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trinh thuc hién luan an.
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Ngay nay, ching ta dang dugc chiing kién sy phét trién biing nd ciia céc
thiét bi di dong nhu dién thoai thong minh, may tinh xach tay, may tinh
bang... Cac thiét bi nay déu c6 kha niang két ndi vio mang thong tin di
dong va stt dung rat nhieu cac dich vu dit lieu nhu truyén hinh, xem phim
hay choi dién ti trife tuyén. .. Vi vay, nhu cau vé luu luong dit lieu trong cac
hée thong thong tin khong ngiing tang len. Theo bao cao clia Ericsson, s6 thuée
bao dién thoai thong minh trén toan cau vao khodng 7,7 ty nam 2017, va
du kién tang lén 8,7 t¥ vao nam 2024; luu lugng dit lieu trén moi dieén thoai
thong minh cfing tang tir 3,1 GB/thang/1 thiét bi nam 2017 dén khoang 20
GB/thang/1 thiét bi vao nam 2024 [2].

Nham dap ting nhu cau st dung luu luong dit lieu ngay cang tang, ki thuat
truyen tin st dung nhiéu #ng ten & ci phia phat va phia thu, goi tat 1a ki
thuat MIMO (Multiple Input Multiple Output) da duge nghién ctu va ting
buéc ting dung trong cac hé thong thong tin vo tuyén. K§ thuat nady cho
phép khai théc ting ich phan tap dé lam ting do tin cay truyén tin va/ hodc
tang ich ghép kénh dé lam tang dung lugng ctia hé thong thong tin [1]. Ky
thuat MIMO duge phan loai thanh 3 16p sau: MIMO diém- diém (point to
point MIMO), MIMO da ngusi dung (MU-MIMO: Multiple-user MIMO) va
Massive MIMO [3].

Hé théng MIMO diém-diém (thusng duge goi tat 1 MIMO) duge quan



tam nghién citu tit cudi thap nién 1990 [4-7] va hién nay da tré thanh chuan
trong cac hé thdng thong tin bang rong, chang han nhu chuan LTE [8,[9].
Trong hé théng MIMO diém-diém, tai mdi thoi diém tram gbc (BS: Base
Station) dugc trang bi NN, @ng ten chi phuc vu duy nhat mot thiét bi dau
cudi duge trang bi Ny ang ten. Trong moi truong giau tan xa, vi du nhu mo
hinh kénh truyén fading Rayleigh, va khi ty s6 cong suat tin hiéu trén tap
am (SNR: Signal to Noise Ratio) dii 16n thi hiéu qua si dung pho tan cho ca
duong len va dudng xudng tang tuyén tinh theo min(N,, Nr) va tang theo
ham logarit d6i véi SNR. [3,[10]. Vi thé, theo 1y thuyét, c6 thé tang hieu qua
stt dung pho tan bang cach ting dong thoi sb6 ang ten thu va sb dng ten phat.
Tuy nhién, trong thyc té, du s6 lugng dng ten 16n duge st dung thi MIMO
diém-diém van bi han ché béi 3 yéu t6 sau [3]:

(1) Thiét bi dau cudi phiic tap do yéu cau cac chudi cao tan (RF chain:
Radio Frequency chain) doc lap trén moéi ang-ten cing nhu viéc stt dung cong
nghé xit Iy s6 tién tién dé tach cac luong dit lieu.

(2) Vé co ban moi truong truyén dan phai ho trg min(N,, Nr) céc luong
doc lap, diéu nay rat kho ton tai trong dieu kién cac mang ang ten siéu nhd
duge st dung hoac gitta phia thu va phia phéat ton tai tia tryc tiép (LOS:
Line of Sight).

(3) Cac dau cudi 6 gan bién cia cac té bao thudng c6 SNR thap do suy
hao duong truyén va hiéu qua st dung pho tang cham theo min(N,., Nr).

Tang ich ghép kénh trong hé thong MIMO khong chi duge nghién ciiu va
ap dung cho cac truong hgp don ngusi dung ma con duge nghién cttu, mé
rong sang truong hop da ngudi dung, goi tat 1a cdc hé thong MU-MIMO
(Multi-Users MIMO). Trong hé théng MU-MIMO, Nr &ng ten trang bi cho



01 nguoi diing trong hé thong MIMO dugc phan chia cho K = Ny nguoi dung
khac nhau. Nhu vay, he thong MU-MIMO cho phép thu dudc ting ich ghép
kénh theo khong gian dut cho mdéi ngusi dung chi st dung mot dng ten [1].
Day la wu diém 16n nhat ctia he thong MU-MIMO béi vi chiing ta khong thé
b6 tri nhiéu ang ten tai phia ngudi dung do sy gi6i han veé kich thude va gia
thanh thap ctia cac thiét bi dau cudi. Ngudc lai tram gbc 1a noi co thé trién
khai nhiéu ang ten mot cach dé dang. MU-MIMO khong chi khai thac tat
cd cac diém manh ctia hé théng MIMO ma con khic phuc hau hét su han
ché vé kenh truyéen MIMO [1]. Trong hé thong MU-MIMO thong thuong, K
nguoi dung lien lac véi tram goc bang cach st dung cac phuong thic da truy
nhap nhu da truy nhép phan chia theo thoi gian (TDMA: Time Division
Multiple Access), da truy nhap phan chia theo tan s6 (FDMA: Frequency
Division Multiple Access) hoiic da truy nhap phan chia theo ma (CDMA:
Code Division Multiple Access). Mot dang khéc cia MU-MIMO la K ngusi
dung dong thoi phat dit lieu clia minh dén tram goc sit dung ciing mot nguon
tai nguyen tan sb. Y tudng nay duce dé xudt tit rAt sém trong cic cong
trinh [11H17]. Tuy nhién, mai sau nay 1y thuyét day du vé né méi duge tiép
tuc nghién citu, phat trién va khai quat héa trong cac cong trinh [18-22].
Trong hé thong MU-MIMO, bac tu do (Dof: Degrees of freedom) ctia hé
thong tang ti 1é v6i sé lugng ang ten trieén khai tai tram gbe. Do dé, s6 luong
ngudi ding cé thé truyen tin trén cling mot tan so, tai ciing mot thoi diém,
tang ti lé véi s6 lugng ang ten tai tram goc. Nho dé ching ta thu duge thong
luong (throughput) khong 16. Khi s6 #ing ten tai mot tram gbc 16n hon rat
nhiéu so véi s6 luong nguoi dung dang duge phuc vu bdi BS dé thi cac ki

thuat xit 1y tin hi¢u tuyén tinh gan dat t6i wu [1,123-26]. Diéu d6 c6 nghia



1a, cho du ta chi sit dung k¥ thuat phan tap thu két hop ti s6 cuc dai (MRC:
Maximal Ratio Combining) cho dudng lén va ky thuat phan tap phat (MRT:
Maximal Ratio Transmitting) cho dudng xuéng thi anh hudng cia fading
nhanh va nhiéu trong cting mot té bao (cell) gan nhu bién mat khi sé anten
§ tram gboc BS rat 16n [1]. Cac he thong MU-MIMO stt dung hang tram
ang ten tai BS dé phuc vu hang chuc, tham chi 14 hang tram ngusi ding
trén cting mot tan sb, tai cing mot thoi diem dude goi 1a hé théng Massive
MIMO [8,23,24,26,27]. Cac wu diém chinh ciia hé théng Massive MIMO bao
gom: (1) higu suat stt dung pho tan va do tin cay cao; (2) hiéu suat sit dung
nang lugng 16n; (3) do phric tap trong x1t Iy tin hi¢u tuong déi thap [1]. Nam
2016, he thong Massive MIMO véi tram gbc trang bi 128 ang ten dé phuc vu
cho 8 nguoi dung da dugc ché tao thanh cong trong phong thi nghiem [28].
Nam 2018, Massive MIMO da dugdc ting dung trong cac hé théng thong tin
di dong thuong mai thé he thi 5 (5G) [29,30]. Tuy nhién, sé lugng dng ten
trang bi tai tram goc trong cac he thong 5G hién nay chi 1a 64 [29,30] nén
hieu qua st dung phd tan sé ciia Massive MIMO van bi giéi han dang keé.
Gan day khai niem Massive MIMO 2.0 da dugc dé xuat trong cong trinh [30]
nham tiép tuc nghién ctu va phat trién ki thuat Massive MIMO khong chi
cho cac hé théng thong tin di dong sau 5G ma con ting dung cho cac hé thong
Rada, Massive MIMO thoéng minh...

Tt nhitng phan tich néu trén cho ta thiy Massive MIMO da, dang va van
sé 1a mot trong nhitng noi dung nghién cttu trong tam vé thong tin vo tuyén,
thu hat rat nhiéu sy quan tam ciia cic nha khoa hoc trong va ngoai nudc.
Chinh vi thé, Nghién citu sinh chon va thyc hién dé tai "Nghién citu ky

thuat tach tin hiéu dudng lén trong hé théng Massive MIMO”.



1. Muc tiéu nghién ctiu

e Nghién citu xay dung cic giai thuat tach tin hiéu trong cac hé thoéng
Massive MIMO cho phép hé théng thu duge pham chat 16i bit tot, do

phtic tap thap va hieu qua st dung pho tan cao.

e Nghién citu két hop cac thuat toan duge dé xuat véi cac ki thuat tach
tin hiéu truyén théng dé tao ra cac bo tach tin hieu hiéu qua st dung
trong cac hé thong Massive MIMO.

2. Pham vi nghién ciu

e Nghién cttu ki thuat triet nhiéu noéi tiép, ki thuat triet nhiéu song song,
tach tin hiéu tuyén tinh, tach tin hiéu phi tuyén trong hé thong nhiéu
ang ten.

e Nghién cttu nguyén 1y hoat dong va cac phuong phap xu 1y tin hiéu co
ban trong hé thong Massive MIMO.

e Nghién ctiu céc gidi thuat tach tin hieu dudng lén trong cidc hé thong
Massive MIMO c6 tai cao trong diéu kien khong c6 diéu khién cong suat
phat cidc nguoi ding va kénh truyén khong co sy tuong quan khong gian.

e Céc bo tach tin hieu duge dé xuat xay dung trén hé thong Massive MIMO
chi gom 1 té bao.

3. Phuong phap nghién ciu

Luan an két hop st dung phuong phap phan tich gidi tich va mo phong

Monte-Carlo trén may tinh. Cu thé nhu sau:
e Sit dung phuong phép giai tich dé xay dung cac thuat toan tach tin hieu

va tinh toan do phtc tap clia cac bo tach tin hicu dudge dé xuit.



e Phuong phap mo6 phéng Monte-Carlo dudgc st dung dé uéc luong va chitng

minh bang do thi cic pham chat ctia hé théng.

4. Péng goép cua Luan an

Luan an dé xuat cac thuat toan tach tin hiéu theo nhém hiéu qua cho he
thong Massive MIMO c6 hé s6 tai cao. Trén co sé d6 xay dung cac bo tach
tin hiéu méi ddm bao t6t sut can bing giita pham chat 16i bit cao va do phiic

tap thap. Mot s6 dong gép chinh ctia Luan an dudc tém tat nhu sau:

1. Dé xuat thuat toan tach tin hiéu theo nhém (GD: Group Detection) va
thuat toan tach tin hiéu lip (IGD: Iterative Group Detection) cho cac
hé thong Massive MIMO véi kénh truyeén fading pham vi hep. Dya trén
thuat toan GD va IGD, Luan an dé xuat 6 bo tach tin hieu mdéi duge dat
tén lan luot 13 ZF-GD, MMSE-GD, BLAST-GD, ZF-IGD, MMSE-IGD
va BLAST-IGD.

2. Khéi quat hoéa thuat toan tach tin hiéu theo nhém (goi la thuét toan
GGDex) cho hé thong Massive MIMO c¢6 kénh truyén chiu anh huéng
clia ci fading pham vi hep va fading pham vi rong. Tiép theo Luan an
dé xuat hai bo tach tin hiéu hieu qua c6 tén goi 1a ZF-GGDex va SQRD-
GGDex. Trén co sé phan tich pham chat 16i bit, dé xuat thuat toan
GGDex ¢6 sap xép trude (Presorted GGDex) va hai bo tach tin hieu

ZF-Presorted GGDex va SQRD-Presorted GGDex.

3. Xay dung thuat toan téch tin hiéu theo nhém song song (PGD: Parallel
Group Detection) bang cach chia hé thong Massive MIMO c¢6 he s6 tai
cao thanh hai hé thdng con song song véi hé s6 tai nhé hon. Trén co s6

do6, nghién citu sinh dé xuat 3 bo tach tin hieu 1a ZF-PGD, QRD-PGD



va SQRD-PGD.

4. Dé xuat cdc mo6 hinh két hop céc thuat toan tach tin hieu theo nhém
suy rong va tach tin hiéu theo nhém song song véi ki thuat rat gon dan
LR nham loai bé anh hudng ciia tap am va qua dé lam tang pham chat
tach tin hiéu tai tram gbc. Dua trén cac mo hinh két hop nay, Luan an
xay dung 4 bo tach tin hieu c6 su hd trg ciia rat gon dan gom: MMSE-

GGD-SLV, ZF-PGD-SLB va QRD-PGD-SLB.

Két qua mo phong trén Matlab va phan tich do phiic tap cho thay tat ca
cac bo tach tin hieu duge dé xuat néu trén c6 pham chat BER t6t hon nhung
c6 cuing bac phiic tap véi cic bo tach tuyén tinh truyén thong. Vi thé, chiung
la cac tng vien sang gia dé ting dung trong cac hé thong Massive MIMO.

5. B6 cuc Luan an

Luan an dudc to chite thanh 4 chuong véi bd cuc cu thé nhu sau:

e Chuong 1: TONG QUAN VE MASSIVE MIMO
Noi dung chuong trinh bay tém luge nhitng van dé co ban vé hé thong
Massive MIMO nhu mo hinh hé thong, nguyén 1y hoat dong va mot s6 bo
tach tin hiéu truyen thong... Ngoai ra, chuong nay con khio sat cac cong
trinh da cong bo gan day vé tach tin hiéu trong cac hé thong Massive
MIMO. Trén co sé do, xac dinh nhitng thach thiic ma Luan an can tap
trung gidi quyét.

e Chuong 2: DE XUAT CAC BO TACH TIN HIEU DUA TREN THUAT
TOAN TACH TIN HIEU THEO NHOM
Chuong nay dé xuat thuat toan tach tin hi¢u theo nhém (GD) va thuat

toan téch tin hieu theo nhém 1p (IGD) cho cac he thong Massive MIMO



hoat dong trong moi truong kénh truyen fading pham vi hep. Trén co
sd hai thuat toan néu trén, Luan an dé xuat 6 bo tach tin hiéu c6 do
phiic tap thap duge dit tén lan luot 14 ZF-GD, MMSE-GD, BLAST-GD,
ZF-1GD, MMSE-IGD va BLAST-GD. Pham chét 16i bit ctia cac bo tach
tin hiéu nay dugc so sanh véi cac bo tach tin hiéu tuyén tinh va BLAST
truyén théng thong qua mo phéng Monte-Carlo trén phan mém Matlab.
Cudi ciing do phtc tap ctia cac bo tach duge tinh toan va so sanh véi
mot s6 bo tach tin hieu truyen thong co lien quan. Cac két qua trinh bay
trong Chuong 2 gan lién véi két qua nghién citu s6 1 cong bo tai hoi nghi
qubc té ATC-2017 tai Quy Nhon, cong trinh s6 2 cong bo nam 2018 trén

tap chi REV-JEC ctia hoi Vo tuyén dién t Viet Nam.

Chuong 3: DE XUAT CAC BO TACH TIN HIEU XAY DUNG TREN
HE THONG MASSIVE MIMO MO RONG TUONG DUONG

Chuong 3 khai quat thuat toan tach tin hiéu theo nhém GD thanh thuat
toan tach tin hidu theo nhém suy rong (viét tat 1a GGDex) dé ding cho
hé thong Massive MIMO ma kénh truyén chiu tac dong clia ca fading
pham vi rong va fading pham vi hep. Sau do6, 4 bo tach tin hiéu méi
la ZF-GGDex, SQRD-GGDex, ZF-Presorted GGDex va SQRD-GGDex
duge dé xuat. Tiép theo, Luan 4n trinh bay thuat toan tach tin hiéu theo
nhom song song va dé xuat 3 bo tach tin hieu gom ZF-PGD, QRD-PGD
va SQRD-PGD. Pham chat 156i bit va do phtic tap ciia cac bo tach tin
hiéu sau d6 duge danh gia v so sanh v6i nhau. Noi dung Chuong 3 gan
lién v6i cic cong trinh s6 3 cong bd trén Tap chi Khoa hoc va ki thuat,

Hoc vien k¥ thuat Quan sy nam 2019 va Cong trinh s6 4 cong bo tai hoi



nghi quoc té ATC-2018 tai Thanh phd Ho Chi Minh.

Chuong 4: CAC BO TACH TIN HIEU €O SU HO TRO CUA KY
THUAT RUT GON DAN

Noi dung chuong nay dé xuat két hop ki thuat rat gon dan SLV va SLB
v6i cac thuat toan tach tin hiéu theo nhém trong Chuong 3 nham cai
thien pham chat 16i bit ctia hé théng. Dua trén cdc mo hinh két hgp
nay, Nghién cttu sinh dé xuat 3 bo tach tin hieu mdéi 14 MMSE-GGD-
SLV, ZF-PGD-SLV va QRD-PGD-SLV. Cudi ciing 14 m6 phong pham
chat 161 bit va so sanh do phic tap clia cic bo tach tin hieu. Két qua
nghién cttu trong Chuong 4 gan lién v6i cong trinh s6 5 dang trén tap
chi Wireless Personal Communications (ISI) va cong trinh s6 6 dang trén

tap chi Wireless communications and Mobile Computing (ISI).



Chuong 1
TONG QUAN VE MASSIVE MIMO

1.1. M6 hinh hé théng

Xét he théng Massive MIMO don té bao nhu Hinh [1.1] He théng gdm 01
tram goc (BS) duge trang bi N, dng ten dong thoi phuc vu K nguoi dung
(user), mdi ngudi dung duge trang bi Ny ang ten st dung chung mot tan sb.

Mo hinh tin hieu duong lén va dusng xudng dugc mé ta nhu cu thé nhu sau:
1.1.1. Duong lén

Duong len (uplink hoiic reverse link) 1a duong truyén trong d6 cac ngudi
dung dong thoi truyén tin hiéu len BS. Thong thuong méi nguoi dung thuong
ducc gia thiét 1a stt dung phuong phap truyen dan ghép kénh theo khong gian
(SDM: Spatial Division Multiplexing) nham thu dugc hiéu qui st dung pho

tan 16n. St dung mo hinh SDM, luong dit liéu ndi tiép clia moéi ngusi diing

Tram gdc trang bi Ny ing ten

a 0
g Clepeei D
\ 1

D /,”
| 0

Hinh 1.1: M6 hinh hé thong Massive MIMO
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duge chuyén thanh Ny ludng dit lieu song song, sau dé ching dugc truyen
dong thoi dén BS bdi cac ang ten phat clia ngudi diing ay. Vi vay, véc to tin
hiéu phat ctia tat cad K nguoi dung, x € CM!, N = K N;, dudc biéu dién
nhu sau:
T
lexlT xI . X%] , (1.1)
trong dé x; € CM1 ¢ = 1,2, .. K, 1a véc to tin hiéu phéat ciia ngusi ding

thit 4. Véc to tin hiéu thu tai tram goc, y € C¥*! c¢6 thé biéu dién bang

| D
— S 1.2
Y KNTESGX+ n, (1.2)

trong d6 p la tong cong suat phat cta tit ca K nguoi ding; G € CN>V

phuong trinh sau:

la ma tran kenh truyén gitta cac nguoi ding va tram goc; n € CN*! 1a véc
to tap am; E, 1a nang lugng trung binh clia céc ky hiéu (symbol) dieu ché
M-QAM. Cac phan t1t cia véc to tap am duge gia thiét 14 cac bién ngau nhién
c6 phan b6 doc lap va dong nhat (i.i.d) véi trung binh bang 0 va phuong sai
bang 1. Gia thiét rang cong suat phat clia moéi nguoi dung duge chia déu
cho ang ten trang bi trén ngusi dung d6 va E [xx] = E,Iy. Bdi vi Massive
MIMO dugc dé xuat st dung cho dai song GHz nén véi s6 luong hitu han ang
ten trang bi tai tram gbc thi kénh truyén gitta BS va cdc ngudi dung luon
luon doc lap véi nhau. Khi d6, cac phan ti thuoc ma tran kénh truyén coé
thé duge biéu dién bdi tich cac he s6 pha-dinh pham vi rong (gay ra bdi hien
tuong che khuat Shadowing va suy hao dudng truyén theo khoang cach) va

pha-dinh pham vi hep (do hién tugng da duong va Doffler tao nén) nhu sau:

G = HD'?, (1.3)
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trong d6 cac phan ti ciia ma tran H 1& cac bién ngau nhién c6é trung binh
bang 0 va phuong sai bang 1, bieu dién cac hé s6 pha-dinh pham vi hep; D
14 ma tran dudong chéo véi cac phan tit thuoc duong chéo chinh mo ta cac he
s6 pha-dinh pham vi rong. B&i vi khoang cach gitta cac dng ten trang bi trén
cting mot ngudi ding hodc trén tram gbéc ludn rat nhoé so véi khodng cach
gitta moi nguoi diing va BS nén ta c6 thé gia thiét cac hé sd pha-dinh pham
vi rong gitta mot nguoi ding cu thé va tram gbc 1a bang nhau, céc hé s6 nay
14 khac nhau déi véi cac ngudi diing khac nhau. Khi d6, ma tran kénh truyen

duoe bidu dién nhu sau:
1/2
G=HBcIy,) . (1.4)

Ma tran B trong cong thitc (1.4]) 14 ma tran dudng chéo véi cac phan tit
thuoc dudng chéo chinh, b;;, @ = 1,2, ...K, biéu dién hé¢ sé6 pha-dinh pham
vi rong gitta nguoi dung thit ¢ v tram gdc nhu sau:

bii = m, (1.5)

v6i z; 14 bién ngau nhién phan b6 déu mo ta hién tuong che khuat véi gia
tri trung binh béng khong va phuong sai 0%, .. do va d; 1an luot 14 khodng
cach tham chiéu vd khodng cach tit nguoi dung thi ¢ t6i tram goc; v 1a he

s6 suy hao dudng truyén. Dé don gian cho viéc tinh toan va biéu dién thuat

toan, dat U =, /3G, p, = £, va viét lai Phuong trinh ((1.2) nhu sau:

y = Ux +n. (1.6)

Luu §: Trong truong hop kénh truyen chi chiu sy tac dong ctia pha-dinh
pham vi hep, ttic 14 khong tinh dén hién tuong che khuat Shadowing va suy

hao duong truyeén thi D = Iy vi G = H. Khi d6, véc to tin hieu thu dugc
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tai BS, y, dugc bieu dién theo ty s6 SNR 6 mdi ang ten thu, ¢, nhu sau:

RS
=4+ —H 1.
y KN.E. X+n (1.7)

— Hx +n, (1.8)

40 TT C
voi H = KNTESH.

1.1.2. Duong xuéng

Duong xudéng (downlink hay forward link) 1a truong hgp BS phéat tin hieu
t6i tat cd K nguoi dung. Gia thiét rang hé thong 1a song cong theo thoi gian,
khi d6 ma tran kénh truyén dudng lén va dudng xudéng cé tinh thuan nghich
v6i nhau. Diéu d6 c¢6 nghia 1 trong khodng thoi gian dong bo ctia kénh truyen
(titc khoang thai gian va kénh truyén dude xem nhu khong thay doi) thi ma
tran kenh truyén cho duong xudng la chuyén vi clia ma tran duong len. Gia
stt u € CV! 13 véc to tin thieu phat di tit ma tran ang ten tai BS théa man
E [uu”] = E,Iy,. Khi d6, tin hi¢u thu tai ngudi ding thit ¢ duge biéu dién

bang cong thic sau:
Pai
N, E,

trong d6 G} € CM*Vr 1a ma tran kénh truyén gifta tram goc va ngudi ding

r; = G/u+z, (1.9)

thit ¢; pg 1a tong cong suat phat tit IV, ang ten tai tram goc va z, la véc
to tap am tai nguoi dung thit ¢. Gia sit caAc phan ti clia z;, 1a cac bién ngau
nhién i.i.d c¢6 trung binh 0 va phuong sai 1. Véc to tin hiéu thu clia tat cd K

ngudi dung la:
r— Pai
N, E,

G™u +z, (1.10)
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T T
véir = | ¢l ¢l r%}] VéZz[le zl ... zL | . Luuy, néu he
thong 1a song cong theo tan s6 FDD thi kénh truyén cho duong lén va dudng
xuéng 1a khong c6 tinh thuan nghich. Khi dé ma tran G7 trong can
dugc thay bang mot ma tran kénh truyen khac c6 kich thuéec K Ny x N, véi
cac phan ti clia né biéu dién ca pha-dinh pham vi rong va pha-dinh pham

vi hep xac dinh tuong tu nhu duong lén.
1.2. Nguyén ly lam viéc

Duta vao nguyén 1y 1am viec thi hé thong Massive MIMO dudc chia thanh
hai loai co ban 1a hé thong song cong theo thoi gian TDD va hé thong song
cong theo tan s6 FDD. Béi vi he thong Massive MIMO c6 kich thude rat 16n
nén nhitng phuong phap xi 1y tin hiéu phic tap thuong duge tap trung tai
tram goc gom: tach tin hieu tuyén tinh cho duong lén, tien ma hoa (precoding)
cho dudng xubéng va udc lugng kénh truyén. Trong cac hé thong song cong
theo thoi gian, cd duong lén va dudng xudng st dung chung mot tan sé trong
khi hé thong song cong theo tan sb st dung tan sé duong lén va duong xudng
13 khac nhau. Chinh vi thé hoat dong ctia hai hé théong nay 1a khac nhau.
Phan tiép theo ctia muc nay, nghién ciu sinh trinh bay mot phuong an lam

viéc cho ca hai loai hé thong ké trén nhu sau:

D6i v6i hé théng song cong theo thsi gian: Nguyén 1y hoat dong co ban
ctia hé thong TDD Massive MIMO dugc mo ta nhu trong Hinh . Trong
moi khoang thoi gian dong bo ciia kénh truyen thi hé thong thic hién 3 hoat
dong co ban la: (1) truyen dan tin hieu duong lén, (2) truyén tin hieu duong

xudng va (3) uée lugng kenh cho ca dusng lén va dudng xudng. Dé thuc hién
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Dit liéu
——

]
gs
L

Dit liéu I]

Dit li¢u

0

Pilot dwdng Z " Truyén dir liéu Pilot dwong
1én [/ duonglén // xudng

A

Thoi gian dong bd ciia kénh truyén

Hinh 1.2: Nguyén Iy hoat dong ctia hé thong TDD Massive MIMO

duge dieu d6, mot phuong an lam viéc cia hé thong TDD Massive MIMO
nhu sau: Trude hét tat cd ngusi dung phat cac chudi pilot trie giao nhau dén
tram goc dé thuc hién uéc lugng céc thong tin vé trang théi kénh truyen CSI
tai BS. Sau d6 khi cac nguoi dung truyén dit lieu ctia minh thi tram gbc sit
dung CSI thu dugce bdi qua trinh wée lugng kénh dé tach tin hieu két hop céc
ky hiéu thong tin. Dé truyen dit lieu duong xudng, tram gbc st dung CSI dé

tien ma hoéa cac ky hiéu thong tin trude khi phat ching cho cac nguoi dung.

Péi v6i hé théng Massive MIMO song cong theo tan s6: Trong hé thong
FDD thi duong lén va duong xudng st dung cac tan s6 khac nhau nén kénh
truyén cho duong lén va duong xudng 1a khong tuong quan véi nhau. Vi thé,
nguyen 1y lam viéc ctia hé théng nay phic tap hon cac hé thong song cong
theo thoi gian, doi hoi qué trinh wéce lugng kénh phai thirc hién & ca tram
gbc va cac ngudi ding. Cu thé nhu sau:

- Dudng lén: BS can phai biét CSI dé tach cac ky hiéu tin hiéu dugc phat
tit ngudi diing. Mot cach don gian dé wée luong kénh 1a ngudi diing sé phat

chudi pilot tryc giao nhau dén BS, sau d6 BS sé uéc luong kénh truyen dua
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vao cac pilot thu dugc.

- Dudng xuéng: BS can CSI dé thyc hién tién méa hoéa cac ky hiéu tin hieu
truge khi truyeén dén nguoi dung. Dé thu duge CSI truée hét BS sé truyen
cac pilot tric giao trén duong xudng, sau dé cac ngudi ding sé udc luong
kénh va truyén ngugc lai cac gia tri udc luong kénh nay, BS sé st dung CSI

thu dugc tit ngudi diing dé tién méa hoéa céac ky hieu.
1.3. Phan biét Massive MIMO va MIMO da ngudi dung

Mac dit Massive MIMO dudc phat trién tit hé thong MU-MIMO nhung
Massive MIMO va MU-MIMO 1a hai hé thong khac nhau. He thong Massive
MIMO phan bigt v6i MU-MIMO thong thuong 6 3 dic diém chinh sau [3):

e Chi BS can phai biét cac thong tin vé trang thai kénh truyen CSI.

e SO ang ten trang bi tai tram goc thuong l6n hon nhiéu s6 ngudi dung.
Tuy nhién, day khong phai la dic diém mang tinh chat bit buoc va
khong mang tinh quyét dinh sy khac biét gitta MU-MIMO thong thuong
va Massive MIMO.

e (A duong len va duong xuéng déu st dung céc ki thuat xit Iy tin hieu c6
do phiic tap thap. Vi du nhu st dung cac ky thuat xit Iy tin hiéu tuyén
tinh gom tach tin hiéu tuyén tinh cho duong lén va tien ma héa tuyén

tinh cho dudng xudng,.

Can luu ¥ rang, dic diém thit hai néu trén (tuy khong phai 1a bat buoc) 1a
nham dam bao cho hé thong thu duge sé bac tu do (degree of freedom) rat
16n, tit d6 gitp cho pham chéat 16i bit clia cac bo tach tuyén tinh don gian nhu

ZF hay MMSE gan dat pham chat t6i wu. Mdi quan hé nay, trong Massive
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MIMO, thuong duge dinh nghia thong qua hé s6 tai 8 (load factor), xac dinh

bdi ti s6 gitta tong s6 ang ten trang bi trén tat cd K nguoi ding va s6 ang

ten tai tram goc, tiic 1a f = K]é\:T. C6 hai cach co ban dé bao dam heé s6 3 rat
nhé do la: i) Tang s6 lugng ang ten tai tram goc lén rat cao so véi sd nguoi
dung hoic ii) gidm s6 lugng ngudi diing duge kich hoat tai mot thoi diém
nhat dinh. Tuy nhién, viéc b6 tri qua nhiéu cac ang ten tai tram gbc véi kich
thude vat 1y han ché lai phai dap tng yéu cau vé khoang cach giita hai ang
ten ké tiép nhau luon 16n hon ntta bude séng khong phéai lic nao ciing thuc
hién dugce trong thuyc té. Néu gidm s6 luong nguoi dung dude kich hoat theo
cach thi hai sé kéo theo viéc giam hiéu qua st dung pho tan ctia hé théng.
Thuec té mong muén la, tram goc c6 thé phuc vu dong thoi cang nhiéu nguoi
diing cang t6t, khi tang s6 lugng nguoi dung duge phuc vu béi BS trong khi
s6 ang ten tai BS khong doi sé lam tang hé s6 tai. Dé tranh heé théng roi
vao tinh trang khong xac dinh (undetermined condition) thi s6 lugng nguoi
diing c6 thé tang t6i da sao cho téng sb6 ang ten phat bang sé ing ten trang
bi tai BS (titc 8 = 1). Cau héi dat ra & day 1a B phai c6 gia tri t6i thicu
bang bao nhiéu trong mot hé thong Massive MIMO? Trong [31] Mazetta va
cic cong su da chi ra 10 1am tudng quan trong vé Massive MIMO, trong d6
khing dinh ré ring khong c6 moi quan hé rang budc cu thé nao vé méi quan
hé gitta s6 luong ang ten trang bi tai BS va s6 ngudi ding dude phuc vu bdi
BS dé6. Cac tac gid dong thoi khéng dinh ring hé théng Massive MIMO c6

thé duge dinh nghia hé théng véi 3 bat ky (gom ca trusng hop S = 1).
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1.4. TAch tin hiéu trong cic hé théng Massive MIMO

1.4.1. Téch tin hiéu tuyén tinh

Céc bo tach tin hiéu tuyén tinh (ZF hay MMSE) [32,33] c6 do phitic tap
thap nén ching rat phit hop dé st dung trong hé théng cé kich thude 16n nhu
Massive MIMO. Tin hiéu da phat tit tat cd ciac nguoi dung duge tach dong

thoi bang bo tach tin hiéu tuyén tinh tai BS nhu sau:
x =Wy =x+ Wn, (1.11)
trong d6 W 1a ma tran trong s6 cho béi (Phu luc A):

(UfU) ' UH, ZF
W= 3 (1.12)
(U"U + £1y) U, MMSE.

Céac phan tit clia véc to tin hieu uéc luong, X, sau dé dude lugng tit hoa
bang cach quy ting phan tit clia X vé gia tri gan nhat trong tap cac s6 nguyeén
biéu dién tin hieu M-QAM bang goc va thu dude tin hieu tai dau ra clia céc
bo tach tuyén tinh la:

x = Q(x), (1.13)

véi Q (X) la ky hieu ham lugng tit hoa. Sai s6 udce lugng clia cac bo tach
tuyén tinh dugc xac dinh bdi e = X — x va do d6 ma tran hiép phuong sai

16i dé dang dugce xac dinh nhu sau:

(UHU) ™, ZF
® =E [ee”] = (1.14)

-1
(UHU T EAIN) . MMSE.
Luu ¥ ring cac phan ti thudc duong chéo chinh ctia ® bicu dién sai sb

binh phuong khi w6c luong N ky hiéu tin hiéu phat tu ngusi dung. Do vay,
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sai 86 trung binh binh phuong (MSE: Mean Squared Error) khi uéc lugng

moi ky hieu duge xac dinh nhu sau:

1 ~trace (uiu) ™, ZF
MSE = Ntmce () = (1.15)

~trace (UHU - ELSIN) o , MMSE.

Céc bo tach tin hiéu tuyén tinh c6 do phic tap thap va c6 pham chéat 16i
bit gan dat pham chat t6i wvu khi N, > N hay 8 = % < 1. Tuy nhién,
trong cac hé théng ma sb6 ang ten tai tram gbc va tong sd ang ten clia cac
ngudi ding 1a tuong duong nhau (tidc 8 ~ 1) thi pham chat 16i bit cho béi
cac bo tach tuyén tinh bi suy gidm nghiém trong. Hién tugng nay duoc gidi
thich béi mot trong hai nguyén nhan sau day:

(1) Bac phan tap thap: Trong cong trinh [34], Ma va céc cong su da
chiing minh réng cic bo tach tuyén tinh c6 bac phan tap N, — N + 1. Vi thé,
khi NV, ~ N thi bac phan tap cho béi cac bo tach tuyén tinh 1a rat thap, dic
biet 14 khi NV, = N thi bac phan tap chi 1a 1. Khi d6 du tang s6 lugng ang
ten len rat 16n thi he thong cling khong thu duge bac phan tap cao.

(2) MSE tang ti lé thuan theo §: Hinh [1.3 biéu dién ham phan b tich
lay kinh nghiém (ECDF: Empirical Cumulative Distribution Function) cta
bo tach tin higu ZF trong 10°vong lap khi N = 64, N, = [64 : 64 : 264] (tic
g =1[1:-0,25:0,25]), cic he sé pha-dinh pham vi rong ctia kénh truyén
dugc xac dinh bdi p,/,2 = 27dB (p, = p/K; 0* = 1 la phuong sai cla tap
am), do = 100m, 100m < d; < 990m, 02, . = 8dB va v = 3, 5. Tit két
qua mo phong trong Hinh ta thay 16i udc lugng cho bdi bo tach ZF tang
ti le thuat theo ti s6 Nﬁr Khi 3 nhé thi 16i uéc lugng rat bé nén pham chat

BER cho bdi bo tach tuyén tinh cao va gan dat pham chat t6i wu. Tuy nhién,
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khi he so tai cang tang thi 16i cang 16n, dac biet khi § = &~ = 1 thi 16i udc

lugng la cuyc ky 16n.

N\ T T T T
) —&—N =64 &ng ten

— Nr=128 ang ten

Nr:192 ang ten
........... Nr=264 ang ten

1—7
0.98 [ ]
0.96 1
ooal i ]

0.92

0.9 |
0 0.05 0.1 |

0.2

Hinh 1.3: ECDF ctia MSE cho béi bo tach ZF trong 10® vong lip khi N = 64, N, =
64 : 64 : 264]; pyjo2 = 27dB, dy = 100m, 100m < d; < 990m, 02,0000 =
8dB va v = 3,5

1.4.2. Tach tin hiéu dua trén ky thuat phan ra QR

Tuong ty nhu tach tin hiéu tuyén tinh, cdc bo tach tin hiéu duya trén ky
thuét phan rd ma tran QR nhu QRD (QR based Detector) [3335] hay SQRD
(Sorted QR based Detector) [33,136] c6 do phitic tap tinh toan rat thap nén
phit hop dé sit dung trong cac hé thong Massive MIMO. Cac b tach tin hieu
nay st dung k¥ thuat triet nhidu néi tiép dé tach lan lugt ting ky hieu tin hieu
phat nén ching con c6 tén goi khéc la bo tach SIC (Successive Interference

Cancellation) va OSIC (Ordered Successive Interference Cancellation). Qua



21
trinh tach tin hiéu bén trong cac bo tach nay dién ra nhu sau:

B6 tach QRD: Trude hét, 4p dung ky thuat phan ra QR lén cac ma tran

kenh truyen U trong cong thitc (1.6 va thu duge:
U= QR, (1.16)

trong d6 Q 1a cdc ma tran don nhat (unitary) kich thudée N, x N ¢6 tinh
chat Q7Q = Iy va R 1a cdc ma tran tam giac trén kich thuéc N x N. Tiép

d6, nhan hai vé ctia phuong trinh ((1.6]) véi Q¥ ta co:
v=Q"y = Rx+ Q"n. (1.17)

Luu ¢ rang phan bé ctia thanh phan nhiéu, Q%n, trong khong
thay doi, cAc phan t clia n6é van c6 trung binh bing 0 va phuong sai
E [QHn (QHn)H] = o02. Cudi cuing bo tach QRD bé qua thanh phan tap
am, Qn, va thuc hieén uéc luong lan lugt ting ky hieu da phat trén méi he

théng con theo ting 16p, tir 16p thi N dén 16p dau tién theo luat sau:

- , =N
T, =4 " (1.18)
vi=3 i (rids) :
Tii » b 7& N

trong d6 v; 1a phan tit thudc hang thit ¢ ctia véc to v, 7;; 14 phan ti thudc
hang tht ¢, cot thit j clia ma tran R va 2; = Q (;).

Bo tach QRD c6 wu diem 1a do phtc tap thap, them vao dé bo tach nay
stt dung k¥ thuat triét nhiéu ndi tiép nén pham chat 16i bit t6t hon bo tach
ZF truyen thong. Tuy nhién, do bd qua dnh hudng clia tap am khi u6c hugng

cac ky hiéu thong tin nén pham chat BER ctia n6 ciing chua that su cao.
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Bo tach SQRD: Nhu da trinh bay 6 trén, bo tach tin hieu QRD khoi phuc
lan luot timg ky hieu bang ky thuat SIC nén né chiu dnh hudng rat 16n cla
hién tugng truyen 16i (error propagation). D6 1a hien tugng mot ky hieu & 16p
trude duge tach khong chinh xac dan dén anh hudng clia né lén viéc tach cac
ky hieu ké tiép khong dudc triet nhidu mot cach hoan toan. Trong thi tuc
tach tin hieu QRD, ky hiéu thi N luon luon duge xac dinh dau tién, sau do
gi4 tri uéc luong nay duce sit dung dé tach ky hieu & 16p ké tiép. Qua trinh
nay tiép dién cho dén khi toan bo cac phan ti clia X duge xac dinh. Dé dang
nhan thiy réang néu ky hiéu thi /N 1a tin hiéu tng vdi kénh truyen tot nhat
trong s6 cac ky hieu da phat thi &nh hudng clia né lén viéc tach cac ky hieu
tiép theo 13 nhé nhat, nguge lai hién tuong truyen 16i trong SIC sé lam suy
giam pham chat BER ctia bo tach QRD. Bo tach SQRD dam bao ring céc
ky hiéu ting v6i kénh truyen t6t hon luon dude tach trude. Do d6, anh hudng
ctia hién tugng truyen 16i trong SQRD duge giam thiéu dang ké.

Dé lam dugc nhu vay, bo tach tin hieu SQRD thuc hién phan ra ma tran
kénh truyen U c6 sap xép dé thu duge ma tran Q, R va véc to hoan vi p.
Sau d6, cac ky hiéu da phat lan luot dude tach giong nhu trong bo tach QRD.
Khi tat ci cac ky hieu da duge khoi phuc, ching sé duge sap xép lai theo

ding thi ty da phat nhu sau:
x = x(p). (1.19)
1.4.3. Tach tin hiéu triét nhiéu nbi tiép BLAST

Nguyeén 1y bo tach tin hieu cia VBLAST [37] co ban giéng nhu trong cac
bo tach tin higu QRD/SQRD. Ttic 1a tin hi¢u phat duge tach ra tuan ty ting

ky hiéu ¢ moi 16p. Sau do tin hiéu cta 16p vita duge khoi phuc duce sit dung
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dé triet tieu anh huéng ctia minh lén cac 16p khac. Bo tach tin hieu VBLAST
khong dung thuat toan QR cho nén anh hudng cta cac 16p chua tach 1én 16p
duge tach 1a rat 16n. Do d6 dé tranh hien tugng truyén 16i trong VBLAST,
16p dude tach dau tien phai la 16p c6 chat luong to6t nhat. C6 nghia tin hieu
dugc khoi phuc 13 chinh x4ac nhat. Sau d6 anh hudng ctia tin hieu dugc khoi
phuc sé bi triét tiéu trong tin hiéu thu. Qua trinh lap lai cho dén khi khoi
phuc hoan toan 16p cudi cling.

Trong bo tach tin hieu VBLAST, 16p t6t nhat dude chon theo tham s6
MSE cuc tiéu. Ttc la tai méi vong lap, bo VBLAST tinh MSE va tim ra 16p
c6 MSE cuc tiéu dé tach. Sau khi loai b thanh phan cia 16p da tach, qua
trinh lai tiép tuc lip lai cho dén 16p cudi cing. Dé giam b6t do phic tap
tinh toan, viéc tach tin hiéu tiung I6p dya trén cac phuong phap tach tin hiéu
tuyén tinh nhu ZF hodac MMSE (bo tach tin higu VBLAST dung ZF/MMSE
dé tinh MSE dugc 1a ZF-VBLAST va MMSE-VBLAST). Qua trinh tach tin
hiéu ctia cac bo tach tin hieu VBLAST dudgc tém tat trong Bang . Trong
Luan an nay, MMSE-VBLAST dugc stt dung dé so sanh vé6i cac bo tach tin

hiéu duge dé xuat va duge viét ngan gon 1a BLAST.
1.4.4. Do phiic tap tinh toan ctia bo tach tin hiéu

Dé tinh toan do phtc tap ctia bo tach tin hiéu, Luan an st dung phuong
phap dém s6 dau cham dong (flop: floating point operation) can thiét dé ude
lugng mot véc to tin hiéu phat [38-41]. Stt dung phuong phap nay, méi phép
toan trong mién s6 thiic nhuw phép nhan, phép chia, phép cong, phép trit va
phép khai can bac 2 dugc tinh bang 1 flop. Luan an dém s6 flop cia moi bo

tach tin hiéu dya trén co sd thuyc té sau day:
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Bang 1.1: Thuat toan tach tin hieu VBLAST
Buéc Thuc hién
Bit dau: Nhap y, U, N, E,

—_

(1)

(2) Fori=1:N

(3) If “ZF’ then W = (UHU) ™ 'U#

(4) Elseif ‘MMSE’ then W = (UHU n ELSIN)AUH
(5) End

(6) MSE; = diag { WW#}

(7) kmin = arg mjin {MSE; }

(8) Pl = Q Wk )

9) Y=Y — Uk Thpni

(10) Uy, =[] (Xo6a cot thit kpin kh6i ma tran kenh U)
(11) End

(12) Két thiic: Khoi phuc &

e Mot phép cong phiic gom 2 phép cong thuc.

e Phép nhan hai s6 phic gom 4 phép nhan thuc va 2 phép cong thuc.

e Mot phép chia phitc gom 8 phép nhan thiyc va 3 phép cong thuyc.

e Nhan ma tran A c6 kich thuée a X b v6i ma tran B kich thuée b X ¢ can

acb phép nhan va ac (b — 1) phép cong [42].
e Nghich ddo mdt ma tran vuong kich thuée a X a can phai tinh a® phép
nhan va a® phép cong [42].

e Tim gia tri nho nhat trong s6 N gia tri can N — 1 phép cong thuc.
Luu ¥ rang, viéc tinh toan s6 flop can thiét dé udc luong mot véc to tin hieu
phat c6 thé thyc hién tryc tiép trén he thong phic [38,39,43] hodc trén he
thong thyc tuong duong [44/46]. Tuy nhién, khi tinh toan trén he thong thuc
sé ¢6 s6 flop cao hon so véi tinh toan tryc tiép trén he théng phite [47]. Do

do, trong Luan an nay, nghién cttu sinh tinh toan va trinh bay dé phic tap

clia cac bo tach tin hieu thuce hién tryce tiép trén he théng phic. Bang 1a
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tom tat do phic tap clia mot s6 bo tach song thong dung.

Bang 1.2: Do phiic tap ctia mot s6 bo tach tin hiéu truyén thong
| Bo tach | S flops can thiét dé uSc lugng mot véc to tin higu phat |
ZF 8N3 + 16 N3N, — 2N2 + 6NN, — 2N

MMSE | 8N3 +16N2N, —2N? + 6NN,
QRD 6N2N, +3N? + 12NN, + 4N
SQRD | 6N?N, +5N? + 12NN, + 3N
BLAST | 2N*+2N3N, + N°NZ + N (16N, — 2)

1.5. B6i canh nghién ciu

Theo dong lich sit, khai niem "Massive MIMO” xuat phat tit nhitng nghién
cttu gan day veé he thong MU-MIMO véi s6 ang ten trang bi tai tram goc 1a
rat 16n dong thoi phuc vu hang chuc tham chi 13 hang tram nguoi dung st
dung chung mot nguon tai nguyén tan s6. Nam 2010, Mazetta v cac cong
sy da ching minh trong cong trinh [25] rang khi s6 lugng &ng ten tai tram
gbc 16n hon nhiéu so véi s6 nguoi ding thi pham chat 161 bit cia cac phuong
phap xt Iy tuyén tinh gan dat duge pham chat t6i wu. Nhitng nghién citu mé
rong vé MU-MIMO kich thuée 16n duge nhém nghién citu cia Mazetta cong
b6 trong céc cong trinh [26,48,49]. Theo hiéu biét ctia Nghién citu sinh, khéi
niem "Massive MIMO” lan dau tién dugc ding dé thay thé cho MU-MIMO
kich thudc 16n vao nam 2011 trong cong trinh [23]. Sau d6, nhitng kién thiic
nén tang vé Massive MIMO dugce trinh bay chi tiét trong cic cong trinh [1]
va [3]. Hién nay, Massive MIMO da trd thanh mot trong nhiing noi dung
nghién cttu trong tam vé thong tin vo tuyén.

Dé dat dugc hieu qua st dung pho tan 16n trong cac hé théng Massive
MIMO, mdi ngudi dung thudng dugc trang bi nhiéu ang ten v thudng si

dung mo6 hinh may phat ghép kénh theo khong gian gidng nhu may phat
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trong hé thong VBLAST. Mic du chiu sy anh huéng ciia tuong hd nhung
mo6 hinh may phat ghép kénh theo khong gian (SDM) van duge chi § va lua
chon béi vi hiéu qua st dung pho tan cao. Hon nita, v6i su tién bo khong
nging clia cong nghé ché tao phan cting va thiét ké ché tao mang ang ten,
viéc b6 tri s6 lugng ang ten rat 16n dang ting bude duge gidi quyét. Cho dén
nay tram goc véi 128 ang ten da duge ché tao thanh cong trong phong thi
nghiém md ra kha nang tng dung rat cao Massive MIMO trong cac hé thong
thong tin di dong tuong lai. Chinh vi thé, trong phan 16n cic nghién cttu vé
Massive MIMO, cac nguoi dung thuong duge gia thiét 1a st dung mo hinh
méay phat SDM va hé théng thuong duce goi ngan gon 14 Massive MIMO.

Tai tram goc, tin hiéu ciia tat ca cac ngusi dung can duge khoi phuc mot
cach chinh xac nhéat c6 thé nhim dam bao chat luong dich vu. Nhin chung
cac bo tach tin hiéu cho hé théng MIMO thong thusng cé thé dude st dung
dé tach tin hiéu tai BS cho ca hé thdng song cong theo thdi gian va song
cong theo tan s6. Tuy nhién, do kich thudc ctia hé théng Massive MIMO 1a
rat 16n nén cac bo tach tin hiéu c6 do phiic tap cao nhu bo tach ti sd cuc
dai ML (Maximum Likelihood) [50] hay céc bo tach tin higu cau SD (Sphere
Detector) [51-53] 14 khong phit hgp dé sit dung trong kich thudc hé théng lon
hon 32 [54]. Do do, cac bo tach tin hi¢u ¢6 do phiic tap thap nhu ¢6 cac bo
tach tin hiéu tuyén tinh hofic cac bo tach tin hiéu dya trén thuat toan phan
ra ma tran QR... thuong dugce vu tién st dung trong Massive MIMO.

Trong cac cong trinh [25] va [49], Ngo Qudc Hién va cac cong su da de
xuat cac bo tach tin hieu tuyén tinh gom bo tach két hop ti s6 cue dai MRC,
bo tach ZF va MMSE cho hé thong MIMO da nguoi dung c6 kich thuéc rat

16n (tién than ctia Massive MIMO) v6i pham chét 16i bit gan dat duge pham
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chat t6i wu, hieu qua st dung nang lugng va hieu qua pho tan 16n. Nam 2016,
Mazetta va céc cong sut da khang dinh trong cong trinh [31] rang khong c6
st rang budc cu thé nao ve ti s6 giita s6 lugng ang ten tram goc va sd ngudi
diing. Do dé, trong nhitng hé thong c6 he s6 tai lén (dac biet 1a truong hop
f = 1) thi pham chét 16i bit ctia cac bo tach tuyén tinh dé xuat trong cong
trinh [1] bi suy gidm manh. Hon nita, [25,/49] chi xét m6i ngudi dung duge
trang bi mot ang ten. Vi thé, can thiét phai nghién ctu md rong cho truong
hop méi nguoi ding dude trang bi nhiéu ang ten.

Niam 2016, Kobayashi va cac cong sit da dé xuat cac bo tach tin hieu SQRD
va, SQRD cai tién cho hé thong Massive MIMO trong diéu kién kénh truyén
cO su tuong quan gitta cac ang ten tai BS va tai méi ngudi dung [55]. Cac bo
tach tin hiéu nay c6 do phitc tap rat thap va pham chat 16i bit cao, dic biét
12 bo tach SQRD cai tién da khac phuc dude hien tuong nghich ddo BER khi
SNR 16n trong cac hé thong Massive MIMO c6 tuong quan kénh truyén cao.

Nhu da trinh bay & trén, pham chét 161 bit clia cac bo tach tin hiéu tuyén
tinh va SQRD/QRD bi suy gidm manh trong cac hé thong c6 he sé tai cao
(dzc biet 1a trong trusng hop 8 = 1) nén viéc nghién cttu cai thién pham chat
161 bit clia cac bo tach tuyén tinh mang tinh cap thiét. Trong cong trinh [56],
cic tac gid da dé xuat phuong phap tach tin hieu mdéi dya vao ki thuat tach
tin hieu sai s6 thua (Sparse Error Recovery) cho Massive MIMO ¢6 tai cao.
Trong k¥ thuat nay, tin hieu phat dau tien dugc udc luong bdi cac bo tach
tin hiéu thong thuong. Sau dé, ching duge dung dé tao nén hé théng thua
(Sparse system) nham loai b6 sai s6 gay ra do anh hudng ciia tap am lén
pham chat tin hiéu cia cac bo tach tin hiéu truyén théng. Bing cach thuc

hién nhu vay, pham chat 16i bit cho béi bo tach dé xuat dugc cai thien dang
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ké. Két qua mo phong véi cac hée théng 16 x 16, 32 x 32 va 64 x 64 ang ten,
diéu ché BPSK va QPSK cho thay, bo tach duge dé xuat cai thien khoang
10 dB so v6i bo tach MMSE truyen thong. Tuy nhién, do phic tap clia cac
bo tach tin hiéu theo phuong phap nay cao hon nhiéu so véi cac bo tach tin
hiéu tuyén tinh bdi ching phai thiyc hién thém mot phan hé théng Sparse.

Ciing theo huéng nang cao pham chat 15i bit cho céc bo téch truyen théng,
cac thuat toan quét cuc bo (LAS: Local Ascent Search) [57] duge dé xuat cho
cac he théng MIMO kich thude rat 16n c6 thé dude st dung cho Massive
MIMO. Céc thuat toan nay dudce thuc hién trén hé théng thuc tuong duong
va st dung véc to tin hieu phat da duge khoi phuc bang cac bo tach tin hieu
thong thudng dé xac dinh ham gia tri ML (ML cost function). Trong méi lan
quét sé c6 mot hodc mot vai phan ti clia véc to tin hieu da khoi phuc dude
cap nhat sao cho ham gia tri dat nhé nhat. Cac bo tach tin hieu nay cho
pham chat BER t6t hon cac bo tach tin hiéu tuyén tinh truyen théng. Tuy
nhién, do phic tap tinh toan ctia n6 kha cao dac biet 1a truong hop mdi lan
quét c6 nhiéu hon mot ky hieu dude cap nhat.

Nam 2014, Chockalingam va cac cong su da xay dung cac bo tach tin hiéu
c6 do phiic tap thap cho hé thong MIMO diém-diém kich thudc 16n trong [54].
Cac bo tach tin hieu duge dé xuat gom tach tin hiéu duya trén lien két xac
suat di lieu (PDA: Probabilistic Data Association), tach tin hi¢u dya vao do
thi truyén ban tin (Message passing on Graphical) hay Chudi Markov Monte
Carlo (MCMC:Markov Chain Monte Carlo). Cac bo tach tin hiéu nay phu
hop dé st dung trong cac hé théng Massive MIMO béi vi ching cung cap
pham chat BER cao v6i do phiic tap thap. Tuy nhién, cac bo tach tin hieu

duge dé xuat dé tach cac tin hieu diéu ché BPSK nén hiéu qua st dung phd
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tan clia toan hé thong bi han ché.

Nam 2017, Liu va cac cong su da dé xuat st dung bo tach VBLAST cho
Massive MIMO trong cong trinh [58] nham thu duge hieu qua stt dung ning
luong 16n. Véi ciing mot gia tri SNR va mot ti s6 BER cho truée, bo tach
nay cho phép giam dang ké s6 ang ten can thiét trang bi cho tram gbc, do d6
lam giam dang ké khong gian can thiét dé trién khai cling nhu gia thanh ctia
hée théng. Tuy nhién, cac bo tach VBLAST véi do phiic tap bac 4 theo tong
s6 ang ten phat tir cac nguoi dung 1& kha cao déi véi cac hé thong Massive
MIMO kich thude 16n va vo cung 16n.

Ngoai viéc stt dung cac bo tach tin hieu c6 pham chat cao thi thiét ké mo
hinh may phat tai cdc nguoi ding mot cach hop Iy ciing 1a mot cach dé cai
thién pham chat truyén tin. Mot diém dang chi ¥ 14 hé thong Massive MIMO
SDM doi hoi sit dung rat nhiéu céc chudi cao tan vo tuyén (RF chain: Radio
Frequency chain). Déi véi cac ngudi dung, do kich thude thiét bi nho gon nén
viéc bd tri nhiéu chudi RF trén moéi ngudi dung la rat kho thuc hien. Cac
ki thuat dieu ché khong gian cho phép hé thong gidm s6 chudi cao tan RF.
Khi ky thuat dieu ché khong gian (SM: Spatial Modulation) dugc st dung
trong he thong nhiéu ang ten thi chi can duy nhat mot mach cao tan [59).
Gan day viec nghién cttu va ting dung k¥ thuat diéu ché khong gian SM trong
cac he thong Massive MIMO da duge dé xuat trong cac cong trinh [60,61].
Trong [60], Lakshmi Narasimhan va cac cong su da dé xuat mo hinh ghép kenh
khong gian tong quat (GSM: Generalized Spatial Modulation) cho duong lén
trong cac hé théng Massive MIMO. Mo hinh nay stt dung ki thuat dieu ché
khong gian tong quat GSM véi s6 mach cao tan duge lia chon linh hoat tai

cic nguoi dung, dong thoi dé xuat mo hinh may thu va uée luong kénh tai
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BS c6 do phtc tap thap dua vao ban tin thu duge. Mo hinh GSM-Massive
MIMO cho chat luong t6t hon céc hé thong Massive MIMO thong thuong.
Tuy nhién, hiéu qua st dung pho tan ctia hé théng nay thap hon moé hinh he
thong SDM Massive MIMO béi vi tai mdi thoi diém chi c6 mot vai ang ten
phat dugce kich hoat trong GSM.

Ngoai ki thuat ghép kénh theo khong gian thi ma khoéi khong gian thoi
gian ciing duge dé xuat st dung cho may phat trong cidc hé thong Massive
MIMO. Trong [62], cac tac gid da dé xuat thiét ké ma khoi khong gian thoi
gian STBC (Space Time Block Code) c6 tdc do ma héa thay doi nham khac
phuc tinh trang gidm chat luong BER ctia hé thong khi mot hodc mot s6 ang
ten khong hoat dong theo dung thiét ké. Cac tac gid da chi ra rang véi bo ma
STBC dugc dé xuat co thé cai thien dang ké pham chat BER ctia hé thong.
Tuy nhién, dé xuat nay c6 nhuge diem 1a may phéat phai biét duge thong tin

phan hoi tit may thu.
1.6. Cac thach thic can giai quyét

Tt thye tién nghién citu va khao sat cac cong trinh nghién citu ké trén cho
thay luon c6 sy tra gia qua lai giit 3 thong s6 chinh ctia hé thong Massive
MIMO la pham chat 16i bit, hieu qua st dung pho tan va do phic tap. Do
nhitng han ché vé k§ thuat sing ten va khong gian trién khai tram goc nén
cac he thong 5G méi chi trang bi s6 luong ang ten han ché 1a 64. Dieu d6 lam
gidm s6 lugng ngusi dung dude phuc vu tai méi thoi diem ctia tram goc do.
Khi s6 lugng ngudi dung hodc s6 ang ten trang bi trén mdi ngudi diing tang
léen nhim thu duge hiéu qua st dung pho cao thi hé théng phai tra gia bai

pham chat 161 bit ting cao. Trong trudng hop nay, cac bo tach tin hieu pham
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chat cao nhu ML hay BLAST c6 thé cai thién t6t pham chat BER nhung do
phiic tap tinh toan ctia chiing khé cao. Chinh vi thé, thach thic dit ra khi

xay dung cac bo tach tin hiéu cho hé théng Massive MIMO c6 s6 tai 16n la:

e D¢ xuat cac thuat toan mdi cho phép gidm do phic tap clia cac bo tach
tin hiéu c6 pham chat cao nhu bo tach ML, SD hay BLAST ma khong

lam giam dang ké pham chat BER ctia hé théng.

e Dé xuat thuat toan nham cai thien manh pham chat BER clia céc bo
tach tin hiéu tuyén tinh truyen thong véi do phic tap dude gitt 6 mic

chap nhan dugc trong hé thong Massive MIMO.

Dé gidi quyét cac thach thic trén, Luan an tap trung nghién ciu va dé
xuat cac bo tach tin mdi cho he thong SDM Massive MIMO c6 hé s6 tai cao.
Cu thé 1a: Dé xuat céc thuat toan nham cai thien pham chat BER hoiic giam
do phtic tap clia hé thong. Trén co sé cac thuat toan duge dé xuat, nghién cttu
sinh xay dung cac bo téch tin hieu méi c6 pham chat BER cao v6i do phiic

tap tinh toan dugc gitt § mic phu hop dé ting dung trong Massive MIMO.

1.7. Két luan

Chuong nay trinh bay mot s6 van dé chung vé Massive MIMO nhu mo
hinh tin hiéu ctia hé thong, nguyen 1y lam viéc vd mot s6 bo tach tin hieu
thong dung trong Massive MIMO. Trén co s6 khao sat cac cong trinh da cong
bb gan day ve tach tin hiéu trong Massive MIMO, Nghién citu sinh khai quat
mot s6 thach thic can tap trung gidi quyét ctia Luan an. Nhitng noi dung
trinh bay trong Chuong nay la co s6 1y thuyét quan trong dé phat trién céc

¥ tuéng nghién citu trong cac Chuong tiép theo.



Chuong 2

DE XUAT CAC BO TACH TiN HIEU DUA TREN THUAT
TOAN TACH TIN HIEU THEO NHOM

Phan dau ctia Chuong nay trinh bay thuat toan tach tin hiéu theo nhém
(GD: Group Detection) va thuat toan tach tin hiéu theo nhém lip (IGD:
Iterative Group Detection. Phan tiép theo ctia Chuong 1a cac bude xay dung
cac bo tach tin hieu dya trén thuat toan GD va IGD. Phan cudi Chuong phan
tich do phic tap tinh todn va két qua moé phéng danh gia pham chat 161 bit
clia cac bo tach tin hiéu dé xuat. Noi dung trinh bay trong Chuong nay 1a

cac két qua nghién citu cong bo trong cac cong trinh nghién ctiu s6 1 va sb 2.
2.1. Y tudng dé xuat

Xuat phat tir thuc té 1a pham chat 16i bit va do phiic tap ciia mot bo tach
tin hieu phu thudc vao cau hinh hé thong (hoac tuong duong véi he sb tai),
Luan an deé xuat thuat toan tach tin hieu theo nhom (GD: Group Detection)
cho phép cac bo tach tin hieu xay dung trén GD thu duge pham chat 16i bit
cao, do phic tap thap. Y tudng chinh ciia thuat toan nay la cic ky hieu tin
hiéu da phat tir cac nguoi diing duge khoi phuc bang hai tang (stage) tach tin
hiéu noéi tiép nhau tuong ti nhu k¥ thuat tach tin hieu BLAST. Tuy nhién,
diém khac biét ctia thuat toan nay véi BLAST la cac ky hieu thuoc 1 hoic
mot vai ngudi dung sé duge tach ¢ mdi tang thay vi chi tach duy nhat mot ky

hiéu trong BLAST. Tai tang tach tin hiéu dau tién, thuat toan tao ra mot he

32
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thong con mdi c6 kich thude va hé sé tai nho hon hé théong ban dau, sau do6
cac ky hiéu duge phat cia mot hodic mot vai ngusi dung sé duge khoi phuc
bang cach st dung cac phuong phap tach tin hieu MIMO truyen thong. Tiép
theo, cac ky hiéu vira khoi phuc duge dung dé triet anh hudng ctia né len véc
to tin hieu thu dé khoi phuc cac ky hieu con lai. Cudi cting khi tat ca cac ky
hiéu ctia tat ci cic nguoi dung dude khoi phuc béi cac tang tach tin hieu thi
ching sé dudc sap xép lai theo ding thi tu da phat.

Dura trén thuat toan GD va cac phuong phap tach tin hiéu tuyén tinh va
BLAST truyén thong, Luan an dé xuat 3 bo tach tin hieu mdi hieu qué cho
Massive MIMO la ZF-GD, MMSE-GD va BLAST-GD.

D@ tiép tuc cai thien hon nita pham chat BER ctia hé théng, Luan 4n phat
trien thuat toan GD thanh thuat toan tach tin hiéu theo nhém lip (IGD:
Iterative Group Detection) va dé xuat 3 bo tach tin hi¢u mdi c6 tén goi ngén
gon la ZF-IGD, MMSE-IGD va BLAST-IGD. Trong thuat toan IGD, qua
trinh tach tin hieu GD dudc thuyc hién hai lan lién tiép nhau véi thit tu tach
tin hiéu tai cac tang hoan déi cho nhau. Tin hiéu dau ra ctia IGD la tin hieu
khoi phuc 6 1an tach tin hiéu c6 khoang cach Euclidean bé hon.

Céac bo tach tin hieu mdéi duge dé xuat trong Chuong nay dam bao tot su
can bang giita do phiic tap thap va pham chéat 16i bit cao nén phit hop dé tng

dung trong cac hé théng Massive MIMO. Cu thé nhu sau:

e Cac bo tach tin hieu ZF-GD, MMSE-GD va BLAST-GD c¢6 do phtic tap
tinh toan thap hon nhung pham chat BER khong bi suy giam qué lén

so v6i cac bo tach tuyén tinh va BLAST truyén thong.

e Cac bo tach ZF-IGD, MMSE-IGD va BLAST-IGD cai thién dang ke
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pham chat BER véi do phtc tap dude giit § mic chap nhan duge. Dic
biet 1a bo tach BLAST-IGD vita cai thién t6t pham chat BER vita giam

duge do phiic tap khi so sanh v6i bo tach BLAST truyén thong.

2.2. Dé xuat thuat toan tach tin hiéu theo nhém GD

Xét duong lén hé thong Massive MIMO véi kénh truyén chi chiu tac dong
clia pha-dinh pham vi hep trong ([1.8)) nhu sau:

y = Hx +n. (2.1)

Thuat toan tach tin hiéu theo nhém (GD) thyc hién quy trinh tach tin hiéu sit
dung k¥ thuat triet nhiéu néi tiép (SIC) tuong ty nhu trong bo tdch BLAST.
Tuy nhién, diém khéc biéet 1a tai méi 16p trong thuat toan GD c6é nhiéu hon
1 k¥ hiéu dugce khoi phuc thay vi chi 1 k§ hiéu duy nhat nhu trong ki thuat
SIC. Thuat toan tién hanh chia hé thong trong thanh hai hé théng con
khac nhau, sau d6 cac ky hiéu da phat tu cac nguoi dung duge wéc luong
trén hai hé thong con d6. Cudi cung, khi tat ci cac phan ti cia x da dugc
khoi phuc béi hai hé théng con thi ching sé dugce sap xép lai theo dung thi
tu dé dua dén dau ra cia bo tach. Noi dung chi tiét clia cac bude trong thuat
toan GD dugc trinh bay sau day.
Trude hét ta viét lai phuong trinh hé thong trong duéi dang:

S1
y = [ G, Gy ] +n
S2
= G151 + G252 + n, (22)

trong d6 G; € CNrxle v3y Gy € CNV-*(N=la) 13 c4c ma tran con duge tao ra

bang cach lay lan lugt [, cot dau tien va (N — [,) cot con lai cia ma tran
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kénh truyen H. Tuong tu nhu vay, s; € Cl*! vy s, € CWl)x1 13 hai véc
to tin hiéu con gom [, hang dau tién v cac hang con lai clia véc to tin hieu
phat, x. Nhin chung, gia tri ctia [, 1a mot s6 nguyén sao cho [, € (1, N).
Dé don gidn hoéa viéc trinh bay thuat toan, ta chon [, sao cho cac hé s6 kénh
truyen clia cing mot ngudi diing nam ciing mot nhom tach tin hieu. Dieu do6
conghialal, =INypvéil << K, € N.

Tiép do6, ta loai bé thanh phan nhiéu, G;s;, trong dé tao ra hé théng
con thi nhat ma trong dé s, sé dudc khoi phuc. Quéa trinh nay dién ra nhu
sau:

Ap dung phuong phap triét nhiéu ZF, nhan hai vé clia phuong trinh

v6i ma tran gid ddo ben tréi ciia Gy, tic 1a G = (G G,) ™ G, ta c6;
Gly = s; + GIGys, + Gin. (2.3)

Rit s; tit (2.3) va thay vao (2.2)), sau mot s6 phép bién doi ta thu dugce

hé théng con dau tién nhu sau:
Y2 = Gasy + 1y, (2.4)

trong do y, € CNr<1, ég € CN»*WN=la) vy n, € CM*! 1an luot 1a véc to
tin hieu thu, ma tran kénh truyén vd véc to nhiéu ctia hé thong con thu
nhat. Ching duge xac dinh bdi y, = Py, é’g = PGy vd ny, = Pn, vdi
P, = (I — GIGD duge goi la ma tran triét tiéu (projector matrix) ctia Gy
¢6 tinh chat PG, = 0. D& dang thiy rang s, c¢6 thé duge khoi phuc (tic
S;) bang cach ap dung phuong phéap tach tin higu MIMO truyén théng cho
hé thong con thit nhat trong (2.4)). Sau khi 8, dugc tach thanh cong va gia
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thiét rang S, 1a chinh xac thi hé théng con con lai dugc xac dinh nhu sau:
Yi=Y— Ggég = G1S1 + n. (25)

Stt dung bo tach tin hieu MIMO truyén thong mot lan nita trén hé thong
ta thu dudce véc to udc luong ctia s; 1a §;. Cudi cling, cac phan tit sau
khi tach tin hiéu ctia véc tg tin hiéu 7phét x dugc xac dinh bing cach sip xép
lai §; v& Sy nhu sau X = [ng §2T] .

Luu y rang, cd hai hé thong con trong thuat toan GD c¢6 kich thude 1an lugt
la N, x (N = I,) va N, x 1, tuong ting véi he s6 tai la g, = Lt va g, = Lo
Nhu vay, sb cot trong cac ma tran kenh truyén con nhé hon sé cot trong H
trong khi s6 hang dugc giit khong déi va vi thé do phic tap ctia cac bo tach

khi dugc st dung trong thuat toan GD cé thé duge giam xudéng. Hon nita,

N
N

hé sb tai clia cac hée thong con nhé hon trong hé thdong nguyen ban, § =
nén thuat toan GD con cho phép cai thien pham chat 16i bit ctia hé thong.
Tuy nhién, thanh phan tap am n, trong tuy van c6 trung binh bang
0 nhung phuong sai ctia n6 da bi bién doi thanh E [nynf] = o*Pi #£ o°L
Chinh vi vay, néu dic tinh théng ké bac hai bién doi nay khong dugc xem
xét k¥ sé anh huéng dén pham chat tach tin hiéu trén hé théng con dau tien

va do d6 lam giam pham chat BER ctia cac bo tach tin hieu dua trén thuat

toan GD.

2.3. Xay dung cac bo tach tin hiéu dya trén thuat toan tach
tin hiéu theo nhém

2.3.1. Bo tach tin hiéu ZF-GD va MMSE-GD

Muc nay stt dung phuong phap téch tin hiéu tuyén tinh ZF va MMSE dé
khoi phuc cac ky hieu da phat trong cac he thong con (2.4]) va (2.5) va tao
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ra hai bo tach méi la ZF-GD va MMSE-GD. Bo tach ZF-GD va MMSE-GD

xéac dinh §; va S, nhu sau:
S =09 (W1Y1) ) (2.6)

é2 - Q (W2Y2) ) (27)
trong d6 W, € Clo*M va W, € CW—La)xNr 13 cac ma tran trong s6 dude xac
dinh bdi cac cong thitc dudi day.

(GHG,) ' GH, ZF —GD

-1
(G{f G, + ELSIQ G, MMSE —GD

SURUURNE I
(Ggf Gg) G, ZF — GD

W2 — N _ B 1 (29)

Gl (Ggf G+ £PI) . MMSE-GD
Luu ¥ rang thanh phan (éféz + E%P?)trong cong thite (2.9) gan don
dieu nén khong theé thuc hien phép nghich dao va do dé ma tran trong sb ciia
bo tach MMSE-GD nhu cong thic (2.9)) khong khéa dung. Dé thuce hién duge
phép nghich ddo ma tran, dong thit hai trong cong thite (2.9) duge bién doi

nhu sau:

- o 1 -1
W, = G ((}5’(}2 + = (P + A)) , MMSE — GD. (2.10)

o) day A € CM*M 13 mot ma tran duge them vio ma tran trong s6 dé
c6 thé thuc hien phép nghich dao trong Ws. Gia st A dudce chon sao cho
P + A =T thi ma tran trong s6 Wy ctia bo tach MMSE-GD trong (2.9)

tré thanh:

. 1 -1
W2 - <G§G2 —f— EI(N_ZG)> Gf, MMSE - GD (211)
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Nhu da trinh bay 6 Chuong 1, bac phan tap clia cac bo tach tin hiéu tuyén
tinh truyén théng phu thudc vao sé ang ten thu/phat ctia hé thong va duge
xac dinh bang N, — N + 1 [34]. Khi cac bo tach tuyén tinh nay dugce sit dung
trong cac hé thong con ctia thuat toan GD thi bac phan tap ctia ching dudc
nang lén va c6 gia tri lan lugt 1a N, — I, +1 va N, — N + 1, + 1. Dé hée thong
thu duge hiéu suat cao nhat thi hai hé théng con phai c6 cing bac phan tap,
tacla N, —l,+1=N,—N+I[,+1hayl, = % Trong trucng hop nay, bac
phan tap cho bdi bo tach ZF-GD va MMSE-GD la N, — & + 1. Ro rang la
cac bo tach ZF-GD va MMSE-GD cho phép hé thong thu dude bac phan tap
cao hon va vi thé pham chét 161 bit tot hon cac bo tach tin hiéu tuyén tinh
truyen thong. Tuy nhién, do thong ké bac 2 ctia thanh phan tap am trong
hé théng con dau tién bi bién doi va su xap xi ma tran trong s trong
lam gidm pham chat BER ciia cac bo tach tuyén tinh dya trén thuat toin
GD. Du vay, céc bo tach tin hieu duge dé xuat van duge ky vong ring pham
chat BER xap xi hoisic tot hon nhung do phtc tap tinh toan thap hon cac bo

tach tin hieu ZF va MMSE truyén thong.
2.3.2. Bo tach tin hiéu ZF-1GD va MMSE-1GD

Nhu da trinh bay & trén, vu diem 16n nhat clia cac bo tach tin hieu ZF-GD
va MMSE-GD la do phiic tap thap. Tuy nhién pham chat 16i bit cho béi cac
bo tach tin hieu nay bi &nh hudng do anh hudng clia tap am bién doi va qua
trinh xap x{ ma tran trong s6. Dé cai thien pham chat 16i bit ctia hé théng,
Luan an phéat trién cac bo tach tuyén tinh dua trén thuat toan GD thanh hai
bo tach tin hieu méi duge dat ten 1a ZF-IGD va MMSE-IGD. Y tudng xay

dung céc bo tach nay 1a cac véc to s; va sy trong cong thic (2.2)) sé duge
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tach tin hieu hai lan, sau mdi vong lap cap véc to udec luong §; va 8 sé ducc
diing dé tinh khoang cach Euclide tuong ting. Cubi ciing cap véc to ude lugng
S va §, ting véi vong lip c6 khoang cach Euclide nhé nhat sé duge chon lam
tin hiéu dau ra ctia bo tach. Noi dung chi tiét cac budc tach tin hiéu trong
bo tach ZF-1GD va MMSE-IGD nhu sau:

Vong lap thi nhat, tin hiéu duge khoi phuc nho st dung cac bo téchTZF—
GD/ MMSE-GD. Sau vong lap nay, ta xac dinh duge X; = { sT &l ] va

khoang cach Euclidean d; nhu sau:

dy = |ly — Hx, ;- (2.12)

Trong vong lap tht hai, thi tu tach s; va s, sé thay doi so véi trong thuat
toan GD, ttc 1a s; sé duge tach trude s,. Dé lam dugce nhu vay, nghién ciu

sinh thuyc hién tuong tu nhu cac bude trong thuat toan GD ta thu dugc:
y1 = Gis; + 1y, (2.13)

trong d6 y; € CNxL, él € CN*L vy n, € CM*! duoc xac dinh nhu sau:
¥, = Pyy, Gy = P,G, va 0, = Pyn, vii Py = (1 - chg). Téi day, ta
stt dung phuong phéap tach tin hiéu tuyén tinh ZF/MMSE dé wéc luong §;.
Sau d6, 8; dudce diing dé khtt &nh hudng ctia né lén viéc tach tinT hiéu tuyén
tinh §,. Cudi vong lap thit hai ta xac dinh duge X, = [ sT &7 ] va khodng

cach Euclidean tuong tng la:

dy = ||y — H,|), - (2.14)

Tin hieu duge chon tai dau ra ciia bo tach 1a gia tri X; tuong ting v6i khoang
cach d; nhé nhat. Thi tuc tach tin hiéu trong ZF-IGD va MMSE-IGD dudc

nghién cttu sinh tém tat trong Bang
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Bang 2.1: Thuat toan tach tin hiéu ZF-IGD va MMSE-IGD

Pau vao: y, H, N, [,
Piu ra: x

7:
8: if ZF-IGD then

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

Dinh nghia cidc ma tran con nhu sau: G; = H(:, 1:0,) vai Go=H(:, I, + 1: end)

Vong lap tha nhat:
Uéc lugng véc to tin hieu phat x; = [ s &T }T bang cach 4p dung thuat toan ZF-GD/MMSE-
GD.
Tinh khoéng cach Euclidean thit nht dy = ||y — H, ||

Vong lap tha hai:
X4c dinh ma tran kénh truyén vd véc to tin hiéu thu ciia he thdng con thtt nhat: y; = Pay,
él = P2G1 vGi P2 = (I — GQG;)

Khéi phuc §;:

Tinh ma tran trong s6 W; = (é{[C-‘q> ' é{{, va 81 = Q (Wiy1)
else .
W, = (é{fél + E%Ila) Gl vas, = Q (W)
end if
Triet 4nh hudng clia §; va tao ra hé théng con thit hai nhu sau: yo =y — G18; = Ggsy +n.

Khéi phuc §s:
if ZF-IGD then ) 1 _
Tinh ma tran trong s6 Wy = (G5 Gs)  GI va 8 = Q (Way»)

else .

WQ = (Gg[GQ + iI(N—la)) Gg va AQ = Q (Wgyz)
end if .
Sép xép §; va § nhu sau %, = [ 8] &7 |

Tinh khodng cach Euclidean thit hai do = Hy - FI)“QHE
R Quyét dinh dau ra:

Tim ¢ = argmin,_, »d;

Quyét dinh véc to ude lugng cta x la X;

2.3.3. Bo tach tin hiéu BLAST-GD va BLAST-1IGD

Trong muc nay, phuong phap tach tin hicu MMSE-BLAST (viét tat 1a

BLAST) dugc st dung trong thuat toan GD thay cho cac bo téach tuyén tinh

va tao nén hai bo tach tin hiéu méi duge la BLAST-GD va BLAST-IGD.

Tht tuc tach tin hiéu trong hai bo tach nay dudc mo ta chi tiét nhu sau:

Trude hét, ta tinh cac ma tran hiép phuong sai 16i ®,, i = 1, 2, ma ching

s¢ dugc dung dé siap xép lai cac hang clia cdc ma tran trong so6 ctia bo tach
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tuyén tinh nhu sau:

1 _1
¢, = (G{IGl + EIZQ) ; (2.15)
. 1 -1
P, = (G§ G, + EIW‘Z“)) : (2.16)

Trong [63], tac gid da ching minh rang ky hieu duge khoi phuc véi chat
luong t6t nhat trong sd cic phan tit ctia §;, ¢ = 1, 2, 1 ky hiéu tuong tng véi
phan t1t trén duong chéo ®; c6 gia tri nhé nhat. Chinh vi thé, cac phan tit
thuoc duong chéo clia cic ma tran hiép phuong sai 161 dude sap xép lai tir gia
tri nhé nhat dén gia tri 16n nhat. Nghia 13, gia tri nhé nhat sé duge sap xép
vao vi tri duong chéo dau tien, gia tri nhé tiép theo duge xép vao vi tri thi
hai, cit nhu vay tiép dién cho dén khi tat ci cidc phan ti clia dudng chéo P,
dugc sdp xép lai. Gid st p; € NleX! v py € NWV=a)x1 13n lugt 1a cac vée to
hoan vi gom cac phan t1 1a cac s6 nguyén bicu dién tht tu sip xép cac phan
t1t tren duong chéo chinh cia @, va ®,. Goi A; € Cla*Nr va A, € CW—la)xNe
lan lugt 1 cdc ma tran trong s tuong ting vdi cac hé thong con trong

va ([2.5)). Ta co:

A, =W, (py,:), (2.17)
Ay, =W, (py,:), (2.18)

trong d6 W, € Cl*Nr v Wye CV >N 13 c4¢ ma tran trong s6 clia bo
tach tin hieu MMSE thuc hién trén cac he thong con (2.4]) va (2.5)).
Tiép theo, st dung cac ma tran trong s6 da dudc sdp xép A,;, ¢ = 1, 2, dé

tach phan t thi £ cta §; nhu sau:

§ik =0 (aikYi) ) (2-19)
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v6i a;, la ky hiéu hang thtt k cia A;. Gia st 5;, dugce khoi phuc chinh xéc

thi anh hudng cta lén cac ky hiéu con lai duge triét tiéu nhu sau:

Yi=Yi — gk§1k7 (2.20)

trong dé g 1a cot thi k clla ma tran (N}l hoac (N}Q tuy thuoc vao s;, hay sy,
duge khoi phuc. Véc to tin hiéu thu, y;, sau dé duge dung dé tach 5i, e Qua
trinh nay lién tuc tiép dién cho dén khi toan bo cac phan ti ctia §; va 8, dugc
xac dinh. Cudi cuing cidc phan tit ciia §; va S, dugce sap xép lai theo dung thi
tu ma chung da phat di. Trinh tu tach tin hiéu ctia bo tach BLAST-GD dugc

tom tat trong Bang [2.2]

Bang 2.2: Thuat toan tach tin hieu BLAST-GD

Pau vao: y, H, [,
Pau ra: x

Dinh nghia cac ma tran con nhu sau: Gy = H(:, 1:1,) va Go = H(:, I, + 1 : end)
Tinh ma tran trong s6 MMSE da sip xép A, nhu trong cong thiic
fork=1:(N-1,) do

Xac dinh phan ti thi & clia s 1a 55, = Q (az,y2),

Trigt &nh hudng ciia 85, 1én cac phan ti khac ctia sy nhu sau: yy = yo — G- (:, k) 82,
end for
Sap xép lai cac phan tit clia 82 ding nhu thi ty ma chiing duge phét di, tic §2 = 82 (p2).
Triet anh hudng clia 8, 1én s; dé tao nén hé théng con thi hai y1 = y — Gass.
Tinh ma tran trong s6 MMSE da sip xép A; nhu trong cong thiic
for k:=1:1, do

Xac dinh phan ti thi & ctia s 1a 81, = Q (a1, y1),

Triet &nh hudng ciia §1,1én cac phan ti khac ctia s; nhu saw: y1 = y1 — Gy (3, k) 81,

— = e
M2

13: end for

14: Sap xép lai cAc phan ti ctia 81: §; = 81 (p1)-
g A A oA ~ ~ ~ T

15: Sap x€p §;1 va 82 nhu sau X = [ st &f }

Bo tach tin hieu BLAST-IGD dugce xay dung tuong tu nhu bo tach MMSE-
IGD, chi khéac 1a thi tuc tach MMSE-GD dugc thay bing BLAST-GD. Thu
tuc tach tin hiéu trong bo tach tin hieu BLAST-IGD dugc trinh bay tom tat

trong Bang .
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Bang 2.3: Thuat toan tach tin hieu BLAST-IGD

Pau vao: y, H, N, [,
Piu ra: x

Dinh nghia cidc ma tran con nhu sau: G; = H(:, 1:0,) vai Go=H(:, I, + 1: end)
Vong lap tha nhat:
Uéc lugng véc to tin hiéu phat x; = [ s &T }T bing cach ap dung bo tdch BLAST-GD thong
thuong .
Tinh khoéng cach Euclide thit nhat d; = ||y — A&, |3
Vong lap thi hai:

6: Xac dinh ma tran kénh truyén vi véc to tin hiéu thu cfia hé théng con th@ nhit: y; = Pay,

G, = P,G, v6i Py = (1 - GQGE).

7. Stt dung G4 dé tinh ma tran trong s6 MMSE da sép xép A; nhu trong cong thic
8 fork=1:1, do

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

20:
21:

22:
23:
24:

Xac dinh phan ti th k ctia s 1a 81, = Q (a1, y1),

Triet &nh hudng ciia §;, 1én cac phan ti khac clia s1: y1 = y1 — éq (:, k) 51
end for
Sap xép lai cac phan tit clia §; ding nhu thi ty ma chiing duge phat di, tic §; = §; (p1).
Triet 4nh hudng clia §; va tao ra hé théng con thit hai nhu sau: yo =y — G18; = Ggsy +n.
Tinh ma tran trong s6 MMSE da sip xép A, ting vdi kénh truyén Go nhu trong cong thic
fork:=1: (N-1,) do

Xac dinh phan tit thi k clia so 12 55, = Q (ag, y2),

Triet &nh hudng ciia 85, 1én cac phan ti khac ctia sy nhu sau: yo = yo — Go (, k) 82,
end for
Sap xép lai cAc phan tit ctia §; ding nhu thi ty ma chiing duge phét di, tic 82 = 82 (p2).
Sap xép §; va 8 nhu sau %, = [ 8 &7 ]T
Tinh khoéng cach Euclide thit hai dz = ||y — Ho|[;

Quyét dinh dau ra:

k

Tim ¢ = argmin,_, »d;
Quyet dinh véc to u6c lugng cla x 1a x;

2.4. Phan tich do phic tap

Muc nay st dung céc gid thiét da néu trong Chuong 1 dé tinh do phiic

tap tinh toan ctia cac bo tach tin hiéu duge dé xuat. Dua trén thi tuc tach

tin hiéu dugc trinh bay trong Muc , ta thay thi tuc tach tin hieu cia cac

bo tdch MMSE-GD va ZF-GD 1a hoan toan giéong nhau. Hon nita, do phic

tap ctia bo tach MMSE-GD chi cao hon ctia bo tach ZF-GD lan luot 1a 21,

va 2(N —1,) flop khi tinh cdc ma tran trong s6 trong cong cac cong thitc

(2.8)) va (2.9). Do do, ta coi do phiic tap tinh toan ciia hai bo tach tin higu
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nay 14 nhu nhau nham don gidn héa viéc tinh todn va trinh bay. Hoan toan
tuong tw, do phiic tap ciia bo tach ZF-IGD va MMSE-IGD cung dugc coi 1a
tuong dong v6i nhau. Chinh vi thé, nghién citu sinh chi tap trung tinh toan
do phiec tap cta cac bo tach ZF-GD, ZF-1IGD, BLAST-GD va BLAST-IGD

nhu sau:
2.4.1. Do phiic tap cia bo tach ZF-GD va BLAST-GD

Dua trén tién trinh tach tin hiéu cta bo tach ZF-GD va BLAST-GD ta
thay do phtc tap ctia chtiing chti yéu do cac thao tac tinh toan chinh sau day:
1) Xay dyng hai hé théng con nhu cac cong thiic , va 2) Thuc hién
cac budc tach tin hieu ZF/BLAST truyen thong trén cac hé thong con. Vi

thé, do phiic tap tinh toan ctia hai bo tach tin hiéu nay duge tinh nhu sau:
Cp_cp = Cger + Cgea + Cp1 + Chg, (2.21)

trong d6 Cp_cp 1a tong s6 flop can thiét dé udc luong 1 véc to tin hieu phat
cia bo tach D-GD (D 1a ZF hoac BLAST); Cge1 va Cgep 1an lugt 1a do phiic
tap dé tao ra hai hé théng con trong \G) ; Cpy va Cpy 12 56 flop dé
thuc hien tach tin higu ZF/BLAST trong hai hé théng con. Cac thanh phan
trong cong thic dugc xac dinh nhu sau:

* Tinh Cg. : Dé tao ra hé théng con tht nhat, ta can tinh ma tran
triet tieu Py = (I — GlGD, véc to tin hiéu thu y, = P,y va ma tran kénh
truyén Gy = P, G,. St dung luat dém sb flop va cac luu ¢ da néu trong

Chuong 1, ta xac dinh duge do phiic tap tinh toan ctia ching nhu sau:
Cp, = 81> + 162N, — 21> — 2I,N, + 8N?l, — 2N} + N, (flop), (2.22)

Cy, = 8N? — 2N, (flop). (2.23)
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va

Cg, = 8N(N —1,) — 2N, (N —1,) (flop). (2.24)

Do d6, s6 flop can thiét dé tao hé thdng con dau tien la:

CGel — CPI + Cyg + CéQ
— 81> + 161N, — 21> — 2I,N, + 8N>l, — 2N? + N,

+8N?(N —1,) — 2N, (N —1,) + 8N} — 2N, (flop).  (2.25)

*, Tinh Cg.o: Hé thong con thi hai duge tao ra bdi phép triét tiéu anh
hudng ctia sy lén 81, y1 =y — G, . Vi vay, sb flop dé thuc hién qué trinh
nay la:

Cour = 8N, (N —1,) (flop) (2.26)

*, Tinh Cp; v Cpy: Cac he thong con thit nhat va thit hai ¢6 kich thude
lan lugt 1a N, x (N —1,) va N, X [,. Do d6, s6 flop can thiét dé thuc hién
tach song ZF/BLAST trong cac hé théng con dé dang c6 duge bang cach
thay N trong cong thiic do phiic tap clia bo tach ZF va BLAST truyén thong
trong Béng [1.21an luot bdéi (N — [,) va [, ta co:

Cyr =8 (N —1,)" +16 (N —1,)° N,
—2(N =1’ 4+6 (N —1,)Nr—2(N —1,)(flop), (227

Cyro = 812 + 162N, — 212 + 6l,N, — 21, (flop), (2.28)
15 4 3
Chrasr = T (N—-1,) +2(N —1,)"N,
+ (N —=1,)* N>+ (N —1,) (16N, — 2) (flop), (2.29)

15
Chrasrs = Zlﬁ + 21N, + I2N? + 1, (16N, — 2) (flop) . (2.30)
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Khi tat ca cic thanh phan trong cong thic (2.21]) da duge x4c dinh, ta lan

lugt thay két qua trong cac cong thic (2.25)) , (2.26)), (2.27)), (2.28)), (2.29)

va (2.30]) vao (2.21]) mot cach phu hop dé xac dinh do phiic tap ciia cac bo
tach ZF-GD vi BLAST-GD (xem két qua trong Bang [2.4). Luu ¥ ring, ma

tran trong so6 ciia tach tin hieu ZF trén hé thong con thi hai da dudce tinh
trong Py nén ta c6 thé bé qua do phiic tap tach song ZF trén hé théng con

tha hai, tic 1a CZFQ ~ 0.
2.4.2. Do phiic tap cua cac bo tach ZF-IGD va BLAST-1GD

Bai vi bo tach ZF-IGD va BLAST-IGD thuc hién tach tin hiéu ZF-GD va
BLAST-GD hai lan, trong d6 thit tu tach s,va s; trong vong lip dau tien
duge thay doi trong vong lip thi hai nén do phic tap ctia cac bo tach tin

hiéu nay dugc tinh nhu sau:
Co-1cp = Cp_gp + Cp_ap1 + 2C4 (2.31)

trong d6 Cy, 1a do phtic tap can thiét dé tinh khoang cach Euclide gom
8N, N + 4N, — 1 flop; Cp_gp da duge xac dinh trong Muc . Thuc hién
tuong tu nhu cach tinh trong Muc , ta xac dinh s6 flop can thiét dé thuyc
hién vong lap thit hai, Cp_gpi . Cudi cling, ta st dung mdi quan hé trong
dé xac dinh do phiic tap ctia cac bo tach ZF-IGD va BLAST-IGD. bo
phiic tap tinh toan ctia cac bo tach tin hieu duge dé xuat trong Chuong 2
ciing vé6i cac bo tach ZF, MMSE va BLAST truyen théng duge tém tit trong
Bang .

Tt két qua tinh toan trong Bang ta thay, cac bo tach tin hieu ZF-
GD, MMSE-GD, ZF-IGD va MMSE-IGD c6 cung bac phtc tap véi cac bo

tach tuyén tinh truyén théng. Tuong tu nhu vay, cac bo tach BLAST-GD,
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Bang 2.4: D6 phtic tap tinh toan cia cac bo tach ZF, MMSE, BLAST, ZF-GD,
MMSE-GD, BLAST-GD, ZF-IGD, MMSE-IGD va BLAST-1IGD

‘ B6 tach ‘ Do phiic tap can thiét dé wéc lugng 1 véc to tin hidu phat (Flop) ‘
ZF 8N3 +16N2N, — 2N2 + 6NN, — 2N
MMSE 8N3 +16N%N, —2N? + 6NN,
BLAST N*+2N3N, + N?°N? + N (16N, — 2)

813 + 16/2N,. — 212 — 2I,N, + 8N?2l, +8N2c

—|—6NE — N, + 12N,¢ + 8¢ + 162N, — 2¢*> — 2¢

1613 + 3212N, — 412 + 16N2l, + 8NZ2c + 12N? + 16N, N

+6N,. + 10N,.c + 16¢® + 32¢2N,. — 4c? + 101, N,. — 2¢

Lt + 2N, + AN2 + ¢ (16N, —2) + B2+ 212N, + I2N?
BLAST-GD +813 — N, — 212 + 162N, — 21, N, + 8N?l, + 8N?c + 6 N?

+14 (16N, — 2) + 6N,.c

D+ 43N, + 2¢2N? 4+ 2¢ (16N, — 2) + 212 + 413N, + 212N?
BLAST-IGD +2l, (16N, — 2) + 812 + 1612N,. — 212 + 16N?1, + 16 N2c + 12N?
+4N,c+ 8¢3 + 16¢?N, — 2¢® + 6N, + 4Nl + 16N, N — 2
Ghicht: c=N —1l,;l, =INp v6i 1 <l < K

ZF-GD/MMSE-GD

ZF-1GD/MMSE-IGD

BLAST-IGD va BLAST c6 bac phtic tap nhu nhau. Dé so sanh mot cach
chinh xac va truc quan hon, do phtc tap cia cac bo tach tin hiéu theo [ va
s0 ang ten N, dugc trinh bay trong cdc Hinh va dudi day.

Hinh so sanh do phitc tap tinh toan cua cac bo tach tin hiéu trong hai
cau hinh khac nhau ciia h¢ théng la: 1) N, = 70,N = 60 va 2) N, = 170,
N = 160 #ng ten. Trong mdi cau hinh ctia hé théng, do phic tap clia cac
bo tach tin hieu ZF-GD, ZF-IGD, BLAST-GD va BLAST-IGD dugc khéo
sat nhu 13 cdc ham s6 clia bién [. T két tinh toan biéu dién trong Hinh [2.1
ta thay, do phic tap clia cac bo tach tin hieu ZF-GD va MMSE-GD thap
hon ZF va BLAST truyén thong véi hau hét gia tri ctia [ duge khao sat. Két
qué bicu dién ciing cho thay bo tach tin hitu BLAST-IGD c6 do phiic tap
cao hon ZF, ZF-GD, ZF-IGD va BLAST-GD nhung lai thap hon BLAST khi
HK-‘ << EK} Dang luu ¥ 1a cac bo tach tin hieu duge dé xuat c6 do
phtic tap tap thap nhat khi I = [$K|. Vi thé, | = [1K] la gid tri t6i uu

cia [ dé cac bo tach tin hieu duge dé xuat trong Chuong nay c6 do phic tap
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thap nhat (Xem chiing minh 6 phu luc D).

104

103 F

flops x 108
S
N

|
101 _&* *’*,*M —E—ZF
*;@H@%* —*&— ZF-GD
— k— ZF-IGD
e — - — BLAST
—Fp— BLAST-GD
— ¥ — BLAST-IGD
100 1 1 1 1 1 T T
0 5 10 15 20 25 30 35 40

Hinh 2.1: So sanh do phtic tap ciia cdc bo tach tin hiéu theo [ trong hai cAu hinh
khac nhau ctia hé théng 1a N, = 70,N = 60 v N, = 170, N = 160

Hinh bieu dién do phiic tap ctia cac bo tach tin hiéu theo sb ang ten

dugc trang bi tai tram goc, N,., v6i gid thiét rang N, = N = [60 : 20 : 200],

Nr =4val = (%KW Két qua tinh toan trong Hinh [2.2| cho ta thay cac

bo tach ZF-GD, BLAST-GD va BLAST-IGD c6 do phtic tap thap hon cac
bo tach ZF, BLAST truyén théng tuong tng. Mat khac, do phiic tap ctia bo
tach ZF-IGD cao hon khoing 14.3% so v6i ZF truyén thong. Do phiic tap
cao hon nay ctia bo tach ZF-IGD la céi gia phai trd dé c6 duge pham chat
BER t6t hon (xem Muc . Két qua trong Hinh cling cho ta thay, ton
tai mot khoang cach kha lén giita dudsng cong bieu dién do phic tap ctia bo
tach ZF-GD/ZF-IGD v6i BLAST-GD/BLAST-IGD. Khoadng céch nay ting

ty 1é thuan v6i s6 ang ten trang bi trong hé thong. Diéu dé c6 nghia 13, cac
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bo tach BLAST-GD va BLAST-IGD chi phit hgp cho cac hé théng Massive
MIMO c¢6 kich thuée nhd hoac trung binh trong khi bo tach ZF-GD, ZF-1GD

phit hop cho cac hé théong c6 kich thude 16n va rat 16n.

10°

—e— ZF
—=— BLAST
—&— 7F-GD

—FH— BLAST-GD
10§ = A= zFIGD
— $ = BLAST-IGD

=
o
w

flops x 108

10°

60 80 100 120 140 160 180 200

Hinh 2.2: So sanh do phtc tap ciia cac bo tach theo sd ang ten khi N, = N =
[60: 20 : 200], Np =4 val=[1K]

2.5. So sanh pham chat 156i bit

Trong muc nay, pham chat 16i bit ctia cac bo tach dé xuat va cac bo tach
tin hiéu tuyén tinh va BLAST truyén théng dudc so sanh véi nhau théng qua
mo phéng Monte-Carlo trén phan mém Matlab. Gia thiét rang kénh truyén
ctia hé théng la kénh pha-dinh phing, it bién doi trong khodng thoi gian
7, = 200 ky hieu (7. 1a khoang thoi gian dong bo ctia kénh truyéen tinh theo
s6 ky hiéu, n6 duge dinh nghia 14 khodng thoi gian ma kénh truyén vo tuyén
duge coi 1a khong doi va dude tinh béi tich clia Bang tan dong bo, B., va

thoi gian dong bo, T, [3]. Xem mo ta chi tiét kenh truyén theo 7. trong [3]).
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Céac phan tit clia ma tran kénh truyén duge gia thiét 14 cidc bién ngau nhién
i.i.d v6i trung binh bang 0 va phuong sai 1.

Hinh [2.3 Hinh [2.4] va Hinh [2.51a két qua mo phéng pham chat BER ciia
cac bo tach tin hieu ZF, MMSE, BLAST truyen thong va ciia cidc bo tach
tin hieu dugce dé xuat khi N, = 70, K = 15, Ny = 4, (tuong duong vdi
N = 60), tin hi¢u phat duge dieu ché 4-QAM véi nang lugng trung binh
E, = 2, gia tri [ duge chon lan luot 1a 1 = 2, 8, 12 cho Hinh [2.3|va Hinh [2.4]
| = 8 cho Hinh 2.5

10°

1071

10—2 L

BER

1078
—&— 7ZF-GD, =12
— B — ZF-IGD, |=2
— W — ZF-IGD, |=8
— & — ZF-IGD, =12
104 | —%—MMSE-GD, =2
—<— MMSE-GD, |=8
—H— MMSE-GD, |=12
— % — MMSE-IGD, I=2
— < — MMSE-IGD, I=8
— P — MMSE-IGD, I=12

5 10

107°

Hinh 2.3: Pham chat BER ctia cac bo tach tin hieu ZF, MMSE, BLAST, ZF-GD, ZF-
IGD, MMSE-GD va MMSE-IGD véi N, — 70, K — 15, Ny — 4.4 — QAM,

céic bo tach ZF-GD, ZF-IGD, MMSE-GD va MMSE-IGD ¢6 [ = 2, 8. 12.
Két qua mo phéng trong Hinh cho thay, pham chat BER cho béi cac
bo tach ti hieu ZF-GD, ZF-IGD, MMSE-GD va MMSE-IGD xp xi hoic
t6t hon pham chat clia cac bo tach ZF hoac MMSE truyén théng. Ngoai ra,

cac duong cong BER cta ctuing mot bo tach tin hiéu véi cac gia tri [ khac
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nhau 14 gan nhu tuong dong (ngoai trit ZF-GD), nghia 1a pham chat BER
clia cac bo tach tin hiéu nay gan nhu doc lap véi . Tai BER=10"", bo tach
MMSE-GD c6 pham chat tuong duong bo tach MMSE, trong khi ZF-IGD va,
MMSE-IGD céi thién pham chat BER so véi MMSE lan lugt 14 khoang 1,2
dB va 2dB véi moi gia tri [ duge khéo sat.

Tuong tu nhu vay, pham chat 16i bit clia bo tach tin hisu BLAST-IGD t&t
hon ctia BLAST truyén thong khoang 1.4dB va ciing gan nhu khong phu
thudc vao [ (xem Hinh . Ngugc lai, véi [ cang 16n thi pham chat BER
ctia bo tach tin hieu BLAST-GD cang kém. Tai BER=10"° va [ = 2, 8, 12
khodng cach gitta duong cong BER ctia BLAST va BLAST-GD lan lugt 1a
0,2dB, 1,2dB va 2,6 dB. Nhu vay, dé bao dam pham chat BER cao nhat

v6i do phic tap thap nhat thi gia tri ctia [ can duge chon la l = [K/2] = 8.

10° - :
—8— ZF
—A&A— MMSE
—®— BLAST
—¢— BLAST-GD, I=2
al —X— BLAST-GD, |=8
10 —P— BLAST-GD, I=12
— % — BLAST-IGD, I=2
— % — BLAST-IGD, =8
— P — BLAST-IGD, I=12
102k
o
w
m
BLAST-IGD, =2,8,12
102 F
107
10°° :
0 5 10 15 20 25

¢ (dB)

Hinh 2.4: Pham chat BER ctia cac bo tach tin hieu ZF, MMSE, BLAST, BLAST-GD
va BLAST-IGD vé6i N, = 70, K = 15, Ny = 4,4 — QAM, cac bo tach
BLAST, BLAST-GD va BLAST-IGD c6 1 = 2, 8, 12.
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V6i cliing gid tri [ = [K/2] = 8 thi bo tach duge dé xuat déu c¢6 pham
chat BER tuong dong hodc cao hon céc bo tach tuyén tinh va BLAST truyen
théng (xem Hinh 2.5). Dic bigt bo tach BLAST-IGD cho phdm chit t6t hon

ca bo tach BLAST truyén thong v6i do phiic tap tinh toan thap hon.

100 T T T
—e—ZF
—+— MMSE
—M— BLAST
—p— 7ZF-IGD
107" —g— ZF-GD
- A - MMSE-GD
—A— MMSE-IGD
= 3 = BLAST-GD
—— BLAST-IGD
102 F 3
&
o0 MSE va MMSE-GD
103
10—4 L
10® :
5 10 15 20 25

¢ (dB)
Hinh 2.5: Phém chat BER ciia cac bo téch ZF, MMSE, BLAST, ZF-GD, ZF-IGD,
MMSE-GD va MMSE-IGD, BLAST-GD, BLAST-IGD vé6i N, = 70, K =
15, Ny = 4,4 — QAM, | = 8,

Nhu da trinh bay ¢ Chuong 1, pham chéat 16i bit phu thuoc chii yéu vao he
sO tai ctia he théong. Chinh vi thé, phan tiép theo ciia chuong nay tién hanh
mo phéng va pham chat 16i bit ctia cac bo tach tin hiéu theo hé sb tai 3.
Cac thong s6 mo phong nhu sau: S6 ang ten tai tram goc va mdi nguoi dung
lan lugt 1a N, = 100 va Ny = 4, s6 nguoi dung K dudc thay doi sao cho
hé s6 tai thay doi trong dai 8 = [0,52 : 1], tin higu phat tit cdc ngusi ding
duge dicéu ché 4—QAM, tham s6 [ duge chon 1a [ = [K/2] cho tat cd cac

bo tach duge dé xuat, ty s6 SNR tai mdi ang ten thu la ¥ = 13 dB. Két qua
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10°

—e— 7zF
—4— MMSE
—=— BLAST
—&— ZF-GD
4l —=—-zF16D

10" f| —¢— MMsE-GD
— =X— - MMSE-IGD
—3)¢— BLAST-GD

= ¥ = BLAST-IGD

104 E

0.5 0.6 0.7 0.8 0.9 1

Hinh 2.6: Pham chat BER ctia cac bo tach ZF, MMSE, BLAST va cac bo tach dé
xuat theo 8 khi SNR=13 dB, N, = 100, 4 — QAM, Céc bo tach dé xuat c6
l=[K/2]

mo6 phoéng trong Hinh cho ta thay [ cang nhoé thi pham chat BER cia
tat ca cac bo tach cang tét. Khi 3 di nho thi pham chat 16i bit ciia cac bo
tach ZF-GD, MMSE-GD va bo tach MMSE truyéen thong 14 nhu nhau trong
khi céc bo téach ZF-IGD, MMSE-IGD, BLAST-GD va BLAST-IGD c6 phém
chat BER t6t hon MMSE. Trong s6 cac bo tach tin hiéu néu trén thi bo tach
BLAST-IGD cho pham chat 18i bit t6t nhat. Két qua mo phéng con cho thay,
khi xét tai cing mot gia tri BER cho trudce, cac bo tach dé xuat cho phép
tang [ ctia hé théng so véi cac trusng hgp st dung bo tach tuyén tinh. Cu thé
1a: Tai BER=10"*, bo tach MMSE-IGD cho phép tram gbc ting sb tai dudc
phu vu tai mot thai diém xap xi 103% so véi bo tach ZF-IGD/ BLAST-GD
va khoang 115%, 117% va 121% so véi cac bo tach MMSE-GD, MMSE va

ZF truyen thong. Két qua mo phong trong Hinh [2.6| cling cho thay, bo tach
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BLAST-IGD c6 pham chéat 16i bit t6t nhat, né cho phép tram gbc tang so tai

phuc vu khoang 109% va 119% so vé6i bo tach BLAST va MMSE-IGD.

2.6. Két luan

Trong chuong 2, Luan an dé xuat 6 bo tach tin hiéu dya trén thuat toan
tach tin hieu theo nhém GD gbm ZF-GD, ZF-IGD, MMSE-GD, MMSE-
IGD, BLAST-GD va BLAST-IGD. Cac bo tach tin hieu dé xuat c6 pham
chat 16i bit cao dic biet 1a cac bo tach ZF-IGD, MMSE-IGD, BLAST-GD
va BLAST-IGD cho pham chat BER t&t hon pham chat ciia bo tach MMSE
truyen thong. Bén canh do cac bo tach duge dé xuat trong Chuong nay c6 do
phiic tap tinh toan thap hon cac bo tach tin hieu BLAST va MMSE truyén
théng. Chinh vi thé, cac bo tach tin hiéu nay phit hop dé ng dung trong céc
hé thong Massvie MIMO.



Chuong 3

DE XUAT CAC BO TACH TiN HIEU XAY DUNG TREN
HE THONG MG RONG TUONG DUGNG

Chuong nay dé xuat cac bo tach tin hieu hiéu qua dung cho cac hé thong
Massive MIMO hoat dong trong diéu kién kénh truyén chiu anh huéng cta
c& pha-dinh pham vi rong va pha-dinh pham vi hep. Thit nhat, Luan an khai
quat hoa thuat toan tach tin hiéu theo nhém trong Chuong 2 thanh thuat
toan tach tin hiéu theo nhém suy rong (GGDex) va xay dung 4 bo tach tin
hiéu mdéi dya trén thuat toan GGDex la ZF-GGDex, SQRD-GGDex, ZF-
Presorted GGDex, SQRD-Presorted GGDex. Nhitng déng gop ctia dé xuat
nay dugc cong bo trong cong trinh nghién cttu s6 3. Thit hai, Luan an dé
xuat thuat toan tach tin hieu theo nhoém song song (PGD) va 3 bo tach tin
hieu ZF-PGD, QRD-PGD va SQRD-PGD nham khic phuc han ché vé thoi
gian tré do tach tin hiéu theo nhém ndi tiép trong GGDex. Noi dung dé xuat
dugce trinh bay trong cong trinh s6 4 va mot phan trong cong trinh sb 6.

3.1. Xay dung cac bo tach tin hiéu dua trén thuat toan tach
tin hiéu theo nhém suy rong-GGDex

3.1.1. Y tudng dé xuét

Maic du thuat toan tach tin hiéu theo nhom GD trong Chuong 2 cho phép
ta xay dung cac bo tach tin hieu méi dam bao tdt yéu cau veé su can bang

giita pham chat 18i bit cao v do phiic tap thap nhung né van c¢é nhitng nhudc

95
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diém co ban la: (1) Pham chat 16i bit clia cdc bo tach tin hieu xay dung trén
GD trong céac hé thong toan tai (tiic 8 = 1) kém hon bo tach MMSE truyén
thong va (2) Thuat toan xay dung cho cac heé théng c6 kénh truyen chi chiu
tac dong ctia pha-dinh pham vi hep 1a chua that sat véi thuyc té. Nhitng nhugc
diém nay dugc khic phuc triét dé trong thuat toan tach tin hiéu theo nhém
suy rong GGDex nhu sau: Thit nhat, s6 tang tach tin hiéu trong GGDex dudc
lita chon bat ki cho phép cac hé théng con ting véi cac tang tach tin hiéu co
hé s6 tai thap hon nhiéu so véi trong thuat toan GD. Hon nita, thuat toan
dé xuat xay dung trén hé thong mdé rong tuong duong nén phuong phap triet
nhiéu ZF khi xay duyng cac hé théng con tuong duong véi MMSE da lam gidm
dang ké hién tugng truyen 16i giita cac hé théng con trong thuat toan GD. Vi
thé, pham chat tach tin hiéu ctia thuat toan GGDex luén dudce cai thién so
v6i thuat toan GD. Ngoai ra, anh hudng ciia hién tugng che khuat va suy hao
duong truyen duge tinh dén khi xay dung thuat toin lam cho GGDex sat vdi
thuc té hoat dong ctia hé thong ma cac ngudi dung duge phan bé ngau nhién
trong té bao. Dya trén thuat toan GGDex, Luan an xay dung 4 bo tach tin
hiéu méi c6 tén goi la ZF-GGDex, SQRD-GGDex, ZF-Presorted GGDex va
SQRD-Presorted GGDex. Loi thé clia cac bo tach tin hieu duge dé xuat nay

so v6i cac bo tach tin hiéu tuyén tinh truyén thong duge tém tat nhu sau:

e Cac bo tach tin hieu duge dé xuat c6 pham chat 161 bit vuot troi so
v6i cac bo tach tin hieu ZF va MMSE truyén thong trong cac hé thong
Massive MIMO c6 hé s6 tai rat cao. Dic biét 1a cac bo tach tin hieu ZF-
Presorted GGDex va SQRD-Presorted GGDex cho pham chat BER tiem

can v6i pham chat ctia bo tach tin hieu BLAST truyén théng.
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e Cac bo tach tin hiéu nay c6 cung bac phic tap véi cac bo tach tin hiéu
tuyén tinh truyen théng va thap hon rat nhiéu so v6i BLAST. Vi vay,
cac bo tach tin hieu duge dé xuat phit hgp dé tng dung trong cac hé

théng Massive MIMO.
3.1.2. Deé xuat thuat toin GGDex

Xét he thong Massive MIMO hoat dong trong dieu kién kénh truyen chiu
tac dong cta ca pha-dinh pham vi rong va pha-dinh pham vi hep trong cong

thite (|1.6)) va duge viét lai nhu sau:
y = Ux+n. (3.1)

Goi L (K > L > 2) va ng 1an lugt 1a s6 he théng con duge tao ra trong
thuat toan GGDex va s6 ngudi dung trong hé théng con thi k, kK = 1,2, ... L.
S6 ngudi dung trong cac tang tach tin hieu cia thuat toan GGDex cé theé
khac nhau nhung phai théa man > n; = K. Khong mat tinh tong quat, gia
stt L he thong con co6 cuing s6 lugng nguoi dung (nghialan = n, va K = nl).
Dé don gian hoéa viéc trinh bay thuat toan, dinh nghia cidc ma tran va véc
to nhu sau: Gy, = Ueg (s, (k — D), + 1 : kl,), G® = Ug(:, kl, +1: N)
s = x((k—D)l,+1:kl,:) vas® =x(kl,+1: N,:), trongd6 k = 1,2, ...L
va l, = nNp. Qua trinh tach tin hiéu trong thuat todn GGDex duge mo ta
trong Hinh [3.1) v& duge tém tat trong Bang [3.1| gom 3 bude sau day:

Buéc 1: Chuyén hé théng Massive MIMO trong sang hé thong mad

rong tuong duong nhu sau [64]:
Yer = Ue:cx + Ny, (32)

trong d6 Y., U, va n,, lan luot 1a véc to tin hieu thu, ma tran kénh truyén
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Hinh 3.1: So d6 khdi thuat toan tach tin hiéu theo nhom téng quat GGDex

va véc to tap am clia hé thong Massive MIMO md rong. Cac thanh phan
T
nay duge xac dinh nhu sau: y., = [y’ O%]T - U, = [UT \/LE—IN} VA N, =
T
T -1 .,T
o i
Buéc 2: Tao cac hé thong con va tach tin hiéu trong cic hé théng con.
Trude hét, ta diat y; = yex vA viét lai cong thiic (3.2)) duéi dang:

L
Yi=Yex = G151 + Z Gksk + Nex
k=2

= Gy, + GWs® 4 ng,. (3.3)

Tiép do, ta thyc hién tuong tir nhu thuat toan GD, nhan hai vé cia phuong
trinh (3.3)) v6i ma tran triet tieu cia GU 1a Py = (I — GHGW), ta xac

dinh dugc hé théng con dau tién nhu sau:
yi=Gis; + 1, (3.4)

trong d6 y, = Piy1, él = P,G, va n; = Pyn.,. Ap dung phuong phéap
khoi phuc tin hieu MIMO truyén thong phtt hop trong hé thong con thit nhat

dé tach tin higu da phéat s; (ky hiéu 1a §;). Gia st s; duge khoi phuc mot
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cach hoan hao va do d6 anh huéng ctia no6 lén y; dugce loai bo hoan toan bdéi:
Yo=Y1 — Glél — G(l)s(l) + Nex
L
= Gysy, + Dex. (3.5)
k=2
Téi day, ta st dung y, dé tao ra hé théng con thit hai tuong ting véi tang
tach tin hiéu tha hai nhu sau:
Viét lai cong thiic (3.5) dudi dang:

L
y2 = Gosy + Z Gysy + Nex

k=3

= Gysy + GPs® 4 n, (3.6)

Ap dung cach lam tuong tu nhu he théng con dau tien, nhan hai vé cta
phuong trinh v6i Py = (I— GG dé tao he théng con thit hai, sau
dé6 uwéce luong 8, va loai bé anh hudng ciia n6 dé xac dinh ys. Qua trinh nay
tiép dién cho dén khi tin hi¢u phat tng véi toan bo (L — 1) tang tach tin hig¢u
dugc xac dinh. Mot cach tong quat, he théng con thi k, k= 1,2, ..., L — 1,
dugc xac dinh nhu sau:

Vi = Gy + iy, (3.7)

O day ¥i = Pryi, Gip = PGy va Ty, = Ping,, Py = (I - GHG®I).
Véc to tin hieu thu dugc tai tang tach tin hiu thi k sau khi da loai bé thanh

phan giao thoa Gys;, dudce xac dinh bdi:
Yit1 = Yr — Gkék:G(k)S(k) T+ DNex. (3.8)

Luu ¥ rang khi thanh phan nhiéu G;_;s;_; dugdc triet tieu khoéi y;_; tai

tang tach tin hieu thd L — 1 thi hé théng con cudi cing dong thai ciing duce
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tao ra nhu sau:
Y =Yr1— Gra8p1 = GrSp + Ny (3.9)

Vi thé, tin hiéu da phat tit cac nguoi dung con lai dé dang dudce xac dinh
bang cach st dung cac bo tach tin hieu MIMO truyén théng trong hé thong

con cudi ciing trong (3.9)).

Buéc 3: Sap xép CécTVéc to tin hieu khoi phuc dude & bude hai nhu sau:
x=|g" sl ... &7

Bdi vi thuat toan GGDex duge xay dung trén hé thong mdé rong tuong
duong nén hé s6 tai cho bdi mdi he thong con 1a 5, = [,/ (N, + N). Ro rang
1a B, nho hon rat nhiéu he s6 tai ciia he thong Massive MIMO ban dau (tiic
la B, < B = (N/N,)) va clia cac hé thong con trong thuat toan GD. Do
dé, thuat toan GGDex c6 thé cai thien dang ké pham chat 16i bit ctia he
thong. Tuy nhién, dic tinh théng ké bac hai ctia thanh phan tap am trong
(L — 1) he thdng con dau tien bi bién doi, tiic 1a E [myni] = o*P, P, k =
1,2,...,L — 1. Hieén tuong nay sé lam gidm mot phan pham chat BER cta

cac bo tach tin hiéu xay dung trén thuat toan GGDex.
3.1.3. Xay dung cac bo tach tin hiéu dua trén thuat toan GGDex

a) Bo tach tin hiéu ZF-GGDex
Bo tach tin hieu ZF-GGDex dudgc tao ra bang cach ap dung ki thuat tach
tin hieu ZF tai dong (9) va dong (12) trong thuat toan GGDex ¢ Bang

dé x4ac dinh cac véc to con S, nhu sau:

~

Q(GWIF®) = Q(s, + GMTRY) k< L
S, = . (3.10)

Q(Gly™) = Q(s; + Gling) k=1L
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Bang 3.1: Thuat toan tach tin hiéu theo nhém suy rong GGDex

Pau vao: y,U, K, Ny, L
Piu ra: %

—_

: Define N = KNp; n=K/L and l, = nNrp.
2: Chuyén h¢ thong sang dang md rong tudng duong: yex= | y' OF }T; Uex =

[ u” \/EISIN }T.

3: Dt Gp = Uex (s, (L—1) g +1:N); vy = yey.

4: for k=1: L do

5: if k < L then

6: Dinh nghia Gy = Uex(:, (k — 1)lg 4+ 1 : klo); G®) = Uey (5, kly +1: N);

7. Tinh GWt = (GRWHGR)-1GEH, pk) — (I - GFGWT),

8: _ Tao he théng con thit kth ma trong dé6 ma tran kénh truyén va véc to tin hieu thu ctia né
la GH) = PR Gy, y& = PF)yk),

9: Tach s;, bang cach st dung bo tach MIMO truyén théng trén hé théng con thi kth.

10 Triet anh huéng clia §; 1én hé théng con ké tiép: y ) = y(b) — G5,

11: else

12: Xac dinh 87, bang cach st dung bo tach tin hieu MIMO truyén théng mot lan nita 1én he
théng con cudi cing y(X) = Grsy, + Nex.

13: end if

14: end for

15: Sap xép lai cac ky hiéu da dugc tach nhu sau: x = [ 8] &7 .- &7 }T.

Khi do, sai s6 uéc luong §;, 1a cac phan ti thuoc duong chéo chinh clia ma

tran hiep phuong sai 161 ®* 1a:

(GorGw) " k<L
eF) = (3.11)

(GIGp)™! k=1L

Bo tach ZF-GGDex duge ky vong sé cai thién dang ké pham chat 15i bit
so v6i cac bo tach tin hiéu tuyén tinh truyén thong nho vao hé s6 tai trong
cac hé thong con thap hon rat nhiéu so véi he thong nguyen thiy.

b) B6 tach tin hiéu SQRD-GGDex

Bo tach tin hieu SQRD-GGDex dugc xay dung bang cach ap dung k¥
thuat tach tin hiéu triet nhiéu ndi tiép c6 sap xép SQRD tai dong (9) va
dong (12) trong Bang [3.1} Cac tin hieu phét twong tng véi he théng con thit

k,y.= G,s). + n,,, dugc khoi phuc lan luot tung ky hiéu nhu sau:
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Trude hét, ta ap dung ky thuat phan ra QR c6 sdp xép [35,/65] cho ma

tran kénh truyen con, ék, k=1, 2, .., L,déthu dugc ma tran Unita Q; €

CWNrtN)xla , ma tran tam giac trén Ry, € Cl*l v véc to hoan vi py, € Rlex!.

Tiép theo, nhan hai vé ctia phuong trinh biéu dién hé théng con thi k,
yk = (lesk + flk, vl Qf ta co:
e Rysi + Qi'ny, k < L,
RLSL + anexy k’ = L.

Luu v, éL = G;_1 = G, va y; = y.. Bé qua thanh phan tap am Qn,
va Q¥ ne, trong (3.12)) sau d6 [, phan tii ctia s, (ky hieula 8, i = 1,2, ..,1,)
ducce khoi phuc lan lugt timg phan tit theo luat sau:

— i=1,
Tk

Sk, = Q W X _ , (3.13)
(Uk'i_ Z (Tkidskj))/rk%” ? # la

j=it1

trong do vy, la ky hiéu phan ti thit ¢ ciia v, va i, 1a phan ti thuoe hang
thtt 4, cot thid j clia ma tran tam giac tréen Ry. Cudi cuing, thi ty clia cic

phan t trong véc to §;, dude sap xép lai nhu sau:
S, = 8r(p™). (3.14)

Bdi vi bo tach tin hieu SQRD-GGDex sit dung ki thuat triet nhiéu noi
tiép c6 sap xép dé khoi phuc cac ky hiéu tin hiéu phat nén pham chat BER
cia n6 t6t hon ZF-GGDex. Tuy nhién, pham chat ctia n6 lai chiu anh huéng
manh béi hien tuong truyén 16i bén trong mdi he théng con. Anh hudng ciia
hién tugng truyen 16i trong SQRD-GGDex sé duge giam thiéu dang ké néu
tat ca [, ky hiéu tin hiéu phat trong hé thong con thi k dng véi [, véc to

kénh truyen tot nhat. Dieu dé c6 nghia la, [, ky hieu thuoc tang tach tin hieu
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dau tien 1a nhitng ky hiéu t6t nhat trong tong s6 N ky hiéu da phat, [, ky
hieu tiép theo la cac k¥ hiéu t6t nhat dng véi [, véc to tot nhat trong tong
s6 (N —1,) véc to kenh truyéen con lai, v.v.

Xac suat dé tat ca L he théng con tach tin hieu véi hien tugng truyen 16i

1a nho nhat, Pr(A), duge xac dinh béi:

Pr(A) = 1:[ ! . (3.15)
f=0 [ N—fl,
la

Cong thiic cho ta thay khi L cang 16n thi 4nh huéng cta hién tuong
truyen 16i cang cao va ngudc lai. Chinh vi thé, pham chat 16i bit ctia bo tach
SQRD-GGDex cang kém khi s6 hé thong con L dugde chon cang cao.

c) B0 tach ZF-Presorted GGDex va SQRD-Presorted GGDex

Nhu da dé cap 6 trén, hién tugng truyen 16i tich lily xay ra khi triet nhiéu
khong hoan hao giita cac tang tach tin hiéu sé lam giam pham chat BER cia,
cic bo tach duge dé xuat. Vi thé, Muc nay thuc hién sip xép lai ma tran
kénh truyen ctia hé théng dé gidi quyét van dé trén nhu sau.

Dua trén phuong trinh , tong cong suat tin hiéu trén tap am cia hé

théng con thtt k (ky hieu 1a TSN R®) duge xac dinh nhu sau:
trace <E [((Pkask) (Pkask)H)D

trace (E [(Pknm) (Pknex)HD
(1B |G Py

_ SHE < (LB |GE 3.16
AR (la ) [| G| (3.16)

Cong thitc ([3.16]) cho ta thiy chuan Frobenius ctia ma tran Gy, gitt vai tro

TSNRW® —

quan trong quyét dinh gi6i han trén cia TSN R™. Chuédn Frobenius ctia Gy

cang nhé thi TSN R™ cang nhé v do d6 lam gidm pham chit BER cta heé
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théng. Bén canh do, pham chat tach tin hiéu tai tang tht nhat c6 anh hudng
16n nhat dén viéc gidm anh hudng ctia hién tugng truyen 16i. Nhitng nhan
xét néu trén cho phép ta dé xuat mot quy trinh sap xép lai ma tran kénh
truyen md rong U,,. Trong quy trinh nay, cac cot clia ma tran U, dudc sap
xép theo thit tu chuan Frobenius ciia chiing giam dan, tic 1a cot dau tien c6
chuan 16n nhat, tiép theo la c¢ot c6 chuan 16n thit hai v.v.

Ve mat toan hoc, cac cot clia ma tran U,, sau khi dudc sap xép lai sé tao

ra ma tran méi, U,, 5, va mot véc to hoan vi p nhu sau:
U, p] = Sort (Uy,), (3.17)

trong d6 Sort(.) 1a phép toan sip xép lai cic cot clia ma tran. Ma tran sau

. ~ < £ - ~ ~ y . ? ~ 2
khi da sap xep, U,, 5, c6 cac cot, ul, o J=1,2, ...IN, théa man Hu1 H >

ex,s

[z, "> > |

er,s ex,s

’ 2

Khi U,, , da dugc xac dinh, ta st dung quy trinh tach tin hiéu ZF-GGDex
hay SQRD-GGDex dé uéce lugng véc to tin hieu phat, X. Cudi cling cac phan

ti clia X dugce sap xép lai theo véc to hoan vi p nhu sau:
x = x(p). (3.18)

Hinh 1a két qua mo phong T'SN R ciia hé thong con thit nhat theo
pu/0? khi kenh truyén U,, duge sip xép va khong sip xép. Trong chuong
trinh mo phéng, s6 lugng hé théng con duge tao ra L lan luot 1a 2, 4 va 8.
Két qua mo phoéng cho thiy tong cong suat tin hieu trén nhiéu ctia hé thong
con thit nhét ty lé nghich véi sé tang tach tin hieu L. Ro rang 1a TSNRW
dugc cai thién 1o rét khi ma tran kénh truyén U,, dudc sap xép lai cac cot
nhu ([3.17). Két qua la pham chét 161 bit ctia cdc bo tach tin higu ZF-GGDex

va SQRD-GGDex khi sip xép lai kenh truyén dudc cai thien dang ké. Cac
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30 T
—— TSNR, khdng sap xép kénh truyén, L=2

— B — TSNR, c6 sap xép kénh truyén, L=2
—&A— TSNR, khéng sap xép kénh truyén, L=4
2511 — A — TSNR, b sap xp kénh truydn, L=4

—¥— TSNR, khdng sap xép kénh truyén, L=8 ~
— % — TSNR, c0 sap xép kénh truyén, L=8

20

15

TSNR (dB)

10

5 10 15 20 25 30
SNR (p,/0?) dB

Hinh 3.2: TSNR ctia hé thong con thi nhat theo p,/o? khi ¢6 va khong c6 sap xép
kénh truyén trong 10* vong lap cho hé théng c6 cau hinh nhu sau N, =
N=6ivaL =248

bo tach tin hiéu nay dugc dat tén la ZF-Presorted GGDex, SQRD-Presorted

GGDex va duge tém tat trong Bang [3.2

3.1.4. Phan tich do phiic tap

Dura vao tién trinh tach tin hieu trong thuat toan GGDex ta thay do phiic
tap clia cac bo tach tin higu dé xuat bao gom hai phan: 1) s6 flop can thiét
dé tao ra L he théng con ting véi L tang tach tin hiéu va 2) do phic tap khi
ap dung cac bo tach tin hieu ZF vad SQRD truyén thong trong cac hé thong
con. Diéu dé6 c6 nghia & do phic tap tinh toan clia cac bo tach duge dé xuat

sé dude xac dinh dya vao mdi quan hé sau day:

CDZ — Cpre + Csube7 (319)
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Bang 3.2: Tach tin hiéu trong ZF-Presorted GGDex/SQRD-Presorted GGDex

Pau vao: y,U, K, Ny, L
Piu ra: %

1: Chuyén hé théng sang dang md rong tuong duong: yex= [ yI o% }T; Uex =

o ]

Dit gia tri khéi tao ctia véc to hoan vi: p = (1, 2,..., N)T.
fori=1:N

norm; = ||ul||2 =ulfu;; % u; 1a cot thit ith clia Uey.
end for
fori=1:N

k; = arg max ;_; ymnorm
Hoan vi cot thi ¢ va thit k& clia ma tran Uegyx va véc td hodn vi p.
end for
Thyec hién tir dong 3 dén dong 15 clia thuat toan GGDex, trong dé ap dung tién trinh tach tin
hieu ZF (hodc SQRD) truyén théng trong tit ci cic hé thdng con vi thu duge %.
: S&p xép lai cac phan t clia % nhu sau: x = x(p).

=
=

[y
=

trong d6 Cpy~ v Cypp lan lugt 1a do phic tap ctia bo tdch D-GGDex va
s6 flop can thiét dé thuc hieén tha tuc tach tin hiéu D truyén théng trén tat
cd L he théng con (D c6 thé 1a ZF hosic SQRD); Cpre 1& do phiic tap dé tao
ra L heé thong con.

*, Tinh C,,;_p: Bdi vi kich thude ctia L hé thong con 1a bang nhau nén
do phtic tap tinh toidn ctia cidc bo tach tin hiéu truyeén thong trén hé thong
con thi kk = 1,2,..., L, (ky hiéu la C,(jk)) 1a nhu nhau cho tat ci cac he
thong con nén Cypp = LC}?’. Bén canh d6, ma tran trong s6 clia bo tach
ZF trong tang téch tin hieu cudi cing (tie G = GF~DT) da dugc tinh toan
khi tao ra hé thong con thit L —1. Vi vay, ta bd qua do phtic tap tinh toan cia
téch tin hieu ZF trén he théng con thit L va khi d6 Cyy_zr &~ (L — 1)CU2.

Dua vao do phtc tap clia cic bo tach ZF va SQRD truyeén théng trong
Chuong 1, ta xac dinh duge C l()k ) mot cach dé dang bang cach thay N, va N

trong céc cong thiic tinh do phtic tap ctia bo tach ZF/SQRD truyén thong
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(xem trong Béng lan lugt béi b = (N, + N) va l, = nNy. Két qua 1a,

Cyup—p ducc xac dinh nhu sau:

Coup_zr ~ (L — 1) [812 + 1612b — 21% + 61,b — 21,] (flop) (3.20)

Ciw-sqrp = L [612b + 512 + 121,b + 31,] (flop). (3.21)

*. Tinh C,,.: Dé tao ra L hé théng con ta can tinh toan L — 1 lan ma

tran Gy, va céc véc t0 Y, Yey1. V1 thé, Cp duge xac dinh béi:

L-1
Core = Y [Ca, + G5, + Cyya] (3.22)

k=1

trong do6 Cy, , dudc xéc dinh béi cong thite (3.8); Cg, va Cy, duge tinh nhu

k+1

dong (6) va (7) ciia Bang [3.1] Dé don gian héa vige tinh toan, ta tinh Cp,

rieng 1é vdi Cg va (5, va viét lai phuong trinh (3.22) nhu sau:

™~

-1

Cpr@ = |:CPk + Cék + C?k + Cm+1] : (3.23)

1

el
Il

Luu ¥ rang thuat toan GGDex dudc xay dung trén hé thong md rong tuong
duong nén cac phan tit clia ma tran kénh truyen, véc to tin hiéu thu va véc
to tap am gom ca cac phan tit biang khong, phan ti thiyc va phitc. Vi vay,
cac loai dit lieu nay can dudc tinh toan chi tiét dé ddm bao do phic tap cia
cac bo tach 1a chinh xac. Goi @ = N — kl, v viét lai cac ma tran G® va

G, dudi dang:

[ A0 | A
0
GH=1|ow |:q.=| " |, (3.24)
D® D:
B B i 01 ]
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voi A% va Ay 1an luot 1a cac ma tran gdm céac phan ti phic c6 kich thudce
N, x a va N, x l,;; D® va D,, 1a cac ma tran dudng chéo kich thuéc a X a
va [, X l, v6i cac phan tit thuoc duong chéo chinh ciia ching 1a cdc phan ti
thuc; 0%, 0, va 0y, 1a céc ma tran khong c6 kich thude 1an luot 1a kl, x a ,
(k—1)l, x I, va (N —kl,) X l,.

Dura vao cac dinh nghia trén va luat dém flop trong Chuong 1 ta xac dinh

duge Cp,, Cé’k’ Cy, va C, nhu sau:

Cp, = 24a*N, + 2a + 8a® — 4aN, + 8N,Na — 2N, N

+ 8N, kal, — 2N, kl, + 2aN + 2akl, +2a* + b (flop).  (3.25)

Cg, = 8bl.N, + 2bl, (flop). (3.26)
C5, = 8b* — b (flop) . (3.27)
Cy, = 8N,l, — 2N, +2Nl1, + 2b (flop) . (3.28)

Vi thé, s6 flop can thiét dé tao ra L he thong con, C),, 12

Cye = (L — 1)[8bL,N, + 2bl, + 8b* + 8N,l, — 2N, + 2Nl, + 2b — 2N, N]

L-1

+ ) [24a’N, + 2a + 8a® — 4aN, + 8N, Na + 8N, kl,a — 2N, kl,
k=1

+ 2aN + 2akl, + 2a] (flop) . (3.29)

Khi C

ore V& Cgp—p da duge xac dinh thi do phiic tap ctia cac bo tach tin

hieu ZF-GGDex va SQRD-GGDex dé dang dugce tinh béi moi quan hé trong
cong thie (3.19)).
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*. Tinh do phic tap cua cac bo tach ZF-Presorted GGDex va
SQRD-Presorted GGDex:

Tién trinh tach tin hiéu trong cic bo tach ZF-Presorted GGDex va SQRD-
Presorted GGDex chi khac véi ZF-GGDex va SQRD-GGDex bdi thii tuc sap
xép lai kenh truyén (dong 2 dén dong 9 trong Bang [3.2). Do d6, do phiic tap
ctia cac bd tach ZF-Presorted GGDex va SQRD-Presorted GGDex (ky hiéu

1a Cp,e_p ) duge xac dinh nhu sau:
Cpre-p = Cps + Chresorted; (3.30)
trong d6 Cpresortea 12 50 flop can thiét dé sdp xép lai ma tran kenh truyeén va
Coresortea = 5 (N* + 16N — TN) (flop). (331)

Do phiic tap clia cac bo tach tuyén tinh, SQRD truyén thoéng va cic bo

tach tin hieu dé xuét duge tém tét trong Bang [3.3|

Bang 3.3: Do phitic tap clia cac bo tach tin hiéu truyen thong va ZF-GGDex, SQRD-
GGDex, ZF-Presorted GGDex va SQRD-Presorted GGDex

| Bo tach tin higu | S6 flop can thiét dé uSc lugng 01 véc td tin higu phat |
ZF 8N® + 16N?N, —2N? + 6NN, — 2N
MMSE 8N? 4+ 16N?N, — 2N? + 6NN,
SQRD 6N%N, + 5N? + 12NN, + 3N
BLAST 2N*+2N3N, + N’°NZ 4+ N (16N, — 2)
(L —1)[8bl, N, + 2bl, + 8b* + 8N, z — 2N, + 2N, + 2b — 2N, N
ZF-GGDex +812 + 16120 — 212 + 61,0 — 21, + Z [24a®N, + 2a + 8a®

—4aN, +8N,Na + 8N, kl,a — 2N, k:l + 2aN + 2akl, + 2a?]
L[6I%0 + 512 + 121,56 + 31,] + (L — S5 N, + 200, + 852

SQRD-GGDex +8N,lq, — 2N, + 2Nl, + 2b — 2N, N| + Z [24a®N, + 2a + 8a®
—4aN, + 8N, Na + 8N, kl,a — 2N, kl, + 2aN + 2akl, + 2a?]
ZF-Presorted GGDex CzF_GGDex + % (N2 + 166N — 7N)

SQRD-Presorted GGDex | Csqrp-GGDex + 3 (N° + 16bN — 7N)
*, Ghi cht: N = KNp;a=N —kl,; b= N + N,; l, = nNrp

Két qua tinh toan trong Bang [3.3| cho ta thay bac phic tap cao nhat cla

cac bo tach tin hieu duge dé xuat 1a N3, tic 1a ching c6 ciing bac phiic tap
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v6i cac bo tach tin hieu ZF va MMSE truyén thong.

120 T T T T T T
—k * "
O zr 32.8 =
100 || —k— mmSE Y 3
—H— SQRD 26—~ -
BLAST -
— B — ZF-GGDex 32.4
80 H — ©-— SQRD-GGDex .=
— & — 7F- presorted GGDex 320 T
o —-¥-— SQRD- Presorted GGDex | | _ .= %
S —®— ZF-GD (MMSE-GD) 2 SR »
< ~
w60t 4 798 8 802,804
Q. / //
2 / g
/ -~
/ -
40 —1_. / /-/
e
P X dhigh
=7
20 -¢-¢-
/-;U
.z
S S S S S S S
OII/ ) I |’ I I I
2 4 6 8 10 12 14 16
L

Hinh 3.3: Do phtic tap clia cac bo tach tuyén tinh, SQRD, BLAST, ZF-GD, ZF-
GGDex, SQRD-GGDex, ZF-Presorted GGDex va SQRD-Presorted GGDex
khi N, = 64,K =16, Ny =4, L=[2: 2: 16]

Tiép theo, Luan an lan luot khio sat do phiic tap tinh toan ctia cic bo tach
tin hiéu nhu cadc ham s6 cia bién L va cau hinh ang ten ctia hé thong (tic N,
va N) nhu Hinh va Hinh . Hinh trinh bay do phtic tap tinh toan
clia cac bo tach tin hieu ZF, MMSE, SQRD, BLAST truyén théng, ZF-GD
(dé xuat trong Chuong 2) va cac bo tach duge dé xuat khi N, = 64, K = 16,
Ny = 4 va L = [2, 16]. Ké qua trong Hinh [3.3] cho thay, cdc bo tach tin
hiéu dugc dé xuat c6 do phiic tap cao hon cac bo tach tuyén tinh, SQRD
truyen thong va ZF-GD nhung thap hon nhiéu so véi BLAST véi moi gia tri
cua L. Do phiic tap tinh toan ciua ZF-GGDex, SQRD-GGDex, ZF-Presorted

GGDex va SQRD- Presorted GGDex 1a tuong dong v6i nhau va ching cé gia
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tri thap nhat khi L = 2. Khi L cang 16n, dac biet 1a L = N, thi thuat toan
yéu cau thyc hién cang nhiéu phép nghich dao ma tran va do d6é do phiic tap
tinh toan cao hon. Do phtc tap tinh todn cao hon ctia cac bo tach duge dé
Xuat so véi cac bo tach tuyén tinh truyén théng va ZF-GD la cai gia dé he
thong thu duge pham chat 16i bit rat cao nhu két qua moé phong 6 Muc ké

tiép ctia Luan an.

20 T T .
—%— MMSE
—<— SQRD
18 | —-%-— BLAST

—%¥F— SQRD-Presorted GGDex, L=2

SQRD-Presorted GGDex, L=4
161 /| —®— SQRD-Presorted GGDex, L=8
;| —®— ZF-GD (MMSE-GD)

14+ ¥ .

=
N
T
~
1

flops x 10°
=

[e¢]

60 80 100 120 140 160 180 200

Hinh 3.4: D6 phtc tap cia bo tach MMSE, SQRD, BLAST, ZF-GD va SQRD-
Presorted GGDex khi N, = N =[60: 20 : 200], L =2, 4, 8

Hinh trinh bay do phtic tap ciia cac bo tach tin hieu MMSE, SQRD,

BLAST, ZF-GD vad SQRD-Presorted GGDex theo s6 ang ten trang bi tai

tram goc v6i N, = N thay ddi trong dai [60, 200] ang ten va L = 2, 4, 8.

Quan sat Hinh ta thay do phic tap ctia cic bo tach tin hieu tang ti le

thuan véi s6 ang ten trang bi trong hé thong. Dac biet 1a do phic tap clia
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bo tach BLAST truyen thong tang rat nhanh khi N, tang. Khodng cach gitta
cac dudng cong biéu dién do phiic tap tinh toan clia cac bo tach dugc dé xuat
cang 16n khi N, va/hoic L tang. Tuy nhién, khi L = 2 thi cac bo tach dé

xuat yéu cau so flop can thiét it nhat.
3.1.5. So sanh pham chat 16i bit

Muc nay trinh bay két qua moé phéng dé so sanh pham chat 15i bit ctia cac
bo tach tin hieu duge dé xuat véi cac bo tach tin hieu ZF, MMSE, BLAST
va SQRD truyen thong va ZF-GD. Cac thong s6 mo phéng dugce thiét lap
nhu sau: N, = 64, K = 16, Ny = 4; cac tin hiéu phat tit cac ngusi dung
duge diéu ché 4-QAM. Ban kinh té bao, 7, va khoang cach tham chiéu d, lan
luot 1a 1000 mét va 100 mét; cac ngudi diing phan bd ngau nhién trong té
bao sao cho khodng cach tit nguoi dung thid k dén tram gbc, dj,, théa man
dy € [200, 990] mét. Suy hao duong truyén v = 3,5 va phuong sai che khuat
O%adow = SAB. Thanh phan tap am duge gia thiét 1a cac bién ngdu nhién
i.i.d c6 trung binh bang 0 va phuong sai bing 0? = 1. Gia thiét rang kenh
truyen gitta cac ngudi dimng va tram goc 1a khong ddi trong khodng mdi 200
ky hicu. Ngoai ra, cong suat clia cac ngudi dung 1a bang nhau va cac duong
cong BER dugc vé theo ti s6 cong suat tin higu tren nhidu p,/o? (dB).

Hinh trinh bay cac duong cong BER ciia cidc bo tach tin hieu tuyén
tinh, BLAST truyen théng va cac bo tach tin hieu duge dé xuat khi s6 tang
tach tin hieu dugc chon la L = 2, 4, 8. Két qud mo phdéng cho thay bo
tach ZF-GGDex cai thien dang ké pham chat 16i bit ctia céc bo tach tin hieu
tuyén tinh truyen théng. Diac biét khi kénh truyeén duge sap xép lai thi bo
tach ZF-Presorted GGDex cho pham chat BER cao hon ZF-GGDex. Khi s6
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Hinh 3.5: Pham chat BER ctia cac bo tach ZF, MMSE, BLAST, ZF-GD, MMSE-
GD, ZF-GGDex va ZF-Presorted GGDex khi N, = 64,K = 16,Np = 4;
L=2 48

luong hé thong con L dude tao ra cang 16n thi hieu qua BER cho béi cac
bo tach ZF-GGDex va ZF-Presorted GGDex cang cao. Cu thé 1a: tai BER=
107% va L = 2, 4, 8 thi bo tach ZF-GGDex cai thien SNR lan lugt khodng
2,2, 4,4 va 6,2 dB so véi bo tach MMSE truyén théng trong khi cac do loi
nay la khoang 15, 18 va 19 dB cho trusng hop ZF-Presorted GGDex. Dic
biet 1a pham chat BER ctia bo tach ZF-Presorted GGDex véi L = 8 tiem
can v6i pham chat ctia bo tach BLAST nhung yéu cau tinh toan thap hon
rat nhic¢u (xem Hinh

Hinh 14 két qui mo phéng pham chat BER ctia cac bo tach SQRD-
GGDex va SQRD-Presorted GGDex khi L = 2, 4, 8. Pham chat ciia cac bo

tach tin hieu nay dong thoi dugce so sanh véi cac bo tach tuyén tinh, SQRD



74

BER

103

—+&— MMSE
—6— SQRD
—¥— BLAST
10-4 | —»— SQRD-GGDex, L=2
—&A— SQRD-GGDex, L=4
—¥— SQRD-GGDex, L=8
— ¥ — SQRD-Presorted GGDex, L=2
— 4+ — SQRD-Presorted GGDex, L=4
— © — SQRD-Presorted GGDex, L=8 |

b 1
o8

0 5 0 15 20 25 30 35 40 45
p/o % (dB)

Hinh 3.6: Pham chat BER ciia cac bo tach tin hicu MMSE, BLAST truyén théng,
SQRD-GGDex va SQRD-Presorted GGDex khi N, = 64, K = 16, Ny = 4,
L=2 438

va BLAST truyén théng. Quan sat két qua trong Hinh 3.6/ ta thay pham chat
161 bit cia bo tach SQRD-GGDex bi suy gidm manh khi L tang. Két qua nay
chting minh nhitng phan tich 1y thuyét vé hién tugng truyen 16i khi L tang
trong Muc [3.1.3] Vi du: tai BER=10"* v& L = 2, bo tach SQRD-GGDex
dat duoc do loi SNR khoang 16,3 dB so v6i bo tach MMSE truyén thong.
Trai lai, khi L = 8 thi do lgi SNR nay gidm xudng chi con khoang 11,6 dB.
Hién tugng suy gidm pham chat BER nay da duge loai b hoan toan néu céc
cot clia ma tran kénh truyén duge sap xép trude khi tach séng. Két qua 1a
bo tach SQRD-GGDex dat dugc pham chat BER bing v6i bo tach BLAST
truyen théng ma khong phu thuoc vao L.

Luu y ring cac bo tach tin hieu SQRD-GGDex va SQRD-Presorted GGDex
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yéu cau tinh toan thap nhat khi L = 2. Vi vay, L = 2 chinh 13 s6 tang tach

tin hiéu t6i vu ciia cac bo tach SQRD-GGDex va SQRD-Presorted GGDex.

3.2. Xay dung cac bo tach tin hiéu dya trén thuat toan tach
tin hiéu theo nhém song song

3.2.1. Y tudng dé xuét

Cac bo tach tin hiéu dua vao cac thuat toan tach tin hiéu theo nhém GD
va, GGDex dugce dé xuat trong Chuong 2 va phan dau ctia Chuong nay dam
bao tot su can bang gitta pham chat 16i bit vi do phtc tap tinh toan. Tuy
nhién, k¥ thuat triet nhidu néi tiép SIC st dung dé tao cac hé théng con trong
cac thuat toan trén yeu cau thoi gian du lén dé xi Iy tin hiéu tai tram gbc va
do d6 tré trong x1t Iy tin hiéu ting cao khi s6 dng ten trang bi trong hé thong
rat 16n. Xuat phéat tit nhuge diem nay, Luan 4n nghién ctu giai phap tach
tin hieu song song va dé xuat thuat toan tach tin hiéu theo nhém song song
goi tat 13 Thuat toan PGD (Parallel Group Detection). Trong PGD, tin hiéu
da phat tir cac nguoi dung duge khoi phuc bén trong cac hé théong con song
song v6i nhau nén thoi gian tré do xi 1y tin hiéu phic tap duge gidm xudng
dang ké. Trén co s6 thuat toan PGD va céac bo tach truyen théng, Luan an dé
xuat 3 bo tach tin hieu mdéi duge dit tén ngan gon 1a ZF-PGD, QRD-PGD
va SQRD-PGD. Céac bo tach tin hiéu dé xuat khong nhiing c6 thoi gian xi
1§ nhanh m# con dadm bao su can bing giita do phiic tap va pham chat 15i bit

ctia hé thong nén rat phit hop dé st dung trong cac hé théng Massive MIMO.
3.2.2. Dé xuat cac bo tach tin hiéu dua trén thuat toan PGD

Mot cach tong quat, ta co thé tao sé hé théng con (ky hicu la L) tuy ¥

théa man diéu kien 2 < L < N. Tuy nhién, phép nghich ddo ma tran cé
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Yex Tao hé théng | Y1 | Bo tach séng | 8
con thir nhat | = 7] con thi nht [ ]
Chuyén A Gl 2 R
A Sap xép T
y,U sang h¢ lai cic | x=|§' §T}
—» tPOl}g véc to b=
N S, va$
tuwong 1 2
dum‘g Yy A yz B h §2
ex Tao hé thong 0 tach séng
> con thir hai ("} con thir hai
—_— ) ?

Hinh 3.7: So do khéi tach tin hiéu bang thuat toan tach tin hiéu theo nhém song song

kich thudc rat 16n dé tao ra mdi hé théng con méi lam cho do phic tap tong
thé ctia bo tach tin hieu dua trén thuat toan PGD tang nhanh theo sé nhanh
song song dugce tao ra. Chinh vi vy, Luan an xay dyng thuat toan PGD chi
gom 2 hé théng con song song v6i nhau (ttic L = 2) nhu Hinh 3.7 nhdm dam
bao yéu cau ve do phtic tap tinh toan thap ddi véi cac bo tach tin hiéu trong
hé théng Massive MIMO.

Tién trinh tach tin hiéu trong Thuat toan PGD gom 4 budc sau day:

Buéc 1: Chuyén hé théng Massive MIMO nguyén ban sang hé théng mé
rong tuong duong.

Buéc 2: Tao hai hé théng con song song v6i nhau. Dé don gian hoa viec
tinh toan va trinh bay, Luan an gid thiét rang kich thuéc ctia cac hé thong
con dugc tao ra trong thuat toan PGD la hoan toan giéng nhau.

Budce 3: Ap dung céac k§ thuat tach tin hieu MIMO truyén théng trong
mdi hé théng con dé uée luong céc ky hieu tin hiéu phat tit cac ngusi dung.

Budc 4: Sap xép lai cac tin hieu da tach & buée 3 theo ding thit tir ma
ching dugce phat di.

Noi dung Bude 1, Buée 2 va Buée 4 duge thyc hién tuwong ty nhu trong
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thuat toan GGDex. Vi vay, Nghién cttu sinh tap trung trinh bay cach tao ra
hai hé thong con song song & Budc 3 nhu sau:

Trude hét, ta viét lai phuong trinh (3.2]) dudi dang:
Yer = G181 + Gasy + 1y, (3.32)

trong d6 G; vd Gy 14 cac ma tran kenh truyén con c6 kich thude b x [,
l,=N/2,b= (N, + N), dugc tao ra bang cach lay lan lugt [, cot dau tien
va [, cot con lai cua U,,. Tuong tu nhu vay, s; va s, la cac véc to tin hiéu
phét gom [, hang dau tién va phan con lai ctia x.

Dé tao ra hé théng con thi ¢ ma 6 do s;, @ = 1, 2, sé duge uéc lugng thi
thanh phan nhiéu (interference) trong cong thic phéi bi triét tieu (tic
13 Gys, d6i v6i he thong con thit nhat va Gis; cho hé thdng con con lai). Dé
lam duge nhu vay, ta thuc hién tuong tiu nhu trong thuat toan GD va GGDex,
lan lugt nhan hai vé ctia (3.32)) v6i cac ma tran triét tieu P, = (Ila — G2G£>
va Py = (Ila — GlGD ta tao dugce hai he thong con song song v6i nhau nhu
sau:

v = Gs, + 1. (3.33)
Vo = Gosy + 1y, (3.34)

~

trong d6 y;, G; va n;, ¢ = 1, 2, lan lugt 1a véc to tin hiéu thu, ma tran
kénh truyén v véc to tap am ciia hé thong con thit i. Ching dudce xac dinh
nhu sau: y; = Piye,, é1 =P,Gy, n, = Pn.,, y» = Puy.,, 6'2 = P,Go,
n, = Pyn,,.

Sau khi hai hé thong con dudgc tao ra, ta ap dung cac bo tach MIMO truyen
thong tren mdi nhanh ctia PGD dé uéc lugng cac ky hieu da phat. Khi ta

ap dung lan luot phuong phap khoi phuc tin hieu ZF, QRD va SQRD truyén
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thong (xem Chuong 1) cho c& hai he thong con thi 3 bo tach tin hieu méi
tuong ting dude tao ra va dude dat tén ngan gon la ZF-PGD, QRD-PGD va
SQRD-PGD. Tién trinh tach tin hiéu ctia cac bo tach tin hieu nay dude tém

tat trong Bang [3.4]

Bang 3.4: Tach tin hiéu bang thuat toan tach tin hiéu theo nhém song song PGD

Dau vao: y,U, K, Ny
Pau ra: x

1: Chuyén hé théng Massive MIMO nguyén ban sang hé théng md rong tuong duong

T o7 17 T 1 r

v [ ¥ 0% )i U= [ U7 (EI0 ]

2: Dat [, = (IV/2) dinh nghia cac ma tran nhu sau: Gy = Uex(:, 1 : 1y), G = Uex (i, lo + 1 : N).

3: Tinh céc ma tran triét tieu P; = (I — GQG;) va Py = (I— GlGD.

4: Tinh céc véc to tin higu thu va ma tran kénh truyén ciia hai hé théng con nhu sau: y1 = P1yex,
G = PGy, y2 = Poyex; G2 = P2Go.

5: Khoi phuc cac véc to tin hiéu con, 8, (k = 1,2), biing cach ap dung ki thuat tach tin hieu
ZF /QRD/SQRD truyén thong trong hé théng con thit kth: yi, Gg.

6: S&p xép lai cac tin hieu da duge khoi phuc nhu sau: x = [ 8] &7 ]T )

Tuong tu nhu trong thuat toan GGDex, Thuat toan PGD cho phép hé
thong thu ducc do 1gi SNR cao nhd vao s6 tai trong cac hé théng con trong
PGD gidm dang ké so vdi he thong nguyén ban, tic 1a 8, = N/ (2b)) <
B, k = 1,2. Tuy nhién, cac phan ti clia cac véc to tap am, ny, k = 1,2,
van c6 trung binh bang 0 nhung phuong sai da bi bién do6i thanh E [n;nf] =
PP # 1. Thém vao d6, thuat toan PGD khong thu duge do lgi do triet
nhiéu néi tiép khi tao ra cac hé théng con nén pham chat 16i bit cho béi thuat
toan nay thuong thap hon thuat toan GGDex. Pham chat BER bi suy giam
trong PGD 1a cai gid can thiét dé lam giam thoi gian tré xit 1y tin hicu nho

vao viéc xut 1y tin hiéu trén hai nhanh song song.



79

3.2.3. Phan tich do phiic tap tinh toan

Dura vao tién trinh téch tin hicu theo thuat toin PGD ta thay, do phiic
tap clia cac bo tach tin hiéu dude dé xuat chti yéu do thic hién 2 hoat dong
sau: 1) Tao hai hé thong con va 2) Khoi phuc §; v §;. Bdi vi hai hé thong
con trong thuat toan PGD c6 kich thudc hoan toan giéng nhau nén do phiic
tap tong thé clia bo tach tin hieu dua trén thuat toan PGD dugce tinh dua

trén moi quan hé sau day:
Csuwp—rep = 2(Cge + Csunp) , (3.35)

trong d6 Clup_pap 1 do phiic tap tong thé clia cac bo tach tin hicu dugc
dé xuat; Cg. vi Cypp 1a do phiic tap dé tao ra 01 hé théng con va s6 flop
can thiét dé thuc thi phuong phéap tach tin hieu sub — D trén hé théng con
do (sub — D 1a ZF, QRD hosic SQRD). Luu ¥ rang, thuat toan PGD ciing
duge xay duyng trén he théng md rong ma trong dé cac phan tit clia ma tran
kénh truyen, U,,, gom ca cac phan tit thic, phan tit phiic va phan ti 0. Do
dé6, Nghién ctu sinh biéu dién lai U,, nhu cong thiic dudi day nham

tinh toan s6 flop duge dé dang va chinh x4c.

F, F,
U, = [Gl Gz] =Dy 0, |, (3-36)
0, D,

v6i Fy va Fy 1a hai ma tran phtc ¢6 cung kich thuée la N, x [, ; Dyva D,
14 cac ma tran duong chéo cé kich thudce I, X [, v6i cac phan tit thuoc duong
chéo chinh 13 cac phan ti thuc; 0; va 0, k¥ hiéu cdc ma tran gom toan céc
phan tit 0 ¢6 kich thude [, X1, , I, = N/2. Sau d6, Cg, va Cyypp trong

dugce tinh toan nhu sau:
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* Tinh Cg,.: Thuc hién tuong tu nhu trong Muc [3.1.4] ta xac dinh duge

C¢. nhu sau:

CGe - Cpl —|— CCN"q —f— Oyl
= N3+ 4N?’N, + 4a*N + N

— NN, +4aNN, — 2aN, + 8aN — a (flop) (3.37)

trong d6 ,Cp,, Cg, va Cy, lan lugt 1a s6 flop can thiét dé tinh ma tran triét
tieu Py, ma tran kénh truyen él va véc to tin hiéu thu y; & dong 4 cua
Thuat todn PGD trong Bang ; b=N,+ N.

* Tinh C,,p :

Vi hai hé théng con trong thuat toan PGD deéu c6 kich thude 1a a X [, nén
C,uwp dé dang dude xac dinh bang cach thay N, va N trong céc biéu thic
tinh toan do phiic tap ctia cac bo tach ZF/QRD/SQRD truyén thong (Xem
Béng lan lugt b6i b= N, + N va l, = N/2. Ta co:

1
3 2 3 2
3, 5., 3

Cubi cling, ta thay két qua trong cac cong thiic (3.38)), (3.39)), (3.40) va

(3.37) vao (3.35) mot cach hop 1y ta xac dinh do phiic tap tong thé clia cac
bo tach tin hieu ZF-PGD, QRD-PGD va SQRD-PGD la:

Cyr_pop = AN® +8N?N, + 8bN? — N? 4+ 8b°N

— 2NN, + 86NN, — 4bN, + 22bN — 2b (flop)  (3.41)
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3
Corp-pap = 2N° + 8N?N, + 8b>N + 3bN? + 5N2 + 6N

— 2NN, + 8NN, — 4bN, + 28bN — 2b (flop)  (3.42)

5)
Csorp—pap = 2N° +8N?N, + 8b>N + 3bN? + 5N2 + 5N
— 2NN, + 8bN,N — 4bN, + 28bN — 2b (flop)  (3.43)

Nhu vay, cac bo tach tin hieu dude dé xuat c6 cing bac phiic tap véi cic
bo tach tin hieu tuyén tinh, tiic 1a do phiic tap bac 3 theo N, O (N?). Day 1a

bac phtic tap thap, phit hgp dé sit dung trong cac hé thong Massive MIMO.

—6— MMSE
—=— QRD
—— BLAST
¥ —4—ZF-PGD
25F *
QRD-PGD

SQRD-PGD

— — — ZF-GGDex, L=2

flops x 10°

Hinh 3.8: D6 phtic tap ctia cdc bo tach tin hieu MMSE, QRD, BLAST, ZF-GGDex,
ZF-PGD, QRD-PGD va SQRD-PGD khi N, = N = [60 : 20 : 200]

Hinh [3.§/mo t4 do phitc tap cia céc bo tach tin hieu MMSE, QRD, BLAST

truyén théng va clia cdc bo tach tin hieu de xuat (ZF-PGD, QRD-PGD

va SQRD-PGD) véi cac cau hinh khac nhau ciia hé¢ thong 1a N, = N =
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[60 : 20 : 200]. Quan sat két qué trong Hinh ta thay cac bo tach dudc
dé xuat c6 do phiic tap gan bang nhau va nhé hon rat nhiéu so véi bo tach
BLAST. Khi s6 ang ten dugc trang bi trong hé thong cang cao thi do phic tap
cua cac bo tach tin hieu ZF-PGD, QRD-PGD va SQRD-PGD c¢6 xu huéng
cao hon bo tdch MMSE truyén thong. Sy phtic tap tinh toan cao hon nay 1a
cai gia dé dat dugc pham chat 16i bit rat cao nhu két qua mo phéng trong
Muc [3.2.4] Két qua so sanh trong Hinh ciing cho thay cac bo tach tin
hiéu dya trén thuat toan PGD c6 do phiic tap tinh toan cao hon so véi bo

tach ZF-GGDex.
3.2.4. So sanh pham chat 16i bit

Pham chat 18i bit clia cac bo tach tin hieu ZF-PGD, QRD-PGD, SQRD-
PGD, ZF-GGDex, SQRD-GGDex, cac bo tach tin hiéu tuyén tinh, QRD,
SQRD va BLAST truyén théng duge trinh bay trong Hinh [3.9 va Hinh [3.10]
Cac thong s6 mo phong dudge thiét lap gidng nhu trong Muc ngoai trir
cau hinh ang ten cta he thong (tic 1la N, K va Ny).

Chuong trinh mo phong khao sat 02 cau hinh he théng nhu sau: 1) N, =
64, K =16, Ny = 4va N, = 128, K = 32, Ny = 4. Két qua mo phéng cho
ta thay khi SNR du 16n thi cac bo tach ZF-PGD, QRD-PGD va SQRD-PGD
cai thien dang ké pham chat 16i bit so véi cac bo tach ZF, QRD va SQRD
truyen théng. Cu thé la: Bo tach ZF-PGD dat duge pham chat BER bang
v6i pham chat ctia bo tach MMSE cho ca hai cau hinh hé théng duge chon.
Tai BER=10"%, bo tach QRD-PGD va SQRD-PGD lan lugt thu duge do loi
vé SNR 16n hon 8 dB va 15,5dB so v6i by tdch MMSE truyén théng. Khi

so sanh v6i bo tach SQRD thi do lgi SNR thu dugce tir hai bo tach tin hiéu
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Hinh 3.9: Pham chat BER ciia céc bo tach tin hieu tuyén tinh, QRD, SQRD, BLAST,
ZF-GGDex, SQRD-GGDex, ZF-PGD,QRD-PGD va SQRD-PGD khi N, =
64, K = 16, Ny — 4, 4-QAM
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Hinh 3.10: Pham chat BER clia ciac bo tach tin hiéu tuyén tinh, QRD, SQRD,
BLAST, ZF-GGDex, SQRD-GGDex, ZF-PGD, QRD-PGD va SQRD-
PGD khi N, =128, K = 32, Ny = 4,4-QAM
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nay xap xi 6,5 dB va 14 dB. Két qua mo phéng ciing cho ta thay thuat toan
PGD cho phép cac bo tach tin hieu ZF-PGD va QRD-PGD dat duge pham
chat BER gan nhu tuong dong véi bo tach ZF-GGDex. Tuong tir nhu vay,
SQRD-GGDex va SQRD-PGD ciing c6 pham chat BER gan nhu nhau. Trong
s6 cac bo tach tin hieu dugce khio sat thi BLAST cho phép hé théng thu dugc
pham chét 16i bit t6t nhéat, tai BER=10"* bo tdch BLAST thu dugc do loi
khoéng 3,7 dB so véi bo tdch SQRD-PGD. Tuy nhién, do phtc tap qua 1én
lam cho kha ning ting dung bo tdch BLAST trong cic hé théng Massive
MIMO thue té 1a khong kha thi.

3.3. Két luan

Chuong nay dé xuat hai thuat toan tach tin hieu theo nhém la Thuat
toan tach tin hiéu theo nhém suy rong GGDex va Thuat toan tach tin hiéu
theo nhom song song PGD. Trén co sé hai thuat toan nay, Luan an xay
dung va dé xuat 7 bo tach tin hiéu mdéi c6 tén goi lan lugt 1 ZF-GGDex,
SQRD-GGDex, ZF-Presorted GGDex, SQRD-Presorted GGDex, ZF-PGD,
QRD-PGD va SQRD-PGD. Két qua phan tich do phtc tap va mo phdéng
BER cho thay cac bo tach tin hieu dude dé xuat c6 do phic tap tuong duong
va pham chéat 156i bit cao hon dang ké so véi cac bo tach tin hiéu tuyén tinh
truyen thong. Chinh vi vay, cdc bo tach tin hiéu nay phi hgp dé tng dung

trong cic hé thong Massvie MIMO.



Chuong 4

XAY DUNG CAC BO TACH TiN HIEU CO SU HO TRO
CUA RUT GON DAN

Phan dau ctia chuong nay trinh bay khai quat ki thuat tach tin hiéu c6 su
trg gitip ctia ki thuat rat gon dan. Trén co sé d6, luan an dé xuat cac bo tach
tin hiéu tuyén tinh ¢6 sy trg gitp ctia ky thuat rat gon dan ELR (Element
Based Lattice Reduction) cho hé thong Massive MIMO hoat dong trong diéu
kién kenh truyen chiu anh huéng ctia ca pha-dinh pham vi rong va pha-dinh
pham vi hep. Tiép theo, k¥ thuat rat gon dan ELR duodc két hgp véi cac thuat
toan tach tin hiéu theo nhém suy rong va tach tin hiéu theo nhém song song
nham cai thien pham chat 16i bit ctia hé théng. Dua trén cac mo hinh két
hop nay, Luan an dé xuat cac bo tach tin hieu mdéi gom MMSE-GGD-SLV,
ZF-PGD-SLB va QRD-PGD-SLB. Cudi cung la phan tich do phtic tap tinh
toan va pham chat 16i bit ctia tat ca cac bo tach tin hieu dé xuat. Nhitng noi
dung trinh bay trong chuong nay dugdc cong bd trong cac cong trinh sd 5 va

A

sO 6.
4.1. Y tudng dé xuét

Xudt phéat tit nhuge diém ctia cac thuat toan tach tin hieu theo nhém
(GGDex va PGD) la dac tinh thong ké bac hai ctia thanh phan tap am trong

cac hé théng con ctia bi bién doi gay ra hién tuong suy gidm pham chat BER

ctia hé thong. Nghién cttu sinh nhan thay néu anh hudng ctia thanh phan tap

85
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am nay dugc loai trit thi pham chat BER cho béi cac thuat toan nay sé dudc
cai thien. Rut gon co s dan (lattice basis reduction) thuong duge goi ngén
gon la rat gon dan (LR: Lattice Reduction) 1a mot trong cac giai phap rat
hitu ich lam giam sy anh huéng cua tap am. Khi kj thuat LR dugce st dung
thi &nh hudng ctia tap am va nhiéu trong hé thong gan nhu bi triét tiéu hoan
toan nén pham chat BER ctia he thong dugc cai thien 1o rét [64]. Chinh vi
thé, nghién ctu két hop mot cach hop 1y cac thuat toan tach tin hiéu theo
nhém véi cac ki thuat rat gon dan la van dé nghién citu kha thi dé cai thien
pham chat tach tin hiéu ctia hé théng. Céac wu diém ctia mo hinh két hop céc
thuat toan tach tin hieéu theo nhém va rat gon dan duge tém tat ngan gon

nhu sau:

e Céc bo tach tin hiéu xay dung trén cdc mo hinh két hop cac thuat toan
tach tin hieu theo nhém va LR c¢6 pham chat 18i bit cao do ké thira dugc

toan bo céc wu diém cta tach tin hidu theo nhém va LR.

e Bing cach st dung thuat toan rit gon dan c6 do phic tap thap, cac bo
tach tin hieu dugc dé xuat trong chuong nay c6 cing bac phtc tap tinh
toan véi cac bo tach tin hiéu tuyén tinh truyén théng nén phit hop dé
ting dung trong cac hé thong Massive MIMO.

4.2. Tong quan vé tach tin hiéu c6 su hb trg cuia rit gon dan

4.2.1. Dinh nghia dan va riat gon dan

Dan £ c6 kich thuée N, dugc dinh nghia 1a tap hop tat ca cac td hop

tuyén tinh nguyeén cic véc to cot clia ma tran U c6 kich thuée N, x N nhu
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sau [66]:
L=L(U)= {Zaiui, a; ez}, (4.1)

trong do tap hop céc véc to cot cia U, {u;, i =1, 2, ..., N}, dugc goi 1a co
sé ctia dan £. Nhin chung, mot dan £ c6 thé dugce tao ra tit nhiéu co sé hoic
ma tran khac nhau nhung ching déu c6 chung mot dinh thitc [64].

Rit gon gon dan LR 1a phép bién déi mot co sé cho truée U thanh mot
co 6 mai UL mp trong do6 cac cot ctia no6 tryc giao ting cap t6t hon trong
U ma khong lam bién déi dan [66]. Mdi quan he gitta U va U x4c dinh
béi [34./64./66]:

U = UT, (4.2)

v6i T 1a ma tran don modula (unimodular matrix) ¢6 dinh thic det (T) = £1
va cac phan tit ctia T vad T~! nhan céc gia tri nguyén. Ma tran T dugc xéc
dinh bang cach ap dung cac thuat toan rat gon dan cho ma tran U. Thuat
toan rat gon gian LLL (Lenstra Lenstra Lovasz) dugc cac tac gia dé xuét
trong [67] 1a thuat toan LR kha phd bién thuyc hién rit gon co sé U thuc
bang phuong phap truc giao Gram-Schmidt. Sau do, cac thuat toan LR thuc
hién tryc tiép trén co sd phic da duge dé xuat nhu thuat toan LLL phitc
(Complex LLL) [68], thuat toan SA (Seysen’s Algorithm) [69-71] va thuat
toan ELR (Element based Lattice Reduction) [66]. Trong cac thuat todn néu
tren, ELR 1a thuat toan xac dinh UTR) ¢6 cac cot truc giao ting cip tot
nhat v6i do phiic tap tinh toan kha thap, phit hop dé 4p dung cho cac co sé
c6 kich thuée rat 16n. Chinh vi thé, Luan an st dung ELR dé xay dung cac
bo tach tin hiéu cho hé thong Massive MIMO c¢6 hé s6 tai cao nhu trinh bay

trong cdc muc tiép theo ctia chuong nay.



88

4.2.2. Tach tin hiéu tuyén tinh c6 su hd trg cta rit gon dan

Xét dudng lén he thong Massive MIMO trong (tic y = Ux + n).
Tt dinh nghia dan ta dé& dang nhan thiy néu bd qua thanh phan tap am,
n, thi Ux dugc xem nhu dan £ v6i co sé U duge t6 hgp tuyén tinh béi tap
cac s6 nguyén la cac phan tii cia X. Vi phép bién d6i U dé thu duge ULH
truc giao hon ma khong lam bién doi dan £ nén ki thuat LR c6 thé ap dung
cho céc bo tach song nham cai thién pham chat BER ctia hé théng. Phuong
phap tach tin hiéu st dung ky thuat LR dugc goi l1a tach tin hiéu c6 sy hd
trg clia 11t gon dan (LRA: Lattice Reduction Aided). Dé tach tin hidu LRA,
ta viét lai phuong trinh mo ta hé thong nhu sau:

y=Ux+n
=UTT 'x+n

= U*¢ 4 n, (4.3)

trong d6 ¢ = T'x va ULH = UT. Dya vio mo hinh hé théng mdi trong
(4.3)), ta uGc lugng € bang cach sit dung cac phuong phap tach tin hieu MIMO
truyen thong phit hop. Sau do, ta dung € dé tinh lai X. Gia st phuong phép

tach tin hiéu tuyén tinh dugce st dung thi ¢ dugce uéc lugng nhu sau:

¢ =Wy (4.4)

trong d6 W 13 ma tran trong sb ctia bo tach tin hieu tuyén tinh trong mién

LR va dugc xac dinh bdi (Phu luc A):

(U(LR)HU(LR)) U(LR)H7 7F
WU = (4.5)

(U<LR>HU<LR> + EASTHT)_1 U MMSE
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Luu ¥ ring, cac phan ti cia T7! 1a cac sb nguyén va x gdm cac phan ti
phiic ¢6 phan thic va phan 4o 1a cac s6 nguyén nén cac phan ti ciac = T x
cling 13 cac s6 phiic v6i phan thite va phan 4o 1a cic s6 nguyén. Vi thé, thao
tac luong ti hoa cac phan tit ctia € chinh la phép lam tron phan thuc va
phan 4o ciia chiing dén s6 nguyén gan nhat. Dé thao tac lugng tit héa dudc
chinh x4c thi yéu cau can thiét 13 cdc phan ti clia ¢ phii ndm trong tap hop
gom cac s6 nguyeén lien tiép. Do vay, néu cac tin hiéu phat x dugc diéu ché
M-QAM, biéu dién béi tap cac s6 nguyen khong lien tuc, thi ching can dugc
dich chuyén va 1ay ti l¢ (Shift and Scaling) [34}64,66]. Goi m = log (M),
a=1/2,7=(m—1)(1+7)/2 va thuc hién dich chuyén va lay ti l¢ doi

v6i X nhu sau: X = ax + 7. Khi d6, tin hiéu phat trong mién LR tré thanh:
c=T"'x=ac+nT '1y. (4.6)

Duya vio moi quan hé trong cong thiic (4.6)), quyét dinh cting ctia cdc phan

tt ctia véce to wée lugng € trong (4.4)) 1a:
1 - -
¢ = a ((CKC+77T711NJ —77T711N> . (47)

Khi ¢ da dugc xac dinh thi ta dé dang tinh todn dugc gia tri wéc lugng
cua x la:
x = Te. (4.8)
Cudi cling X tiép tuc duge luong tit hoa dé thu dude véc to tin hieu tai
dau ra bo tach tin hieu 1a X = Q (X).
Ti tién trinh tach tin hiéu tuyén tinh c6 sy hd trg cia rat gon dan néu
trén ta thay 16i tach tin hiéu xdy ra cht yéu khi u6c luong ¢, xac dinh béi

e = C — c. Sai s6 binh phuong khi uéc lugng cac ky hiéu tin hiéu phat bdi
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cac bo tach tin hiéu tuyén tinh trong mién LR 1a cac phan ti thuoc duong
chéo clia ma tran higp phuong sai 16i, P=E [ee”], xac dinh bdi cong thiic
duéi day.

H

T (UYU) " (T! ZF — LRA
o — ( ) (T7)7, (49)

T (UMU 4 2L,) (T, MMSE ~ LRA

Nhu vay, sai s6 u6c lugng ctia tach tin hiéu tuyén tinh trong mién LR phu
thuoc vao ma tran T va bao ham 16i udc luong ciia bo tach tuyén tinh thong
thuong trong cong thite (1.14). D& thay rang néu T duge xac dinh mot cach
hop 1y sao cho cac phan ti trén dusng chéo chinh ctia ® gidm thi pham chat
BER ctia hé théng luon duge cai thién. Trong cong trinh [66], cac tac gia
da dé xuat thuat toan rat gon dan ELR c6 pham chat t6t va do phtc tap
khé thap dé xac dinh T bing céch t6i thiéu cac phan tit thudc duong chéo
chinh clia ma tran hiép phuong sai 16i cho bdi bo tach tin hieu ZF truyen
thong, &=(UA U)_l. Thuat toan nay gom hai phien ban dé la toi thicu véc
to dai nhat (SLV: Shortest Longest Vector) va tdi thicu co s6 dai nhat (SLB:
Shortest Longest Basis). Trong SLB, ma tran T dugc xac dinh sau khi rit
gon tat cd cac phan tit thuoc duong chéo chinh ctia ® trong khi d6 SLV chi
t6i thidu duy nhat mot phan tit c6 gia tri 16n nhat thuoc duong chéo chinh
ctia ® . Phuong phap rit gon dan bang thuat toan ELR dugce trinh bay chi
tiét trong Phu luc B va tém t&t trong Bang [4.1]

Céac bo tach tin hieu tuyén tinh trong mién LR sit dung thuat toan SLV va
SLB dugc dat tén lan luot 1a ZF-SLV, MMSE-SLV, ZF-SLB va MMSE-SLB.

Hinh biéu dién ham ECDF trong 10 vong lap ctia bo tach MMSE c6

va khong c6 sy hd trg ctia rat gon dan SLV ap dung cho hai ciAu hinh hée
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Bang 4.1: Thuat toan rut gon dan ELR

Pau vao: U
Dau ra: UEH) T

~ SO |
Khdi tao U= U; T =1Ty; @ = (U70)
Do
Tim chi s6 j sao cho @, ; 1a gia tri 16n nhat trong N gia tri ciia ® % SLV
Tim chi s6 j sao cho ®; ; 1a gid tri 16n nhat ciia ® ¢6 thé rut gon duge % SLB

Ng=—| 3] vizs

. 2 N .
6: Tinh A, j = — A ;|" ©; s — Ajj®ij — Nij®;; va chon i = arg 771532é AV
’ ’ i=1:L;i#j

7. If i:?:lz%f;éin’j = 0 nhay tdi (13)

8 If A;; =0,Vi,j =1: N nhay téi (13)% SLB
9: t; = t;» + )\m-t;; % t; is jth column of T

10: ¢; = @; + N j¢i; % ¢; 1a cot thit jth cla @
11: ¢F = ¢J + N\ j¢'; % @7 1a hang thit jth cta @
12: While (true)

13 Ty = (T/—l)H; UR) — UT,

thong 1a N, = N = 64 va N, = N = 128. Két quad mo ta trong Hinh
cho thay 161 udc lugng 16n nhat tng véi ky hieu thi j (tic @, ;) luon duge
giam thiéu dang ké khi c6 sut hd trg ciia ki thuat rat gon dan SLV. Két qua
la pham chat BER ctia bo tach MMSE-SLV dugc cai thien dang ké so véi
bo tach MMSE truyén théng. Tuy nhién, do kich thuéc ctia hé théong khong
thay doi khi chuyén sang mién LR nén hé sb tai ctia hé théng ciing khong
thay doi. Do d6, pham chat BER cho béi cac hé théng cé he sb tai cao bi
han ché dut cho cac phuong phap tach tin hiéu cé sy hd trg ctia rat gon dan
duge stt dung. Dé khic phuc nhuge diém nay, Luan an dé xuat két hop céc
thuat toan tach tin hiéu theo nhém véi kj thuat rat gon dan SLV va SLB
nham khai thac tat cd cac uwu diem va khac phuc cidc nhuge diém cia céc
thuat toan tach tin hiéu theo nhém va ELR nhu trinh bay trong cac Muc

va [4.4] dui day.
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Hinh 4.1: ECDF ctia max (®; ;) trong 10° vong lap cho bdi bo tach tin hieu MMSE khi
c6 va khong c6 st ho trg ciia SLV v6i hai cau hinh hé thong N, = N = 64 va
N, = N = 128; Kénh truyén dugc thiét 1ap béi p,/»2 = 20dB, dy = 100m,
100m < d; < 990m, 0% ,400 = 8dB, 4QAM va v = 3,5

4.3. Xay dung bo tach MMSE trén mé hinh két hop GGD-SLV
4.3.1. Thuat toan GGD

Chuong 3 da trinh bay thuat toan tach tin hiéu theo nhéom suy rong xay
dung trén hé théng mé rong tuong duong cho pham chat 16i bit cao va do
phiic tap tinh toan phit hop véi cac hé thong kich thude 16n nhu Massive
MIMO. Thuat toan nay ciing c6 thé xay dung tric tiép trén hé théng
dé giam do phiic tap tinh toan béi vi kich thuée cia ma tran kenh truyen U
nhé hon nhiéu so véi ma tran kénh truyén mdé rong U,, trong . Ké thira
két qua trong chuong 3, Thuat toan tach tin hiéu theo nhém tong quat xay
dung tryc tiép trén hé théng (goi tat 1a thuat toan GGD) dugc trinh
bay trong Hinh [4.2| gom 4 budc co ban sau day:
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Y=y, .
>[Tso0n¢ ting] 1 Khoi phuc § HI
(ﬁ con thir 1 ~ Tl
G 1
i o Loai b6 4nh
Gl y g huéng ciia §, le— Y,
2 T
y y 3
| Taoné théng | Yo N . el <z s Siip xép
Sip xép lai q (Z)] con thi2 ~ Khéi phuc s, " sap xep céc phin X
G p X
A o Tao cac ma G cic véc to AP
cac cot cua S — 2 trcua X H—»
—»| matrin : ® i »| Loaibéanh S.i=12.L theo véc to
U kénh (Gk, G ), (}2 y hutng cia S, le— Y, ! hodn vi
Cven k=12,..L V 3 T p
YL .
G s S,
L | Kndiphyc s »
Lp )

Hinh 4.2: So do khéi thuat toan téch tin hiéu theo nhém suy rong GGD

e Budc 1: Sap xép lai cdc cot ctia ma tran kenh truyeén U trong (1.6) va

thu duge ma tran U, thoa man Huf},l)H2 < Hqu)HZ < ... < HugN)H2 va

véc to hoan vi p.

e BudGc 2: Tao L heé théng con v uée lugng cac ky hiéu da phat tng véi

cac hé thong con ay.

e Budc 3: Sép xép cac ky hieu da dude uée luong tit cac hé théng con dé

tao ra véc to tin hiéu ude luong toan cuc X,.
e Budc 4: Sap xép lai thit tu cidc phan t clia X, theo véc to hoan vi p.

Cac budc ké trén duge tién hanh hoan toan tuong tu nhu trong Muc 3.1. Do
thuat toan GGD dudc xay duyng tric tiép trén hé thong nén ta can chu
¥ mot s6 diém sau day:

Luu y 1: Cac ma tran kénh truyén ék € CNxla [, = N/L, va véc to tin

hieu thu y, € CV*! ting v6i he théng con thi k, k = 1,2,..., L, tao ra &
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Buéce 2 trong thuat toan GGD duge xac dinh nhu sau:

p
~ Pka, k<L
Gk =« 5 (410)
G, k=1L
\
(
N Pkyk:a k < L
Yi = § : (4.11)
Yo, k=1L
\

trong d6 Gy, = U, (&, (k — 1)l, +1: kl,), P = (Iy, — GHGW) G® =
U,(:, kly+1: N)vayr=yir1— G181

Luu y 2: Ta c6 thé sit dung cac bo tach tin hisu MIMO truyén théng nhu
cac bo tach tin hieu tuyén tinh trong he thong con thit k (ting véi ma tran kénh
truyen G, va véc to tin hieu thu Vi) dé udc luong S;, € Cl*!. Tuy nhién, ma
tran trong sb chinh xac ciia bo tdch MMSE, W= (égf Gy + 4Pl Pk> o GH,
khong thé thye hien béi vi thanh phan (ég Gy + AP/ Pk) gan don diew.
Khi do6, ta xap xi ma tran trong s6, W, thanh W= (ékHék, + ELSIN> -1 ékH
Do dé6, s, va ma tran hiép phuong sai 161 khi uée lugng s, (ky hieu la &)

dugce xac dinh nhu sau:

_ ~ 1 o
Sk ~ <G£Gk + EIN> G/ Vi, (4.12)

o 1 -1
Luu y 3: Thuat toan GGD tao ra cac hé thong con dya trén hé thong
(1.6) nén he s6 tai ctia cac he théng con trong GGD 1a 8, = [,/N,. Cac he
s0 tai nay 16n hon nhiéu so véi trong thuat toan GGDex (tuc [,/ (N, + N))
nén pham chat 16i bit cho bdi thuat toan GGD thap hon dang ké so véi céc

thuat toan tach tin hiéu theo nhém md rong dé xuat trong chuong 3. Két hop
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GGD véi SLV mét cach hop 1y 1a giai phap kha quan dé khic phuc nhuge
diém nay.
4.3.2. Bo tach tin hiéu MMSE- GGD-SLV

Veé Iy thuyét, ta c6 thé ap dung céc bo tach tin hieu tuyén tinh c6 sy hd
tro ctia thuat toan rat gon dan SLV, vi du nhu MMSE-SLV, cho tat ca céac
hé théng con 6 Bude 2 trong thuat toan GGD dé cai thien manh pham chat
BER ctia hé théng nhu sau:

Truée hét, bién doi he théng con tha k, k = 1, 2,..., L, tuong tu nhu
trong cong thiic ta co:

Vi = G T T, s, + 0, = G ¢, + 1y, (4.14)
trong d6 é,(fLR) = (N}ka, Cp, = T,;lsk va T}, 1a ma tran don modula thu ducgce
khi thyc hién thuat toan SLV trén ma tran kénh truyéen G, Tiép theo, khoi
phuc ¢, bang phuong phap tach tin hieu MMSE trong hé thong con (4.14))

ta dugc:

_ ~ (LR ~ 1 LR
¢, = (G,g”” G+ ETka) Gy, (4.15)
Do d6, ma tran hiép phuong sai 16i tng véi tang tach tin hieu thi & 1a:
~ 1 -1 "
o, =T," <Gka + EIZ“> (T,')". (4.16)
Tiép theo, tin hieu u6c luong ¢, duge quyét dinh cting nhu sau:
A Lo 1 1
Cr = o (Jecr + 0T, 'L, ] —nT,'1,). (4.17)

Cudi ciing, ta st dung T, dé udc lugng S;: 8, = T1Cy.
Khi ap dung phuong phéap tach tin hicu MMSE-SLV cho tat ci cac tang

tach tin hiéu trong GGD nhu trén sé lam cho do phtc tap tinh toan cta bo
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tach tin hieu tang cao. Hon nita, do kénh truyén da dudc sip xép trude khi
xay dung cac he thong con nén 161 udc luong trong cac hé thong con 1a khong
giébng nhau va hiéu qua tach tin hieu MMSE-SLV trén cac hé thong con ciing
khac nhau. Bé qua anh hudng ciia hién tuong truyen 16i giita cic tang tach
tin hieu trong GGD, Luan an khao sat tong 16i trung binh ciia cac nhém cho
bdi bo tach tin hieu MMSE truyén théng va hiéu qua st dung k§ thuat SLV
trong cac hé théng con nhu sau:

Hinh 4.3 mo ta tong 16i trung binh cho bdi cac hé théng con trong thuat
toan GGD, tic la trace (®y), k =1,2,..,4, khi N, = N = 64, L = 4, kénh
truyen dugc tao ra bédi cac thong so6 duge thiét 1ap chinh xac nhu trong Hinh
4.1 Két quéa biéu dién tren Hinh [4.3 cho thay khi SNR di nhé thi 16i udc
luong 16n nhat xay ra véi he thdong con dau tien trong khi cac hé thong con

con lai c6 161 uéc luong 1a khong dang ke.

2000
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— =+ — Nhém 2
—© — Nhom 3
— % — Nhoém 4
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Hinh 4.3: Tong 16i trung binh ctia timg nhém trong 10* lan thay doi kénh truyén khi
N, = N =64, L = 4, pujz = 20dB, dy = 100m, 100m < d; < 990m,
O-.%'hadow — 8dB 5 ’Y — 3, 57 4'QAM
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Hinh 4.4: ECDF ctua max (Cbkj’j) cho bdi phuong phap tach song MMSE trong 103
vong 1ap khi ¢6 va khong c6 sit hd tro clia rit gon dan SLV déi véi cau hinh
he thong N, = N = 64, L = 4, p,j,2 = 20dB, dy = 100m, 100m < d; <
990m, 0% d0w = 8B , v = 3,5, 4QAM

Hieu qua tach tin hieu MMSE-SLV so v6i MMSE trong céc hé théng con
dugce khio sat diya vio phan tir ¢6 gia tri 16n nhat thuoc duong chéo chinh
clia cac ma tran hiép phuong sai 16i trong cac cong thic va
(tic max (CIij’j) ). Ham ECDF cua max (fbkm) v6i N, =N =64va L =4
trong Hinh cho ta thay phuong phap tach tin hieu MMSE-SLV da cai
thien dang ké pham chat 16i bit cia hé théng con dau tién va giam dan cho
cac tang tach tin hieu ké tiép. Dic biet 1a pham chét tach tin hiéu & cac tang
tach tin hiéu cudi cting ctia phuong phap tach tin hieu MMSE truyén thong
v MMSE-SLV gan nhu khong déi.

Tu nhitng két qua phan tich trén cho ta thay trong bo tach MMSE-GGD-

SLV thi k¥ thuat tach tin hieu MMSE-SLV chi nén ap dung cho hé théng
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con thit nhat, trong khi cic tang tach tin hiéu con lai st dung k¥ thuat tach
tin hicu MMSE thong thuong. Tién trinh tach tin hiéu ctia bo tach tin hicu

MMSE-GGD-SLV dugc nghién citu sinh t6m tét trong Bang [4.2]

Bang 4.2: Thuat toan tach tin hieu MMSE-GGD-SLV

Pau vao: y,U, K, Np, L
Piu ra:

1: Dat N = KNp val, = N/L.
2: S&p xép céc cot clia ma tran keénh truyen,U, dé xac dinh Uy va véc to hoan vi p.
3: Pat GL =Ug(t, (L—1)1l,+1:N);y1 =Y.
4: for k=1: L do
5: if £k < L then
6: Dinh nghia G, = Ug(:, (k — 1)lq + 1: kl,); GF = Ug(:, kl, +1: N);
7: Tinh GFf = (GWAGH - 1GRIT, P, = (I - GFGRT),
8: Tao hé ~théng con thit k trong dé ma tran kénh truyén va véc to tin hiéu thu ctia né duge
Xac dlnh béi Gk = Pka; ;k = PkYk-
9: if £ =1 then
10: Khoi phuc s; bing cach st dung phuong phap tach tin hisu MMSE-SLV déi v6i hé
théng con thit k.
11: else
12: Tich s, bang cach st dung phuong phéap tach tin hitu MMSE truyén théng déi véi he
théng con thit k.
13: end if
14: Triét &nh hudéng ciia §; dé tao hé thdng con ké tiép nhu sau: yr11 = yr — Grs
15: else
16: Khoi phuc §7, bang cach sit dung phuong phap tach tin hieu MMSE truyén théng dbi véi

hé théng con thi L: Y =yLvaGp =Gy,
17: end if

18: end for
19: Sip xép cac ky hieu da dudc udc lugng trong cac hé théng con nhu sau: X, =
T aT T 1T
[sf s - sT] .

20: Sip xép lai cdc phan tit ciia X theo véc to hoan vi p: X = Xs(p, 1)

4.3.3. Phan tich do phiic tap

a) Do phic tap tinh toan ctia b tach tin hieu MMSE-SLV:

Do phitic tap tinh toan ctia bo tach tin hieu MMSE-SLV, Cyyse—sov,
dugce xac dinh nhu sau:

Crumsp—sry = Chew + Csiy, (4.18)

trong d6 C,., 1& sb6 flop can thiét dé thuc hien tach tin hieu MMSE trong
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mién LR; Cgzy 1a ky hieu do phic tap ctia thuat toan SLV.

Luu ¥ rang kich thuéc ctia hé thong khong thay doi khi chuyén sang mién
LR. Hon nita, phuong phap tach tin hitu MMSE trong mién LR chi khac bo
tach MMSE truyéen théng béi thanh phan ELSTHT trong cong thrc , ing
v6i do phic tap 1a 12N? — 2N + 1 flop. Mat khéc, thao tac quyét dinh cing
C trong va xac dinh X trong lan luot can 4N?+6N va SN2 —2N

flop. Vi thé, so6 flop can thiét ctia C,,,, 1a:

Cnew - OMMSE —|— 24N2 —|— 2N + 1

= 8N? + 16 N>N, + 22N? + 6NN, + 2N + 1. (4.19)

Dwra vao Thuat toan SLV trong Bang ta tinh do phtc tap cua hoat
dong rut gon dan, Cgy, nhu sau: Tinh & = (ﬁHﬁ) _lcén thuc hien 8 N3 +
8N2N, — 2N? flop; Xac dinh A; va A, lan lugt c6 do phiic tap 1a 4 va 10
flop, cap nhat ® va T can téng cong 24N flop. Thém vao dé, tinh (T/_1>H
va UCR = UT c6 do phtic tap tinh toan lan lugt 1a 8 N3 va SN2N, — 2N N,
flop. Goi Cy, Ca v Cypaate 12 $6 1an tinh todn trung binh ctia A;x, A, x va 8O
lan cap nhat dé thuc hién thanh cong thuat toan ELR. Khi do, s6 flop can

thiét cua OSLV la:

Cspy = 16N? + 16NN, — 2N? — 2NN, + 4C) + 10CA + 24N C\paate.
(4.20)

Thay (4.19) va (4.20)) vao(4.18)) ta x4c dinh duge do phiic tap tinh toan

cua bo tach MMSE-SLV nhu sau:

Cumspsivy = 24N% + 32N2N, +20N? + 4NN, + 2N + 1

+4C) + 10CA + 24N Cpaate (flop) (4.21)
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b) Do phic tap ciia bo tach MMSE-GGD-SLV:
Dua vao Bang [1.2] do phtc tap ctia bo téch song MMSE-GGD-SLV dugc
xac dinh nhu sau:

Crumse-cep-siv = Csort + Cpre + Coup, (4.22)

trong d6 Cg, 12 do phiic tap ctia thao tac sip xép lai cac cot clia kénh
truyen, Cp,e ky hieu s6 flop can thiét dé tao ra L hé théng con tng véi L
tang tach tin hieu, va Cg,; 14 do phiic tap clia u6c luong cac ky hieu da phat
trong L hé théng con. Luu ¥ ring, do phic tap can thiét dé sip xép cac cot

ciia mot ma tran kich thuée m x n la % (n? + 16mn — 7n) flop nén ta co:

Csort = = (N? 4+ 16N, N — TN) (flop). (4.23)

N | —

Cac thanh phan con lai trong cong thiic (4.22)) duge xac dinh nhu sau:
*. Tinh Cprei
Thuec hién tuong tw nhu Muc [3.1.4] ta tinh duge Cp,. dua vio mdi quan

hé sau day:
L1
Cpre =Y [Cpk +Cg + Cy, + Cy,m] , (4.24)
k=1
trong d6 Cp,, Cc, , ngk va, Cy, , lan lugt 1a do phitc tap cla céc thao tac
k

tinh P, = (Iy, — G"G*), Gy = PyGy, Y1 = Puyi va yiy1 = yi — Gi,
nhu sau:

Cp, = 8a” + 16a’N, — 2a® — 2aN, + 8aN? — 2N? + N, (flop), (4.25)

Ce, = 8N, — 2N,l, (flop), (4.26)

Cy, = 8N? — 2N, (flop). (4.27)

Cy,., = 8N,l, (flop). (4.28)
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O dayl, = N/L,a = N — kl,. Thay (&.25), (4.26), ([.27) va ([#28) vao
(4.24) ta thu dugc:

Cpre = (L —1) (8N?l, + 6N} — N, + 6N,1,)
-1
+ [8a® 4+ 16a°N, — 2a* — 2aN, + 8aN?] . (4.29)

1

~

o~
I

*, Tinh Cgy:
Do phitic tap tinh toan khi uéc lugng cac ky hiéu tin hiéu phat trong cac

hée thong con, Clg,, dude xac dinh nhu sau:

k
Coup = Cz(\?zws&sw + (L - 1)0](\4}\45E7 (4-30)

trong do C](\})MSE_SLV la do phtic tap cta tach tin hieu MMSE-SLV trong hé

théng con dau tien va C o, k = 2,3...L, 1a do phtic tap clia tach tin hieu
MMSE truyén théng trong tang tach tin hiéu thi k. Tt két qua tinh toan do
phiic tap ctia bo tach MMSE-SLV trong va clia bo tdch MMSE truyen
thong trong Bang [1.2] ta co:

O](\})MSE—SLV = 241> + 32I’N, + 200 + 4I,N, + 2, + 1

+4C" + 100 + 241,00, (flop), (4.31)
CM op = 8% + 1612N, — 20> + 61,N, (flop). (4.32)

Cubi ciing, thay (4.31]) va (4.32)) vao (4.30]) dé xac dinh Clg,, va sau dé sit

dung méi quan hé trong cong thitc (4.22) ta xac dinh duge do phric tap ciia
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bo tach MMSE-GGD-SLV nhu sau:

1
CyvmsE—cap-siv = B (N2 + 16N, N — 7N)
+(L-1) [813 + 161N, — 2[> + 61 N}
+ (L —1) (8N?l, +6N? — N, + 6N,l,)
L-1
+ 8a + 16a*N, — 2a* — 2aN, +8N2 ]
k=1

+ 2412 + 32I2N, + 2012 + 41,N, + 21, + 1

+400 +10C00 + 241,00, .. (flop).  (4.33)

Két qua tinh toan trong cong thiic (4.33]) cho thay bac phiic tap tinh toan
cao nhat ctia bo tach MMSE-GGD-SLV 1a O (N?), titc 1a bo tach tin hieu
nay cé cuing bac phic tap véi cac bo tach tin hiéu tuyén tinh truyén thong.

Hinh va so sanh do phtc tap tinh toan cua cac bo tach MMSE-
SLV va MMSE-GGD-SLV véi cac bo tach ZF-GGDex, MMSE va BLAST
truyen thong. Két qua so sanh trong Hinh cho thay khi N, = N =
[60 : 20 : 160] thi do phtc tap tinh toan ctia cac bo tach tin hieu MMSE-
SLV va MMSE-GGD-SLV cao hon bo tach MMSE truyén thong nhung nhé
hon rat nhiéu so v6i bo tach BLAST, tham chi do phtc tap ctia chiing con
thap hon ZF-GGDex (L = 4). Khi L cang 16n thi do phiic tap ctia bo tach
MMSE-GGD-SLV cang cao va ngugc lai. Dac biét 1a bo tach MMSE-GGD-
SLV c¢6 do phiic tap thap hon bo tdch MMSE-SLV va tuong duong véi bo
tach MMSE truyén théng khi s6 tang tach tin hi¢u bang 2 (ttic L = 2). Luu y
rang, do phiic tap cao hon clia cac bo tach MMSE-SLV va MMSE-GGD-SLV
so v6i MMSE la st trd gia cho pham chat 16i bit rat cao ctia ching. Chinh

vi thé, s6 tang tach tin hieu L nén dude lua chon hop 1y dé can bing giita
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pham chat 16i bit cao va do phtc tap ctia hé théng.

T T
—#— MMSE
—— BLAST
—@— ZF-GD
= ¥ = MMSE-SLV
= P = MMSE-GGD-SLV, L=2
- ¥ = MMSE-GGD-SLV, L=4
—»— ZF-GGDex, L=2
—W%— ZF-GGDex, L=4

3.5

N
3

flops x 108
N

15

60 80 100 120 140 160

Hinh 4.5: D6 phic tap ctua cac bo tach MMSE, BLAST,ZF-GGDex, MMSE-SLV va
MMSE-GGD-SLV khi N, = N = [60: 20 : 160]. Bo tach ZF-GGDex va
MMSE-GGD-SIV ¢6 L = 2, 4

Hinh so sanh do phtc tap tinh toan ctia cac bo tach néu trén véi hai
cau hinh hé théng 1a N, = 64,N = 48 va N, = 128, N = 48 tng v6i he
cac he so tai B, = 0,75 va B, = 0.375. Két qua so sanh cho thay, cac bo
tach duge dé xuat c6 do phiic tap tuong duong véi bo tich ZF-GGDex va

MMSE truyén thong Khi 5, = 0, 75. Tuy nhién, khi hé s tai gidm xudng tdi

By = 0,375 thi do phiic tap cia cac bo tach dé xuat, dac biet 1a clia bo tach

MMSE-GGD-SLV véi L = 4, cao hon bo tdch MMSE.
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Sé ang ten

Hinh 4.6: Do phiic tap ctia cidc bo tach tin hieu MMSE, BLAST, ZF-GGDex, MMSE-
SLV va MMSE-GGD-SLV trong 02 cau hinh ctia hé théng 1a N, = 64,N =
48 va N, = 128, N = 48. ZF-GGDex va MMSE-GGD-SLV ¢6 L =2, 4

4.3.4. So sanh pham chat 161 bit

Pham chat 16i bit clia cac bo tach tin hiéu c6 su hd trg ctia rat gon dan
dé xuat dudc so sanh véi cac bo tach ZF-GD, ZF-GGDex, MMSE va BLAST
truyen thong trong Hinh va[4.8 Cac thong s6 mo phong duge thiét lap
nhu trong Chuong 3.

Hinh biéu dién cac duong cong BER ciia cac bo téch tin hiéu néu trén
khi N, = N = 64, tin hiéu phat dugc diéu ché 4-QAM vuong va sb tang tach
tin hieéu trong ZF-GGDex v MMSE-GGD-SLV 1a L = 2, 4, 8. Két qud mo
phong trong Hinh cho ta thay khi SNR dt 16n thi pham chat BER cho
béi cac bo tach tin hieu MMSE-SLV va MMSE-GGD-SLV t6t hon nhiéu so

v6i bo tach ZF-GGDex va MMSE truyen thong. Két qua mo phéng ciing cho



105

thay bo tach MMSE-GGD-SLV cai thién dang ké pham chat BER so vé6i bo
tach MMSE-SLV va pham chat 16i bit ctia bo tach MMSE-GGD-SLV cang
t6t khi s6 tang téch tin hieu L duge chon cang 1én. Cu thé la: tai BER=107*,
khoang cach gitta cac duong cong BER ctia bo tach MMSE-SLV va MMSE
14 khoang 9,2 dB trong khi dé bo tach MMSE-GGD-SLV cho pham chét
BER t6t hon ctia bo tach MMSE truyén thong lan lugt khoang 13,2, 13,9
va 14,2 dB tuong tng v6i L = 2, 4, 8. Luu ¥ rang, bo tdch BLAST c6 pham
chat 161 bit tét hon cac bo tach tin hieu duge dé xuat nhung né c6 do phiic
tap tinh toan rat cao nén né khong thich hop véi cac hé thong Massive MIMO

¢6 kich thuée rat 16n.

—6— MMSE
—— BLAST

—¥— MMSE-SLV

103 ff —*A*= MMSE-GGD-SLV, L=2
—-P>+— MMSE-GGD-SLV, L=4
—-+-— MMSE-GGD-SLV, L=8
—6— ZF-GD

- ¥ — ZF-GGDex, L=2

- @ - ZF-GGDex, L=4

- W — ZF-GGDex, L=8

107
0 5 10 15 20 25 30 35 40 45

p,lo° (dB)

Hinh 4.7: Pham chat BER ctia cac bo tach ZF, MMSE, BLAST, ZF-GD, ZF-GGDex,
MMSE-SLV va MMSE-GGD-SLV khi N, = 64, K = 16,Ny = 4, 4-QAM.
Bo tach ZF-GGDex va MMSE-GGD-SLV ¢6 L =2, 4, 8

Tiép theo, pham chat BER ctia cac bo tach tin hieu MMSE, MMSE-SLV,
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10°

1
—B—zF
—>— MMSE
— © — MMSE-SLV
O+ MMSE-GGD-SLV, L=4
-4~ MMSE-GGD-SLV, L=2
—#— ZF-GD
—%— ZF-GGDex, L=2
—<— ZF-GGDex, L=4

10 26.9 27 27.1 Lt q
15 20 25 30 35 40

p,lo° (dB)

Hinh 4.8: Pham chat BER ctia cac bo tach ZF, MMSE, ZF-GD, ZF-GGDex, MMSE-
SLV vd MMSE-GGD-SLV trong hai cau hinh hé théng 1a N, = 64, K =
12,Np = 4va N, = 128, K = 12, Ny = 4, 16-QAM. Bo tach ZF-GGDex va
MMSE-GGD-SLV ¢6 L =2, 4

ZF-GD, ZF-GGDex va MMSE-GGD-SLV véi cac cau hinh hé théng khac
nhau duge biéu dién trong Hinh . Trong hinh vé nay, Nghién cttu sinh
khao sat hai cAu hinh hé théng khac nhau 1a N, = 64, K = 12,N; = 4,
va N, = 128, K = 12,N; = 4, (tuong duong véi hé sb tai cia he thong
la 6, = 0,75 va B, = 0,375 ); Tin hiéu phat cho c4 hai cau hinh hé thong
neu trén duge diéu ché 16—QAM. Tt két qud mo phong trong Hinh ta
thay khi SNR di I6n thi pham chat BER ctia cac bo tach duge dé xuat tot
hon ciia b tach ZF-GGDex va MMSE truyén théng. Tai BER= 107" va
N, = 128 thi bo tach MMSE-GGD-SLV thu dudc do lgi vé SNR t6t hon bo

tach MMSE khoéang 1,2 va 1,6 dB tuong tng véi L = 2, 4. Do 1¢i nay tang
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va lan luot dat gia tri khodng 4,1 va 5,1dB khi s6 ang ten tai tram goc
giam dén N, = 64. Két qua nay mot lan nita khang dinh wu diém ctia bo
tach tin hieu MMSE-GGD-SLV khi n6 lam viéc trong cac hé thong c6 so tai
cao. Két qua mo phong ciing cho thay, bo tdich MMSE-SLV khong thu dugc
do 1gi SNR 16n so v6i bo tach MMSE khi s6 #ng ten tai tram goc tang tir
64 len 128. Diéu d6 c6 nghia la khi hé sb tai ctia hé théng c6 thé so sanh
véi By = 0,375 thi bo tach MMSE la giai phap t6t dé thay thé cho bo tach
MMSE-SLV.

4.4. Xay dung cac boé tach dua trén mo hinh két hop PGD-SLB
4.4.1. Bo tach ZF-PGD-SLB

Tuong tu nhu mo hinh két hop GGD-SLV, ki thuat tach tin hiéu c6 su hod
trg clia it gon dan ELR ciing c¢6 thé ap dung cho thuat toan PGD dé cai
thien pham chat 16i bit ctia hé théng. B&i vi pham chat 16i bit ctia cac bo
tach tin hieu st dung thuat toan PGD thuong thap hon thuat toan GGDex,
hon nita s6 hé théng con trong PGD chi 1a L = 2 nén ta két hgp thuat toan
PGD v6i SLB (viét tit 1a PGD-SLB) nham dat duge pham chat BER cao
nhung van gitt duge do phiic tap ¢ miic hop ly. Khi phuong phap tach tin
hiéu ZF truyén thong duge a4p dung trén cac hé thong trong PGD-SLB thi
bo tach tin hieu nay dudc goi tat 1a ZF-PGD-SLB. Bo tach ZF-PGD-SLB
khoi phuc cac ky hiéu thong tin da phat nhu sau:

Truéc hét, ta bién doi phuong trinh mo ta hé théng con thit k, k = 1, 2,

trong cac cong thic (3.33)) va (3.34)) sang mién LR nhu sau:

Vi = éksk + ny,

= G, + 1, (4.34)
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trong d6 ¢, = T,;lsk , é,(cLR) = (N}ka, (N},(CLR) 14 ma tran kénh truyén trong
mién LR tuong tng véi Gy, k = 1, 2 va T}, la cdc ma tran don modula. Cac
ma tran é,(CLR) va T, duge xac dinh bang cach st dung k¥ thuat rat gon dan
SLB cho cac kenh truyen Gy.

Tiép theo, stt dung phuong phéap tach tin hieu ZF trong cac hé thong con
mdi trong mién LR, tic 1a cdc he thdng con biéu dién bdi cong thiic (4.34)) ,

dé uéc lugng €, nhu sau:

~ ~ -1 -
& = (GIGEY) Gy, (4.35)

Sau d6, thyc hién quyét dinh cing ¢ tuong ty nhu trong (4.17)) ta thu

dugc &;,. Cudi cling ta stt dung ¢, dé tinh lai §; nhu sau:

3 = Q(Tiéy) . (4.36)

Ma tran hiép phuong sai 161, @;LR), va sai sO0 udc luong trung binh binh
phuong khi u6c lugng méi ky hieu, MSE, trong mién LR dudc xac dinh lan

lugt bdi cac cong thie (4.37) va (4.38) dudi day.

_ ~ 1
PP = [(Ck — ) (ck — Ek)H] = (GJ(CLR)HGELR» (4.37)

1 " ~ -1
M S EZF-PGD-SLB _ l—trace <G](€LR)HG](€LR)) (4.38)

Luu ¥ rang 16i u6c luong cho béi bo tach ZF-PGD-SLB chi yéu gay ra
do uéc lugng ¢, khong chinh xac. Do do6, ching ta c6 coi 16i uée luong ¢,
trong cting la 161 khoi phuc §;. Hinh mo td ham ECDF cia MSE
trong 10° lan thay doi kénh truyén clia cac bo tach tin hieu ZF, ZF-PGD
va ZF-PGD-SLB. Két qua trong Hinh [4.9) cho thiy duéi su hd tro ctia ki

thuat riat gon dan SLB thi pham chat tach tin hiéu & cac hé théng con 1 va
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2 ctia bo tach ZF-PGD-SLB t6t hon trong cac bo tach song ZF-PGD va ZF
truyen théng. Két qua 1a bo tach ZF-PGD-SLB cho pham chét 15i bit t6t hon

ZF-PGD va ZF truyen thong.

1

09r

0.8

0.7r ZF-PGD-SLB, hé théng con 1 va 2 T
0.6

051

ECDF

04
ZF-PGD, hé théng con 1 va 2
0.3
0.2

0.1f

Hinh 4.9: ECDF cua MSE cho béi cac bo tach tin hiéu ZF, ZF-PGD va ZF-PGD-
SLB trong 10%lan thay déi kénh truyén, Kenh truyén duge thiét lap bai
Pujor = 27dB, dy = 100m, 100m < d; < 990m, 02,400 = 3dB, 4QAM va
v =3.5

4.4.2. Bo tach QRD-PGD-SLB

Khi ky thuat triet nhiéu néi tiép duge ap dung lén moi hé théng con mién
LR trong thay cho tach séng ZF truyén thong thi ta tao ra mot bo
tach tin hiéu méi goi la QRD-PGD-SLB nhu sau:

Trude hét, ta 4p dung phan rda QR lén cac ma tran kénh truyén con mién

LR, tic 1a é,(fLR), k =1,2, trong (4.34), ta co:

~ (LR LR LR
G = Q"R (4.39)
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trong d6 Q" va R 1an lugt 1a cac ma tran don nhat v ma tran tam

gi4c tren. Tiép d6, nhan hai vé ciia phuong trinh ([4.34)) véi Q" ta dugc:

LR LR)H ~ LR LR)H ~
v = Q5 = RY Ve, + QR (4.40)
Goi T,(CLR) 13 phan tit thuoc hang thi 4, cot thit j clia ma tran tam gidc trén

(2]

Ry, ¢, va o™ 1an Tuot 1a 1a phan tit thit i cta ¢, va v, Ap dung ky

thuat tach tin hiéu triet nhiéu noéi tiép ta xac dinh duge phan ti cudi cling

ctia €, (tic la ¢, ) nhu sau:

. 1 ~
¢, = — ([a@y, +nt 11| =t 10,) (4.41)
U(LR)
trong doé Ekla = % va t;, 1a hang tha [, cia ma tran T,;l. Sau khi ¢,
ki 1

da duge xac dinh thi ky hiéu thi (I, — 1) clia €, sé& duge ude lugng bang
cach trigt tieu anh hudng ctia nhiéu gay ra bdi ¢, . Qua trinh nay lap lai
cho dén khi toan bo cdc phan ti cia ¢; duge xac dinh. Ky hieu thi i (&,
i=1,2,...,—1) clia & sau khi triet &nh huéng cta (I, — 7) ky hie¢u da tach

truée no6 duge xac dinh nhu sau:
. |
Cki = a (’_O(Ckl + ntl]‘laJ _ nti]‘la) Y (442)

-1
e~ LR la LR) A LR

VOl ¢, = (U,(% ) _ ijiﬂ r,(ﬂi’j )ckj) (7“,({” )) .

4.4.3. Phan tich do phic tap

Dura vao tién trinh tach tin hiéu trong cac bo tach ZF-PGD-SLB va QRD-
PGD-SLB ta thay do phtc tap tinh toan ctia ching chi khac cac bo tach
tin hieu ZF-PGD va QRD-PGD trong Chuong 3 & ba thao tac sau day: (1)
chuyén céc hé thdng con trong thuat toan PGD sang mién LR, (2) thuc hién
quyét dinh ciing ¢, trong va (3) stt dung ¢, dé tinh lai §; nhu trong
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cong thite (4.36) . Bén canh d6, kich thu6e ctia hé thong con la khong thay
doi khi chuyén sang mién LR. Vi thé, do phtic tap tinh toan ciia cic bo tach

tin hieu ZF-PGD-SLB va QRD-PGD-SLB dugc tinh dua vao biéu thitc sau:

Courp—pep-s18 = Cawp—pep + 2C55 + 205 + 2CH)

conv’?

(4.43)

trong d6 Cyup_pap—srp 1a do phiic tap cta bo tach ZF-PGD-SLB /QRD-
PGD-SLB, Cyuyp_pap 1a do phiic tap ctia b tach ZF-PGD/QRD-PGD trong
Chuong 3; C ékL)B la s6 flop can thiét dé chuyén céc hé théng con sang mién
LR; C gZ) va C®) “1an lugt 1a do phic tap clia thao tac quyét dinh ciing ¢

trong (4.35]) va tinh §; trong(4.36]) . Luu ¥ rang, do phiic tap tinh toén cua
thuat toan SLB va SLV chi khac nhau & s6 lan cap nhat trung binh, Cy va

Ch, do d6 st dung két qua tinh toan trong (4.20)) ta co:
CE)y = 1613 + 16al> — 212 — 2bl, + 4C) + 10CA + 24LC e
1
= 2N? + 4bN?* — 5N2 — N 4+ 4C) 4+ 10CA + 12NC\paae (flop).

(4.44)

Dua vao (4.35]) va (4.36]), cac phan tit con lai trong cong thie (4.43)) dugce

xac dinh nhu sau:

N2

CU) = 2% + 41, = — 2N (flop). (4.45)
3 N

Clow =315 = la = N* = — (flop) (4.46)

conv

Cudi cing, thay Cyup-_pap, Colg, Co) va C®)  vao ([4.43) ta xéc dinh

dugce do phtic tap tinh toan cua cac bo tach tin hieu ZF-PGD-SLB va QRD-
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PGD-SLB (flop) la:
Cyr_prcp-sip = SN? + 8N?N, + 16bN? + iNQ + 8b*N
— 2NN, +8bNN, — 40N, 4+ 206N — 2b
+ gN + 8C) 4+ 20CA + 24N C\ypaare (flop), (4.47)

9
OQRD—PGD—SLB - 6N3 + 8N2NT + 1le2 + ZNQ + 8b2N

1
+ 79]\7 — 2NN, +8bNN, — 4bN, 4+ 260N

— 20+ 8C)\ + 20Cx + 24NCpaare (flop) , (4.48)

trong d6 b = N, + N, N = KNp; C\, Ca va Cypgare dude xéc dinh thong

qua mo phong.

—#— MMSE

0.9 —&— QRD
: BLAST
— ¥ = QRD-PGD
0.8 —— ZF-PGD
—-6-— QRD-PGD-SLB
0.7 —¥— zF-PGD-SLB
—»— ZF-SLB
— & — MMSE-GGD-SLV, L=2
. 06
o
—
x
o 0.5
o
o

o
N
T

o
w

o
V)

o
-

60 80 100 120 140 160
S0 ang ten (N=N )

Hinh 4.10: Do phtc tap cta cac bo tach tin hieu MMSE, QRD, BLAST, QRD-PGD,
ZF-PGD, MMSE-GGD-SLV, ZF-SLB, QRD-PGD-SLB va ZF-PGD-SLB
khi N, = N =[60: 20 : 160]

Nhu vay, du st dung k¥ thuat rat gon dan SLB thi bo tach ZF-PGD-SLB
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va QRD-PGD-SLB van c¢6 do phiic tap kha thap. Tu cong thic (4.47) va
(4.48) ta thiy bac phtic tap cao nhat clia cic bo tach tin hieu nay chi 1a
O (N?), tic chiing ¢6 cliing bac phiic tap tinh toan véi cdc bo tach tin hieu

tuyén tinh.

700 ;
N BLAST

[ ImmsE

I oRD

6001 | NN 7F-sLB

[ zF-PGD

I QRD-PGD

500 | [l zF-PGD-SLB
[ QrD-PGD-SLB
[ 1MMSE-GGD-SLV, L=2

400

flops x10°

w
o
o

200

100

N — — — —
~_ N=32, Nr—120 - < N=96, Nr—120

Sé ang ten

Hinh 4.11: D6 phitc tap ciia cdc bo tach tin hieu MMSE, QRD, BLAST, QRD-
PGD,ZF-PGIP,MMSE—GGP-SLV, ZF-SLB, QRD-PGD-SLB va ZF-PGD-
SLB v6i 02 ciu hinh he théng 1a N, = 120, N = 32, 96.

Tiép theo, do phiic tap tinh toan clia cac bo tach tin hieu dé xuat nay ducc
so sanh véi cac bo tach tin hieu MMSE, QRD, BLAST, QRD-PGD, ZF-SLB
va MMSE-GGD-SLV nhu trong Hinh va Hinh . Quan sat Hinh
va Hinh ta thay cic bo tach tin hieu ZF-PGD-SLB va QRD-PGD-SLB
¢6 do phtc tap tinh toan cao hon cac bo tach MMSE, QRD, QRD-PGD, ZF-
PGD, ZF-SLB va MMSE-GGD-SLV nhung thap hon rat nhiéu so véi bo tach

BLAST. Luu ¥ ring, do phtc tap tinh toan tang cao ciia ZF-PGD-SLB va
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QRD-PGD-SLB so v6i QRD-PGD va ZF-PGD la céi gia dé dat dugc pham

chat 15i bit cao nhu két qua mo phéng dudi day.
4.4.4. So sanh pham chat 16i bit

Hinh va Hinh 14 két qua mo phéng pham chat BER cho béi cac
bo tach tin hiéu néu trén trong hai cau hinh ctia hé théng la: N, = 64,
K =16, Np =4 va N, = 128, K = 32, Ny = 4 ang ten. Trong chuong
trinh mo phéng, tin hiéu phat dude dicu ché 4-QAM va kénh truyen ducc

thiét lap giong nhu trong Chuong 3.

102

BER

H —e—2zF
| =X/ — MMSE
1 —+— QRD
"1 —#— BLAST
4 || =<4 =2zF-PGD
107 H = @ = QrD-PGD
F ZF-PGD-SLB
| ==E— QRD-PGD-SLB
|| —A— ZzF-SLB
—=&-— MMSE-GGD-SLV, L=2

10-5 1 1 1 1
0 5 10 15 20 25 30 35 40 45

p,lo° (dB)
Hinh 4.12: Pham chat BER ctia cac bo tach tin hiéu tuyén tinh, QRD, BLAST, ZF-
PGD, QRD-PGD, ZF-SLB, MMSE-GGD-SLV, ZF-PGD-SLB va QRD-
PGD-SLB khi N, = N = 64, 4-QAM
Két qud mo phong trong ca hai hinh vé trén cho ta thay khi c¢6 sy hé trg clia
rat gon dan SLB thi cac bo tach tin hieu ZF-PGD-SLB va QRD-PGD-SLB
cho pham chit BER t6t hon ZF-SLB va céac bo bo tach tin hieu ZF-PGD va
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| —S7 — MMSE A\ 2%
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107 f| = @ = QRD-PGD W ¥
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Hinh 4.13: Pham chat BER ctia cac bo tach tin hiéu tuyén tinh, QRD, BLAST, ZF-

PGD, QRD-PGD, ZF-SLB, MMSE-GGD-SLV, ZF-PGD-SLB va QRD-
PGD-SLB khi N, = N = 128, 4-QAM

QRD-PGD dé xuat trong Chuong 3. Cu thé 1a: Tai BER = 107* va N, = 64,
K = 16, Ny = 4, bo tach ZF-PGD-SLB va QRD-PGD-SLB thu duge do
lgi SNR so v6i bo tach MMSE khoang 11,9dB va 13,4dB. Do 1gi SNR
nay gidm xudng con khoang 9,02dB va 10,82dB khi N, = 128, K = 32,
Nr = 4. Diéu d6 c6 nghia la trong cic hé thong toan tai thi do lgi vé SNR so
véi bo tach MMSE truyén théng ctia bo tach ZF-PGD-SLB/QRD-PGD-SLB
gidm khi s6 &ng ten trang bi tai tram goc ting. Nguyén nhan ctia hién tuong
nay 1a bdi khi s6 ang ten tai tram goc cang 16n thi cac cot clia ma tran kénh
truyen cang tric giao v6i nhau ting doi. Diéu dé lam cho pham chat tach tin
hieu MMSE cang t6t. Ngoai ra, khi kénh truyén 1a tric giao hoan ho thi cac

thuat toan LR ciing khong thé tim duge ma tran kénh truyén méi truc giao
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hon. Tuy nhién, pham chat BER cho béi cac bo tach tin hieu ZF-PGD-SLB
va QRD-PGD-SLB van tot hon rat nhiéu so véi cac bo tach MMSE truyen
thong bdi vi hai nguyén nhan sau day: (1)he so tai ctia cic he thong con nhé
hon nhiéu so véi he thong nguyen ban va (2) thyc té ma tran kenh truyen 1a
khong tric giao hoan hao khi s6 lugng ang ten trang bi tai BS 1a hitu han va
do vay thuat toan rat gon dan SLB luon tim dugc ma tran kénh truyén mdéi
tryc giao t6t hon. Két qua mo phéng trong Hinh va Hinh ciing cho
ta thay pham chat BER ctia cac bo tach dé xuat ciing gan nhu tuong dong

v6i bo tach MMSE-GGD-SLV trong Muc 4.3.

100 - -

—+— zF
— & — MMSE
44444 * ZF-PGD

N =120, K=24, N;=4| — $— QRD-PGD
— A — ZF-PGD-SLB

— # — QRD-PGD-SLB
—#— ZF-SLB
----- 4 MMSE-GGD-SLV, L=2

10lF®

%1073 \
e
x
L 2 ¢
m 10 r EPPITRPE " SRPTPPIN|
18 ~—~%._ N W A\9\8.9995 39 39.0009
.6 '
10° HA4L ‘
1.2 \
I \
4L 826 328 33 332 7 \
20 25 30 35 40 45

(p,/o%) dB
Hinh 4.14: Pham chat BER clia cac bo tach tin hiéu tuyén tinh, QRD, BLAST, ZF-
PGD, QRD-PGD, ZF-SLB, MMSE-GGD-SLV, ZF-PGD-SLB va QRD-
PGD-SLB khi N, = 120, K — 8, 24, Ny — 4, 64-QAM

Tiép theo, pham chat BER ctia cac bo tach tin hiéu ké trén dugc so sanh

v6i nhau trong Hinh khi tin hiéu phat dugc diéu ché 64-QAM va heé s6
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tai ctia hé théng thay doi. Chuong trinh mé phong khao sat hai cau hinh khac
nhau ctia hé théng 1a N, = 120, K = 8, Ny = 4 va N, = 120, K = 32,
Nr = 4, tuong ting véi cac hé s6 tai 5, = 0,26 va B, = 0,8. Quan sat két
qué trong Hinh ta thay khi tai BER= 107 va he s6 tai 1a 3, = 0.8
thi pham chat BER ctia cac bo tach ZF-PGD-SLB va QRD-PGD-SLB t6t
hon ZF-SLB lan luot khoang 0,3 dB va 1,2 dB nhung lai kém hon bo tach
MMSE-GGD-SLV khoéang 2 dB va 3 dB. Tuy nhién, khi hé s6 tai gidm xudng
l1a 8, = 0,26 thi pham chat BER ciia cac bo tach tin hiéu gan nhu tuong
dong. Dieu do6 c6 nghia 1a cac bo tach QRD-PGD-SLB va ZF-PGD-SLB chi
phit hgp dé ng dung cho céc hé théng c6 he s6 tai 3 > 0,26. Luu ¥ riang
pham chat BER ctia céc bo tach dé xuat kém hon MMSE-GGD-SLV la cai
gia phai tra dé gidm do tré trong tach tin hiéu nhd qua trinh khoéi phuc tin

hiéu trong cac hé thong con song song.

4.5. Két luan

Chuong 4 trinh bay cac thuat toan rat gon dan hiéu qua c6 tén goi la SLB
va SLV. Duya trén cac thuat toan nay, Luan an dé xuat cdc mo hinh tach
tin hiéu két hop gitta SLV/SLB vdi cac thuat toan tach tin hi¢u theo nhom
GGD va PGD nham cai thien pham chat BER ctia hé théng. Dua trén cac
mo6 hinh két hgp nay, Luan an xay dung 3 bo tach tin hieu mdi duge dat ten
Ia MMSE-GGD-SLV, ZF-PGD-SLB v QRD-PGD-SLB. Két qui mo phéng
va phan tich do phic tap cho thay, cac bo tach tin hieu duge dé xuat trong
Chuong nay dam bao tot sy can bang giita do phiic tap thap va pham chat

16i bit cao nén ching phit hgp dé tng dung trong hé théng Massvie MIMO.



KET LUAN VA HUGNG NGHIEN CUU TUONG LAI

Luan an tap trung nghién ctu va dé xuat cac thuat toan tach tin hicu
duong lén cho hé théng Massive MIMO. Dua trén céc thuat toan duge dé
xuat, Luan an tiép tuc xay dung cic bo tach tin hiéu méi c6 su can bang tot
giita do phtc tap va pham chat 16i bit nén phit hop dé tng dung trong céc
hé thong Masive MIMO. Nhitng déng gép clia Luan an va dé xuat mot so
huéng nghién ctu tiép theo dude trinh bay dudi day.

A. Mot s6 két qua dat dugc cta luan an

1. Dé xuat thuat toan tach tin hieu theo nhém (GD) va thuat toan tach tin
hi¢u lap (IGD) cho céac he thong Massive MIMO véi kénh truyén pha-dinh
pham vi hep. Dya trén thuat toan GD va IGD, nghién citu sinh dé xuat
6 bo tach tin hieu mdéi duge dat teén lan luct 1a ZF-GD, MMSE-GD,
BLAST-GD, ZF-IGD, MMSE-IGD va BLAST-IGD. No6i dung nhimng

déng goép nay duge thé hién trong céc cong trinh cong bd s6 1 va 2.

2. Khai quat hoa thuat toan tach tin hiéu theo nhém cho hé thong Massive
MIMO c6 kénh truyén chiu &nh hudng ciia cd pha-dinh pham vi hep va
pha-dinh pham vi rong. Tiép theo Luan an dé xuat 2 bo tach tin hiéu
hiéu qua c6 tén goi la ZF-GGDex va SQRD-GGDex. Trén co sé phan tich
pham chat 161 bit, Luan an dé xuét hai bo tach tin hieu ZF-Presorted
GGDex va SQRD-Presorted GGDex. Cac két qua nay dudc thé hién

trong cong trinh cong bo sb 3.

3. Xay dung thuat toan tach tin hiéu theo nhém song song (PGD) bang

118
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cach chia he thong Massive MIMO c6 hé s6 tai cao thanh hai hé thong
con song song v6i hé sd tai nhé hon. Trén co s6 do, nghién cttu sinh de
xuat 3 bo tach tin hieu 1a ZF-PGD, QRD-PGD va SQRD-PGD. Két qua

nay dudc thé hién trong cac cong trinh cong bo sb 4.

4. Dé xuat st dung hai k§ thuat rat gon gian cho tach tin hiéu trong he
thong Massive MIMO gom: k§ thuat tdi gidn véc to ngdn nhat (SLV:
Shortest Longest vector) va ky thuat t6i gian co sé dai nhat (SLB: Short-
est Longest Basis. Cac k¥ thuat nay sau d6 duge dé xuat két hop véi cac
thuat toan tach tin hiéu theo nhém tong quat va tach tin hiéu theo nhom
song song nham loai bé anh huéng ctia tap am va qua d6 lam ting pham
chat tach tin hieu tai tram goc. Céc két qua nay dugc the hién trong cac
cong trinh cong b s6 5 va 6.

B. Huéng phat trién tiép theo

Mot s6 van dé nghién citu can tiép tuc gidi quyét nhu sau:

. Danh gia pham chat 18i bit clia cac bo tach tin hicu dé xuat khi trang
thai kenh truyeén duge uéc lugng khong hoan hao hodc khi c6 sy tuong

ho gitia cac dng ten tai cAc ngudi dung/tram goc.

2. Chting minh pham chat BER ctia cac bo tach tin hieu duge dé xuat bang

toan hoc xac suat thong ke va 1y thuyét vé ma tran ngau nhieén.

3. Phan tich hiéu qua st dung niang luong clia cac bo tach tin hiéu dé xuat

cho cac hé thong Massive MIMO than thién véi moi truong.

4. Thue thi cac bo tach tin hieu dé xuat trén phan cing, dong thoi danh

giad do tré trong xut Iy tin hiéu cta tung bo téach.
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PHU LUC

Phu luc A: Xay dung cong thiic ma tran trong sé ctia bd tach

MMSE c6 su hé trg ciia rit gon dan

Viét lai phuong trinh mo ta duong lén ciia hé thong Massive MIMO trong

mien LR nhu sau:
y=Ux+n

—UTT 'x+n

= U%¢ 4 n,

(A1)

Ma tran trong s ciia bo tdch MMSE trong mién LR dugc xac dinh nho

tiéu chuan tryc giao nhu sau [72]:
W =E[ey"] (E[yy"]) .
Ta co:

E[ce”] = E|(T"'x) (T"'x)"]

=T 'E [xx"] (T)" = B,T (T)"
E [nnH] =1y
E [nc"] :E[an} =0

(A.2)

(A.3)

(A4)

(A.5)

(A.6)



=FE [(U(LR)C + n) (cHU(LR)H + nH>]
— UMDE [cc] UL 4 E [nn”]

— pUR- (T_l)H U’ 41, (A7)

Thay (A.6) va (A.7) vao (A.2) ta co:

W =E[cy"] E[yy"])"
= (Bt (1) U (ButhT (1) Ut

1 71
—I A8
Sl) Ay

H

~1
+ IM)
= ((r#m) Ut <U<LR> (THT)  UR”

Viét lai cong thic (A.8) dudi dang

W= ((T7T) U ((BLy) ™ + U (T4T) T UEeT)

(A.9)

sau d6 ap dung luat bién ddi A7'X(R™'+ YA 'X)!' = (A+XRY) 'XR
(7273 ta co:

)H

71 H
W = ((T7T) + UD" (B Ly,) ULD) U (B1y,)

1 -1
= <E (T7T) +U(LR)HINTU(LR)> uenT, (A.10)

hay

—1
W = (U<LR>HU<LR> + ELTHT> uen”, (A.11)
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Phu luc B: Thuat toan rat gon dan ELR

Muc tiéu ctia thuat toan ELR 1 tim ma tran don T dé céc phan tit thuoc
duong chéo chinh clia ma tran hiép phuong sai 16i ctia bo tach ZF truyen
thong, ® = (UHU)_I, dugc t6i thiéu héa. Dé lam duce nhu vay, thuat toan
ELR bét dau véi viec gan T = Iy va dinh nghia T = (T_l)H. Sau do, qua
trinh to6i thiu héa duge lap lai cho dén khi phan ti gia tri 16n nhat hoic toan
bd cac phan tit thuoc dudsng chéo chinh ctia ® duge t6i gidn. Tai mdi vong
lap, thuat toan tim ra mot cip chi s6 (¢, j) va cap nhat T theo luat sau:

/ !/

T (7]) =T (:7j)+AUT/(:7 Z) (Bl)
Khi cap nhat T (:, ) nhu trén thi chi hang thit j va cot thit j cia @ thay
déi nhu sau:
(I)(7]) :(I)(:vj)+)‘ijq) (:7 Z) (B'Q)
D, ) =D, 1) + ;P (0, 2) (B.3)
Do d6, phan tit thit j thuoc duong chéo chinh ciia ® duge xac dinh béi:
o (j, j) =@ (j, )B(:, j)
=0 (§, §) + [N\ ["® (6,9) + N ® (4, §) + Ay @ (J, ). (BA)
Luu y réng, @ (7, j) v @ (4, ¢) 1a cac s6 thuc duong va @ (5, 1) = ® (i, j)°
nén P (j, 7) tré thanh:
(j, 5) = @, )+ (R + 3 )) @, 1)

F2R{AGIR{P(E0) +3{A {2 (G 9))) . (BD)
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Dit
Ny =— (%{Aij}z + 3 {)\z‘j}Q) ® (i, 1)
—2(R{AGFR{P (@, )+ S{AS{P (1, 5)}) (B.6)

va luu y rang @ (j, j) phai gidm sau mdi lan cap nhat. Do d6, A;; > 0 va
phai la gid tri 16n nhat. T6i day ta can tim \;; sao cho Ay > 0 va la 16n

nhat bang cach tinh rieng R {\;;} va S{\;;} nhu sau:

QL)
TETImV I (B1)

d(Dy)
d(% {)\ij}) 0. (B.8)

Giai cac phuong trinh trén ta dugc:

SR 2CI08))

& (i, ) (B9)
S{\j} = —% (B.10)

Qua trinh rat gon yeu cau R {\;;} va I {\;;} phai nhan cac gia tri nguyen

nén ca phan thuc va phan &o ctia A;; phai duge lam tron dén gia tri nguyen

o[58

Thuat toan ELR gom hai phién ban d6 1a t6i thiéu véc to dai nhat (SLV)

gan nhat nhu sau:

va toi thiéu co s6 dai nhat (SLB). Trong mdi vong lap clia ci hai phién ban
nay thi Aij 16n nhat dugc chon dé rit gon. Cu thé nhu sau:

Thuat toan SLV:

e Chon phan ti @ (7, j) 16n nhat
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e Chon chi s6 7 sao cho A\;; = maw, ;A\

e Thuat toan két thic khi phan ti ® (4, j) 16n nhat khong thé rat gon

dugce ntta, tic la A;; =0, Vi
Thuat toan SLB:
e Chon phan tit @ (j, 7) 16n nhat c6 the rit gon.
e Chon chi s6 i sao cho A\;; = maw, ;A\

e Thuat toan két thic khi tat ci cac phan ti thuoc duong chéo chinh ctia

P (ttic @ (4, j)) khong thé rat gon duge nita, tic 1a Ay = 0, Vi, j.
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Phu luc C: Tong két cac bo tach tin hiéu da dé xuat

Trén co s6 cac thuat toan tach tin hieu mdéi duge dé xuat, luan an da xay
dung tong cong 16 bo tach tin hieu hieu qua cé su can bang tot gitta pham
chat 15i bit cao va do phiic tap thap. Cac bo tach tin hieu dé xuat trong luan
an cung cap nhieu sy lra chon khac nhau tuy thude vao kich thuée hé thong
va yéu cau ve do phic tap cling nhu pham chat tach tin hieu. Duéi day la
bang tong hop clia tat cd cac bo tach tin hieu dé xuét trong luan an.

Bang C1:Téng hgp do phiic tap, pham chat BER va truong hop van dung ciia cac bo tach dé xuét.

’ TT ‘ B6 tach ‘ Do phuc tap ‘ Pham chiat BER ‘ khuyén céo st dung
Thap hon BLAST tai Kém hon BLAST Heé théng kich
01 BLAST-GD lo = [N/2] nhung khoéng 1.2 dB thuéc nhoé va TB véi
van rat cao (O (N*)) khi 1, = [N/2] B<1,la=[N/2]
Thap hon BLAST tai T6t hon BLAST Heé théng kich
02 | BLAST-IGD lo = [N/2] nhung khoang 1.4 dB thuée nhé va TB véi
van rat cao (O (N*)) khi I, = [N/2] B<1,l,=[N/2]
Thap (O (N?)) va Tét hon ZF He thong
03 ZF-GD thap hon MMSE khoéng 0.9dB kich thuéc 16n véi
khi I, = [N/2] khi I, = [N/2] B<1,l,=[N/2]
Théap (O (N?)) va Tuong duong Hé théng
04 | MMSE-GD thap hon MMSE v6i pham chét kich thuéc 16n véi
khi I, = [N/2] ctia MMSE B<1,la=[N/2]
Thép (O (N?)) va Tét hon He théng
05 ZF-IGD xap xi véi MMSE bo tach MMSE kich thuéc 16n véi
khi I, = [N/2] khoang 1.2dB, Vi, B<1,l.=[N/2]
Théap (O (N?)) va Tét hon Heé théng
06 MMSE-IGD xap xi véi MMSE bo tach MMSE kich thudc 16n véi
khi I, = [N/2] khoang 2 dB, Vi, B<1,l,=[N/2]
Théap (O (N?)), tang T6t hon MMSE He thong
07 | ZF-GGDex | theo s6 hé thong con khodng 2.2, 6.4 va kich thudc 16n véi
thap nhat khi L =2 | 6.2dB khi L = 2,4,8. L <4 va f cao.
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L TT |

B6 tach

Do phic tap

Pham chit BER

khuyén céo sd

08

SQRD-GGDex

Xap xi ZF-GGDex

Té6t hon MMSE
khoang 16 dB
khi L = 2.

Hé théng kich
thuéce 16n véi
L =2 va (3 cao.

09

ZF-Presorted
GGDex

Xap xi ZF-GGDex

T6t hon MMSE
khoéng 15, 18 va
19dB khi L = 2,4,8.

Hé théng kich
thude 16n véi
L <4 va (8 cao.

10

SQRD-Presorted
GGDex

Xap xi ZF-GGDex

Tuwong duong BLAST
v6i moi gia tri cta L.

Heé théng kich
thuée 16n véi
L =2 va 3 cao.

11

ZF-PGD

Thép (O (N?)) nhung
cao hon MMSE va
ZF-GGDex (L = 2)

Tuong duong véi
pham chat BER clia
ZF-GGDex (L = 2)

Heé théng kich
thuée 16n g =1,
yéu cau tré nhé

12

QRD-PGD

Thap (O (N?))
nhung cao hon
cac bo tach MMSE va
ZF-GGDex (L = 2)

T6t hon MMSE
khoang 8 dB tai
BER=10"*

Heé théng kich
thude 16n 8 =1,
yéu cau tré nho

13

SQRD-PGD

Thap ((’) (NS))nhung
van cao hon MMSE;,
ZF-GGDex (L = 2)

Tuong duong v6i
pham chat BER ctia
SQRD-GGDex (L = 2)

He théng
kich thuéc 16n
8 =1 va yéu
cau tré nho

14

MMSE-GGD-
SLV

Théap (O (N?)),
tiang khi L tang. Thap
hon MMSE-SLV va
ZF-GGDex (L = 4) khi
s tang tach séng L < 4.

T6t hon MMSE-SLV va
7ZF-GGDex. Vi L = 2, 4,
t6t hon MMSE khoéng
13.2, 13.9dB khi 8 = 1
4.1, 5.9dB khi 8§ =0.75
1.2, 1.6dB khi g = 0.375

Heé théng
kich thuéc 16n
véi > 0.75
va L <4

15

ZF-PGD-SLB

Théap (O (Ng)) nhung
cao hon cac bo tach
ZF-PGD, QRD-PGD va
ZF-GGDex (L = 2)

Tuong duong MMSE-
GGD-SLV (L = 2) va tot
hon MMSE hon 9dB
khi 8 = 1; Kém hon
MMSE- GGD-SLV
(L=2) khi 8 < 1.

He théng
kich thuéc 16n
B8 >0.3va
yéu cau tré nho

16

QRD-PGD-SLB

Tuong duong véi
ZF-PGD-SLB

Tuong duong MMSE-
GGD-SLV (L = 2) va tot
hon MMSE hon 10dB
khi 8 = 1; Kém hon
MMSE- GGD-SLV
(L=2) khi 8 < 1.

He théng
kich thuéc 16n
B8 >0.3va
yéu cau tré nho
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Phu luc D: Chitng minh [ = [K/2] 1a gia tri t6i vu dé cac b tach
tin hiéu dé xuit c6 do phiic tap thap nhat

Trong Hinh 2.1 ton tai cac gia tri toi uu chinh la céc diém ma do phic tap
clia cac bo tach tin hicu la thap nhat. Cac gia tri t6i wu nay cé thé dude xac
dinh ré rang bdi bién ddi toan hoc qua 02 buéc sau:

- Budc 1: Lay dao ham ham phtc tap ciia mdi bo tach tin hiéu trong
Béng 2.4 theo [,.

- Buéc 2: Dat dao ham tim dugc 6 bude 1 bang 0, sau dé gidi phuong
trinh dé tim duoc gia tri ing v6i do phiic tap ciia bo tach tin hieu 1a thap
nhat.

Xét bo tach tin hieu ZF-GD v6i do phitic tap xac dinh trong Bang 2.4 dugc

viét lai dudi dang sau:

fzr_pap = 81> + 162N, — 21> — 2I,N, + 8I,N? + 8N? (N —1,) + 6N> — N,
+12N, (N —1,)+ (N =1, + 16 (N —1,)° N, = 2(N —1,)* = 2(N —1,)
(D.1)

- Bué6c 1: Lay dao ham cua fzp_paep theo [, ta co:

dfzr—pcp (la)
dl,

= 241% + 32I,N, — 4l, — 2N, + 8N? — 8N? — 24N,
—24(N =1, =32(N —Il)N, +4(N —-1,)+2 (D.2)

hay

df zr-pap (la)
dl,

= 112I,N, — 81, — 26N, — 24N? — 32NN, + 4N +2 (D.3)
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- Buée 2: Dit dfz%fml“) = 0 ta duogc:

112I,N, — 81, — 26N, — 24N? — 32NN, +4N +2 =0 (D.4)

Suy ra

26N, + 24N? 4+ 32NN, — 4N — 2

la D.5
112N -8 (D:5)
Khi N, &~ N thi phuong trinh (D.5)) tré thanh:
56 N? 4+ 22N — 2
lo = . (D.6)

112N — 8
Luu ¥ rang, trong hé thong Massive MIMO s6 #ng ten thu/phat la rat

16n (hang tram, tham chi hang ngan ang ten) nén 56 N? > 22N — 2 vi
112N > 8. Do vay, ta c6 thé bé qua thanh phan 22N — 2 & t1t s6 va 8 6 mau
sO clia cong thic . Thém vao dé chi nhan cac gia tri nguyén duong nén

tlt cong thiic ta co:

Lo

Q

M et 4] o

Bang cach thic hién tuong tu hai bude trén cho tat ca cac bo tach tin hieu

duge dé xuat ta tim dude gia tri toi wu cia la [ ~ (%1
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