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Ergodic achievable rate analysis of one-bit
sigma-delta modulated all-digital massive MIMO system

HU Anzhong, HUANG Lijun

School of Communication Engineering, Hangzhou Dianzi University, Hangzhou 310018, China

Abstract: The all-digital massive multiple-input multiple-output (MIMO) system has a wide range of application
prospects in mobile communication due to its advantages such as low cost, strong signal processing capability, and
flexible configuration. On the basis of studying the one-bit sigma-delta modulation structure, the ergodic achievable
spectral efficiency of the system was analyzed and compared with the one-bit structure through simulation. The re-
sults show that the one-bit sigma-delta modulation structure has higher spectral efficiency, is suitable for massive
MIMO systems, and the analysis results are accurate.

Key words: all-digital massive MIMO, one-bit sigma-delta modulation, spectral efficiency

output, MIMO) R4 KA Sk kZ, &5GH
e AWM, A 37 KB MIMO £ %8 B A 55
KL H N 25 (multiple-input multiple- HL AG . 5 S AbEERE Jy5m . A RIGHECE I

0 38

is HEA: 2024-10-31; 1&[EIHHR: 2024-12-02
BIEEE: %P, huaz@hdu.edu.cn



- 121 -

BENE 2025 F%E 21

W, FEBBNEAE RGP Az R AR
ERE T R MIMO R, FhulF| A2
TR 4% (analog-to-digital converter, ADC)
B B S AU AE 5 o T E S, BN
B AT AL FIEM T RIAE— R
IS, S8k (remote radio head: RRHD
HEKMEFBCRES (ow noise amplifier, LNA) Fll
ADC, HfiliEpAS. B5-Oh RH gl ]
%1 (field programmable gate array, FPGA), I
THEREI5R . THERR R

RIS RHF K MIMO RS TT R 1 i
o BT R MIMO £ ¢ K F KK £ ADC
R TS S, KK E ADC I & A4k Ee R 0L
F 4 bit B, A5 TE A5 TF R 2 A TG B RS B2 ADC 1)
B2 2 AR 2 dB DAL, 2 4 Moy ok A
MIMO R 5K — LuRs ADCHY, ) I8 R
T LR R B M 7 R T R A R,
SRAE I 5 A0 P B 1) A e A A M A B A AT PR K
[, STHRIOIHT T T W3 %5 e L s e 44k 1
BEHAEN o Hh T 22K Ay KR MIMO )37
BE K, SCER[7IHEFE 1 ADC s 2 RS AR50 15 e
EERISEIR . 0T KB MIMO R 48, SCHR[8]
BT 7 — IR TR Im L T7 5, Je e B AR AT 75
BTG 5,  FAE R St AT 5 Y B AR
DL BRI S AR B . B — Ee R E A 4
Hr KB MIMO 248, SCHR[91W T 1 75 3 1
FEFERE mets L e LRI DT R 1) 5 7] 43 22
TR RA AR R T . AR B R AR
MIMO £ %t 1 B2 540 25 3803 i 5 P PR RR L 22 1Y)
)R, SCHER[10182 H — Rl IR o3 ik, Wl
PAFE— LURF AL SR IS L LM RE . (H2,
PL_EHIF 5T R B 75 FE — LU ARE sigma-delta 1 1] 45 74
X 4 H 7RI MIMO R G8 P RERZ M

sigma-delta i il X T 4= 5 7 KL MIMO %
GAHEEZEEM. —J7H, £ KM MIMO
Z G B sigma-delta ], 7] DLTE B8 7 b

SEPLYR], 7R RRH AR R 7 38 S8R 8 B 8 70 24k
MRS, Al DL R AE RRH %2 364k 35 &t IF [F] 20 ) 2
sk, FEACRRH AN, 5 —771H, ¥ sigma-delta
VA 1] 2 T ADC 7T LA R T+ gt e Bk
B, &5 A I e R A% AN sigma-delta /1, 7T DAYE
W P DR, SRS S m R

YT sigma-delta i 1] % — FLRE A0 198 76 7%
RS, ASSCHE ST — LU T sigma-delta 1 il 4 £+
RIBEMIMO R Ge, 431 Hoad [y n] 1 A0 2%
HoE, @A AR KA MIMO R4t 15 51
RAETYF— LU sigma-delta W HIAEL Y, TR T &
Gk [ A IS G R R ) E X B, i T —
ELHF sigma-delta i HI B rP o NAS 5 . BEEACHIN
F9 . EAEHE SRS, HH R s
BEEE BHX SRNG5S EMES. BHE
SHMRKMEKB KR KRG, 17— R
sigma-delta i il 15 4 o 2% MF 5 1 B ARG S L
TR, T TR AU R A M A A G
NG T HMRMREOC R, v N T3 Pk
WL S, T TETFIE, BaR T
— LU RF sigma-delta 1 il 45 14 (1) 3 J77 ] 35 5903 24 4%
fn T POARR 2 A 1)k TSR AR R 2, I HARSC
BRI SR IR

1 REHRE

EHFRKAMBEMIMO 25 WE 1R,
UNH¥3hE (mobile station, MS) fl— P& H
BR KRR us (base station, BS). MS KHIE
T4 E A (orthogonal frequency-division multi-
plexing, OFDM), Rt B A a3 B9 i i 5L A 460
(inverse discrete Fourier transform, IDFT) #E{74ii
o 3 B A ) e A, PN IR AT/ R AT e i (paral-
lel to serial, P/S), fix Ja i i #il (radio fre-
quency, RF) ##§ k4. BS %5 RRH fl FPGA
P4y . RRH [ LNA SEHUE S 8CK, RF ADC 5%
LB LA 7 5 3 . FPGA SEEL B R (digi-



+ 122 -

-y

K1 &8 KB MIMO £4

HATIFAT e (se-
rial to parallel, S/P) FIESHi{H H A8t (discrete
Fourier transform, DFT).
1.1 ESRENEST

EHEn AR, UNMNMSKEHEMES
soPe ¢V (BRI L R p/S A AL B ALME S, A EE

tal down-conversion, DDC) .

IR A 5D I N B 1 IDFT A1 P/S SEEL,
RN

(D

(BB) _ /i A(BB) _i2n(k/N)n
Sn= N zke N Sk¢

H, NAN—4 OFDM 15 5 i R Af SR,
Sc {0, 1, N-1} NI HIE 50 FHRIEES
§PP e CUNT Ik LHES IR 1 2202 e

WAFS, NEERIIEAE S, fONERER, N

H
hORE A R . R SPY W2 E[§$‘BB)( §5{B,B>) ]:

T
Eud(k—k")Iy, E[ﬁ&?‘*)(ﬁfm) ]ﬂ), §EP =0,

Vke S, B[ JRaRHE., AKX NS>1, H
H SIS, BIXH OFDM {5 5 78 I s i 473
Feo B, 1855 %8N W=£S/N.
BS U UK G 145 5y T eR? (AT 1
LNA A MAL5ES, ARFEHEES) FRN:
(RF) \/’ IR { (BB)ei2n(fc/fs)n} +w’(1RF)

He, R{}E
xilBB): Ef:_ol

2
7~ HYSE S, W(RF)ERB%H%)—EE’
s e O NI EE S, LA

R, H e C°*Y R MS FIBS 2 i 1)

S . BB IR WSO~V (0,(No/2) 1),
N (0.(No/2) I ) Z o Tei 0 43 A, $9ME A 0 10 8,
JZR(No/2) Igo

1.2 RFADCHREREL
BSXHI. OKEIIRFINE(E S, BIX (),
I RF ADC. RF ADC &5 # i 2 frzw, Jhh
(RF)jjBS:J%LI& ﬁﬁljU:E’J RF Hj-iﬁ'fmj?’ "S;RF)ERB
— AR RIS S, 2eR” JyRF ADC ({14
HE S, EE2d, 2 BPIOR AER AN [
fir, EVEHISBRAAE g n—1, IR bIRKLL.
28, N[0 ] AR 8] R
WO, R [ p00], [, B delta By
B ZEEAERAM, BREARAA] =
[r,(qliF)]bJr[y;RF)]b - [zf,‘iFl)]b, Bl sigma B Bt . RF

ADC 155 5 7T AR IR N

A
[ \

[yE0], (0],

[rf0], —

E [\‘]

%2 RF ADC %5t



- 123 -

BENE 2025 F%E 21

(RP) =a ®sgn( r,(,RF)) =a,0 (g,,Or(RF) + q,,) 3

He, a,eR°ZEMAHTHRKTE, OFRIA
BILRX AR, sgn( JAREA, HitEHN
AN, osgn(x) =1, Vx>0, sgn(x)=-1, Yx<0. X
T2t 2, Bussgang & # % H T =1L A
WHIEREER R X 3 B =P i Buss-
gang EHMGH, g,eR”N:

1

[mf/ﬂﬂﬁﬂJz @

Hh, qeR° HEALMES, SHAGES iR
HK
AL E AR T :

1

[an]f[gn]bl:ﬁ(i@[rf,”)]iy (5)

o (5 KA (3) 7

2 =1 p, (6)
Po=a,0q,eR’ @

RAEE 2, 75
=y - =y, (8

Hrp, HFBoAA%EAZ2EIRANKL (6) HEW.
# @) AKX (6 AT

SIRF)_yElRF)

1.3 STEMERENX
BSE’JFPGAXT’iau)\E’HwaziRD (R 1
DDC M 4b5 5, N RERIRE(MTES) i
7 DDC. S/P fll DFT, #4 &7 4k 3 0y 759 e ¢°
(EPE 1 DFTAMNE S, NEWHIEES), &

NN
2}({1313)= \/g an:— (;ZglRF)e—i2n(k/N+fc[f's)n (10)
A SCAR B RGeS B, B e [(2f+
WYL~ W)(1-1)] H w1 A [L(fr

w2) W WIS 5 (9 A 0), JF
R (), At

—Pp- 1P )

(BB) H A(BB) ~ (BB) + é&{BB) (11 )

=S e ™ Vet (12)
~BB)_ |2 ON-1_ (RF) ~i2n(kiN+fulf)n
Wy = /Nznzow” e eC® (13)

échB): \/gz;v J(—Pn 4P, ) o 2N fn o B
(14
Sl B AETE . R E R S, Hod H
eC® N I 4 BB RIS I B, wRP e CF i I
MEFE, p, [E X W (7). FPGA X 2P sg flia
T %, MHRESA:

SAkZI;’/j?./(cBB): kTeS{BB)e cv (15

Hr, H§=(HkHHk) Hk e CVB, 4 At A
AR D BRI, dzt a5 wJm, PN
BRSSP NRH s, Al
AR Iy o ARSI RS L R, BIE

EMTRRAIR, 208 B8 &5
BrBro PIIL, ZR SR I AT IE A R -

_ v
SE= v >
Hot, wy NBERAL I AS, o MEIEM T,

SINR, , AfE THet. HRAER (15, HFTMLL%E
A

SR < AR i

E[1b(1+SINR;,)] (16

51,

E{
SINR; = — =
s [t i) ||

Ey

" B an
Ck,u(NoIB-i-Cke )Ck,u

ﬁ¢,;ﬁwzﬁ4

37,0 s

ot [ | =mu e, et

@%%%%EWﬁﬁPm

2
H (e)
:|:Ck,uCk Chur Chuy=



5

124+

Al | <t cloms|am(em)”| e
oL MRS 1 T

ATFR A7) i Cl A LR, R
0360 P 35 500 R TV A B o 85 2 40 SR
VAR A, 3 A B RO 9%
B

2 BHRASTESER

2.1 SUBEWREBHEXAEAS T

€ UBS FI . UK S I RF B85 5 5 AH R
o[l =8| () € RO RS ()
R (2) AJfE .

Rn= EUR(S it

keS
2 s(m) 1y (18)
€ X RF ADC [ 5 5 H AR -
R,[m] =E[Z£RF)(z,(1R_F,),,)Hj| eRP® (19
AR B b g SCAT A2 A sRAS S A e 75
HRIRBNA, A
CLI2S N (R m] — R, [ m]) x N
20)
HAB BRI 1. £ Qo) o, Hr
R[m]W LR (18) #H5, fB R m]kAE
K, RAE T
22 SWHMHMEXERENSIT
AR (0 MR (8) FAFLER n MHFBR—
U AL NS 5 P 2 D3O -
B[ % | ~ B[R] + (g —1)]@[[&? AReIP
A S MR 2. B T B[R] =
[R,[O0Lss 3 H B[R] =R [0 2k
QD ATARE]

2
4-n

¥ 22 AR (5 BRIE— B H
TR IL I,

lim B[R]~ 7 RL0]hs  (22)

™ [r[0]]" @

lim [a,],~ b

n— oo 4—7
LR R 328 AR (3D, LUK
RF ADC [ {5 5 B AR K R m &R -
Rz[m] =

lim (a,,aff_m)@%sin_l(D;mRr[m]D;Uz)

n—>

4
M, Rm] =E{r§RF)(i‘;5R-FrL)H}€RBXB?'\J%%iﬁﬁ)\

&5 W H K %, D.=diag(R,[0])eR"*?,
diag ()37 HH AR FE B0 A7 0 3 O F AR RS, 1%
IR A2 % R KB AT M TERE, B n—oc 11
At BTN (24) FX (23) F[1HRF ADC
PSS B, e

R.[m] =~ 42? R,Gsin” (D, R[m]D;"?) (25)

Hob, ReR™P I —fbsh R K7, H
12 12
[Ra]b,b': [Ry[o]]bfb[Ry[O]}bzb,

X (25) HE G T E K
R[m], Zm=01, ML 22), A7 LU
R,[o]sznky[o], U\WﬁDr:ﬁdiag(Ry[O]);
Lm=10, WP (8 wkn:

R{1]=Eﬂy§m—z9?+r§?xr9?f1 26)

<, (1] +8 ()" | - 8] ()" | 2m
~R,[1] (28)

st R G R T E ()"

R[1], X @& W#H T HF W T R[0]=



- 125 -

BENE 2025 F%E 21

()| Ao B[] [A], ]~ (D 1

HeEmmesETh 29 %G, Hk 3)
EIESi P
sf 2] 7)) -
[an,l]bE[[sgn(r,(ﬁFl))L[rflR,Fl)]b] 29)
~ [an_l]bﬁ[mﬂ]b’b (30)
~[D,],, 31

Hrpr, A G0 HmE AR RS H AR R
22, X GO mRANX (5 B,

FA (28), AR RGNS S B E AH G
R[m]~R/[m],Vm=0, T4&, nJUHA 25 it
HRF ADC [ (&5 HA KRR m], FRAK QO
VR A e 7 A e O BRI SRR
WHEE R,
iR PUSEAE R B A SCHTHE AP IR

(D AR a®) iHER[m],m=0,--,N-1

@ it #® R,[o]zﬁnzey[o], D~

4375 diag(Ry[O])

3 iHHER[m]=R[m],m=1,--,N-1

(4) HxX 25 HHR.[m]

(5) H= 0 itEce

RN R, BT HIEL WTUH
BT S AT B (LR 7 R AR R ) AR
A (A7) BRI A L, FRE— PR
3 (16) AT A H ke ) T Ik AT RS 2R . AR AR AT
SRR, W LEME TS S D& Ey bt i [ v]
PSR NER . AR (18) Mk (250 7]
5, BEE(SS IR EGHIK, RFBIREM TG
ST R m PR ARAEN (200 W, A
o b AR 7 A SRR CLO W RSB R AR X
(16) FAx (17> BIEN, 38 [y ]k S R 2

PR DN < R SRS TS b N RS2 R
FRIRAE— G T KO DI RJE N f m R G
CIBEN T3 &

AR oM 45 A T sigma-delta £ 4t 1 E AR
SCiti. HHE (5) FIAI, sigma-delta S5 7 2
WEH MR T, BRENZ K

EwWﬂﬁﬂwmm&%ﬁﬁﬁ@%%ﬁ

D\ e RP*E, (B 3 G 4 s 1 SRAE RS %1 N,
20 VA — P TR R VB 02 2 s
Bk2 A RORBE T 5

(D At (a8 WHR,[0]

(2) 5 DY) =diag(R,[0])

& fHER & #5la], |2 [06]

(4) Forn=1—>N'

(5 WX QD i+;%'iDE,”>=(72‘—1)DE,”_)1+

diag(R,[0])
© W ) itla], [ 2[p0]

(7) End
3 ThEZRSSH

ESERE W T . SR f,=2.4 GHz,
THPBHE N=360, &40 I T BB H = S=9,
EM R PR EA NS = {0,1,2,3,4,356,357,358,
359}, i #E 4 R f,=864 MHz, {5 5 i W
W=21.6 MHz, BS KRZ&¥ & B=100, MS#(&E U=
4, WEFE 5 E No=1, M 5 E | A
[Ai] ~CN(0.15). CN(0.15) FR LB M4, 35
ERNomME, HENIg. HFENBERERN
L=10, XS ES &N L/fi=12 ns. {SMEELN
101gEy =20 dB. 415 5 5P % 16 QAM.
Ym=0"f, iEPEEL=2.45. Xm>0KF, fi



m MREF X

+ 126 -

HAREp=1, PiEFFEHIRE T 10F(E1E. T
FAREAGIE,  FLAE b A 4% B AR 1 1 IS 30 IR
CN(0,(VL ) Ip) X FATRASIESLIN, 17 H e
100 I~ OFDM %5, sigma-delta %5 #) 7£ iX 100
OFDM £ 5 & R 22 TAE, B N'=100x369-
1=36899. J HAFEH, XH—4> OFDM fF'5 #i
W T K E O BG4, DL S S I
T

M T AT I ATV 2 % B S R L AR Ak 40 B 3 B
~oe oA, “sigma-delta 7 T 7 AR FE — L HE
sigma-delta £5 14 [ 73 BT 45 2, “ sigma-delta /i &7
REEF GG EE T EIT MR <M
OPHT T AR — HRR kS R I o b g R,
“CH AN L AR 1% S5 R LA B 5 B
gl 3T, PG RR N, L
R b 5 ) T AR 2% 5 B S 3 0 S T BRI R
FEF R ROR,  FE R DN 5 R Ll A T 388 o 45 e
Pede s 745 TRk, A5 M b sy i 3 A5 ne be 2
WK AL S . sigma-delta 25 ¥4 7] DLA 2040 )
A, R R —EH B EE TP
fa, BJEiA 325 bit/(s-Hz). K 3w DL %L
BIAR o W R A A R, R AT
e Ey, Al LU T PR Al — U RF sigma-delta 1
) 4 B KR MIMO 2 45 13 F7 7l ik 4 i
R,

30

[
W
T

3 73 AT IR AR (bt (s-Hz) ™)

10 v —— s@gma—deltaé}){‘ﬁ
== sigma-deltaf}j &
—% A
=G HHE
5 1 1 1 1 I I I
-10 -5 0 5 10 15 20 25 30
& LL/dB

33 P TSR AR A 1 AR AL

T JJ5 T IR AT 25K B BS R 2R B AR L an 1 4
Frw. 40T, BE3E BS REEENM, Sk
R T, I H sigma-delta 55 4 B80S X%
THE R, 5 — R S5 R PG AR 22 B
WK . XA R R ] sigma-delta 45 14 F AT
B PRI R, AT LA R 25 bit/(s-Hz), &H T
KMBEMIMO #4t. HE4ER IER, A3
Mrad RALE T B R, SRS s a1
P R Gt

30

[ e]
W
T

3 3 AT RS ERLR (bit-(s-Hz) )

! = sigma-delta/} #ff
10 == sigma-deltaf{fi &
! =% WL
=0 R
: 0 20 40 60 80 100
BSRZ&HH

4 3P AT A SRS R B BS KRB AL

4 ZERIE

AT T — Her sigma-delta 1 il 4 507 K
FEMIMO R4, IR sigma-delta [1) 45 #4055 £,
I8 B H Bussgang fE# . 1F 5% i A AR &
(B A AH SR 2 AT SRAS T 2% R Ge Ik ) T Ik AR
TR, i B g BRI — LLEF sigma-delta 1 1] 4=
7 KB MIMO £ 40 7T LLTE 100 1R BS K481 4
AN MS 2548 ik 5 25 bit/(s-Hz) (138 7 7] 35 4
X, @A E XL T sigma-delta 1 ) RN H LR
SRy ) TR AR, R AT B s A
R, EHTEHF KMEMIMO 24 .

B3R 1

i (14) ArEn, ARSI J7 ZZHRERE N -



- 127 -

BENE 2025 F%E 21

Ci=23" (2R, [m] - R, [m—1]-R,[m+1]) x
eqmdManvnm (32)

(RF)( _(RF) H BxB
Hor, Rp[m]=E|:Pn (pn_m) }eR 5 R A M

BRAH G
WX (6) w13

R[m]=R[m]+R,[m] + B[\ 'P}L, ] +E[pn(r£“€2ﬂ
(33)
Ko, R[m] =E[r£”)(r£“i2)H} e R B\ (5 5ot

WEMK. BEAAKX ] 2K (33) 75
R.[m]=R[m]+R,[m]—R,[m—1]-R,[m+1] +

S P

WAL (8) W35
H

Rm)=R[m]+R[m]+E] y\F P, |+

H
E|:pn1<y§7RFr;) ]
Kl 35 AKX (34) 133]:
2R, [m]—R,[m—1]-R,[m+1]=R.[m]—pR,[m] (36)

(34)

(35

R ke BRI E[pnl(yﬁ,“i,l)H]\
E[ 0P, | E{pn(y(n“_ﬁ,l)l{] 2R BN (B=1)Ry[m],
p=1. HA G6) AKX 32) AR (200,
Bfs% 2

WA (8) w15

s CNS (CNE AR

37D

g 37 il

2

E{[rim)}j zE[[ngﬂu +E[[pn,1 ]Z] 39

HiBussgang EH AT AL, X (6) Hf r R Fip, A,

B, dil (6) FLISE)

sfird]-fi ] -l - ()l

(40>
2
N T Ty E[[zLRFM:
2
(mZ)E{[r,(IRF)]J?%@JE‘J, ZRMA G Ik (5) Bt
3.

HX o) AR 39 #lik QD.

SE K-

(1]

[2]

B3]

(4]

(3]

(6]

(7]

JCJ3, WA . KRB MIMO J6 2638 15 S BOR [T]. Hh @ i
iR, 2014, 20(2): 26-28, 40.

YOU L, GAO X Q. Key technologies in massive MIMO wireless
communication[J]. ZTE Technology Journal, 2014, 20(2): 26-
28, 40.

CORDEIRO R F, PRATA A, OLIVEIRA A S R, et al. Agile all-
digital RF transceiver implemented in FPGA[J]. IEEE Transac-
tions on Microwave Theory and Techniques, 2017, 65(11): 4229-
4240.

ETTEFAGH Y, JACOBSSON S, HU A Z, et al. All-digital mas-
sive MIMO uplink and downlink rates under a fronthaul con-
straint[C]//Proceedings of the 2019 53rd Asilomar Conference on
Signals, Systems, and Computers. Piscataway: IEEE Press, 2019:
416-420.

BENDER S, DORPINGHAUS M, FETTWEIS G. On the achiev-
able rate of multi-antenna receivers with oversampled 1-bit quan-
tization[C]//Proceedings of the 2017 IEEE 7th International
Workshop on Computational Advances in Multi-Sensor Adaptive
Processing (CAMSAP). Piscataway: IEEE Press, 2017: 1-5.
UCUNCU A B, YILMAZ A O. Oversampling in one-bit quan-
tized massive MIMO systems and performance analysis[J]. IEEE
Transactions on Wireless Communications, 2018, 17(12): 7952-
7964.

ABDELGHANY M, FARID A A, RASEKH M E, et al. A design
framework for all-digital mmWave massive MIMO with per-
antenna nonlinearities[J]. IEEE Transactions on Wireless Com-
munications, 2021, 20(9): 5689-5701.

ABDELGHANY M, FARID A A, MADHOW U, et al. Towards

all-digital mmWave massive MIMO: designing around nonlin-



lﬁm WRSFE

(8]

[9]

[10]

(1]

[12]

[13]

- 128 -

earities[C]//Proceedings of the 2018 52nd Asilomar Conference
on Signals, Systems, and Computers. Piscataway: IEEE Press,
2018: 1552-1557.

GONULTAS E, TANER S, GALLYAS-SANHUEZA A, et al
Hardware-aware beamspace precoding for all-digital mmWave
massive MU-MIMO[J]. IEEE Communications Letters, 2021, 25
(11): 3709-3713.

CHEN J C. One-bit MMSE equalization for all-digital massive
MU-MIMO communication systems[J]. [EEE Systems Journal,
2022, 16(3): 4916-4927.

CASTANEDA O, JACOBSSON S, DURISI G, et al. Finite-
alphabet MMSE equalization for all-digital massive MU-MIMO
mmWave communication[J]. IEEE Journal on Selected Areas in
Communications, 2020, 38(9): 2128-2141.

SEZGIN I C, ERIKSSON T, GUSTAVSSON J, et al. Evaluation
of distributed MIMO communication using a low-complexity
sigma-delta-over-fiber testbed[C]//Proceedings of the 2019 IEEE
MTT-S International Microwave Symposium (IMS). Piscataway:
IEEE Press, 2019: 754-757.

GALTONI. Delta-sigma data conversion in wireless transceivers[J].
IEEE Transactions on Microwave Theory and Techniques, 2002,
50(1): 302-315.

AZIZ P M, SORENSEN H V, DER SPIEGEL J V. An overview
of sigma-delta converters[J]. IEEE Signal Processing Magazine,
1996, 13(1): 61-84.

[14] BUSSGANG J J. Crosscorrelation functions of amplitude-
distorted Gaussian signals[R]. Cambridge: Technology Report
216, 1952.

[15] VLECKJHV,MIDDLETON D. The spectrum of clipped noise[J].
IEEE Xplore, 1966, 54(1):2-19.

[16] JACOBSSON S, AABEL L, COLDREY M, et al. Massive MU-
MIMO-OFDM uplink with direct RF-sampling and 1-bit ADCs
[C)//Proceedings of the 2019 IEEE Globecom Workshops (GC
Wkshps). Piscataway: IEEE Press, 2019: 1-6.

[EE R

HRE (1986- ), F, L, HUNETRH
KRG TREZEIEE, ZETRITRN
MIMO iifz .

WEA (2000-), %, BUMIHE TR
B RLA, FEFTT R Y MIMO
A



