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Abstract:

cation experience in future human society. Limited by the large random deviation and mismatch in the manufacturing pro-

mMIMO millimeter-wave high-speed communication system is the key foundation for the better communi-

cess of integrated circuits, weak robustness has become the main bottleneck restricting the large-scale promotion and appli-
cation of high-speed communication systems. This paper deeply explores the key factors affecting the performance of mMI-
MO millimeter-wave high-speed communication system, and summarizes the algorithms such as I/Q mismatch calibration
of transceiver link, multi-channel amplitude and phase mismatch calibration of digital/analog hybrid beamforming transceiv-
er link, and nonlinear distortion compensation of transmit array, so as to provide technical support for the construction of im-
mersive, intelligent and global high-speed communication scenarios in the future.

Key words: mMIMO millimeter-wave high-speed communication; robustness; I/Q mismatch calibration; multichan-
nel amplitude phase mismatch calibration; transmission array power amplifier nonlinear distortion calibrationkey

Foundation Item(s): National Natural Science Foundation of China (No.61804182)

1 5|8 1L(j%@$ﬁﬁﬂﬁ<k) Fﬁ%aﬂﬁ@%?’i% 6(}%
— = 01 3 i

ﬂﬁ B é\ﬁiﬁcé’ﬁf&ﬁﬁ H AR S XE’JE?FIJ/%
*JZHEMVJ'J‘@%*J‘J%?&&B’ZNIEH\iﬂtjz\xfi%gm fF K55 . Space

R 5 Ge SR LB R L R S e ELA e
SRR, Al 1 (5 e R AR SR P 5 F . 7
S 12510 2 R T R e A K SR A 8 P e 1 B

fFEE . 5G By AL B T2 A4 3l 1 I AR e BT L T
7% g R Qe N = B e N £ 1 M G R e B =S

WA H #1:2023-08-18 ;& 1] H 11:2023-11-18; 3T T4 4 - AR H 3K

A K b Bl ] e 3 1 T A 2% . D455 o FH %) o
P PR RN AR = SN AN Rl S
B S RS B AR S M R SR AMERCE S
Z B HEAT S AT, DR O S BRse | AT S R R e A



3644 H, T

EE ¢

Oy A i JPEAR 3t R LRI

e B0 i JE AR O £ L Y e A . AR
Sub-6 GHz S B¢ J™ FLH 5 , T 2R KA IS B IS
e B A7 19 R Z IR AE i 1P S X A 2R S
AR LA 25 Fob i B 980 ] 07 0% gl UL A iz T ELIX
75 A e Kb I I I S22 B2 . I, S5 Y
ARAF B TE 2k 1 ik 2 5 S50 T A3 335 i AR BT, ™
PR WL PR RESR T . S T se IR AR Be T £k 1 HI A
T B 181 A7 J5y B, AR S 1 o 32 T 24 15 2 i) B85 )
AR B IE .

K B WU Fl R s B GHz, RFIT A F 4t
TSI ELA ARSI REIX Rl L SE— X T
R e AU T G2 I T FIMSURN 2R G S 4t 1 B Ay i R 1 2%
. AR, 7E 28 nm BAME J& A A1 5244 (Complemen-
tary Metal Oxide Semiconductor, CMOS) T A& F AEHN
TCLIE (5 SRR S BRI O 28 5
1300 GHz(14 nm DA AR A sl M T2 T2
RN R BH A 1R RE ™ AL K
A I FL B P RS A A ) 107 P B 1 8 S A ) B Al

FEE T2 R 2 AR AR R B T S B A B
FA e /N L ARIIFE MR B A SR e . (H
SR T T M B U BR P RE S BN T2
i 2 RE/HL TR Sl AR SURR R IR SCBE S BB P L i
ZEAE 28 nm CMOS T2 F A3k Sor, o Sy bifie e e A 1)
7525100 °C A IRLIEE I 2l 7T LA S 308 1A A8 SC B 2 i 22
I 159 5 A7 PR A FRL TR A LG 2K v R A e D Bl B
Jz e 2 v St i) L B B 5 OO e v B 4% R 2R T
[ia) T, A1 b 22 DK e 3 ol v, S PSS 1 (07 v s ) 2 1)
R GRS TR O T 2t — P BRI #E , 22K
B R B HE AU A S S0 308 3 R 2 rpolL A . St
T U S AR RO R ALl 22 A K% v A4
RSP A A5 AT e i % 114 T 52 S TiE (In-phase and Quadra-
ture mismatch, 1/Q 25 it ) 30 52 AH A 78 7 8 15 B 6 5
JUEL IR A AR R BRI R S S A B AR A B
W S 8 23 BRI R, an L 1 s (REASH 4y 241k (Or-
thogonal Frequency Division Multiplexing, OFDM ) il {5 &
4t , 64 1F 22 i B il (Quadrature Amplitude Modulation,
QAM) , R AH IR BL X 23 73 A ), MG A 1R 22 [ia) 42 R JEE (Error
Vector Magnitude , EVM) , 4 K38 I i i () DR 5%

KA Z A £t (massive Multiple Input Multiple
Output, mMIMO ) FH 2 PR AR I 22 K P 15 3 5 UL
BEFTEIRZ O STHEEOR . B 8 (5 R B e — 2B 4R T A
IHFERUIR A T Bl TR Bl 27 45 b 2 /S vt/ TP 65
R, 0 ZUIE S WAL R B R A U i 1) T UM
AR 17 T b (R e R 2 496 i 9 B2 T e 20 175 3 3 10
TS BT PR R T AR BN T RL E AR A HAE X

15

P on g, ferim | [ osakEkalL A TaIRe, oI
10 Assrtese 10 ARSI RRS 10 FE RN
“rarrene IR Y RN WY
%05 neesvece 05 quaseesw 05! g avascwnh
B o] evssecse |y ®wmemcasca ol Sveecesn
S | ®wessecas LA R N NN R N ] AR L L B
L os5f *eees tee | wesssnvew | (| escseces
= es a2 . N L ENEEREEYY Hevevdes
-10 sesdrans 10 [ EEBRRR L] -1.0 SaNsared
N L EBMmese |  EVM=439% s EVM=295%
-15 10 05 0 -05-1015 -15 10 05 0 -05-1015 —15 10 05 0 -05-10 15
JA—1LI e VA—fLI3E H—{LT3es
(a) 0.25 ABIRHZRAL, (b) 0.5 dBIEEZ AL, (c) W BZDLAL,
. o oy s
A EE AU AHAZ PETL 2° MR T

L[ g, iR
10, deeemng - 1)

05}

025 dBIEFERAL, 2°HIfEAC
ferreavsma P rodenn
$PPosvean
.

ALQ R

avsesens |
sasssasr |
amessasre s

° sysnacae O
05 SPwsmweee
SSnwvessd

H—

-0 R erdy 1) weerer P F 10 smpePrP
s EVM=522% sl Eweels | EVM=66%
-15 10 05 0 -05-1015 -15 10 05 0 -05-10 15 -15 10 05 0 -05-10 15
H— eIk H— L% H— L%
(d) WREEDLHES,  (e) 0.25 dBUREERHEL, () 0.5 dBWRERHL,
4°FEAL I e 2° AL AR i 4° FEAL I e

1 AR 1/Q KRBT OFDMIEAE 248 AL K (64QAM)

R LR 5 P oTE RGN, A T IR Y K
Vi BCAE , A0 DA ZTURE N 1 IR SR B R LA AR R —
IR R AR T 2 Rk L S A RS
3K . 4G,5G (sub-6 GHz) it {5 H & 28 MR FH 1) %k 7 D%
FA W 1 T B A K P K T TR,
BT 2% B | 22 U AR S B T R A B TR R T RE Y
S MR AR A AR A PIE S AR
B i RS R LR o 24T AT RN R LR
PATTHRA TS A B, TR 2 T 3 o 3 A
PR 2 e 5 A T B0 0 SR B, AT DR UE J AR L I AE
0 2 FE 5 7 5 Y R R 5 R = ) A b TR OR
A ) 2238 8 0 R R I TR RS R L TR A T
fe 7™ FE %) e AFAS DG E [ 0, S 0000 o 4 B A 1 S 1)
T I 3047 TR A (5 50 1) R 25 A mAC S ) A iy 57 R
A5 N 2 R CREAR R BC X 21 4045 ). [l s g sl 1
B4 A i A A A/ 1) #9452 e 0 S R . 7Y
FAAA R 43 A R, 5 00k R A R 1 2 B X S e
B X, B AICAE {5 M RE T I 2 e e A P 5 0

T3 A A R AR Y A R D ) 3 A 0 B T il
07 F 2K, 250 R FH s i o ol Oy =X e R R el 4
HRO R VR il PSR Sl R L B 2 T P s T
IS ER 5737 1 6 1 3 A A AT B 30 WP R L P i
UG P A% BB 40 25 A BT ™0 R kK
152 w5 B 98 ) A7 AE U S A0 e 24 EE X o Rk g
(Power Amplifier, PA) 4 PEPEREE R AR R & . LI
FE v R G e M B SEAT PA G H BT I B AR
LR RN R R BE AN, B0f A A 7 A A
il /0 3 ) CAM/ZAM) i J3E 3] ) AR A2 3 1 CAM/PMD) &2
B I AR R, R 3 BT R B b G B0™ H A A



o112 M

ZERASEmMIMO 22K % i 5 R e & B MR AR T 250k 3645

AERRON D S A RSO ) 2 L . H SR FH P R 1 7
AR E LR v, X T OFDM 3 15 & 4 1 19 64QAM i
HI R T, R AL Volterra BB PA /DT
MR 10 dB, WA 4 Fr7s AR HBBR ) T PA YD 385 4554
B H R mMIMO 2K I (5 R G R EiEE, R
FR RS IRAZ G OLT AR RCR T 1 B ]
S FEUBEA R TCIEIE R TAE . U Uk B (Digital
Predistortion, DPD )3 A2 H Hiy M — o] DAE B 045 PA 5
LANENERE A S m e R A T B, R T DPD AME S
P AH , B AR N 23Uk 59 1R 22, T e R R AN 32 5%
M, 33X L 28 Ak e TE 15 PA 2RI A A

20

15

AP

1 35 /dBi

-1 -80 -60 -40 -20 0 20 40 60 80
WHMAEA)
(€12 2230 3 A 2 e 3 3000 SR A 1 R b
(M35 2 HC 15 dB . A 2L 60°)

40 1.0
: DPD#METT )
30 AM/AMBEF a5
ol  DPDRMERM 108 -
_ S AM/AMAREH 2
o 10F v 0.6 =
= - H
i v i ' 04
S -rop > / |
Rl DPD#MEE I =
; DPDIMERTH  AMPMSAEE {02
-30} AM/PMAKH
-40 0

2 04 06 08 1
VA — LS R

3 B AR TOR AR LN (40 MHz 38 47 47 5E)

A, v B R ) O IR B Y EVM PR RE LR
AR H 8T (51 20 BPSK 3 i Jy =X 1 H A A 75 21 EVM
ABEME T 30%, 256QAM W h 3.5%) , T EVM P BE B %
B Wi A B I 1) 2 AR PR TS e A R RS Bl &, B
EVM [RIRE-55 5% % 1) 2% Bl R 2 DA C .

N SR AT S M DL RS A R IR
TR AR A B 2 oK U3 1 ARk — Be i) ] N =
R R A B R IRORTE B v | & o LA K]
2K Sty AR ARE A 4 ) R BE T A 20 A 2 K 0 A A R I
RER AR . B BEBR T AR IR AR B L A H B TAE 2
A T 200 R 55 6 A ) L, 5 D 2 7 R o AR
SRR KA . SR U A R I 1 e ) R R
SRR T2, 29 10 Fhigs & HLH AT LR H&
PEHETT Aol TS A 52 KR Z8GHE L HLH, 6 in

B AL AL AE B AT TR UE R AR M R AL A
A5 YRAEAE AR | TR B R 52 mMIMO 3 5 24
W, B A B AT S B v (H R AR A
mMIMO VG 3 A AT, 1Q R BE  PA AR £ 1
Rtk 2 2R R B SRR . 5 R BB AR
UL oA 1 H 11 2230 10 R 3 2 [ 94 A 2 i S
R AR R AL A ZTN L) 2 B . 7 Ah TR A DR A K
AR PA 1) DPD #MEHL ] 55 B A L% (Single
Input Single Output, SISO) i &5t N A B KA,
55 G A SR AR S, R — AT I R

.~ ACPR=—449dBc ACPR=—347dBc |
.

ACPR=—40.1dBc | |
T—p— -

90
-1 05 0 o5 1 -1 -05 0 05 1
Hi% /GHz Hi%E/GHz

5 T — 15—
EVM=3.59% e e aVEGET L

1o} sesseveee l10] wwveneeF 10 ‘a‘i’l? 1
----- vee R L O NS WHN b e

05/ s esssoee 105 swssoeopre 00 Guuagyipe |
B gl sesseeee. o] ®wreesse | | WwANSHEFN
D ] eeareaea wedabace Laatd Rl o]
%53705 ........ |os 4.00&:'0'- I_os :J;:‘g::;

L7 e e e wes an X B FEELY , 4

S0 eeessne vy 10l SeEsNAEN 10 ){}t:&&’\
s 10 dBIjR il s 8 dBY K [alilt | edBuhEEEE

-1510 05 0 -05-10 15 7—1510 0.5 0 -05-1015 771,510 05 0*0-5*1015

JA— I8 VA— I3 JA—AE I8

(a) 10dBIIRELE (b)) SABIIRELE () 6 dBIIR[ELE
P N i B A T B Bl N B8 vt R L 9 A9 N

o BRE ) G A Il U, Rk 5G/6G 315 R 1 2
T g 118 30 A R T R RIVEERH w3 i i A o O =X, R
e U5 L AE 500 MHz DL b Z IR TR SR T 2
1) 2 JEE K ST, Sk s 4 A1 38 A 265 v SR 1) A% e HR A 7 )8 i
i 1 AR MERS B 1k — 2 N . RT AT s, AT
il it A TE AR ) 2K B M B b 5 A 2 T b
A7 . PRI G IR A5 VR i 0 T 2 oK D 1 R G SR
PP A MR AR A S — A IR AT R ) R

g5 ik, BE S I A A S 0 i e
K3 17 2R G0 AR BOE (F IR K A% O 77 R . FEH
PR T 1, 3T AR R R g, A
PRSI AR R A Ry S mT R, 0 ORI LAR
] PN 2 A A A S A B I T T R 9T L 48
AETE T EBRET . (H R B A ) T
mMIMO = #3815 R A PR A ROy 37 5 T e R4
)5 A e ] LA e R 10 i DR ) S () R, G 81 5 BT
T ERE T =45

(1) mMIMO VR A5 I A B2 K I8 o 3 5 5 B
WA e 3 1/Q 2 O A U 5

(2)mMIMO TR A I A A 2 K I Ol fE 5t T
238 T IR B B R R 2R AR T 5

(3)mMIMO TR A I A A 2 oK I R OB fH 3 5t T



3646 H, T

EE 2023 4

IR TERAT 7 TR EAM:E
W e B 5 1/Q 2 A A | 20 368 T WA A e B 4 2 T
HIE LA e D AR A 7 U EAME 8 75 225 JE AR
I A, 3 0T 15 T i T A9 4555 7= R ML G E A
MES 1 R 2R B A B AN BIL ) S5 2 3 T IR 1Y
PR 7] I g Wb 2525 1A T 8T il g 1T 5 RS HE SR 1
DAL 55 Bt | 22 R HERIL 1) I A7 0 T O B A BT I A2
VL R e et e i R i 45
AR £ i R T R
BT

@
11 g
(| #eF —]
il ot %ﬁ% TR

A N
hip RWUQRATRME
Beife

|| AR
H#R

— E AL —
EHTQARRE

5 mMIMO {5 PG K B A5 R G AH S R PR A

2 BRI

I JUAE 36 FH T 5G/6G 15 3 38 15 S0 8 i) 22 K % 4R
I FEL % S B L PR 1 e R A A, L R = K R i R
e i AT B O SR 22 R R B RS R A B
Ko7 BBl T m@ave . B MR A R &
SR A SR 22 Dl R sl 2 A U TR A v R 4 B vz
Vst AR St H R 5E 3% , Ry 22 K I v T3 15 110 A
AU R FHAR AL T IR S A AR LAl . (HJE mMIMO #3585
AR ™ AR A M R Y 59 6 B M 1) A iR R
fif B .
2.1 mMIMO SRERFERERRF= TIWE R

1/Q R BE o) 7R

32 1 T2 S AR I EE P 2 5 M, 7 SR AR A
T PO ARG o K P AR AR T 1/Q R BT S I A AR
THE T 8UE T B R 0 es: It L &L, B &
GLEVM, FEAR R P e, DI & 4 3 1) 1/Q 2% e A
VTR PEREMCE ML) SR AR . T LA, il B
%% (Analog to Digital Converter, ADC ) KA 2 L K 5
PET 20 ST AR TAE B R iR 71, I ss T
T A 1 A B LA LA S, Heb f BRI

77 A W0 R Y CX 8242 R A BT A Ik
BLS F ™. 3% R 8 B LA B i 9 1/Q DE e M g L (H
JEZ PR T HT B ADC B SRR 3 % R AR RE T
YEAE sub-6 GHz I TAEAR B, JC ¥k il JE 2 K i1k B 1) 3
fEm K. 5358 B TR PA M &80 RSB 2] T
VIR T AR A A BT R A7 (R AR AR
8 B R S UL A — @ B EE R VQ R TE 4,
BT RS R AT PA W S A
JIT 4T, ] Bt ey o (8 A A 5 4 X B AR B A A 3
P SR B TR TGk P T 2 oK i B a5 4 55t

R Y i G AR B ST A 1 A AR A v
SR B vl AR AT R O (R SR ik
FEIT 58 . BT RPRAU T v AR 114 1/Q < BE M2 [ it , 3R
B B B BIF A 0 S R S5 2 TR

(1) T e 6 1 T, B0 2 Sl B A ofe 100
AT SRR ARG 1S L B A e e A T B [ o
BILTH O 285 Ry U . R S e 5 10 A 0 0 A1 B 4
WA 1] AR B AT A B . WSO B ISR U T S Y
B ST BN OB AT 1/Q AR IO HE , AR S ot
WA i % L A i 4 ) I SO0 R S B AT RCHE . A T
2D PR E R I 1/Q R L RE#E T I AR5 5
F SRR, SR T 224 AN TR) 33 30 1) B A B0 150 A )
AT AR R A 3 A A - o WS A B % ) R AR A 5 i AT
DX, ] DA [ B0 i i it A T U

(2) TEMCHES VLB, 1/Q R B AG T B kb B 78 507
SR AT A A R O Y ST AR TR H e
P B4y A B DURE o1 A B % T A B T S A M A A
P RO TR A R 2 A s s S B

(3) 7E A3 8 3 Pk J7 T, 8 A5 OC T 4 Al 3 AR R
YO A 3 A A O AN AR A A A
AN T /Q R TC AR AR AR DG , A4 A 3 0% R A 2% T 1%
25 Mt AT B EE B A T B A . (R Q8
%z S ORI 25 i 9 AR BE B 22 25 51 A
1/Q 2R TBC AR AR AR DG A | 7E 961 308 {5 rh e 200 2% 1 . sy
MR AT H B MR AF 2k FC 158 22 17 91 B st 28 0 Sl e A 7
2 13 FIR DRI M HAR S Jr WA 45 19 4 I 3 A 1
RN ISR TR A L S A A 22 5 FIR
DB M ) — e TAE B AN ] 6 s, HAR T AR B 3
WN . DK 1B R e  JF i R RS
% #% (Direct Digital Synthesizer, DDS) P A B T
2GS E MR IE S SR AG S K2 &GS
P Bt 5 MR RGNS 21 IFFT AR B ARG
Ry TG R B AR B AR 1/Q R L AR B
2 T M RE A 2, 4 52 ) A S e % 1 52 BR A i A
Ui (AR BE 1B Q ST ) — S 0 @R il 2
BT . RSP A SRR 0 i LA S 40 ) 6 A 22 T



o112 M

ZERASEmMIMO 22K % i 5 R e & B MR AR T 250k 3647

PSR fif v A FE SR B S i 43 S0 6T N, — > B
Z il GAL DDS K Z H 55 P i B — % T AW 2%
H) 43 K AN 22 15 S X R Y 1/Q e AR 2K T e
it 5 — A IE R S 55 oW E 4T 1Q 2K e 78 i
ST . OB EL SR T SRR T 25 T
JF B4 1/Q R BE Ak 11 (o T A5 380 %ok 07 B A e % 1/Q 2 T
(AR AT , 200t TRFT 5 75 21 B 4 A S o i i . (@5
A 1/Q ST AMEE . - 3 vk g R SRy b B 2 AU % 1/Q
IS AMEASEER A 22 G0 oh o WA 1, 38 o FIR 8 3 2% A TE 28
BV A] 7 A 3 A T S

B e A A I I
DDS [

%ﬁ X EF[R __mlsb
BE

i | | [o] ; L AT
B2 Jwm| o= - wn

i ;l> R
5H ADC

A [4bEE

[l 6 BRI B ICAE I 1/Q SR F A o)

(4) A I =0 B A7 bl e — PR
y,%[lovlz.wvzs]*n a ﬁ@ﬁ‘{ﬁ[n‘m,zl,zﬂ%ﬁﬁﬂ E"J&{’Eﬁ
e —RPERME I R I 1/Q AR BCAG TR IR R i i
Bl tMESH A B sl S AMERICR . A R i
SR U T SR LR BT Bk 1) e /N34 )5 152 22 (Least Mean
Square error, LMS) Sk #E 4T 1 35 1 1/Q 2R FLAM: , B2
PRERVERR AT . HUR A IS WA SR A X A
FAAE BC PR AT  XT J SE BAR vp , A2 o — iR
4 1] PR WA 9, O 2 BE A TR) It AN P T ) 58
G,

(5) 76 B e FH s U8 L, 38w >R H B A 2
g 1013232 S A A S R AR O 2L TR A B
BLFG ZARE R, Bl R A 2 E S e
VR A 510 S TR A A 15 VR A v D
JHT B AT 5 XA oS 12 04 8 ) 288 R JH 1 25K

(6)TEN 3 57T, R 22 BORHE Ty s 34 B X LR
2R AU A (BP SISO FR40) I & 52 SE LB i A
WF 58 R 0 75 2 K 2 2 PR AT (CEl mMIMO 5
%5)20% SR FH 4 MIMO A A ], Xof 22 388 38 05 4 % s 119
1/Q R B MEREHEA T 2 AH DGR Al T I 4 ME2

B2 B 0 oA ok 22 K gl vy A5 N 3 5 L IR
SRORE 928 [ 22 3 T8 W A HLAE 1/Q 2R TR A o ) AL I T 1
FA) BT U F ] 23T

(1)ZBRT A 275 s iy i KT G AL Ge
R AT VR ) VR AR XE R 8% 100 Mbps BIME S A% R . 75K
K 5G/6G H MR R TR T ST AL GT i A7 I8 ] i

AT ) S A B A R A I AT PR R A HR
A ARG R -1 5 BT X6 I 8 ) e 10 A i
B QAR BE A MERE A . AT ISR AN 7 Bir R B Xt
FEAT VR A 9 e e e 6 1/Q R TR MR AR, LA T
R T B 5 HR AT A7 R AR AL, S [ A 2 At O ik 6 o A7 A
Serdes H T LA 45K S ERA TR 5 R M IR A T A 3, 5
ATFEAT R K LR G5 0 52 B0 FET RS H 4 R4 50805 AT
T R ) ) — B

e o JHT KR T o R N
do [ dn [~ dm
di [ din [ diwm
el || don [ dam |
HEE | B4 ! Eii
i & dfis o s = i
AR RN NPL ARG IR N
Figsr | apc | |F LBy L
e
: I der | da2 | dagmam
% 2 2 -2-(m-1)r
1 duy [ da [ g
K7 JFATARRIE BT B 1/Q R ik

(2) A I ARORA 4 W W R ML T A 3 223 T IR BL
FHF B A B, 1 H AT E AT A 5T iR 2 50 T
X FRLAN I 2 38 [ 1/Q ZZ [B) A R, AT e it X 223 1
Z RN AR R B M, S K RE i oA iR . )L
AF B A A 56 SCRR I B 223038 1/Q 5% e 1 4 o ) 7T, (EL 2
o H A REOHL, BSR4 MIMO K A ] | 223 18 4
G, SERESEG T4 s ALK,
ARG, Z2BOR B YT Sk . IR 2R
FH] BR 7 FH %) 0 2 B I 22 3 18 (R 36 F2 WL AN &
AL VQ IS BEAME: 2 2% B, 7 DR UE 9 380 AT S 30 1) ) Bt
PTG BT

(3) H AT E A 1 1/Q R B 1 7 2 51 6 i 158 1 1 455
B Ry o — B K mMIMO A5 B 1 FH 3 5, dAUY
Z R — e gy 2 IR A A A
F % 245 ) v g At R v Bk SR AR B A Y R R, &
P, 38 PR 22, 0 R AR SO X 1Y e i £ R
AU AR M
2.2 mMIMOSEREBERAERZETSEERK

& $i% BE IR HE 5k Be (6] /1

22300 T ST A I ) O AT 2 T S 0™ 114 0 B
AR ) R A A BRI T, 2238 A WA S O AR
BT P 40— 0 T8 il A A R 22 YR
SR B0 5 T A AR I R A ) £ 3 T
*g*ﬁgg[as.%]'

H Al 223 18 WA Bl % 04 8 A 2 T A v R 2R G
LA eI =, ZHUH T 2807 0l G AR B8 15 &
gerh, o3 I A HE R S R HE P Rl . I M I R
FE VR o AR () 058 A 7 % - — P R AT B PR v ) — I
WA e %A R 52 B, R 8 3 e SR B B AR %
R BT, LA K B I 43 0 5 2 B I TR A T R 2K



3648 W T

2% il 2023 4F

B iR 22 A T I A% R ZEAG 5 2URT DR B R
TP R BT LMS Sk M S Y, T 8 TR
3 — SRR FH AR U T 2 B R A o 1
AR (L L 2 RS B 1 225 i 14 45 JSIB R H B A K
DIFRAE, AR (8 R 5 ZEAME B AR B AE, (FR TG X i
JEE R BEAEAT A . AT S (9 5 T R B T e
Y SN B (ELR A AT 22 308 T AR S B ) A v A O
FIAMEZHT, 5 215 Je M ) KL 5 4 KA ML Z 1)
M B2 Bk TR R 2T

e B
235 “anne | T
FEH
B 1
wE N Tl | | . i 45

i 5 KA B
%Dﬁ +HIEADC FFT ;/'\ﬁ}& i\/wu j>§ﬁ
S+ . : ;
41| . it |
wat * HF
s [ B &5
R +E]§ADC ,,,,,,,,, SRR S SE— &t@
et %

£ S R AR R O r:>

E#DACH |

E—
Eig| W ; s 5
g . o
sl 2 R [ o SR 2
mi RS : e foit fiit
E i .

B

HHEDACH | _

R EE Y L L

(b) ZC3H 5 i B T
P8 o i A e

223 38 R AR 75 10 WA O O A A7 FE JE LR A A
LA SR BRI R IR HE T LR
SR HE Shy 2 TR] S R B P S A T T R 28 R
MSBES R RSB A R R 2. A
e 5 I X 2o 1 5 45 2 ol 0 3 R 2R B T 1 B A A
TEAMHEAS 5, 3 3 8] e M A% 7% R i 9 A o7 S T 7R
B 2 WO A B 18 2 0 £ 0 B % 15 2 2 B I 2 1] Y
i R S A {ELRE T A AR A A A AZ 3 5 R A A 3
RO PR AR H = BT B S IR R Y, MR RALfE
IR

22 100 10 WA 2R C RS TR P 5 X e P AT 2 £
ARBTTRIZ W K AR, EIETE mMIMO 22K £
BRI S T, TR R S i AT 2 R
7o UG i o

(1) F A I BEAT A AT 58 R RE S X R & R4
BAE T B R GENE 208 0 Kk B A HERE AT TR B BIF 9T
ZRRME LA P e 2 507 PR 5 s B

HA B, QAT P 2 AT HILEY A LA TR A R
A AAE T 0 RE AR B R G T R R — A R AR
) )

(2) 2238 38 g A 2 TC v B i % 13 1 B I, B R
1) 22 BT 5 R 340 2 A o) 2 WSO B8, 0 Ak A i A
FEMERCHERY B/ . Ja SRR Sr e R — Ak, SR Ik 3t
TEERE HE B B %6

(3) H R[4 22 3 T8 i AH 2k e A% v 359 2 1 [ B — 1)
N AR R R G ST . R SRR ST
Z N FH A 5 BOAH R 1 BB B TL , 255 5 TR R Gu K il
PEOLAR , B 3 o 00 A i A 2 A B R LA 1) S 3
F I .

(4) XoF T g 308 A R A T REME 7 265 2 AR K 5G/66 3
15 MR IR R 22— | SCREIFAT IR 1 A 181 11 22 30 3 e AH
I P AR R 5 2 B Y 1) R R 2 — . S FEI
A7 R ) A 81 ¥ 2 308 T AL 2 e R A T A o TT AT L 8 Y
Ffih b T SerDes iy #f A O S 4042 1 AT 5230, 43531
WE 9 FE 10 iR .

2.3 mMIMO SFBEREERA= TIHEMRKS
|35 3P IR

PA (L M Ab 2 ) 2438 15 Fi i e M BB R T G
DR 2R, U R A s B R ) ) =k S S e
Iy 2R 1R i Jr 32 B R AIK PA 1 D) SR B 0K L 7
mMIMO 22K 8 30 5 H QRO RE R S D R AR (5 &
G IhFE, WS K, A ANk . O TR R
I U INK EAAEAE 25 B EE PAPY class-F PA™Y
class-G PA® LINC PA"" | £ & {& (Doherty) PA">#) |
Class-G+Doherty 1 & PA* 25K 43 BB T ok H I
IR EE RN PA A B (RS 3 R, R T R UE 3 1)
1 25 G OR AT TG 1A A A5G ) PA 42 PE MR RE 1Y
b . TR B4R AR H R ——Fh s 200 B AT L JR] e e
JEE 2 8 500 5 R 2 P 1 B P RS U T i L BB SG/6G A
TE 2K 5 1) 9 40 e F0AR sy, S0 B o iy v 1 A R
5 0T TS A R 43 B 2K B (Analog Pre-
Distortion, APD)HS’%] 537 1ide 5 (DPD) Wi Fp , (B 2
APD Fi AR T B A 22 B JC TR AR LR MR RS , TR K
HZ T AL AR R i K, 5 /Dl

I PA AT OAAR L DPD 2% 2] 4549 . DPD £
R 7 VL  DPD AMEAE L L K2 DPD I 3% 5 AN 7
116 DPD £ AR HEA T 5% SR 0 B IR 42 BT 2 A HE R
£ mMIMO 22 K 338 {5 3 57 R (1 Ry BR 1 O 2 b el ik
Hr.

PA AT MR & TCIC AT MR RIAG iIE 24T
BRI RN PA BOIEAZAT R RN F i b F 25/ BT
1 (A A 2R 7 | AT AM/PM 2k B . FE S A S 1S
T, LA/ HL R TT A R R E 2 KRR AR, PA 94T



%12 ZERASE:mMIMO 22K =5 WM 5 R G0 B He AR IE 2534 3649
da +  dam ]
o R e
[ & |l &
3t —
| AR . & DACH -
A TR AL o T
do [~ dp [ dg ]
dy | daguiyn 2| ops G T T
$5H di |+ dignon E - -4 S g e e T
b Tk B T wm s % 1;; i
ST BE I L bHT*;;&*ﬁ*me#ﬁ
3% STTKALH | @ | % it | i
i dy [+ da +  domn = i
di [ din [ dim E dp.z = da2 ‘{m
dy [ dry [ dim H;,T g 41 [ 4 pdiane
| ggé % p—— o AT T -
- C: i nel e E el e
b
i
duy |~ da | dopmnn f
E—v di |-+ dignnn g
e
19 SZHFIA TR I A (14 2238 8 e St 45 e A 2 T A v
| EWHIRRTCFESDEROIRRR DPD (25 3] Z5 A0 Q0 355 B 12 > 2 Ay 1334003861 i)
e e 3] g 47800 iR PR ST SRR S A B
" o o [ o " 2 > 45 R 3 o SR IO B X PA (R JE 2k A T AR
R BHR N ot % Ly T T 028 0 1 ELEER 00 PA Bt D9 e
e * NI RIR RS, AR e P . SRR H Y
| i e DPD 2 SR T7 AR WSl % 38 5040 J 0 T-48 , 7T g
DDS g du [ di |l daon N N " N AL
;g% T Bk _+ i — ﬁ% Ejﬂ\%%%&%gbﬂgj'zﬁﬁi/ﬁz ﬁﬁlﬂ?ﬁ?g%ﬁgﬁﬁi
B o LMS & W S, N N vl Y S Y
i R ST BRI PA (R FEHEE R HE
e T Tt e Hasl [ M| 0300 2 K% 28 T LIRS PA O 2 o
I STt RRIFER A, 8 TR PR A3 > S5
i 5 * B> PA Y J& RS BY, B AR AL Tk B bk
*§I&ﬁ4’§-> - FFT # 7 L] Gl = ’ A -
BN : % % R JHMREEH . (HRXT T B 25 1 PA B, H:
h [ da by N JEYRN y e S SR =]
o e JF i RS — AR, I AR AR
L ) (& e em ] | | L ] ) PA Hp = A I e 2 5 502 T 28 MR SSUEL S o0

P10 SRR I8 8] A 220 30 T 4 M B W A 2 PR A o

RS A AR R FH TC A2 AT IR A A% . FH I TEid
1247 A HIAG Saleh #  Rapp i 5Y  Ghorbani 55 5
PRI A T T A AR R ECHE 2 BB E &R
4,5 A ICIZA T LR Volterra 2L EUBI R Wiener
iR Hammerstein 2 & Wiener-Hammerstein £55 % 3§
BX Hammerstein B8 JF 58 Wiener £55 5 | 41 255 ) 45 455 71
LM T HALA ICAZARRY, Volterra 20 BT ] D)y
MK PA BYAELAEFNICAC R PESS G 7 — &, BRI A U
X PA AT AR . H B AR AP EB IR SO I IR FE Y
B, 75 A R S A 2 G 0 ARME B T
B A A RN B DPD i 7E R 28t i
W 4R F R AR 5 B9 FE T Volterra 28 BB Y ) {2424 22 1
SRR E PA AT T A

i B SRS . T S B ) AR SR B ST A
FRNEF ] G5 AR B 0, B SR U PA BEAY | P ik oK
2 B FUR FLAR SRR PA YT (H R R s 51T
FHIEEROR.

BRI () DPD S 409 7 T A4 LMS k5 ik
9 /N I B (Recursive Least Squares, RLS)[(’S] YN
BT B 2 o) 1 22 ) 4% S RO 51 =R i T
LMS 583 95 R 01 SR A8 R i, DR 2SR iy AP 155
INELA T SRR 4 . 1 RLS B3k W JE b oK, H RLS
W S BE R, AN AP TERR AR 25, FHRMERE T i . (H2 i
T RLS Sk 90 SR W ofe 12 M ) 1 R vk d8 5 THAB I ¢
J5 AR R B, B AT T AR S B 28005k H LMS
RV - L B AT DN E (5 5 e = P e S R
JE i 28 I 28 11 S DPD S AR S JLARE ) iz B T
PA IR L MEAME . BAR T LUBA F PA SRASUE R 194 1



3650 W T

EE 2023 4

PEREE — 20§ TH RS R, (E2 Pl 22 R 255 (i )N id A2
5 B Rt R I 1 B R 5 A I RS | DRI 53
TR =0 B LR T YNGRy 2R U 28 0 25 1 2
JCZ [ A AR, 4 A (E H BT 5 A DPD M 28
) 285 T B AS TR A7 At ) 3k — o R R T ARk
OB R ot I i D S i s 22 ) | B Y KRR A DO N
[ T 35 P | S 5 E R AN R] PA S TR E AT 52 RS ol
SRAF B R R AR LUE T 1) 58 — 7 1 SRR I Ak
fii, e — 2R T 207 R T 2R

DPD #bME A5 A 4 5 i $ 22 2544 VR B 22 19120 25
TR . A PR R ARG WL A R S 25 A 4R
SRV B A A e FE A L v I e R 1
B e PR, L W R A ) (H R G 3 T T
ICAZ PA BT JCIL U PA ) AM/PM 2K EL . ARYE PA J
AR HICAC R RY | 52 14 £ A 4R FR A W] 43 Ry Toic A A 4
RAAICIC A RTINS . AR T LML —Fh#ES DPD
HL 38 7E o AR 58 U I AME S HUS A
AR MR 2 T 45 4 2 — Fh 3 25 DPD BL] , 7T
AR I8 S (i A S A5 sh A TR RE TR B8R TN Y
HRF Z I S, BRERERE L R, (2 I FE AT
PR M IIFEAF R

DPD i 1] 3 5t A, 4% SISO/ Fl MIMO™> 4 4 fift .
TE 5 HUE F T 5T BT BUE X SISO M A 98 £ e vh
TEAFEAR DPD M4 B2 H S AT REREAIK S 15155 #% 19 ADC
SRAF R A )R BEA U PR E PA BT A8 SR A
i 55 R S B B 0 B AR S SR AR B — Bk
AL DA S 45D

(1) PA %yt 3 55 25 5 i s i i A i 73 1) 8 i
AT 12 i PR S50 AU 1 0 4 R Bl AR
Pt . AHRAZIT BAFAE WA R —J2 AN [ ek ipl s 1)
B A 1O LA i 22 5 R 3 Y18 IR A AT A1 ) E
WA AT REXS PA & 555 5 147 M AR Lt nid 43 18 mig W
(1 HE ], DPD AMEPERE S i R,

(2) R 25 2B RN 7 =X, RUETE B BT
P [F] I A7 PA it A5 5 00 BT A e R A R £
DL S 5t B % ADC FSRAE A [R] I AR5 7
TEAGOARTR] b B, S T PRUE AR 5 22 [B] R 453000, T B 7E
S e A P — A BEAR Y 10 R0 (IR B % G FFT
WIWT/IFFT 523 , TR IR, I ZRa a0

(3) R Z & AHRAE 5 M ZARIF] AR (1 78
7 i S B e X PA S DA S EA TR Y [ X
S BE i B0 A AR S AT 2RI RAR . RO
SN AR 2> PA SRR 5, ORGSR 2 21 Bk
SRRV T U8 D e P RO R O, 23 ARy L B i
ﬁ“ﬂi’ﬁ%l:““.

(4) BLHEXF PA i R A S B R B A5 R4 T

RRAE LT EIR A 5y AT TARE LB H 2 th T8k
Weds , RIS SAFEELZ B SR, 720 DPD B4 M
*%:E[jz.sﬂ‘

BEXF MIMO HOBIFFE 32 AP e 35T

(DBCF PR AR 185 R 5 PA DPD AMERYIE
3, BEAS PA BRF R — 4~ DPD ASEHR | 2 f3 4 % 1T AR
Gt SIS 208 — AT R AT A R B U

(2 BB TR A ), A B T £ B B i
17 DPD A%, S A5t i v o 2 PN B S R S B A
0043 o) A i A 803 g () R U B A T
DPD #MEO (R A REERXoF [ 522 14 18 SR A 1) 3R 77 A
HE, BASYERERE . i TR P M A e B2 (AL et PR i
A, HIEALH 13 DPD.

(3) 1R A YA A . R A PR B BAF 1R o 1
PSSO A T O A GE ) . A TR R
SSPOAUE A 58 AR, B SHU0E I X BT A KT,
[l BE XA B st 47 DPD M, DPD i 5 4 il ik
SRR TR] . Hy T S 008 T8 2 [ 52 98 RN B A AE B
PA it 3 ¥ 75 51— A RO BE B R AT R RS
B, 7E 5G/6G it RE ML s &, Bt B 2R BEM
e 3 ELEEAS S ot B I 22 1] A BB BIL SEE 3R R 2 50 2 AR Ak S
TR A U BE B DPD AMERCR T B, 76 A i i
AR I I 37 5T BOMEAS BT L TR O3 A
Hey P IR S U300 T i e 1 SR T X 1 —
AR T T8 3 2Z [ A EON , DAt
A YA A S B OR & R DPD J7 362640, HL
DPD it 55 55 5t 18 RO ] . hy 1 BRI S it 6 B A
A7 R YA AT AR R 25 5 LA B9 D 22, 7T LUK %A
{37 RS A A T, B X PA AR R AR 30
AR Y 73 5 UG P23 BE A () B A 5 647 DPD AME
Y 3RS S AR X AL 1R 2, T LA g A [ e 5
FEHEAT AR B2 22 MO Sy Tk — 25 R IR I
PRI, AT U AN R A1 It ) PA BER S350
B, DR B S B S B, AN I T G, AN
A PA fai St 51 R AR AR OR N R oot
SLORPE . R ST PA o B AR M S AR R, I AR A 5
A~ PA iy R B A R/ INEE ST AR PA B4 73 e R A e
RS, 4 5 HEAT DPDAG T AR R/ S R 2

DPD #MSETE A FREA IR I =5 B 2k
PR A A . 7 i o £ 2 K TR A I R L,
FEAE R B E A BT 58 R B i e 1 AR 22 52 B ]
RO, A 0 S g A Y T4 R 1 50T B9 DPD b
B I 1R . 5 ) 2 R LA E B
1/Q 2% e 23 1 i R 28 [ O AE DOR & 1O7 1) AT 2k &
i, BAEBE AR WA A R RO A S A
S A AR Y AR 4 AN 25 PRI 4% T Y 1/Q Kk P



%12 M ZERA S5 mMIMO 22K i BUR 15 R G R R T 4R R 3651
RATRERE BRI
; QAR 3 .
IFATIAK B e FEAT TR R DPDAM 4 g
bl dy F dy Y dom ~ do [ dn [ dpn - |
el dy | dip ] dimm e di o din o dipn H - |
M dy [ day [ dagm > d [ dan [ d2—pn gl - 1
e s474|  [DEDE b FEDACH
fu L HeE i
e Shal |mem| | e debm| | EEREL
= B
B dy [ da [ dogmon ~ dya [ da | dospn [ 1 1 g -
H d — da [ daigron > [ da [ dagon [ 1 — ¥ EEDACH
T PR
R Rt in
_ DEDA} R K fh &
2 Mg
il |
JADC
| = (-

VL AR B R S BRI AT 1/Q SR TRV LA K D AR S B 1R ELAMEE RS T EE H R 5 DR 13 iS5 140)

fie, PRt 22 38 18 % S MUY 1/Q 2% e A v v A FH — A #Ms2
B AT S, ELAS 32 B F0 SROF8 1) 9 52 g [) T LA
5 DPD Mz 3G R R BRI, ROR RIS 5 2%
EJRATH A JUAS e ) O i ke«

(1) BATE A B0 5E RS 202 X 32 3 R 0y 1) 47
DPD Mz, A % A7 N Z X 5k R A 52, 520
DPD M2 J5 ) 3 o 22 3 10 30 B Ak B 1 O, P 5
Wi 22 KB RGBT HREE S R IR T RA A& . )G
SR AR B B R LR 1 S R AAE A ] 24 A
2 E AR R T BE Y SR g — 2 35
B DPD #MEPERE .

(2) H A7 B 4 S5 i (RS PA X R — 4]
S ) SRR G i T2 2%, 1 = 2 K N
S N IEAN B A SR AT RE M L 1 3 T R R R
TR I O RE T 405 1 K R B oG 22 i) 1) BB e
PeEl G, W MG T 9% AR B DPD AMESKS B . 5 41 )V
5 R — AT v R OB B L 5B IG 2 ] Y 45
PBNRLN , 3 LA R DPD A vfis Ml e /M &
PETHRA W o B B2 K I & S PR 2k 1

()AL A R o, Y R ZR MR Tk 4 1), 75
FHASFTPA A BEML R 22 53019 ACPR 5k HLAUE 7F 4 dB
£EA7 10 APARTAT N, 7E mMIMO 1 355, ACPR #2k
(EIEATCIEREZ . W H AT C A RS R ¥ 5 % 8
PEAB L . J5 B2 0 T 1 2 B A A ADLI SR A5 B T8 11 34 25/
R 5% 2 A PR FBT 7 S Ao 2 5 2% B T 42 % R 17
T e A I TR B ) 4% 3 3 A DE EC PR BE 0 £ DPD
HMERL RS KA SRR

(4)EE XA R rp i IR AR 5 R 25 In) s, H i
R L 8 2 3 IR A B AR Y I 4 15 5 5 B
i AAE S AT SRR M, T B SR % PO A S R
I ASE e 5 3 3 i A 5 mP I S R TR A

Y. 4 mMIMO KRS LH K 1 2R L5
BEST R Bl e SEIR TR IR TS R
B T ST 0155 460 5 R 2 B
PSR e TR AT S R 2 4

3 KRER

mMIMO 2 K % 5 358 15 5 AR SE A 56/66 55 ik
T A5 2 G0 IR 7 P A R il Sz {2 5 e A e 1)
S350 M RE B A S IR ) HL R N KR I DG HEE JE AE
JO7 7. 2 1R T R aMIMO 22 K % 185 13 15 28 40 ) o 5
PEMLERAIF ST, I B 0 e A S ] R .

(1) /38 A5 P55 10 5 40 P 5 8 1 1 DG Bk
K Z8 T AT R e R R A A o AN AL L ROk
5G/6G % =l A R GeHh, BVEER & B ol ol oy =X A
5 B3 AT A Y 8 R 28 g 500 MHz. i R T
T L AR H A R A4 25 TR, 45 S R AR R
BE S 502 S 0™ FE A A0 R AR . I A ST b 25 Y
B 5 S T S0 8] AASEFEL i 2 w2 HL A O R
T i A A A0 T AR S e T =2 R B DGR OG
F P IHAE SRE I R i A 2 SRS S (S
LEPE PRI 5 ) A3 ) g | Ao 0 kA 46 Jo 03 s 5 A B
FEAT R gt V8 v R T K ZR TR B A S B e e T £ Y
A AR Sl R 5 A R A 0 ) A v N A
PR

(2)mMIMO WA I R A B E T LAER A BN S
T (KRS HERMEEAIL ] . mMIMO YR i oA I AR AR
5G/6G %5 1 U 7 2 g0 ATk 7 I AR % 0 S0 7% DAL
IR SISO ARG R IR HER LB &/ EZ R TH
BRVETT A 2% B R A s o R AR AR B, TE TR
6T mMIMO M B R 40 . R LA HG R S0,
ST R R B2 S R SISO R 48 R B B 1Al



3652 H, T

EE 2023 4

XL AR, FE 5 IR M Ui G R B, Ak i
S v D AR AL, 2 A TR e DA A 1 AT 9 1)
1/Q 2 FEAC MR | 22 168 T MR A 2 HC A AR 2 L R K7
PR FHAMEAREAY

(3) 1R & Y R O A B B — R AL 2R A T 25 A e
FMEEBIL ] e e A Bib ) TARDLER . R R ik BE
e — AL SR SR 5G/6G %5 il AR R4 A K
SLIRBE ARIA /NRIAG A SR TR . O T DRAIE g o B
5 Ml 55 O MUBEALTT i , 28 58 PN Rl A0 4R B 22 ol s 250
FUREHRERIL ] . T X 22 R R HE AL 7 TR 45 i ol i
Kl — AL 5T A P IR R SR IT T 5T, SE 0y
5 IR BCRE A BT IR BT S AL MR R A B AL AR L
R 1 ) e TR 3 A, T PR A R B B 1/Q 2R R AR
2 100 T WA O B A S I 90 0 TR A =
R HEAL R AT R, 4R TR A Sk BE  BGE AR

[ttt .
S 30k

[1] YI Y, ZHAO D, ZHANG J, et al. A 24-29.5 GHz highly
linear phased-array transceiver front-end in 65-nm CMOS
supporting 800-MHz 64-QAM and 400-MHz 256-QAM
for 5G new radio[J]. IEEE Journal of Solid-State Circuits,
2022, 57(9): 2702-2718.

[2] YUC, YANG N, LU Q, et al. High-precision joint in-band/
out-of-band distortion compensation scheme for wideband
RF power amplifier linearization[J]. IEEE Microwave and
Wireless Component Letters, 2018, 28(11): 1044-1046.

(3] Zetihss, BUE . SHAE R A R AR ZRR 0], B 7515

B2, 2022, 44(11): 4058-4074.
LIS T, YAN D. An overview on calibration techniques for
radio frequency integrated circuits[J]. Journal of Electron-
ics & Information Technology, 2022, 44(11): 4058-4074.
(in Chinese)

[4] ZHOU P, CHEN J, YAN P, et al. A -28.5 dBm EVM 64-
QAM 45-GHz transceiver for IEEE 802.11aj[J]. IEEE
Journal of Solid-State Circuits, 2021, 56(10): 3077-3093.

(5] WP 55, SEl7, B/ . Ak AR 2 K AR L B 5 R 4E
[M]. JE5: BRa Rk, 2020: 150-179.

[6] KIBAROGLU K, SAYGINER M, REBEIZ G M. A low-
cost scalable 32-element 28-GHz phased array transceiver
for 5G communication links based on a 2X2 beamformer
flip-chip unit cell[J]. IEEE Journal of Solid-State Circuits,
2018, 53(5): 1260-1274.

[7] FANC,RANY H, YE L Q. Ultra wideband CMOS digital
T-type attenuator with low phase errors[J]. Journal of
Semiconductors, 2022, 43(3): 032401.

(8] HLINIE CX8242K. CX8242K 2 ¢ 54 21 K Uit %z o B Hi
F #H [EB/OL]. (2022). http://www. cxsemi. cn/product/de-
tail?id=106.

(9] BEVRAR. R SES A W B R R SE (M. b 5T B2 i
#t, 2020: 161-173.

[10] CHUNG A, REJEB M B, BELTAGY Y, et al. IQ imbal-
ance compensation and digital predistortion for millime-
ter-wave transmitters using reduced sampling rate obser-
vations[J]. IEEE Transactions on Microwave Theory and
Technology, 2018, 66(7): 3433-3442.

[11] ALMONEER M, MITRAN P, BOUMAIZA S. I/Q imbal-
ance compensation in wideband millimeter-wave trans-
miters using a single undersampling ADC[J]. IEEE Trans-
actions on Circuits and Systems-I: Regular Papers, 2020,
67(8): 2730-2738.

[12] DOAN N G, LIU H C, JEN C W, et al. Digital self-heal-
ing using smart sensing technique for IQ mismatch and
LO leakage against non-flat path response in mmWave
communication system[C]/IEEE International Sympo-
sium on Circuits and Systems. Seville: IEEE, 2020: 1-5.

[13] GUAN S J, CAI D L, WU B. Estimation and correction
of I/Q imbalance in wideband zero-IF receiver[C]//Inter-
national Conference on Information Technology and
Computer Applications. Guangzhou: IEEE, 2019: 50-54.

[14] HAN J, KWON K. I/Q balance-enhanced wideband re-
ceiver front-end for 2G/3G/4G/5G NR cellular applica-
tions[J]. IEEE Transactions on Circuits and Systems-I:
Regular Papers, 2020, 67(6): 1881-1891.

[15] JIAN P, SHOTARO M, SEITAROU K, et al. 50.1-Gb/s
60-GHz CMOS transceiver for IEEE 802.11ay with cali-
bration of LO feedthrough and I/Q imbalance[J]. IEEE
Journal of Solid-State Circuits, 2019, 54(5): 1375-1385.

[16] ROSOLOWSKI D W, KORPAS P. IQ-imbalance and
DC-offset compensation in ultrawideband zero-IF receiver
[C]//International Microwave and Radar Conference.
Warsaw: IEEE, 2020: 209-212.

[17] YE H, LI B, HUANG M, et al. A digital IQ imbalance
self-calibration in FDD transceiver[C]//International Sym-
posium on VLSI Design, Automation and Test. Hsinchu:
IEEE, 2017: 1-4.

[18] KHANDELWAL A, VERMA A. A novel gain, phase
and offset calibration scheme for wideband direct-conver-
sion transmitters[C]//IEEE 81st Vehicular Technology
Conference. Glasgow: IEEE, 2015: 1-5.

[19] ZHU Y, HALL C, SAYEED A. I-Q mismatch estimation

and compensation in millimeter-wave wireless systems



12

ZERASEmMIMO 22K % i 5 R e & B MR AR T 250k

3653

[20]

[21]

[22]

[23]

[24]

[26]

[27]

(28]

[C]//Global Symposium on Millimeter Waves. Boulder:
IEEE, 2018: 1-7.

LIU H C, HUANG Z C, DOAN N G, et al. Joint digital
online compensation of TX and RX time-varying I/Q mis-
match and DC-offset in mmWave transceiver system[J].
IEEE Transactions on Circuits and Systems-I: Regular Pa-
pers, 2022, 69(2): 919-932.

PAIREDER T, MOTZ C C, KANUMALLI R S R S, et
al. Ultra-low complex blind I/Q- imbalance compensation
[J]. IEEE Transactions on Circuits and Systems-I: Regu-
lar Papers, 2019, 66(9): 3517-3530.

ZHANG W, HE H, WANG R, A 2.0 GHz IQ imbalance
compensator with programmable switch biases in a pas-
sive mixer[J]. IEEE Transactions on Circuits and Sys-
tems-1I: Express Briefs, 2018, 65(8): 989-993.

LIS T,LIJC, GU X C, et al. Reconfigurable all-band
RF CMOS transceiver for GPS/GLONASS/Galileo/Bei-
dou with digitally assisted calibration[J]. IEEE Transac-
tions on Very Large Scale Integration (VLSI) Systems,
2015, 23(9): 1814-1827.

KAWAIS, TTO R, NAKATA K, et al. An 802.11ax 4x4
high-efficiency WLAN AP transceiver SoC supporting
1024-QAM with frequency-dependent IQ calibration and
integrated interference analyzer[J]. IEEE Journal of Solid-
State Circuits, 2018, 53(12): 3688-3699.

SHUSUKE K, TOSHIYUKI Y, YOSUKE H, et al. A
1024-QAM capable WLAN receiver with -56.3 dB image
rejection ratio using self-calibration technique[C]//IEEE
International Symposium on Circuits and Systems. Balti-
more: IEEE, 2017: 1-4.

MAHENDRA R, MOHMMED S K, MALLIK R K.
Downlink multi-user hybrid beamforming systems with
receiver IQ imbalance: Pre-compensation and perfor-
mance analysis[J]. IEEE Communication Letters, 2022,
26(4): 927-931.

MAHENDRA R, MOHMMED S K, MALLIK R K. Com-
pensation of receiver 1Q imbalance in mm-wave hybrid
beamforming systems[C]//IEEE 92nd Vehicular Technol-
gy Conference. Victoria: IEEE, 2020: 1-6.

SUN J, LIANG Y, LI T, et al. Low-complexity calibra-
tion scheme of channel reciprocity for massive MIMO-
OFDM system with IQ imbalance[C]//IEEE 30th Interna-
tional Symposium on Personal, Indoor, and Mobile Radio
Communications. Istanbul: IEEE, 2019: 1-5.

DUSARI N R, RAWAT M. Phase calibration of multiple

software defined radio transmitters for beamforming in

[30]

[31]

[34]

[41]

5G communication[C]//National Conference on Commu-
nications. Kanpur: IEEE, 2021: 1-5.

YU S Q, CHEN L H, FAN C G, et al. Integrated Antenna
and receiver system with self-calibrating digital beam-
forming for space-based ADS-B[J]. Acta Astronautica,
2020, 170: 480-486.

ZHOU Y, LI1J, ZHUANG H, et al. Internal calibration for
airborne X-band DBF-SAR imaging[J]. IEEE Geoscience
and Remote Sensing Letters, 2022, 19: 4008105.

FAN Z, DU H, SHI H, et al. Design and experimental ver-
ification of the digital array calibration[C]//IEEE Interna-
tional Conference on Communications
Chonggqing: IEEE, 2018: 26-29.

YU Y, HONG W, JIANG Z H, et al. A hybrid radar sys-

tem with a phased transmitting array and a digital beam-

Technology.

forming receiving array[J]. IEEE Transactions on Anten-
nas and Propagation, 2021, 69(4): 1970-1981.

CAI Y, DENG Y, ZHANG H, et al. An image-domain
least L1-Norm method for channel error effect analysis
and calibration of azimuth multi-channel SAR[J]. IEEE
Transactions on Geoscience and Remote Sensing, 2022,
60: 5222914.

JRITEAR, XUBY, Byl . — I I 22 6753 SR B 5 7 A 4
D] 45 S 6 A 3 7 Tk B4 - 202110900489.8[P]. 2021-
08-06.

F, S, A, 55 . RS PR OB 4 51 A AL e
H:202010842626.2[P]. 2020-08-20.

CHEN T, ZHUANG L, DU H. An amplitude-phase mea-
surement method of phased array antenna based on self-
calibration RF channel[C]//IEEE International Confer-
ence on Communication Software and Networks. Cheng-
du: IEEE, 2018: 460-464.

MAHMOUDIDARYAN P, MANDAL D, BAKKALOG-
LU B, et al. Wideband hybrid envelope tracking modula-
tor with hysteretic-controlled three-level switching con-
verter and slew-rate enhanced linear amplifier[J]. IEEE
Journal of Solid-State Circuits, 2019, 54(12): 3336-3347.
LIU C. Analysis of class-F power amplifier with a sec-
ond-harmonic input voltage manipulation[J]. IEEE Trans-
actions on Circuits and systems-II: Express Briefs, 2020,
67(2): 225-229.

YOO S W, HUANG S C, YOO S M. A Watt-level
quadrature class-G switched-capacitor power amplifier
with linearization techniques[J]. IEEE Journal of Solid-
State Circuits, 2019, 54(5): 1274-1287.

BANERIJEE A, DING L, HEZAR R. A high efficiency



3654 H, T

il 2023 4F

[42]

[43]

[44]

[46]

[47]

(48]

[49]

[50]

[52]

multi-mode outphasing RF power amplifier with 31.6
dBm peak output power in 45 nm CMOSIJ]. IEEE Trans-
actions on Circuits and Systems-I: Regular Papers, 2020,
67(3): 815-828.

JUNG D, LI S, PARK J S, et al. A CMOS 1.2-V hybrid
current- and voltage-mode three-way digital Doherty PA
with built-in phase nonlinearity compensation[J]. IEEE
Journal of Solid-State Circuits, 2020, 55(3): 525-535.

YIN Y, XIONG L, ZHU Y, et al. A compact dual-band
digital polar Doherty power amplifier using parallel-com-
bining transformer[J]. IEEE Journal of Solid-State Cir-
cuits, 2019, 54(6): 1575-1585.

HUNG S C, YOO S W, YOO S M. A quadrature class-G
complex-domain Doherty digital power amplifier[J].
IEEE Journal of Solid-State Circuits, 2021, 56(7): 2029-
2039.

KUMAR A, RAWAT M. Adaptive dual-input analog RF
predistorter for wideband 5G communication systems[J].
IEEE Transactions on Circuits and Systems-I: Regular Pa-
pers, 2021, 68(11): 4636-4647.

GUMBER K, RAWAT M. Low-cost RFin-RFout predis-
torter linearizer for high-power amplifiers and ultra-wide-
band signals[J]. IEEE Transactions on Instrumentation
and Measurement, 2018, 67(9): 2069-2081.

CAMPO P P, BRIHUEGA A, ANTTILA L, et al. Gradi-
ent-adaptive splie-interpolated LUT methods for low-
complexity digital predistortion[J]. IEEE Transactions on
Circuits and Systems-I: Regular Papers, 2021, 68(1):
336-349.

ZHANG Q, NIU J, ZHANG L, et al. A novel undersam-
pling architecture for wideband digital predistortion[C]//
IEEE MTT-S International Wireless Symposium. Shang-
hai: IEEE, 2020: 1-3.

ZHANG Q, CHEN W H. Digital predistortion for 5G
wideband power amplifiers using multiple band-limited
feedback signals[C]//2017 89th ARFTG Microwave Mea-
surement Conference. Honololu: IEEE, 2017: 1-4.

PENG J, YOU F, HE S B. Under-sampling digital predis-
tortion of power amplifier using multi-tone mixing feed-
back technique[J]. IEEE Transactions on Microwave The-
ory and Technology, 2022, 70(1): 490-501.

TOMOYA O, TOSHIO K, SHIGEKAZU K K, et al. A
novel multi-band look-up table based digital predistorter
with a single common feedback loop[C]//Asia-Pacific Mi-
crowave Conference. Kyoto: IEEE, 2018: 551-553.

YU C, LU Q, YIN H H, et al. Linear-decomposition digi-

[55]

[57]

[59]

[61]

[62]

[63]

tal predistortion of power amplifier for 5G ultrabroad-
band applications[J]. IEEE Transactions on Microwave
Theory and Technology, 2020, 68(7): 2833-2844.

GUAN N, WU N, WANG H. Digital predistortion of
wideband power amplifier with single undersampling
ADC[J]. IEEE Microwave and Wireless Component Let-
ters, 2017, 27(11): 1016-1018.

HUANG H, XIA J, BOUMAIZA S. Novel parallel-pro-
cessing-based hardware implementation of baseband digi-
tal predistorters for linearizing wideband 5G transmitters
[J]. IEEE Transactions on Microwave Theory and Tech-
nology, 2020, 68(9): 4066-4076.

HAUSMAIR K, LANDIN P N, GUSTAVSSON U, et al.
Digital predistortion for multi-antenna transmitters affect-
ed by antenna crosstalk[J]. IEEE Transactions on Micro-
wave Theory and Technology, 2018, 66(3): 1524-1535.
NG E, BELTAGY Y, SCARLATO G, et al. Digital pre-
distortion of millimeter-wave RF beamforming arrays us-
ing low number of steering angle-dependent coefficient
sets[J]. IEEE Transactions on Microwave Theory and
Technology, 2019, 67(11): 4479-4492.

LUO Q, ZHU X W, YU C, et al. Single-receiver over-the-
air digital predistortion for massive MIMO transmitters
with antenna crosstalk[J]. IEEE Transactions on Micro-
wave Theory and Technology, 2020, 68(1): 301-315.
LOZHKIN A, MANIWA T. New predistorter architec-
ture for hybrid beamforming transmitter[C]//IEEE 92nd
Vehicular Technology Conference. Victoria: IEEE, 2020:
1-6.

YAN J, WANG H, SHEN J. Novel post-weighting digital
structures for hybrid beamforming systems[J]. IEEE Com-
munication Letters, 2021, 25(12): 3980-3984.

LIU X, ZHANG Q, CHEN W H, et al. Beam-oriented dig-
ital predistortion for 5G massive MIMO hybrid beam-
forming transmitters[J]. IEEE Transactions on Micro-
wave Theory and Technology, 2018, 66(7): 3419-3432.
TERVO N, KHAN B, KURSU O, et al. Digital predistor-
tion of phased-array transmitter with shared feedback and
far-field calibration[J]. IEEE Transactions on Microwave
Theory and Technology, 2021, 69(1): 1000-1015.

LIU X, CHEN W H, CHEN L, et al. Power scalable
beam-oriented digital predistortion for compact hybrid
massive MIMO transmitters[J]. IEEE Transactions on Cir-
cuits and Systems-I: Regular Papers, 2020, 67(2): 4994-
5006.

ZHAO L, WAN S, KANG K, et al. A general digital pre-



12 4 ZERASEmMIMO 22K % i 5 R e & B MR AR T 250k 3655

[64]

[65]

[66]

[67]

[68]

[69]

distortion linearization scheme for hybrid beamforming
system[J]. IEEE Transactions on Vehicular Technology,
2023, 72(1): 654-663.

LIU X, CHEN W H, CHU J, et al. Multi-stream spatial
digital predistortion for fully-connected hybrid beamform-
ing massive MIMO transmitters[J]. IEEE Transactions on
Circuits and Systems-I: Regular Papers, 2021, 68(7):
2998-3011.

2L, WK, AR, S BRI AR R 8 SR A
oy R BOBESE 1), T 5 R AR i, 2020, 42(5):
1274-1280.

LAN R, HU X, ZOU F, et al. Research of low sampling
frequency broadband digital predistortion with cyclosta-
tionary characteristics[J]. Journal of Electronics & Infor-
mation Technology, 2020, 42(5): 1274-1280. (in Chinese)
LIU Z, XU L, WANG W. Low computational complexity
digital predistortion based on convolutional neural net-
work for wideband power amplifiers[J]. IEEE Transac-
tions on Circuits and Systems-II: Express Briefs, 2022, 69
(3): 1702-1706.

KOBAL T, LI Y, WANG X Y, et al. Digital predistortion
of RF power amplifier with phase-gated recurrent neural
networks[J]. IEEE Transactions on Microwave Theory
and Technology, 2022, 70(6): 3291-3299.

HU X, LIU Z, WANG W, et al. Low-feedback sampling
rate digital predistortion using deep neural network for
wideband wireless transmitters[J]. IEEE Transactions on
Communications, 2020, 68(4): 2621-2633.

WANG Z, YE L, LIU Y, et al. A 148 nW general-pur-
pose event-driven intelligent wake-up chip for AloT de-
vices using asynchronous spike-based feature extractor
and convolutional neural network[C]/IEEE International
Solid-State Circuits Conference. San Francisco: IEEE,
2021: 200-201.

ZHE B, 19854F 10 J A T g4 %
PR . B [ B Bl 4 K 2 25 KB} 2 24 B ml A
FE 50 AR ST . J2 BRSO 1 R S
T 90 G Rl R | T o e T G i 4R AT R s T
i .

E-mail: songtingl@sina.com

FRFIEE 55,1980 4F 8 H ik FIL4&
A1 R N P N e o Y U
DA 7 W2 e 3 1T o 2 0 oA I P Ne - 27/} S
SRR A v T g 1YL 3 1 B AT S b T 4
E-mail: ¢lh2055@163.com



