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1.1 HEOE=RVEHNEESE

Cisco Visual Networking Service D Tl TiZ, Fig.1-1 {2787 £ 912 2016 /025 2021 4E(Z
T TRMROEHEENT 7 4 v 71X 3 FES ETHET L RALTHY, EHFEHE b
77 4 v 7 OFEFRIREHRIL 24%ITET D LI TND,
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Fig.1-1 Monthly wireless communication traffic worldwide.

Fi2, A= RT3 R¥ 7 Ly MR E W TR ARDOME K LR EHIC K - T,
T AREmEE BB ORA RN —I VI HAELE WS v F a7 R SNS(Social
Network Service) b W\ o727 7 ZA$EEDE W —EANELFIHEND L H1Cn by, #HiHE
SRR S OEHEEIE N7 7 4 v 712 2016 4E03 5 2017 4FI2MT T 7T FICE CTlRET 5, £
7z, =t —h A= arorh—artXa) T, T, FE, BHHT U 7
— g fFEEN D X 9 72 M2M(Machine-to-Machine) | 3455578 2.5 {5 0L B2 72 v, [F1H
MOWEE T 7 4 v 71X TR EIC72 2 L PRISTVLD[1-1],

IO OFEREHNCH KT 2 HHGEE N7 7 4 v ZIZRIET 57012, KREBRETE S
AR IS HAN OB IZ 2NN TV AHIED, ZREERS VR(Virtual Reality), AR(Augmented
Reality) D73 B CIIRRIE O MEMLRIG HAN, 1 > 7 —F v MR T 2 Ui KA BRI HE 2
7o 2 I XD RHEH &\ o 72 2 & Zr O MERLBE ST 72 S e i uide b 7auy,

ZANDDERZM T 72D, RO RSG5 B Tl T & 7 AR B 8 TR
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MATE DS, ZAVE TEY & m)E e o Ja i B ok 2 BRI E ISR U 7o & a1
BORE I AESLAE SR OB N LETH 5, ITFEOERIBE ORI IZB W TIL, £F]
FREIE DI 2 U EH 2 W T2 BEGBE IR ORISR TH Y, IV 2 EHaEI
M5 Z & T 1~2GHz OHIRIEZ MR TE 5 EWIF SN TWAI1-2], £z, mEREELHE
o ERBE RO & LTiE, 5 HREEDS LIFoh, AARENICEBNTEXFY U T
JEW L LT 3.6~42GHz, 4.4~49GHz, 28GHz Z i\ 5 Z L2 FE L THEY, KT IGHz
OHARMEEZFIH TE 5 & SN TWDH[1-3]-[1-5], 1FMNITH, BEE Tld 300GHz Hf 2 HEfjm
B Lok R o SRR BT O B 23 FHl S VTV 5, B TR R o EGEE
BHFE D 7= 12 140GHz 7> 5 300GHz #f ® QPSK(Quadrature Phase Shift Keying)Z sl {5 5 D i
B & fEATREOE 15GHz UL B TRl © & 2 fERBERH S A 7 A OB ZFHE L TV 5H[1-
6], 70, &P EULAIR O BAREE HAT OB TIE, (BEIERECMES OB 1-7][1-8], 1=
WRFE[1-9], BERIORZEE[1-10)72 EORENH D, 1IN, @SEEE OGS ZRET 2 ik
IZOWNWTHE I TWAD[1-11], 26 DHFFRIZBWTIE, B AT ML OMHr A FIT
fThiiz,

HERRE (S REM Tl BER(Bit Error Rate) & #1192 L LR 2 HET 5 HERH D,

BER OFHANZFEER O EHIBEEE 2 H W TR TR 2 FEZ25HAIT 5 HiETH
5o ZOFETIE, TAME—vOETEE L CTHET H2HLENHDHDT, 10Gbps,
1 HTD1 x 1072BER #{IE T 1 LA O 2 JIEIZ L EE & 3 5[1-12],

TR LT, EIBARIET D HETIE, WESZ AW CERBERE 542 0E L2
T ETTANRI = Roa v AZ L—y g UEHET 5, ZOEEN»S EVM(Error
Vector Magnitude)%5 Ol & 15 U CHERLEE #3735, Z 0 J5{EIL BER FHIC T
IRVEETEITE AREH Y, 1 x 107 12BER JHIE THORE OB CTHIE T 5,

F£72, BER OFHAITIE, FHURE RN ELLBEICHER L Z LI T 00, MEOR
RIFFR T E 72V, ZAUTK LT, EOFHIITIE, HIE S 72 EES° EVM 2MEFIE 5O
PRIE R J OMNLARBLBR I 52 B % 5. 2 DIE 5 HIICx L CRURICSOG T 5728, MERRIE(E O R
O EZR LI TE D, LEB-T, 74 VX VEREE CILER ORI & S IA <
AW s[1-13],

VHEEDT A R —R0ay AL L—3 g 2K o CERIBEML 21T 5 HikE LT,
ADC(Analog to Digital Converter)Z & » TERIBEE 52T 4 V2 /UEICEIT 2 LER H
%o ADCIZE o TT 4 VX NVENL T Fr JTMEIZEMT 5 7-0121%, T4 X FoOERIC
F o THEREAZ = DM E D 2 5 2L LD CEET 2 0B B 5, L L, 0 ADC
DY 7V T EEBIIR K TH->TH 10Gsps FREETH Y, HERBEESOX v U 7 JEk
BUTHATIEFFITIERVME L 72 o> TV D,

Z T, ITFOBERGEEFHMMIC IV TIE, BEREERE T & U 7 BRI E W REIEE
W DG 5 & fhT & D Z & TIF(Intermediate Frequency)(s & & Ak L CHIE T 25 HiEMN
Z HWHENTWS, ZOFEDIGHE LT, EBRESD IFES LV HIRWEREDES
ELTHET B0l 7r VR CEREZ L-kiZ, RS 5 ORI (7 : In-Phase) &
B AZR%47(Q : Quadrature) 2 HIE T 5 HIENR B 2 HILD,
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IHCRIEE B O T & Q i ORE THIVUE, BEREE OBk Iz X - T8 GHz
@H&ﬁm\%a@%@@QW%Jﬂnﬁﬁmhﬁ TRV TEEICEIET S ADC
IZE>THETZDHER DD, LL, @EEEASEEREEE 5 ORIE T, 155
& Q BT GHz UL LD SR o & et i D, ADC O 7Y o J TR BUT 2
iz b@fzﬁ Y& O RDICEENDEAWER T D 2 LD bELSTOIMNERD D,
ADC OH > 7Y > FREWEE D E < 72 51223 C ADC O fRREIFIKL 72V, ADC ® = A |
@L< RDBEICH DD T, ZbHD ADC ORI D a8 5 Sk o JERGE1E & 3
ﬁf%é@*“iﬁ”%%f%:xk’ﬁéﬁm’%@,:hif@ﬁﬁﬁﬁﬂﬁﬁi+
DIFEETORMENEHE L) o7, FTo, BBAE OB ZENCEE T, TS E QO Ry
HA~XA/FT%6limzﬁfif®ﬂ&ﬁﬁ“%a®;&hﬁ@,ﬁf®ADC@@

NIRRT E Q Ay TH - THHRIEIER S T2,

—ﬁf,%%®ﬂiﬁ%u%wfi,Mmﬁﬁv7)yﬁﬁﬁﬁib%%w%ﬁﬁ®%
FINETHZ EEFIH LT, K#ED ADC THREDESZRMET LT v A=Y 7 v
TR ) T EMHEN DS FERY ) A v A a—T RS ML
RV R A—=ZTHOLILTWZ[1-14]-[1-18], HEHEEFHEO S EICBWTIE, &R
X U TEEE AW EREEMEO FiEE LTT X =07 T HE RV ST
WENH H[1-19][1-20], LU, HEHBEEEZO IR & Q R ORIEIZK L TT v &4 —
TV TEIBPHW LTSI, ZUET A — ﬁ/7)/7&Wﬁwwﬁ%
FORBMEIZER LTHET 28N TH Y, HEHEZO IS & Q R IIIFRIE I L -
T X LB T HEFOHE i%ﬁub)ofj_&bfz%;é

ZTIT, MBS SO IR E QR ORELT X —H 7V v IR EIRHT L 2 &
ZRET D, FRIZ, [HWMESD 0 & 1 ROV EDLLXA I T ThDLT RN L — RR
I e O B OREHICH_RT—ETHDLIEE2FIH LT A=Y TV o 7ic kb
HEZRET D,

AFmSLD BRIE, RFENERO BB ETHL & FREORKE CHETE 52 L2mrT
Z & T, mAEEAHROERBERBICE T OREREELRV RS ZT TR, Zh
FCIRIEARAE(E R 23 T & 22 VREIR 2 F V72 B8 70 B B 0 A e S G m A Bl 0 28L& 2
ETHZETHY, KRPRISHOEREBEEORBICKRE A7 Ve b 25, Fiz,
RR L FEITECROBHGE SIS T 5 2 & TEBEFTOK = X Me & &
LN TEDHDOT, TNETEY L OFRESCHINE DNEHEFESFICEDbLZ & T
HERRIE(E 0B OB ISR, BROA ¥ —Fy MESTIREERBEFEEVI AV
TIARNT I TF X —DEFHINDEVIBEENLD D,

P, KL T, HHEEFZEFEDOT ¢ DX NVIERIEE THWO D ZEH XD —
D Th5D QPSK ZifgH, T4 XA NOEBIZWSTZHEZ VT NAEA LY TV Tk
LT, UTAHEA LT T 7 THLONEREEFME R 2 B LT v 2 —H
TV TR LN ERGRETI R T A T A T v TR W
FRAEIE M DO RRES 21T - 720 AR SCCTHW B IR TR O B T 0 & E
BORE IO EAEE THW O L BEEER S 1TR b 00, 7 4 WV ZERIC L - TH
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BB MONCBOE S 5 2 & T AR BUR R O BERLE R T dH - T H RIROFRE RN
Bond EHIFTE D,



1.1.1 ADC [2& 57+ OV ESDRERMERERIgH > T 2T

TIuJ{EE% ADC I[ZL > CT a7 GE 52 e lE L TT « X /MEICE# L
7235A, Figl2 DX 22T ZENTED[121], @ L7 /551 ADCIZL - T
WET A, BEBIEH tam OB CHET 2LENSH D, T 2 CTHEEBIFRH tiam &7
U T TR framp VI DRBARIZH D, T2, Vo7V T REEENEOIEE 1 RESHT-
DOV TIAEITEL R, Uo7 U TEREBNMELS DI E 1 HEHT-Y oY T
Bz ielied, Yo7 T REAERERS LTWom5a, #HER S ORI £ o 2
BED I 2o 28A, ADC THIESNT=T —Z 37 e /552 ELL BELAR
W, ZOHRERSOEEEE YT T REROBRE T A XA ROEBENS, F
k,WWE@%@2@®W&§%&ﬁ%%ﬂF%ﬁﬁk@go*%KPMEKiOTY
FTu EENLT 4 VENMEFICERT 585G, T4 XA MNEEREL EOEE2 ADC 12
Aﬁém@mio_meWMSMWyiof%ﬁﬁﬁ@ém5o

ADC THIEENT=7 Fu 7135 0HEEIZ ADC Oy MG U TREAEEN 5, ADC
DEy FEROMEZESMEEL W, SFREENEVITE EHEHEE 5 %2 L 0 fis 72 fii & L TR,
T& %, —#iZ, ADC OV 7V > TR E 2FRIE N L — FE 7 ORRIZH 5D T,
EIRICENMETE B ADC 1T Efifieldg< 72 5,

® Measured data

T — Signal under test

4 - | |

F E'tmfa':ﬂtp - Lffmmp
xI \ e
\ AMPLITUDE /
QUANTIZATION
- DISCRATE \.:__._-./

TIME SAMPLING

Fig.1-2 Measuring analog signal with discrete time / amplitude sampling.



1.1.2 ToR—H2T) U TDRE

D ADC 137 TR E Y b EWEEEOE S THh o THINETH T &M
T&EB[1-22][1-23], Vo7V o T FvmAa—7FR0RT LRV kA= 2B\, [KE
?D ADC 1T L o> CTHREEROEELZRET 256, ZORMELFIH L TREMThbil, Z
NET7 E—=Y 7Y o TR & RS,

TR —H T T DFHX A Fig.1-3 (2R, #HERE S ORISR TH D
G, BTN TR O 2 BAES 5 D R DD GENZT S L TRIEEIT 9,
iz kv, toERE S OREEIERIZIDND OO, [ CHRIERH &AL R E
FFoAf A—VEBICEBRINTHESND, £, JFEREFHFRICE L TOIgEE 5 o)
B S & A A —DNE 5 DI fimg \ZANFIRAKDBAFR DY & D [1-24],

Jimg =Fs =1 fsamp (1-1)
72720, niIEHTH D,

img

Fig.1-3 Principle of under-sampling.



CZTCTAFARNOERIZLER > THIE LG EET v X —H o7V o 7 EXBIT %
7eol, VINEALY TN TS, VITNVEA LY T o TIZBNTT A F A
NEWRELL EO(ER % ADC IC AL CHEE R 5D1L, T X —H 7TV 7D L 5T
BWEEEOEZZEWEEEOESE L THELTLEI> D THD, Z0BRET A
U7 v 7 (Aliasing) & WO\, JEEECGEIE Tl Fig.1-4 D L DR T Z N TE D, BHER
BORKSY s DXL VARV ERECHAIRICITV iIREIN D Z L TA A—E DRI simg & LT
WESND, VINEA LTV T TRIEE D01, T4 %2 MEKRKELD BN
JEW Sy & A A= EFOMEERFILTHELTLES ZETH D,

ToE—=H T T, AR NEAERL Y BIEWERER Y E A A—VEFD
JERRA A 1R R L 7N T2DIT, #RIAETS B o JE e # & i & L T BPF(Band Pass Filter)(Z X >
THIET HHIMOERZITH, ZHUTLY, TAFAMNEAERELTOKD EA A —VEE
DR DIRFEZB < Z &N TE D,

Aliasing

>

f@sz fﬁma Eyﬁsz

Amplitude
o)

img
Frequency
>

Fig.1-4 Frequency characterize of under-sampling.



1.1.3 GPSK ZE1E 3R D[R

WA OB E I B WD TR O 2 2L S TEHREBIET 57 ¢ U X VAR
< HnonTnsd, RimsCTiE, MAEZEHFHGFRE U TEIHEARRZ QPSK(Quadrature
Phase Shift Keying)Z il # W EE 5 & LT v F =7V o 7% - R0 (G A o
AT BB L THRE21To72, 2 2 Tid QPSK Zji 5=z BE9 2 FEIZ W TORT,

FT, TEOT 4 VHOVEBSREICBW T, T e/ EREES THOL LR TV IR
W8 RS0 SR I B R T, M LT L O < R I ECH IR ORI Zh =R A3 v M AR A TR
TCHRNE R FH AT & MR 2 A & D= HM R L < b T 5[1-25], 2 b
DERIEE TIE, T4 VENMEFTDIEREFEZEET LD T, 74 VX VEEREE T &
X2, 74 DX VERBREICBWUIENZENOEF H UL, Wt e gL L
Fig1-5 CTRT AL RAF L—2a U ERHTNAWERES A T 77 A TRTZENTE D, 2
Z ORI & [R] CALAE DR D8 TR & 72 0, HiadsiiE & 90° DA% & Doy, 2 D,
Wkl & AR T AAAHDRS D Q iy & 70D, IHME T OIRIEIZ L - TY VRV EFEEN
HRNAAZ L — gy BICHE LTENIND, £z, VU RANEERR RIZHRT
JRR S Te_T MVORE S &R EVM TH D,

Quadrature

Symbol

\ Phase 0 radian

In-phase

Amplitude

Fig.1-5 Constellation diagram.



QPSK ZEFHIcB W Ta v A ¥ L— g U d Figl-6 (23 XK 912 90° DOALFAZEICR D X
N4 WOV ARIVBNEDPND, T2 TENEND T AL 00, 01, 10, 11 EVno7z2
'y NMrOE#REFBERONEILY Y E TIN5,

Quadrature

Symbol

0 radian

SE

)

In-phase

Fig.1-6 QPSK constellation diagram.

QPSK ZFHCIE, HHA RS I sy & O Ay AT ALY 5 = b CHEEBISEE % /LW
T %, QPSK ZFHDJFE A Fig.1-7 12777, QPSK ZFIZHBWTIT I & Q iy DIEA
PERAZ BT £ 5 T T % DT, QPSK EFEH smoa 1 TRAD £ 9 I0FF Z LM TE B,

Smoa = I-cos(2mf.t) + Q -sin(2rf.t) = /1> + Q%cos {27rfct + tan™?! (%)} (1-2)

Fig.1-7 Principle of QPSK modulation.



SEIZ, QPSK EFHIC W THEI AR, QPSK EFHIZEAREMIC L - Tirbh b, =2
THEHZEHR ORI % Fig1-8 (27, HERE B2k LT QPSK D v U 7 JEH Kk & [F
CREBOR RS E BT RDOEL & TINGE QD2 OB fGoNnsd, ZD&E, F
¥ U 7R & R RAE O IE L < A L ThiE, QPSK ZF# THWIIFRIE S
DA IND, EHRES & RERIESRT BTSN IS IR TR ST N TE D,

I = cos(2rf .t + Op0q) - cOS(21Tf,t)

1 1-3
= E{COS(Hmod) — cos(4mf.t)} ()
Z 2 TOpg [ TERIE I L > T T ANAITH D, T+ U TIE S & HERRIER DK
DOFIDRFNCDOWTIZLPFIC L > THREISNLHDT, RAD L HICfHEICET S,

1
I = 3 c0s(Om0q) (1-4)

Recovered I
components

QPSK modulated
signal

Fig.1-8 Principle of QPSK demodulation.
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1.2 78— U5 ERAV-EREETM R TLDIRE

QPSK AHIZB T BT v A —H 7V > 7k AW ERRER S AT A O JFRHEX %
Fig.1-9 (24, 7o 2=V o7V o 7 V- EBRaETns AT L3207 0 v 7 T
BRSNS, 12377 ras "=, 69D FT7 A NF—HEHTH D,

Fy s arN— N, BIEZEITH 7 A X — U PIER T A D B HBe 8 F TR
BEETEREREANT IF E524AKT 52 & CEREBEERFRTOX v U 7 BEEEREK
¥ %, £z, BPF I Lo THIET DA EIRT L TTroy—h 7Y o7
ICEDIVIRLDOEREE /NI T 5,

T A NG — AAEE T, EHEEE S AT S u J R CHEAERN L7-%I1C, ADCIZ X
> TEBBERFETFOV VARV L— EREEL LTIRGE QDT v X —H 7)o
AT TADPHNMEBITEHLIZHIC PC ~T— X ERIELT, TARE =00 R
X L—3 g U OHEE, EVM OFEEIT ),

UTNEALY T T TRESNTZ TG E Q ORI & 7 v 2 —H 7Y
YT EINT IS E Q R DR 2 3% &, Fig1-10 [IRT LIS TF A A
BTN TG RN S LN D DIZK LT, T A=Y TR TV
BA LY T TOWRIENR ARV — FERBICERNEDIND Z ETHE LT A
WNE = ROBERELNTWD, T X =7 72BN TCdfE Lic 7 A 34—
IROWETE DG 5 AV TN D O TREFETE ORRHE & 7 A /Z — > U HERZ AT
HZLWTED,
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¢l

QPSK modulated
signal

——p]  Mixer

Down Convert
Part

BPF

Eye Pattern Measure

Signal
Generator

FPGA

L 4

MEM

Part
I
» LPF
J 1IQ
| Mixer
o
»| LPF
r 3
Local Synchronization
Oscillator

Low Noise
Oscillator

A J

Fig.1-9 Principle of radio communication evaluation system using under-sampling.

MEM

PC




Under-sampling

Real time sampling —_

Fig.1-10Principle of time waveform with real time sampling and under-sampling.
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1.2.1 v ) T7IES L BARREIRER O E K E DFHIE

HEAIBEE SO X v U 7R L R s ks O B R S S 2 W IERBIER O 54,
HESNIZEEREE SO TS E O RDICES v U 7 Ak & R IES O REAED
NG END, TNEBEFH BN L - TIE L AHE L2 T VSIS M T&
AN

ZZTHR Y U TR R R O RSN B 555 D 1R O BT IEkET
zIZLnTEd,

I = cos{pmoq(t) + 8(1)} (1-5)

Q = Sin{(pmod(t) + Q(t)} (1'6)
Z 2 CPmoa TIERIF I L o> TEALT HMHHTH Y, 00)IEF v U TR & RFEERELRD
JAREEEI K> TELT DA TH D,

A E R TERE 95 ADC THIEE L7 T Z A LY F Y o FOYE, ERESn-T
Ry & Q B bW = AR KL o TR A RO D &, Fig 1-11(a)llR~3 X 9 I21E#
EHIC K DAAHDEITINZ T, JEARE D271 K - TROBRFFITIE U 72 ERRA 72 80 2
TOHMFEDRRD DD, LIeRoT, TG E Q B BRO LAVEAA O FHEIC K
DX Y TIEE L RIS OERBZEIR D HETE 5,

K LT, T =Y T OgE, YR L— N ER L L TRRFEIE D
FEREDLINTNDIDOT, VTAEA LY T Y 7 LRI = ABEIER I X > T
FZEFHAE L7 A, Fig l-IIOWSART LI Y T A A CHRE SN ENRERED I
e X DT U DB DR I D, 205G, VI AEA LY T
HEo THARIREICE > THx v U 7 EE L REBIRGFOBEECEITFE T2 2 e L < 72
Do

7
S99

Phase @

Phase @

NN N N

ARNAN

/
/

S
«—

A 4
A 4

Elapsed time ¢ Elapsed time ¢
(a) Real time sampling (b) Under-sampling

Fig.1-11 Comparison of phase calculated from I and Q components with real time sampling and

under-sampling.
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T, 7hu 7 EE A AW AR RERER IS AW STV s a3 A X RYE[1-26] & =4
O EAOHEZISHL, 7oA —% 7Y o 7% - B8 E 205 O L 7~ A2 AE
MIEDFEE LT, TR E QO RO E 4 53 2 HFikzieEd 5, RAUTRT LI

I'=2-2-(-Q)-(Q*-1*)}
= cos[4{e,,,,() + O(D)}]
= cos{m + 46(t)}
Q' = (QZ—IZ)Z—(Z'I'Q)Z
= sin[4{p, ,(©) +0()] (1-8)
= sin{m + 46(t)}

WA LT TSy & Q A ORI = MBI 2 1585 DARE BTN T 4 555,
(1-7)

-
—

TIITrE QifiZ 45 L7c Iy L QR TH 2,
QPSK D&, THHIEZIC L » TS DAMIEn/40FKHETH D, LB ->T,

PESNICBHRBEETO IRTE QT 415752 TrnllE|T 52 L8 TE D,
AU XY, IR T IR E QbW = ABEEIEEIC K > TRO LML 7 v
HA LY T ) 7 L RRRICERIIZR DT, MOEAICL > TESICE Y TEELE

SRR DA A Z F RS 5 Z LB TE 5, ZHUT KV KD BIIALHEN SR R v
HEINZ L > TIRITE QM ERIET 2L T, v U T7ET L REIBIRS OB EE

MIET 52 &N TE D,

F72, ZOHAUL QPSK Bl ONAIZEIZIER L= HIETH 5D, SHEAFHICBNTH [
%L QDT MIVENS Y UARNLVEFRRIT LI ETIHTE S EEXHND,
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Fig.2-2 The block diagram of carrier recovery circuit using Costas method.
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Fig.2-11 The eye pattern when any noise is not added.
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Fig.2-20 The eye pattern when the periodic noise is added (7' = 500 points).
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Fig.2-25 The time waveform measured with unsynchronized demodulation.
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Fig.3-2 The block diagram of radio communication evaluation system using under-sampling.
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Fig.3-3 The time waveform measured with real time sampling.
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Fig.3-6 The time waveform measured with under-sampling.
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Fig.3-8 The eye pattern measured with under-sampling.

72




Amplitude-Q

0.5

® L,
0.25
0
-0.25
g ®
-0.5

0.5  -0.25 0 0.25
Amplitude-/

Fig.3-9 The constellation measured with under-sampling.
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Fig.4-1 The block diagram of radio communication evaluation system using under-sampling
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Fig.4-5 Comparison of constellation measured with real time sampling and under-sampling.
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Fig.4-6 Comparison of time waveform measured with real time sampling and under-sampling in the case of burst signal measurement.
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Fig.4-8 Comparison of eye pattern measured with real time sampling and under-sampling in the case of burst signal measurement.
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Fig.4-9 Comparison of constellations measured with real time sampling and under-sampling in the case of burst signal measurement.
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Fig.4-16 The eye pattern when frequency difference between carrier signal and local oscillator is
0.2MHz.
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Fig.4-17 The constellation when frequency difference between carrier signal and local oscillator
is 0.2MHz.
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Fig.4-18 The eye pattern when frequency difference between carrier signal and local oscillator is
0.5MHz.
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Fig.4-19The constellation when frequency difference between carrier signal and local oscillator is
0.2MHz.

103



4.6.4 PFEERHED 20MHz DIBAE ORIFETEER

X ¥ U TE 5 & R IRES O JH IR E =D 20MHz OGAIZBIT 5T A /3% — 2 % Fig.4-20
WY, JAREGED 20MHz DA, 20MHz TH > 7Y v 7247 H 2L T v A —H o
U > T OJFBLN G BN WA ORIER RICEMT 5 B2 bnb, © 2T, Figd-
14 1R LTE R BEEMN IR WG G DT A RZ — 2 Ll LTz,

2ODT A NL— 2 w95 &, Figd-14 \OR LA BAEN 2 WA DT A 37—
(ZHEA TR HGED 20MHz DL EDT A NF — L OIRBIT/NE < 7eo TV D Z & DR
T& 5, ZiUEUSRP _E®D LPF(Low Pass Filter)lZ LB b D72t Ex N5, /2, 2D
XDOTANRS =0 D7 v ARA 2 MEIX 018 56T, FREENRWEEDT A /34
—UNIHARTREL o2 RE LT, T4 —H o7V T2k oTITAEA LY
TV T L0 O RIRGROMAMENRESHES NI EZEZI BN,

O, TANZ—UPbEFHMIAZHREH L TCa vy RAF L—va a2l L, £
DO B % Figd-21 ITRT, ZOFEHE% Figd-21 |k L EAREBEN R WREDa L 22 L
—Ya LT o L, VUOBRNAVDIENYNNELBRoTND I EDRMRTES, 2t
T ARG — 2 LERRIZ USRP ED LPF I K AL B2 b, DXL, WEMEND
AR R TRy & QO iy % 1.2V & L CEVM Z3tHET 5 &, -268dB L1567z, JAKEK
NIV S X0 b/ Tl & 7R o Te DN ERBGE S m R L 72 o 72 2 & T LPF O 2N
RKEL poTzZ L BR LTS, LTERN-T, LBEORIE CIIEREERN Y7 v 7
WD HIRWEEA L —ET 25 Z L3 Lo T, FREZEN 20MHz OBAZRHEL LT
2T o T2,

104



2

Amplitude-/ [V]
=

0 0.5 1 1.5 2

Normalized time
Cross point width =0.18

Fig.4-20The eye pattern when frequency difference between carrier signal and local oscillator is
20MHz.
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Fig.4-21The constellation when frequency difference between carrier signal and local oscillator is
20MHz.
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Fig.4-22 The eye pattern when frequency difference between carrier signal and local oscillator is
20.5MHz.
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Study of Radio Communication Evaluation System Using Under-sampling
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Measurement instruments that can measure radio signal using high frequency band tend to be higher cost and lower

resolution. This system using under-sampling measures radio signal using high frequency band by low sampling fre-

quency and converts it to image signal of low frequency. In the result, measurement instruments that can measure

radio signal using high frequency could be expected to be lower cost and higher resolution. In this paper, we show

simulation results of wireless communication evaluation system using under-sampling at low frequency band. As a

result, simulation result by real time sampling and it by under-sampling are good agreement.
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We study on a radio communication evaluation system with under-sampling. We show that a components of

in-phase and quadrature can be corrected when a difference frequency between carrier signal and local oscillator is

high. In addition, we show increasing noise with under-sampling when the difference frequency is higher than

sampling frequency.
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Abstract — Radio communication is using signals of higher and  Tesolution, and it is conceivable that ADCs cannot evaluate

higher frequency than ever, and the frequency bandwidth of high-frequency wireless communication with sufficient

radio signals is also increasing. Measurement instruments need accuracy.

to measure in-phase and quadrature components of wide-band Therefore, we applied under-sampling technology to a
radio signals with a high sampling frequency. However, these radio communication evaluation system, allowing the
measurement instruments tend to be costly and have low  sampling frequency of the ADCs to be greatly lowered. As a
resolution. The system presented here uses under-sampling to result, the / and Q components can be measured with low-cost

measure in-phase and quadrature components with a low ADCs.

sampling frequency and converts them to a low-frequency However, under-sampling is generally used for periodic
image signal. This approach has not been used before because  signals; since the / and Q components randomly change,
in-phase and quadrature components randomly change. In this under-sampling cannot be employed for measuring the 7 and
paper, we show measurement and evaluation results obtained QO components. To solve this problem, we considered the

with this system for a continuous QPSK signal and a burst symbol rate of a radio signal. The symbol rate is generauy
constant, and the / and Q components can be measured with
under-sampling based on the symbol rate. This measurement
method has not been reported before.

QPSK signal. These results showed good agreement with
measurement and evaluation results using real-time sampling,
suggesting the possibility of developing measurement

instruments that can measure wide-band radio signal with low In this paper, we show the results obtained with our radio
cost and high resolution. communication evaluation system when evaluating a
Keywords—Radio communication evaluation, ADC, Under-  quadrature phase shift keying (QPSK) signal, and we compare
sampling the evaluation results with those obtained using real-time
sampling. The two results showed good agreement.

L. INTRODUCTION Furthermore, we show evaluation results obtained with our

In recent years, mobile games, high-quality video  radio communication evaluation system for a burst QPSK

Streaming services and social network services (SNSS) have signal, and we compare them with the evaluation results for a
become popular because of the Spread of smartphones and continuous QPSK signal. These results also showed gOOd
tablet devices [1]. As a result, the amount of traffic carried by agreement.

radio @mmgnication ha§ exploded, and the giemands for high- II. PRINCIPLE OF UNDER-SAMPLING

capacity radio transmission technology are increasing.

When sampling a signal with an ADC, a signal having a
frequency higher than 1/2 of the sampling frequency is folded
back so as to have a lower frequency bandwidth, as shown Fig.
1. Generally, the sampling frequency is set to twice the signal-
under-test frequency, as is known from the Nyquist theorem,
and a low pass filter (LPF) placed before the ADC cuts high-
frequency components.

To meet these demands, in conventional radio
communication technology, the transmission capacity has
been increased by improving the utilization efficiency of the
frequency bandwidth. However, in recent years, there has
been a trend to use high-frequency signals as carrier signals
[2]. For example, fifth-generation radio communication
technology in Japan uses frequencies of 3.6—4.9 GHz and 28
GHz for radio communication [3], and the frequency When sampling high-frequency components, it is
bandwidth is considered to be 1-2GHz [4]. In the case of  necessary to drive the ADC at high frequency. However, an
measuring a wide-band signal, high-speed analog to digital =~ ADC’s resolution is inversely proportional to the sampling
converters (ADCs) are necessary for measuring the high- frequency, and it may be impractical to measure a high
frequency in-phase (/) component and quadrature (Q) frequency signal at high resolution. However, recent ADCs
component. However, ADCs have high cost and
low

978-1-5386-3460-8/19/$31.00 ©2019 IEEE 873
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Fig. 2 Principle of under-sampling.

have much wider signal bandwidth than the sampling
frequency [5]. Therefore, under-sampling technology has
been used for sampling oscilloscopes and vector voltmeters,
and in radio communication evaluation, under-sampling is
used for carrier signal demodulation [6][7][8].

Fig. 2 shows the principle of under-sampling. A signal
under test is s, and an image signal measured with under-
sampling is Simg. The amplitude and the phase components of
Simg are the same as those of s. The frequency of s (f;), the
frequency of Simg (fimg) and the sampling frequency (fsamp) are
related by the following equation[9]:

fimg =fs_n'fsamp )
In high-frequency and wide-band radio communication
evaluation, the 7 and Q components of signals to be measured
include high frequency components. Therefore, / and Q can
be measured at high resolution and low cost with under-
sampling technology.

However, the frequency of the / and Q components
randomly changes. Because the frequency of 7/ and Q
components, the / and Q components cannot to be measured
like shown Fig.2. Therefore, measuring the 7/ and Q
components with under-sampling needs an eye trigger signal
to place the measurement points at the correct positions in the
eye pattern, and a high-speed ADC is needed to measure the
eye trigger signal. These requirements reduce the advantages
of using under-sampling.

Hence, we focused on the symbol rate of the 7/ and Q
components because, unlike the frequency, the symbol rate of
the 7 and Q components does not change. When f; in equation
(1) represents the symbol rate, fing is the symbol rate of the
image signal. At this time, the time waveform of the image
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Fig. 3 Time waveforms with real-time sampling and
under-sampling.

IIIII

Time waveform

W

Trigger signal

Fig. 4 An eye trigger signal is obtained by envelope
detection of an absolute of time waveform with under-
sampling.

signal becomes like the continuous eye pattern shown in Fig.
3, and therefore, an eye trigger signal placed at the correct
position is not needed. However, a trigger signal for separating
each eye pattern is needed. Therefore, a trigger signal is
generated by envelope detection of the absolute value of the
image signal shown Fig. 4. An ADC for measuring the trigger
signal is not needed, and the advantages of under-sampling
can thus be fully exploited.

In the next section, we show the configuration of a radio
communication evaluation system based on under-sampling,
and we describe the measurement conditions.

III. PRINCIPLE OF RADIO COMMUNICATION
EVALUATION SYSTEM BASED ON UNDER-
SAMPLING

Fig. 5 shows a block diagram of the radio communication
evaluation system based on under-sampling. Two FPGA
boards (Terrasic DE2-115) generated pseudo random bit
sequence (PRBS) signals using 31-bit Galois linear feedback
shift registers (LSFRs), and they were driven at 20.2 MHz by
a signal generator (Anritsu MG3633A). Because DE2-115 do
not have a digital analog converter (DAC) that can output DC
signal, we use a output for clock signal. The two PRBS signals
were used as the / and Q components of a QPSK modulated
signal. A vector signal generator (Anritsu MG3700A)
generated QPSK signals as the signals under test. The carrier
frequency of the QPSK signal was set at 1 GHz. An IQ
demodulator (LTC5584) asynchronously demodulated the
signals with a voltage controlled oscillator (VCO; ZX95-
1200W). Because we used a VCO, a frequency of local
oscillator is randomly hopping.
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Fig. 5 Block diagram of radio communication evaluation system based on under-sampling.
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Recovered / and Q components were measured with a
universal software radio peripheral (USRP; Ettus X310). The
sampling frequency of the USRP should be set at 20 MHz;
however, this was not possible because the sampling
frequency in the USRP could not be changed to this value.

Therefore, the sampling frequency was set to 200 MHz,
and the measurement data were decimated.

Because of the asynchronous demodulation, the recovered /
and O components include frequency drift, which should be
corrected. The Costas method can be used for correcting a
frequency drift with analog circuit in real-time sampling [10].
The phase difference (¢ ) which is controlled voltage of VCO
can be calculated with the following equations:

Pa=(-Q) (Q*—1?) )

However, in our system it is difficult to correct the
frequency drift with the Costas method because of the
correction the frequency drift with numerical processing, the
discontinuous / and Q components in under-sampling and the
large phase difference of the carrier signal and the VCO.
Therefore, we extended the Costas method so that the phases
of the 7 and O components are four-times greater than the
original phases, as shown by the following equations:

1’=2-{2-(1-g)-(02—12)} 3)
Q =(Q*-1*)"-(2-1-Q)? )

Here, the change in phase due to the information signal

becomes 7, and the frequency drift becomes four-times greater.

Therefore, the frequency drift (f;) is calculated with the
following equation:

875

1d

1 L Q'
=——{—tan"' |
47 2ndt |4 r ®)
We rotate the / and O components in the phase direction
by fa.. This gives I and O components that are not rotating.

We set the undecimated measurement data as real-time
measurement data, and we set the decimated measurement
data as the under-sampling measurement data. In the next
section, we compare time waveforms, eye patterns and
constellations of the real-time measurement data and the
under-sampling measurement data.

IV.MEASUREMENT AND EVALUATION RESULT
WITH UNDER-SAMPLING

IV-1. Comparison of measurement and evaluation
results with real-time sampling and under-sampling

Because of the asynchronous demodulation, the time
waveform of the recovered / components included a frequency
drift component shown in Fig. 6. The time waveform with
real-time sampling is indicated by the line, and the time
waveform with under-sampling is indicated by the dots to
make them easy to distinguish. From these time waveforms,
the frequency drifts with real-time sampling and under-
sampling are the same.

These frequency drift was calculated by equations (2)—(4),
and we rotate the recovered / and Q components by this
amount. The time waveform at this time is shown in Fig. 7.
With real-time sampling, the time waveform shows that a
PRBS signal was recovered. With under-sampling, the time
waveform was the continuous eye pattern shown in Fig. 3. The
symbol rate of the image signal was 0.2 MHz from equation

.
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The eye pattern trigger for under-sampling is obtained by
envelope detection of the absolute value of the time waveform,
like that shown in Fig. 4. Eye patterns are shown in Fig. 8. The
eye pattern trigger for real-time sampling was obtained by

envelope detection of 1/I? + Q2 and the symbol rate. Both
time axes were normalized according to real-time sampling.
The eye pattern with under-sampling is similar to the eye
pattern with real-time sampling. An advantage of under-
sampling is that the eye pattern with under-sampling is
equivalent to the eye pattern measured with a sampling
frequency higher than the original sampling frequency.
However, a drawback of under-sampling is that aperiodic
noise in the eye pattern with real-time sampling cannot be
measured with under-sampling.

Next, evaluation signal points were extracted from eye
patterns with real-time sampling and under-sampling, and
constellations are shown in Fig. 9.
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Random noise can be seen in the eye pattern and the
constellation with real-time sampling. This occurred because
frequency of the VCO is randomly hopping. In under-
sampling, because the aperiodic noise cannot to be measured,

random noise is not measured. However, both symbols seems
similar.

Next, error vector magnitudes (EVMs) were calculated
from both constellations, and these were compared. The EVM

was calculated from each constellation with the following
equation:

RS0 - D e~ 0

where I and Q have theoretical values of 1.5 V, and N is the
number of data points, which is nearly 200000.

“4)
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frequency drift.

The EVM with real-time sampling was -16.9 dB, and the
EVM with under-sampling was -17.3 dB, showing that the
EVM with real-time sampling was higher than with under-
sampling. This is because of aperiodic noise and jitter noise.
However, both EVMs agreed within 1 dB. This result shows
that the radio communication evaluation system based on
under-sampling is capable of measurement and evaluation
equivalent to those of a real-time sampling system.

1V-2. Comparison of measurement and evaluation results
of continuous signal and burst signal

We have shown the measurement and evaluation results
for a continuous signal. However, in actual communication,
the radio signal is randomly interrupted. Therefore, we
measured and evaluated a burst QPSK signal. Since the
system shown in Fig. 5 cannot generate a burst signal, we cut
off the measurement data of a continuous signal.

The shortest burst signal that can be measured with our
radio communication evaluation system based on under-
sampling is longer than the length of a symbol of under-
sampling, which is 100 points. Therefore, the length of the
burst signal was set to 300 points in under-sampling.

The time waveform including frequency drift components
is shown in Fig. 10, and we corrected the frequency drift in the
same manner as in Fig. 7. The frequency drift can be obtained
irrespective of the preceding and succeeding data by using
equations (2)—(4), and the time waveform of the burst signal
can be corrected as shown in Fig. 11.
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An eye pattern trigger was obtained by envelope detection
of the absolute value of the time waveform. An eye pattern of
the burst signal is shown in Fig. 12. The eye pattern is
equivalent to the eye pattern of the continuous signal shown
in Fig. 8 (b).

Evaluation signal points were extracted from the eye
patterns, and the constellation of the burst signal is shown in
Fig. 13. The constellation is equivalent to the constellation of
the continuous signal shown in Fig.9 (b), and the EVM
calculated from equation (4) was -17.4 dB. However, N was
40000 in this case.

The constellation of the burst signal is shown in Fig. 13.
The constellation of the burst signal is similar to the
constellation of the continuous signal shown in Fig. 8(b). The
EVM calculated from equation (4) was -17.4dB; however, N
was 40000 in this case since the number of data points in the
burst signal was small. Although, there is difference in NV, both
EVMs were in good agreement.

These results show that if the length of the burst signal is
longer than the length of the symbol in under-sampling, the
burst signal can be measured and evaluated with the same
precision as a continuous signal.

V. CONCLUSION

Under-sampling based on the symbol rate of a radio signal
can be used to measure the / and Q components which change
randomly.

Until now, it has been thought that under-sampling is not
suitable for measuring the 7/ and O components of a radio
signal. This is because the / and O components randomly
change, and under-sampling is generally used for measuring



periodic signals. However, the symbol rate of a radio signal
does not change. Therefore, we focused on the symbol rate of
the radio signal. Under-sampling based on the symbol rate
could convert the / and O components to continuous image
signals. This shows that a radio communication evaluation
system based on under sampling can measure radio signals
with low sampling frequency. We believe that a measurement
and evaluation method based on under-sampling will allow
many researchers and developers of high-frequency wide-
band radio communication systems to measure and evaluate
radio signals with low-cost, high-resolution ADCs.

In this paper, we showed measurement and evaluation
results obtained with a radio communication evaluation
system based on under-sampling. These results showed that
the system based on under-sampling can measure and evaluate
a wide-band signal with the same precision as real-time
sampling. Additionally, we showed measurement and
evaluation results for a burst signal. If the length of a burst
signal is longer than the length of a symbol with under-
sampling, the system can measure with same precision as
measuring a continuous signal.

These results show the possibility of measuring an actual
high-frequency wide-band radio signal with under-sampling.
In future work, a signal sent by an antenna will be measured
and evaluated with this radio communication evaluation
system.

We will study an influence of phase noise of sampling
trigger on measurement results in the future.
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Abstract

Radio communication is using of higher and higher
frequency than ever, and the frequency bandwidth of radio
signal is also increasing. Measurement instruments need to
measure in-phase and quadrature components of wide-band
radio signals with a high sampling frequency. However, these
measurement instruments tend to be costly and have low
resolution. The system presented here uses under-sampling
to measure in-phase and quadrature components with a low
sampling frequency and converts them to a low-frequency
image signal. This approach has not been used before
because in-phase and quadrature components randomly
change. In this paper, we show the measurement and
evaluation results obtained with this system for a burst OPSK
signal. A length of the burst OPSK signal was measured two
pattern. One was measured at a certain length. The other was
measured at randomly changed length according to the
actual radio communication. These results showed good
agreement with measuring and evaluation results using
under-sampling, suggesting the possibility of developing
measurement instruments that can measure wide-band radio
signal with low cost and high resolution.

Keywords

Radio communication evaluation, ADC, Under-sampling

1. INTRODUCTION

In recent years, mobile games, high-quality video
streaming services and social network services (SNSs) have
become popular because of the spread of smartphones and
tablet devices [1]. As a result, the amount of traffic carried by
radio communication has exploded, and the demands for high-
capacity radio transmission technology are increasing.

To meet these demands, in conventional radio
communication technology, the transmission capacity has
been increased by improving the utilization efficiency of the
frequency bandwidth. However, in recent years, there has
been a trend to use high-frequency signals as carrier signals
[2]. For example, fifth-generation radio communication
technology in Japan uses frequencies of 3.6—4.9 GHz and 28
GHz for radio communication [3], and the frequency
bandwidth is considered to be 1-2GHz [4]. In the case of
measuring a wide-band signal, high-speed analog to digital
converters (ADCs) are necessary for measuring the high-
frequency in-phase (/) component and quadrature (Q)
component. However, ADCs have high cost and low
resolution, and it is conceivable that ADCs cannot evaluate
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ootani.akihito@nihon-u.ac.jp

high-frequency wireless communication with sufficient
accuracy.

Therefore, we applied under-sampling technology to a
radio communication evaluation system, allowing the
sampling frequency of the ADCs to be greatly lowered. As a
result, the 7 and O components can be measured with low-cost
ADCs.

However, under-sampling is generally used for periodic
signals; since the / and Q components randomly change,
under-sampling cannot be employed for measuring the / and
O components. To solve this problem, we considered the
symbol rate of a radio signal. The symbol rate is generally
constant, and the 7/ and Q components can be measured with
under-sampling based on the symbol rate. We have reported
about the measurement results of continuous signal with this
measurement method[5].

In this paper, we show the results obtained with our radio
communication evaluation system when evaluating a burst
quadrature phase shift keying (QPSK) signal , and we
compare the evaluation results with those obtained using real-
time sampling. The two results showed good agreement.
Furthermore, we show evaluation results obtained with our
radio communication evaluation system for a burst QPSK
signal which length is randomly changed, and we compare
them with the other evaluation results. These results also
showed good agreement.

2. PRINCIPLE OF UNDER-SAMPLING

When sampling a signal with an ADC, a signal having a
frequency higher than 1/2 of the sampling frequency is folded
back so as to have a lower frequency bandwidth, as shown Fig.
1. Generally, the sampling frequency is set to twice the signal-
under-test frequency, as is known from the Nyquist theorem,
and a low pass filter (LPF) placed before the ADC cuts high-
frequency components.

When sampling high-frequency components, it is
necessary to drive the ADC at high frequency. However, an
ADC’s resolution is inversely proportional to the sampling
frequency, and it may be impractical to measure a high
frequency signal at high resolution. However, recent ADCs
have much wider signal bandwidth than the sampling
frequency [6]. Therefore, under-sampling technology has
been used for sampling oscilloscopes and vector voltmeters,
and in radio communication evaluation, under-sampling is
used for carrier signal demodulation [7][8][9].

Fig. 2 shows the principle of under-sampling. A signal
under test is s, and an image signal measured with under-
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Fig. 2 Principle of under-sampling.

sampling is simg. The amplitude and the phase components of
Simg are the same as those of s. The frequency of s (f;), the
frequency of Simg (fimg) and the sampling frequency (fsamp) are
related by the following equation[9]:

fimg :fs_n'fsamp (D

In high-frequency and wide-band radio communication
evaluation, the 7 and Q components of signals to be measured
include high frequency components. Therefore, / and Q can
be measured at high resolution and low cost with under-
sampling technology.

However, the frequency of the / and Q components
randomly changes. Because the frequency of 7/ and Q
components, the / and Q components cannot to be measured
like shown Fig.2. Therefore, measuring the / and QO
components with under-sampling needs an eye trigger signal
to place the measurement points at the correct positions in the
eye pattern, and a high-speed ADC is needed to measure the
eye trigger signal. These requirements reduce the advantages
of using under-sampling.

Real time samplmg

IIIII

Under-sampling
Fig. 3 Time waveforms with real-time sampling and
under-sampling.

IIIU

Time waveform

W

Trigger signal

Fig. 4 An eye trigger signal is obtained by envelope

Hence, we focused on the symbol rate of the / and Q
components because, unlike the frequency, the symbol rate of
the 7 and QO components does not change. When f; in equation
(1) represents the symbol rate, fine is the symbol rate of the
image signal. At this time, the time waveform of the image
detection of an absolute of time waveform with under-
sampling.
signal becomes like the continuous eye pattern shown in Fig.
3, and therefore, an eye trigger signal placed at the correct
position is not needed. However, a trigger signal for separating
each eye pattern is needed. Therefore, a trigger signal is
generated by envelope detection of the absolute value of the
image signal shown Fig. 4. An ADC for measuring the trigger
signal is not needed, and the advantages of under-sampling
can thus be fully exploited.

In the next section, we show the configuration of a radio
communication evaluation system based on under-sampling,
and we describe the measurement conditions.

QPSK modulator Radio communication evaluation system with under-sampling
Recovery
I components
FPGA I components
(DE2-115)
ETHER
1 VECTOR SIGNAL | fgnma cable Q USRP NET
GENERATOR % DEMODULATOR 310 » PC
(MG3700A) (LTC5584) (310)
Recovery
© components
FPGA QO components
(DE2-115) -
LOCAL SIGNAL
TRIGGER
SIGNAL SIGNAL veo
GENERATOR
5.
(MG3633A) (ZX95-1200W)

Fig. 5 Block diagram of radio communication evaluation system based on under-sampling.
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Fig. 8 Enlarged time waveforms corrected for frequency drift with real-time sampling and under-sampling

3.  PRINCIPLE OF RADIO COMMUNICATION
EVALUATION SYSTEM BASED ON UNDER-

SAMPLING

Fig. 5 shows a block diagram of the radio communication
evaluation system based on under-sampling. Two FPGA
boards (Terrasic DE2-115) generated pseudo random bit
sequence (PRBS) signals using 31-bit Galois linear feedback
shift registers (LSFRs), and they were driven at 20.2 MHz by
a signal generator (Anritsu MG3633A). Because DE2-115 do
not have a digital analog converter (DAC) that can output DC
signal, we use a output for clock signal. The two PRBS signals
were used as the 7 and Q components of a QPSK modulated
signal. A vector signal generator (Anritsu MG3700A)
generated QPSK signals as the signals under test. The carrier

frequency of the QPSK signal was set at 1 GHz. An IQ

demodulator (LTC5584) asynchronously demodulated the
signals with a voltage controlled oscillator (VCO; ZX95-
1200W). Because we used a VCO, a frequency of local
oscillator is randomly hopping.

Recovered / and O components were measured with a
universal software radio peripheral (USRP; Ettus X310). The
sampling frequency of the USRP should be set at 20 MHz;
however, this was not possible because the sampling
frequency in the USRP could not be changed to this value.

Therefore, the sampling frequency was set to 200 MHz,
and the measurement data were decimated.

Because of the asynchronous demodulation, the recovered
I and Q components include frequency drift, which should be
corrected. The Costas method can be used for correcting a
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frequency drift with analog circuit in real-time sampling [11].
The phase difference (¢ ) which is controlled voltage of VCO
can be calculated with the following equations:
Pa=(0-Q)-(Q*—1?) @
However, in our system it is difficult to correct the
frequency drift with the Costas method because of the
correction the frequency drift with numerical processing, the
discontinuous / and Q components in under-sampling and the
large phase difference of the carrier signal and the VCO.
Therefore, we extended the Costas method so that the phases
of the 7 and Q components are four-times greater than the
original phases, as shown by the following equations:
I'=2-{2-(1-Q) (@ - 1)} (3)
Q' =(Q*—-1*)?—-(2-1-Q)° 4

Here, the change in phase due to the information signal

becomes 7, and the frequency drift becomes four-times greater.

Therefore, the frequency drift (f;) is calculated with the
following equation:

_ld(1 (@ s

Ja=grqa™ \7 %)
We rotate the 7 and O components in the phase direction

by fa.. This gives I and Q components that are not rotating.
We set the undecimated measurement data as real-time
measurement data, and we set the decimated measurement
data as the under-sampling measurement data. In the next
section, we compare time waveforms, eye patterns and

constellations of the real-time measurement data and the
under-sampling measurement data.

4. MEASUREMENT AND EVALUATION RESULT
WITH UNDER-SAMPLING

4-1. Comparison of measurement and evaluation results of
regularly interrupted QPSK signal with real-time sampling
and under-sampling

Because of the asynchronous demodulation, the time
waveform of the recovered / components included a frequency
drift component shown in Fig. 6. In this time, length of symbol
is set 300 points, because of the shortest length that can be
measured is 100 points with our system. The time waveform
with real-time sampling is indicated by the line, and the time
waveform with under-sampling is indicated by the dots to
make them easy to distinguish. From these time waveforms,
the frequency drifts with real-time sampling and under-
sampling are the same.

These frequency drift was calculated by equations (2)—(4),
and we rotate the recovered / and O components by this
amount. The time waveforms at this time are shown in Fig. 7.
and the enlarged time waveforms are shown in Fig.8. With
real-time sampling, the time waveform shows that a PRBS
signal was recovered. With under-sampling, the time
waveform was the continuous eye pattern shown in Fig. 3. The
symbol rate of the image signal was 0.2 MHz from equation
1).

The eye pattern trigger for under-sampling is
obtained by envelope detection of the absolute value of the
time waveform, like that shown in Fig. 4. Eye patterns are
shown in Fig. 8. The eye pattern trigger for real-time sampling

was obtained by envelope detection of /12 + Q2 and the

symbol rate. Both time axes were normalized according to
real-time sampling. The eye pattern with under-sampling is
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frequency drift.

similar to the eye pattern with real-time sampling. An
advantage of under-sampling is that the eye pattern with
under-sampling is equivalent to the eye pattern measured with
a sampling frequency higher than the original sampling
frequency. However, a drawback of under-sampling is that
aperiodic noise in the eye pattern with real-time sampling
cannot be measured with under-sampling.

Next, evaluation signal points were extracted from eye
patterns with real-time sampling and under-sampling, and
constellations are shown in Fig. 9.

Random noise can be seen in the eye pattern and the
constellation with real-time sampling. This occurred because
frequency of the VCO is randomly hopping. In under-
sampling, because the aperiodic noise cannot to be measured,
random noise is not measured. However, both symbols seems
similar.

Next, error vector magnitudes (EVMs) were calculated
from both constellations, and these were compared. The EVM
was calculated from each constellation with the following
equation:

I R R U

where I and Q have theoretical values of 1.5 V, and N is the
number of data points, which is nearly 40000.

The EVM with real-time sampling was -16.9 dB, and the
EVM with under-sampling was -17.7 dB, showing that the
EVM with real-time sampling was higher than with under-
sampling. This is because of aperiodic noise and jitter noise.
However, both EVMs agreed within 1 dB. This result shows
that the radio communication evaluation system based on
under-sampling is capable of measurement and evaluation
equivalent to those of a real-time sampling system.
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4-2. Comparison of measurement and evaluation results of
regularly interrupted QPSK signal and irregularly
interrupted QPSK signal

We have shown the measurement and evaluation results
for a continuous signal. However, in actual communication,
the radio signal is randomly interrupted. Therefore, we
measured and evaluated a burst QPSK signal which length is
randomly changed. Since the QPSK modulator shown in Fig.5
cannot generate a burst signal, we cut off the measurement
data of a continuous signal.

The shortest burst signal that can be measured with our
radio communication evaluation system based on under-
sampling is longer than the length of a symbol of under-
sampling, which is 100 points. Therefore the length of the
burst signal was set to 100-300 points which randomly
changed in under-sampling.

The time waveform including frequency drift components
is shown in Fig. 10, and we corrected the frequency drift in the
same manner as in Fig. 7. The frequency drift can be obtained
irrespective of the preceding and succeeding data by using
equations (2)—(4), and the time waveform of the burst signal
can be corrected as shown in Fig. 11.

An eye pattern trigger was obtained by envelope detection
of the absolute value of the time waveform. An eye pattern of
the random burst signal is shown in Fig. 12. The eye pattern is
equivalent to the eye pattern of regularly interrupted QPSK
signal shown in Fig. 8 (a) and (b).

Evaluation signal points were extracted from the eye
patterns, and the constellation of the burst signal is shown in
Fig. 13. The constellation of the burst signal is similar to the
constellation measured of regularly interrupted QPSK signal
shown in Fig. 9(a) and (b). The EVM calculated from equation



(4) was -17.4dB; however, N was 6000 in this case since the
number of data points in the burst signal was small. Although,
there is difference in N, both EVMs were in good agreement.

These results show that even if the length of the burst
signal is randomly changed within the range that can be
measured with under-sampling, the burst signal can be
measured and evaluated with the same precision as a real-time
sampling.

5. CONCLUSION

Under-sampling based on the symbol rate of a radio signal
can be used to measure the 7 and O components which change
randomly.

Until now, it has been thought that under-sampling is not
suitable for measuring the / and Q components of a radio
signal. This is because the / and O components randomly
change, and under-sampling is generally used for measuring
periodic signals. However, the symbol rate of a radio signal
does not change. Therefore, we focused on the symbol rate of
the radio signal. Under-sampling based on the symbol rate
could convert the / and O components to continuous image
signals. This shows that a radio communication evaluation
system based on under sampling can measure radio signals
with low sampling frequency. We believe that a measurement
and evaluation method based on under-sampling will allow
many researchers and developers of high-frequency wide-
band radio communication systems to measure and evaluate
radio signals with low-cost, high-resolution ADCs.

In this paper, we showed measurement and evaluation
results of burst QPSK signal which is regularly interrupted
signal interrupted signal obtained with a radio communication
evaluation system based on under-sampling. this results was
good agreement to measurement result measured with real-
time sampling. This showed that the system based on under-
sampling can measure and evaluate a wide-band signal with
the same precision as real-time sampling even if only a few
measurement points are obtained. Additionally, we showed
measurement and evaluation results for a burst signal which
length is randomly changed. This result is good agreement to
the result of regularly interrupted QPSK signal. This is
showed that our system can be measure and evaluate wireless
communication signal with same accuracy regardless the
length of measured data.

These results show the possibility of measuring an actual
high-frequency wide-band radio signal with under-sampling.
In future work, a signal sent by an antenna will be measured
and evaluated with this radio communication evaluation
system.

We will study an influence of phase noise of sampling
trigger and local oscillator on measurement results in the
future.
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