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Generation and implementation of high-speed parallel digital modulation signals

Li Hao' ,Wang Houjun', Xiao Lei’, Wang Zhigang',Li Tao’
(1. School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China;

2. CETC Key Laboratory of Avionic Information System Technology, Chengdu 610036, China; 3. Inspection and
Testing Center of Shanxi Province (Institute of Standard Metrology of Shanxi Province) , Taiyuan 030000, China)

Abstract : Digital modulation technology is one of the key technologies of the high-speed communication transmission system. In this
article, an architecture of high-speed digital modulation signal generation in parallel is proposed, which can be implemented by
algorithm-level pipeline in field programmable gate array (FPGA) hardware platform. With theoretical analysis and derivation, DFT/
IDFT in parallel frequency domain forming filter can be cascaded by two levels of the low-complexity based-8 FFT algorithm, and the
specific FPGA architecture and implementation method are given. In addition, a mixing-free digital orthogonal up-conversion architecture
suitable for parallel implementation is analyzed and designed to further reduce hardware resource. The simulation experiments evaluate
the algorithm of the high-speed parallel digital modulation architecture, and the FPGA hardware implementation results test the spectrum
performance of the high-speed parallel digital modulation signal.
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Fig. 1 High speed parallel digital modulation architecture
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Fig.2 Parallel frequency domain forming filter architecture

2.2 FATSUS R BYIE IR BT FPGA SEE

S8 WA T AR R 0 O 1) OC B & N g4 DFT Al IDFT
BFFATEE I, XFT N 5 A9 DFT FI IDFT, {5 b s 4 B nt-
A5 (fast Fourier transform , FFT) By AT LA {15 & Zu &
H O(N*) FEIEH O(NIn,N/2) . FFT (0] LL4y R HE-2
Fh-4 FFE-8 AL E S B X, B O T
32 2R BN POIRTH A R N R 2 R,

*2 FFTEEHNERELILR
Table 2 Complex comparison of FFT algorithms

FFT 53 ek 2% PJIRERE
32 (2In,N = 4)N + 4 (3In,N = 2)N +2
-4 (1.5In,N = 4)N + 4 (2.75In,N - 2)N + 2
-8 (1.33In,N = 4)N + 4 (2.75In,N = 4)N + 2

MR 2, AR SO FEHE-8 FFT 5k Huidi S B 64 55
DFT, SE BOIFA TR VC e pg i 25 113t T g 1 3-8
FFT B355080 N A5 DRT By ERGS #

1) %£-8 FFT 53

BB AT F 2 (n) WSEOHE N = 8" T4 AR
At n A ATRAR & k] AR

L-1
n=Yn8, n =0,1,-7

s (6)
k=Y k8, k =0,1,-7

i=0



24 =

I A R I TR IR 5 S i A S B 113

HEI, N 5 DFT BI85 X (k) nJLARR N .

X(k)= Y a(n)Wy, 0<k<N-1 N
n=0

S, W= e Tk = (X n8) (248

i=0 i=0
) O] — 24
L-1 L-1 L=t

. <_20k,-8’>3H"/,-| (_zokigl)skz”l,—z ( zokixl)s”l
W“Vi = W“VL - “VL ) o /\“L )

L-1

(tgokls‘)no

Wy (8)

N =8 fRARK(8), 115,

L-2 -1
-1 L2 (X k)8 (X k8Dn
kgn (8ky +ko)8" “ny_» =o' ! So 0

Wi =Wy W, W,
(9)
B (9 RAS(7) W15
7 7 7
X(k) = 2 2 2 x(”L—l TR (3} 7n0> X
ng=0 n; =0 np=0
L-2 ; L-1 ;
Wx“‘kon,‘,, y W(8k|+k0)8L72nIﬁz W(EO’HS )8ny W<’§Oki8 )ng
N N N N s
O0<ksN-1 (10)
K (10) AT LA R -
X](ko R TRy (3} ’no) =
7 L=
2 w(ny_,my 0 ,n,n,) Wi et =
n =0
7
z x(”L—],”L—z,"'snl’no)WgonH (11)
n =0

K1) FoRM AR N n, | B9—~ 8 5 DFT 451
Wh AR R ko
Xz(ko ’kl STy 35751 ,”o) =

“ 2

7 SL
z Xl(k() LA ARy (31 7n0)WW"

TR L T
WN -
n,_,=0
: 8Iﬁzk(}”l,—z W"l”/,—z
Z (X Choamnyyyeeany g ) Wy 1 Wy (12)
n,_,=0
72’”’0”//—2

K(12) Fmhs X, (ky,n, .+ n,,n,) FELU Wfi,L
Ja, VAR R n,_, B—1> 8 & DFT 255 i th A8 ik
ko PG, ATRIFRAS

X, (ko kg yoe ko k) =

L-2
7 (X k8ng

2 (X, (kg key e ke ng) WYE°

n,/73=0

ALK, A X, (kg kyyoee ky ok, ) BYBRRAS
X FHRASEIN 2(n,_, 0, 0, ,n,) MRS B JEAH
JH 8 ERHESIAS R AR IR R S B

X(Ck) =Xk, hy oo ke k) =
X, (kyokyyooe ey ok, )

2, R AE-8 FFT BL 58 T N &8 DFT myit5,
H UL AT, N &8 DFT AT LURIH L 9% FFT SE8, B —2

W (13)

(14)

—ANE-8 WBIE S TR, anIET 3 B i EL A — 2 2 1A
3 LI LARH N A Tie e [A 1

x(0)

x(0) —p
x(1) P

x(2) >
x(3) >

NGl

x(4) >

x(5) >
x(6)

x(7) W

K3 3-8 FFT S7k44
Fig.3 Based-8 FFT algorithm architecture

2)64 J5JFAT DET Al IDFT /) FPGA SC3
XFF 64 55 DFT, =X (7) 15

63

X(k)= Y x(n)We, 0<Fk<63 (15)
n=0

A3 SR R 2 7 A A e ) 28 6 | B £ B
] AE 1t n AV 0 AR AR o e, U

n=8n, +n,, 0<n,<7,i=0,1

n=8n,+n, 0<n <7,i=0,1 (16)

k=8k +k, 0<k <7,i=0,1

1E%i£ X(k) = X(kl’ko)ax(n) = x(”]y”o)ﬁdﬁ) =
x(nn,nl),iﬁ(7)m‘u7§y‘7:

X(k) =X(k, ,ky) = ix(ﬁwgi =

7 7
(8ng+ny) (8k+kg)
zzx(”o’m)WmO P =

n =0ny=0

7 7
(6ngh, +8n k, +8nghg+n ko)
2 zx(no’nl)wﬂ =

)y =0

(17)

n =

S

7

;
3 k k
2 2 alng,n ) W W W

ny=0ny=0

a8 (17) AI%0, 64 15 DFT 20N T 9% 3E-8 #) FFT
a5 R, T AR .
Xl(nl ako) = ix(no ,nl)WQOkO,
(18)

0<k <7
7
=0

X, (ky k) = [Xl(nl»ko)WJelzltko]%]kl’
"

0<k <7

F— X, (n, ,ky) FTLLEIE 4 BYHE-8 1Y) FFT 2244 52
B AE T X, (K, k) X, (n, k) TELABERE T Wit 2
R0 8 A FFT, £ 1,64 ri DFT 75 %2 50 3 W % FE-8 11y
FFT iz 53, DL R Wit =2 1] 3 DA e % [ 1 TR i it
64 5 DFT fYFFATSE 8 i



114 f# £ ¥

a4t

ARV AR 64 BEIFATEAE x(n) , He HEHST (R] A &
LR 8 NEHEH v (8m) ,x(8m + 1), x(8m + 7),
ML (15) FTLAE A

X(k) = Zx(Sm)WB“" +Zx(8m WS 4y

m=0

7
Zx(gm + 6)Wéfm+6)k n Zx(Sm " 7)W((:m+7)k _
m=0 o0

7 7
2 x(8m) W'+ W, D x(8m + W + e +
m=0 m=0

A B

7 7
WS x(8m + 6) Wy + Wi Y, x(8m + 1) Wy*
m=0 m=0

(19)
Hrh,0<k<7;A,B,---,G,HFRE 8 NI
BYFE-8 FFT THAE5 M 25 —HIE-8 FFT s B A% i
FIHE-8 FFT SLSC LY 64 f5 DFT 2R Al 4 s, H
i — 20 k-8 FFT /Y45 53 LR ¥ N 1 I 5 28 FO8T HE
G|, A RE AT IE AR A5 51

ChesRET m= mmﬁ
o—tir— 4
A P X (k)
w \_{
B O—H I O X (k+8)
w3
% ¢ CXI g O X (k +16)
Wikl 2 ] ‘A‘A’
% | pDo—"H % O Wy X(k+24)
23 wiei| 2
R [ E 0SS 1 A‘a..‘A.—.hA”mm
; r O;ML 7 V‘(. W, X(k+40)
o H
G O—H o o W} X(k+48)
e W
HO—2 1] O X (k +56)
— -1 -1

4 JE-8 FFT 5975H) 64 13 DET 2ty
Fig.4 64 points DFT architecture based-8 FFT algorithm

TE FPGA SEELRT 75 B el 47 A Ak, A
SCRE A A 25 bit, B e AR 18 bit, iX
FEME T 7550 F FPGA AORE {2 B We U8, | FH3E-8 FFT
L) 64 8 DFT WK S A Q] 5 i

IJQ?HTE‘&EG

]

2”"Eiﬁﬂii”“ll@%i?““
6438 AT |
]

|

S : szaﬁﬁ/\sﬁmmmﬁ%

5 k-8 FET 513k 64 0 DFT /K Z L BALH
Fig.5 64 points DFT pipeline architecture
based-8 FFT algorithm

Kl 5 iR (W <1,(0<ky,n, <7)
KT 2" %, sEmiEALHy 18 bit A gk E A, Hoh s
— LR, oAb 7 Fom /ANEUE, R TR 2
[ 5E 1Y 2 5, B 7E FPGA 19 52 98 v, AT LK G 80
ROM #4836, FFT iH5ET H T 24 #8 ROM A9 itk B ]
FREUHH L 1) JE %% PR, [ Bt 46 B0 e 1k 26 i 118 45 SR 9 K
17 57, SRR 52 % T /INEROR v 1 v 30 s o o G S T3
AT S8BT U I B 1 ) 22 A S R U g R O B Y
AR T B AT S AR 18 bit, AU I A Y
ZH0T LA MATLAB AR T R 5% s 8= 4, h =
rcosine(fs,4 #fs, ‘sqrt’ ,0.4,4) , 12 2 B B B A R
T2 bit BT FR%  MCHE XOQN Ak J5H | b Ab 22 800 4
2 2015, BRI 2 i H(k) ,0 < k < 63 K 2" fif,
[vi] s A e 1k 285 i ) 45 SR IG 15 40

TER 2 64 55 DFT 5 64 5 8 8 I 22 KA sl 2
J& , B A5 R 64 B IFAT B R AT IDFT Ab B,
DFT 1 IDFT AHE 34640 T .

x(n) =IDFT(X(k)) = %2 X(kYyw™ =
L w (20)
W[ ;X*(k)WXek] ’
K (20) FLWATEDEAT IDFT T8, ek i AR5
HALHE FEEAT DFT 358 SR 445 2009 DFT i it
B, e LIAH N (1) R, BIAT 52 B¢ IDFT 3153,
2.3 RIBMBF LTI FPGA LI
TE 2 2t R UR I KO AT I A R A5 5 R ety
55 AT LA AL i, 7 28 EAR s el 55
BB R B A5 JE 3T, BB AT IR IE S AR
W
s(n)=1I(n)cos[wyn] = Q(n)sin[w,n] (21)
b, w, =2mf/f 5 f. REIEAE S BE ; £, 4 DAC
TR GE 1 e BT AT BT IR 58 AR AR 2 (21) HE AT
G W A S 8 A A5 5 43 ) 5 X I B 2 A S A
e, HRIZ I AR it 0y 3fe Ik 4% TR R T ELX RS 3
BEA IR AL BOR B . AR SCIRTH Y DAC SRAFEA Ry 31 0%

= IDFTLX (0]

AN 4 £35S (21) AT LR

s(n) —I(n)cos|:w :' Q(n)bln[ > } =
[10), - (1), —1(2),0(3),1(4), - 0(5), %
~1(6),0(7) ]

1o (22) AU MRS 9 1 2P (555 3k

{52 X N AHE B AT 58 BAESS BARAR, AT LA I, SRRy 1

HEA = LI, Q BN 05 SRR Z 3L Q B« 1,1 #%0A

0, IXRE, FURG BOREAS S A0 AR R4 T IS A I £
YRR AT 52 BRI AR 7 IE A8 EARA



24 =

I A R I TR IR 5 S i A S B 115

IR 7 IE A B AR R A7 S BLAR R ] 6 ot
I VRGBS TQ A 5 A = R, AT
B JERS 2203 AP ER BT SEEi AR

El [0
1 >
gies — i} -0,
gk |y ﬁ> —
# —
B 0,
—
10’12’14""114 B
R
H
0]
Ot 168 TS i} 5
HiTEE — & 0
ﬁ =15 )
B
00,050

l

ERLINNRAT
K6 IR IEAS BRI TS A
Fig. 6 Parallel implementation architecture of digital orthogonal

up-conversion without mixing

3 ESXH

A K X T Y IR AT B R SR A AT
MATLAB 1) ELBIE M FPGA 2345 318,
3.1 MATLAB {FEI&IE

WPEFR 1 h S EOLE , A SCTE MATLAB A —
BLBEHLT 3, 2850 25 48 dfidh e QPSK WS 2 5 i th 10 45
8 HEAT 5, 43 BIAE S I 47 590 385 784 0 Dk 1 B AR
MATLAB Az Ui — bRt QPSK AL EI ANl 7 fs

1000f*
800 |
600}
400
200}
O L
200}
—400|
600}
800}
~1000} .

-1 000 -500 0 500 1000
I

Bl 7 QPSK HrifE 2
Fig. 7 QPSK standard constellation

Pl 8 2 TR I U S 1) B A 5 B e TR R 3 ], W)
DL B A 25 ol , o o Bl 58k 0. 175%3 200 =
560 MHz, f553 1 HAF5 SRR R 020K

&9 25 T SR ECT 1E A8 AR S 1 QPSK AT i
AT LA 8RR R 0. 25%3 200=800 MHz, 455>
Mriis 56~ 560 MHz,,

0

R
[ T

1

% OGR4+

0
I
(a) PRI TR J5 2 1B B

(a) Constellation after forming filter

—(()).5 -04 -03 -02 -01 0 0.1 02 03 04 05
JH— 3% /(n rad/sample)
(b) BB YR JE A
(b) Spectrum after forming filter
K8 pZugEsE
Fig. 8 Forming filter

&% /dB

0
-05-04-03-02-01 0 01 02 03 04 05
JA—4E35#/( n rad/sample)

K19 B iEse BARHUS
Fig. 9 Spectrum after digital orthogonal up-conversion

3.2 FPGA 3

J TR FPGA 152 845 5 A7 I 3 46 iF | A% SC i
T E 10 BRI A EE o ROM AEA TR 7 1)
bR QPSK 155, i1 JTAG 143 322 11 mT DL gk B v 3



116 % # X

x E AR

a4t

A7 VR ) 224 R BHE | ARG TT LS A MATLAB 547 %
52

|

I
1 cou o T r A AN B N Y
| wezni [ /1™ e
|
|
|

K10 FPGA MK 5%
Fig. 10 FPGA test environment

B 11 (a) N FPGA BREUAIA 7408l 8 0 0 i 7
QPSK R, 5P 8 (a) A MATLAB fj FLSL K 2 5t He
KIL,QPSK A EIMRAE LT —3G B 11 (b) SAH R I g
RUUE U 285 A, FTLAE W S e s, R0 oy
Brs 96k 0. 175%3 200= 560 MHz, 5l 8 (b) Bs 1
HAR—8, R Ui T AR SO T FPGA 14740
RO U A A R

%10*

L R B N )

Femsasmd  x10°
0 5
I
(a) FPGAH B2 JE 3% )5 2. J3E IR
(a) Constellation after forming filter in FPGA

i .‘.

990.5 -04 -03-02-01 0 0.1 02 03 04 05
JA—4L55 2/ (n rad/sample)
(b) FPGA R AL IE Y Ji5 4%
(b) Spectrum after forming filter in FPGA

Bl 11 FPGA HRALIE
Fig. 11 Forming filter in FPGA

& 12 JEIR T N FPGA FRER A S B A4 7 1E 3¢ 1A%
L WG L P P 3 0% R 0. 253 200 = 800 MHz,
HI BT B8R 560 MHz, 33X R W] T A SCIR T S TR A
BFIEAL FASSR FPGA SEEL T VI AT 474k

& /B

=70
-0.5-04 -03-02-01 0 01 02 03 04 05

IH—AL 2R /(n rad/sample)

Bl 12 FPGA "R IEAC AR A
Fig. 12 Spectrum after digital orthogonal

up-conversion in FPGA

& 13 245 3 DAC i th B 582 A RS i
AR A, PP R 2R A0 R R 800 MHz, 47 5t Ky
560 MHz, J34b, Jitik i 2h 36 K T 50 dBm, AT LAY &
1R ETHER,

RBW 3 MHz Delta3[T1]
VBW 10 MHz -3430dB
SWE 10 ms 281.600 000 000 MHz

Ref -20 dBm Att 10 dB

Mirker 1 [Tl |
-18.43 dBm
800. 000000000 Mmp, HEN
Delta 2 [TI |
-34.03 dB

-281.600000000 MHz

-100

-110

-120

Center 800 MHz

160 MHz

K13 RS A%
Fig. 13 Spectrum in RS

Span 1.6 GHz

4 #

AR T —FliE T FPGA RE RSB 2914 7%
VR A TR ZEAL T A AE B AIG I B AR 3R R S i A
RAG S HES TR0 A PR AR, v] LR
FPGA " 5 #1800 MHz #; % 4 %R . 400 MHz 7§ 5 F iy
QPSK 5 51, 34k, 148 HAG 55 0 T B ma ik | it



24 =

45 I RO S S ) A S S 117

T B R ORI B e A R, H

TR R A E

A SE BRI (E S A KT

[ 1] TZANAKAKI A, ANASTASOPOULOS M P, ZERVAS G S,

(2]

(3]

[4]

[5]

L6]

(7]

(8]

et al. Virtualization of heterogeneous wireless-optical
network and IT infrastructures in support of cloud and
services | J ]. IEEE Communications
Magazine, 2013, 51(8) . 155-161.

VASHI S , RAM J , MODI J,

(IoT) :

mobile cloud
et al. Internet of things

A vision, architectural elements, and security

issues [ C|. IEEE International Conference on I-smac,
2017.
FOTOUHI A, QIANG H, DING M,

UAV

et al. Survey on

cellular communications: Practical aspects,

standardization advancements, regulation, and security
challenges [ J ].
Tutorials, 2019 3417-3442.

PENG J, GAO H, LIU L,

IEEE Communications Surveys and

FNTAR:. A future
UAV

et al.

network  topology-aware routing protocol in

IEEE Wireless

networks[ C]. Communications and
Networking Conference, 2020.

MR B, 2 Gbps & BB 15 M 98 B0 R K I 52 9L aF
[ D]. dbnt. iR, 2012.
LIN CH X. Research on

2  Gbps high-speed

communication  demodulation  technology — and its
implementation[ D . Beijing: Tsinghua University, 2012.
BEOCWE, 22, TR, S BE T I ADC S A
TIADC ZRGEHF AR 22 A 5 B AS IR [T ], AR R
247 ,2021,42(11) ; 132-139.

CUL W T, LI J, ZHANG D B, et al. TIADC system time
error adaptive calibration algorithm based on domestic
ADC chip[J]. Chinese Journal of Scientific Instrument,
2021, 42(11) ; 132-139.

Hevi e B R RN TR (5 S 7R 2 s AR T B R
RETERE A TERE R RZ A [T ], HL I S R
2022,36(5) :155-162.

CHE K L, LIAO W, ZHOU L L. Influence of shadow
fading of UWB signal under movinghuman body on
communication performance [ J ]. Journal of Electronic
Measurement and Instrumentation, 2022, 36(5) ; 155- 162.
T, QPSK 4= % 7 v 45 R i fiF 94 2% 19 FPGA 5L
BID]. V9% PemFRHE R, 2013.

WANG J. FPGA implementation of QPSK full digital

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

intermediate frequency modem [ D ]. Xi’ an; Xidian
University, 2013.

JAER. BEEHEE T QAM TR AR KT 5L D].
PEE: PR TR, 2014,

ZHOU Q. Design and implementation of spaceborne high-
speed high-order QAM modulation technology [ D ].
Xi'an; Xidian University, 2014.

WAKE, FIEMR, AiardE, 4F. 2015 4R4% TR K 4t
WEshEE )], HEfK, 2016, 26(3) : 33-37.
FANG Y H, WANG X D, SHI Q X, et al. Review of
space launch activities of various countries in 2015 J].

China Aerospace, 2016, 26(3) . 33-37.

BENEDETTO S, GARELLO R, MONTORSI G.
MHOMS: High-speed ACM modem for satellite
applications[ J]. TEEE Wireless Communications, 2008,
12(2) : 66-77.

ORERAE ik 22 ) R B 0 A 80 e A PR Bl Y
BOHSSEED]. AR BRI, 2016.
ZHU L M. Design and implementation of high-speed

multi-system vector demodulation general processing

module[ D]. Chengdu:
and Technology of China, 2016.
OGAWA Y, HASHIMOTO Y, YOSHIMURA N,

University of Electronic Science

et al.
622 Mbps HIGH-speed satellite communication system for
WINDS[J]. Acta Astronautica, 2006, 59(5) :96-99.
A JFAT i EE (R R R G P D BOR BRI 5 5
BD]. Hi#s: BFRHERY:, 2017,

XIAO L. Research and implementation of synchronization
parallel communication

technology in high-speed

demodulation system [ D ]. Chengdu: University of

Electronic Science and Technology of China, 2017.
WRRZE RS RGAS , EIE. & AT S R85 ORI 5
SEHLI]. HFIE SRR, 2013, 27(1) ; 26-31.
CHEN H, HAO ZH S, WANG ZH. Research and
implementation of high symbol rate digital equalization
technology[ J]. Journal of Electronic Measurement and
Instrumentation, 2013, 27(1) ; 26-31.

PRI, By e, 25 SCH. i A OR b i JR AT A B
W] BT HRHERAAER, 2012, 9(3) « 40-345.
CHEN H, YI K CH, LI W D. Parallel processing
algorithm for high speed demodulation [ J]. Ournal of

University of Electronic Science and Technology of China,

2012, 9(3) : 40-345.



118 % & L F ¥

a4t

fEZE BN
2=k, 2020 4 T B FRHE R = RAS 1
ST BN PR K L Ak TR A e B
/ BRRFSE 5L, BRI 5 1) Al 5 TR AR
E-mail; haoli@ uestc. edu. cn

.

University of Electronic Science and Technology of China

Li Hao received his Ph.D. degree from

(UESTC) in 2020. He is currently a research assistant with the
School of Automation Engineering at UESTC. His main research
interest is communication test technology.
FEZE, 1991 £ T H PR EAHE
e, B HL TR R 2 A B A TR B
oz, FEWFET 0 R fE ISR
E-mail; hjwang @ uestc. edu. cn
A Wang Houjun received his Ph. D. degree
from UESTC in 1991. He is currently a professor with the School
of Automation Engineering at UESTC. His main research interest
is communication test technology.

B ,2017 45 T HL T RHE RS AR AR 1
2, B v [ TR AR A R S L T
R ARG EORE SR % TR, 2
751 Ay A R A

E\‘. E-mail: 905702112@ qq. com
Xiao Lei received his M. Sc. degree from UESTC in 2017. He

is currently an engineer at CETC Key Laboratory of Avionic
Information System Technology. His main research interest is
communication test technology.

FERR GEAFEH) 1982 45 F oL 7R
BR AT 2A 07 B Ry TR R 2 A
L TR B, FEWTFETT ] by 5 I
AR,

E-mail ; wangzhigang@ uestc. edu. cn

Wang Zhigang ( Corresponding author ) received his
M. Sc. degree from UESTC in 1982. He is currently a professor
with the School of Automation Engineering at UESTC. His main
research interest is communication test technology.

ZiE, 2017 4R T LR A AR AT A 1 2
A2, B LY A G 56 A I e (Ll PG A s v
TRE ARG ) By 3 TR, 2R 58 )7
fi] A AR A
E-mail ; 631055037@ qq. com

Li Tao received his M. Sc. degree from UESTC in 2017. He
is currently an assistant engineer at Inspection and Testing Center
of Shanxi Province ( Institute of Standard Metrology of Shanxi

Province). His main research interest is modern test technology.



