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DHDKEIRTRT, T5H&, suspended zGNM D4 (X 6(a)),
4 JE LT (thin) CIEWIZH LB 7z B S V72, F72, 5-10 J8
(thick) BB ClExiIW ~ 30 nm [ZEAZETIFE —ETHHIEN
G3iolc, ZOULTRDERIREIE DS IR DIFE 7 4/ DEEL

W Z AT Dk ME T ALV LI /i I K 45D Th A,
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4 (4)

(a) Suspended zGNM

20 ey
L Thin

151 ]

< ot ]

£ 10F ]

s | i Thick ]

< 5F ® 3 E
L 0;"!0! o
05 '50"100"150

Nanoribbon width W (nm)
(b) Suspended zGNR
2

T +———7—0.3
o)
J 5
w
A % o2 ®
g T
£ 1+ { 2
- =
Thiswork A 3
Baeetal v é

0 [ [ 0

0 50 100 150

Nanoribbon width W (nm)

6 (a) suspended zGNM (@)& (b) suspended zGNR(A/V)DEAE
ERG)DVRRWMETEE, 4 BLLF O (thin)il k&
T, 5-10 FOEVEREZREATRT, ()0 ARAHIERS T (%
i), VIZFEATHITE PORE R (i) ThH D,

—7J7, suspended zGNR T, SEATHFFEREE WOSHWIZEE ki
INEL72%, B B(bN A THIFZE(T) Ok A B A CRES 2O, AH
ZEAE R T OWARFES AT R L LB TS, 2D Zenb
suspended zGNM Tx W LLBITDDIL, 7 T UiDHF
TR AT 2 ROEICH R T DLEZDND, ZDOAN=Z LI
DN, FEMARRRFHIA % O LB ThH D, 4 RIERL 723
BECIET 4 /0 O BIPEDN B CEARLRDHE R, Ay affilicds
WCT 4/ DT BRI, kIR 7= FIREE B D, KR,
MO/ & FCH TEES 80 nm DIV I (74 /=7
fhdh) OWE, 74/ DFVRED 7 4/ R REE D IN 52 &
T, T=1K OEIRICIBWTH DRI DT E RE72 58,
BB APFHEN TG (T4 /=97« T —ZR) 19,

ZZ T, suspended zGNR DxDOWRIEMEITSEATHFFEE LTV
LHOD, kDEILFEATIHIRE AT 6-TEREL Ao T D, A
ZES B BICL CODDIZHL T, A TAFZE Tl Tho
SO AZRFFEI TS 200, ABFFE TR/ T 7 =273 5-10
JETHDHDIZX L CHRATHR TITHEE S 77 = FHOTWD A
WEEFLTH, AWFFETHERLZ 2GNR 13517520 GNR X
Db 4 [ERRERE KA R T 28D, ZHUIARIIED zGNR T

TT7 72D —< <3 —T A MNEH



XD A — VTS T2 D Y7 R L TN, TV
LHDNNET BN T 7 RO E R T AT E D FE T L0 b hd
REIpo T DEBRADLR D, B, V7 F 7w TRisSh-
GNR@EZGNR) D ZH 2, 7 — A2 F = 7w TR m I N 7=
GNR(aGNR) £V K& 7prdm ™ 2L O O Fia L 22 29)
PHLIBRIN TS, —J7, zGNM OHA, ZZTRTITE K
FHIEAL TS, zGNM FE 1D 57 zGNR FE 1 I0b G RE
kZRLTWDDNE, ZOL7HA Lo R b LR,
3.4 supported ¥ D BRE R

7 (2(a) supported zGNM &(b) supported zGNR D EYLE
K@) DT VR AEWMRIFMZ R T, ZOEEkDREIITELT
1B F OV AZDHTHBRDNREZZEL THRNDDT, kit i

2T Ed(momina)fE TéH 5, Suspended A F720 supported
RE TR 77 2V DRSS LR W ER 301D T,
ZZTIEH 2-10 OB R TIZ oW THEETIZRRL TS, 3
%& supported FEHIXLCix zGNM & zGNR O 5T, W%
HS T DITHES Tredd B 57§ 5 Ay 7e it L3 B2 28k 1 258
Sz,

(a) Supported zGNM

20 e
915'-1 .
S [ =
< 10 & .

I m W
< g ]
£ 5[ WEgm ]
E I n [
] B = m
2 [ Mm Lo N
v b by 1y
% 50 100 150

Nanoribbon width W (nm)
(b) Supported zGNR

3
'
\\E,Z— J__t;§ .
2 & .

N L
=L $ 4 -
£ *
£
2

o) PRI RN BRI I
0 50 700 150

Nanoribbon width W (nm)
7 (a) supported zGNM &(b) supported zGNR #0F O BMAZ R ()
DOURAGE WAL,
Supported FEHZFBWTT /HEEIZL > The3 Il sz
WD, suspended FT-DOFERND, FFEELT 7P HEOR)
BT, ERODREBEZDHONRY THD, Zix, EHTH
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5 (5) 5T DY — v R—

% SiO2 NESRMITITAERAE THHL, BHICH R REETHLHIC
HOLT, BB~ DOBDTN P ER TERNIE, ZLTHE
AN ~DEDFEN D) RATFEF BIMET DIZE TR EAR DT
LAIRIBRLTEY, FFDDIERA~D =R ITHRBADIE VR T
BATES 29, B 8 ITRT IS, FFREOBUTIER A~
iU CHE B AN HEAL TS, 31O TR ICh it T
W, BT AZXNRENEXIITRE M ~OED R L
HITHHDITHL T, FEF 0 IMbd 2 & B A~D =R TTHIZR
OB RBEBEE IR, BT ORI EOIIRELRDHEEB 2D
N5,
(a) graphene (b)  GNR

Si :

8 (2)7 77 = R(b)GNR H DI ~FAATEIF DI,

4 FEB

BRARERNE) THHINS, BURER ()L FE T2 ME+
B, — RIS T 9%, LZADMBE AR UERL T O B
BRI/ D50 T CIE, ISR T OMMikic ko Tk LR TX5
AIREMEN D, AL TILZ DFERMED &SSO B R TR,
FEW o7 ERG, FNERNR TR — VTR
oo Ay a BTN T 52T, URARW)ASHIIEE kA3
RELMRHILAER LTz, k OHRIIW < 100 nm TEA (2720,
W~30 nm Tk~15,000 W/(m - KIZET D, ZIUdE T oR sk
EZDFWHHRIZEVM ER-F D2 La R U iR CRAN D FE B
FlTHD,

777 2 IO B LR T3 E N2, & JE B -
TRIE] 3 - B R C B T D B B O X% — < T U T L
ELTEHDHIRSNOME THHD, A TRT IR AT =2
RN L 52T, FOrE FICHHDIIENTEDOITIEH
OmPHLbHEHTHD, EmWVkERTHREM L THEESRD
=R F ) F2a—7( CNDDOEE, £OHEKNZRKlE 6,600
Wim-K) EFbTng 2, FoilBHERAE T R$52LT
13,300 W/(m-KIZED @V EVYRERORELHD 20, AWFFET
sRL7= suspended zGNM D6, Bl & 74 A(K)h b
H9 5 CEAE KL TOBATREMIZH DL DD, EUEL
EERLUTHESLTWS CONT LRZZNL Dk BB
TWDZEITRFEITE T 5, PEMICIT 1,800 W/(m-KIZEDE
WEMRE R A H 957 77 2 e N — AL LT ET M 3 i s S

DA NS



TODH 2D 28 ARFFECTIERIL 72 2GNM Ol % 1M
BLTRY, %o HEIFf SN,

ABFFETIERLT 2GNM D56, WEEZHIET TREZ 8%
bra R TEDLIEL RERFFHR THD, ZOREEFITT I,
RIS TR ERkE S DT TT7 2 o — N R G HERT
&

FIEZOMBITERDB L TLEEL THOLNAZ L E
R THD, BT OL2GOEBLINGTZIRVERES 57 20 DY
B, TNHRAETIE — U TFET LI TET I ES>TLE
I(v—= IS F—DER), Fo—RIICHIES T 7 =0 J0Y,
757 2 ERERE LIZ 28757 = DI R, ONEL TH
%, AR OFERITRT L0, BRICERE SN2 T7 =
Th, WITHHFIT2EWe’MGoNn2281%, EHOFREMEEZ LD
R THHDENZ D,

ik

AWFFED—EIE, TRV FA T~T )T Ve —F A 77 )
H 3 (FREE% 5 JPMXP1222UT1064, JPMXP1223UT1029,
JPMXP1224UT1080) DB ST, B K HEEssE
ST )b — BN TS CH FERE S 7z,

SE X
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/inritsu

572 NDKEA R YL

ﬁ% H %J@ Masahiro Kamada, 23 %Q Tomohiro Matsui

(% FH]

7T 2 AN FUCTEH L CTERIEN A0, B A A OBREICERIC S ST 5, TDTh, 797 =
VIEBRHULIZW TR T AL B X —TEMiT AL T, SERER S Ty ELTRIHTAZENTE
b AR CTHZINY —RCEHF R ESEFSF DB THEBSNDKBIADR VT T ~DTTT 2
FZOWTHNTD, KEF TR~y F L 7AW TT 7 2 ZURARRAY Y 2RI T &L,
RIVYLEL BT Z—ELTHWAZLT, HZ2H T 1ppm & FEIDEEZ B H CEAERERKET A
P ORBUIEI LT, ZOLEEKRFEHATK T HH FORINT AT RO E N LT R /2> TEY, ZVETIC
LN TRV R DOIFIELZRIEL TV D, 5%, B T AN =X LOMALFEIRC, ERANZRSE
TAEECHE L AT DEET BT, NN OIRIHE B 17K BA ALY O EZERIAFFE NS,

1 [FC®HIZ

HRERT ANA A ANSID 2 RoTE A RITRRDME DS
ICoKBNAT, REMICKTEPSIE nm BOSAINCFET
%o LI LTI T7 = AT FEME HE ITAFAE LS ISR HL T
b, DI, 777 2 ISR OBEIT L CBUR T, BT A
REDBRBEENSELETELG ITMENEIT D, ZDZLiT
ReREE, 797 2 ORIV R OBRE AR TE 52
EERLTEY, ZDEDIITT7 24T Br P ELTHEREN T
%V, 72120, ZOFETITMERG R OBIRMETAFITLL, BRES L
FTLb TR LIEFE ARV, B EL LW ETIERS, 4
FEBRANZR N T 5720121, #— 7 vy My T O R E BT T
T2 BBOTERR, BT My FEIRT DL T 4 — BT
U572 i BT 5B DS, Bl ITEWSFEMEERTS
TSN BN T FRCTIT7 2 HEMTHIET, &
JEERB BT IMREREN TS 2, F72, SARS-CoV-2 DA/S
A2 RN T DHR TEM T AT HUR R A LY IEfE T
PCR A& LViRE R a7 A LT $ 53 A2 F O
Hhdd 3, ZOIINC, LETF—EEZHIEICLEST, SESFR
FTEREZ=TyReLTcv PSR T 528N R EPIICILFTRE T
LoYaR

—J7, KRFIWIH—R o =a— TNV R REBOBE LD KR
ANAF—RELT, FLEROPRZMOSGH CHOIEEAHED S
WETHD, ZD—FT 4~T5%EVI) KWK ORI T
1BRL, Tz, ME~OFRERE WD HIM 25 bS5 OkSE
Watk) Lo le T AUy b3 D, ) % - LR ME DT A
T EN T TERN, 22T, KBEAR, IR, ElL, FIA
HHEAT —UNTINT, KT ORI A0/ FE I E S

T IUYT 7 =%/ No.100 Mar. 2025

725, TEK, KEH /2R EE W E DT ITE By e V-
MEDITNDN, BT THD, R AZF HAIEL/
Bipe I, KFEOBALE IS LD e B ER L -5k
DBEBLIIBIECEZR T LD, KFEATADORBEICED A4
POBROESIEIL LT 200, Fiz, KEDOBRE LD
BB RIT 2L 0O0H5, LL, Wb E ComiR TH
TESED720, BB D RERDILITIMAT, KFEH AP
CE-TUTRROLELHD 9, £IC, @il mEEITbEAA,
AN O THOENET 2IRIH B E )RR BT AP HF O
BIFE HIRF SN TV D,

AR TIHEA DM B N LI K FE T FTA vy F o TIEICE
DA T U720 T7 =2 DKRFEH A IO TR 5,
LT ICARROMRE R ~S, 5 1 ETIETT7 =0 D514
ISHOTTHRENEL, KEH AL L T OBURICOW TR L=,
2 WCTTT 2T WK FH ARV TV T 25 THIFEIC
DUWTHRAT LI, 5 3 B CH 4 M A OREHER L, o4
PEOFHIE 15, Z L TEDORERICOWTHERT 5.

2 PR S 7z VICkBKFEHR VD VT

KRFIZHTHLES Z—LLTUT Pt 0507 APDPALN
TWBD, ARBFFETIERIBICB W T AEZWE T8 BELTX
D—Ri)7e Pd 2 Ve, Pd 23KEH AICRESNTZ35E, Pd Kif
V2R LT AR FE 5y T (Ha) Ik B - (BDIZ o figsh, Pd # gz
LIRS 722235 Pd fdh ORI ~I225 L TKH#EL 707 A(PdHY)
ZRL, Pd i OBELESIEIIE W o leE 2 LS D,
ARG RS PAd B T7 =1%, Pd D5 LIzt (b E 7
F7 2 DBEIIEIEEL THRHT5b D THD, Pd B IEDOWH:
TENDGIKFET ZADH ERUR EDOIEREIFHIENTELN, Pd

7 (1) 757 = DKRFEN ALY YIS



BT T7 = 2D 28T, KOEE) I PAOWMITEZAL, T 7bb X
DIUNEDKFEIT AN TES L, 8B THD Pd O H &%
DIMMADIENTED, Fowr Y T OTDITMET DB
724, FIRTEIMECTEHIEH RERFATHD,

Pd &7 77 = % EIR - RRE T CTKBHREETIRE T A

IR T EARBEHADREIIGC T I7 = R OBEKIEHLN
AL, KFHAZEIRLE LR U BRIRHIR COMICR D Z LM HR
HENTND 9™, ZO|BAIES 77 =& Pd, LT PdHx
DHEFEBEBEOKNPOFASINTND, T2bb, 777 Oft:
FEEU (e = 4.5 eV)iE Pd OFEFEIE(ppg = 5.6 eV)LDH/EWN
728, Pd &7 77 2 CIXEFIITT7=20 b Pd ~BEIL,
JT7 2 AUIHR— VBRI —TEND, Ll Pd pkF#ETDHE,
PdH« @ht%Fs'é%éf{(d)de =32eViTFT7 =2 OHHEBHIVE /)N
SARDT=D B DOPAUTLNRY, EA1E PAH BT T7 22~
L, 777 2 EE A DR —TSND, TRHOFER, T4
R—=NR =TSN TT7 = FF DR, FFOBBSIEGUEX
PAWEIZE->TRAL, ZNAKFICESNLLE LR T3,

— 05, V7= RERTHTLT, Bt ELTORDES
7RREREIN IS oML b IR S NG, VT 7 =B LT 5L
TROLNDIEL, T AR CHERREMEZRF S ATREMER DD 12, T/
i CIER A Y -V OO RINRL 257280, MaF LB
OB ZA E95 918, /27— L OURARITIN LI LIS
T2 (FT7 2 F JURY :GNR) ZWFNCAW ~ 723 T DOGA,
FINTOPALHARTTTT7 2 OFEFER/NSL2Y) Pd O RN
LIDEIE TR DD DD, KB A% N T BE O R <2
IRFH AR EEDRIERE F, L CORBMENE
BBEVHMELDHD ¥,

3 FIRT—IULTSToDKEARE VYA

31 FI/RY=LTF T oDER

7572 DMLNIKFE T TR~ AT SRR FF
ETHD W1, KETTAILIDTY T U7 T, Kifaz sk
LTI=RAROIL (T /E YN 257 2 AT AZENTEDLN, £
DI F AT — )V COTYT BN IE S TNDIEN 303> TN D
16017 — R WD R T TR~ Ty T L 7 OB 72 8]
W oI L LTI, 797 20 ORI A7 — NV Tik7v

K RIPREEITRD, 1 ZEAE DB E T I7 2 ORBRNILE R

LLBRIZENCQNED, TEAT 7RIS TNED T2 1919,

NIZH L TKRBS IRXA~vy T 7 TRLNZm T 77 2
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DIN=T) PREIEEHERF LT BB o 7 e 55 L3 T& D
1018 REFFIZH T HMOBN G N RELL DT /AT —VFETT
WAL CIER T 22N EELRDD, ZOFIETHIULE
FUTFTREICARY, BN RSKEF2ERT 2L TED, AT,
JT57 2 OV P SECIEAE R ORRIE AL QDI LI K
(ZRAELTZ B FIREDNER THER (T ATy 7 5 D3

—ZFHNE W19, T NE DT IURIREELIES, Z D77
BERFL>0, D7 URREER N LT BT 7ok Re
R TEDMFNRHSH 13, RIFFETIE, P77V 7 Climsiizr
IR —=NOVRART T7 2 Tod T T 7T 72 F /IR
Y (zGNR)&E, RAET /By Z A T RICELL TRy v a2 RiC
ML= T YT 7572 F ) Ay 2(GNM)Z A& LT,
zGNM 3R 505 2 2L 5T zGNR O Fw b — ik
b, TUF Ry MEFELIEZ OIS, B 1(a)ic zGNR %7, (b)ic
zGNM 1O 518 1 S (AFM)% 4797, zGNR 10, &
ST NI — 2RI LT 2GNM O J5 A 1S R BREN 22725
TEERRFI MR O EB 2 DD, ARRFFETIEAME 2~5 pm,
£ 2~3 pm T, VARVESORW)A 100~200 nm DFE %
Fu=,

7z DY

wbiey

:D‘
§
b
|

1 (a) zGNR # 1 (£ 2 nm, W~120 nm),
(b) zGNM 1 (JE&#) 2.5 nm, W~200 nm) ® AFM £,

32 37z 0 PdEth

757 =% Pd TEMIT 25BN ODFBI TN, H
72t C Pd AIMEAL CTRAE T D HIER—RIThHD, ZnsE Pd
IR FLLTr T 7 =0 RITRESND D, ZRAEBENDIRNEEIT
1%, Pd BRI 13 AT L TV, Z&E RO 2 HICLT-
Do P KL 1037 T7 = RME D L7280, SO0 TR 1
[ LR G RIe5E, Pd 1TEEL TERUSEMA R T X127
%o AWFFETIL Pd 2@ EMNENT 52 LT zGNR X° zGNM Il
THEZEHAE L, B 2@V < om0 BRIk 3% Pd kL
FED AFM B4 R4, Z2C Pd OEEILS T7 = 3kl ~

AR B LT K R B 7 I C KD IR R 2 IV CTIIE L 72, Zhud Pd

8 (2) 757 = DKRFEN ALY YIS



MR —RE S WO EE IS L TWADT, 22T
X R E(nominal)” DR (d o, ) EFRHLT 2, EEITIE, Pd
1B 2(a)~ () RHNALAZHEEE 10~20 nm ORI T-£LT
HESINDIZOREIIMMNESL > THY, AFM TERIShDIEE
1 dom KB 2D, F-EBROBEEIL Pd OAKEEEICHIKE
FHIEDG3 D2 TND, RIFFE Tl dyom (XL THREZ 0.9 Als
DEETHRE LT,

2 ()~ WrT Lo, = () 0.5 nm, (b) 1.1 nm, () 2.2
nm DOFED Pd KFEED AFM £, @F OGNSR TRTED
(2, PAd (3777 =0 7L =7 OBl BIRANTRAE LTV D, (d)(e)
zGNR O H (A& (@)ICE e Pd 27 A% —(Pdis) D 1S
LENTNORAE TR NF—(E, ).

ZOLER] 2@\CHEMTRT NG, FIT7 2T — I DT
13 Pd OWFIRFEN Y T7 2 R E RIS TOBIEND DD,
i BT Pd 3R L TRAE L T8, BTl Pd 23R
IINCTVEF S TCND, ZOZLTT TP T TINT — LF = TRl
WENSTZEROREE IR D72, 2O LT Pd AUl
BIHZLTE, 1B EI WS —REF RN GRS TV
(K 2(d)(e)), & 0.99 nm ® zGNR 11 13 fH o Pd Jil 578
507 A% —(Pdia) & W A& SETBROWAE =R F¥ —(E,) ZFHRL
2Ll A, FTT7 2 RE TIXEy = —3.097 eV THHDITHKIL T
(B 2(d)), V77 ECIE,y = —3.787 eV kb (B
2(e)) . ZOZ &L Pd 77 AL — TR AE LT BT R —[1)
R ETHD, TROBIRIIBAELLT NI LRl TND, KR
BT Pd OMEZELARIE T H720, FELHICIE Pd 3%
WEEBAEEILEL D, LIER> T, SOFIEN'EFELT
DIESE ] _EIT D725 TOD A REMEN D,

KBRS EE 2 oL, RFEHAKT 5 Pd OF Eifk%E
REST D120, PAIFHRLAIRITHEEL TOD T RRNEE R DL
Nd, —7J5, Pd OWMEbE LR RO ERINT TT =12
B2 572®121%, Pd OBEEIZRDRENZOINRNTHAI, £

T IUYT 7 =%/ No.100 Mar. 2025

TG T PATRL 73 77 2> D& A — @120 8 L9,
Qrom B EZ 0.7 nm L2 B IHITHIFEL 7=,
3.3 KRAREUHHFEOFHEAE

Pd &fi7 77 =% AWK ET AV O Z R 3(a)iz,
ZORHEHE Y AT A0 AREZE 3(b)(C)ic7mT ., zGNM <
ZGNR TIN LU= 57 = A3 A A2 1T Pd &R 5,
7I7 2R RFFT DRI R E DGR R TH D Si02 THEbDE
N =7 OHEEVA(S)THY, Si 27 —MEEWV)ZMZ S
ZET, BRRICIN ST DEIREE TS E LN T
=% (B 3(a)), AFFETIEEICE 3(b)mid LR EL /e k0D
WE S AT 2% W2, ZZTHP ~ 0.01 PAOBEZEIZH LI EE
WCKBHADIRE B AL, KFHAD I E(Py) L TE ALK
FEHAD RIS 5, —F7, 1EEAL DHATHFETIZE 3(c)D
IDNCHIRERRERHDIVIEIT NI VST RIEMET A THIR
L7 HEN ZE R ERBITH L DO FEFOBELSIIANEST S, o
FV, PIERBIIKRKUE FIZdhd, KIA~OWIRBR AR 55
&, BBEOT BB EOBRENT 1, KELIDT A5 117
TEL TWD T2 3R LK R E DM R Z T~ D DLW T
VAR

(a) ® o

H, ® = Graphene(zGNM)
\s°b
&

(b) ’—(:)—‘
H, gas g = & _@ pressure
variable | L ;J et
— 7\

leak valve vacuum
pump

V
9L measurement chamber

(c) mass flow
controller

Air, Ny, Ar, ...

2
SN0

measurement chamber

H, gas

/N

3 (a) PAIERiZF7 2L KTAH AL FFETLORAK, (b)) ARFZE
TR KBRS AT L OB, 22 il i
DORERL D) &, FATHFFE TR VB KREE T TORIE DR,
©s

3.4 Pd &8 zGNR/ZGNM IZ & BKEHR VI VY
Pd &4 zGNR(FE T A) OKBARHTH06%2E] 4(a)ic

R, ZHUER 3(b) TR RV AT ATHIELEL D TH D,

KBS B2EANT, 757 2 DESIEHER)IIAZET ADE

9 (3) 757 = DKRFEN ALY YIS



ANEZIRAD L, ZDOEACBITAKFET AD 3P )IIRIFL TR
0D, KBHAZEALIZILODEEDF A OB LIEIUAE(R,)
(S D IRHUE D ZALF(AR /Ry = (R — Ro)/Ro) % Pz (AT L T
Ty T HEB 4(b)DESITRD, NTYFIEREVLDOD, KFE
TADEPIEZ DIFENEAEENRELIRoTNDIEN 3D, T
DIEIEMEZEIMET DL, Tt A TlEPyy = 0.1Pa UL FETHIET
EBZENINNB, Py = 0.1 Pald 1 ppm OEEEIIKIEL, AMO
IR E ENDKEN A 0L R TELEE ThHD, DX
Foxe PERLEZHFTICLY, BRICEWTHEWREEZ A T5K
RAAR L H FBUCEDTENI3h T2,
770, B 4(@)TRTETFADEE, KFEHAEA 25%ITH
LT THY, KBETREAZIEDT=HE 5 3 THRITH]
HWHEIZE TR TRV, 1L, RIZKETAZREENITEA
LT 0.5 BEPITIZZLLARD TODT28, ALF USO8 A3
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LAHALREE 2 7o DI BOSNCF 5T 2 KB AD BN DI
R REPET2OICRHEEL THDHENRLEZ X HID, FF
DY ARX% /NI, #iEE TRV 3528, HIERRIA
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ANZRORPIBAD T HIRD B NIEATIF DT NEITH TH D,
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(b) Pd 77 2% —® FHEICKZBIR DR AELZSE, () Pd 77 A% —0 L, FRIOW G IKER IR AELZSE,

Ji e RRE P CRERE R ATH IR UK FET AT DG E
gLz, B 5 12 Pd & zGNR (&1 B) Ikt L CfTo72, B
ZeiCOMIERF (B 5(a)) &, KEUEH TORERE (B 5(b))
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FTRRKEFTHR— VR —T DOREICHDHZEITHER TE TS
DT, KFEELA AL OTR BREIRBDIL, /7721058
FHRR =T EINTODHREEA E,

ZDZEND, Fx OBFFRESTATIIIRLEDENDL, FFEDHD
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EAbD, —RINTIE, BEZEREICHLILT, 777 =0 EHR
EDOBEHBENMUTIY, 757 2 LB OMR/ T7 = KRN
AL TWERM# BRI NTZ0T 5, LHLIH LI RIZEY
CFERIEDEALT DI LT EZ DD, ZOHE, H2EhfilET
IAKBEH AD B HEASNDDIIKL T, KEEPHIE CIEkSE
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T, BRI K AR U TR FE T R EE AL JIETY,
L OBEBRIETUEPRERDIFERDPEONTZ, ZNHDIEEH
ZEbEDL, BFRFIOIRDENUIKF LN DT A5 DFF
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AT DRISHRHN 0D, 72720, KEEHIRT DT AL TS
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WO ES KGO T EIERIC THD, LT3 T, ETOER
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o TATYY R R TR X — 3 ORETHHDOT, &
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25— KRR TS LS A, B 6(c)iEik Pd 25
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4 FED
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D,

ARG TR BT AR VL BRIEL, KRBT AT D
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AP TIT 2 T REREH CORE LB EZR AR T TP E
SAEM LR APATEEDEELBHIL T 72D TY, &
DGEAEDTREHFEL R ET, R TIT o727 F7 =2 O
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(T, WR-3 & BEHUE(E T T 2720 DB EL TR
LPEOHFFERRFE N ERS L D, 2O TIE, AT TAH
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THOEEL R ERIEERE, MA T 3)DHPEE T 1 L¥

T IUYT 7 =%/ No.100 Mar. 2025

13 (1)

N TTHEBEREER O I T 2 — 7 &3 T TR, I 2RO
BLAWO DT a— I aRITHIENLEEL, ZNHDTE
b WR-3 #2542, (1) £HKENE, (2) HILE OF Ik
HEiite, (3) FHDADF a— /iiEa R EL L= Fa—2Iico0
THETLTZ,

(DB LGB L CEE G il o i i Zik T Dl ez fin
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(ZROFFIAT LT R T D, FRAIIRAT XX E LT AR BN D 1E
I AERENL, £ DIEKIITK 5T /L O EEHUG B R A 1R
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T P ORIE z FERFREN O EE2RL, FAHE
WA BT 2, It D TEREIE ORI E R B D 1R
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WERRTHHZED DD, B 1 OFERNGHEMEOTFa— k%
FREFTHZLITEREZZOND, MEIORESE IO
(DR, R REQ@QRAEE£T D, B 1(c)ic WR-3 #l2kiT
LHFMER | S | BRI HAZ R T &, IRHHEKIE WR-3 2RI
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DERIIFEHESITEIY, ZZTORGHIB R E2D, 571 R
DAFHUTRDE, WD TR IV T IS RDEHE 1 D
MLFRIF AR RS2 %, —77, BROMEITERE T 5L, HE
IS 21X ASHE LRI 22D, L3> C, M 13T HIH
LAWY, HEHMI~OJR HAIHI S 5,
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reflected wave 1 reflected wave 2
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2 Fa—JOFH

Fa— 2 E T Lo THEREBFSHEE Th D720, JRERNIZ
PR THY, I L DT80
RRENDMEN D, HASE M Fa— 2O %), B
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BEBEHIEIOL BIRICBBIS Y,
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Mode 2 (X WR-3 H#HPNICHDEDD, mode 2, 3 K]0 RS %k
DORIFREIX WR-3 HOBMER (110 GH2) ZVb /31 AV
fMOFGRNTA—EE LTS HZEILST WR-3 Hiah/\—T&S
ATREMED B D,

(2T a— DT i
J /\%H

(2)

0.5mm
0.5 mm

.d=0.155mm 450
(O AN 400 GV/m

300

7 N 30
— = - 2250 wr3ban e
£ K 5200 ofe.
( B L : 10
0 1[ <A 150
w, = 0.1'mm 4 y
: g:',@’\;,,,,/\/ y 1o Mode‘\ -10
;\‘ - //
T o ° -30
X 0 10 20 3040 50 60 70 80
0/° { -50

5 A& 7(d=0.155 mm) D JEIx+HIHRE I 5k
() IHRMATET L, (b) FHRE I EL D 0 K FFMEFS LT mode 1-8 D
z J7 SR (0= 26.5°) (% :mode 1, 7 :mode 2, #%:mode 3,
k& DRI IOV A  FFENT D155 07 HHR 550

WR-3 2H5 CEIET B LT 3 — 2 Ohd



ZFIZTO = 26.5°1[HELT- L&D d ISR HET—ROIHRE
WA RAT LIRS R A B 6 1T, B 6 25 d 3 RELADIZD
1T mode 2 DOHELIREFEEOME T DL R TED, FFIT, d
>0.24 mm DL, mode 2, mode 3 1E&HIZ WR-3 #id T4k
FRLZRW,

0.5 mm

0.5mm
@|gg,, (b) 450 GV/m
e 400 100
A 350 —_.
N g Ka\ﬂ@%
<\ .. 9250 wr3band
A e A 20
( p6se & Mode 2
ws =0 m . / -20

\\zm

1 '\Tl W
y N -60
< 0 01 03
d/mm -100

6 A¥7(0=26.5) R T IARMHTHER
(a) HRAHTET /L, () IR D dIEAFIERB LD mode 1-3 ®
z 1N E R 8 (d= 0.19 mm) (77 :mode 1, # :mode 2,
fk:mode 3, HHEE DAL TR %ﬁ%%ntit?&ﬁ&%z)
=z, B 7(a)ior T IoicFa— 2o sMillEm &2 A% 7 LT
S, SHICAF T EIER LT IEEB R LT, ZOMEE 5D
R O H 2 i TE DR BHEI A i R &2 53012, FE4H
BIFEM T a— 2 OIGR AT A—F OBRGFERER 7 (7T, B
AIIZIE 2= 0.05 mm, A=0.36 mm, BLRO=26.5°D5MED T
T, ERERREN Fa—21ED a, b, we, ws, Ta—ZITRITT=ZE
HEBEROE (wse) , d, BLOBE 7(@)F D A-C BIDOHEEE(d) Z 1
KT, TOFEE, B 7(@NmLFIRIC OV T, 220-330 GHz
FHiEiEK 0.1 dB LA TR IR HITRK 22 dB LA Lo FnfiF
Wit Ra157= (B 7(b)).

© 0 36
y f\,7

’

o

—

\ i 02 -10
o
- hel
dsc = 046 o w.=o0. S04 202
= . " ~ L)
- = VU
: " 506 — 30
3

Q¢
3
I
(s}

o
S

220 240 260 280 300 320

QW
. Freq./ GHz
unit/ mm
7 Iy EIRIRE I Ta— 2 DTN RS R

(a) fHTET L OTZIR, (b) | .S | BEORH
32 REEBEAFI—
AZTRFa—27HOIMIETIERSNDE, Fa—IlayWrd
DYy PR PTERRSND, ORGSR, AT ORI TR
WIRELISE T, Fa—ZEOSMAl~OT HIZ LY IR A ]
SNDZENHIFEIND, LTch3o T, FENERFEH Fa—2 LIk
LT EIRFEH Fa— 2 TR AT 25— 75, IR @hiE4
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16 (4)

FHETDIZE DN IREIIHAELIZWEBS 2D, ZDEX,
Fa—2iEN 4 DTSR ERDT0, 22 Ty EIM s
HFa—27LMES, g=0.05 mm, A= 0.36 mm, L0 = 26.5°
DEE, BRI OURHZINH T ED AR A g K e D 891
a, b, we, BEO w2 R ARTA—F LU TR LT, TOREE,
8(a)lTRLIZTZIRIZOWT, 220-330 GHz TILiEHE S 0.2 dB
PIFRBIOURHIRL 14 dB Ll LEoRFfEIE R3S (B
8(b)).

RN
o

o o
Leakage / dB

[

‘ 2a=12 "
036 o 038

y unit/ mm

[ 1 50
X

220 240 260 280 300 320
Freq./ GHz

A
S

8 4y I 52— 2 O T AT 5 5
(@) fHTET A DOIIR, () 1S | LU H

T 5 P ORANE D5y Ry PMRIERRHE L L TEIK ZEREES

DITHELL T, WR-3 &lfkicbl- > CEMIE O HELE 14
dB DL EiZHIibl CEI- LT, BUF AT BIS, B (D)
BRI T LI EIBRIC AL BRI B A DO LA LT y Bl
DrH+30°FE EE DFIAIZ BV TER DB L TND, 2070,
TR AIRF SIS y B ORI A Sy EPRAE T a— 7 A3 3 —
T HZLTEMILOW HEZRANTMH CEIzbDEEZBND,
33 REERBAHFI—Y

HIRERDORFED/NELA2 T, RE AR ELARDZEITH
HThs, 22T, BEEHONLLTa— I ETOZEM % Hi5
FEFa—2 Lt L OhS<$ 528128, 324 GHz (24 U543k
Ta @AM~ TN TELIER RIS ND, ThERB T 5720

o, W O A FENEL, AN Fa— 22 JVRFELLICR

SERUNE M Fa— 0 &R LT, B A R U7 3 A 1A RS
Fo T WR-3 IR HEEIE LU 22 TR C& D, £ CTOLEH
HITE W E R L OV A XN H1F3E KREL 2D, — 7, HIEE
L, EIER QS F a—2FEORNMETOEMZ RO HIEE |
Wb, ZON—RAT7%EELT, g=0.05 mm O HIRH K
% 330 GHz LA L, BIHIAN L&/ ME 0.1 mm ORFIERAED T T
B EEDBIOREANEH Fa—27 OIRITA—Z &R
BRI, TOREE, EiEHE7 0.2 mm BLOBE 9@)ITRLE
a, b, BLO we 2372, ZORARIZONT, 220-330 GHz TOF
WK 0.1 dB LT X R HEL 25 dB LA EOMEHTHE RS
Stz (B 9(b)).,

i
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o
~
n

o o
© o
Z
A R .
o o o o
Leakage / dB

[S21l / dB

unit / mm 1

220 240 260 280 300 320
Freq./ GHz

B9 RS T a— 7 OFIFFENT RS R
(a) fEHTET LD, (b) | .S | BEORH

&
S

4 BEAFaI—IUDEEIL

102 1 &, 2 #, 3 &, BLU 4 EEHFa—27ICBIT IR
HORFRNT RS RE R T, 4 MOHZET=—7138 3, & 7
~Q 0 1 EFa—r&EAREL, ENENRLT AT MNEG T2
Fa—JiERIT Ao L CEEME L, $72, B 10(b)ioRd 3k
S EIFEMN F 2 — 2 TIIRbNIOFE M Fa— O RIAZ T %
R, 2 HNS 4 HOFSITHEMAEAOTa—rikE LTz, £H
Fa—2 2B T a— iR E R CORBED RS (w) X, BIFHDINT
O LHIFI B LOM B OREEEEL, 0.12 mm &L7,
10(a), (b), (d) i3 B, FEonEil, B OUR AL 4 BEFsM
Fa—21%, Fa—2EOKEHCT IO TR A 52
BRI, — T, 10(c)p L E oy FITFE N Fa— 2 Tk
Fa— LW 22X T Ny VBB LU TEEREL, FFIC 310
GHz UL EiZB W TR OF a— 2 EOHIT3H T IR F IR S
Nipnoie, AT, ZEGICTHEWVEMERILRAAETTHDIER
SYAvR

0 -
e —single
0 /N —singe
-40 — triple
-60 —quadruple
-80 A

220 240 260 280 300 320
Freq. / GHz

(a)

Leakage / dB

0
-20 —single

—double
0 Wmms |
N - quadruple
a0 AN 7 [ acnp

220 240 260 280 300 320
0 Freq. / GHz

V]
-20 —single

-40 n —dgLJIbIe
60 —triple

80 — quadruple

220 240 260 280 300 320
Freq. / GHz

(b)

Leakage / dB

Leakage / dB

@ 0
D20 —single
540 A ——_— —double
Se0 N | 1 _ —trple
§ "0 —~ A o 571 — quadruple
220 240 260 280 300 320
Freq. / GHz

(d)

10 17E, 27, 37, LU 4 HAEH Fa—2IZ3610 DR O FIfgAT s R
(0) HARAEM 4 EFa—2, (b) IFOHIREN 4 EFa—7,
(o) EVFEM 4 EF =2—2, (d) /PRGN 4 B =a—2

T IUYT 7 =%/ No.100 Mar. 2025

17 (5)

5 BEAFa—UDERAER

ARBETITHA, T, HE, FERUEMATFa—r 0%k
B ARt BIE CRLEFa—2 S BALOF TR e
T, BT, RSB, BIOVR RIS T a— 2 o llE T
ANAZDUDIFFMFa—2DFHT 50 dB O HIFE KA 147 1R
RTED 4 EFa—IEE AL, —F, nEEMTFa—2
T 1 EMEEL L, RO, Fa—rRUERELE R
DUT LLCHELE,

FFa—IIET NI=0 G4 (A6061) 2 UIHIL CTERILT,
11(a) DI TF a— 7 F & B AE LIMER AT S B E 2B LTcb O
Z DUT LU TRIEZRAT 27, M EEIRE D7 Z P ORI
1%0.05 mm OFEEOMEEFRTCRY (B 11(a)f), Fa—7fH,
FINTTF a— o7 DS LR LT- L &I g= 0.05 mm £725 55012
LTW%, B M(bNTRTINCEEHEFEOREEL 59 mm LL7,
BIEICIE WR-3 i O EE =7 A7 Fh G LT~ ML Ry
D=7 FTIAFEMEM LI, RVR 4 BEfMNTFa—r&R T
DUT i3 4 BF =t =7 R 2 L AT AT 2 D
WR-3 77w 7T Ve LT, NSO HEATIFEN 4 EFa—
7, EHER 4 EREMTFa—27, ZUCHERREMTFa—r %% 7=
DUT (JE LT,

Fixing screws  Waveguide with stepped part

Waveguid
with/without choke

118 mm +

/

Waveguide with/without
choke (59 mm)

Waveguide with
stepped part (59 mm)

11 AEEyNTY S
(a) Fa—fF&/7aLE R E () BLOWWEM &S E OF) Dsk
B, (b) Fa—I &I VB S L A& B8 o8, BI O
JAE s 2T 2D WR-3 757 P ~DEy T
1212 g=0.05 mm O EBHFHGEEH 92 4 MOFSH
Fa—7IZBIT5 | S| OFFFIENT BLOFERAFERE RS, 3=
L—al MEIET AL =0 A EEOBRBRZIMEKLTEY, 0
FHNIFEEIZEDDRLOLL THEZIT T2, WThoX AT D

WR-3 2H5 CEIET B LT 3 — 2 Ohd



EMFa—7IBNTh, vIalb—la flBEERHEDEIL 0.5~
1.2 dB THY, BIxILIELEERAE M Fa—712 20T WR-3 7k
o 275 GHz Tl 0.8 dB Thotz, ZOZETMENTIZIVTHR

AHSZZEL TN EE 2 bD,
-1

Simlation
A5t - Simple elliptical choke
-2 == Non-sprit elliptical choke
m 25 R e T Sprit elliptical choke
3 3 T e T Flat elliptical choke
ﬂa 35 Experimental
— Simple elliptical choke
4 —— Non-sprit elliptical choke
45 255 GHz p p

—— Sprit elliptical choke
— Flat elliptical choke

'
v

220 240 260 280 300 320
Freq./ GHz

12 HUiRIREH 4 EFa—2, JEEIRFEN 4 EFa—2, /EIRAE
MFa—27 (1 ) BLORFARFEH 4 EF2—20 | S| 1ZBET5
FFEAT 35 L OV R (g= 0.05 mm)

(a) — Without choke = Simple elliptical choke

- Non-split elliptical choke = Split elliptical choke

220 240 260 280 300 320

Frequency / GHz
(b) — Without choke == Flat elliptical choke

g -3 //
24

220 240 260 280 300 320
Frequency / GHz

13 DUT 5L UBH DUT O | S| ® % %(g = 0.05 mm)
(2) HABIKEN 4 EFa—2, FEHFITEN 4 EFa—2, Sy
1M Fa—2 (1 &), (b) R FRkEN 4 EFa—2

1312 WR-3 7T b7 TP LA Fa— 7 &8 8 & e
L7z DUT (BAAEHY, FEoymd, 4ydi, A L2 DUT %
WR-3 77 VEEERILTIZ a0 | Son | OFERIEZ RS, WTho
Fa—IHEEICB W THE R DUT (ROEMR) LLb#L ¢, WR-3
D7D 0.5-5 dB RREED | Sor | OEEIND R4, WG DU
HZ I TE VDI EDRENT,

6 XMTI2EREDEMDEE
(EHEE A F — EARIRICH D 2 SOEED 7T VHA R g
=0.05 mm Z[F CCTEX LIZREEZ FAEL L, I DOZENL (T1)

7V >Y7 27 =75 No.100 Mar. 2025

18 (6)

%, (Ax, Ap) [mmlEFEd, 22 TAx, AyizE 1(a), (DNRUIZME
FERIZHED, B ORI ATEL, AETIUIBELZR,
A HMIT 0.056 mm OFTNEL-Z, | S | OFRFFEATIC L DEHTZ
1Totz, B 14 1 ZHHIAL FEEIR, REIEN 4 EFa—2, B
KO EIFEH Fa— 2 OFFIENTRER CTHY, x T, y JFmIc
BN 252 THD, B 14 OFFFTRE R DHEAED T LM
TELIIRE R IEER 1 1cELwiz, B 12 \ORLRFARFEM 4
HFa— 7 DEMFER (7 DFEMR) DA, 265 GHz ([T —773
HENDH, ZIUTAx=0.05 mm DEN % 5 2 T-BRICAELHE—2
DJEW R —BTHIEN0, x FHOTIUCLDEE 2 LD,
—5C, B 14N R LT o BIRKE T 52— 27 OFR RN 5
WX R IR o RNITHBTHh LT, 13(a)licRLiz4y
BTG F2—2 D F2RHE R (kO FH) ITITRRHEITRLEZ 4
FHCE =/ D8 RBNS, Z0#ARERGET 5720, B 15(@)icrid
EBREOT TR E T T AR E RN 21T 572, %
oREEER 15(b)RT, 728, B 15(b) T, LikoznR
13(a) D F L 8 (O FEH) LE T 1y LTS, KO ST
FTENC, RRHAITRULEZ 4 DFNCE =7 B FEL, FHRSE (6
DFER) E—BLTNDIER DD, LIZR3->T, ERIZALR
HTOIARITEPRE F L OTIUTER T 250 Tide, VyviE
DT DIZ WR-8 77 Ui TR DI Z A7 LB 2 Hivd,
EFEASEAME, JESER, BEROWTRICRBNTS x I,
y BN N & 52 58— BB 5 —07 T, /il
TIEHEWTHOEAIZB W TR —2ZITHBL 2V, ZOE
Wiz W CoEIkE M Fa— 2 hofs [ Fa—r L ik LT3
IZRDFB I TN SR S T2,

2661&”
@°%y (b) ° — ( [ V=285 ohz
02 t . 02 251 ‘3“’1 5
8 .04 [222GHz w(‘? GH’) 5 “3‘ 04 fe—268 GHz
= — (Ax, 4y) = (0, = — (A% A%) = (0,0)
406 — (Ax, Ay) = (0.05, 0) 506 252 GHz (v ‘\% 2 005.0)
-08 (248 GHz[] — (ax, Ay) = (0, 0.05) 08 — (Ax, Ay) = (0, 0.05)
i =[] — (ax ay) = (0.05, 0.05) 4 — (Ax, Ay) = (0.05, 0.05)
220 240 260 280 300 320 220 240 260 280 300 320
Freq. / GHz Freq. / GHz

232 vi,H/ 753 GHz

9 — \— 258 GHz
T-04
e — (Ax, Ay) = (0, 0) — (Ax, Ay) = (0, 0)
Z-06 — (Ax, Ay) = (0.05, 0) — (Ax, Ay) = (0.05, 0)
.08 — (Ax, &y) = (0, 0.05) — (Ax, Ay) = (0, 0.05)
. — (Ax, Ay) = (0.05, 0.05) | — (ax, ay) = (0.05, 0.05)
220 240 260 280 300 320 220 240 260 280 300 320

Freq. / GHz Freq. / GHz

14 A9BSR 12 (Ax, Ap) = (0.05, 0), (0, 0.05), (0.05,
0.05) mm DZENLE 52 7B O T TR 5 2 (g = 0.05 mm)
(2) HAMBIKEH 4 BFa—2, (b) IEDEITINEH 4 EF2—7,
(c) 4y EITIFE I Fa—2, () RTRIFEH 4 EFa—2

WR-3 &k CEVMEST DM T 3 — 27 OfRET



# 1  wfmdaEREE 2 (Ax, Ay) = (0.05, 0), (0, 0.05), (0.05,
0.05) mm DN %5 2 7= BT U7 R JE i 5%
(2) HMAIFE 4 HFa—2, (b) FEDFIRFEMN 4 HFa—7,
() yEVFET Fa—2, (d) RFHRFEN 4 EFa—r

unit/ GHz _ ) unit/ GHz
@ [T~—ax/mm| | ® [T—ax/mm
Ay / mm 0 005 Ay / mm~~_ L 0 | 005
0 ~_ 248 0 T~ 266
005 - 222, 249 005 251 252, 268, 285
unit/ GHz —  unit/GHz
© —Ax/mm (d) ~Ax/mm
Ay / mm_ 0 005 Ay / mm—~_ ° 005
0 - - 0 S~ 256
. ) 4
005 - - 005 244 232, 245, 258
0 oo ot et e
() 4 f Va Sim
< , 3116H
(a) 1 227GHz 270GHZ  59g6H z
’\ -1.5
g 2
. 3
= =2
- 4 3 f Exp.
35 t 29615H 307GHz
-4 268GHz =
WR-3 flange 45
5 12226Hz
220 240 260 280 300 320
Freq. / GHz

15 SEIEIFEMFa—2OERAFRBIOWR-3 77 P EB[ELTZ
ARG SR
() FRATET LOZIR, () | Sor| DRI L OFHFOfpT i 5

7 L9V

Ak, Fa— IR CTRMEEZ R T2 D THY, TDIRHE
WAL EAT IR EE T D, AfmTid, WR-3 7 O2# I CEfE
T 4 MM, FR, H5ER, JESEIRL) oM Fa— o
IZEo T, ZhH DA FERE
U7z, Fiz, FRMATIC L - TEBEE O Tkt 3 2% ko
EAbz IR L, S EIRFE M Fa— 2 N8 E O T O EESZ T

WZWZEAER LI, LnL, 2EKMTFa—2idfo 3 FEo
Fa—r LU, IMHIEARD 14 dB LU FEREW, I A 2h7efif
WRERT ZENE %O THD,

WEEEZ, VIal—arbFEH

SE Xk
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LS ) RS R

Al TE B Al

/inritsu

JK B} # % Takahiko Mizuno

(% FH]

JRHIETR VIR F A AL P DRI T IV TIE, [RIR 2 B 23 AR B 2y SR M4 8 501278 PR
TOUENRDD, MEIOFEEREZMEZ, 200, WFEEICHET 28RO TND, —BRICHARITE
SFBRMETERE THLN, WEITHLIZIHRE—FPRON, SR 0RIE I T E R0 R
WMEETDRE, MR BB D, AR T, TP BRHREHEICIE S, IWEDOBRIEZELIZ, BX
% 10~145 GHz L:zbf_éT“%fi?ﬁﬂ/?fﬁTﬁ‘é?‘f*af?—(ﬁ'J“ﬂ% ZOWTHITT %, Fiz, AFEIC
FIROREMSPRE I RIFTRBEEEET D,

BNTHIRE

1 FAMNE

BEMABE CITAEEERSO-BLTEY, JVEHOF A
(RHEIZ LD HIRFER DS ED DI TS, 7L 02, 300 GHz x>
FIHRERFEEEIN TS, ZOLH7 08 R T X amE
BERRFTDEC, FERIEH B CRINDEREFERIT
BB O AT R THD, T, BEEEITIVEL—F—0
BAZEIZ VTR 60 GHz #AVFI S TIY, BHIESMERICLD
PR E BAL DT 12, BB ORI R B RN ENTTD
TS, ARG ST CEJA N, IR C Rk B R E
HHEEPLBEESN TS,

1 IR EBRRFEREEZ R T, HEEE, WERSSEO
HERE BT AT = T o DOF 3 2 2%
ELFBEBRERDDLIFIETHD V2, @EAKICRDE AT ERE
RN 31T DR R C& <2572, IR A i H7 ik < A
WHNB, mkikiE, B 7R ORI O — SR E o B A T
L, ZOWEATINS NTA—F) B CREFRLZ RN T 2071k
THD V), [KHARFAEREE N TTHETH DA, HBERE DK
BEVEARIE O EMESITIRAFL, E7ME LHE xR O M O 22,
BCEIRN, FRITHE RSV ARG LI DIV ClE, RN
FEAOERDPNINTAHREE OIRFUT TS, HRIEIT, IHREEMNITHE
BREREWL, HREREOFBELRERL T D5 ETHS, I
RO QENOFHEBIEHE L RODLIEL TED, FHEREOWEE B
IEIRE AU R DD, LTed- T, INIRIC 7= 255 =R |
EEATIHEITE, ORI Lo UERREETTOH, e
BT —REMIVEN DD, B ELTH BRI E DD
SR 28 O BT 8\ B RORE FE S 0 B2 70 D, 2R SR AR IR
FRE ST IR B\ CREBIRIERA B2 L O IEfE72 35 B %
FHB OO IFIHS TN 9,

7V >Y7 27 =75 No.100 Mar. 2025

— 77, WA AR LR AR5 (BCDR {5) 1+ 1AW A T8 R
PO, WEMRTHD 2 MOFEDOFHERMRE, ZOMIC
ENALLERIR D 3 fa a2 A AT R e iRk g a VT, 46
RO EMEIHFEREZRHTHFIETHD, 2 ETHR
T5L80, LIZUIE, MO RO ETERDRKR LD IR
E—NEEITIRL TRIHEN D, 10 KR ETOIIRE—
RERWAZEICEY, BER TS DD, IKEEICh->THER
ZRETED, Fiz, WIROFEMRITH LT, ZLORIEEITHEIC
AT MO BRI T 2 E R A RE T 553, BCDR EiXHE

B2 F OB T 2FEREZRE T HIELRRTHD,
ZOIFIET 1970 FFRIT/DRIZE - TIRES I, IV H TOHMR
MEIOF BRI EELL TESHOLN TN 9719, TR, J0&
JER B~ AR, HIERE A EZMA L 170 GHz £To
FHERRELITONLTND 19,

AFTIE BCDR {EIZL 575 B R M E D ERFZHE T 5, LA
K&, 2 #C BCDR IEOMIEREA R U, 3 75 CH & DML
TZHRIER, 4 ETHEREZRT, &m%IZ, 5 BETHIRGBBIROR

EfESHAIEMICRIFTRBEEET D,
BEE HRE N
I®E S el AR
(1= ! =)

(11441844444))
*%‘ MUY
(MEE " MUT )| pmmmimsRess

——— EEE ——
MUTEEFTHRES

mDSZl
-
511

MUT MUT

N J J

X1 AR ERITIE

20 (1)

HEORD, AW TELBEREBRELLLT .

TR XY PeRh R E H



2 TEARLIRSEE
21 HIRBEEELHIRE—F

- i 72 1 B 4k 4R %% (BCDR: balanced circular disk
resonator)iilE, 1974 HF/PMLICE o> THEERSN 59, & 2
\ZBCDR D&%~ 7, HHRFITEART TV, WEXZRMUT)
OFEER, BIRAREREBEL RSN, 2T, B 2(b)ior
T IO AR, FIXMGTHDAR 7R TS N Db
R—NPbESID, 22 TR 2(a)DMa NIz T, HEikEE
CERIAUTHE N Tt e I A LR AR & e $ 2 ev TE D, 4k
IRES DS d% R LU TICHIBR R, S ER T —hk
2720, RE—RIE TM E—RIZREHN5 913, TM E—RE%
T OFOHTHAIL T, HJE T, BT W, JESI7m (i
W, HIZ 0) DIEICIRZ T2 AT 5L TMamo ERIND, ZDE
&, TMumo D HARE W21,

_C Xnm
]‘;—EZTL_—R 6D

EREND, ZIT, clTEZETONHE, & TFHER, BLORITHE
IREREEETH D, £72, Xyt E TMuomo (RIS LIZ A EEFL, 4
IRAFDREIENTA—Z B IO ED DFHEERNOEED, LTz
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Pushing the limits: The Future of Wideband Vector

Signal Generators

Mohammad Salah, Alexander Chenakin, Suresh Ohja, Toru Otani

[Summary]

tech landscape.

As the wireless technology evolves, so does the need for more powerful and precise testing tools in
the world of communications. That demands higher data rates, sensing and complex processing.
Enter the future of wideband vector signal generators (VSGs) — the unsung heroes of signal gener-
ation that are pushing the boundaries of processing speed, bandwidth, and accuracy. With advance-
ments in digital signal processing, VSGs are not only handling wider frequency ranges but also
accommodating the increasingly complex modulation schemes of modern wireless systems. From
5G and beyond to radar and satellite communications, superior frequency hopping, these cutting-
edge devices are redefining the possibilities, enabling engineers to stay ahead in an ever-demanding

1 Introduction

The demand for wideband vector signal generators is in-
disputable. This is because of unique demands, like generat-
ing multiple communication systems simultaneously, simu-
lating complex environments, enabling high-bandwidth tel-
ecommunication, superior frequency hopping patterns, and
higher-resolution radars.

The main challenge lies in developing new fundamental
technologies to enable such an instrument.

In this paper, we present technologies and techniques in-
cluding Digital communication links, DSP, Processing speed,
Calibration techniques, Digital communication standards,
Powerful FPGAs, high-speed and high-resolution DACs,
small node CMOS semiconductors, synchronization tech-
niques, and phase and magnitude stability.

2 Technology

A system that can generate 10 GSymbol/sec with a 16-bit
resolution with real-time DSP processing power for filtering,
equalization, and power control is demonstrated in this arti-
cle.

At the core of every advanced wideband vector signal gen-
erator lies a high-speed DAC architecture?. There are mul-
tiple ways to achieve high-speed DACs with high resolution
(16 bits).

(1) Single DACs, require smaller transistor technology to
reduce the parasitic capacitance effect. This comes
also with lower power.

(2) Multichannel DACs, using external I/Q modulators

which feature more than double the speed using the
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same DAC technology. This method requires complex
synchronization and calibration.

(3) Hybrid DAC architectures combining different DAC
technologies better suit different frequencies and
power requirements.

A high-speed digital circuit is required to stream the gen-
erated data. JESD204C can achieve speeds up to 32
Gbps/lane. PCle 5 and PClIe 6 support 32 GTransfer/s and 64
GT/s?. PCle 5 can reach up to 64 GBytes/s for an x16 con-
nection. Although PCle is not directly used with DACs it can
serve as a backend for streaming. Multichannel architecture
is scalable and provides more bandwidth than single channel.

FPGAs are widely used for high-speed DAC interfaces, but
the target applications of wideband vector signal generators
spike the demand for powerful DSPs. This demand puts sig-
nificant pressure on offloading well-defined tasks such as in-
terpolation from FPGA to ASIC chips often integrated into
the DAC chip. Another opportunity in the future is to inte-
grate an Al model to regenerate samples instead of interpo-
lation to improve signal purity.

It must be mentioned that for streaming signals using
OFDM or similar complex modulation schemes, the IFFT
functionality must be offloaded from the OS to meet timing
criteria. For Beam steering and MIMO applications, a mul-
tichannel phase coherent VSG is required. From the RF
point of view, a wideband vector signal generator with a wide
tuning range from a few MHz to mm-wave frequencies poses
a challenge in filtering and maintaining signal purity. New

techniques must be developed to reduce unwanted spurs,
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images, or harmonics. To this end, active calibration and ad-
justment can be implemented with feedback to keep the de-
vice running in an optimal condition. All this must be done
while keeping magnitude and phase stable with temperature
drift. Filtering technology must be also pushed to the limits
for mmwave frequencies.

Developing hardware that can work on mm-wave frequen-
cies at a lower cost that meets requirements can be challeng-
ing.

An example of a 60 GHz filter mounted on a PCB in Figure
1 demonstrates a BPF from 50-60 GHz mounted on a PCB

using chip-on-board technology.

S Parameter Plot 1 B,
BPF_Si vee

o o 20 30 a0 50 &0 n & %0
Freg [5Hz]

Figure 1  Anritsu BPF 50-60 GHz on a 5 mil Substrate on PCB

3 Calibration
Starting with baseband, multichannel high-speed DACs

must be synchronized and calibrated for magnitude and phase.

This is also a key parameter for multi-channel VSGs to
test multiple applications including MIMO.

1/Q imbalance is a key parameter that must be minimized,
especially for wide bandwidth communications. An accurate
and efficient method to measure I/Q Imbalance calibration
across a wide band is to generate a single sideband multitone
signal and evaluate the image rejection. Figure 2 shows per-
formance before self-correction. It must be noted that this
kind of correction is done internally in the instrument to
maintain repeatability and preserve performance. This tech-
nique relies fundamentally on calibrated traceable power

sensors internal to the instrument.
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Figure 2  Single-side multitone generated signal showing 20 dBc

image rejection before Calibration.

After correction, a multitone image is improved by more
than 15 dB. It is also demonstrated that at 130 GHz a 40 dB
of image rejection can be maintained for wideband signals.

This measurement has a strong correlation with EVM on

a single carrier.

j, SPECTRUM > RF SPECTRUM

IR
L P BAL

1\‘ \“\l\“m\iw‘ ‘H“ “ l\\‘ “‘\

I LY
t

|, SPECTRUM FREQ AN @ feos

(CENTER FREQUENCY
130GHz

SPAN
S00MHz

FULL SPAN
LAST SPAN

ZERO SPAN

FREQUENCY STEP
1MHz

FREQUENCY OFFSET
OHz

sr | GESTURES

Figure 3  a) Image rejection improvement at 14 GHz,

b) Image rejection at 130 GHz

Amplitude flatness is another critical factor in generating
vector-modulated signals. It has a direct impact on a single-
carrier modulated signals. Ideally, signals at different fre-
quencies must be at the same power levels to reduce the DSP
power and improve dynamic range. Figure 4 demonstrates a
10 GHz signal before and after flatness correction.

It must be noted that adjusting power levels requires a

continuous adjustment of flatness correction, this makes it
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challenging to do preprocessing ahead of time. Hence, the
demand for DSP flatness correction for instant adjustment
is necessary.

The calibration techniques we utilized enable utilizing
VSGs to evaluate high-end receivers. Specifically at multiple
TX planes and frequencies the VSG is calibrated to test the
receiver at different stages. This provides improved overall
calibration and performance understanding of the receiver.

Receiver testing is frequently limited by the quality of the
transmitter, even loopback tests are limited as it may not be
clear whether the TX or RX is the one limiting the perfor-
mance. This TX plane calibration approach separates the TX

from the RX performance.

iy

LY

Figure 4 10 GHz signal before correction (green)

and after correction (yellow)

4 Measurement

The quality of EVM on a single carrier signal demon-
strates the performance of the hardware of the device and its
calibration?®. Testing using OFDM signals will not show the
flaws of magnitude distortion of the instrument. This is be-
cause OFDM is immune to this distortion as it relies on mul-
tiple narrow-band carriers. On the other hand, OFDM can
test the dynamic range.

Figure 5 demonstrates a 64 QAM single carrier EVM per-
formance at 42 GHz with 5 GSps occupying 6.7 GHz of ana-
log BW.

RMS
EVM: 1.893 %
-34.459 dB
Phase Error:  1.771 °
Mag Error:  1.333 %
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Figure 5  single carrier 64 QAM, 5 GSps at 42 GHz.

At 145 GHz, a signal quality of EVM=3.4% is demon-
strated using a loopback measurement. From the constella-
tion, it is evident that the degradation is dominated by the
signal-to-noise ratio in Figure 6. This measurement includes

both transmitter and receiver performance.

Figure 6 EVM measurement for multiple BWs

and carrier frequencies
Upon measuring signal quality at different BWs and car-
rier frequencies it is more evident that pushing the limits of
multi-GHz of modulation BW can be achieved at higher-or-
der modulation schemes, Table 1 demonstrates true device
performance using single carrier test signals at frequencies

across multiple frequency points.

Table 1 EVM measurement for multiple BWs
and carrier frequencies.

Configuration EVM

64 QAM, 2.5 GSps @ 14 GHz 0.9%
64 QAM, 5 GSps @ 14 GHz 1.7%
64 QAM, 10 GSps @ 14 GHz 2.2%
64 QAM, 5 GSps @ 42 GHz 1.9%
64 QAM, 5 GSps @ 145 GHz 3.4%

5 Conclusions
This paper demonstrates the world-class performance of a
wideband vector signal generator. The data shows excep-

tional accuracy (16 bit), low EVM, and seamless operation
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across broad frequency ranges (from MHz to SubTHz).

By achieving such high levels of accuracy and fidelity, we
are not only advancing the capabilities of current communi-
cation systems but also setting the stage for future innova-
tions. This represents a significant leap forward in technol-
ogy, showcasing the potential to drive further breakthroughs

in a wide range of high-performance applications.
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Sub-THz MMIC Switches Key Enablers for Sub-THz

Wireless Systems

Mohammad Salah, Alexander Chenakin

[Summary]

generation of RF technologies forward.

The development of wideband MMIC switches that operate from DC to Sub-THz frequencies repre-
sents a significant leap forward in maximizing the potential of the electromagnetic spectrum. The
ability to seamlessly cover such a broad frequency range is crucial for a variety of advanced appli-
cations, as it allows for greater flexibility and efficiency in Sub-THz communication systems: imag-
ing, sensing, and instrumentation. Miniaturizing and integrating multiple components, including
the switch, onto a single compact chip enhances the overall system performance, enabling more
versatile and reliable Sub-THz solutions. DC to Sub-THz switches are central to overcoming the
challenges of broad-spectrum operation, in particular improvements in insertion loss, isolation, and

bandwidth are key. These advancements are set to unlock new possibilities and propel the next

1 Introduction

This report presents detailed measurements of a Sub-THz
MMIC switch operating from DC to 145 GHz. The ability to
achieve such broad-bandwidth operation is crucial for a va-
riety of advanced applications, including high-speed commu-
nication systems, precision imaging, sensing, and sophisti-
cated instrumentation. As the demand for faster data trans-
mission and higher-resolution imaging continues to grow,
the development of switches that can seamlessly operate
from DC to Sub-THz spectrum becomes increasingly im-
portant. These wideband switches enable more versatile,
compact, and efficient solutions, paving the way for the next
generation of RF and microwave technologies. The following
measurements demonstrate the key performance parame-
ters of this Sub-THz switch and underscore its potential im-
pact on the future of RF applications.
2 Technology

Wideband switch design faces trade-offs in technology se-
lection, with GaAs PIN diodes offering low insertion loss but
limited integration capabilities, and InP HBT-based
switches providing high frequency and linearity advantages
at the cost of isolation and power consumption. pHEMT tech-
nologies also offer integration options, but not for Sub-THz
frequencies. This report focuses on using InP DHBT-based
switches for integration with amplifiers and multipliers, uti-
lizing a multi-metal layer structure to improve isolation and
manage RF and DC components.
3 Design

A Single-pole-single-throw (SPST) switch from DC to 145
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GHz is designed in InP HBT-based technology. The switch

features either reflective or absorptive off-state.
% ;U % ';_U

—

Figure 1  Representation of an SPST reflective,

absorptive Sub-THz switch.

4 Measurements

Upon visual inspection of the chip layout, it was found that
the top layer doesn’t have visual defects. However, the very
bottom metal layer had some yield issues that were noticed on
multiple chips. This caused some switching states to either
not function at all or poorly connect. This matter is still under
investigation but the diverse design of multiple switches on
the same chip shown in Figure 2 was able to point out some
manufacturing flaws. It was found that the same layout im-

plementation showed different results on the same chip.

[(1T111]
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1x1 mm multi-switch chip module.

Figure 2
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Some poor connections were visible from the top layer,
those sections were discarded from this measurement.

Another section of the switch had minimal reliance on the
bottom layer which resulted in consistent results. Dies with
manufacturing flaws were not tested.

Figure 3 shows the section of the absorptive and reflective
terminations using the same size transistors. Each transis-
tor in Figure 3 was biased and tested individually to compare

current dissipation with simulated values.

T 8 B |
B OEE WO H o1 88 B M
ER R o
BHEEE 1B
Figure 3  Absorbative and reflective termination.

Biasing the switch to the designed operation points
showed the correct current and power consumption.

A TRL calibration was used to calibrate the probes across
the band of measurement. The switch is probed for s-param-
eters in Figure 4 minimizing insertion loss in Sub-THz
switches is crucial for maximizing the performance and
range of these systems, particularly in applications where
signal strength is a key factor for successful data transmis-
sion and reception. Two different switches were tested for in-
sertion and return loss. In Figure 5 we have a consistent re-
sult for insertion loss for the Thru state when comparing two
different switches. The Isolation measurement for both re-
flective and absorptive states is shown to maintain isolation
of 15 dB below across the board. It was evident that the re-
flective state had 1 dB better isolation for the same bias con-

ditions.
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Figure 4 Biasing and probing the switch from DC to 145 GHz.
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Figure 5 Insertion loss measurement (cyan, brown for 2 different

switches) and Isolation (green and black for absorptive

and reflective states).
Figure 6 demonstrates Thru states for multiple switches
and different bias conditions. increasing the bias voltage by

0.5 volts improved the insertion loss by 0.5 dB.

Thru

= Dasiz. 1)

SW1 Thru_only 2V bias Vec_1_8V
€ DB(SE2.1)))

SW2 Thru_only 2_§ bias Vice_1_8V|
2 DBY(|S(2.1)])

SWz Thry_only 2V biss Ves_1_SV

0 50 100 145
Frequency (GHz)

Figure 6 Insertion loss measurement at different bias

conditions and different switches.

Finally, In the context of switches, especially at high
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frequencies like Sub-THz or microwave bands, good return
loss ensures that the switch’s ports are well-matched to the
system’s characteristic impedance (often 50 ohms), minimiz-
ing reflections and preventing power from being reflected into
the source. Return loss is maintained lower than 14 dB across
the band and better than 20 dB above 80 GHz Figure 7.

Return Loss

g vl Eny fhé .

ON

-30

-40

-50

-60
Te-05 50 100 145
Frequency (GHz)

Figure 7 Return loss for ON state.

Importantly, this approach was successful in maintaining
a steady insertion loss without ripples or resonances from
DC to 145 GHz.

In general, designing a switch using HBT is challenging
because of leakage and challenging bias conditions. This re-
port sets the stage for the future of integrating Sub-THz
switches on a chip using InP HBT technology.

5 Conclusions

This article presents the design and fabrication of an RF
Sub-THz MMIC switch using InP DHBT, which produced
promising results. This approach showcased significant po-
tential for miniaturized, advanced RF systems across the DC
to Sub-THz spectrum. The unique properties of InP DHBT,
such as high electron mobility and thermal conductivity, en-
hance performance, making it a strong candidate for ad-
vanced telecommunications. This approach demonstrated
that having an ultrawideband switch is possible using InP
DHBT technology. While InP DHBT may not be the optimal
material for isolation, this limitation adds complexity to the
design process and may affect the switch's maximum opera-
tional frequency. However, the increased power handling ca-
pability of DHBT, compared to HEMT, strengthens its poten-

tial for use in front-end ultrawideband transmitters.
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2 AT/ML HIN7 :

OB A E S AUML 7 V0 MEE T 5, Zhic
BIE 7 17 74 /L (PDP: Power Delay Profile)X°F ¥ %L1
7SV AR(CIR: Channel Impulse Response)’2E, FoH il

%, XU —

ELTeT v RVBIMEIZ ST A =TV T T _R— R
DR %E e (UE-sided 7 /L7213 NW-sided 7 /L),
> ATUML 7 AN :
LOS (R L M) /NLOS (FasLsh) ik, MELA1I7
R B LV o T A2 BN, TR E 1 A& AUML E7 /Ui
FoTHRMT 5L T, LOS BB ARl EL721EK D NR i #
BN DOREEE T % 38 9% (UE-sided €7 /VE721X NW-
sided EF L),
232 AIML ETILOEE
AUML OB BN EIZOWT, — A7 — AD Rt 54
WZIGCTZ 2 DDET )V, one-sided €7 /L& two-sided ET /LD
FEAEAL DS RFTE TG 971016,
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AIML EF k547 UE fE7213 NW o3 —
FHTOHTONDET NV Thd, ZO%e, Heima UEMITET
4% UE-sided €7 /L&, NW MICHEITTSH NW-sided E7 /L
WS, LT ORBRS TS,
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UE MITOa =27 —ARBUTSLERH LN T TV 7R
A/ML 3tiSHRED HIAE FNEDEE (LI SOV TERFRS LT
R
» NW-sided €5 /1 :

NW {f] (gNB F7=i%, LMF: Location Management Func-

tion) DA —A57—ATIX, UE LD HhFERORMELE,

NR =7 A7 x—A L TEBMDY T TV T PRU B L7258
ERDD,
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UE il NW IO 512 AUML £ V& #5# L, FHAEEEL
THEREATORER T D, ZOFFT VT, BABBREE T b
—= T ENFEETIVEIOEEICBN T, N —=r T =4
RETNVERFHEROILFEPRELRD, IHIT, vV F_UH—
] D B #ME L AH B VA MR T 2 U EA DY, ZIAMTEE(L
BT DRERERE LTS,
233 tHEERAMETRFESME
FREEAMEE T AN ST, LSz AT/ML ~— 20k
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AN T — Ry =2 ITE AT RO EERRETHY, 3GPP
D RAN4 T —F 77 )L—7"ClX, AUML < —ADHEDMERER
REWCIANT T, HERRPT — IR, L MERE DR Z & 107 AbD
BHERLFIEEZRFL TS, F512, AUML 7 /WET — 2558
L CEMET 27 —XBREELD 70, HEROPEERICE /) S UE

RIS L, D728, Al ORFPEICE L7285 L REE ) 15
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sided T VO ERRELTEY, F
ABREEE M AUML 7 VAR, DUT &3 CHEGmETT
ATENBESILTVS, 12721, REEENO ATUML €7 /4,
DUT (z##i S 7= AUML &5 )L OPERe & 3 fi 4% 7- 0DV 7 71
VARERDETNTHY, ZOET N EEDIDZEHEL, DUT HD
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ST HILTND,
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TR LRAER 2508, —> Rl DUT
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BDFIET D,
TSR AR T
AUML £F/VOFIICIE, TAMT —Z DULEE AL 7 73
EIHTHD, FlxiE, 3GPP TR 38.901 (ZFSTF ¥y RVET /L
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PbEIE, P — =0 ZHRREAFTE LR ET 2 2RI LT,
ETNADHEIN IS CEDRES ZHE T, AUML £7 V1%, 12
{EEINT- G T CENMERERE T I TR
9, EBEOME ST TIEANET — 2 ~Oi R (4 —/3—

DT ANMIEBWTIHLL FTO L2251

W5 o AUML k8 i)
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- EAPOET VER R
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M27203 T2, AR OVERRE R, MEITISCTHT AN
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I TEDIERET V- FIENRT) LWV ST BIZRE S
FA, NI T DBIERS IO W S 2B L7147
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LCM B# DT ARRFHIBWTIE, 74—V RIZES L%
THHERE - BT LV OEHLUIVREZ BB AELGDLIEEEL, £

USKIE TED T L — LT — 7 ORFDIRDHNA TG 91017,

2.3.4 Release19 LD EIM
Release 19 Ti, TN ETORREIEIZU FOEREL IO
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[ERERRET AT 2]
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ETNDTATHFAINVEERLCME F LT, ET VORI, A
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o 22— —A5l one-sided T /L DITFERE :
> —LEH

LV 7B EE — ADZER T (BM-Case 1) 8 L UMEH 1
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OHEFRIZB T DAL EREZ 7] ESWD728, 8 R HEim Iy
DIy T — 7 M OFENT L DB i/ NRIZINZ 2 FIER,
BRI AT IS 3 DAL AT DUV T DR,

> AEAE B A f
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ATML JIALT BEE 3 DR E, AU, HERE s B
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AT DORA LM 2 AR D e a ki3 %,
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VOETHER SN TN,

(1) SBP (%= DL £ —AF)

AN TBREIZBNT, BE—ikyh A ZEHET S CTE- &
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REZIFIXFCIED, VAT ARHROIRPUIIE U TR
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= = _
= = é \ %
€ J
Y
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% CSI PN SWT AUVML EIC LD/ 7 =~ L AD B ED T
FESITND,

(1)  CSI JEA

CSI F—X0&E, RETV TR ZETVTFETE,
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T2, AE [TET VA RN KR ELAeHIEE M TOREE & VO JERE
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U— il 2O0RESNTEY, R b —7 OEMIRRER

7 UYT 7 =%/ No.100 Mar. 2025

47 (8)

AT LT g EE R B E & EHIL IO &3 28 M
MMAlZ B,

C RN =B A — AN —var

Intent-Based Networking(IBN)CFRyhT —27 A5 A3 L 74
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Universal RF Unit EAMBAR — PC IZEHS D, il PC

WAy A= h
Software(MX879000PC)%if L T, ZibO#iithilfEsng, ¥

Log Capture Control
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7=, RF Air Monitor System 1%, 2 /& ® Universal RF Unit % 7]
RIS LT b YR — 9%, ZHUSED, X VT7 727057 —v
ar NSz NR SA(Stand Alone)E7-1% LTE (28175 2 /3
RTAIREI %S>, NR NSA(Non-stand Alone)iZ3515% NR BL W
LTE OW SR RRFIN SRS 6T D, ARERIE, R oI
EFHA L, FyIROIHAN —2 PC BUELRDILND,

FiCHH TOFE AN RESND,

—7%, FR®)D Lite #ALTlX, SMBANL —2 PC 2E<LZEIC
X0, B3R — KN I RO TN ED T AR L2, AR TIE, F
7T, ZfESh7 RF E50 1Q 7 —FICAHIN, —KRIC
Universal RF Unit N#¢® RAM(Random Access Memory)iZ
HWDIAEND, €L T, RAM WO 1Q 7 —Xi%, ¥HE vh-A—1
Ay Mt UTHIE PC ~ERk S, #Shud, Lite 1% T,
Standard k& HEiE L CULERIFHI 23 Hl RSN DB D D, s
IR 1 2 1T DR AR DR I S D,

£ 113, RF Air Monitor System OfHAEZRLIZHDTH D,
A 27 A%, NR FR1(Frequency Range 1)<° LTE [ )12, J&
¥:%00.4 GHz 7°5 6 GHz @ RF {5 5 OWEKITHIET 2, HHIKIE
1%, &K 100 MHz £ THR—R&41, 1 5D Universal RF Unit
IZ2& 4 RF R—hETORED PTRETH S, HilkiE 100 MHz O
{8%5% 4 RF A=k T 254, 1 Ikl TG CE L
fili%, Standard i DEX1Z 120 #, Lite HkDEX(C 8 Lz
2,

7 1 RF Air Monitor System Dff:4k

Number of RF ports | 4

Frequency 0.4 to 6 GHz

Bandwidth (BW) <100 MHz

30.72 Msps for < 20 MHz BW
61.44 Msps for < 50 MHz BW
122.88 Msps for < 100 MHz BW

Sampling rate

120 sec for 100 MHz BW x 4@Standard

Recording time 8 sec for 100 MHz BW x 4@Lite

4 1%, Log Capture Control Software &7<L7=bD T 5,
A7+ =2 7128Y, Universal RF Unit B Z{ELCWAIEZDE
DIRJHW AT N AT VA DR LIRNS, 1Q 7 —F%
gk T&E D,
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69 (3)

155, MX879000PC Log Capture Control Software.
o Rert

WW*"‘““NMM W”’l‘,"‘wv s M

..........

equency spectrum

O | cm—

Power

4 Log Capture Control Software (MX879000PC)

23 - ETILE

fENT T T NMEAT 7 ClE, B> RF Air Monitor System %
AWTgkS 1Q 7 —XZfRTL, BERIAHREREEZ R ST 5
T2V T RTNEERT Do AAT Y7L, PC RIZAAR—V
Sh=Y 7 =7 FST Studio(MX879020PC)%iEL T ThiL5,

R 2 13, fhr- BT LD RERDIGK(Z BARLTIZb O T
%o RIFRITTTE91Z, FST Studio 1%, NR NSA, NR SA, BLOD
LTE (ZBITDEFORNTE YR =2, BERIIZIE, NR OG5,
SS/PBCH(Synchronization
Channel)Block, PDSCH(Physical Downlink Shared Channel),
KL CSI-RS(Channel-state Information Reference Signal)!
DR RS L7225, £72, LTE D% 4, CRS(Cell-specific
Reference Signal)'OMFHT L7225, ZNH DN R DIE 5
1%, BASIE OWRRISE L HEE T D720 Vbi, YEHL
[ R I U S L7z K e 7 1c & £ RRC(Radio Resource
Contro) Ay —VH MR U TS RUANRLAEIND, 73,
RRC Ayt —U%FHiHiATe~<, FST Studio TIX, A—7" 774

Signal/Physical Broadcast

N7 4—<vh UE Log Open Interface N EHESIND, —HFIZk
ST /ARTEESNIERZ 1T, A7 +—~yMIEHSND
TEIZEY, AT TED,

£2 T T MLORGERDINGRIE B

Network type NR SA/NR NSA (Option3x)/LTE

10/15/20/25/30/35/40/45/50/60/70/80/90/10
0 MHz for NR, 1.4/3/5/10/15/20 MHz for
LTE

Bandwidth

SS/PBCH block/PDSCH/CSI-RS for NR

Channel type
CRS for LTE

SCS 15/30 kHz

1 layer for NR SS/PBCH block

1/2/3/4 layer(s) for NR PDSCH-
DMRS/CSI-RS and LTE CRS

Number of layers
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5 1%, FST Studio (XD ERARRIE DENTHRE FEOBIZRL
72O THD, FIENTRT LI, B LIS E R AR OBERE

AL VAR, B RIS R E DR RIND, ZOMEHT
HREBEIC, a—WPI 72— BT VAR ABRRE S

B OREFIFAZ®IT 5, FST Studio TiX, 7=—Y 7 EFT L

ELT, Z<Ab 7z TDL(Tapped Delay Line) &5 /L 10%£ 4

2o BRI R R FEH DRI I B IO E, FITLL T DT A—

FEHESND,

- EEET 17 74/L(PDP: Power Delay Profile): &
BEINENZ I D~ VT /R AR ML I [ & -2 ) D BR,

« K 7727%: 7i@LMN(LOS: Line-of-sight) i% 77
(NLOS: Non-line-of-sight) 54> & 71 L.,

« TUT TR TX £720k RX 72 7 MO BRAGTREE IS Z D8
B ©HY, MIMOMultiple-input and Multiple-output){s
EDEICKREERET D,

EBIT, KT —ANITEWTa—F AR 1Q 7 —F &y
M CHERTHZEE HMEL T, FST Studio 111 5 MATHERED #5
T2, ZHITED, ETA— AR Ta—FRUERT —ZDRFIC
BLRAOKZENTE, BEIZANM AN EEDORLYELZHD T
ZENTED,

BeAr il

R L4k

5 FST StudioMX879020PC)\Z LD fFAHT #i 51

24 B

R AT vy 7 TIx,
Station(MT8000A)% AT, Hiffid 7 =—V 0 7 ET M HSE
FT A= VRBREUTRIL 22258, SR Ok AT n T 5, B 6 1%
Ui KRR AT DO G Z R LIcb D ThD, FXKF D
MTS8000A i%, NR £7/2i% LTE MM {e7 = —0 7 DR %
T 9 DHRER S D, [AIKI(a)iE, NR SA (Z[AlF 7 THY, NR
IZH31F 5 4x4 MIMO Ok BRICKTIET 2, 72, FIX((b)IE, NR

Radio Communication Test

7YY T 7 =7/ No.100 Mar. 2025

70 (4) FHIEIC

NSA IZ[ATF 7ML THY, NR BELWNLTE (25155 4x4 MIMO @
U ARRBRIT K T 5, AFBR AT LOHIENE, HIH PC A2 AR
—& 7= RTD(Rapid Test Designer) i@ L CiTio D,

PLED i ARRBRERICLY, ET7 4 — VNBREORFIEICE S
Tl AR AR (Rl — Gk T TRV IRLATO Z &N TE D,

Control PC Fading model

in Sect. 2.3

%

—— RF cable
Optical fiber cable

MT8000A (NR & Fader)
‘ | —— BNC cable

I 4

—— Ethernet cable
(a) NR SA

Fader PC
Ethernet hub - —

Fading model
in Sect. 2.3

Co ntrol PC

[mpon .
Sync -

MT8000A (Fader)

MTBO00A (NR)

10 MHz Ref ~ 10 MHz Ref MT8OOOA (LTE)
[t 1~y |
1 [/
] /[
Optical fiber cable RF cable
—— Ethernet cable —— BNC cable

(b) NR NSA

6 BRIERS AT LORERLH]

3 TEVALL—Y3 Y
31 Tx—CUUETINEROKEETE

AREITIE, ET7—ARIZHIL IR RO EBL O 725 E
(B IEDE T AL D Z 2 M4 EBRIZ LTI 5,

7 1%, ERIEREZRLEZLDOTHD, AT, BEMO7 =
— VUV REE N TG B o7 = — U TR T NV ERUEL,
ZOWEE R T 5, BIRMICIE, £F, o7 z—T 0 rET
LS E, BRI 72—V 72— 252 N7 = —
DrrhEEivic DLE %175, 2L T, FST Ya—iay
W&, FODLIEZ#1IQ T —XEL TUNERL, T 95241240,
T o= T RTNEERT D, B
& BHETNVOZENEERLET 2, 22T, Bo72—r 7k
LT, NLOS ##i0 3GPP TDL-A &5 /L 9% EiF,
L R% 30.0 ns, 727 F+HE% High (TX #HBEt%%a = 0.90,

, ERRET IV DARTGA—H

SEIER S
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RX FHEEFR %6 = 0.90) 19 20\ Z3R B LT, FT-, R I21—%
DR E n T8 (HULJE S 3.5 GHz), #miE4 100 MHz &4
ALEHIT, 4X4MIMO o NR PDSCH (2851 14 A2 548 E
L7

Radio Communication
Test Station (MT8000A) FST solution
RF (X 4)
§ o] § Universal
[¥)p] [
e é = ‘—E" RF Unit
= w = (MD8190A)
T
IQ data
True model Generated FST Studio
(3GPP) “ model (MX879020PC)
Parameter PC
comparison

B 7 Ta—VU RT3 0 FEBR A
= 3%, 72— T BT ADERMERERUIZLDOTHD, 12
721, RFICBWT, E-99 dB » K 77741, NLOS BEiz
THDET D, FFRLY, FST Va—TaAllVEfgsnizr-—
VUTETNDNRTGA=EThHLH K 7774, RMS(Root Mean
Square)IEIEAT L v R, BLOT 7 F+HE81E, 3GPP TDL-A £
TNOLDEFR—ET DT LD DD,

#3 Tx—Ur BT NAOA MK R(TDL-A)

Generated model True model
(FST solution) (3GPP)
K-factor -99 dB -99 dB
RMS delay spread 27.2 nsec 30.0 nsec
TX correlation « 0.88 0.90
RX correlation g 0.89 0.90

32 EI4—LFIZxT BRI
REITHE, BZ—ARIZx$ 5 FST YVa—v a0 fE
BT 2, Z2TIE, T, #HMHHO NLOS BREIZREWT,
Sub-6 GHz #7 5G NR &MU DL (F 5% 1Q 7 —# L LTIk
Lz, 2L C, 20 1Q 7 —#IZE £ 5 PDSCH 5 54 % 41T
FRATAATV, 72—V T BT VA AL,

8 1%, HIGARHTBIZ I DUNERE F & S A sz PDP
ERLIELDTHD, 12121, RRTPICIE, K7 77860 ORLT
W, [FREY, K 77272 DfE1-99 dB ThaHILy, BIEPHT
HDH 1A DOEN LT, 2 A F T3 WA DENDTT AR
EFNZEDD, ERESN-ETFAOREIT NLOS THHZ LR b
Do AU, IEREREEDS NLOS Tholelle—EH 3%, Zndil
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71 (5) L

EREnz7 == 0 72T 0E, 2.4 HiTRRFZRBRATY 7T
MODZENTE, ET74—/VNBREIZAIL 25 AR GABR 2 \TREL 725,
7235, PDP 76 RMS BIEA 7 Ly R &R 4 5&, 38.0 ns L7220,
ZiuE, 3GPP TR38.901 233155 Sub-6 GHz 77 ™ RMa(Rural
Macro)> FUATEESNS RMS BEATL VRN 32 ns 75
153 ns THHI LI, A LFERTHD,

0

K-factor = -99 dB

-5t 3rd wave

o / 2nd wave
? Ist wave

iiﬁﬁ? g9

100 150 200 250 300
Delay [ns]

Power [dB]
|
=
R\I
\

8 HiESHTEIC B BILERIE A SRk & PDP
4 LYY

AFETIE, BAANIERT 4 — VRRBRICE T B0 R B
PeEV o E kT 52L& BEL T, FST YVa—iar%
REL, AV a—vaid, E74— VR TRIES - EHRE
TEMNTT 52 LKD), BRI EE R OT L7 ==Y
TFNEERTBEEBIT, TOETFIATESNT, FRNTHET 4
— NV RBREEA B L 2B RRBREITHL DO THD, ZHITIY
FT =V RBR BRI L7 KRR & (7] — ot T TR LATH 2
EMTREER D, KV a—a il BT HET VARDO R Y M2 B
HO7 =—V 7 BB N CIMIILI SR, K7 774, RMS BIEA
TR, BEOT T FHBIZOWT, IR EDHEEEFLZEN
T&Iz, Fz, 7 4—/VRD Sub-6 GHz #7 5G NR HHhJm% x5
LLTARYa—varZ@EMALZRER, NLOS O7=—V 0 7 %7
NVEARTTE, IERBREEE — B DR R o7z,

TUUNE, SH%EBTA—ARRBRICE TV 2 — T ar a4t
LTCWE, BENBE L AT LD K - FRBICEBL TS,

& Xk
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IEEE 802.11be 320 MHz FwigMEIZxfisL = MT8862A

AT aFF

ey

T R ) Shinya Hori, EAIHH  Taku Hasegawa, & 57 {8 3L Hirofumi Kanno, & H 4t} Hokuto Tomita,

DU 45 7R  Yoshiya Shikama, T~ H Z% ¥ Yasuko Uda

(= F]
T4 T

LI,
X1 SN AEFR 2023488,

Wireless LAN #4886 a5 134F 2 L, IVLELEE KA RBENROLNTWS, BEDLT —Fh7
(It 9572 IEEE 802.11be Tid 320 MHz #7IHE<° 4096QAM DO FH A= B MEins-
3, TLVNITAY L ZAaR I T 4T 4T Ay h MT8862A Z i@ UE % ~ RF PERERHAL VU 2 — a Z ik
L& 95, ZD7= N IEEE 802.11be 320 MHz HiflE 2%t/ §~5 MT8862A D N—Ry =74 S va i
JO TN =T H T ar ZBREL, Xy kU —27F—Ri2k% IEEE 802.11be ® RF HIE84ERTHID T

1 FAMNE

A =T x>, ZT Ly MmREE M- 4AKI8K 728 OB O
BHA, v=T 77 VT RAATO AR (Augmented Reality : §55E 5
3£) /VR (Virtual Reality : {([RARELSE) HAiA15 H L 72— E 2D HE
78, L8 BEREBERIC BT D6 - m R T 7V —var el
WLAN(Wireless LAN) 5l & 0> = — 27— 2R3V F T
W5, £72 IEEE CREEXEFFR) TEELT —H T 710/
FIKF T 5720, c#t WLAN #ik% IEEE 802.11be TF /L
@ 320 MHz ~DJAH8Ak, 2D 4096QAM ~ZfE ki
&% WLAN a5 0 i KIS HE O mid{ba ) Tng V79,

72UV CiE, WLAN IEEE 802.11a/b/g/n/ac/ax (2.4 GHz #,
5 GHz 1, 6 GHz #17) #5 iR RF 225 R E Y ) 2 — 3
YELTIAXVRAARTTAET 4T Ay~ MT8862A (LLT,
MT8862A) Z kL T&7= 99, #llEM D EBEE—F T3
BHIENFIREL 2D R Y NI —7F—RE, Fo T XU ME DT A
ME—RICEVRET A FETHEAT 25 AL 7 —RITKHIGL T
Y, OTA(Over The Air)jfll7FEX> Conducted JHIE I HINT
WA,

f—
ANIISU w32 ey s :

1 MT8862A UVAYLAARIT AT 4T AV R

L% Wil 7% IEEE 802.11be @ RF JIEEZITINZ D728,
MT8862A DIEREYLIELL CT/N—Rou =747 9 MT8862A-
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73 (1)

011 JEIRHFIRIE N—RD =7, Y7 by =747 > a2 MX886200A-
031 320 MHz #15iE, MX886200A-003 WLAN 802.11be A~
arwBsEL,

ZZ T IEEE 802.11be ® LT Hifff, MT8862A ¢ IEEE
802.11be XM ISITHBAFE ST E), BAFEDFEM, L O FEE B
[ZDONWTIR B,

2 |EEE 802.11be

IEEE 802.11be O Ll LT FrioihessiBinsiiz 9,
- 320 MHz ##i5kig
+ 4096QAM
« MRUMultiple Resource Unit)
+ MLO(Multi-Link Operation)

TR TR B o7z 320 MHz #iiE, 4096QAM,
MRU (oW Tk,
2.1 320 MHz #iHig

IRE 8 B2 6 GHz Band O KF v /L 800E
73 160 MHz 7°5 320 MHz [ZHEBRE 4172, 320 MHz F ¥ /1%
Bibsd % 200 160 MHz F % /L THERSHL, 320 MHz-1 & 320
MHz-2 O 2 FHOTF ¥ XN E N ERSIL D, 6 GHz Band
DF v VB EEZR] 2 1277,
2.2 4096QAM

QAM ZEFH RO KIEMBETF D 1024 735 4096 IZHLIES L
7o ZAUZED A LTI RV TIRETES bit 45 10 bit 2°5 12
bit L7V 20%DEH LA FIREL 72D, 4096QAM THFAIINLHHH
KA AFL—ar 2T —(3-38 dB LS TV D,
2.3 MRU

W H) Y — A& RN T D720, 1 22—V ITE D
RU(Resource Unit)z #9425 MRU 23 EFI 7z, RU IZiTH

IEEE 802.11be 320 MHz FI5alg( 25 L 7= MT8862A 47" = L Bii%E
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3200z 2

2 6 GHz Band OF v /Ll &

T Xy UTAELT 26-tone, 52-tone, 106-tone, 242-tone, 484-
tone, 996-tone, 2x996-tone, 4x996-tone 73f77EL, MRU 135
¥ RU A GOEEYT7XXUTHETHS, MRU &L T
52+26-tone, 106+26-tone, 484+242-tone, 996+484-tone,
2x996+484-tone, 3x996-tone, 3x996+484-tone DFLA At
PEFRSNTND,

3 A
31 BULWN— ROz 7HEDOER

IEEE 802.11be @ FZEEEETH S 320 MHz #r i i,
4096QAM IENFIRER N —R Y =T PERea HIEL 72, i %E
SRYERE, padb Ll R MA B L, (55583 ST
D7 EVM(Error Vector Magnitude)l&(2—43 dB ##% 5
HiZLLT,
32 fERHEDEMM

WA= DT v T 7L —Razxb iz 570, MT8862A DH
T 2 —/LAHAIZ XY 320 MHz HHRiEHSIZ T v 7 7L — R T
EHINTHEI LT, F7, YT =7BLU FPGA B CREFD
MT8862A N—RY =7 LDAEREWINT HZET, 2—FHR/—F
U =T OEWE RS, BEAF0O MT8862A &4 AU FNASCHAE
T RF i a FEh CEOBREA R LT,
3.3 802.11be Xk imok & DK IED R EIEITE

BHAHT5 A D723 IEEE 802.11be DK 5 7E D T\ EXp )
LRAFE A B, MM IR EL I T v 7 N Z LOERHRFEIC LY
B R EROE S EMTEL DD, MT8862A DY ETHHL 7/
Vo7 E—ROEREE@EmODHILELT,
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74 (2)

4 Nn—FKHz7y
ARBRFNZIBITHN—R Y =7 OEFFAIREIL T RE 2 Aot
B A= 92 8ThD,

O K AEE O §E3E(160 MHz—320 MHz)
@K o EVM Z8EL, FAEEI-43 dBZER T 52

L

@? EVM 1 L#(5 3HIFRC R LTI BRSNS b 2
RPEREEHA O 1 S THY, ABFEICEY MT8862A 135 53/
(SGIHERE IS JOME BT (SABEREIZ W T, DE@%LITERL
Too Fo, FIRERMRO N ORGHEEL R T 5L T, AN
RGN HE dE LB LT DR & T R A BT,

MT8862A O/N—KRy=71XH 3 7oy s X Y7 TR
JoIT, FEIZ LT 3 DDOZ=yMIEMILTVD, LLTFIZE N —R
7 ey hOFEE, FiitERE BAEEQ, @& #5729 ITE
RAN—RY =T INDD TS H 5 A SGISA THERERIT R,

4.1 MT8862A {55 F L (SG)HRE

SG H#REDE HR 1T, B 3 ik RANTKIEL TVD, 5=y
FOFERI DWW TR DR T D,

411 R—RNvFaz=yk

NR—ANNR=yMZT FPGA b h &Nl T — 21
DAC(Digital-to-Analog Converter)iZ&~>T 1Q {5~ M
1, RF 2=y h~bH a5,

NR—=2ANU Ry T SG HREICET5F A 1L DAC Th
Do PEAMBIZHEHLL Tz DAC 1, A TELT AV NERD
T —HL—R8 320 MHz HIRIE IZRHE L TR 72728, K0
WTF—Z L —hTATID AR DAC ~EEF LT, EAUTEED,

IEEE 802.11be 320 MHz i 8gI ki L 7= MT8862A 472 5 L BR%E



R=Z/AvFazyh | | RF 1=y b

| Front-end 2=y b [

Level Adjust

I, Q signal
\\ : . Aux port
DAC LPF (E ;) + Filter Bank AMP Switch (Output only)

T : :

] l

]
DAC SG Local PLL
Clock
Generator § 1

! E -=> Clock Route

] .
FPGA Clock@ -= . — SG Route | switch Main1 port
Sourc ! <«— SA Route (Output/Input)

i | :

éDC @ SA Local PLL@
lock .
Main2 port
Generator : : —>—@ (Output/Input)
Level Adjust Level Filter
ADC + LPF ‘_<g>‘_ Adjust Bank
IF RF
3 IEEE 802.11be 320 MHz #8lf 2% L7z MT8862A D/N—R =7 D7 0y I A YT I

YTV T ray 7 OREEES BIT DB BT A
BTz, A R E T DT, MEREA LR 32720, (ARMES
DEAEBISZEEBE LT,
412 RFa1z=wk

RF =y 3% T Bz 1Q (5513, BEAZZ T RF(Radio
Frequency)(d 5 ~EJE A S NS, BRGNS S
72 RF B 510%, 74NV HZBWTAREREDBRESN, TATVHLVT Y
TR =R EoTUE B L3RS L%, Front-end ==>}
WZhEhs,

RF 2=y T, (55 D KA ilE 2 160 MHz 7> 320 MHz
& 2 fHTIRREN/ZZET, @S — O~ F TN AR A
2DV THHIRIR AR > TLEIZEMMEE/RVSGD, ZDT72
R AYEREL, 3%V —0u—UVEHEOLEFEL, #HY)
127 "7 B DT AV Z DB EEAT T,

¥, —WCESRAEBTEEVWHE L LR EDLE,
EVM HEENEAL T 2R EL T, OF AR DB E70 2 FEE
PEASEN, ORI~V B D% - COT A ERE A RV T
TERMTHILT, BiF% EVM PERE
b ML=, F72, TAVZNVEDOL -~V E G TL~ULE
AYEREL, (RO T T 3 —Z R bR b2 M52 LT,
EVM DL A ME oM &2 EBL T,
413

Front-end ==> %7 ->7 RF 1§ 51 Aux, Mainl,
Main2 O5b a2 —HFI Lo THRESNIZAR—MNIH s,

EWH AL ~ULEREIC

Front-end = b+
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75 (3)

Front-end ==> hOFEIL, ALV ENEWEE, 774
FAT T OOT RN, EVM HREICKRESFE S LTLEIZL
ThD, ZNEWHET DD, TERETHERL TV 7 7L
OF HMERED BT 7 a5 LT,

4.2 MT8862A {E 5 R HT(SA)HEEE

SABREDIE B REHEIL, B 3 OARKANCKIEL T\ D, 2=y
ROFERIZ DV T LA O BIZER T 5,

421 Frontend 1= k

MT8862A ® Main1 &%\ \id Main2 DR —hMZ A Hj &4/~ RF
{2513, Front-end .=y N TT AN ZITE > TRERARES N,
LNA(Low Noise Amplifier)iZ&~ CHilESNS, #HiESN= RF
fF51E RF =y b~ LS LD,

RF Z 5 AL ~ULBEONE AL, LNA [2k-TFE SRS
N5780, LNA OFED EVM PEREICE BT 5, 10RO JE
W B D B LNA 283528 T, Rk Sk fkise i fl L 7=
FAd0b EVM HEEZUGE T 22N TET-, LNA SEH OB IZIE
AANES BB LRI, Bl T 40%~RE DA
o wRFEBL,

422 RFa1z=vk

RF ==y} TIZ, Front-end 7631 H~72 RF 1572 IF
(Intermediate Frequency : 18 &%) 15 5~ L E A #Lx
b, ZOLE, IFF—HIBRTHERIFY — AL~ 57
B, RF E5OL~LRENThI, I¥— % BT IF 5512
HUTREEDREL, 15 5L~V OFEEPTOND,

IEEE 802.11be 320 MHz fI8aig( 25} L 7= MT8862A 47" = L Bil%



18 B DR KEIIENILES N2 220 ), BT A v D%
ERLELIR T2, SG HERELIFIRRIZ, 15 5 OHRIED 2 512725
72ZET, 2 WEFAB LD ERVE VD FAEDRIE RIS L
2ol Fiz, IXR VTR AAREEOBOFNTHIEE LI
Lotz TDTWD, IFV—0a—IVEEEELERL, &E Lo
T4 NB AR - PR R A RO DO~ EE LT, F, BT
YLD 2 WEFB SR DEMEBR] 4 (TR, BT
LW OHHMREO -5 (KD a) & 2 W OH iR D4y (X
o b) ZMELIAEA IF (Ko IF Center) X0/ NS<72% 045
WD, ZDERMIHESTIF ZHAL TS,

LR E Z D 2 REBAFEDE S WD DRMA -
3
(IF Center) > - x (Bandwidth)

(Bandwidth) a+b= %X (Bandwidth)
—_—
; d o

a a

Signal level [dBm]

2 X (Bandwidth)

U

:
2 x (IF Center)

Frequency [Hz]
(IF Center)

F center)

4 FTREELE O 2 IREFE D SIRN T DA

423

RF w=vih bt ianiz IF 551

ADC(Analog-to-Digital converter)\ZLVT 44T —Z{LSh

%, ADC BT 42 NT —5% FPGA &7 R7 =7 HMif
Hrd 2.

N—2ANRa=y D SA #RE

R—ZNvFazy bk

WA=y O

(2B 5 EHIT ADC Th
2o RERBED ADCIEH 7V 7L —178 400MSPS 725 THY,
320 MHz #H8IE D1 SIS TERNE D Th o7z, TD7h
PEFFEIVL B O — R T TV 7N EREZR ADC ICE & X 77,
ekt ADC Lob A ey MI(ENOB)IZS 2L 00, LhFE:
P TV TV —NCA NPTV 7T HIIEY, EVM ©
BALEBH TS,
424 ADCHZ%YOv%Y &%/ 7 % Phase-Locked Loop IC

PEdRE L 1T 2D, ADC IZTHAIZE WL — R TA — /" —H
TV T EATIINCUITD, WIS ddlie o TV 7
7B LIRS T, ZHUTINA TRORHHIKIRIZERS TS EVM H
Pl -43 B &M T D720, /ay s Py BREEEEL, L
FAMER DIV PLL(Phase-Locked Loop)IC &= LT,
4.3 SG/SAHREICHBOEER

SG/SA WifgREICHBL C, IF¥ Y —Da— A1 —HELT
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76 (4)

/% PLLIC #Z ® LT\ %, EVM PEREOMEREFR D 1 oL
TR COWDNFHMER X, IF T BETOR— UG S O MRS
PERBICRELAFT 2728, MABMER OV PLLIC ~EEH L
Z&H EVM PEREDSEIZH 5L TV,

5 FPGA

FPGA TIEEINA—FU =T OMEEFICGDOEAF
7 == ADIERRLYLREET o7z, 72, DAC BL U ADC Om b
TV =M T D720 T4 P H VS BB 7 vy 7 DI
IR EAT ST, 5 B T oy 7 TIXY 7 o = 72T %245
T =DV TV T — BRI ATRIC T 2708, BEAFEELD
A EE R LS T DL TEE DRI A/ NSSTEDLLD
IZl7,

6 YI2bkDozx7T

MT8862A 320 MHz {7 My =7 4 H i
%o V7R =T OWRET vy % B 5 1R T,
6.1 fRHTER
6.1.1 ERBFBROYLT)UTL—F

ABAFEIT BV TREIT I CTReb B Lo 7o i, o7V
L —hDOEFE THH, IEEE 802.11ax O KAkiEIX 160 MHz
Eol=lzh, ROV 7R =7 T, 7V 7L —Rs 200
MHz & T it L T /e, LosL, IEEE 802.11be Tldf Kk
E2Y 320 MHz (ZHEIES Lz 720, $ 7V 7L —1% 400 MHz
T DMENRD ST, Fio, Y7 N =T 20k Ibm b+ 5720
W2, fEkEoy 771 —h 200 MHz @5% T IEEE
802.11be MFAT CXDHMENH T,

2T, BB T5 IEEE 802.11be OB T A4 W7V
T —RTHEZIT, BEfFO TEEE 802.11ax LARTOALELIT 200
WU TV 7w LT, BEFORELRAT 2Lk 5%
t1o7z, B 6 IfHTm o 7V 7L —hOBBO I H L
Ta—Fr—bERT, ZOJIIITEETLILIZLST, VTN =T
VIO SRBEIAR L FTHR IR D & B OICH IR FTREZR B D LT,
6.1.2 IEEE 802.11be MR

IEEE 802.11be Ofig#iifixhr 7V 7L —ha 28124 5udb
BERHoTeD, IR LE TP TN ETIETANZITED
WEOLALRF R - AR VG RO EBFORBER PRI, 22
T, PPDU format @7 —Z KB T2 7%+ U7 [HHEA
78.125 kHz [HETHHZ LA RL, 7% U7 R 78.125

ATz DV TIR

MHz
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User

Interface

Rx
Measurement
e |
Control E

Remote Command Manage

Parameter / Result Manage

MAC HwcC Analysis
control control control

Tx
Measurement

5 MT8862A
kHz 1272548512 DFT (Discrete Fourier Transform: it~ —V
TAEW) ZATH R LT, ZAUT KD, FFT (Fast Fourier Trans-
form: (il 7 —Y =25 ) & W25 5 L0 B O S LE Iz 52
EMTE, @B EATIZER TEDLIN AT, Fiz, TIE
RERI OB RSB SRS, U TV EIEE RS § 2 & CREF R

IO BE R ZHI L=,
no @ yes

P

115

N0 _—Fc=200MHz?
es
Resample Y
to 200MHz
Analysis Analysis
a00miiz fixed || _€xisting | [uaiabie 71/ 11be

l sampling rate |
1

! sampling rate !

| |

end

6 fRHTEOF TV T —NEB T a—F v —h
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RxRF Tx RF Tx Notify
Setting Setting Capture H/W Info.

DY TR =T ORRET s
6.2 WLAN 2% 1) v J &
WLAN 27V 7HCIE I 4096QAM, 320 MHz ki
X MRU %% #» IEEE 802.11be 0D/37A— 47l < M At
B3 a5titw 1oz, Y7 by =7 BF IR W, FRiCBEFO
N=RY=2T ZHNTTF v T N F LRy N — VR D MGEE D
7oo BiN—RU =TI L DR G FRREH L0 L LR 6H 7Y
CTIRORGEEEED HIET, FRICBIT IR EAFEAEL IR TX
72
6.3 GUI &}
7 =7 GUI ®» WLAN &Y 7Y =7 #ik Cl%, IEEE
802.11be DR E LW RIMA, BriziZBH LSz MRU ©
BOE M 2B ML, MRU @ E i H Tl 320 MHz £TO Re-
source Unit Z7 A2 FRTHILT, BLiEL Resource Unit &
MAGDENR—H ThMNDI9ICLT, £72, Single Resource
Unit LOUIVEZ#HEE HEL/22&C, [FHEEMNT Single Re-
source Unit & Multiple Resource Unit 2810 &z 6555120
7o HENEAY 20 MHz O LZ D Single Resource Unit D% E M
%3 7 12, Multiple Resource Unit D&% & i % X 8 (2777,

77 (5)  IEEE 802.11be 320 MHz H 1l 5t L 7= MT8862A A7+ = > %



Ru Allocation Setting

Single Multiple RU Select L Nam
Single Multiple

20 MHz EHT PPDU
MAMNMOMOAAMOA
SRS AT

242+3DC

26-tone RU
52-tone RU
106-tone RU

242-tone RU

RUType
R ndec [ RIE]

Spectral Flatness measurement cannot be measured when RU Index is 1

7 20 MHz Single Resource Unit 7% & i O

Ru Allocaton Setting

Single-Multiple RU Select [

20 MHz EHT PPDU
aAanmaOaMAMAMMQA
R ecm

242-10ne RU 242+30C

26-tone RU
52-tone RU

106-tone RU

RUType RN v
U ocex IR

Lo I Cocel

8 20 MHz Multiple Resource Unit 5% & Hifi O {51

16-tone 106 106

26-tone RU

52-tone RU

106-tone RU

10 320 MHz Resource Unit 5% & i i §i K BF O 1]

EH1Z, 320 MHz Tl GUI B ¥ A XD HlFIIC L 2k Z £ R
T5HE 26-tone DT AL DY ARDNSLIRVEAEL SHNZENR
LIRS, 22— EVT DK TR0, JERIAZa— L%
REZ BT, ZOMREIZLY, 26-tone DT A ZRERDY AR
THRRL, RAROTGRIEL B EMZ WL U7z, #7 iR AS 320 MHz
DEE® Single Resource Unit DARFERIFOF EHEZE] 9
(2, PERREORR ER AR 10 (2R3,

7 EERE

3= 1 L3R 212 MT8862A 320 MHz #skiiE st i o0 = BRI %
R,
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78 (6)

8 BIERRBI

HIERERO—fFlEL T EVM HIE D Constellation i % X
11 127”9, 2@ Constellation (3.0 EH %% 6105 MHz, Input
Level =10 dBm 2T, 27 572 4096QAM L72% IEEE
802.11be » MCS13 {5 5 AMIE LI R TdhD, EVM OHIEHS
R1F-45.31 dB £720, BJE HfRD-43 dB kLT,

%7z, Spectrum Mask HIERERER 12 12”3, 20 Spec-
trum Mask 13 H.0JE % 6105 MHz, Input Level =10 dBm (2
T IEEE 802.11be @ 320 MHz #5IE(E 540 E L= R Th
%, B 12 D&Y, +480 MHz £TOREIZHIELTZ,

IEEE 802.11be 320 MHz i iz L 72 MT8862A 47" = L BR%S



IQ Constellation

12 320 MHz #3kiE{5 = Spectrum Mask & 1

9 LIV

L% Efie72% IEEE 802.11be @ RF J{IEF EIIIG 2 5720,
IEEE 802.11be 320 MHz #8ilig 2%t/ §-% MT8862A DA~
TarvERIE L, 2k, MT8862A [Exy N —ZE—RIZk
% IEEE 802.11be ® RF MIEBREA R THID TREL 72, &
T 7T —MI&oT MT8862A I 320 MHz #iifkigo> RF Hl5E
B AT — AL AR TE D,

T VA HHIBINS LD HT LS ~O %t Fiis RE (2%t
T HREY V2 —a DAL, WLAN #ana B3 - s
H—YPNHDOERITIGZ D72 DI H ikt L, WLAN
FROE K EFEICERRL TV,

ZE XK
1) IEEE Standard 802.11™-2020 “Wireless LAN Medium Access
Control (MAC) and Physical Layer (PHY) Specifications”

7V >Y7 27 =75 No.100 Mar. 2025

2)

3)

4)

5)

IEEE Standard 802.11ax™-2021 “Wireless LAN Medium Ac-
cess Control (MAC) and Physical Layer (PHY) Specifications
Amendment 1:Enhancements for High-Efficiency WLAN”
IEEE P802.11be™/D7.0 “Wireless LAN Medium Access Control
(MAC) and Physical Layer (PHY) Specifications Amendment 2:
Enhancements for extremely high throughput (EHT)”

AR, BR, BIA, S, L, 54, iR L “TEEE 802.11ac WLAN
F T — 27— L7 MT8862A VA YL AR T AT 4T A
ey hDBRFE”, TV T =710 93 =, pp.1—T7(2018.3)

BRI, &, 42, ik “IEEE 802.11ax 6 GHz Band (ZxIiL7z
MT8862A 4 v av 5”7 VYT =h\ 97 %, pp.16
21(2022.3)

HEE

79 (7)

T =)
WEFHND L /R=—

IoT 7 AR Y 2 —3 3 F3H
PamBAT B 1 — 24

ER/INH

BEFHS L R=—

IoT T AN Y 2— g R
B1a—var<—rT4 T

B B 1
WEFHAA R —

IoT 7 AR Y 2 —3 3 F3
PEmBATE B 1T — 24

& |kt
WEFHAA Y R=—

IoT 7 AN a—a F3EES
R B 45 1 F—

DU Z& 7R

B R=—

IoT 7 AR Y 2 —3 3 F3H
PEmBAT B 1T — 24

FTHRT
TV =T VT ARER
Fif#E &
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# 1 802.11be 320 MHz HHmtEA 7 L a  #5#iHE D MT8862A VA YL AaRI T AT 4T Ahty b EE R

2EE AR s 2.4~2.5 GHz, 5.0~6.0 GHz, 6.0~7.3 GHz
AR E D REE 1Hz
LA )LES E & -65~+25 dBm
LAJLERTE MR EE 0.1dB
LARIVEEE HIESA:: CW, Measurement Bandwidth:320 MHz, 20~30°C, & EL~VLL FDATHE S, H»
DEMMERREDORELBRS, Cal FEITH
5.785 GHz = &% < 7.3 GHz
+0.7 dB(-30 dBm = #EL~UL =< +25 dBm)
+1.0dB(-50 dBm = #& &Ll < -30 dBm)
EIEEB AR EE 2.4~2.5 GHz, 5.0~6.0 GHz, 6.0~7.3 GHz
AR E D REE 1Hz
LA )LES E & —120~0 dBm
LAJLERTE 7 iR EE 0.1dB
LARJLRERE H3E : CW
20~30°C, H/jL~1: =-110 dBm, Cal E17#%
+1.0dB, 0.7 dB(typ.) (2.4 GHz = J&#&%k < 2.5 GHz)
+1.3dB, £1.0 dB(typ.) (5.0 GHz = A%k = 6.0 GHz)
+1.3dB, +1.0 dB(typ.) (6.0 GHz < J&#%k < 7.3 GHz)
ESHE A =—25 dBe
# 2 802.11be 320 MHz #{IiE47"> 2> #5# > MX886200A WLAN HI7E>Y 7~ = 7 £ H ALK
Bk Bk 2.4 GHz #:2412~2484 MHz
5 GHz #: 5180~5885 MHz
6 GHz #5:5955~7115 MHz
R E AHALARLEEEH -50~+25 dBm
ARALARVHERE Cal 3¢17#, 20~30C
+0.7dB(-30 dBm = AJ/jL~L = +25 dBm)
+1.0dB(-50 dBm = AJjL-~L < =30 dBm)
HigiE 320/160/80/40/20 MHz(802.11be)
EVM B EEEE —20~+25 dBm
%% EVM OFDM (802.11be 320 MHz #:15ig)
<—44 dB(nom.)
(=10 dBm = ASL~b, 20 737y hDEE), F¥ 3L E : Multi packet, MCS13)
RFIEBHARR | LN TESH —120~ 0 dBm (Aux Out =7 %)
—120~ 0 dBm (Main 1/2 =274, &% =6 GHz 7> Channel Band 2.4 GHz/5 GHz)
-120~-5 dBm (Main 1/2 =37 %, JEA##% >6 GHz $L<i% Channel Band 6 GHz)
EVM 802.11be

=<-40 dB rms(nom.)

(5180~5885 MHz, 0.8 ns GI, v /LR 80 MHz, 20~30°C)

=-41 dB rms(nom.)

(5250~5815 MHz, 0.8 ps GI, MCS13, F+v /L #I8IE 160 MHz, 20~30°C)
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/nritsu

DCl at—L > MzEmERIE A MU104014B FF

FHE % 7% Tomohiro Ito, &2 — i Ittetsu Kaji, - Y5 J 15 Eizo Hiraiwa, — f% {5 Atsushi Saegusa
[E 7] AR AL 728 DY —E 2D 72, T =2 B A —OENIERL TD, #RHTERIZE1T DRt E A —ADHIFRR 5

EPROT, T —Z v Z— T AL 2> TWD, ZNHDT — 22—, fiEko WDM
ERREVIE= AR 400ZR F721% OpenZRAOFFHAEEIL T D, 4 [E]l, 400ZR 355 OpenZRHIKRHIGLIZE
(RSB EATO R NI — T AL & B%E LT,

71 400ZR vs OpenZR+

1T %X A ? 400ZR OpenZR+
AR AL 77T RY —EAORERE &, LA EETHD Application Edge DCI | Regional/Longhaul DCI
DX(Digital Transformation)#i#55%# EKEL T, 7 —F & Standard OIF 400ZR OpenZR+ MSA
A= RANBIY NI =7 DHBDGE Y T THA TS, #5315, Client Interface 400GbE | 100GE to 400GbE
F =G A%, BRLER AT LOHIK E, BRRZICT — Reach@400G <120 km > 120 km
SR EE RGNS EDZEBRIETDD, DT, 74 Line Interface 400G 100/200/300/400G
WEREE N B R — LT v 73 BT, HLAGEIN B A3%h SD-FEC CFEC OFEC
R FELRY, LA %2572 < DCI(Data Center. Maximum Power o o
Interconnection) DFEENFE->TWD (1), Consumption
ZD X7 RICEY, Ethernet, OTN, CPRI 7pY, SEXF o xy
%me o...m,% N7 —27 OFHIFRIER MT1040A (B 2) ORIEEY 2—/L LT,
@.;m. :i g .W:‘ga\ 400ZR L% OpenZR+DIT S — SITHIEL, HfEE I L0
SR Mux Demax Mot Demux Satch Rovtecs 400 Gbps Ethernet {=53 A AlHEZ: MU104014B 400G(QSFP-
1 DCI Hwho—s DD)~ 1 FL—hEVa—/LEBIFELTZ, 400G Ethernet (ZxfiiL7z

BEAFRLEE MU104014A 2~ —R(Z, LU T BBRRLT-,

- ZErsdl
400ZR X OpenZRHIxtIELT=YehT v — 3%, 1A E /D
<, BEENRRKEN, 22T, BHVAT 2ERILL, KT
S NEH B ORI DO R E T,

- OpenZR+¥:F7o v — i
W7V RBGE, HOEERE, B3I N AY—DREE
ARRE LT, R, 2 —FOEHICEDET, Fral, Ak
B, R THREMREICL,

< Aab—Lb Mok EIE
JhT o — S THIE LT AR L O 5B E Al e e A i L, B
RIITORMR - FNE ATRRICLTZ,

© NTFITAT L Ma s E ST
OpenZR+i%, 400G Ethernet 7217 T72<, 100 Gbps Ethernet
DL ERENAIRETH D, £ZC, 1 X100 Gbps, 2 X 100
Gbps, 4X100 Gbps (xS L7277V —TawFE LT,

DCI TiZ, ZRETRF@EEFI 7 292 WDM [Hl#A5 A
ELNTELR, ERME RIS ChL LM TH T, K
AANEBLDTD, N—FRAA Y FNIA L ANV RAIRER T T I T )V
ab—L kT — R 400ZR-OTF | 3EAE L i OTF |2 k> T T
BHbEhTz, 400ZR I Hm60EHE 120 km K0T 7 V/r—ar b
\FTdho724%, OpenROADM DA ARLALZ G EHZET, 120 km
HBOIEDEA FTHEIC T A 1% T OpenZR+] 2MERLENT- (TR 1),
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2 MT1040A 58X

2 MU104014B 400G(QSFP-DD)Z )L F L— rEDa—)L

MU104014B (%, SFP28, QSFP28, QSFP-DD A%z HEfILL
BT — SHOBRA L H T 2— AL RI45 AL X T x—A
%¥t, 400GbE, 100GbE, 40GbE, 25GbE, 10GbE, 1GbE,
1000MbE, 100MbE, 10MbE 72 DA —# %y k> OTN, FC,
CPRI 22X DIV AR — bRy NI =7 TEHIN TWD 7 el
ARG L TD, SMEER 3 1R,

WER AL 57 2—ALSMZH Syne Clock Out 3 1-Z 5% TV
%o ZOFEIMBO B A Y TV T F v nAxa—7 0
IR FIZHWDZET, FHA X7 o — ARSIk N T
B IEND R TEA BRI TTED,

Portl
Sync Clock Out

QSFP-DD/QSFPS6/
QSFP28/QSFP+

QSFP28/QSFP+

SFP28/SFP+/SFP
10/100/1000BASE-T

3 MU104014B #+%1
MU104014B %, MT1040A T 2 EVa— Wi+ 52Lm T
(& 4), =Ry — - R TORITEE LS, *y T —7
AEDITAT VU MEFET AN T H R IGA N THREANTED,

4 MU104014B 2 EV=a— /LR
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82 (2)

3 N—Fzx7

AR OFEH DO EFY, 400GZR X OpenZR+H{FT A /3T —D Yk
T —RThDHIH, MU104014B 121, @V mEIPERES R
Hiviz, —J, MU104014B I, IE R R R ESAIV TS5 T
~FFHIAATOREICHIHENG =0, /INUTREEE THDHIEN
RDBNTZ,

3.1 BiRiERE

Open ZR+JERT2 2 — NTHIA TR 72 L3680 20W HOFEEL
DEEINTWDR, BIRBFE THY R RIHEE NI EIN T
W, FZT, 840 OpenZR++70 3 — DT —Z 2 —h e
L, 28W X —5whbl, AAKUR 40°CEREE F CTHIRET T—2A
MEAELRWES 2 mEIEREE BIEE LTz,

T =2 H—550D OpenZR+\1MEHSNAREICEB T, 8
HHREEIL 25 CLA T CTHOZENHEINDN, HiETy 77l DHE
UL, RFTMICEIRERDG IR D5, TOHFTTHEML TS
WEWEREICH 072 a bl 070, FEHEAIRES 40°CEL
TixatLiz,

3.2 AEZEDRE

HRT L —NOBHRESL QSFP-DD %X D ATV TR
LT 7 OB AT 5, MU104014B 1ZAL>% FHEED
EV a2 THDHD, BHEIZT 7o AR E T HIETTE RNV
Koo, 21T, NUVLT RO = IR0, Ty a2 KA
L, S 7 7 oRliEHE EEb Lz, ENHOBRBIZRY, BEfFE
RIFHZHRILC, JEEAS 2.9 (57220 B R D Open ZRHEV 2 — /L
ZIRWVEIREL I B W THRITHAITEL IR o7z,
MU104014B O A A R 5 (2R,

5 MU104014B % HkE S

DCI = & — L > Mk B HIE A MU104014B B %%



33 T7lURlEOzEL

RITED LY, 77 DR B E sE L7729, BE2sBE
FREC TN LTz, 22T, KT — RO EITISET T
T 7 DEMEEERIFEIL, KT d0ERH T, LL, ST
AN DR E Y OFMEE T 7 I T 4 — RSy s
THL, IRERIENI AL EIR DG A NS D,

ZZ7T, MU104014B [ZIZFHORRIRELE=FT 28V
ZIBANL, ZDIRETT 7o OREEGESE 3 ba— /L3 Sl R %
BHATHZET, MUy — NREOREB IO S B L FEELL
72
34 Ty UEEHRE M UU—/NREDKEEE

OpenZR+DiREDLEEM AR AL, WEX—7 Vi T0CL
L7z SVRIREEITIR T CF 7o [BlR A HlEH 32720121, AVRUR
LRIy — RO ERETLOILENDHD, TDTDI
QSFP-DD DFRMEY 2— L ERKITHAL, fHIEMD 25°C
BRETCRAN LV — \NIREHOIREZE=417- (K 6),

Temperature
Limit

Temperature
margin

M6 TrrEERsiE~— ORR

AKURN ACEA LS E1E, ERROIRE~—T U ACTH

DI B MES—VUP 0 ITRLETITT 7 OEEEHE LI E
TRV T BT — 7 VARG LI (B 7).
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9 FL—LUME—NREHEH
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Select Code
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<FHEHI (E %) >
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Application Selector

Number of
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Green: Support
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1) OIF: “Implementation Agreement OIF-400ZR-02.0”,Nov, 2022

2) Open ZR+ MSA: OpenZR+ MSA Specification, version
1.0”Sep,2020
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Reflectometry)® , B-OCDA(Brillouin Optical Correlation
Domain Analysis)¥ , OFDR(Optical Frequency Domain
Reflectometry)D% 23BHFE SN CUVD, DAS 1385+ km O#iFHD
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Electrical Performance Enhancements of Fixed

Waveguide Attenuators

Tom Roberts

[Summary]

Attenuators have many uses in RF, Microwave, Millimeter-wave circuits and instrumentation. The
quality of an attenuator is typically described by its impedance match, attenuation flatness and
attenuation accuracy over the frequency band the transmission line medium supports. This paper
describes impedance match improvements and examines attenuation flatness of full-band, fixed
waveguide attenuators. These improvements can be scaled and applied to any waveguide size.

1 Introduction

Attenuators are critical components at RF, Microwave and
Millimeter-wave frequencies to adjust the signal path loss
and gain settings of electronic systems. Adjustable wave-
guide attenuators at receiver front ends can increase system
dynamic range? but are often bulky and expensive, increas-
ing the overall system costs. Attenuators at the front of sen-
sitive receiving front ends can allow for a greater input sig-
nal levels without driving the receiver into compression at
the expense of increased receiver noise floor. A mechanically
adjustable attenuator could prevent the receiver from com-
pressing and maintain a low noise floor level. However, re-
peatability of mechanical attenuators would increase the re-
ceiver calibration uncertainty?:

A recent paper? describes a 15-dB fixed waveguide atten-
uator in WR6. Simulation and measurement results indicate
a worst-case VSWR of 1.25 (19-dB Return Loss). In this pa-
per, a similar waveguide attenuator with fixed attenuation
levels of 5-dB and 25-dB is studied with a goal of improving
VSWR and examining the impact on attenuation flatness.

2 Mechanical Considerations
2.1 Waveguide Housing Split Plane

Consideration of how the waveguide housing would be ma-
chined is critical to avoid potential electrical performance is-
sues. Typically, waveguide housings are machined as two
symmetrical pieces along the E-plane or broad-wall (see Fig-
ure 1). The E-plane is the preferred split plane because it is
less sensitive to seam imperfections to that of a split along
the H-plane or narrow wall. Waveguide housings split along
the H-plane with seam imperfections may not present suffi-
cient conduction along the narrow wall and can introduce in-

band resonances?. If the H-plane is located at the top-most

Anritsu Technical Bulletin No. 100 Mar. 2025

portion of the inside cavity, the sensitivity to seam imperfec-
tions remains. Investigating and comparing the impacts to
housing seam imperfections along the E-plane and H-plane
can be examined using a 3D EM simulator®.

Many waveguide housing designs incorporate an H-plane
split for convenience. Reasons for choosing an E or H split
plane are varied: ease of machining interior details, place-
ment of interior substrates and components, etc. Described
in this paper, the enhanced D-Band (WR-6) attenuator de-
sign utilizes an E-plane housing split which benefits not only
from a low-sensitive seam placement, but also the mechani-

cal ease in which the attenuator performance is enhanced.

|
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Figure 1 Waveguide housing E and H split planes

3 Measurements and Measurement Limitations
3.1 Attenuator Characteristics

An ideal attenuator has characteristics of perfect match
and flat attenuation over its operating frequency band. In
practice, measurement of an attenuator using a VNA will
have imperfect match and attenuation flatness. The reflec-
tion characteristics of the attenuator should approach the
VNA’s corrected directivity value within 10 to 15-dB for a
worst-case corrected directivity value of 45-dB as a practical
minimum design goal. The measurement instruments cor-

rected directivity can be viewed as the value where the DUT
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return loss measurement uncertainty is large and would be
in the range of —6 dB to +w dB.

Many fixed waveguide attenuators commercially available
and described in a recent paper®, have a worst-case match
of about 20-dB and their structures are likely similar. Rela-
tive to our stated goal, it seems this worst-case match of 20-
dB could be improved by identifying and correcting the cause
of discontinuity mismatches caused by the inclusion of the
attenuator elements which is the focus of this paper.

4 Treating the attenuation element as a transition
4.1 Influence of substrate without resist

Assuming the waveguide housing incorporates an E-Plane
housing split, and the substrate lies flat against either one
or both broad-walls, the substrate must be divided into two
pieces to not obstruct the housing split location as shown in
Figure 2. First, the substrates without Tantalum Nitride
(TaN) resist material are examined in an EM simulator for
their impact on the waveguide’s reflection properties. Includ-
ing the substrate within the waveguide forms two transi-
tions within the waveguide structure. Minimizing the reflec-
tions caused by the inclusion of the substrate is the goal.

Fused Silica\ I
=N - L

SPLIT-PLANE

Figure 2 Broadwall placement of embedded substrates

(end-view).

4.2 Compensating the transition

It was found that embedding a 250-mil x 61-mil x 5-mil
thick Fused Silica substrate within the WR6 waveguide on
the broad wall by 60% (as shown in Figure 3) improves the
reflection response significantly vs. not embedding the sub-
strate at all. Figure 4 shows the S11 reflection response. Em-
bedding the substrate shows approximately a 10 to 15-dB
improvement in S11 over the full WR6 waveguide band. This
gives confidence that the attenuators match can be improved
with a minor waveguide housing change. Due to structure

reciprocity, S12 and S22 are not included in the results.
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Figure 3 'WR6 Embedded fused silica substrate
without the TaN resist layer.
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Figure 4 WR6 reflection response of embedded and non-

embedded substrate without the TaN resist layer.

An end-mill machine tool is used to machine the compen-
sation feature into the broad wall. Typical end-mill tools
have a flute length-to-diameter ratio of 3:1. The required
end-mill flute length is 32.5 mils so its diameter would be
approximately 11-mils. Figure 5 shows the radius formed by
the end-mill tool just beyond the substrate edge. This hous-
ing feature was incorporated into the simulation models and

didn’t show significant impact on the results.

/ Broad-wall edge

Figure 5 End-mill tool radius detail at substrate ends

5 Attenuator Designs: 5-dB and 25-dB
5.1 Thin film resist taper

A TaN sheet resistivity was chosen as 50 ohms/square
pulled back from each substrate edge by 2-mils. Instead of
using an elliptical taper of the thin film resist material, a

simple linear taper was examined for its impact on S11 and
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S21. Linear taper angles of 0°, 22.5° and 45° at both substrate
ends were examined using the simulators parametric sweep
option. Since the thin film resist is near the embedded sub-
strate transition, it is expected the resist material will have
some impact on match. Sections 5.1 and 5.2 below discuss
the impact on match with thin film resist linear taper values.
5.2 5-dB attenuator design

A 5-dB attenuator was designed with two 5-mil thick
Fused Silica substrates each having a size of 150-mil x 30.5-
mil centrally positioned on the broad wall of a WR6 wave-
guide as shown in Figure 6. Due to structural symmetry, a
magnetic plane boundary condition along the waveguides E-

plane was used to simplify model computation.

> 4

Figure 6 WR6 5-dB split-substrate attenuator w/tapered

TaN resist layer.

The influence of taper angles with S11 and S21 was found
to be modest for the 5-dB design. A small trade-off between
taper angle, match and attenuation flatness as shown in Fig-
ure 7. A taper angle of 0° exhibits the best match but slightly
worse attenuation flatness. Conversely, A taper angle of 45°
exhibits the best attenuation flatness but worse match rela-
tive to smaller taper angles. A similar trade-off was found for

negative taper angles.

$21[dB]

110 120 130 140 150 160 170
Frequency [GHz]

Figure 7 WR6 5-dB attenuator reflection and transmission

response vs. TaN resist taper angle.
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5.3 25-dB attenuator design

A 25-dB attenuator was designed with four 5-mil thick
Fused Silica substrates each having a size of 375-mil x 30.5-
mil centrally positioned along the length of a WR6 wave-
guide as shown in Figure 8. To increase attenuation, sub-
strates were attached to both broad walls. Structural sym-
metry allowed use of a magnetic boundary condition along
the waveguides E-plane and an electric boundary along the

waveguides H-plane to simplify model computation.

Figure 8 WR6 25-dB split-substrate attenuator w/tapered

TaN resist layer.

As in the 5-dB attenuator design, the 25-dB attenuator
shows only modest improvements in S11 with taper angle.
However, there was no observable difference in attenuation
flatness. Like the 5-dB attenuator design, attenuation value
decreases with increasing taper angle since an increasing
amount of TaN resist material is removed. S11 and S21 re-

sults are shown on Figure 9.
-20

$21[dB]

110 120 130 140 150 160 170
Frequency [GHz]

Figure 9 WR6 25-dB attenuator reflection and transmission

response vs. TaN resist taper angle.
5.4 Manufacturing considerations for high attenua-
tion value designs
The 25-dB attenuator design described in section 5.3 uti-

lized both broad walls and an increased substrate length to
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increase the attenuation value. Fused Silica substrates are
relatively fragile depending on their thickness and length-
to-width aspect ratio. Substrates with large length-to-width
aspect ratios may exhibit smaller thin film processing yields.
For the 25-dB attenuator design, the length-to-width aspect
ratio is about 12.3:1 which may exceed thin film substrate
manufacturing design guidelines and result in poor yields
due to cracking or breakage. This problem can be addressed
by sub-sectioned substrates while adhering to a maximum
substrate length-to-width ratio.

The attenuator substrate design only needs to be pro-
cessed with a TaN resist layer on the substrate topside. The
backside of the substrate does not need a metal layer, so this
reduces thin film processing costs. A low dielectric constant
epoxy can be used to attach each substrate to the housing
inside channels.

6 Conclusions

RF, Microwave and Millimeter wave components can often
be broken down into their constituent parts to examine and
improve their electrical performance parameters. In this pa-
per, two examples of WR6 fixed attenuators were examined
by treating the waveguide transmission line structure as a
transition optimization problem with the TaN resist layer re-
moved. Once the electrical parameters (i.e. S11) of this low-
loss transmission line structure are optimized, the TaN re-
sist material is introduced to gage its impact on the attenu-
ator’s electrical parameters such as match, absolute attenu-
ation and attenuation flatness.

Unfortunately, time constraints did not allow the comple-
tion of the built 5-dB and 25-dB attenuator assemblies and
compilation of test results. Results of the built and measured

WR6 attenuators will be provided in a future paper.

7 References

1) Madni, A., et al. "Attenuators Boost Dynamic-Range of Radar
Receivers." Microwaves & RF 29.3 (1990): 93.

2) Leinonen, Marko E., et al. "Repeatability of 220-330 GHz vari-
able waveguide attenuator and frequency extenders for 6G
measurements." 2022 98th ARFTG Microwave Measurement
Conference (ARFTG). IEEE, 2022.

3) Li, Jia-Lin, Peng Liu, and Steve MY Mung. "Developing a wave-

guide attenuator for millimeter-wave applications." 2023 16th

Anritsu Technical Bulletin No. 100 Mar. 2025

UK-Europe-China Workshop on Millimetre Waves and Te-
rahertz Technologies (UCMMT). Vol. 1. IEEE, 2023.
4) Rectangular Waveguide Construction, https:/www.micro-
waves101.com/encyclopedias/waveguide-construction

5) CST Studio Suite 2024, Dassault Systems, http://www.3ds.com

Author

Tom Roberts

Service Infrastructure Solutions
US Division

Test & Measurement Company

Publicly available

108(4) Electrical Performance Enhancements of Fixed Waveguide Attenuators



nritsu

Millimeter-wave Optical Network Analysis

Jon Martens

[Summary]

The desire for higher single-wavelength modulation bandwidths in optical networks requires
broader band RF characterization of components including electrical-to-optical (EO) and optical-to-
electrical (OE) converters and this is often done with microwave techniques. Extending these meas-
urements to the mm-wave regime, may require added attention to the measurement techniques,
uncertainties, and characterization processes.

1 Introduction

There has been no reduction in the desire for increasing
aggregate bandwidth in optical communications links. For
many years, the increase was mainly accomplished by mul-
tiplexing additional optical wavelengths (or other optical pa-
rameters) or changing modulation techniques but perhaps
not increasing the per-carrier modulation bandwidth. Re-
cently, there has also been a desire to increase each of these
modulation bandwidths which means increasing RF band-
widths on the electrical side of the system into the 100+ GHz
rangeV?. In turn, this pushes the RF characterization tools
for the optical conversion and other components into the
higher mm-wave regimes. This characterization may also in-
clude modulation domain measurements of purely optical
components as the bandwidths can start to interact with tra-
ditionally optical mechanisms.

Measurements of optical converters to mm-wave frequen-
cies will be explored here with a focus on changes happening
at higher frequencies. Subtopics include the calibration and
de-embedding steps, primary device characterization (to use
as transfer standards) and composite uncertainties. Exam-
ples will be considered, and the effects of changing device

media (in an RF connectivity sense) will also be presented.

2 Measurement approach

The main aim of network analysis with optical conversion
components is to evaluate the ‘channel’ impairments that an
information signal would experience during modulation and
demodulation steps. Usually, this is just done with the stand-
ard swept CW tone of a vector network analyzer (VNA) but,
if there are significant nonlinearities in play, an actual mod-

ulated signal could be used as well®.
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With 100+ GHz of available modulation range in some con-
version components, a broadband VNA becomes are require-
ment and instruments reaching to 220+ GHz are available?.
The broadband aspect can be important as digital signals
normally form the information payload in these systems, so
it is a continuous bandwidth requirement from near DC and
not a banded one. Structure in the frequency response func-
tion, even at intermediate frequencies, could introduce bit
error rate or eye diagram issues. Because of the importance
of the response form, the calibration of the VNA can take on
added importance at the higher frequencies. This can be par-
ticularly relevant when the physical media are unconven-
tional (e.g., the modulator is excited with wafer probes, or
the detector is in a microstrip fixture).

Eye diagrams are important to assessing the effect of the
functional response and it is common to use the mm-wave
channel data (showing loss, phase slope and structure) to
compute the effect on a digital signal and this is also com-
monly done as part of the network analysis procedure. An
example eye diagram for a 56 Gbaud/s PAM4 signal travers-
ing a 145 GHz EO/OE path is shown in Figure 1 along with
a native response without the EO/OE system. Note that the
vertical scales in this figure are not the same, and net loss
was not compensated. The roll-off of the optical path was not
extreme to 145 GHz so the eye distortion was modest for this

signal.
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Eye diagrams of a 56 Gbaud/s PAM4 signal passing
through an EO-fiber-OE chain (measured to 145 GHz;

top) and the same signal just measured directly by the

Figure 1

same 145 GHz receiver (bottom). There is a change of
the eye shape with the optical path as the converters
had loss slope with frequency. No pre-emphasis or gain
correction was used for these measurements.
Typically, one wants to identify the behavior of a particu-
lar component (e.g., a modulator) and the use of character-
ized devices and de-embedding allows extract the response
of one component from that of the chain. The conversion be-
havior of one device (a photodiode for the discussion here) is
characterized in a traceable fashion and then this infor-
mation is propagated to other devices by de-embedding from
the composite measurement as suggested in Figure 2. In that
figure, the base VNA calibration puts the reference planes at
the RF inputs of the EO and OE devices so a S21 measure-
ment gives a picture of conversion losses and the optical path
between the converters. By de-embedding the now ‘known’
characteristics of one of the converters, the measurement re-
veals the characteristics of the other converter and those of
the optical path?®. Typically, only the transmission character-
istics of the OE are used so the loss and phase change of that
device are removed from the measurement. Since the EO-OE
chain is rarely bilateral, multiple match interactions be-
tween the two ports are not a problem and more complete de-
embedding methods offer little benefit.
That optical path between the converters may be negligi-

ble in a loss sense but other characteristics may be relevant
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as will be discussed in a later section. An additional de-em-
bedding step can be used to reveal (a limited number of) op-
tical path characteristics (loss and group delay) once the con-

verters are known.

VNA
Port 1 Port 2
VNA calibration
A / reference planes \
Yo ---F1 Betelin
<> E/O : O/E
£y fiber i fiber
Possible de-embedding
reference planes
Figure 2 A typical measurement setup where an electrical VNA

calibration is performed to set initial reference planes,
and the de-embedding is used to remove EO and/or OE
converter effects (in a conversion loss sense).
3 Characterized OE devices
A high-quality characterization of one of the conversion de-
vices is needed to be able to solve for the other. This process
can start on either side but here we use the photodetector as
the basis as its stability over time is easier to quantify and the
bias dependencies are often weaker. The base characterization
is often done using electro-optic sampling (EOS)® where a
very narrow optical pulse (on the femtosecond scale, compared
to the expected picosecond-scale impulse response of the pho-
todiode) is used to excite the photodiode and the photodiode’s
output pulse is analyzed temporally. From a transform of that
output pulse, the frequency response of the photodiode is ob-
tained. An example pulse and frequency response curve for a
145 GHz photodiode obtained with an EOS process? is shown
in Figure 3. It is interesting to note that the frequency re-
sponse curve is not entirely monotonic. Internally, the photo-
diode has multiple mismatch centers on the RF side (including
the RF connector) and within the active region itself that can
lead to minor ripple. Importantly, this frequency response
structure is stable in time so the device can act as a transfer
standard. Also of note is that the phase of the frequency re-
sponse is also extracted, and this can be useful for evaluating
group delay distortions through the path or the device of in-
terest. The full phase function would have a steep slope corre-
sponding to the electrical length of the device and it is devia-
tions from a linear slope that are of primary interest and this

deviation is plotted in Figure 3.
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This primary electrical response can then be used to char-
acterize a modulator or other parts of the system, through
de-embedding, as was discussed in the previous section. This
process can then be extended by using a now-known modu-
lator/EO device to evaluate a new photodiode.

Time domain EOS response of photodiode
0.4

0.3
0.2

0.1

Linear voltage scale

180 190 200 210 220 230 240
Time (ps)

Photodiode (OE) frequency response from EOS
characterization

-10

dB

-15

-20
0 50 100
Frequency (GHz)

Photodiode (OE) frequency response from EOS
characterization: deviation from linear phase
40

20

-40

deg
o

0 50 100
Frequency (GHz)

Figure 3 The EOS impulse response of an example 145 GHz

photodiode is shown along with the frequency do-

main transformed responses (magnitude and phase).

The EOS fundamental process is extensible in bandwidth
so characterizing higher frequency diodes is possible. The la-
ser pulse widths available readily are not a limit (until at
least 500 GHz). The transmission structure for temporal
analysis is also readily doable to at least 220 GHz but, as
this is usually done on-wafer, it does bring in additional con-
siderations for the probe design and the calibration proce-
dure.

4 Uncertainty topics

The measurements of any of the components in the EO-OE
chain have a variety of uncertainty contributors. The most
direct is the VNA measurement itself and this purely electri-
cal measurement has been studied in the literature exten-
sively® 1D, The calibration process contributes some uncer-
tainty and receives much attention. Since many broadband

modulators and detectors have significant RF mismatch (e.g.,
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-5 dB above 100 GHz is not uncommon as of this writing),
the residual mismatch terms can be noticeable. Electrical
connection repeatability and drift may be important. Net-
work analyzer linearity can sometime play a role but typi-
cally the setup can be constructed (keeping RF signal levels
bounded at certain locations) so this is of minimal im-
portance. Since the conversion losses in many optical devices
are high, one may run into signal-to-noise limits in the VNA
measurement, particularly at low optical power levels. The
latter follows if one looks at the modulated optical signal as
in the sketch of Figure 4. If the optical power drops, the mod-
ulation sidebands will also generally drop in amplitude, and

this will directly reduce the power to the VNA receivers.

Peak A
modulation
depth

Up to a few hundred GHz

{
A A

——m>

Of order 100,000 GHz

Figure 4  Spectrum of the optical signal incident on the photo-

diode when measuring a conventional modulator.

One can see the result of this in composite EO-OE meas-
urements at three optical power levels as in Figure 5. Even
though the curve shapes are unchanged, they get closer to
the VNA noise floor (nominally —110 dB on this scale) so dB-
scale impacts are possible at =25 dBm optical power in this
example. Reducing the IF bandwidth of the VNA measure-
ment, using access loops (to reduce loss to the receiver) or
increasing RF power (up until linearity of the VNA or the EO
system are challenged) are all means to mitigate this.
Changes in the highest frequency structure are due to non-

linearities in this setup.

Composite OEEO 145 GHz response vs. optical power (out of
modulator)
-35

——5dBm  ----- 3dBm

|s21] (dB)

-65

Frequency (GHz)

Figure 5 Optical power impacts on measured EO-OE re-

sponses.

Compared to lower frequencies (<70 GHz), the broadband
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frequencies discussed do increase measurement challenges:

- A modest degradation of noise floor specifications (e.g.,
—100 to =110 dBm instead of —120 or =130 dBm)

- A worsening of connector repeatability and cable drift

- Anincrease in calibration-related uncertainties (which are
compounded in mixed media scenarios to be discussed)

The optical system itself may introduce additional uncer-
tainty terms including optical power stability, repeatability
and drift of the optical connections, and bias stability (of ei-
ther EO or OE components).

There is also the uncertainty in the characterization of the
primary converter used for the de-embedding process (usu-
ally traceable to a National Metrology Institute). Often, this
begins with the EOS process discussed in the previous sec-
tion and uncertainties include residuals from mismatch cor-
rection, finite bandwidths, and imperfections in de-embed-
ding steps®. An example characterization curve along with
uncertainty limits is shown in Figure 6.

Example EOS characterization of photodiode with reported uncertainties

Response (dB)

response

4 ~ = upper limit

=== lower limit

0 20 40 60 80 100 120
Frequency (GHz)

Figure 6 An example of a primary (EOS-based) characteriza-

tion of an OE (photodiode) device along with the up-

per and lower uncertainty limits.
The combination of these uncertainties can follow one of
the several established practices® 1 and can lead to a better

understanding of when different terms are dominant.

5 Measurement examples

A simple example would be the characterization of an EO
modulator to 145 GHz. A photodiode characterized by EOS
to this frequency range was available and that EOS data will
be used for de-embedding. First, the VNA (Anritsu
ME7838D) was calibrated using a 0.8 mm coaxial calibration
kit. We would expect transmission uncertainties of 0.1-0.2
dB for higher signal levels and the noise floor of this instru-
ment is —100 to —110 dBm over most of the frequency
range!?. The photodiode characterization uncertainties, in

this case and unlike Figure 6, were highest below 30 GHz
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(increasing to 1 dB at the low end) and averaging 0.4 dB over
the higher frequencies.

Combining these uncertainty terms, one can end up with
a plot as shown in Figure 7. Because of the influence of the
VNA noise floor and the dependence on optical power, the x-
axis in in terms of detector signal level. For these measure-
ment with 3 dBm optical power into the detector, and given
the responsivities involved and the —10 dBm RF drive, the
received level will not be below —50 dBm. At high frequencies,
repeatability and VNA calibration residuals tend to domi-
nate while, at lower frequencies, initial photodiode charac-

terization is more important.

E/O Magnitude Uncertainty to 145 GHz, 95% coverage
10.0

__________ o_-Ll--- [
10';\':"!- —— e

— - 50GHz
=4 80 GHz
——110GHz
—. 125GHz

f
{

Uncertainty, k

——140 GHz
— —1450GHz

0.1

-80 -70 -60 -50 -40 -30 -20 -10

Detector Output Level (dBm)

Figure 7 A calculated uncertainty curve for the extraction of

an EO response to 145 GHz. This includes uncer-
tainty terms from VNA measurement, OE character-

ization, aspects of the optical setup and repeatability.

The composite response and the result after de-embedding
are shown in Figure 8. Both responses are normalized to 0
dB at low frequencies. In this case, the de-embedding had
only modest effects below about 130 GHz indicating the EO
roll-off was dominating the composite measurement. At the
higher frequencies, the OE photodiode had more roll-off on
its own (per the characterization), so the extracted EO re-
sponse shows more of a difference. The corresponding eye
(with a similar setup to Figure 1 but with a different normal-
ization) is in Figure 9 for the EO alone. One can see an eye
width reduction from that in Figure 1-lower as would be ex-
pected for such a loss profile.

At the higher data rates, there are cases where the band-
width characteristics of the optical components can contrib-
ute!®. One example is a polarization-maintaining fiber
where the two RF modulation sidebands on the optical car-
rier may see different phase velocities with the difference in-
creasing with modulation rate. When these sidebands re-
combine in the (nonlinear) photodetection process, the phase
difference can convert to an amplitude difference. The

change in dispersion of the fiber can come with a connection
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process, a change in mechanical stress applied or a seem-
ingly innocuous fiber substitution. An example is shown in
Figure 10 and has the appearance of a change in RF band-
width.

Composite and extracted EO response

10 © eo-0e o eoonly

Normalized response (dB)
o

-15
0 20 40 60 80 100 120 140
Frequency (GHz)

Figure 8 An example composite EO-OE response along with
the de-embedded EO result to 145 GHz.
i s
Figure 9 The computed eye diagram response for the EO of
Figure 8 with a 56 Gbaud/s PAM4 signal into a 145
GHz system.
Fiber polarization dispersion and extracted EO responses
0
5
@ .10

e poll e pol2

-20
0 20 40 60 80 100 120 140
Frequency (GHz)

Figure 10 An example showing how a change in fiber polariza-
tion dispersion results in a perceived bandwidth
change in an extracted EO device response.

6 Mixed-media complications
With higher levels of optical system integration (to include
the popular area of Silicon Photonics!#), this type of meas-

urement more often includes mixed media (e.g., one port is

probed on-wafer and another port may be fixtured or coaxial).

A sketch of such a setup is in Figure 11a. Not only is the op-
tical engineering more complex!® but the mm-wave calibra-
tion and de-embedding is more challenging and perhaps ele-
vates uncertainties.

There are several options on how to perform the network

analysis calibration:

Anritsu Technical Bulletin No. 100 Mar. 2025

113(5)

(1) Perform the VNA calibration on-wafer and then em-

bed a probe’s or fixture arm’s characteristics (Figure
11b)
This can make use of standard on-wafer calibration
methods that are relatively well-understood into the
mm-wave range. There are issues (e.g., higher order
mode propagation on the wafer/substrate, coupling to
nearby metallized structures...)'® but the geometry is
at least controlled. Characterizing the probe/fixture
arm is critical and this network extraction problem
has been discussed extensively!?. The uncertainties
usually increase with frequency.

(2) Perform the VNA calibration coaxially and de-embed

probes (see Figure 11c)
At modest mm-wave frequencies (e.g., to 150 GHz),
this may be simpler as well-characterized coaxial cal-
ibration kits exist. The probe characterization chal-
lenge remains.

(3) Perform a hybrid calibration where two base calibra-
tions (e.g., an on-wafer calibration and a coaxial cali-
bration) are combined with the use of a single recipro-
cal device!® (often a probe). See Figure 11d.

Here a portion of the error coefficients from two base

calibrations are combined with a reciprocal processing

step!® to form the calibration at the desired reference

planes. This is usually a lengthier procedure and can

be mechanically complex to execute. It does avoid the

need for separate probe characterization (or
knowledge of the probe’s characteristics from another
source).

All of these approaches add to VNA uncertainties, and the
ideal choice may depend on mechanical details of the setup
(e.g., how difficult to demount each probe or fixture arm).
Above 100 GHz, these additional steps may add a few tenths
of a dB or more of net uncertainty. From an electrical point
of view, the repeatability of the different connections is a fac-
tor as may be the mismatch of the EO and OE devices (.e.,
for the more mismatched device, repeatability and calibra-
tion uncertainties may have greater impact so more care on

that port may be warranted).
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Figure 11 A situation where one optical converter uses a differ-
ent RF media connection than the other (Figure 11a).
There are a number of different VNA calibration ap-

proaches to handle this (Figures. 11b-d).

7 Conclusions

The desire for increasing direct modulation bandwidths on
optical links has helped drive higher frequency characteriza-
tion methods for optical converters (and related devices) us-
ing broadband network analyzers and broadband primary
device measurements. At these higher frequencies, uncer-
tainties increase, the dominant terms may change, and new
ones may appear. As integration is also increasingly needed
at these frequencies, the measurement media also change
and can necessitate modified calibration and de-embedding

strategies.
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