT SELECTOR.

Trong thiét ké nay chung t6i c6 quy wéc rang nhiing 16p nao chua dugc tinh toan giai ma thi
phan tir x; trong véc-to nghiém x twong trng duoc dat bang 0. Vi du, ta dang thuc hién tinh toan
tai 16p 6, véc-to nghiém dua den s& c6 dang la x = {0,0,0,0,0,0,1,3}, dwa vao quy wdc nay,
INPUT SELECTOR s¢ phat hién gia tri x; = 0 dau tién khi quét x; tir xg dén x; dé xac dinh lop
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can tinh toan qua chi s i. Trong vi du nay khéi INPUT SELECTOR xéc dinh duoc x4 = 0 va
xéc dinh 16p can tinh toan 1a 16p 6. Tiép theo khéi INPUT SELECTOR s& gén gia tri nam trong
tap {£1, +3} cho xg, cu thé 1a gia tri nao tly thudc vao vi tri khdi INPUT SELECTOR di cling
v6i SDE ndo trong so dd hinh cdy. Néu ¢ vi tri 0 theo hinh 3 thi x4 nhan gia tri -3 va véc-to
nghiém x tai 16p 6 dua dén khéi SDE twong ung va dua dén ting sau 1a x, =
{0,0,0,0,0,—3,1,3}. CAu tric cua INPUT SELECTOR duoc trinh bay ¢ hinh 5.

Sau khi nhan dugc véc-to nghiém x tir INPUT SELECTOR, khéi SDE tinh toan gia tri béan
kinh cau mai cia nghiém x theo ly thuyét giai ma. Véc-to nghiém x dugc xac nhan la nghiém
dung khi khoang cach Euclid ciia nd nhé hon ban kinh ciu ban dau, diéu nay co nghia la ban
kinh cau méi phai dwong. Do vay, Viéc x4c dinh nghiém dang duoc thuc hién bang cach xét dau
ban kinh cau mai, néu duong thi bit VALID cua nghiém x dit bang 1, nguoc lai dat bang 0. Mai
don vi tinh toan bao gém INPUT SELECTOR va SDE goi la SDU (Sphere Decoder Unit), dit
ligu dau ra cia méi SDU la mot bo nghiém bao gom véc-to x, r4_, va bit VALID. Sé lugng
SDU bing s6 lugng SDE trong cu trdc ciia CELL chi tiét dén timg 16p. Dix liéu dau ra cua cac
khdi SDU trong ting 16p duoc chét vao thanh ghi trude khi dwa vao SDU cua l6p tiép theo.
Ngoai ra tai 16p thir hai va 16p thir ba céc dit liéu nay duoc két hop thanh cac dang di liéu da
dugce xéac dinh trudc dé day ra ngoai.

Trong qué trinh tinh toan giai ma cua CELL, céc dit liéu dau vao nhu véc-to nghiém x ban
dau, cac véc-to Ry, Q'y,, dugc ddy vao song song va dong thoi voi nhau. Cac khoi INPUT
SELECTOR la cac khdi to hop, nhur vay chi can 3 xung nhip clock dé cp du céc thanh phan tinh
toan khoang cach Euclid cho cac SDE & cac 16p. Viéc tinh todn khoang cach Euclid s& duoc
hoan thanh xong trudc phép tinh gia tri ban kinh cau méi, céng viéc con lai 1a doi gié tri ban kinh
cau méi dugc tinh xong mot cach lan luot dé hoan tat giai ma. Mdi khéi SDE can 4 xung nhip
clock dé hoan tét tinh toan, theo cach tinh thong thuong thi dé hoan tat tinh toan cho 3 I6p ching
ta can 12 xung nhip clock. Tuy nhién, bang cach nap dit liéu song song va tinh truéc khoang
cach Euclid ching ta can 4 xung nhip dé hoan tit 16p dau tién, 5 xung nhip dé hoan tat 16p thi
hai va 6 xung nhip dé hoan tat I6p thir 3. Didu nay gilp giam thoi gian tré hé thdng xudng con
mot nura va tang gép d6i bang thong.

2.2.2. Cdu triic hé thong khoi gidi ma cau

Céu tric tong thé cua khdi giai ma cau bao gom khéi tinh toan giai ma CELL va cac khoi
chie ning khac dé thuc hién thuat toan giai ma trén phan cing da dugce dé xuit ¢ phan trudc.
Quaé trinh giai ma bao gém 8 16p, trong khi d6, ching ta chi sa dung mét khéi tinh toan duy nhat
la CELL, ma CELL chi tinh toan dwoc téi da ba 16p lién tiép do nhitng han ché vé tai nguyén
phan ctng. Vi vy, ta can tai sir dung khdi CELL dé thyc hién toan bo 8 16p giai ma, dé tai sir
dung dwoc CELL ching ta can sir dung dén cac khdi chirc nang khac thuc hién phan phdi
nghiém (SD DISTRIBUTOR), so sanh (BEST ROOT) va quan ly trang thai (SD FSM). Cau tric
chi tiét cua khdi giai ma cau duoc trinh bay ¢ Hinh 6.

Nguyén 1y hoat dong ctia mach nhu sau: vi thiét ké thuc hién theo céu truc 3-2-3 (hinh 3) nén
sau khi thyc hién 3 16p dau (pha thi nhat) (lc nay sé tinh dwoc 3 phan tir trong véc-to nghiém x)
s& thu dugc toi da 1a 43 = 64 nghiém thoa man nam trong cau. Tiép theo mdi nghiém trén duoc
dua toi pha tha 2 dé tinh toan 2 16p tiép theo (xac dinh gié tri cia hai phan tu tiép theo trong
vector x), sau d6, mdi nghiém thu duoc & pha thir 2 duwoc dua thing xudng pha thir 3 dé tinh toan
3 16p cudi cliing va so sanh tim ra nghiém tSt nhat ma khong tinh hét cac nghiém luén & pha thir
hai, diéu nay giup ta tiét kiém duoc bo nho dé luu trir nghiém. Qua trinh nay dugc lap lai cho dén
khi cac nghiém thoa mén ¢ 16p 2 duge day xudng va tinh toan xong ¢ 16p 3. Tai moi vong lép,
nghiém t6i wru ctia vong ldp nay duoc so sanh voi nghiém t6t nhat ciia cc vong 1ap trude do, néu
t6t hon thi giit lai con khong s& bi loai bo. Cubi cung ta s& thu duoc nghiém tot nhat trong tit ca
cac nghiém thoa man ban kinh cau da dua ra.
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Hinh 6. Cdu triic phan cieng bé gidi md cau.
3. MO PHONG LOGIC VA THUC THI TREN FPGA

3.1. M6 phéng logic va kiém tra chirc ning

7Dé kiém tra chirc nang cua thiét ké, chung t6i st’rﬂ dung ph?m mém Matlab fié tao ra dir lié}l
kiém tra va sir dung trinh mé phong cia VIVADO d€ m6 phong chirc nang phan cing cua khoi
giai ma cau. Matlab m6 phong kénh truyén MIMO trong dicu kién co6 tap 4m Gauss tao ra luong
bit truyen va tap dir li¢u dau vao cua khoi gidi ma bao gom ma tran R, ma tran Q'y. Chung toi
Ivu cac dif liéu dau vao thanh qéc file dir 1i§u va sur dung thu vién TextlO cua VHDL dé doc vao
trinh m6 phong va nap vao khoi giai ma cau. Keét qua giai ma tir khoi giai ma cau duge ghi vao
file va dugc phan tich bang Matlab dé danh gia ty 1€ 16i bit.

MATLAB Bit stream transmitted > COMPARE BER

Data test

Bit stream detected

> SPHERE
VIVADO Data test DECODER

Hinh 7. M6 hinh kiém tra chirc ndng.

Cu thé chung t6i tao ra 1.000.000 tap dir liéu kiém tra twong tng v6i 1.000.000 symbol duoc
truyén. Dit liéu duoc chuyén thanh nhi phan trudc khi dwa vao mé phong logic, cac symbol két
qué ctia qua trinh giai ma dugc chuyén thanh ludng bit dé so sanh véi chudi bit truyén ban dau.
Véi 1.000.000 symbol chiing t6i c6 16.000.000 bit kiém tra, d 16n dé danh gia chirc ning cta
khéi giai ma.
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Sau khi chay mé phong vai 1.000.000 tép dir liéu ching t6i thu dwoc két qua nhu hinh 10. Vi
ban kinh cau Iya chon Isph = 4, b giai ma SD duong dac tuyén BER luén tot hon véi duong BER
clia cac b gidi ma tuyén tin ZF va MMSE. Vi ti s6 Eb/No lan luot 1a 3 dB, 6 dB, 19 dB, 12 dB,
15 dB, gia tri BER cua b tach ZF tuong g gap khoang 6, 24, 145, 799, 5.680 lan gi4 tri BER
cta b gidi ma SD duogc thyc thi voi kién triic dé xuat trén FPGA. Tuong tu voi b gidi ma MMSE,
BER cuta no gap khoéang 4, 17, 106, 585, 4.176 l4n so v6i BER cua bd giai ma SD dé xuit. Nhu
vay, khi ti s6 Eb/No cang tang, ti 1& 156i BER cta giai ma SD dugc thyc thi trén kién trac dé xut
cang giam nhiéu so véi bo giai ma ZF va MMSE. Bén canh do, két qua khao sat cho thay bo giai
ma cau phan cuing dugc thyc thi trén kién trac dé xuat cho duong BER xap xi voi BER cua bd giai
mi cau 1y thuyét dugc moé phong bang Matlab véi cting diéu kién kiém tra va tiém can véi duong
BER ciia bd giai ma hop 1y cuc dai khi ti s6 Eb/No 16n hon 3 dB. Nhu vy, c6 thé khiang dinh thiét
ké bo giai ma cau phan cimg da thyc hién ding chirc ning giai cau ly thuyét.

.
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Hinh 8. D6 thi thoi gian mé phéng trén Vivado.
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Eb/No(dB)

Hinh 9. Két qua thiee thi trén FPGA Hinh 10. Két qua mé phong logic.
xc7k325tfbg676-3.

3.2. Két qua tong hop trén FPGA
Thiét ké khdi giai ma cdu dugc tong hop trén chip FPGA Kintex 7 xc7k325tfbg676-3 (*) (tam
trung) va Virtex UltraScale+ xcvy7p-flva2104-3-e-EVAL (**) (cao cap) str dung phan mém

Vlyado 2016.4. Vql d(;) rong bit clia cac dugheu dau vao duge thé hién & bang 1, tai nguyén
chiém duyng ctia thiét ké trén cac chip dugc thé hién & bang 2.
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Bdng 1. D¢ rong bit cua cac tin hiéu duoc su dung trong khoi giai ma cau.

Tin hiéu Wordlength
R 15 bit
Qy 17 bit
X 3 bit
Toph 36 bit
Bing 2. Tai nguyén chiém dung cua thiét ké
((*)-xc7k325tfbg676-3, (**) xcvy7p-flva2104-3-e-EVAL).
= A U'c lugng C6 sin Hiéu suit %
Tal nguyén
*) (**) *) (**) (*) (**)
LUT 80.814 54.365 203.800 78.160 39,65 6,90
FF 23.256 23.153 407.600 1.576.320 571 1,47
DSP 84 84 840 4.560 10,00 1,84
BUFG 1 1 32 1.200 3,13 0,08

Téc do clock t6i da ma thiét ké c6 thé dat duoc trén chip FPGA Kintex 7 XC7k325 la xap xi
200 MHz, va trén Virtex UltraScale+ xcvy7p-flva2104-3-e-EVAL la xap xi 400 MHz.

3.3. Panh gia thong hrgng cia thiét ké

Bing 3. Khdo sat thoi gian trung binh dé gidi ma moét symbol.

Ban kinh cau Tsph S6 chu ky trung binh Thoi gian giai ma T=5ns
2 90.27 0.45 us
3 175.15 0.874 us
3.5 288.62 1.443 us
4 427.08 2.1354 us
5 933.314 4.666 us

Thiét ké khdi giai ma ciu trén phan cimg FPGA d3 dap ung dugc yéu cdu vé mit chire ning
s0 v6i Iy thuyét giai ma cau. Tuy nhién, vé miat thong luong thi thiét ké nay to ra khong xac dinh
ma phy thudc vao mirc d6 va dic diém cia tin hiéu dau vao, vi tinh chét xét hét tat ca cac nghiém
thoa man nam trong cau trong qua trinh gidi ma nén thoi gian dé giai mot symbol phu thude vao
su phan bo s lugng nghiém. SO nghiém thoa man cang nhiéu thi thoi gian giai ma cang 16m, ddc
biét 1a & cac 16p dau tién. S6 lugng nghiém ton tai ¢ timg 16p c6 phan bd thdng ké nhat dinh va
phu thudc vao Ep/No va ban kinh cau ban dau ry,,. Bang dudi day khao sat s6 chu ky clock trung
binh dé hoan tit giai ma mot symbol voi Ey/Ng =15 dB.

Thong thuong cla thiét ké khong ¢d dinh, phu thugc manh vao diéu kién kénh tmyén (En/No)
va ban kinh cu ban dau Tsph- Néu ta xét trong trudng hop Ej, /N, = 15 dB va ban kinh cau ban
dau 1a 2 thi thong lwong trung binh ctia bd giai ma ap dung cho hé thong 16-QAM 4x4 MIMO la:

fe 200.10°

T =2 16bit =
kintex = g 57 " =790,27

X 16 — bit = 35,44(Mbps)
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T _ Jew 16bit = 400.10° x 16 — bit = 70,88(Mb
Virtex — 90’27 it = 90'27 it = ’ ( pS)

3.4. Thao lun vé thiét ké phin cirng ctia hé thong

Bing 4. So sanh ddnh gid tai nguyén su dung cho b gidi ma cau (SD) thuee thi trén FPGA.

Tai nguyén (*) (**) [2]
M6 hinh 4x4 4x4 2x2
Diéu ché 16-QAM 16-QAM QPSK

LUT 80.814 54.365 119.562
FF 23.256 23.153 17.858
DSP 84 84 280

BUFG 1 1 16

Cong trinh [2], tap tin hiéu dau vao hé thong sir dung diéu ché QPSK va mé hinh MIMO 2x2
¢6 cAu tric tin hiéu va xtr 1y khong phtrc tap bang tap tin hiéu sir dung 16-QAM va mé hinh
MIMO 4x4 duge sir dung cho kién trac thuc thi duoc sir dung trong nghién ctu dé xuat. Tuy
nhién, qua bang 4, tai nguyén chiém dung cia kién tric d& xudt nho hon déng ké so VOl tai
nguyén chiém dung duoc cong bd trong cong trinh [2]. Nén co thé thay rang kién trac dé xuat va
két qua thuc thi trén phan ctng dé xuat cho ket qua toi wu hon so véi kién tric va két qua thyc
thi dugc dua ra trong cong trinh [2]. Ta thdy ring, véi viéc st dung mot chip FPGA tim trung
Kintex 7 XC7k325 thi tai nguyén sir dung cho thiét ké chiém 1én dén 40% tong tai nguyén ctia
chip, xung nhip ctia hé thong t6i da 1a 200 MHz lam cho thong luong dat dugc khoang 35 Mbps.
Vi chip Virtex Ultra Scale + v6i tdc do clock gap doi c6 thé dat duoc khoang 70 Mbps. Tl bang
2 cho thay khdi giai ma ciu voi mot khdi tinh toan duy nhat chi chiém gan 7% tai nguyén trén
Virtex UltraScale+. Do d6, dé cai thién thong lugng chung ta co thé xay dung 4 luong giai ma
song song Vi 4 khdi tinh toan CELL ma van bao dam duoc vé mat tai nguyén. Véi tan sb clock
t6i da co thé dat duoc trén chip Virtex UltraScale+ 1a 400 MHz thong lugng cua kh01 giai ma dat
duoc xap xi 280 Mbps. Tuy nhién, cac giai phap mau chdt ¢6 thé khong nam ¢ van dé tai nguyén
ma s€ nam ¢ vige cai tlen vi kién trac cia thlet ké, vi du dé thuc thi hoan toan theo mo hinh
dudng dng, mat khac can ¢ cac giai phap vé thudt toan dé giam bét sy phuc tap tinh toan va
tang toc giai ma véi dinh hudng thyc thi cho phéan cimg.

4. KET LUAN

BO giai ma cau va cac thuat toan tim kiém dang cay tuong tu cung cap su can bang hiéu suat-
d6 phirc tap phii hop véi viée trién khai phan cling ctia hé thong truyén thong MIMO vo tuyén.
Trong bai bao nay, ching t6i da d& xuat kién trac va thyc thi bo ~giai md SD trén nén tang cong
nghé phan cing FPGA voi chat luong cho duong cong cua hé sO pham chat BER xép xi voi bd
giai ma ML. Kién trac dé xuét va thuc thi cho bd giai md cau duoc t6i uu véi tai nguyén chiém
dung khoang 40% tai nguyén chip cho FPGA Kintex 7 XC7k325 va 7% voi chip Virtex
UltraScale+. V&i tai nguyén chiém dung, kién trac dé xuat c6 thé thuc hién ting ludng xir Iy song
song nhdm nang cao thong lwong xur 1y dit liéu hé thong.
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ABSTRACT
Design and evaluation of sphere decoder accelerator on reconfiguration hardware

The Maximum likelihood (ML) detection can achieve the best bit error rate but
requires very high computational complexity. The latter makes this algorithm is not
practically applicable. Many decoder architectures hence have been proposed to
overcome the ML high complexity. The sphere decoding (SD) algorithm is one of the most
promising approaches that offer quasi-ML performance with a reasonable computing
workload. This paper proposes an efficient and practical approach for a sphere decoder
design on reconfigurable hardware (FPGA). The design is evaluated to yield a quality
approximation of the Maximum Likelihood (ML) method but with significantly reduced
computational complexity.

Keywords: MIMO; FPGA,; SM; SD; ML.
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