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ABSTRACT

ABSTRACT

Millimeter-wave massive multiple-input multiple-output (Massive MIMO) is a key
technology for improving spectral efficiency and spatial processing capability in 5G-
Advanced and future 6G systems. Fully digital beamforming offers high flexibility but
requires high hardware cost, while fully analog beamforming has low complexity but
limited control freedom. Hybrid beamforming provides a practical 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 complexity and makes it vulnerable to pseudo-
peaks under strong interference.

This thesis studies receive-side hybrid beam optimization for large-scale MIMO
systems in strong-interference environments. First, an mmWave channel model and both
uniform linear array (ULA) and non-uniform linear array (NULA) models are established.
Acreceive-side system model with a weak target and a strong interferer is then 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.
Based on this framework, several classical methods are reproduced and analyzed,
including fully analog beamforming, fully digital MVDR beamforming, DFT-codebook-
based hybrid beamforming, and conventional OMP-based hybrid beamforming.

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 requiring less software runtime.

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

robustness, while excessive loading degrades angle estimation accuracy, indicating a
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ABSTRACT

trade-off between stability and precision. Finally, a Python-based visual platform for
large-scale MIMO beam optimization is developed, and a preliminary exploration of a

deep-learning-based sector-focused beam prediction method is also carried out.

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

Target Sector Constraint, Robustness Analysis, Non-Uniform Linear Array.
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EfRH T ES, MHMALMERERESECN: REECN 24, BIM =24 BF
TG BE AR, Bl d = A2 s B T IR i B A RGO A% /.= 4.9GHz,
33 1~61.22mm, Md=1/2~30.6lmm.

223 EHS%PE (NULA) =23

ARG S BBt Dyt o AR s (IR B RN, o () BEIE R 75 396 A2
d < M2 HERFEER. JRIM, EZZKPRKMB MIMO R4, IX R 2= A5 30
RSB TCE B BRI 58, HAEM o BB IR, REGERIME T 5
H B AAR RIE R, PR HE DAE— 20 R

N TIRRIX—F G, EREATERTSIN TIESILEE (NULA) A, %
ALUNHEIE: E, ARSILEERI Mo B A RBEHES, KSR A B H
A AT VO T SR A R, DRIE R 517 e B FRD 55 S I 20 AT 2 R AR 2, DT
LRI A1 A TSRS [R) T2 S 2R B X 22 TR RS o FLOR, A AR SO R R 51 mT LLAY
FRIS BB B AR TE L, I SEOUE AR 55 e iU, [, fEHR ISR, HAR
PRIER N A G, REAT e 2 B A A RT | G54 2R M B e 2 45 R R 4
W, AR ORI RS S S IR o DRI, N7 [ I =5 R A 2 ) 4 A 20 DA B o A
RSN TRERE X



HL T RO S A SIS

XETARRISILR RS, Ak 2-3 s, ARSI M AFETT K, EAZ E TR R
AN, WFETTm(m=0,1,2,,M—1) M5 L sehrEar 8 ohd, , R
ZEETCHIARFR N (d,,, 0), MRS (2-7), WIAREEIC m B2 ARG N

b= 2w (2-12)

0 1
(do,0) (d1,0) (d2,0)

B 2-3 ARF S LA Y

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

RO RS, ARSI SNEMERNSHCN: REHHN 24, HIM =24,
RGO KA 2.2.2 T OERH  REFIWEAL BV d = [do,dy, - dxs] "
E AN

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

B Bt (W)BBkER SO FEFEIT 11 FIFETT 12 CEPES 12 AMBETTAIES 13 ANFETT)
BB N—/ 63mm (£)241.034) HIAE 5T BkER R #E .

C Bt (FEJG 13~23, RIS 14 DNFIEE 24 DNETC): JEEERE 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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B MU MIMO YR A 0% R U I 3R G i

2.3 KR MIMO B R &R

K MIMO R G¢&—FhE B s Ll A+ 2EA IR KL RE, B 4G
ARG 4 81 8 IRLEIEIM—ANEHU LD, FHKEREHRLMSA: 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 B 3 isk 2 8] 1 22 PR 38 i e % ) T SR R S5 T, s T) ) R T DA vy R0 R 120,
FIS, R URSE AR EER E. BIRREEEFE. TR 2 E X 4
JE AR BRAN FORE A S 2 200,

MG SR, iRIER(2-2), 5 n MITRIFEF AU E 5 A R x(n),
PRI 2.2.1 R R AR, @ T A IE R AU w . BRI

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

K 2-4 7R T KHUEE MIMO $IHLEI RGeS, B No NBIEIREL 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

E )
RF#%
ﬁ«l—ﬂ—
NS j:é"l_ﬁ%gg
—>
RF%E

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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afififtl. 2%, DFT. f£4t OMP FIZG 5 1) OMP Tk oS 480

HEEAT, WNCKEAE IR 750 BRI KRG A, BAARK)
ZHWET SN 2.7 WHHER 2-1. 588 T REREE, ATEFEG —DRG
FERIEE (2479, VLAZRGUREINEE (2.5 7).

2.4 IRt BRRSETHINE

2 1.1 A 1-1 , FRATE AR 1 i R H T, BRI 9o R
55 8 B IP) S () [R B, B2 v X 55 H AR BRI RE /7 o D56l i 52 IR et B 8 R AR
WITFEAE S A N A RE, i B E— BN H AR S TP A7 K
WEL. Wit st, JATENT 7 —ABEZ R A TN AT 8 g 5 HAnE 5
PAE0°~40°, MPRET &M 5°, HARHHEEEG & (RCS) A-30dB; THiES
HILAE -3°~ - 20°, MHEAR &y -15°, T4 RCS H30dB .

AR 2 Fr UM e 37 skt EEF TN THREE. B2, 2
KWL PRERE b, AR T E NGRSO T 5 (R RS, RIS iz
Ui 7% B 2 i AR 5515 5, TR AR SO 257 AR 35 (R Re B0, T SR RS L& L
WFFPLAdIRe 1, SRS RHAR M TR0, A2t H bR il . ok, dn
REERAEHAER) S ERE L ORI e R &4 T A 2% K TREMER 5
ABR o APRBR F AR I T P08 A4 A BR PR, HIIER N T E 4
AT SR S FH TR HME %A T & SRR I B i 1 5 3G R, DT B 375 2 AR B AS 7138 R AR
WITELEPUTHLRE IR A RS E L 22 R

2.5 BERALFLERH

FEFESIME T A, ATEEREGEIRE RN, ZARER I . Bk, FHERIH—
P ARG 51 a0 A3 4 A AL 1 B DAAMEE 2 A B T A A 3R I S, AT ik £
SR D5 1) b R S S AT AR AR B0, BE A R SR 1207 TR B — > R
WA, R AT 7 A —ANBUINEO W SE (S5, AT R BEAS A A BEAT SR A9
BR8P A IS 5 B T, St e R B -

fE 1.2 [ oafil, KU MIMO R4, BORBIE A 12w 7 4%y
TN AERAD B FIBOSR 5 28 =28 . =R SR E L B S A0 E B
Lo R GEIERE T TH & AR R

2.5.1 ¥R R AL ER 4
TEW] 2-5 Hheg T A BT R R 284, A WAE A B R e, BN R
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B MU MIMO YR A 0% R U I 3R G i

2 B TR A SR B SRR % DL K % I ADC AT DAC, AL RES 7E H iy ) 45
AN Bl TG A B AAR AL BEAT ST AR P [R5 5 RO WR B AR o 8 8 56 4= 8 B e
i BRI TSI, D R G e 10 B, BB B A — N R AT it
Irrs Az o BRSO PR TR, BUE R BN M, BRSNS 5 x (n) € CY,
WA R S5 Al LROR N

y(n) =whx(n) (2-15)
Horp U Ew BA MAEHEHE, ARBEKLAR,
Bz e 1)
- (Ehe >
. (DAC B —T
B Ry S ADC
+
s DA i %
gkt /IR 2 "
g/ J& ¢ Sk

WU
— s J%\

WL PEee—

K 2-5 2i30 PR BUE e

AU A BAT S BRI B B B, e NS SEILEII S R A R 59T
FARIERE . SR, 125 75 2R B S PEE R Al =i ADC M1 DAC, SEUEIFRA
ThiEEim . fEREMi AT MVDR 2507 R E AR LR S %

2.5.2 SEREHUR R 54

ARSI R S SRR A A A S R S A e, AU A% 2% I 48 K45 5 20
P 28 2% R R TP 18] 2-6 7= 1 — ARG A BABLR R B SR H , 12 20 JE 1 Ry
B 5 5 S, R & R E R A, IR S SR

AL 5 55 IR 7 8 B S BT i e o R RO RS 5 L RE L
ARFIAL T A BE VR BE MR 2, DRI EEASUAR O% 2006 A2 P OB RS L0 R . BUE & w1
B IuR AL

=12, M (2-16)

|[w],,|=\/lﬁ

M R TTE. AT, X 2R BR A 1 I AR AN REIE I AR R £ ] (AR
o7 ZERAE B ARAR [ o AEJRERMIT T, IR AL O AP R, AR B
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i T BUA ARBL AR 72 o

oy RE 5D

e ot e —«4@'_‘>j (
S

<
<

ADC

K 2-6 AREILLI AR T 28

NRLALL I8 TR ST SR A R S5 R AR LT B, AR AN D FE B 1K - R0, PR T~ H H
FEFEEAZ IR, RGULE R — B ZE SR AR s — 7 M AR RO, BV Rl
L1 S R e 7
253 RERRAALEEM

FE T ISR 2K B AE R b, RRASE St R B 4432 FH T3 5 H b ]
W RE B, Mz AL S P 0™ AR TR . (R, YR A R T S A
SR 22 A A SHE I R TR RS IR T AT U7 2 Ik 7R S A ) AR AE AR N 4%, Kb
S AR 5 OR B R 2R BT RE L, 1E 2 2 PRACRE A B 2% BE B[R, 75 Re ORF I = 1
D GIAS RNk A CTp

IRA R BIE AT FJg—FfE “IThFe/ A" 5 “RiEM/ e 2 MEST -+
(R AL TR EE R TS, 1] 2-7 7R o SRR I i TR T i R AR 2 I A B
AL ER 5 i RS A B 4, FETE RS AN 2 (RIS T R ()P4l

TEIRA AR R ZE F, REGUNEC B /N TR (BREIG) %0 M ) i
BN e o 185 B AR B B TGRS AEBE W 5 € CV Y (2.3 FIEVEHEF], N
NEARIRED BATARYEACEE, BE 5w S A B ARz AR, A S ER AL
Wee€ CY Mo AT R EARAL RS . B A5 OB U AR R N

W =WrpWsp (2-17)

Hort, W 20055 AL R

TRA TR ORS00 1 T 5 2 A1 ADC/DAC B B#/0 T RERE, Wh
RIFAR T RGEMA S THE AR, RN KIS b i DI FE S5 B )
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B MU MIMO YR A 0% R U I 3R G i

ey S

\/

&%

Y=
22
RS2

>{DAC——
g —
A EE L le<abc—] I

A

+
B [TRAC st | —
«—<ADC|——
i
\/\v/\/ _ T/ 8 & -

&

VUV peo—rrml 7

K 2-7 RE BRI EEN

2.6 RO IERR

AU RIRAL B AR 7R3 S BHUBUE R BEL) I A B DR AR RT3~ 151t
TRgmAL/ A AR, R G5 S TR (SINR) e Rtk ST+ KR MIMO R
BWAR LY RGN 5, B REE F HAE A4 28 523, DRt Hoo 2 R ae i A AL
AN BEAL I TR FE R [RI, RGREARBUEIE 75 B0 2 TR L1 . DRtk TRE U
R v I 0 75 S AE “ R PR AR A A “ BT N kAT o

gh6 2.3 M 2.5 AT, RS IR ANV X SR B 2 F P ORI G AL AL ]
R, T R B AR T 7E SR T IR T PR A B AR A . 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

MRAE(Q2-17), S THURIR G RERY , WR 28 1 S5 R0 AL M &2

W =WeeWpp (2-18)

Hr, Wyee CY Mo RIS, Wy e CV NS iUR &. T

PG B RS AR A S8, DRI L 0 R 200 S TE AR L o, RIS

HWMMA=—L— (2-19)

o]
[ B, Sl G B AR SRABUE TEBRBOR, I8 7 i 2 e TR L R S — L 2R 1%
BE, FEBILESS n AN BN 205 1 T 5 g
y(n) =whx(n) (2-20)
Forbx(n) DAER2-2) P
LR FHRRMMS AR T, % R0, TR S {0,
Tt 5 58 L T 27
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HL T RO S A SIS

_ Ps[w"a(6y)|?
wi R, ,w
Hrp, PoOESIIR, a(0,) NEWE SR E, R, NTPUINEESE P J7

ZERERE . BT, BCARARAL )RR A BT . LE B AR T R ORAE e 1 A 1 [

JEA] BRIk /INT-HE A5 M 7 7R i A o A D 26, AT At SINR $5c K24,

DRI, AR ST BRI ARARAL e R AT LA IR Dy FE RO B R EAR L TR . B AR BUE

T R LR SR T, BRE W Wer W s, X Q-2DFREH . SINR

Ko B TIX — a ARG B S 5 BUE AR B G, HARAUE PEA B ik 32 BIfE R 2

W, BPUE R — N R R R, 8 M DL E RS B R L
GG RS B BARSEIL, RAEIFRA BN FIRECE DU ) Bk AT B A4k

fife, AR T BOL AL B 520, S i 2 fE AL SR AU S A

W s S5 00, (EREIRHE G, R e b 2G5 15050 SR B 3,

PR FAARAE P 7 ZEH0 B SR AR - ZE A AU W s
Horh, DFT J73k38 5 [ € f FEAS ARG B RS, 1548 OMP J5 ik AE 475 (]

S AT AR R, 11 TSC-OMP J5 iR MIAE H AR 5656 J X P9 Fit Jmy B = g, DAl

TUARTE 2R I 55 SR TP U R 5 0
HE— P, R IEBUE SRR, AR S bR R H 7 15 R R R 4E 2 5

PR AR AE P 77 2 HE B SRASH 7 B AU . X APOE LR B 1 B 3 L R ot +

PN AR, 7] B Tk G £E 4 4 72 8] B4 SR8 W 77 2236 BRIl R B e L R R FE

IoF 24 A B2 RS B 41 8 R T A b PRI IS B 4T AR ] Stk () B2 7 A,
ZE L PTIR, AR URRE AR A e AR PR A O T AN Ay FERLAUAE B T A2 B

MR DY ZL R, i BT ARADL SR IR B 5 7 B U, 18 RSt SINR $5K

SINR

(2-21)

2.7 REING

FEARBRIHT LA, Saxt— A 5e BB MIMO &4t [ #2 Yo 1 2
AP FASEREAT 1 BAR A BRSO o B — N, AER 2-1 7, XX
LSBT T RAED A, ARSI ERIEN S %,

#£2-1 TETFEMEESH

ST BB ULA fFEF&EE NULA FEF&EEE
CUDA mlHi ¢ GPU, CUDA #] FisH# | GPU,

N S > 1
TR IR TR & CPU A CPU

R B KA FETuEL 24 24
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B MU MIMO YR A 0% R U I 3R G i

4 2-1
SH KT SR B ULA FEFAERE NULA i ETEERE
R 51 A St A A 4 4
R 21 S Y Rl 27 AR ULA NULA
AT 12 B0 43mm S5 H,
MEZ U FEsolalfE A B KRR e 63 mm BEAE, J5 11
B T4k 43mm 2 [A]
- B L, VE— e K g A 4.9 GHz
WK H—4b KR 2=3x10%/f.
H b 5° 5
T -15° -15°
—— EE 100 100
e 7 Ty 28 1.0 1.0
TPt 30 dB 30 dB
H A X 22 58 50 50
DFT BB AR L 4 4
OMP 47 [B) 7 M5 ~90°:0.5°:90° ~90°:0.5°:90°
TSC-OMP 2y it Je 450, Ko Je 450, o1
TEWASER SRR IE K 0.5° 0.5°
HRESUE 0dB 0dB
‘ SNR 4t [ ~10:2:20dB ~10:2:20dB
FLMGH
SR RIB I 300 300
FHH A A JeI o +5°, HKo.or JeI o +5°, HKo.or
b5 I £ Jad [X 0~40° 0~40°
SN SNR AR [0, 5, 10, 15, 20]dB [0, 5, 10, 15, 20]dB
SR RIS I 300 300
SR Mo 8, 12, 16, 20, 24, 28, 32 8, 12, 16, 20, 24, 28, 32

MEE=FTF0G, Rk T RPN RS E, SR AAi%0y . AU & 3R
I SRR O AT BB, IR TR RE T
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E=T RERREEEZD TS EMRMEIIE

T, CEE T 2R SERA ., Y5 R0 SR S LR I PR FIRE Y |
59 Hbr 5T, DA T aiRAANR G i o s B 3R A 484 o 76 LA
b, AT MO AR Y FIE AT B IS ST LA T, BAR RS AR R S | S
T MVDR HI4i 873 R i . 5T DFT RS (VR4 i ok U LA T4 48 OMP
(IR IR R T o B S X B BVEE G — ) B & T I3 R 7 ) R AN SINR 2%
AT OEL, A0 AT 8 27 VR I It R i S LRI R %, D938 DY 2 58 T H Aw i X 20 BR 1
SO EE B TR BEEEHEFI V)N 5o AT () BE I A6 5 T Python = £RRAS ST,
BEMSHOAARE 2-1 PHIH.

3.0 GHEASHEBRER
T BT U] % 28 ST AR RS A AL, 2 3-1 MG T AR = ST L
P Y 220 M B LA ARG o ) 20 S B0 5K

* 3-1 MR E IS

WAL HAEE ERBRNEISE  AE(ER
. o B b 5 0 0 B B
Sl ELBE R 0 A T PEREF 2
{055
o ‘ 1 e e I LR
5T MVDR J7 T P 477 2 R SR e
) | WM MRELR
A B \
MVDR A2 RAL
Cerigs | TERPRRMEXOARERE N ERAHCEST  (CA
. o MRS, FHE(E4E MVDR o 4
B OMP e F i oA LT A RARBERE W%
B Wi VAR, FLECIE4E MVDR YA AR 4

3.2 SRR B

3.2.1 @RBUE R ZRE KRR
SRR I8 TR T o T B R R IR T 7 e 125 V00 S RO R 7 S8 T %
B TeAS S MO 6 B, 8 B bR 7 10 10 [ 30 76 I 20 o e S AH - B i . 58— 2 o
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H=F AMBPREEIE M 5 R IRV RE

CfRH, AR B AR A/, Bl TsRZHer sk Bl s, T
1l 66 7M1 22 e R RS M B R A2 PR

DRIASALMAE % 85 I BE P15 AR T AN BER AL 15 5, DTt LA ) i B
W H AR5 1T R BT — A5 3], AR B2 TR RS R B AR 17 H AR 7 17 -
_ a(6,) (3-1)

R

Horb 0, N AR, M ONFETCEL
MTAERRHMO, AR5 A B W 5 0y
a" (D)w|*®

max, |a™ (0)w] (3-2)

F(6) =10lg

AU IUL AR A REA I Bip 7 22 R A5 S T-PEREAT B G ], DS e A 5
TIRIREG 3 5 M AR B W TR 1 Z B

3.2.2 ARV RFEEEAMNE I AN

FEGT L, AR R B S B 7 s B, B SRR H bR 7 102 R il
i, PR R(3-2), R PARETCEU 172 OTEITT . Horh B s 2k R el A2k
B (4 X S BILAE 7 160 ol R 3 7 SRR ) e 4950 2 0 SR P Y D K34 5D R B A TR
T AE 3451 23 R IS P 24 B e AR S B B . BRIb Ab, ARSI i
77 SRR — 5.

BRI BB BB LETE T % 32 W

R 3-2 AR A SO D IR

BESR BERIL i

7 B¢ R H bR A R R a (6,) ULA 5 NULA (X HXAETT [ [ g
AU 2: HERABUE w = a (00) I/ M EARAR A H AR

DR 3: RS TWARISIAG) P A7 17 &

A IR 4. iH 5t SINR VERSELRIERE N 57

3.2.3 @RV REEEANTESERS 2
W E, BRAVER T HARse, Z0% 15 B s M e, Hrhiy s 4w
FRT7 M E L 3-1(a), AEXIEIZRBE B3 R 77 1A B L 3-1(b).
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; i ; =
: i\
P i I
" I w : IR
it i
20 - .'\- | -1 ,\ : 20 1 "\ "l l] R A & .
: APl AT AT R VAV
; L AN i i / oAy L i in .
ot ANARAHNHE PR g Bad Dl il
R R RN T A R SR AR R N S
Pl Y ?i| P uui!n!; St g l i“i” i
R R AR R R SRR IR
NI A AR RN R A I R BN RN il
Pttt : AR L: L bl
60 4—L i 1 1 1 | H -60 | 1 1 1 | | 1
-60 -40 20 0 20 40 60 -20 10 0 10 20 30
fBEEO(°) o)
— EER —— N#HEEREE0) —— BREK(-1507 — EER —= NHBERGO) —— BEREK (1507
(a) (b)
B 3-1 AASEIULI R O 50 R R 7 1 1
304
201
g
o
z
@ 10
3
&8
o)
-10
-10 é 6 5 16 1‘5 20
X SNR (dB)
¥ G —e— SHEF(LR) - DFT  —— {E5OMP
3-2 HSIZRE T A VAR SINR KHL
304
25
201
g,
z
a"‘am—
&
;)
o)
5]
3 ; T % 3

5
I SNR (dB)
—V— GOEHl —e— MMTR(ERR)  —4— DFT  —— {&5OMP

Kl 3-3 AR SIZERE T A HAR) SINR KHL

MEERTT DU W, AR BN AR 7E H A5 7 W B 3, (RLE 4007 1 4
DATE A B B 200, 59 iRl e o ess, Uk Pt raitEnti 2z, RaslE NS
BERE R A MW 3-2. B 3-3 e LAEH, ERTE SELM SOl ) Ekd, i
LI R 35 1) SINR A2 e Al 1
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H=F AMBPREEIE M 5 R IRV RE

3.3 EF MVDR FEMAH TR RN E X

3.3.1 “¥i= MVDR ERMFZE ZRE AR

SR 0% R B 5 AN B TG A e ST U, R B B 1 23 I 1 e
JE . AT R/ T ET BN (MVDR) 7 (1 255 735 01 AR 28 i 33
W7 A0 AR R TR RAIE H AT 7 ) 6 2k BRI 1 RTHR T, AR5 54 Th 2 /N,
T B R R T 5 e A, AT IR S

R 'a(6,)

A" (0)R "a(0,) (3-3)

w =

frt SINR fE:RQ-2D)HELA . Z VAR LRAIE H A5 77 1) T8 2% B 1 [F] B B /s
fhfr i Th, RE s B s i Tt

3.3.2 4i#F MVDR ERBFEEEZNEIRN AR
4% MVDR [E I % 3-3 RSB i,

# 3-3 4i%F MVDR IR Y HFo b %

HELE HERIE AR
s B AR P 2250 B e

S 1, A5 HAR. TR
Ry=021+ Psa,a” +1INRa_.a

WIR 2: TSI R = Ry + ol A S UL S i

IR 3: SR f# MVDR BUE X} R 3 (3-3)

WIR 4. H—1k PREF IR —3K

IR S: THEEHR T M E S SINR YE N fE B 5

333 @i¥F MVDR EREEEZMAEERS 5

BRT B, 50 2B B AR T 1 B LB 3-4(a), ARSAET LR B i R 1 P AL P
3-4(b). P WZSEIETE ST HLALIFT H T4 -100dB IR

MEERAT L, 2% MVDR 27 B ERRE. TIMEHRE. HE 3-2 f
Kl 3-3 [RIN T4, HAE#EAS SNR 3470 Bl N a6 & Rk et it SINR, PRIE TR Ry
J& BRI R O A PR R S
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404

I3—tis3s (dB)
5 8
VA3 (dB)

&
3

601

-30 -20

0 —1‘0
fAEe(") FBEO(")
— EEER == HEAR(5.0°) == 3RK (-15.07) —_— R —— HEER (507  —— 3BRK(-15.0°)
(a) (b)

B 3-4 40407 MVDR A ROE 5% R T 17 ]

3.4 BT DFT BB ARRR SRR E L

34.1 BT DFT AR A ERRFEEZNEKRRIE

DFT JR&W R E T A AR T, AR ARSE . SB7E B ARSI
X PN gt 2 T ] 5 T TR PR, TR R0 S e B, AR AR B i b gt — 2D kAT
WBUE SRR . ARG R 5o

a(0) a(0) . a(y,) (3-4)

VM M T M
b, 0, 3 RSB X N 24 ST B B RO 1A
FERIE R € Ja, By 2 i BUE I K 4E MVDR B 30R1S

DFT __
FRF -

ey — Fll;Fa(QO)a Reff: Fll;FRFRF (3-5)
__Ria,
Too= ay R a., (3-6)
REIREGREAN
Fii fis
W= T 3-7
[FE £ 3-7)

342 BT DFTREAKEREERBRFEELINEN AR
R I R W 3-4.
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H=F AMBPREEIE M 5 R IRV RE

R 3-4 FT DFT WA (R & B AR SOB SHE L IR

BEPR #ERIE i ER
AR i€ BhrSem i X H00,,,,,, HH H 7o S 50 i
HIR 2 TE Ji 3 B DX N 32 ST HUN e A 75118 Ha) 3 [ 7 8 SR R
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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-

Andreas F. Molisch, Vishnu V. Ratnam, Shenggian Han, and Zheda Li are with the University of Southern Caffforria, Los Angeles;
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