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Optimization based Millimeter Wave Channel Estimation

with Low-resolution Analog-to-digital Converters
XIE Guang-cheng, SU Yu, ZENG Yan, CHENG Ying-ying
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Abstract: Millimeter wave large-scale Multiple Input Multiple Output (MIMO) system has more radio frequency links that
bringing more power consumption, which could be efficiently tackled by using low-resolution Analog-to-Digital Converters
(ADCs) in receiver. Considering the influence of the received signal amplitude distortion caused by low-resolution ADCs on the
performance of channel estimation. a two-stage millimeter wave channel estimation algorithm is proposed after optimization. In
the first stage, we construct the optimization problem which inequality constraints originating from the received signal deter-
mined by the quantized received signal and estimate the direction of arrival by using /, - norm to measure the sparsity. In the
second stage, according to the estimated direction, Bussgang decomposition has been used to approximate the nonlinear quanti-
zation process, and the least square estimation of the complex channel gain is obtained. Simulation results show that the per-
formance of the proposed algorithm is improved by about 5 dB compared with the current state-of-the-art algorithm, and the
complexity is reduced to be linear. It can be seen that the proposed algorithm is greatly improved in terms of effectiveness and
reliability, and has certain practical value.

Key words: millimeter wave communication; massive MIMO; channel estimation; low-resolution ADC; convex optimization

0 3 = b 2 R R TRE 5 Sk (5 R B K 33 7
= 61 R R A0 3R B 1 TG S 0 L £ 0 £ )

22 K P BE 1 AF K R I, 2 R — e B
WAE I E AR SR U LA W R I AR
WKL AR E MR B A E . KR KM
1L 5 A 2 ki (Multiple Input Multiple Output,
MIMO) AJ LAAR%H AR . 36 5 & 35 8 4 B L,
SR - 22K I R MIMO K 28 2 S5 5 4 4 ¢ 0
2 T LA RETE R, i BB 4 4% ( Analog-to-Dig-
ital Converter, ADC) Y ) ¥ 7E #& /> 5 49 55 #% o5
TR

SCHRL A B s 42 Wi 2 017 1 IR 1% B (Chan-
nel State Information, CSI1) , 4 [ 43 A7 T 2 Y 3 {
FHIE 3 B ADC B 2K MIMO & 48 /9 5 38 %%

W H 9 :2021-06-20

ok W AR 15 5 TR )8, 45 A e AR B
B ¥ (Expectation Maximization, EM) Fl 3T {2 7 B,
f& # % ¥ ( Approximately Message Passing,
AMP) 2 11 T EM-AMP 5356 5K fiff 12 81 ]

AR SCH AR B A ) B S A B B B T —
e T A0 AL B9 RS T . 21 B Be A AR ORS
ADC Ak 5 B S 5 1 B8 B AR BAE W % F . 1
A R A T 2k 07 1), JF 4 M — AR BR B R B
#: (Normalized Gradient Descent, NGD) 3K fi# iz Al
IR 55 2 By B4 265 1 B Bl T B9 s Oy 1) fif
JH Bussgang 47 fi#t (Bussgang Decomposition, BD)
RS Rl AR e P i A o B L 15 3045 0 A0 AR 09 B

FaTH - E K REE R PE B 5 H (SGCQKHOO]S]S2000053)
TEH A T R A973—) B IR EF B A TR A, 3 FHF 5T 5 )k R A R 4 38 1 DM I L 2R G0 18 RO B AR B 9

WAEEE T M, TR, E-mail: xieguangcheng1973@163. com

11



O 38 5 WF 5

2022 4F A5 31 EEE 2314

Tefliih, ASCHHIEFR N NGD-BD k.
1 REGHEE

AR e PER ADC F 24 2 K 3% MIMO
ARG LATEER, K DR P TR —/NX LN,
B R Al 1 BT B 00 A A G A B
HEHC £ PSR4 R ADC 2 3 T 20 5
F4 [+) A 3 M IE 52 70

g KEEE -
& Y Y Y
ey N, 5 E %,
& //

B 1 4&5#%F ADC F MIMO % %R

A5 B R A B 3, Saleh-Valenzuela 5 8
RERIL,

N

“Ypath
H=>)a,a,(g)al'(0,) =AAAY, (D
n=1

K. He CYVF FZRIEFHEE; Ny 2K
AR B AR R e, M n FIERNRAGER 250, Al
0, 539 R 5 n A5 BE AR I B3k R T AR, TR X TE]
[—n/2,7/2] L3553 450, € CY Hla, € CF Jp
) Ay 2 WS N A 3% e ) B B o R B

A 2 diagla) a an, )
AR é I:a,—(501> ar(€02) ar(ﬁpt\'w,m )] ’
Ar 2 [a (0) a8, a, Oy, D1 -

Krf: diag e} AXMIZE A € CNon™ Noan g XF £
FEFE;Ag € CY Yo Fl Ay € C 5 Noan 23 51 g U 5
471 Wi 7 26 2R R A % B 40 i 7 A B

V6422 AT I 00 i 7 R B R A 2% B 40 i 7 S o L
UANIEEE -5 ST ESENVE ¢ SiT R

H=UHUY,

K. Up € CYN MU € CFF 4350 R 8000 5
B B R R S R [ Hs € CNF AR RLUETE
yiEl 2

SERF BRI Hs TR TR WAL R N 3k
J5 ), HAH FR oK P A5 B 2 1 25 . 5 8 56 FE 0 W
51t D) A A 2 7S W T Al T 1) R A Shy gl 3k 07 1) RS
TE A 48 35 00 2 B0 T n) A, B T A5 R S AR R AR
12

RICER B L8 FME .
2 EXRBEEEMIT
2.1 [EEREERR
I B, A X e CVF BN, L, P
NG E . AR X =U.Z, b, 2 Ry %
RO R B L A
vec (R) = vec (Q(Y)) = Q(vec(Y)) =
Q(vec (HX +N)) =
QCuec (UgHsZ + N)) =
QUZT X Ur)vec (Hs) + vec (N)) , (2)
AR AL B B Y O AR O 5 N
MRS AR P QCe) A AR IE B svec (o) Ry B ] it
. 23t BN

Re(Z" @QUy) —Im(Z" QU
- me QU  Re(Z' QU }

Re{wvec (R) } Re{wvec (Y)}
r{lm{wc(R)}:' ’ y':lm{'vec(Y)}}
hl:Re{vec(Hs)}} ’ n{Re{vec(N)}} ’

Im{vec (Hs) } Im{vec (N)}

K (AT RIRH
r=Q(y) =Q(®@h +n) , (3)

X re R AR HEE Sy e R
BRGS0 € RPN IRAM [ h €
RN S fE I ) s € RPN R MRS ) i,

I Al ) Al S B i {5 AR ) A
AL JE R T o SO A B Z Al TR 38 19
i h,

2.2 REFHmEET

Yotk Al i 52 B 3o B T A R L IR T Al
R FECR R L5 38 o L R A 5 A T AR R
BB AL S 5 5 SCERL7 4 T ADC
Ml LR B S B ME L R I G &R . IR () A il
A T A 3 e OB R Ty B0 BRIV

I<®h<u,
b D Fw 53500 @b (R A S, HAH B
T[] R AT AR SR L R R 2 R R A I A R AT
fife b AR M . SCHRLS ] UER £, Y ROaT AT Bl
Lo 3080785 e 1) 2 0L P O A [ 0 A5 h T AR
) e .
h' =arg rnhin lal,,

s.t. I<DPh<u,
P2 NS B O B ) R A A R OB S ) W X ERS



BT

— I EE TR AL A 2 K B AR A A AT 5T

T, TR ER LA )RR R LA X {E
I [a] BRI LABR ] -
h" =arg mhin lnil .,
s.t. ®h—1>=0,
—®h+u=>=0,
Ihl.=1. 0
Ly F L, JEECAER" 25 18] 35 g 1™ R KR, DR A A I7)
B O R OEA T, N Ry g | AR 2 o 2% A 4 /)
R R AP R F o S N = 4 I S (o G R T
o3 B A A3 (8] Al AT i 4R iy 2 23 1) 22 ) A4 O 4 46
AN BRI RN s ] A LRI AR 2 TR AR 2
S 0 Ak 05 T 0 15 0 o 1 L (H TR B R R
B e 3k 07 1) B 38 1) 4 S AR B R ST A
F18 7 T 494 i 15 22 S 52 W) S 4 1 S T
R T B AN A5 2K 2 AR AT AT i 4R A R L A ]
TAS B eR K 24D m A A

h' =arg min | k|, A F( DR —D,) +
! i=1

A fF((—@h+w,) .
i=1

st [Rll.=1, (5)
A A A 5 (o, RSN EE ¢ T
Ei (O =p(—0)/2 HRH IRSTERE () NB
BREAL . SCERC10JUEIA g A B FIE 55 i, (b 5
FHon st Al Ak 1) BB =X (5) A AR ] A e A A

B TR ST eRBOR G eR B R T AR
AR $EH NGD SRR i 29 3 ) 50 (5) . A SO
PR T B R eR B H AR R R S
SRS S R AR ok B B R A B A
Bk b [ B A B B R AR R VA — b > e O i i
FL 2 AL R

A L) I B bR eRECH AN R AL T (R -

Jw o [ h +22 f((@h—D) +
i=1

A f((—@h +w)) (6)

R 0 6 K B8 5 1 BB BE T A, )
S R S A R A 0. i B
S BRI AR 6 B K o
PR PR i R BT /I (B Y

J D =Clhl D 2@ [ 2 f(@h— D)) —
i=1

A¢T[i]f<<—d>h+u>i>]/ , (7
=1

X F. J A H B R — BT G

, —1, h, <<O . o .

[( |h1>],—{ Jhy RHTAE R
1. h, >0

A~ gL s [f((@®h—D)]’ =
(®h —1),, (®h—1), <0
{o, (@h — D, >0

LB RCE SR AN, NI 2 =0 B § %L
CCl RO T RFETE by =0 Fom % AR T 0] 4 C
BEN AL, D TR R T BON A7 A )L R SCRR
L10] & Ay £y JEBoleds ik, Wi ph Bioith el 2 21
B FTR . RIBA N

0

s<z>=sign(z>max{\ ' |—A—,o} , 1ER,

e 0/2 IBRE T B K ssignCe) AT 5 BRAL.
W 257 R RCAS ot 1 3R B U A R AR R KA 4
TR )RR

S(t) A

B2 K& R
W4 PR BB AR IR T by =0 A% 46 SRR TT
FE I [) B, HAE SR TR IR . b, € (—8/A.8/)
H 70, B 4E B 1 1 Ju g A A e fk2s e
EAF AR A ARAEAE S 0, B AW 4R B BH o Y i)
BT AN R ) Joe 2 5 2R LT R 5 1, 76 AR 10
RN A VRS w2 A A Rt i % W (£ s aL
et 32 M R I 38 R A O R A R B 1) R A
PR NG A O T R W B R Ol
%2, T HRIER (D 530G A AR W E AL A B
BERIIH MUK A K 20/ B/, S EUE Bk R A
IEB Ay BE R IE O A /INEE B A AN 52 W) S 7
SR W, 58 1 B B R A TR A Ty 1 B R S
FEAE A TC ZAE /N I8 25 AR 52 i) S 75 4 1 0 7
U — BB B R B VE B R AR BT, B T R
T R B B L T R 2 R AR TR
P52 BN AR b ARG HRRAE ST RS 1 T 1)
A A
WG WG Ry = @'/ | @' || @ A
BRI DN AR RS, K 0, B RS £ =0.1R2 ¢
13



O 38 5 WF 5

2022 4F A5 31 EEE 2314

TR 1 RS h =k 1R R
BB £, =F (@h, , —D+F (—®h, , +uw
F.F O RFO M—B - F8Gh 8 S RE A A5
(EF

AR 28 A B R ST R BORE R R B R
BBk fo=fr — ooy Dhy s

ABR 3. i TR REU B LR R p =
bt —0f s

R AL JEEY R B TR, =S((p),);

DS = 7 p—

I’

LI 645 | hy—h || o <<eiRlh, , 7505 F
SIR 2.

TR (O 52 5) A M R B I A L B
PRAT Iy O B AR A Sl A 5~ A, A BYE S g AR J
AP I . BRI A S — BN R U B
SR DA o 08 D A SRR 3L o AR QB I SR Y I —
¥ J5 1% 2 (Normalized Mean Squared Error,
NMSE) /N T3 — '] FRAE, I 28 11 903K L 3% 0] d5 10 i
2.3 ERREFEEESEMIT

B TR BER ADC B HE & PERe Pk, 7T A BD
X A 2 1 o AR R AT AR IR ODA R B 4 A 1 A
G AEL R AL S R S T KR N E S
g SR NP Al I e N M EPRITE -

r=Q(y)=U—9)y+n,=

1—n)(@h+n) +n,=

d=9)®h + A —n)dn+n,,
e n, LM s, SRR S5 A Z A
NMSE,E LK p, o E{QUy) —y |*}/E{ly "} H
fE 1 ADC BEAE FLRR L 0 i R 1 s .

% 1 NMSE
b M
1 0. 363 40
2 0.118 80
3 0.037 44
4 0.011 54

MG TS 1 B BoAl o 15 16 ) 6 ) S 4R
SUPP icBAVH B @ XN S E R 5|0 F 5 R
D gpp » WIAETE 7] 5 S PR N OT R 19 de /D — el o

hurr = [ (@sypp) roppp 1/ (1 —p,)
K (@) @ gupp IR s r oo N EALSE
WSS r 78RS SUPP 48T i) f sheupp 90 5
Y J5 A5 T8 1) 5 hsupp W B/ AR T
2.4 HEEXELSH
AN AT TR E AT R e R R e, K
14

(3) AV B @ R*NONS AR o BT B 15
SOk B CHGE MRS o M SR I 8 A
OCN, PO 55 2 By Bt T3 @copp W9 DHIBRE IS L 1h T
ZE KR T BB B @sopp BA B R F L PR
Pl AR B T H RS R FE AR OCDY . &8 B R
WL REEMA TR R ERE N ON. P, £
2 Jr 7R 8 d R — 1) T BLIH 2 4% 3% (Expecta-
tion Maximization-Vector Approximate Message
Passing, EM-VAMP) " F1k M e /N4 7 i 22 (Line-
ar Minimum Mean Square Error, LMMSE) %y
TS S A B AR SO 4R S vk Y T R AR G IR T
e LMMSE #.: 5 H i i e # 1) EM-VAMP 5
7%
k2 HERERE

5 IEL LY
NGD-BD O(N.P)
LMMSE!"! O(N}P?)

EM-VAMP™! O(N, Plog, (N.P))

3 (AESH

T B AR SC T B A T A TR O R L AR
W53 SITE IR A 3% (Line of Sight, LoS) 5 k¥ E 1%
# (Non LoS, NLoS) &5 Nk A [ ADC H i i
1105 LB IE . NLoS 3 5t 2% B Ak B A2 . SCilik[4 148
.4 bit ADC 7 52 B RE = — %R 5 KAk, B Ay
HXt 4 bit e B /b bit ADC 05 ERE., h A {5 iHE
b BT P E NMSE /E M P fedsbr ., & XN
E{llh—n]|3)

E{|nl?}

A1 15 2 05 ity BHL AL ) 25, % o R (s G R B R AT 1

000 REEFFRIKIHE . £ 3R AMFERESH.
A3 ABEARK

NMSE &

S8 4 R (i
K#EREK N, 16
B R & H N, 32

FHMKE P 64

i XA Eawfe

E RV

Ré&EA Ha %

B F A 100

K % J8) B A/2

FK o 1

EWHEE e 10°°

K 3 Fis A LoS g5 F I ik 7 ) Al i F a2 2%
ADC 4500 1.2.3 Al 4 bit B, 3% 35 J7 WAk 3



TR G

— I EE TR AL A 2 K B AR A A AT 5T

I HRARRAE—2,.—3.—3 fl—4 dB. X B H 2
H,

110
100
90
80
70
601
50¢
401
307
207
10

1 bit o4 98100 100
| W2 bit
I 3 bit

| HE 4 bit

R F (%)

-10 -8 -6 -4 -2
SNR/dB

E:SNR Atz
B 3 LoS/2il TikikF &4kt b &

4 iR A LoS ¥ & T AL #& NGD-BD %
25 HAT e EM-VAMP & 78 A /) ADC #5
T NMSE fili4k. 44 LMMSE Bk 5882 4=
S (NP, JCvk S bR N BICEE IR B8 A H 0 B0
A2k, £ SNR H —5 dB £ 40, e g
EM - VAMP 8 ¥& 09 {5 18 i 3 o % 2 A0 3T 5 7F

110

SNR > 0 B, Br i B ik b EM-VAMP 5k M e 4
F+ T %5 dB, K AR i ALET, NMSE B 5k SNR
) 1 15 T RAEG L AR 5 Bt SNR 1 T 5 1t T v I
FROE ZI G AR BEALILHR , SCHERC1L T A8 T 3
A1 .

10°

=

_
[«
T
/
]
/
,
{
,
,
!
[}
:
:
:
:
:
!
:
:
.
4
:
,
:
,
:
,
:
:
,

——1 bit NGD-BD
——2 bit NGD-BD

3 bit NGD-BD
—¥—4 bit NGD-BD
-+--1 bit EM-VAMP
107}-©--2 bit EM-VAMP

3 bit EM-VAMP
-4 bit EM-VAMP
5 0 5 10 15 20
SNR/dB

B4 LoS4i# F NMSE
NLoS ¥ 5t~ . W% 35 J7 Ial Al 11 i 21 2, ADC ¥
FEA SR 1.2.3 A1 4 bit B, 3% 35 77 mAd B s AR
WAE8.2.—2 f1—2 dB, kB HHZH .

NMSE/IB
S

10%!

B bit 100
100} o it o6 1
90| w3 bt

801 m 4 bit

70t 66
60}
50}
401 36

307 24
20}
10f 4 6

0 -4 ) 0

9g 100

66

A (%)

100 100

100 100
____ 8 ——— _
92 a

2 4 6 8

SNR/dB

B 5 NLoSE# T ks F d kit s o F

Kl 6 /s A NLoS 3 & T A L fir & NGD-BD
5 EM-VAMP 8 £ A [/ ADC ¥ B F (1) NMSE
Mgk, 0w 2 bit ADC K EER, LoS {516 T
BEMLIL IR I 4 AN 58, {H NLoS 1518 F % 3 4 % W]
5, U ] 1 bit ADC K B B, NGD-BD 5
EM-VAMP 51 M: B8 AH T 5 3 Wi i ) 2 bit ADC
K I, NGD-BD 397 SNR > 5 dB i g $ T+
T 1A% B AR 3 A 4 bit ADC K5, Br 25
BRI T 20 6 dB,

RTINS SR B0 BLAS R AT A N 458 .
B 1, B AR HOY £ B RS AR & R B ik Ty
Ak PR AR R R S 2, A T 1 8 2 bit ADC
K B B {5 T B A JIORT 0k 3K T 1) A T ) S 1 R

10!
10() L
= 107 NG
& J——1DbitNGD-BD
€3
< ——2 bit NGD-BD
= 107} 3 bit NGD-BD
—7 4 bit NGD-BD
-+ 1 bit EM-VAMP
107 - o2 bit EM-VAMP
3 bit EM-VAMP
[ 4 bit EM-VAMP ‘ |
10%5 0 5 10 15 20
SNR/dB

B 6 NLoS1:i T NMSE

15



O 38 5 WF 5

2022 4F A5 31 EEE 2314

R WA 3 5 4 bit ADC 5 BE I, 15 18 % 72
O I 15 7 T Ak 1 1 T 56 A 5 o AR G A 0N 5 5 3 Bl
PLALHE 90 5 b IOKS B8 ADC 51, B 5 B AR 50H %,
LoS {5 F , Bt ff 2 bit ADC 5 B i B HL H:
MG ARG ARFEM A NLoS 518 F . 452 Wi i 7
2 bit ADC A5 B ] B L 4 30 52 5 B

4 LEFRIB

S SOH 22 2K WA T8 A T R 23 O P A B B 2
1 Befs e 32K I 1 A 1 1) AU A A o 4G A 1R AL
Pt NGD SR 5 5 2 [y BOAR A T i S ik J7
I 5 B AL 5 B WA 5, 19 B 2 0K {5 E 2 AR 1Y
/NS Al TS SR A SCRT T A T B AR R AR AR
TR SR A B SRS 00 51 3 55 T Ik O 1 A L
] FRARARRS 2 ADC X {5 38 1] 5 52 4 45 /9 52 0, off
JEFRATT AR I AR A AT

B30k

[1] Rappaport T S, Sun S, Mayzus R, et al. Millimeter
Wave Mobile Communications for 5G Cellular: It Will
Work! [J]. TEEE Access. 2013, 1:335—349.

(2] R A TT 3C. —Flopi 00 5k T 1 4 SRR ) 228 0K 3 1 3 Al
AL, mIREE AR ,2020,60(12) ;1437 — 1441,

[3] Wang S, Li Y, Wang J. Multiuser Detection in Mas-
sive Spatial Modulation MIMO with Low-resolution
ADCs[]J]. IEEE Transactions on Wireless Communi-
cations, 2015, 14(4).:2156 —2168.

[4] Abbas W B,Gomez-Cuba F,Zorzi M. Millimeter Wave
Receiver Efficiency: A Comprehensive Comparison of

Beamforming Schemes with Low Resolution ADCs[]J].

16

IEEE Transactions on Wireless Communications,
2017, 16(12):8131—8146.

[5] Mo J, Schniter P, Heath R W. Channel Estimation in
Broadband Millimeter Wave MIMO Systems with
Few-bit ADCs[ J]. IEEE Transactions on Signal Pro-
cessing, 2018, 66(5):1141—1154.

[6] Risi C, Persson D, Larsson E G. Massive MIMO with
1-bit ADC[DB/OL]. (2014-04-30)[2021-06-20]. ht-
tps://arxiv. org/abs/1404. 7736.

[7] Wang Y, Xu W, Zhang H, et al. Wideband mmWave
Channel Estimation for Hybrid Massive MIMO with
Low-precision ADCs[ ]J]. IEEE Wireless Communica-
tions Letters, 2018, 8(1).:285—288.

[8] Heath R W, Gonzalez-Prelcic N, Rangan S, et al. An
Overview of Signal Processing Techniques for Millime-
ter Wave MIMO Systems[]J]. IEEE Journal of Select-
ed Topics in Signal Processing, 2016, 10(3):436 —
453.

[9] ChoiJ W, Shim B, Ding Y, et al. Compressed Sens-
ing for Wireless Communications: Useful Tips and
Tricks[J]. IEEE Communications Surveys &. Tutori-
als, 2017, 19(3):1527—1550.

[10] Boufounos P T,Baraniuk R G. 1-bit Compressive Sens-
ing[C]//2008 42nd Annual Conference on Information
Sciences and Systems. Princeton, NJ, USA. IEEE,
2008:4558487.

[11] Stockle Cy Munir J, Mezghani A, et al. Channel Esti-
mation in Massive MIMO Systems Using 1-bit Quanti-
zation C]//2016 IEEE 17th International Workshop
on Signal Processing Advances in Wireless Communi-
cations (SPAWC). Edinburgh, UK. IEEE, 2016;:
7536730.



