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ABSTRACT

ABSTRACT

Millimeter-wave massive multiple-input multiple-output (Massive MIMO) is an
important technology for improving spectral efficiency and spatial processing capability
in 5G-Advanced and future 6G systems. Since fully digital beamforming suffers from
high hardware cost and fully analog beamforming lacks flexibility, hybrid beamforming
has attracted extensive attention because it provides a trade-off between performance and
implementation cost. However, conventional orthogonal matching pursuit (OMP)-based
hybrid beamforming performs greedy search over a global dictionary, which leads to
relatively high computational complexity and makes it vulnerable to pseudo-peaks under
strong interference. Therefore, this thesis focuses on receive-side hybrid beam
optimization for large-scale MIMO systems in strong-interference environments.

Firstly, an mmWave channel model and both uniform linear array (ULA) and non-
uniform linear array (NULA) models are established. A receive-side system with a weak
target and a strong interferer is constructed, and the hybrid beamforming problem is
formulated with the objective of maximizing the output signal-to-interference-plus-noise
ratio (SINR) under constant-modulus constraints. Several classical methods are then
reproduced and analyzed, including fully analog beamforming, fully digital MVDR
beamforming, DFT-codebook-based hybrid beamforming, and conventional OMP-based
hybrid beamforming.

Secondly, to overcome the limitation of global blind search in conventional OMP, a
Target Sector Constrained Orthogonal Matching Pursuit (TSC-OMP) algorithm is
proposed. By introducing coarse target prior information, a localized overcomplete
dictionary is constructed within the possible target sector, which reduces redundant search
space and suppresses out-of-sector atom selection. Simulation results show that TSC-
OMP achieves more stable beam steering and better overall performance under both ULA
and NULA configurations. It outperforms conventional OMP in output SINR and angle
estimation RMSE, while also requiring less software runtime.

Thirdly, diagonal loading and regularization are introduced to improve numerical
stability under low-SNR conditions. The results show that proper loading improves

robustness, whereas excessive loading degrades angle estimation accuracy, indicating a

II



ABSTRACT

trade-off between stability and precision.

Finally, the limitations of the proposed method are discussed from the perspectives
of prior information dependence, sector-width sensitivity, and performance degradation
when strong interference approaches the target. Its computational complexity and

software runtime are analyzed.

Keywords: Massive MIMO, Hybrid Beamforming, Orthogonal Matching Pursuit (OMP),

Target Sector Constraint, Robustness Analysis, Non-Uniform Linear Array.
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{0,320 WEE n MRAAI ZI RS 5 T 5 08:

[
xw=Van«m+Zh@M@mm+wm (2-2)

Horr, PONHAHE SR, PAS i ATRINE, s(n) Fe,(n) 5 5I1F H R
ST ES, vin) NERETEEES.
TR S PE T BSOS 5 b 200 300 45 SR LSRR B 7 22 B A7 11 B

R, = %lz;x(n)xH (n) (2-3)

For, Lo A TRIADEL A% W J7 2256 2 J5 25 T MVDR IR 25088 530 ORS00
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L SR LA B T B D A

G b TR0 A ESRAR B A G 0 PR 2 R AR O T B0 26
Tl T L6 T3 M S 0 e B S A A R O R (0 B
SIHTHRAE T 45— SELHERE.

2.2 FFEHIRZEIRE

W 57 R 2 A B e R RS SR BT B il o A URABAE {1 b o s A 2 1 245
ZiFE (ULA) HIEEISILEE (NULA) PSEREFIRRAL, DLy B AR 51 ) L ART x5 R
F6 TR0 RTI A 1 RE AR o

22.1 FEHREFREESHEREN—RER

PR A VR A8 FH B0 A B 51 R A 2 /i, N S f— AR e CEIAE:
IR REBEF S SRR BT HE S FIRE .

A8 —DNREFES B M A BAERTT W E) S 32 B HE T8 2 B 7o R
FRA KN BAMERF O, . KN FERER P (M >K) L5
0,,0,,,0, NS EIZEY], HFo,= (6,,0), i=1,2,-K, 0, e, 2R RNEi A
NSHE SR AL, HO, € [0°,90°), ¢,€ [0° 360°), Wil 2-1 fros, %
FUIH RS m AR TG 4 A AR N

K

() =D 5, (0™ v, (1) (2-4)

i=1

Horbrs, () AN RIS § DMRE S 7, (0) O, T ARG IE 5 2IE 5 m
ANFE TR T 2 e A (BCE DO RE 2R 1 ANETT) I E, v, (6) N5 m
ANEETCHI IR R

z A

REE51 y
C\ >

[ TG

K 2-1 NSHE S MEESI < R 1B
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T 2R R R 1 2ok s 20(2-4) A BE B b g — AN B o S 5 1B
RP R x (1) KRB RBEAFESIME SR, MHEx () = [x (@), @), xy ()17, [
FEAEv() = [vi(0),v2 (), v (D175 s(t) = [5:(8),5,(8), s ()] - Ab, id
A(O) N M X K FEFERJT FFERE, Bl 4(0) = [a(0)),a(0,),,a(0k)], HH, a(0)
REEFIEAEIRE SR —ARA 0, 7 M7 Hm &, 124E
a(@,) = [/ (0 .. oo (@)1 (2-5)

ERL A R R R R B B A5 S Y, AR e — IR TE LT, x () W TR 2R

x(t) =AO)s(t) +v(z) (2-6)

DA bl BB S A ) — ORI R AR . (AR, FEA(0)

FEGIRITEAR . B IRAE 5 BRI Ko FESERRMN T, REFES TR — B E A
RRAEWE, K A4(0) 5EIEE 5 1R R 2 VI 5,

222 ¥5%E (ULA) 28

WS L PR B f 0 L | S FH AR B SR UEAS Y, AR R F T 3 5] 2R AR A
DL IE 52 3R S50t 1 B 1 S M e

MW E SR AN, HESIh M DT, AN DAHEEIE R d
CRMEHEAT, XA — AN SR M HRSORET), fnE] 2-2 FR .

Ay

K 2-2 5] LR ER Y

FHERTE, G2 1 AR CIEERE T 0 (BRI 2.2.1 TR “ik e MRS,
MHEIEAE 5 2 B 7T m A T 2R T 0 FIB 2E A 7,, = md sinf/c = mr , ¢ AIGIE,
v =dsin8/c NG T EERETT 1 BAHXT-FETT 0 B 4E

5E X AL ¢ = ot B, Ko ARNATISR

dsinf dsind dsind
¢ = woT = wy - =2xf, P77 =2r i (2-7)
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Forr fo NNGHES BIERAIRR, L BB . i RAF IS 5 BRIy [ A
AR 22 R —TJ7 6, MR IE(Q2-5) I 151245 5 K7 A [ &2
a(0) = [1,e7%,e712¢ o g IM-DO]T (2-8)
MEEES TS K MBS, 0,, 0, JTTRINSBHZI 215, SRS IR
B5d s i ME ST RAEN
dsind,

a(0) = [1,e e, e )T g =2n = (2-9)
%ﬁ(?‘iﬁ%ﬁ[ﬂﬁﬁMxmﬁ%EBi A
= [a (91) a(6), a(é’K)] (2-10)
T o
TRt .i ejwjnw
W ABERIENE S, TRM R, RERQ-6). (2-10), W5

SRR HEIUE SN
x(n) =As(n) +v(n) (2-11)
FEfE MO 5, RS RSN REH N 24, BIM =24 [F
TGl FEONFRAER K, Bl d = A2 T 8 B I RGO f, = 4.9GHz ,
33 1~61.22mm, Nd=12~30.61mm .

223 EHS%PE (NULA) =23

TEAE G SV R IR, DB o =2k 25 (AR S RN, B e [R) BRI o 75 99 2
d < 22 WIERFEER . AT, FEZ KPR MIMO R4, X 55 A 7 X
o FERETOIA] ) HAR RS G o, HAERE O SO BRI, RGN A Ly P e th T 5 1
GBS LR AE LG, PRI DLt — 20 8k .

NTfRRIX—F &, EEHRP RPN T AR5 48 (NULA) B, 2%
AULTFMHERE: 5%, ESLMERIFE O BA TSRS, PRI A A
A TR YO AR SR AR, DRI R 2 ] PP 55 S5 AR 2 AT 2 R AR 20, D4
R 7 Ak TH B AN [F) T 38 ) B Bl ) 2[RRI o LIk, A AR S0 2R M RE 51 ] LAk
S S) BAERE A B R B FE I S SR IR 55 0 e P24, [R) i, ZEE IR IR AT H AR
EEET&E CEEERH, REMESZRNT AR i 2R B A S R =Y
W, RN—ERE AR R ™K H S AR BE . DRI, N7 [R) B2 RE R 44 50 2R B AR TR DA i
S5 EER TR .
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XETARRISILR RS, Ak 2-3 s, ARSI M AFETT K, EAZ E TR R
AN, WFETTm(m=0,1,2,,M—1)fEFE51H LR SehrEar 8 ohd, , il
2R N (d,,, 0), WIFES (2-7), WIASEEIT m WIS [AARGL N

P = 21— (2-12)

(do,0) (d1,0) (d2,0)

2-3 ARH L) LAY

W HAE VRS 5 R TT I RA 1 2-3 SRR — 7 R0, HARFETT 0 fr 1Ak FR
B R, Bldy=0, WEIg, =0, MEHES RSN
a(f) = [1,efj&',efjgz,--~,e7j&”*‘] ! (2-13)

RO RS, MRS NEMEERSHCN: REHN 24, HIM =24;
RGO KA 2.2.2 T OERH RN E IR d = [do,dy, -, dn] "
E AN

A B (BEJC 0~11, tHERIZE 1 B 12 ANFEIC): WIGARIFE RN 43mm (2414
0.7.), &METTALKRRN43 X [0,1,2,, 11]mm .

B Bt (W)BBkER SO FEFEIT 11 FIFETT 12 CEPES 12 AMBETTAIES 13 ANFETT)
BB N—/ 63mm (£)241.032) [KAE Ik R R #E .

C Bt (FFJG 13~23, AN 14 DNFIEE 24 DNETC): JELERE T4k 8L 43mm A
KIS .

sz, DiEA AR 22605, /T 12 ANFEICRH 43mm 258 BEHES] . A
[)4E AN —A> 63mm HIFAMNAG: 5 11 R C I 4kSa4% 43mm 25 (A FEHES) .

FEARVR G 2L BERIE T, JE LRI T BRI LR, T fEh—A
KM FEPE BT SR A 5R £E18 (AIE 1, DAL T 78 4 M i B . BSOS IR A
HET ) SRR (VR IR G AL, T A2 AEAN [FIRE SRR R 38 B — 8 B B et 5 251k .
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K MIMO R G¢&—FhE B s Ll A+ 2EA IR KL RE, B 4G
ARG 4 81 8 IRLHEIEIM—ANEH L2, FHKEREHERLMSA: M
W 8RR S oot B bR D7 @R AR AL 55 S, HARE e A B A LASEEUAR T2,
M2 2B 5T H AR 7 [ (A R i s %, 307 msEE BAs 5, T AL
— 8, HEBMBRKSHEHIS, Ktk R R & R e mE o s Hae i Hix,
T2 [ R 2R Re A 7 (R A3 2 S0 R B R B, 7717 906 [ 0 R 2% 10 1 38 hn i ik 2
DA R i isk 2% 8] 1 22 PR B8 i % ) T SR R S5 T, s T) ) R T DA vy R3O R 1260,
FIS, R URSE AR EER E. BIRREEEFE. TR 2 E X 4
JEE AR BRAN FORE A S 2 21251

MG S B, iR IR (2-2), 5 n MR IIFES FI0UE 5 R 1 x (n)
FRAE 2.2.1 TR A A R B, @ W A& R R AU E w . RSN

y(n) =w'x(n) (2-14)

R, KEURE MIMO W SRARAL (1 AR i o] DLER R Ny 78 2 RG2S (B3 i
ERIAUE, 3 B RS SR A 2, T T PN 75 LE S o e L mT e 0

Kl 2-4 7 T KHUEE MIMO #2IHLE RGA, BHR N N BEIREL Nep N
SEARBESE, MONFEICE, SR RECE . fEAE 74, A FE el kST
WEBUE, FER R R AT, Rl Kt AR 2
FERARL, R L E PR RS2 PR T BSOS A D SR B I AE /D B S B B 25 1F T
ARSI AT B AL B, R SRR 2 (MG A o IX 2 AR i 4%
[l GV B Y SR T R 0T 9 1 2 B2 R R

ED
RF%%
g
Ns | e
—>
RF%%

B 2-4 KHAE MIMO YL R Gif A

FEJR BRI B, B IR AR TR R A 5 T PO A5 N BRI AL
o DRI, 7 J0HR SR I A — i [P B A1 U S5 TR B AU AR T, BIIAE 3K
i P B RS, 25 RSB b BRSSO 7 A7 (K37 5, JRAE B2 B LR AR
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A . 2%, DFT. %4t OMP M J5 1) OMP FFhie R E e . 1E 2.4 715
H, R X e B A S B AT RS, EEE = E T, A AR LE AR AR Y
SR 1) e A o B R SIS AL 1 485

2.4 SERBRFZ G

FEMEBIE S AL, AEEREGRIRPERN, ARSI . Hit, 752t —
PO ARG 51 a0 A3 4 AR AL 1 B DAAMEE 2 A B T A AR 3R I S, AT ik £
RN T ) B R A S ) AR AR B0, BE I R4S B A4 207 [F > E
WA, KA A AN BUNEIIE R (55D, MR BEAS A R BEAT R4
BR8P A IS 5 T 22, St fE R B -

fE 1.2 TrhO&did, KA MIMO R4iH, R BB T 2w 7 A4y
TR AU B FIBURR 5 28 =28 . =R R B S A0 B L
Lo R GEIERE T TH AR R

2.4.1 SHEFIR RIS

FEE] 2-5 Wheh T AEECT I AR SR AR, T WAE AT PR R O, RN R
25 R T ARC A5 SO IR S A % DL K FH ) ADC AT DAC, [l g % 75 25 7 30 55
AR 7 0 B RAR S AT S s 270 S, (55 O AT 0 B e e
I EHBUE IS S, I RGHA Bm 1 B L, BRSEE XS A — AN RS STk
ARG A ] o R R To B, B YRR M, BE AU 5 x (n) e CY,
WA S IS 5] AR R N

y(n) =w'x(n) (2-15)
HrppUE R Ew B MANEHEBE, AZERAR

By 7 EED)

e (DAC> 549 j Ty
LA S Ak

+
Wi e [TLRACS et j%

WA
W

«<ADC}—
WL - 8 T M

A
Joo
\

K 2-5 2iH07 PR BUE e
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AT R BAT e BRI B BB, e NS SEBLI S R A 2R 59T
THRIERE . R, 12K 75 2R B S E K A =i ADC 1 DAC, SEUEIFRA S
TheEim . TERSLMPIE AT MVDR 45807 R IEAE NtERE LR 5%

2.4.2 AEHUR R A 54

AL AR I SRR DU P A B S I, S R BN RS 2 X 280545 5
AL 28 4 RERE TCT, P 2-6 7R th T — AL BTN R BB 40, %48 M I8 I
(s S B, TERC I EE R AR R %, FRERLIE S T
. HF oma e .
= a4 g T\/\j
>LDAC SHEE —

Fenti (s 5 40T <ADC]

B 2-6 AREILLI AR T 280

AR R T, A5 5 IR ALE B AT 3 SR i 5 . B TR 45 H RE i
ASFAAL T AN E VR BEME P, DR e BB O B D 20005 J2 A% FREAR 2 o . BUE [ &= w
F— o i e

HMA=7%W=LLWM (2-16)

M WKSREFE T RO, X PP BRI R ] 1 R R AR R e AR R 28 1] 1 AH
I ZERAE IR R TR 1) o 1E S5 S0 B, A2 28R 95 (T A A A AR 4 PR =, AR B
B BUE AR AL 77 o

SUATALI: R BT SR AR 25 M AR L 8T B, BRI D RE i ik 2R, BT H H
FEPEE IR, RGE R Z@E HEer= A — M AR R, HIGEE R =
] R R B R T

2.43 SBRENERFLERH

FETRIE M Z K BOBAE IR s KR A R FE A 4512 F 39 55 H b (]
PR RE R, FF M R R b B R AR ARG . TR, VRS OR OT SR A e
SRt 22 AN D e -5 0T 1) T AT 5 5 B I AR S M 51 A RS AR AR 2%, Kb B
SR S K B R 2 T RS T, AE S PR R AR R R, 5 RE PR RFB = 1
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BA I E H EEAIR [ 2

TREPOR B AR L& —FEDIRE . A S RAGTE S VEREZ IS o P 4L
REPREERGC, U 2-7 FIoR o 2R I R R R R AR R 7 (R G Bty b B
5 i ERAU S SRR B P A8 7y, AEPERE S A Z TR UG T R AT

By ﬁﬁ B
- 55 >
A TVW
WipE R feapc—y T [ t?:gj
+
T/ WA —>[DAC> 5 $e
o e 515 oy
\/W B/ RE | ™
e SAE j

K 2-7 RE BRI EEN

FEIREWRBIE SR, RGN E TN T RE (BFETT) Ho M )5 AieE #%
BN e o 55 B eI B R LI FE W, € CV 7Y (23 FTEAIRE], Ny
NEHERED FATRLEAL R, BE ol i S i AR A, A e E AR UL
Wee€ CM Mo AT R EARDL R R . Fe R A5 OB AE B N

W=Wp:Wps

Horf, Wee WA R TERLZ

TRA VRIS BT 5 e % Al ADC/DAC 8 B#E /DT RE B, WH
RS T RGBSR A, R RIRE/DN 1 s s 1) DiFe 5 HeAE 7

(2-17)

2.5 FERMA B Z IR

AU RIRAL B bR 7R3 S BHUBUE R B I A B DR AR RT3~ 151t
TRgmAL/ A AR, RG4S TR (SINR) Kb, SFF RKHE MIMO R
BWARLIE RGN 5, AR @ H A A4 28 528, DRIt Hoo 2 R ae i A Ar
A BESSE TR B8 RS, RGUBEARAUE IS T E R R 4R . ik, JRAY
R v I 5 #0 75 EEAE “ AR PR AR o AN “ B D F R R AT R,

56 2.3 1M 2.4 AT, JREHT HIOFAVEE X SR B 2 F P ORI G AL AL ]
R, T R B AR T 7E SR T IR R T PR A B AR ) . i, AR PR
W T OV U R R 2 B SRR, AR R 51 42U 5 v 1S 5 H A 7 1) i) 82
PP AE A
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RHEX(©2-17), X TR G IR BIE, B 2B 5 R R A A &
w=WpeeW s (2-18)
Ho, W€ CY Ve B STATAERE, Wi € CV U RB IR &, BT
FEAAE B R A AH 28 S B, (Rt Lo b 20t e fE R TR, B

| (W] monl = (2-19)

sl

[FIIRE,  Shyi o B A I ROBUE TEBR OK, 38
B, BEFITESE n NMRAART ZI 0050 H T 5
y(n) =w'x(n) (2-20)
Hrpx(n) ERXQ2-2)HFaH.
TEEbR THMEFILFRIS R T, B ERTRNG,, T EE N0}
T4 A5 T L AT ROR N

T A S DR L R B — 20 X

i

Pslw"a(0,)|’
wi R, ,w

Hrr, PoNESIIE, a(0) NAME SRS, R, NTPOMMERS 7
ZRERE . B AT L, BARARAL )R A BT AE H AR T R] DR AR e 1 R P [T
SRR/ T 5 0 P AR S tH o (R D 28, AT A4 i SINR 5 KPY,

PRI, AR SCHR AR 0] AT DASRIR g PEASEADHE PR R fE B L TR L B AR AU(E
T L S IR SR AN, BRE W W MW g, AERQ2-21) s % SINR £
Ko TR — 0 B BAUAE R S5 8O BUE AR TR &, AR R A B 8 52 B E AL
W, BEE R — AR R, 8w e DL BT B e R s AR

SR B BARSEIL, KRG IFRAE BN IR G AL ] @i AT B A SR
fifE, MR T PR B AR A B BB s 25— 20, Se )it & TEABE 240 R (1) ASLA0 S A
FEREW e 55200, ERWHEREIE S5, e P I BIUE 5 4550 SR 48 715,
PR AR B J7 22 50 [ SR A - R s BB W s o

Horh, DFT J7k38 5 [ € A FEAS ARG B RS, 1548 OMP J5 ik AE 475 (8]
P AT AR A, 1T TSC-OMP J7 R MIFE H bR 5656 f X P Rt Jmy - g, Aol
TURTE RIS R T O H 520

B, R FIBUE KR A, AR SL R R H T S e R 4E 2 e
FRARARLE Y 77 ZH B SRAS B 7 B AUE o X FIEE IR B T B 1&E L AR TR ont
PUAMHI RIS, [ I 36 G £ 4 2 20 W) B4 SR W 75 Z2 R R s R ) ek SR R R
IoF 24 A B2 RS R 21 8 SR T A b PRI B 48T AR vl Stk () B 7 3B,

SINR =

(2-21)
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g5 BRIk, APRABBCR A ) RS (% 0 R ARG Dy - AE AP PR IE A 24 oK
AR LA, 385 B v AU AR R 5 B Bty B, 16 R ekt SINR 5K

2.6 KE/NLE

AT RGN MIMO VR G AR A AL, 57 1 JR ST 0 76 1) R S A
SRR Eoe, 4 TR BEERAR DL AR, T PO S A 261 R 4%
A5 S LU, AL 7 IR 2EE (ULA) S5AR¥IZIZFE (NULAD PRSI
R, UL AR RS UARD B R AR ) S 00 A P Re A O G B, S A ey
ARIANRE SRR SOB 2K, 25t 1 Hlom KB MIMO R4, JEEIH) 1A
SCUAfTHY SINR S KA H b« DARSBUE FEAE AR 2 R DR 20 O 26 A BRI
AR R SR A B B A, S = w2 M R R RN 2 D B SO Rt
fefit 1 gt — R B LA
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=5 ZBRRBEEET TS RRMERIE

ER T, R T2 KBS TEBR A )5 &5 AR S SRR pI B A,
DA S A SRR 5 B AR I R B AR 28K o FE L RRAIl b, A0 48 LB R R
TEIEAT SIS X i, BAR AL HEARA0L I o) A | ﬁ?MWR%@ﬁ?%
W 2T DFT ARG IR OB LUK TAE S8 OMP TR S I AR RIE .
ﬁﬁﬁ%ﬁ&&%—ﬁﬁ%é?%&ﬁﬁﬁﬂﬂ%ﬁst%Mﬁﬁwﬁu%M%
RITIEIVERER: s S R BRYE, 28 DU & B 1 H Fr el X 29 5 1 ek B 15 v S £t
FEERYIN S . AR EIEE I IET Python SEEL. N T U H KR vk
(A B B A AEARRE VR, #E3R 3-1 Rl AT 1 Bk i B .

* 3-1 £MERE IS

BIEBR HAEE ARBHREIRAR  FAEER

‘ o R H1 H bR T A R R AR
IR E ELAAG PR 48 17 H A5 7 17 PERE T 5+
H— 52

£ A2 [A) FLA% ORI

KT MVDR 7 U 44 0 7 220 SR

- | W MRELR
A et \
MVDR AR AL

Derins | TEFPRIHIN AR B A 5 (42 2
. Wit BERIAERE, TEMIE % MVDR ey ok

B OMP  fEass T i s R LR T A ARRNES  BREeX
B Wi HEISERE, FEAIE4E MVDR A BT sk

3.1 (hERBHRE

BSEAER 32 g AR M S AL h i i H S 8. BRIESA U,
75 U B A 15 R P 2w 1R B AR R

ARV Z I S an st i 0 S50 vE, B2 LN U T RIS RS . B,
FERORPCL RS T, SRS EAE 5 BRSO 1 55t P R O 5 4% 2 4 0 1) Bl 5515
T TSR ARE S 2 A R I RE R VEAE, WUR S RS B T I0 0 g
PR 2 HRIAE ) T PO, A2t H AR Rl Hok, i R A A AR 1
fEMREL . TSR T-IBE PR PR AR, H LREOMERS T A IR . A PRBUER L
5 [T H0 T SRS ™ % A BRBRE B0 52 DL AL $230 S B o2 FH PR e 26 A1 R &% 5505
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W EtE S E AE, REIA FBCRICA I IEAETTTPURE S AN fiAs A 22 5%

R 32 RV ENEESHRE

S K5 SHEM ULA HETAERE NULA HEF&E®E
NV N CUDA "] fiff{#f§ GPU,  CUDA ] fiff{# /i GPU,
A CpU A CpU
LT 24 24
R 51| RS UIETEEA 4 4
Rl 27 AR ULA NULA
T 12 B0 43mm S5 [A)H,
Mg LT FEoolalsb/ A E A (] R Hie] 63 mm BEAE, S5 11
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WK H—ER A=3x10%/f.
H b 1 5° 5°
T -15° -15°
- EE 100 100
e 7 D) 32 1.0 1.0
T L 30 dB 30 dB
H b X 2 58 5° 5°
DFT ROV 4 4
OMP 27 ) 7 L -90°:0.5°:90° ~90°:0.5°:90°
TSC-OMP £y ] Jeif 450, HKo. e Jeif 450, HKo. e
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SR RIS 300 300
SR MEonEdas 8, 12, 16, 20, 24, 28, 32 8, 12, 16, 20, 24, 28, 32

20



H=F AMBPREEIE M 5 R IRV RE

3.2 SRRV RLEE

3.2.1 ARAUE R EEZRE AR
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ARSTANI R B A BE R 13 75 Z2 0 AR SN IR AT B & ML, R e AE o
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FE AR Ty A E L 3-1(a); L5 ) 2R R )3 o el B L I 3-1(b)-
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Hybrid Beamforming for Massive MIMO:

A Survey

Andreas F. Molisch, Vishnu V. Ratnam, Shenggian Han, Zheda Li, Sinh Le Hong Nguyen, Linsheng Li, and Katsuyuki Haneda

Hybrid multiple-antenna
transceivers, which com-
bine large-dimensional
analog pre/postprocess-
ing with lower-dimen-
sional digital processing,
are the most promising
approach for reducing
the hardware cost and
training overhead in
massive MIMO systems.
The article provides a
comprehensive survey of
the various incarnations
of such structures that
have been proposed in
the literature.

A versioh of this article
with additional references
can be found at andv.org/
abs/1609.05078.

1 In aslight abuse of nota-
tion, we denote 1-10 GHz
as “centimeter waves,” and
10-100 GHz as “millimeter
waves.”

ABSTRACT

Hybrid multiple-antenna transceivers, which
combine large-dimensional analog pre/postpro-
cessing with lower-dimensional digital processing,
are the most promising approach for reducing
the hardware cost and training overhead in mas-
sive MIMO systems. This article provides a com-
prehensive survey of the various incarnations of
such structures that have been proposed in the
literature. We provide a taxonomy in terms of the
required channel state information, that is, wheth-
er the processing adapts to the instantaneous or
average (second-order) channel state information;
while the former provides somewhat better sig-
nal-to-noise and interference ratio, the latter has
much lower overhead for CSI acquisition. We fur-
thermore distinguish hardware structures of differ-
ent complexities. Finally, we point out the special
design aspects for operation at millimeter-wave
frequencies.

INTRODUCTION

Multiple-input multiple-output (MIMO) technolo-
gy, that is, the use of multiple antennas at transmit-
ter (TX) and receiver (RX), has been recognized
since the seminal works of Winters, Foschini and

Gans, and Telatar, as an essential approach to

high spectral efficiency (SE). In its form of multi-us-

er MIMO (MU-MIMQ), it improves SE in two
forms:

+ A base station (BS) can communicate simul-
taneously with multiple user equipments
(UEs) on the same time-frequency resources.

+ Multiple data streams can be sent between
the BS and each UE.

The total number of data streams (summed
over all UEs in a cell) is upper limited by the small-
er of the number of BS antenna elements, and the
sum of the number of all UE antenna elements.

While MU-MIMO has been studied for more
than a decade, the seminal work of Marzetta
introduced the exciting new concept of “massive
MIMO,” where the number of antenna elements
at the BS reaches dozens or hundreds. Not only
does this allow increasing the number of data
streams in the cell to very large values, it also sim-
plifies signal processing, creates “channel hard-
ening” such that small-scale fading is essentially
eliminated, and reduces the required transmis-
sion energy due to the large beamforming gain;

see, for example, [1] for a review. Massive MIMO
is beneficial at centimeter-wave (cmWave) fre-
quencies, but is essential in the millimeter-wave
(mmWave) bands,’ since the high free-space
path loss at those frequencies necessitates large
array gains to obtain sufficient signalto-noise ratio
(SNR), even at moderate distances of about 100
m.

However, the large number of antenna ele-
ments in massive MIMO also poses major chal-
lenges:

+ A large number of radio frequency (RF)
chains (one for each antenna element)
increases cost and energy consumption.

Determining the channel state information

(CSI) between each transmit and receive
antenna uses a considerable amount of spec-
tral resources.

A promising solution to these problems lies
in the concept of hybrid transceivers, which use
a combination of analog beamformers in the RF
domain, together with digital beamforming in the
baseband, connected to the RF with a smaller
number of up/downconversion chains. Hybrid
beamforming was first introduced and analyzed
in the mid-2000s by one of the authors and col-
laborators in [2, 3]. It is motivated by the fact that
the number of up-downconversion chains is only
lower-limited by the number of data streams that
are to be transmitted, while the beamforming
gain and diversity order is given by the number
of antenna elements if suitable RF beamforming
is done. While formulated originally for MIMO
with arbitrary number of antenna elements (i.e.,
covering both massive MIMO and small arrays),
the approach is of interest in particular to mas-
sive MIMO. Interest in hybrid transceivers has
therefore been revived over the past three years
(especially following the papers of Heath and
co-workers, e.g., [4]), where various structures
have been proposed in different papers. Thus,
the time seems ripe for a review of the state of
the art, and a taxonomy of the various transceiver
architectures (often simplified to provide com-
putational or chip-architectural advantages) and
algorithms. The current article aims to provide this
overview, and point out topics that are still open
for future research.

This survey covers hybrid beamforming struc-
tures using instantaneous or average CSI in the
following two sections. A special structure incor-
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