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1.1 BEOER

EULFERDR—/S—NnNA EP 3> (4K, 8K1) DERILIZE IT7= 1% D FRAE AL XMk
FHORAKICHIDLIMY AN, BEBEFZEILD. A—H—HEIZL>THEDLLNTL
%, MEH—EXDEEILICET 2REASEIE (FK 25 F 5 A 31 H) TlE, XR—/3—
NEDarnR—KRIyJICEAL, MTOLSICREINTINS,

e 2014F (IS ATTrR40) T—ILEHY TORESE)
aJReER Y BHAIC, B EHOREEN 4K ZHREBRTETIRELZEH

e 2016F (NATFTZryR4A40-FY2EVYDEESE)
AJEEGR Y BHAIC, B EH OBREEN SK ZREBR TET LI RIEEB(HF

e 2020F (AVYUEYYDERESE)
FETHHREEN, FLEIZES>T, 4K/ SKOWMEFRETEELIBESER

NODBEMBORFEICH=>TIE., BERXZ DX OMERMOINEDF-DDIRE D
ATLPBRETHY., FTINODERENTARELS>TWND, TOFRTEH, BEEH
EMDEREEE1TS FPU (Field Pick-up Unit, TLE Y 3 VREBEEMTERD A
Wz BARMGIE R ER) DRAS (L. FHEBIEICH 1T DBENEDOEERIRDOHERDT=HIZ, BED
RELGEHTLD,

SOf=H. A== ED 3 VDIEHRE (¥ 24Gbps 1BE) ZEETHEMNHRKD
W ZEEY S 120GHz HFEERA L-BEEXAERE (FPU) (LT 120GHz & FPUJ
EWS,) DOEMHEHIZOVTEREZITI,
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1 R BWT, A== A b Vg% 4K, SKEEHTIEENH LN, A
—X—= A BV 3 U DITU-RENEBT.20201Z HLE S AL T B BB 5t U7 BEFR &
LTUTFOEBYFEHALTWD,

8K :7680x4320, 4 K :3840X2160



BEBEFPUICEK. QXIS VR EOO— FL—XICHWO N SEHE FPU &,
QXIZ, MEFITHVWLONAINVTAEFPUD 2208 H S, Chbd FPU TIE, BER
EZEAREET H=OIC, BIERMDT oTHAFAINDE I EMNBL,

BEZE FPU (X, HAGEERMEEOZHEICEVTAHALNLATEY., ED1D2&LLT,
FICARVEBIZEVWTTY—TJLEOHRARELGHESICALNLON D MERERRE

FPU| AdhlFond,

120GHz & FPU [CHWLTIF, ZHRFAEOSVT o TFFEAL T, NEERKRERE
FPU| L LTOERAMEEEN S,
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1 FPU O {EAH

120GHz % FPU THEEISNAMAMA—TPFE2~4 TR,

2 [E. BmEED RS v I PER—ILDRT—U%F T, 120GHz # FPU #{RE& L THE
AT 5568 THD . COIRAANA—CDGZEDEEERE 250m BBETH D,

3, TLT7hET, ¥—TILOEENARELIFEIZ 120GHz & FPU #{RE&% L
THERATZI5EATHD, COMAA A—CDHEDEEEEE 1km BBETH S,

4 [T EREEVLHZEOANIZEN T 5158 7% £ T 120GHz & FPU #{R&% L T
AT 258 THS, COFAAS A—CDIGEDEEERHE Akm BEETH S,
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1.3 R—/S—N\A( ET 3 DiaiE

120GHz # FPU Tld, A—N—NAEPa DEEFBELTWNS, £ T.
ITU-R &% BT.2020 (BZER18H) GLEESEIC. R1ITRT4DOO5HE%E
ELT, £, BEHERECOVTHEI LIz, CSTEH1EEH21F. NMED 3
UT60iRU60p &ELTRSCHMONTVAFHICHEL, FHIEEH4E X—
—N\AET3Y (8K) ORAEIZH-Y TILARY I AKXKRY Dual Green ARRE LT
EOHOLNTVAEHICHEBLTLS,

BEHICETAMBBERELZR2ICTT . BEEREE. 4 KTEEH 2DIHEIC
9.95 Gbps, 8 KTIIEMH 4 DB EIZ19.9Gbps THY. ChdZSEDBRANRE
95,

BH. HEMIZIEK, 4 KTIEEHS3 (35.8Gbps). 8 KTIEXEH 2 (39.8Gbps)

&3 (143.3Gbps) B EDBEFEREZE T IHEEIEEINLGA. EDHEIC
LA 1 EEOEVEREOEMBEMEZRAVSZLICKY ., SEOBREARRE
LI-EHTORETEENTAETH S,

=1 BREEH
&1 &2 43 &4
(4:2:2. 60i) (4:2:2. 60p) (ZILARYY) (Dual Green)
YT EE 4:2:2 4:2:2 4:4:4 G1,G2,B,R
TL—LERE 60i 60p 120p 60p
=355 10bit 10bit 12bit 10bit

®2 BREFWMEOLLR

FEREOFERANMEESATOENT—RIE, O TERLU,

ERE FHA 42 &#3 &4
1920 % 1080 1.24Gbps 2.49Ghps (8.96Gbps) (1.24Gbps)

40 X 21 35.8Gbps
% (04K) &0 (4.98Gbps) 9.95Gbps EREmE-sy, &2 | (4.98Gbps)

OBEOSE TEENTR
X ! 1
7o 20 | (19.9Gbps) 39.8Gops 43 3Ghps 19.9Ghps
EREH#IcLY., RiF4OBOWETEELSTEE

FPU TOmERICIE, B EROMIC. EF T —2 OHEESMTME 5D T,
EREOEEL—FMIINODEELYIEIKRELLD, BEDETAH, R—/N\—N(ED
AVDh AT ELTIE, & 4 D Dual Green AR (B3FEH#2) AERTHY.
NDAXTIE., BIRIES (X 16 XD HD-SDI (High-Definition Serial Digital Interface)




ESICEBIhTHE NSNS, HD-SDIEF (3EZEHISHE) OEEEY FL—F
(% 1.485Gbps THY. 8 KRA—/R—nN\A ET 3 Ik 16 XD HD-SDI E5 TR &
NTWBZ EMND, 24Gbps DIEEBRENDEL LD,

5I2&H%4T8K% FPU TIRETIEDUATLERETRT ., CDHESE.
HD-SDIEE%# 8 AT DZE L TEBHICANL., 2 RO EREERETHRT S
& T 24Gbps DB KR—/IN—NA ED I VEBZELEETIEREL>TLND, ZOFE
B, 1DO0ZEHTIE, P EE 12Gbps DIEREGET S ENRELL S,

BHE. A—N—NAEDaVOEMBETIE. HR 774/ —) EEHAE A
WohTWAI ENDL, ARREDHNEDHERIVEEZELL>TWLSD, ZDH.
5(28F5 MUX & TX Off. RX & DEMUX DO, %4 L\E MUX 5 & DEMUX
ANDEENRT 74 N—THERTIEHEENEAOND, TOHEIZE, 10 FAEY
b-A—HxRy MM EDRERITHIET H1-HIZ. 1 RFEDANES % 10Gbps BE
[HIRT HHELH D

HD-SDI X 8
HD-SDI X 8
- MUX @ <| I>— RX DEMUX [—

HD-SDI X 8

———| MUX TX —<] [>— RX DEMUX [—

5 SKEERDERS R T LDERMS

AKR—=IN—NMEDaVEBEEETIEE. R2&H2 (HUTYUITHEE
4:2:2, 7 L—LEKE 60p. B 10bit) DIFBEICIEFR2DEEY 9.95Gbps HHE
THAIN., 8KRA—/N—NAED 3 VDIHFE ERERIZ. 8 KD HD-SDIEE5 TERET 5
ZENBESIND, T, BEDNAED 3 VEEITEBWNT, 850 HD-SDI E5 % Y
FEBETEETHELBEEIND,

1.4 EREH
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2

L EDEEHERK Y. 120GHz 7 FPU OEREFHZLUTDXESICEDH S,

BRIBPR—ILENODEEFHMERE L. BEMERELLTERT .
{GHREERE (.
@ BBEBLLETHERSNDIEHERICOVTIE, MOFTOREKRLHY . BmEHSFEESh
2842 1 FEME 60mm OREMAREICE T, 260mEE LTSI L EBE



@IANTHBBEETHRBRLTEASINDGEICOVNTIE, 1 kmBELTHEZBE
QAEHETRFZ L TERASNDIERICE, 4 kmiBELTHELZEAE
9%,

3 mEICHI=->TIE, RRKHD-SDIES 1 6 KX EmERABEET B,



%2 OREHS

2.1 BIEAK

MM ETHE-REERE—AEIZEET 2D T, BED FPU LREFOFERAAENE
FEINBIEMNDS, BIEARXIE. BEED FPU LRI THABEAR) L35 L&A
LTH5,

2.2 ERARK

KORTLTIE, BESNBSEGERENKEL, Ff. EATLIEAKEAS 120GHz &
B0, ERAREIEBRMNBZ AN SERTLIENBEENEEZIOND, HFITF
Y )TEEOREFEELAL. ZEATEIERBREEFTS ASK ZHEX. RELEH1
ERERTERDT—2EENMTZDI D, S URERTE<AVLWLATVWEART
HbH. EBFIC. 120GHz FITH T ASK £, AR EEA L-EREABRB TEE
PEBE 5.8km (23115 10Gbps IEZEMRES N TS,

EEERAARE. SEHERSCTEIEN#LLVD., FHRMICHTEH 41E (QPSK
i) FTHERAGELZLDEEZON D, QPSK ZTHAARZEHEMA L1z 120GHz HER
DATLEIEBRULANLTHESATEY ., ERABBHZFER L -EIRER ClaiX B
200m 285115 10Gbps BIMEEMHRE SN TS,

ER&EY, RVRTLOERARIE. ASKZEFA. BPSK EH KR U QPSK £ & T 5,

2.3 BEROEK

120GHz # FPU [, BREREMGEIEAINLIREESOM. EFESOHIMERE
BE2DOULDTOAINEBEELLENBEIND LMD, BERAAKXICKIERD
BREILUTOEEY LT 5,

x3 BERARICETHEROEK

AR TBRDE K
ASKZ A7W
BPSKZ X IZQPSKZ: G7W

24 R—N—N\AEDIUREICBELLDHEY FL—F
BEDSKARA—/IN—NAMEPa>vDh A5 & LTIE, Dual Green AXNERTHSHH

COBBIESIL 16 XD HD-SDI EFICEMEINTHAIEIN S, HD-SDIESDEEE v

FL— k& 1.485Gbps THY. 8 KR—/3—/n\A EL a3 Uh 16 KD HD-SDI (52 TH



INTWVWBEITEMDL, BKRA—N—NMEDIVDEEICHELLGDIEY bL—FIE
24Gbps &5 5,

4 KRA—IR—NAED I UEFTEEET HHEICIE. 8 KD HD-SDIESICE#MEND
ZEDL, EEICBRELLDIEY FL— & 12Gbps £ D,

2.5 HGARKETROHGEIE
24 1B LI=& ST, BKR—/S—NAEV 3 VEEET BIZIE 24Cbps DIEERE
NLEICTHED,
ASK ZEHA R0 FEFE#FEIE BWASKIZ DWW TIE, A=\ FMEBDORREFEIR
EBLTRHE. UTELD,
BW(ASK) = 2B (1)

Ft=. PSK ZIRAXDRERHKFHEME BW (PSK) 1220 TIX, UTF &GS,
BW(PSK) = 2B~logaN (N [£Z{E%) (2)

LOLGH S, TORIILESEETIEH. BE. O—LFT7T74L2EZRANT, ERYT
5 ERBFEHBESIRT 5. 10Gbps BOBRET DR ILA—R/NY REEOO—ILA T
TANLNEZERETHEFREL-D. SRAKI«ILEZZANT, EEMEREICEZE LW
IR FigE 1R ET L 1=,

TANLFNKBFHFRET>-BHBEIZIE. ASK AKX, BPSK AxX. QPSK AX®D S
H, TECN ZtDAXEYZDBEL ASK ARXNREHELZITE 2 05, FEH
RRIZKBHE C/N D%ikE. ASK ARITOWTERMICHER L, ZORELE6ITFR
9. Ff-. 120GHz FTHEAFRRGERETE 18GHz ZmEFRELTHEEFAT-L
A, THIE/MEEBREDNEN 146 FL%G5H, CDEZTDEELILE 2dB &2, ZRADSE
EELLTEETSHILEL, MOERAAXIZOVLTEHRKRE LT,

DI EMB,120GHz % FPU IZHE T 5 S FRRBFROHFAMEL. ASK A, BPSK
ARXRUVQPSK AKX EHIZ, 17.5GHz £F 5 EABHETH D,
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6 WEHEZHBRLEZLEDETESILE

x4 ERAXESFREBFEORE R

EIRAR BAGEERE 5 A BRI
ASK AR 12Gbps 17.5GHz
BPSK A= 12Gbps 17.5GHz
QPSK A= 24Gbps 17.5GHz

RA4DELBY QPSK AXDHZRKRIGERE L 24Gbps THDHZ &N, 2.4 THREFLT=8
KRX—/IR"=N\AED a3 VDRENFRETH S, LML, ASK AXKR U BPSK AXTIT,
RAIGEBEX 12Gbps THEHZ EMD, 8 KRA—/X—/N\M ED 3 VDEGEEFITRHELA,
2RMOBEFBEEREFERATILICKY ., BELLBDHE Y bL— b+ 24Gbps hMBIEATEE
L5,

2.6 RIRBOHBRE

120GHz# FPU & R#RICE WERBTE #EAT 5 60GHz 7Dk L BENEBEDOERFIC
DUVTIE 200ppm EMMFELTULVS, 120GHz F FPU 4 N FEFICREFZLTHWLSA
516, EEF/NMUESL. ARECEAEBETHIZLENEE LI AL, Th
EREHk. 200ppm THET DN BELETH D,

2.7 BIZHREIRH
120GHz & FPU I, 2.5 THEI Lz & 512, SHERBREHFEE. 17.5GHz EBETH Y .
2.6 THRETLI=&SIZ. BEREIREIL 200ppm(25MHz iBE)TH D, LE=A>T. AT X
TLICKREEGDREBRBOEE 17.6GHz IBE LGS,
=512 114.25~136GHz DERHBENZZ =T, ARICEHT 5L 512 116~134 GHz
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(18GHz) MREIRHZEYEHTHIEL, SHERREFHRE 17.56 GHz LLEHERTEHI LN
ARETH D, 512, FLEREE 125 GHz ETh(E, BIERREEEORIZH— KA
v F200MHz RREZHRT A ENARETHY BERARKTLORRBMERICLERY
52ENTES, ChoDEEFHERMNS. Y BTRIKMIT 116~134GHz, FILREKE
(F125GHz £ 52 EMNBEHTH D,

%5 114.25 GHz~136 GHz OEFEEREHE L
BK# (GHz) 114.25~116 116~122.25 122.25~123 123~130 130~134 134~136
Z \
\ V4
120GHz % FPU M E:E#EIY 1T
(bR 125 GHz)
HWIREEHE | BREESE - meme | CREEEE
(28) (28) i BIEE E FIFT
e TEREX HER gkl WASAAT el FIFATHE
FEHE FHHRE ) BISITHE . BREX
H FIFaT PR B
(2®) (28®) EREX S EEx

2.8 EIROHE
2.8.1 FTZE C/N
RKORTLIE T —TIHBERELGBZEORBEAFRLELTAHAVOAEI LS
BELTHY.HD-SDIEEEZR T —TILTEELESALRHDE Y PR Y RAR
Hohd, BE. HD-SDIEEN 7 — I ILRETIE, BERKI00EERIN TN,
BER<1010 %% 29 % ASK Zii. BPSK ZHAKR U QPSK ZHNDFE C/N (i
B) FR6IZRKTELBYTHD, LEEN>T.FRECN K. ChoDZERAARXD C/N
(BRE) 12, XZEHOBETLILD 5.5dB Z2MA-ELT I ENELTH D,
BHE.BEELIE 55dBIZIE. 71 L2 DFEFRIZE S 2dBDHIEEEATIS,
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1.0E+00

L0E-01 - BPSKEIHAR R
1.0E-02 B BPSKE HERR
QPSKEIHAR K
1.0E-03 == QPSKBIEAR K
10E04 ASKIERIHIERIR LELVEOS
1.0E-05
5 1.0E-06
o 1.0E-07 \
1.0E-08 \
1.0E-09 \
1.0E-10 \
1.0E-11 \\
1.0E-12
0 5 10 15 20 25 30
C/N (dB)
7 KZEFAAXD CN-BER 4t (BHR{E)
®6 BEAAXDHECN
AR FTE C/IN FTE C/IN
(Eim{E) (dB) (BELIEEEER) (dB)
ASK A= 19.5 25.0
BPSK A= 13.5 19.0
QPSK A= 18.4 23.9

2.82 CINEEH (B3FEH#4)

CINBHDBRHAEITS(2HI=Y. 120GHz % FPU (X, SLEAKE#HTHS=08
MZERGIIERNIKRENC & A—AREFRUVBEZERREFZERT 52 THERER
DLW EMhD, FHERBTOZETNIVWEDEEZOND, £ T, 120GHz #
FPU Tl&. C/NEDZHMTICEZLEVIRY . BHTIC 70%. THHEZTIZ30%ET
5IENBELHLEEZOND,

2.8.3 KKRUUE (BEEHDG)
MR EDRHIZERT 2 A[RIVEIZ DL TIX, ITUR &% P.676-9 (BEEH
6) PIEAEBROBRICEDE, SRLEDR (KEAKEED 30g/ms : 30°C THR
BEMN 100%DEE) ORKBIIETHS 3dBkm £FTHZENBLHTH D,

2.8.4 FRERE (FEH7)
AR—Yh#DIGHE. . BRNH > THERAR—YRRBEIL#ESNA TSR Y (XE
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ROERNDEIZE D, D=, BFRRERR. AAR—YBRENFEiEh D, Bkt
FIRNE 60mm &5 & &L, BRBRE 23dB/km £ 5 ENBEETH D,

2.85 HMEHEH (NF)

120 GHz FOREHICERIN- 2 BEOEBRKOE# TBIRFOLNAD NF O
AEEEES I2FT, BFEIZHIT5E LNA O NF (T84 89dB RU 55dB T
Hotz, EEDOHEES DETPLEEIR MM EHBOMFERREEE L. 42GHz #
FPU LRRIZCETORBZHE-E. 10dBETHIENBEHTH D,

16 16 : .
—O— Meas. Gain | 15 W0 ———— 0
14 ——Sim. S21
—a— Meas. NF 114 : .
2 F e Sim. NF 4 13 = o Yy
g I Y
S, 12 8 3 wosd| &
£ : % ] '!E
8 ng 3
8 110 Z2100) « -
6 9 5 '..’..i..'.-......ﬂl‘g
4 50 - 1 |_ I ]
112 116 120 124 128 132 136 115 120 125 130 135
Frequency (GHz) Frequency [GHz]

8 120GHz % LNA @ NF QEIFEE

2.86 {ZEY—T Y
120GHz & FPU DIEER—S VIR ToTTDHRA VT4 U T1EEEEE L. 6dB
EFTBHRIENBELETH S,

2.9 ZEhBOHMHE

120 GHz HICHTHEEZEHRELTIE, m—2F7 T+ (75 20~30 dBi #2F) .
LYX7oTF (BR 7.5~45 cm, F1F 25~50 dBi f8E). /XSRS (htFLAV)
7T+ (B 10 ~60cm. FlfF 37~52dBif8E) L ENH D,

120GHz # FPU [ZH VT4, 42 GHz H4° 55 GHz %® FPU LRI, FIAS—2.
EXEERE EIRIRIEICIE C THEAT 2R ROERFELHBREIELSIDEEZI OGN D,
BIZIE. EERNEVEEICIE. FIBMECHEDN. E—LBHNEL. ARAERLNES
B7UTTEERTEIENEZAOND, LIzA> T, EHBROHBRAESEE. 120GHz &
FPU QO&ZEDFRAS—VICEDLE THEHULGEFREFRAT LI ENEFE LWL RAFFIC
DLWTIE, BER 60cm D/INSRZ T U T TERAIBELGIEL T 5,

Ffz. RWEICDOWTH, 120GHz % FPU OEZEOFAL—VIZEHhE TRELZRKEZ
FATEAIENEFLL, BEERK. KERRERUVUARREZFERATELIZLNELELE
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A%

2.10 RARZEHBEARUVEDRENDHRME

2.1~29 TREHL-FHICEDE, BREFHZIT oz BERAARITHE T, 2.8.6 TH
ELIGEY—D VBRI HDEOICREBELGETRBNZHELIZEIARTIIRTES
YUTHY., RREFRENI IWETEIENBELETH D, BH. FERAALXRUVGEE
BEICH T HEREEAGIESEER IR,

F-. ZEBNOHBREICOVTIE., BREHERE 14 FE—BEORPEN (470MHz

LEOEEBO—BE) EMAL. (LR 50%. TR 50%0HEN] &35 C & AGES &
£x5n5,
%7 AEWFRCHELTHGEN
BEAZHEES (mW)
ZHH FeraEs KR
J— Jp— Jp— p—
(250m) (1km) (450m) (4.4km)
ASKAR 17.5 1000 17.5 1000
BPSKAX 4.4 250 4.4 250
QPSKAXR 13.6 770 13.6 770

2.11 2 RMOIAITERIZ & HInEDEET

HOICRYR—REEZFEAL-AETERDIZE. BEE 60cm /NTHRT 7T (F
1§ : 51dBi) % 1°BfE (. 7o TFHRBENIRKRFNG LY 12.5dB LEMECGY, &
ZT2dBHERTES LMD, FECN EHRE L., WITEMIZE TS EENTTEEE
1%, 2 DDEMMEIREDAE a A 1.0 LULICH S EREEREOERE. COFICH
(T5BFRIERE S LCAHELIZEC A, mEER 500 m OFZETIHE 8.7 m, miE
BEEEN 1 km DBZETIEHH 1756m &35, BHE. 2EDEEROREEEZSFICK
Y, BRELLEIELEBEEHZISIINSSTESLZZENRRATN D,

-7 30 )5)
- G

()
(et

frree it

9 UITEHRDOEXK
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2.12 FERSOEEDHAE

EHRSERAAERSE 3BICB TR T 7FREFRUFERSTE. 960 MHz %% 5
REBMBENADOESN 10 W UTOREICK LTIE, IFENEFEICEFEIRTY 7RESHD
BB & 100pW T, TRTY 7REHICE FEFERFORE] (£ 500W LT, (B
BHEiE : 1MHz) EEOHONTWS, CHoDREICDOVTIEK, BIRBEDFIRAOE R
NOMDERBDEDEANARELHBDLIICEDLNTWNSD., KEERBFENEHOHTE
VWARBEHTHY . BRENTZTE L CARHEITN+TIEILY) BIEHBOAFOER
NEHTHDZLEN DS, 80GHz FaREREE S X T LDOHRE LRI, THiEsEE
[CHTETERFOEE] E 10004W T, TRTY 7 REHICE T EFERETDRE ]
[ 50pW LITF., (BEBHEIE: 1MHz) ET52ENBEHETHD,

2.13 ZEZRBORRNICEKT IEREDRE
HEERDOAR FOMDEBRBEADEELEEL T, 60GHz FDELBEHEFOEBKED
HELFER. 50pW LT ET B ENBHEER D,

2.14 BRMEREH~DEEHE

120GHz % FPU ZBBRETHL Z Lh 5. BRERHADFESHEICOVLTIK, BR
EMEITHRAIE 21 £O3FE 1 BE 2 BICEVLVTGERANSRKRS S TWSA, BEMICFAT
5o—UnENTEMD, ROEBYBEESHEERET LT,

BREEITRANE 21 &0 3 TR, BROBELERADEREDERNEENIZESD
BNTHY. ERFEICIEL T, ChIZE DK ERHEDRHICSEET 5L 5 VAT L
TOHREICEET DLELNH D,

#&8 1T 100kHz »5 300GHz DREKBMTTOHEREEZRT ., COBRIZELT,
120GHz FICH T AMHEIEHICKH2BEARFEX. ImWien (6 7EIFY) LAE->TL
%

#*8 BHABE(EYRM 6 SEOEEE (BREETRAUNMNKE2Z5ND3IN2)

T EREEDEE WRABEDENE ENRBE
[V/m] [A/m] [m/cm?]

10kHz - 30kHz 275 72.8
30kHz -  3WHz 275 2.18/f ’/’////,//”’///
3MHz - 30MHz 824/f 2.18/f
30MHz - 300MHz 27.5 0.0728 0.2
300MHz - 1. 56Hz 1. 585./F JF/237.8 /1500
1.5GHz - 300GHz 61. 4 0.163 1

flE. MHz 287 2REEH
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ZIT. Fik 11 FHREETE 300 SRBEDENREEOEXREHAN S, FTEIER
#RHT1=,

BE.EBREBFEIOORFSNIBENREEDELEFERVAEAEZEIRDEEYTH
%5, (BERER1L £4 A27THE3005LY)

S =Pin-G-K/ (40nR?)

S: BAREFE BHL: [mW/em?]

Pin : XEZHBRANEN B : [W]

G : EEZHPRIESFIGE B |L (D)
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Rec. ITU-R BT.2020 ~ g
SEEMA

RECOMMENDATION ITU-R BT.2020

Parameter values for ultra-high definition television systems for production
and international programme exchange

(2012)

Scope

Ultra-high definition television (UHDTV) will provide viewers with an enhanced visual experience primarily
by having a wide field of view both horizontally and vertically with appropriate screen sizes relevant to
usage at home and in public places. UHDTV applications require system parameters that go beyond the
levels of HDTV. This Recommendation specifies UHDTV image system parameters for production and
international programme exchange.

The ITU Radiocommunication Assembly,
considering

a) that digital terrestrial television broadcasting (DTTB) service has been introduced by some
administrations since 1997 and can provide high quality television programmes through HDTV
systems;

b) that viewers expect future TV systems beyond HDTV to provide improved characteristics
compared with the current HDTV systems in terms of a more realistic sensation, greater
transparency to the real world, and more accurate visual information;

c) that ultra-high definition television (UHDTYV) is expected to become available in the near
future with, inter alia, larger screens, higher spatial/temporal resolution, wider colour gamut, wider
dynamic range, etc. taking into account developments of display technology;

d) that ITU-R has been studying extremely high-resolution imagery (EHRI) and an expanded
hierarchy of large screen digital imagery (LSDI) image formats and has established ITU-R
Recommendations: Recommendation ITU-R BT.1201-1 providing the guidelines of image
characteristics for extremely high-resolution imagery, and Recommendation ITU-R BT.1769
offering the parameter values for an expanded hierarchy of LSDI image formats;

e) that LSDI is a system providing a display on a very large screen, typically for public
viewing. This can be used in a wide variety of applications including programme presentations such
as dramas, plays, sporting events, concerts, etc.;

f) that EHRI is a system offering higher resolution than HDTV and can be used for both
broadcasting and non-broadcasting applications (e.g. computer graphics, printing and medical
applications);

g) that UHDTYV provides viewers with an enhanced visual experience primarily by a wider
field of view that covers a considerable part of the human natural visual field with appropriate
screen sizes relevant to usage at home and in public places;

h) that signal formats contributing to increasing the compression efficiency are desirable for
UHDTYV systems since they have a larger number of pixels than HDTV systems,

28



recommends

Rec. ITU-R BT.2020

1 that for UHDTV programme production and international exchange, the specifications
described in this Recommendation should be used!,

and further recommends

2 that if it is shown that an alternative electro-optical transfer function (EOTF) will provide
significant benefits without also imposing significant disadvantages, then this Recommendation
should be extended to enable use with an improved EOTF.

NOTE — Future consideration should be given to extend this Recommendation in a complementary
manner to include extended image parameters.

TABLE 1
Picture spatial characteristics

Parameter Values
Picture aspect ratio 16:9
Pixel t
pereoumt - 7 680 x 4 320 3 840 x 2 160
Horizontal x vertical
Sampling lattice Orthogonal

Pixel aspect ratio

1:1 (square pixels)

Pixel addressing

Pixel ordering in each row is from left to right, and rows are ordered from
top to bottom.

TABLE 2
Picture temporal characteristics

Parameter Values
Frame frequency (Hz) 120, 60, 60/1.001, 50, 30, 30/1.001, 25, 24, 24/1.001
Scan mode Progressive

I Both 3 840 x 2 160 and 7 680 x 4 320 systems of UHDTV will find their main applications for the
delivery of television programming to the home where they will provide viewers with an increased sense
of “being there” and increased sense of realness by using displays with a screen diagonal of the order of
1.5 metres or more and for large screen (LSDI) presentations in theatres, halls and other venues such as

sports venues or theme parks.

Presentation on tablet displays with extremely high resolution will also be attractive for viewers.

The 7 680 x 4 320 system will provide a more enhanced visual experience than the 3 840 x 2 160 system
for a wider range of viewing environments.

An increase in the efficiency of video source coding and/or in the capacity of transmission channels,
compared to those currently in use, will likely be needed to deliver such programs by terrestrial or satellite
broadcasting to the home. Research is under way to achieve this goal. The delivery of such programming
will initially be possible by cable or fibre.
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TABLE 3
System colorimetry

Parameter

Values

Opto-electronic transfer
characteristics before
non-linear pre-correction

Assumed linear

M

Chromaticity coordinates X
(CIE, 1931) y
Primary colours and reference Red primary (R) 0.708 0.292
white @ Green primary (G) 0.170 0.797
Blue primary (B) 0.131 0.046
Reference white (D65) 0.3127 0.3290

()" Picture information can be linearly indicated by the tristimulus values of RGB in the range of 0-1.

2

primaries and the reference white.

TABLE 4
Signal format

The colorimetric values of the picture information can be determined based on the reference RGB

Parameter

Values

R'G'B"

Signal format

Constant luminance
Y*cC’scCre 3

Non-constant luminance
Y ) C ) BC ] R4

0<E<p

(45,
~|oE" —(a-1), B<E<I

where E is voltage normalized by the reference white level and proportional
to the implicit light intensity that would be detected with a reference camera
colour channel R, G, B; E' is the resulting non-linear signal.

o =1.099 and B = 0.018 for 10-bit system

o.=1.0993 and f = 0.0181 for 12-bit system

Non-linear transfer function

2 R'G'B' may be used for programme exchange when the best quality programme production is of primary
importance.

3 Constant luminance Y'cC'scC'rc may be used when the most accurate retention of luminance information
is of primary importance or where there is an expectation of improved coding efficiency for delivery (see
Report ITU-R BT.2246).

4 Conventional non-constant luminance Y'C'sC's may be used when use of the same operational practices as
those in SDTV and HDTV environments is of primary importance through a broadcasting chain (see
Report ITU-R BT.2246).
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TABLE 4 (end)

Parameter Values
Derivation of Y’c and Y’ Y! = (0.2627R +0.6780G + 0,05935)' Y'=0.2627R" +0.6780G" + 0.0593B'
BYe 09702« B'-Y! <0
. ]1.9404
CBC - B'-Y/
€ 0<B-Y!<0.7908 B Y
o 1.5816 Cg =
Derivation of colour Do 1.8814
difference signals ﬂ, ~0.8592 <R'-Y/ <0 cr - R'-Y'
Cr, =11.7184 R 714746
RYe , 0<R'-Y/ <0.4968
0.9936
TABLE 5
Digital representation
Parameters Values
Coded signal R, G, B orY', C's CrorYc, Cge, Clre
Sampling lattice . . o .
“R.G.B. Y Ye Orthogonal, line and picture repetitive co-sited
Orthogonal, line and picture repetitive co-sited with each other.
The first (top-left) sample is co-sited with the first Y’ samples.
4:4:4 system 4:2:2 system 4:2:0 system
feg:lllplgg é?,tté?e c Each has the same Horizontally ver}tli(::;llzlons?ll)ls};ﬁldle d
B R BC) M RC number of horizontal | subsampled by a factor Y p

samples as the Y' (Y'¢c)
component.

of two with respect to
the Y' (Y'c) component.

by a factor of two with
respect to the Y' (Y'c)
component.

Coding format

10 or 12 bits per component

Quantization of R', G', B',
Y', Y'c, C's C'r, C'ac, C're

DR’ = INT[(219xR"+16)x2""*]
DG’ = INT[(219xG'+16)x2""*]

DB’ = INT|(219xB’+16)x2™*]
DY'(DY, )= INT|(219xY (Y ) +16)x2"*]
DC,(DC}. )= INT|(224x C}(C. ) +128)x2"*]
DC(DCl )= INT|(224x CL(Cp ) +128)x 2"
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TABLE 5 (end)

Parameters

Values

Quantization levels

— Black level

DR, DG', DB, DY', DY'c
Achromatic

DC's, DC's, DC'gc,
DC'RC

Nominal Peak

DR, DG', DB, DY', DY'c
DC'g, DC'g, DC'gc, DC'ge

10-bit coding

12-bit coding

64

512

940
64 and 960

256

2048

3760
256 and 3 840

Quantization level
assignment

— Video data

— Timing reference

10-bit coding

12-bit coding

4 through 1 019
0-3 and 1 020-1 023

16 through 4 079
0-15 and 4 080-4 095
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Rec. ITU-R P.676-9 1

RECOMMENDATION ITU-R P.676-9

Attenuation by atmospheric gases
(Question ITU-R 201/3)

(1990-1992-1995-1997-1999-2001-2005-2007-2009-2012)

Scope

Recommendation ITU-R P.676 provides methods to estimate the attenuation of atmospheric gases on
terrestrial and slant paths using:

a) an estimate of gaseous attenuation computed by summation of individual absorption lines that is
valid for the frequency range 1-1 000 GHz, and

b) a simplified approximate method to estimate gaseous attenuation that is applicable in the frequency
range 1-350 GHz.

The ITU Radiocommunication Assembly,

considering
a) the necessity of estimating the attenuation by atmospheric gases on terrestrial and slant
paths,

recommends
1 that, for general application, the procedures in Annex 1 be used to calculate gaseous

attenuation at frequencies up to 1000 GHz;

2 that, for approximate estimates of gaseous attenuation in the frequency range 1 to 350 GHz,
the computationally less intensive procedure given in Annex 2 be used.

Annex 1

Line-by-line calculation of gaseous attenuation

1 Specific attenuation

The specific attenuation at frequencies up to 1000 GHz due to dry air and water vapour, can be
evaluated most accurately at any value of pressure, temperature and humidity by means of a
summation of the individual resonance lines from oxygen and water vapour, together with small
additional factors for the non-resonant Debye spectrum of oxygen below 10 GHz, pressure-induced
nitrogen attenuation above 100 GHz and a wet continuum to account for the excess water vapour-
absorption found experimentally. Figure 1 shows the specific attenuation using the model,
calculated from 0to 1000 GHz at 1 GHz intervals, for a pressure of 1013 hPa, temperature of
15° C for the cases of a water-vapour density of 7.5 g/m3 (Curve A) and a dry atmosphere
(Curve B).
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2 Rec. ITU-R P.676-9

Near 60 GHz, many oxygen absorption lines merge together, at sea-level pressures, to form a
single, broad absorption band, which is shown in more detail in Fig. 2. This figure also shows the
oxygen attenuation at higher altitudes, with the individual lines becoming resolved at lower
pressures. Some additional molecular species (e.g. oxygen isotopic species, oxygen vibrationally
excited species, ozone, ozone isotopic species, and ozone vibrationally excited species, and other
minor species) are not included in the line-by-line prediction method. These additional lines are
insignificant for typical atmospheres, but may be important for a dry atmosphere.

For quick and approximate estimates of specific attenuation at frequencies up to 350 GHz, in cases
where high accuracy is not required, simplified algorithms are given in Annex 2 for restricted
ranges of meteorological conditions.

The specific gaseous attenuation is given by:
Y="Y0+Yw=0.1820f N"(f) dB/km (1)

where Yo and Yy are the specific attenuations (dB/km) due to dry air (oxygen, pressure-induced
nitrogen and non-resonant Debye attenuation) and water vapour, respectively, and where f is the
frequency (GHz) and N”(f) is the imaginary part of the frequency-dependent complex refractivity:

N"(f)=2.S K +Np(f) k)

S is the strength of the i-th line, Fj is the line shape factor and the sum extends over all the lines (for

frequencies, f, above 118.750343 GHz oxygen line, only the oxygen lines above 60 GHz complex
should be included in the summation; the summation should begin at i = 38 rather than at i = 1);

Np(f) is the dry continuum due to pressure-induced nitrogen absorption and the Debye spectrum.

The line strength is given by:

a X 107’ p 03 exp[a2 1 - 0)] for oxygen

S
3)

b x 107! e 3 exp[bz a1 - 0)] for water vapour

where:
p: dry air pressure (hPa)
e: water vapour partial pressure in hPa (total barometric pressure Prot=pP + €)
0 = 300/T
T: temperature (K).
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FIGURE 1
Specific attenuation due to atmospheric gases, calculated at 1 GHz intervals, including line centres
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FIGURE 2

ITU-R P.676-9
Specific attenuation in therange 50-70 GHz at the altitudes indicated
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Rec. ITU-R P.676-9 5

Local values of p, € and T measured profiles (e.g. using radiosondes) should be used; however, in
the absence of local information, the reference standard atmospheres described in Recommen-
dation ITU-R P.835 should be used. (Note that where total atmospheric attenuation is being
calculated, the same-water vapour partial pressure is used for both dry-air and water-vapour
attenuations.)

The water-vapour partial pressure, € may be obtained from the water-vapour density p using the
expression:

pT
e=——— 4
216.7 @

The coefficients aj, @y are given in Table 1 for oxygen, those for water vapour, by and by, are given
in Table 2.

The line-shape factor is given by:
f|Af-8(f—f) Af =8 (f;+ )

F=" N )
VR (f - fPAf2 (f + )R +Af2

where fj is the line frequency and Af is the width of the line:

Af = a3 X 10_4(p p(08 —as) 4 1.1e0) for oxygen
(6a)
= Dby x 1074 (p 0P + bs eeb6) for water vapour
The line width Af is modified to account for Doppler broadening:
Af =/AF2 +2.25x107° for oxygen
1242 (6b)
=0.535Af +\/O.217Af 24 2.1316 ><610 f for water vapour
0 is a correction factor which arises due to interference effects in oxygen lines:
d= (a5 +a40) x10~*(p+e)9°8 for oxygen )

=0 for water vapour

The spectroscopic coefficients are given in Tables 1 and 2.
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TABLE 1
Spectroscopic data for oxygen attenuation
fo & & a3 Y as 3
50.474238 94 9.694 8.90 .0 2.400 7.900
50.987749 2.46 8.694 9.10 .0 2.200 7.800
51.503350 6.08 7.744 9.40 .0 1.970 7.740
52.021410 14.14 6.844 9.70 .0 1.660 7.640
52.542394 31.02 6.004 9.90 .0 1.360 7.510
53.066907 64.10 5.224 10.20 .0 1.310 7.140
53.595749 124.70 4.484 10.50 .0 2.300 5.840
54.130000 228.00 3.814 10.70 .0 3.350 4.310
54.671159 391.80 3.194 11.00 .0 3.740 3.050
55.221367 631.60 2.624 11.30 .0 2.580 3.390
55.783802 953.50 2.119 11.70 .0 —1.660 7.050
56.264775 548.90 .015 17.30 .0 3.900 —1.130
56.363389 1344.00 1.660 12.00 .0 -2.970 7.530
56.968206 1 763.00 1.260 12.40 .0 —4.160 7.420
57.612484 2 141.00 915 12.80 .0 -6.130 6.970
58.323877 2 386.00 .626 13.30 .0 —2.050 510
58.446590 1457.00 .084 15.20 .0 7.480 —1.460
59.164207 2 404.00 391 13.90 .0 —7.220 2.660
59.590983 2 112.00 212 14.30 .0 7.650 -.900
60.306061 2 124.00 212 14.50 .0 —7.050 .810
60.434776 2461.00 391 13.60 .0 6.970 -3.240
61.150560 2504.00 .626 13.10 .0 1.040 -.670
61.800154 2 298.00 915 12.70 .0 5.700 —7.610
62.411215 1 933.00 1.260 12.30 .0 3.600 =7.770
62.486260 1517.00 .083 15.40 .0 —4.980 970
62.997977 1 503.00 1.665 12.00 .0 2.390 —7.680
63.568518 1 087.00 2.115 11.70 .0 1.080 —7.060
64.127767 733.50 2.620 11.30 .0 -3.110 -3.320
64.678903 463.50 3.195 11.00 .0 —4.210 -2.980
65.224071 274.80 3.815 10.70 .0 -3.750 -4.230
65.764772 153.00 4.485 10.50 .0 -2.670 -5.750
66.302091 80.09 5.225 10.20 .0 —1.680 —7.000
66.836830 39.46 6.005 9.90 .0 -1.690 -7.350
67.369598 18.32 6.845 9.70 .0 —2.000 —7.440
67.900867 8.01 7.745 9.40 .0 —2.280 —7.530
68.431005 3.30 8.695 9.20 .0 —2.400 —7.600
68.960311 1.28 9.695 9.00 .0 -2.500 —7.650
118.750343 945.00 .009 16.30 .0 -.360 .090
368.498350 67.90 .049 19.20 .6 .000 .000
424.763124 638.00 .044 19.30 .6 .000 .000
487.249370 235.00 .049 19.20 .6 .000 .000
715.393150 99.60 145 18.10 .6 .000 .000
773.839675 671.00 130 18.20 .6 .000 .000
834.145330 180.00 147 18.10 .6 .000 .000
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TABLE 2

Spectroscopic data for water-vapour attenuation
fo by b, bs by bs bs
22.235080 0.1130 2.143 28.11 .69 4.800 1.00
67.803960 0.0012 8.735 28.58 .69 4.930 .82
119.995940 0.0008 8.356 29.48 .70 4.780 .79
183.310091 2.4200 .668 30.50 .64 5.300 .85
321.225644 0.0483 6.181 23.03 .67 4.690 .54
325.152919 1.4990 1.540 27.83 .68 4.850 74
336.222601 0.0011 9.829 26.93 .69 4.740 .61
380.197372 11.5200 1.048 28.73 .54 5.380 .89
390.134508 0.0046 7.350 21.52 .63 4.810 .55
437.346667 0.0650 5.050 18.45 .60 4.230 A48
439.150812 0.9218 3.596 21.00 .63 4.290 52
443.018295 0.1976 5.050 18.60 .60 4.230 .50
448.001075 10.3200 1.405 26.32 .66 4.840 .67
470.888947 0.3297 3.599 21.52 .66 4.570 .65
474.689127 1.2620 2.381 23.55 .65 4.650 .64
488.491133 0.2520 2.853 26.02 .69 5.040 .72
503.568532 0.0390 6.733 16.12 .61 3.980 43
504.482692 0.0130 6.733 16.12 .61 4.010 45
547.676440 9.7010 114 26.00 .70 4.500 1.00
552.020960 14.7700 114 26.00 .70 4.500 1.00
556.936002 487.4000 .159 32.10 .69 4.110 1.00
620.700807 5.0120 2.200 24.38 71 4.680 .68
645.866155 0.0713 8.580 18.00 .60 4.000 .50
658.005280 0.3022 7.820 32.10 .69 4.140 1.00
752.033227 239.6000 .396 30.60 .68 4.090 .84
841.053973 0.0140 8.180 15.90 33 5.760 45
859.962313 0.1472 7.989 30.60 .68 4.090 .84
899.306675 0.0605 7.917 29.85 .68 4.530 .90
902.616173 0.0426 8.432 28.65 .70 5.100 .95
906.207325 0.1876 5.111 24.08 .70 4.700 53
916.171582 8.3400 1.442 26.70 .70 4.780 78
923.118427 0.0869 10.220 29.00 .70 5.000 .80
970.315022 8.9720 1.920 25.50 .64 4.940 .67
987.926764 132.1000 258 29.85 .68 4.550 .90
1 780.000000 | 22 300.0000 952 176.20 .50 30.500 5.00
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The dry air continuum arises from the non-resonant Debye spectrum of oxygen below 10 GHz and a
pressure-induced nitrogen attenuation above 100 GHz.

6.14 x 10° 14 x 102 pe'?

NS (f) = f p6o? (8)
o (1) g { 2] 141.9x1075 £1°
d1 + (j
d
where d is the width parameter for the Debye spectrum:
d=5.6x10"*(p+e)p’8 9)

2 Path attenuation

2.1 Terrestrial paths

For a terrestrial path, or for slightly inclined paths close to the ground, the path attenuation, A, may
be written as:

A=115= (Yo +Yw)To dB (10)
where rg is path length (km).

2.2 Slant paths

This section gives a method to integrate the specific attenuation calculated using the line-by-line
model given above, at different pressures, temperatures and humidities through the atmosphere. By
this means, the path attenuation for communications systems with any geometrical configuration
within and external to the Earth's atmosphere may be accurately determined simply by dividing the
atmosphere into horizontal layers, specifying the profile of the meteorological parameters pressure,
temperature and humidity along the path. In the absence of local profiles, from radiosonde data, for
example, the reference standard atmospheres in Recommendation ITU-R P.835 may be used, either
for global application or for low (annual), mid (summer and winter) and high latitude (summer and
winter) sites.

Figure 3 shows the zenith attenuation calculated at 1 GHz intervals with this model for the global
reference standard atmosphere in Recommendation ITU-R P.835, with horizontal layers 1 km thick
and summing the attenuations for each layer, for the cases of a moist atmosphere (Curve A) and a
dry atmosphere (Curve B).

The total slant path attenuation, A(h, @), from a station with altitude, h, and elevation angle, ¢, can
be calculated as follows when @ > 0:

Ah, o) = jw Y.(H)dH (11)

h sin ®
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where the value of ® can be determined as follows based on Snell’s law in polar coordinates:

® =arccos ( ¢ j (12)
(r+H)xn(H)

where:
c=(r+hyxn(h)yxcos @ (13)

where n(h) is the atmospheric radio refractive index, calculated from pressure, temperature and
water-vapour pressure along the path (see Recommendation ITU-R P.835) using Recom-
mendation I[TU-R P.453.

On the other hand, when ¢ < 0, there is a minimum height, hyin, at which the radio beam becomes
parallel with the Earth’s surface. The value of hyjn can be determined by solving the following
transcendental equation:

(r +hrin )< (i) = (14)
This can be easily solved by repeating the following calculation, using hmin = h as an initial value:

c

hr —— I 15
min n(hmin) ( )
Therefore, A(h, @) can be calculated as follows:
oo h
Alh, (p)=J‘ 1) gy +J‘ 1) gy (16)
hyrin S o hyin SIN o

In carrying out the integration of equations (11) and (16), care should be exercised in that the
integrand becomes infinite at @ = 0. However, this singularity can be eliminated by an appropriate
variable conversion, for example, by using u*=H —h in equation (11) and u*=H — hyjn in
equation (16).

A numerical solution for the attenuation due to atmospheric gases can be implemented with the
following algorithm.

To calculate the total attenuation for a satellite link, it is necessary to know not only the specific
attenuation at each point of the link but also the length of path that has that specific attenuation. To
derive the path length it is also necessary to consider the ray bending that occurs in a spherical
Earth.

Using Fig. 4 as a reference, an is the path length through layer n with thickness 0p that has
refractive index np. oy and By are the entry and exiting incidence angles. rp are the radii from the
centre of the Earth to the beginning of layer n. an can then be expressed as:

a, =—1TIp cos Bn+%\/4rn2 cos? Br+8 1, 8n+48% (17)

The angle o can be calculated from:

_ar%_zrnsn_sﬁ (18)
2a,m+2a, o,

Ol = TT—arccos (
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B1 is the incidence angle at the ground station (the complement of the elevation angle @). Bn+1 can
be calculated from o using Snell’s law that in this case becomes:

Bosl =arcsin( " in ocnj (19)

Nn+1

where Np and nNp 4 are the refractive indexes of layers nand n+ 1.

Equation (19) may become invalid at very low elevation angles (¢ < 1°) when radiosonde data from
certain regions of the world susceptible to ducting conditions are used as input. In such cases, air
layers with radio refractivity gradients smaller in magnitude than —157 N/km are present and the
ray-tracing algorithm (equations (17) to (19)), based on geometrical optics, is no longer applicable.
The arcsine function in equation (19) becomes complex under these anomalous conditions since its
argument is then slightly larger than 1. It should be noted that equation (19) is valid for all elevation
angles when the reference standard atmospheres described in Recommendation ITU-R P.835 are
used as input, since these idealized atmospheres — clearly without strong negative refractivity
gradients — do not support such anomalous propagation conditions.
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(Standard: 7.5 g/m’ at sea level; Dry: 0 g/m’)

FIGURE 3
Zenith attenuation dueto atmospheric gases, calculated at 1 GHz intervals, including line centres
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12 Rec. ITU-R P.676-9

The remaining frequency dependent (dispersive) term has a marginal influence on the result (around
1%) but can be calculated from the method shown in the ITU-R Handbook on Radiometeorology.

The total attenuation can be derived using:
k
Agas = 23 T dB (20)
n=I1

where Yn, 1s the specific attenuation derived from equation (1).

To ensure an accurate estimate of the path attenuation, the thickness of the layers should increase
exponentially, from 10 cm at the lowest layer (ground level) to 1 km at an altitude of 100 km,
according to the following equation:

i =1
o, = 0.0001 e — km 21
i Xp{ 100 } (21)

922

from i = 1 to 922, noting that 8927 = 1.0 km and Zizl & =100 km.

For Earth-to-space applications, the integration should be performed at least up to 30 km, and up to
100 km at the oxygen line-centre frequencies.

FIGURE 4

P0676-04
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3 Disper sive effects

The effects of dispersion are discussed in the ITU-R Handbook on Radiometeorology, which
contains a model for calculating dispersion based on the line-by-line calculation. For practical
purposes, dispersive effects should not impose serious limitations on millimetric terrestrial
communication systems operating with bandwidths of up to a few hundred MHz over short ranges
(for example, less than about 20 km), especially in the window regions of the spectrum, at
frequencies removed from the centres of major absorption lines. For satellite communication
systems, the longer path lengths through the atmosphere will constrain operating frequencies further
to the window regions, where both atmospheric attenuation and the corresponding dispersion are
low.

Annex 2

Approximate estimation of gaseous attenuation
in the frequency range 1-350 GHz

This Annex contains simplified algorithms for quick, approximate estimation of gaseous attenuation
for a limited range of meteorological conditions and a limited variety of geometrical configurations.

1 Specific attenuation

The specific attenuation due to dry air and water vapour, from sea level to an altitude of 10 km, can
be estimated using the following simplified algorithms, which are based on curve-fitting to the line-
by-line calculation, and agree with the more accurate calculations to within an average of about
+10% at frequencies removed from the centres of major absorption lines. The absolute difference
between the results from these algorithms and the line-by-line calculation is generally less than
0.1 dB/km and reaches a maximum of 0.7 dB/km near 60 GHz. For altitudes higher than 10 km, and
in cases where higher accuracy is required, the line-by-line calculation should be used.

For dry air, the attenuation Yo (dB/km) is given by the following equations:
For f <54 GHz:

72128 0.62 _
Yo =| = L+ — 53 f2r) x107 (22a)
f24034r2 10 (54— £)M165 10838,

For 54 GHz <f < 60 GHz:
Yo = exp[%(f — 58)(f — 60) — m%(f _ 54)(f - 60) + lnl%(f _54)(f - 58)} (22b)

For 60 GHz <f <62 GHz:

f—60
2

Yo =Yoo +(Ye2 —Y60) (22¢)
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For 62 GHz <f < 66 GHz:

Yo :exp[h’%(f _64)(f - 66)—%“ — 62)(f - 66) + ln%(f —62)(f - 64)}

For 66 GHz <f< 120 GHz:

_ 0.283r.>8
yo:{3.02x10 MR t

(f —118.75) +291r3 0 (f —66)" 434654 1 1.15¢;

For 120 GHz < f <350 GHz:

with:

|

+
1+1.9x107 £1° (f —118.75)> +2.91r 1

3.02x107% 0.283r3 }zrzrss
t

& = (. 1,0.0717,~1.8132,0.0156,-1.6515)
&) =0T p,11,0.5146,4.6368,-0.1921,-5.7416)
&3 = (T p,1,0.3414,-6.5851,0.2130,-8.5854)

&4 = (1, 1,-0.0112,0.0092,-0.1033,-0.0009)
&5 = (rp,1,0.2705,-2.7192,-0.3016,4.1033)
&6 = (1, 1,0.2445,-5.9191,0.0422,-8.0719)

& = @(rp,1,—0.1833,6.5589,-0.2402,6.131)

V54 =2.1920(r ,1;,1.8286,-1.9487,0.4051,-2.8509)
Vsg =12.590(rp, 1;,1.0045,3.5610,0.1588,1.2834)
Yoo =15.00(rp, ;,0.9003,4.1335,0.0427,1.6088)
Yoo =14.28(1 ,1:,0.9886,3.4176,0.1827,1.3429)
Yes = 6.8199(rp, 1;,1.4320,0.6258,0.3177,-0.5914)
Yoo =1.908(T . 1;,2.0717,~4.1404,0.4910,-4.8718)

0=-0.003060(rp, 1;,3.211,-14.94,1.583,-16.37)

o(ry rt,a,bcd)_r rt exp[c(1-Tp)+d(1-r)]
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where:
f:  frequency (GHz)
r'e = Pro/1013, where prot represents total air pressure
re = 288/(273 +1)
p: pressure (hPa)

t: temperature (°C), where mean temperature values can be obtained from maps
given in Recommendation ITU-R P.1510, when no adequate temperature data
are available.

For water vapour, the attenuation "y (dB/km) is given by:

~ {3.98111 exp[2.23(1-1,)]

o(f 22+ 1196, exp[0.7(1—1,)]
(f —22.235)% +9.42n7 (f —183.31)% +11.14n?
, 0.08Im, exp[6.44(1—r,)] | 3.66, exp[L.6(1-1;)]
(f —321.226)* +6.29m7  (f —325.153)% +9.22n7
, 253 exp[1.09(1-r)] | 17.4n, exp[1.46(1-1,)]

w

(23a)
(f —380)? (f —448)?
, 844.6m, exp[0.172(1 —1)] o(f 557+ 290m, exp[0.41(21 -] a(4.752)
(f —557) (f —752)
4 —
, 8:3328x10 nzexp[02.99(l r)] 0.1 780) 1 121250 x 1074
(f —1780)
with:
My =0.955r "% +0.006p (23b)
N, =0.735 1,17 +0.0353 r,’p (23¢)
2
g(f, fi)=1+ -t (23d)
f+f

where p is the water-vapour density (g/m3).

Figure 5 shows the specific attenuation from 1 to 350 GHz at sea-level for dry air and water vapour
with a density of 7.5 g/m3.

2 Path attenuation

2.1 Terrestrial paths

For a horizontal path, or for slightly inclined paths close to the ground, the path attenuation, A, may
be written as:

A=yro=(Yo+Yw)ro dB (24)

where rg is the path length (km).
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FIGURE 5
Specific attenuation due to atmospheric gases
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2.2 Slant paths

This section contains simple algorithms for estimating the gaseous attenuation along slant paths
through the Earth’s atmosphere, by defining an equivalent height by which the specific attenuation
calculated in § 1 may be multiplied to obtain the zenith attenuation. The equivalent heights are
dependent on pressure, and can hence be employed for determining the zenith attenuation from sea
level up to an altitude of about 10 km. The resulting zenith attenuations are accurate to within £10%
for dry air and +5% for water vapour from sea level up to altitudes of about 10 km, using the
pressure, temperature and water-vapour density appropriate to the altitude of interest. For altitudes
higher than 10 km, and particularly for frequencies within 0.5 GHz of the centres of resonance lines
at any altitude, the procedure in Annex 1 should be used. Note that the Gaussian function in
equation (25b) describing the oxygen equivalent height in the 60 GHz band can yield errors higher
than 10% at certain frequencies, since this procedure cannot reproduce the structure shown in
Fig. 7. The expressions below were derived from zenith attenuations calculated with the procedure
in Annex 1, integrating the attenuations numerically over a bandwidth of 500 MHz; the resultant
attenuations hence effectively represent approximate minimum values in the 50-70 GHz band. The
path attenuation at elevation angles other than the zenith may then be determined using the
procedures described later in this section.

For dry air, the equivalent height is given by:

6.1
=— I+ +t, + t3) (25a)
o= o SRR
where:
4.64 f-59 ’
t = i 53 SXp |~ = 39.7 (25b)
1+ 0.066 r,™ 2.87 +124exp (=7.971,)

0.14exp (2.12 1)

t2 = 5 (250)
(f —118.75)> + 0.031 exp(2.2 1)
0.0114 —0.0247+0.0001f +1.61x107° 2
t = 26! K j_5 2 : 7 ¢3 (25d)
1+0.14 ™ 1-0.0169f +4.1x107° f“+3.2x10"" f
with the constraint that:

hy<10.7r° when f <70GHz (25¢)

and for water vapour, the equivalent height is:
hy, = 1.66| 1+ 1390,y + 3370 N 1.580, (262)

(f —22.235)2 + 2.560,, (f-18331)2+4.690, (f-325.1)%+2.89,,
for f < 350 GHz
1.013

(26b)

"7 1+ exp[8.6 (rp—0.57)]

The zenith attenuation between 50 to 70 GHz is a complicated function of frequency, as shown in
Fig. 7, and the above algorithms for equivalent height can provide only an approximate estimate, in
general, of the minimum levels of attenuation likely to be encountered in this frequency range. For
greater accuracy, the procedure in Annex 1 should be used.
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The concept of equivalent height is based on the assumption of an exponential atmosphere specified
by a scale height to describe the decay in density with altitude. Note that scale heights for both dry
air and water vapour may vary with latitude, season and/or climate, and that water vapour distribu-
tions in the real atmosphere may deviate considerably from the exponential, with corresponding
changes in equivalent heights. The values given above are applicable up to altitudes of about 10 km.

The total zenith attenuation is then:
A=7o hy+7yyhy dB (27)

Figure 6 shows the total zenith attenuation at sea level, as well as the attenuation due to dry air and
water vapour, using the mean annual global reference atmosphere given in Recommendation
ITU-R P.835. Between 50 and 70 GHz greater accuracy can be obtained from the 0 km curve in
Fig. 7 which was derived using the line-by-line calculation as described in Annex 1.

2.2.1 Elevation angles between 5° and 90°

2.2.1.1 Earth-space paths

For an elevation angle, @, between 5° and 90°, the path attenuation is obtained using the cosecant
law, as follows:

For path attenuation based on surface meteorological data:

A= PotAy dB (28)

sin @
where Ap=hy v, and Ay=hy vy
and for path attenuation based on integrated water vapour content:

AP)=Lot Au(P) dB (29)

sin @
where Ay (P) is given in § 2.3.
2.2.1.2 Inclined paths

To determine the attenuation values on an inclined path between a station situated at altitude h; and
another at a higher altitude hy, where both altitudes are less than 10 km above mean sea level, the
values hg and hy in equation (28) must be replaced by the following hy, and hy, values:

h = h [e—hl/ho _e—hz/ho] m (30)

h;Nth[e*hl/hw—e*hz/hw] km 31)

it being understood that the value p of the water-vapour density used in equation (23) is the hypo-
thetical value at sea level calculated as follows:

p=p; x exp (h/2) (32)

where p is the value corresponding to altitude hy of the station in question, and the equivalent
height of water vapour density is assumed as 2 km (see Recommendation ITU-R P.835).

Equations (30), (31) and (32) use different normalizations for the dry air and water-vapour
equivalent heights. While the mean air pressure referred to sea level can be considered constant
around the world (equal to 1013 hPa), the water-vapour density not only has a wide range of
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climatic variability but is measured at the surface (i.e. at the height of the ground station). For
values of surface water-vapour density, see Recommendation ITU-R P.836.

2.2.2 Elevation angles between 0° and 5°

2.2.21 Earth-space paths

In this case, Annex 1 of this Recommendation should be used. The same Annex should also be used
for elevations less than zero.

2.2.2.2 Inclined paths

The attenuation on an inclined path between a station situated at altitude h; and a higher altitude h,
(where both altitudes are less than 10 km above mean sea level), can be determined from the
following:

Azyo\/E[\/ReJrhl'F(Xl)ehl/h" \/Re+h2'F(X2)eh2/h°]

Cos @ cos ®y

coS @ cos ©)

By e N/ B ) e M2/ w
+VWM[*/R9+” Foq e MM R+t -Fog)e ™ } PR

where:

Re: effective Earth radius including refraction, given in Recommendation
ITU-R P.834, expressed in km (a value of 8500 km is generally acceptable for
the immediate vicinity of the Earth's surface)

¢@1: elevation angle at altitude hy
F: function defined by:

F(x) = 1 (34)
0.661x + 0.339yx* + 5.51
_ Re+hy 35
() = arccos [ Rt hy cos (le (35a)
X = tan @j Re—+hi fori=1,2 (35b)
hy
. + :
X = tan @; ReTh fori=1,2 (35¢)

it being understood that the value p of the water vapour density used in equation (23) is the hypo-
thetical value at sea level calculated as follows:

p=py-exp(h/2) (36)

where p1 is the value corresponding to altitude h; of the station in question, and the equivalent
height of water vapour density is assumed as 2 km (see Recommendation ITU-R P.835).

Values for p; at the surface can be found in Recommendation ITU-R P.836. The different formula-
tion for dry air and water vapour is explained at the end of § 2.2.
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FIGURE 6
Total, dry air and water-vapour zenith attenuation from sea level
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FIGURE 7

Zenith oxygen attenuation from the altitudesindicated, calculated at intervals of 50 MHz,
including line centres (0 km, 5 km, 10 km, 15 km and 20 km)
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2.3 Zenith path water -vapour attenuation

The above method for calculating slant path attenuation by water vapour relies on the knowledge of
the profile of water-vapour pressure (or density) along the path. In cases where the integrated water
vapour content along the path, Vi, is known, an alternative method may be used. The total

water-vapour attenuation can be estimated as:

where:

Vi(P):

w(f, p, p, 1):

0.0173Vy (P)yw(f, Pref Py ref stref )

dB 37)
Yw(fref > Pref sPv ref tref )

Aw(P)

frequency (GHz)

20.6 (GHz)
780 (hPa)

A (@)

14 In [_o.zzr(P)j” (°C)

integrated water vapour content at the required percentage of time (kg/m” or
mm), which can be obtained either from radiosonde profiles, radiometric
measurements, or Recommendation ITU-R P.836 (kg/m” or mm)

specific attenuation as a function of frequency, pressure, water-vapour density,
and temperature calculated from equation (23a) (dB/km).
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RECOMMENDATION ITU-R P.838-3

Specific attenuation model for rain for use in prediction methods
(Question ITU-R 201/3)

(1992-1999-2003-2005)

The ITU Radiocommunication Assembly,

considering

a) that there is a need to calculate the attenuation due to rain from a knowledge of rain rates,
recommends

1 that the following procedure be used.

The specific attenuation yg (dB/km) is obtained from the rain rate R (mm/h) using the power-law
relationship:

TR = kR 1)

Values for the coefficients k and o are determined as functions of frequency, f (GHz), in the range
from 1 to 1 000 GHz, from the following equations, which have been developed from curve-fitting
to power-law coefficients derived from scattering calculations:

2
4 log,o f —D;
logipk =D"a;exp —(%J +my logyy T +¢, )
j=1 i
2
5 logyg f —b;
o=) ajexp —{%J +my logyg f +¢,, (3)
j=1 i

where:
f:  frequency (GHz)
k: either ky or ky
o: either oy or aw.

Values for the constants for the coefficient ky for horizontal polarization are given in Table 1 and
for the coefficient ky for vertical polarization in Table 2. Table 3 gives the values for the constants
for the coefficient oy for horizontal polarization, and Table 4 gives the values for the constants for
the coefficient a, for vertical polarization.
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TABLE 1
Coefficients for ky
j d; bj Cj Mg Ck
1 -5.33980 -0.10008 1.13098
2 -0.35351 1.26970 0.45400
-0.18961 0.71147
3 -0.23789 0.86036 0.15354
4 —-0.94158 0.64552 0.16817
TABLE 2
Coefficients for ky
j aj bj Cj Mg Ck
1 -3.80595 0.56934 0.81061
2 -3.44965 -0.22911 0.51059
—0.16398 0.63297
3 -0.39902 0.73042 0.11899
4 0.50167 1.07319 0.27195
TABLE 3
Coefficients for an
j CY bj Cj Mg Ca
1 -0.14318 1.82442 -0.55187
2 0.29591 0.77564 0.19822
3 0.32177 0.63773 0.13164 0.67849 —-1.95537
4 -5.37610 —-0.96230 1.47828
5 16.1721 -3.29980 3.43990
TABLE 4
Coefficients for oy
j CY bj Cj Mg Ca
1 -0.07771 2.33840 —-0.76284
2 0.56727 0.95545 0.54039
3 -0.20238 1.14520 0.26809 —0.053739 0.83433
4 -48.2991 0.791669 0.116226
5 48.5833 0.791459 0.116479
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For linear and circular polarization, and for all path geometries, the coefficients in equation (1) can
be calculated from the values given by equations (2) and (3) using the following equations:

k =[ky +ky + (ky —ky)cos? 0 cos 2 t]/2 (4)
o =[kyoy +kyoy + (ko —kyo )cos? 0 cos 2]/ 2k (5)

where 0 is the path elevation angle and t is the polarization tilt angle relative to the horizontal
(t = 45° for circular polarization).

For quick reference, the coefficients k and o are shown graphically in Figs. 1 to 4, and Table 5 lists
numerical values for the coefficients at given frequencies.

FIGURE 1
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FIGURE 2

o coefficient for horizontal polarization
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k coefficient for vertical polarization
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FIGURE 4

o coefficient for vertical polarization
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TABLE 5

10

Frequency-dependent coefficients for estimating specific rain attenuation
using equations (4), (5) and (1)

i ki o kv o
1 0.0000259 0.9691 0.0000308 0.8592
1.5 0.0000443 1.0185 0.0000574 0.8957
2 0.0000847 1.0664 0.0000998 0.9490
2.5 0.0001321 1.1209 0.0001464 1.0085
3 0.0001390 1.2322 0.0001942 1.0688
3.5 0.0001155 1.4189 0.0002346 1.1387
4 0.0001071 1.6009 0.0002461 1.2476
4.5 0.0001340 1.6948 0.0002347 1.3987
5 0.0002162 1.6969 0.0002428 1.5317
55 0.0003909 1.6499 0.0003115 1.5882
6 0.0007056 1.5900 0.0004878 1.5728
7 0.001915 1.4810 0.001425 1.4745
8 0.004115 1.3905 0.003450 1.3797
9 0.007535 1.3155 0.006691 1.2895
10 0.01217 1.2571 0.01129 1.2156
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TABLE 5 (continued)
Frequency Ky o ky .
(GHz)
11 0.01772 1.2140 0.01731 1.1617
12 0.02386 1.1825 0.02455 1.1216
13 0.03041 1.1586 0.03266 1.0901
14 0.03738 1.1396 0.04126 1.0646
15 0.04481 1.1233 0.05008 1.0440
16 0.05282 1.1086 0.05899 1.0273
17 0.06146 1.0949 0.06797 1.0137
18 0.07078 1.0818 0.07708 1.0025
19 0.08084 1.0691 0.08642 0.9930
20 0.09164 1.0568 0.09611 0.9847
21 0.1032 1.0447 0.1063 0.9771
22 0.1155 1.0329 0.1170 0.9700
23 0.1286 1.0214 0.1284 0.9630
24 0.1425 1.0101 0.1404 0.9561
25 0.1571 0.9991 0.1533 0.9491
26 0.1724 0.9884 0.1669 0.9421
27 0.1884 0.9780 0.1813 0.9349
28 0.2051 0.9679 0.1964 0.9277
29 0.2224 0.9580 0.2124 0.9203
30 0.2403 0.9485 0.2291 0.9129
31 0.2588 0.9392 0.2465 0.9055
32 0.2778 0.9302 0.2646 0.8981
33 0.2972 0.9214 0.2833 0.8907
34 0.3171 0.9129 0.3026 0.8834
35 0.3374 0.9047 0.3224 0.8761
36 0.3580 0.8967 0.3427 0.8690
37 0.3789 0.8890 0.3633 0.8621
38 0.4001 0.8816 0.3844 0.8552
39 0.4215 0.8743 0.4058 0.8486
40 0.4431 0.8673 0.4274 0.8421
41 0.4647 0.8605 0.4492 0.8357
42 0.4865 0.8539 0.4712 0.8296
43 0.5084 0.8476 0.4932 0.8236
44 0.5302 0.8414 0.5153 0.8179
45 0.5521 0.8355 0.5375 0.8123
46 0.5738 0.8297 0.5596 0.8069
47 0.5956 0.8241 0.5817 0.8017
48 0.6172 0.8187 0.6037 0.7967
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TABLE 5 (continued)
Frequency K K
(GH2) H OlH v Oy
49 0.6386 0.8134 0.6255 0.7918
50 0.6600 0.8084 0.6472 0.7871
51 0.6811 0.8034 0.6687 0.7826
52 0.7020 0.7987 0.6901 0.7783
53 0.7228 0.7941 0.7112 0.7741
54 0.7433 0.7896 0.7321 0.7700
55 0.7635 0.7853 0.7527 0.7661
56 0.7835 0.7811 0.7730 0.7623
57 0.8032 0.7771 0.7931 0.7587
58 0.8226 0.7731 0.8129 0.7552
59 0.8418 0.7693 0.8324 0.7518
60 0.8606 0.7656 0.8515 0.7486
61 0.8791 0.7621 0.8704 0.7454
62 0.8974 0.7586 0.8889 0.7424
63 0.9153 0.7552 0.9071 0.7395
64 0.9328 0.7520 0.9250 0.7366
65 0.9501 0.7488 0.9425 0.7339
66 0.9670 0.7458 0.9598 0.7313
67 0.9836 0.7428 0.9767 0.7287
68 0.9999 0.7400 0.9932 0.7262
69 1.0159 0.7372 1.0094 0.7238
70 1.0315 0.7345 1.0253 0.7215
71 1.0468 0.7318 1.0409 0.7193
72 1.0618 0.7293 1.0561 0.7171
73 1.0764 0.7268 1.0711 0.7150
74 1.0908 0.7244 1.0857 0.7130
75 1.1048 0.7221 1.1000 0.7110
76 1.1185 0.7199 1.1139 0.7091
7 1.1320 0.7177 1.1276 0.7073
78 1.1451 0.7156 1.1410 0.7055
79 1.1579 0.7135 1.1541 0.7038
80 1.1704 0.7115 1.1668 0.7021
81 1.1827 0.7096 1.1793 0.7004
82 1.1946 0.7077 1.1915 0.6988
83 1.2063 0.7058 1.2034 0.6973
84 1.2177 0.7040 1.2151 0.6958
85 1.2289 0.7023 1.2265 0.6943
86 1.2398 0.7006 1.2376 0.6929
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TABLE 5 (end)

o ki ot ky oy
87 1.2504 0.6990 1.2484 0.6915
88 1.2607 0.6974 1.2590 0.6902
89 1.2708 0.6959 1.2694 0.6889
90 1.2807 0.6944 1.2795 0.6876
91 1.2903 0.6929 1.2893 0.6864
92 1.2997 0.6915 1.2989 0.6852
93 1.3089 0.6901 1.3083 0.6840
94 1.3179 0.6888 1.3175 0.6828
95 1.3266 0.6875 1.3265 0.6817
96 1.3351 0.6862 1.3352 0.6806
97 1.3434 0.6850 1.3437 0.6796
98 1.3515 0.6838 1.3520 0.6785
99 1.3594 0.6826 1.3601 0.6775
100 1.3671 0.6815 1.3680 0.6765
120 1.4866 0.6640 1.4911 0.6609
150 1.5823 0.6494 1.5896 0.6466
200 1.6378 0.6382 1.6443 0.6343
300 1.6286 0.6296 1.6286 0.6262
400 1.5860 0.6262 1.5820 0.6256
500 1.5418 0.6253 1.5366 0.6272
600 1.5013 0.6262 1.4967 0.6293
700 1.4654 0.6284 1.4622 0.6315
800 1.4335 0.6315 1.4321 0.6334
900 1.4050 0.6353 1.4056 0.6351

1000 1.3795 0.6396 1.3822 0.6365
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35! Lra_|dB 0.0 12 EEFARE=0mm/h
BHZTRERE Ld |dB 1274
RE7UTTHE Gr__|dBi 440
REHEE Lr |dB 1.0
ZEE Ci |dBm -30.4 | (WGt/Lt)~(LotLra+Ld)}+Gr-Lr
HEEH F_|dB 10.0
RILYTUEH k |dBm/(Hz'K)| -198.6 | k=1.38E-23
BERE To |dBK 24.8 | T,=300
e B |dBHz 102.4
HEE Ni  |dBm -61.4 | Ni=kT,BF
2{EC/N C/N_|dB 31.0
FIEC/N dB 25.0
mEY—IY dB 6.0
2 WA ETERSNABE (BXE)
EE Fitel B HiE &%

EERRYK f  |GHz 125
HE A |mm 240
IR B |GHz 115
EEEHD W |mW 1000.0
Z=EED W |dBm 30.0
EEHREE Lt |dB 1.0
B2E7VTHHE Gt |dBi 51.0
E{EEIPR WGt/Lt |dBm 80.0 | W-Lt+Gt
(et d _ |km 44
ARIRIREE Lo |dB 13.1 [3dB/km
Ed5tc] Lra_|dB 00 |17 R mREE=0mm/h
BRZEREHE Ld |dB 147.2
RETUTHHE Gr__|dBi 51.0
REHRES L |dB 10
ZEEN Ci_ |dBm -30.3 | (WGt/Lt)—(Lo+Lra+Ld)}+Gr-Lr
BEREN F | 100
RILYTUES k |dBm/(Hz'K) | -198.6 | k=1.38E-23
BERE T, |dBK 248 | T,=300
THIdE B |dBHz 102.4
BEE Ni  |dBm -614 | Ni=kT,BF
Z{EC/N C/N_|dB 311
EC/N dB 25.0
BEEY—IY dB 6.1

PN 5 IERE R RIEHER
EFRED 17.5mW 1w
=ik BB 450m 4.4km
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#& 2 BPSKAXICHIT D EIREREH (FBXRE)
1 BHSNE THRSNDHA FEXE)

EH s B i &%

HERRY f_ |GHz 125

EER A [mm 2.40

HIIE B |GHz 175

EEEN w_|mW 44

EEEN W |dBm 6.4

HERER Lt |dB 1.0

EETUTTHG Gt |dBi 440

E{EEPR WGt/Lt |dBm 49.4 | W-Lt+Gt

ek iER d__lkm 0.45

AKRINE Lo |dB 1.4 |3dB/km

] Lra_|dB 0.0 |17 R E=0mm/h
B R TR EikiE Ld |dB 1274

ZE7VTTHE Gr__|dBi 44.0

ZEHEE Lr |dB 1.0

REEN Gi|dBm -36.4 | (WGt/Lt)-(Lo+Lra+Ld)+Gr-Lr
EEER F_|dB 10.0

RILYTVER k  |dBm/(Hz'K)|  -198.6 | k=1.38E-23
EERE To |dBK 248 | T4=300

iR B |dBHz 102.4

¥EEEH Ni  |dBm -61.4 | Ni=kT,BF

2{EC/N C/N_|dB 25.0

FIEC/N dB 19.0

EEI—y dB 6.0

2 H)IEHGETHERSNSEE (X

EH el B HiE &%

EERRE f |GHz 125

KE A |mm 2.40

e B |GHz 115

EEEN w_ |mw 250.0

EEED W |dBm 240

EEREE Lt |dB 10

R2E7VTHHE Gt |dBi 51.0

E{EEIPR WGt/Lt |dBm 740 | W-Lt+Gt

prreed it d__lkm 44

ARRIRE Lo |dB 13.1 [3dB/km

gkl Lra_|dB 0.0 |15 & F5&E=0mm/h
B R ZRE{EHE Ld_|dB 147.2

REFUTHIE Gr__|dBi 51.0

SEHREE Lr|dB 10

ZEEN Ci_ |dBm -36.4 | (WGt/Lt)~(LotLratLd)}+Gr-Lr
HEER F |8 100

RILYIUEH k_ |dBm/(Hz:K) |  -198.6 | k=1.38E-23
BERE T, |dBK 248 | T,=300

TridiE B |dBHz 102.4

BEEN Ni  |dBm -614 | Ni=kT,BF
Z{EC/N C/N_|dB 25.0

FEC/N dB 190

EEv-—y dB 6.0

PN 5EREBEF KR
FEhiRE 4.4mW 250mW
=ik EE B 450m 4.4km
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&3 QPSK AXITH T HEIRFREHI (BBFXEF)

1 BRBRETHASNSHE (BXE)

EH s B HiE &%

HER KM f |GHz 125

BE A |mm 2.40

g B [GHz 175

FEEN W |mW 136

EEEN W [dBm 1.3

EERTE Lt |dB 1.0

EETUTHHE Gt |dBi 44.0

#{SEIPR WGt/Lt |dBm 54.3 | W-Lt+Gt

e izt g d_|km 0.45

ARBIRIE Lo |dB 1.4 [3dB/km

KBS Lra |dB 0.0 1 REAE=0mm/h

B B2 EinikiE Ld |dB 1274

REFVTHHE Gr_|dBi 44.0

ZEREE Lr |dB 1.0

ZEED G |dBm -31.5 | WGt/Lt)~(Lot+Lra+Ld)+Gr-Lr

HEEY F_|dB 10.0

RILYRVEH k  |dBm/(Hz*K)|  -198.6 | k=1.38E-23

BERE T, |dBK 248 | T,=300

e B |dBHz 102.4

HEE Ni  |dBm -61.4 | Ni=kT,BF

Z{EC/N C/N |dB 29.9

FEC/N dB 239

EEI—Uy dB 6.0

2 KL ETERSNDIEE (EXH)

HE il B HiE 5%

EEERH f  |GHz 125

BE A |mm 2.40

HIdIE B [GHz 115

FEED w__|mW 7700

EEEN W__|dBm 289

EEREE Lt |dB 10

EET7VTHHE Gt |dBi 51.0

#EEPR WGt/Lt |dBm 789 | W-Lt+Gt

et d_|km 44

AKIRIRIE Lo |dB 13.1 [3dB/km

BfE Lra_|dB 0.0 |1 FE B RAE=0mm/h

B ZTEEgE Ld_|dB 1472

RETUTTHE Gr__|dBi 51.0

ZEHRES Lr |dB 10

ZEE Ci |dBm =315 | (WGt/Lt)~(Lo+Lra+Ld)+Gr-Lr

BEEY F_|dB 100

RILYIVEHR k_|dBm/(Hz'K)|  -198.6 | k=1.38E-23

BERE T, |dBK 248 | T;=300

IR B |dBHz 1024

¥EE Ni  [dBm -61.4 | Ni=kT,BF

Z{EC/N C/N_|dB 29.9

FREC/N dB 239

EEY—IY dB 6.0

EXH vehi i REEHE
EhiRE 13.6mW 770mW
=il 2B B 450m 4.4km
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&4 ASKARICTEIT 2 EIREEEH (FXE)
1 S TEAS HBE (FXE)

ETE] Fises By #is &%E

EERRE f  |GHz 125

BE A |mm 2.40

e B |GHz 175

HFEEN w_|mW 175

EEEN W |dBm 124

FELTE Lt |dB 1.0

EET7LTTHIE Gt |dBi 440

E{EEIPR WGt/Lt |dBm 55.4 | W-Lt+Gt

jree it ] d_|km 0.25

ARBIRIE Lo |dB 0.8 |3dB/km

] Lra |dB 5.8 |15 B RI34 E=60mm/h

BHZHikE Ld [dB 122.3

RE7VTTHE Gr__|dBi 440

REHRER Lr |dB 1.0

ZEEH Gi|dBm -30.4 | (WGt/Lt)~(Lo+Lra+Ld}+Gr-Lr

HEEHR F_|dB 10.0

RILVYRUEH k  |dBm/(Hz-K)| -198.6 | k=1.38E-23

BERE T, |dBK 248 | T,=300

e B |dBHz 102.4

BEE Ni |dBm -61.4 | Ni=kToBF

Z{EC/N C/N _|dB 31.0

fIEC/N dB 250

EEI—TY dB 6.0

2 )L ECHERIN DG E (RXE)

g £ By HiE &%

FERRS f  |GHz 125

BE A |mm 2.40

ol B |GHz 175

EEEN W |mW 1000.0

# W [dBm 30.0

EERER Lt |dB 1.0

EEFUTTHIE Gt |dBi 51.0

REEIPR WGt/Lt [dBm 80.0 | W-Lt+Gt

et d_|km 10

ASRIRE Lo |dB 3.0 |3dB/km

[l Lra_|dB 230 |15 A FREAE=60mm/h

BHERERE Ld |dB 1344

RETLTHHE Gr__|dBi 51.0

ZEHLESE Lr |dB 1.0

ZEEN Ci_ |dBm -30.4 | (WGt/Lt)~(Lo+Lra+Ld)+Gr-Lr

HEE F_|dB 100

RILYIUER k  |dBm/(Hz'K) | -198.6 | k=1.38E-23

BERE T, |dBK 248 | TF300

HiEiE B |dBHz 1024

REEN Ni  |dBm -614 | Ni=kT,BF

ZEC/N C/N_|dB 31.0

FIEC/N dB 250

EET—UY dB 6.0

B REE KEEERER RiERER
FEhiRE 17.5mW 1W
=ik EE B 250m 1km
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=5 BPSKARICHEITLHERFEH (FRXE)

1 BRSLETHERSNSHE (FXE)

EH ke BT HiE &EE

HERRE f  |GHz 125

BE A |mm 2.40

iiE B |GHz 175

EEED w|mW 44

HEED W |dBm 6.4

HEHER Lt |dB 1.0

EETUTHHE Gt |dBi 440

H{EEIPR WGt/Lt |dBm 49.4 | W-Lt+Gt

{niE IR d_lkm 0.25

ARBIRE Lo |dB 0.8 |3dB/km

BmE Lra_|dB 5.8 |19 & M58 E=60mm/h

BEAZFEERE Ld |dB 1223

RE7TLTTHE Gr__|dBi 44.0

RIEHRER Lr |dB 1.0

ZEEH Gi_ |dBm -36.4 | (WGt/Lt)~(Lo+Lra+Ld)}+Gr-Lr

IEIEH F_|dB 10.0

RILYIVEH k_|dBm/(Hz*K)| -198.6 | k=1.38E-23

BERE T, |dBK 248 | To=300

HiiE B |dBHz 102.4

EEE Ni |dBm -61.4 | Ni=kTBF

Z{EC/N C/N _|dB 25.0

FFEC/N dB 19.0

EEY—TY dB 6.0

2 MG ECHERSN B E (AK)

58 ikt B $ifE &E

EEERH f |GHz 125

KR A |mm 240

IR B [GHz 115

EEED w_|mW 2500

EEED W |dBm 240

EERER Lt |dB 1.0

REE7VTHHE Gt |dBi 51.0

H{EEIPR WGt/Lt |dBm 74.0 | W-Lt+Gt

et g d_|km 1.0

ARG Lo |dB 3.0 [3dB/km

BHE Lra_|dB 23.0 |1 D A E=60mm/h

B e Z e Ld |dB 1344

RETVTTRG Gr__|dBi 51.0

ZERER Lr |dB 1.0

ZEE Ci  |dBm -36.4 | (WGt/Lt)~(Lo+Lra+Ld)+Gr-Lr

BEEY F_ | 100

RV EHR k  |dBm/(Hz*K) |  -198.6 | k=1.38E-23

BERE T, |dBK 248 | T,=300

idiE B |dBHz 1024

BEBAN Ni  |dBm -614 | NizkT,BF

Z{EC/N C/N_|dB 250

REC/N dB 190

EEY—IY dB 6.0
LEPNicE 5EEERER KiERER
ZEhiRE N 4.4mW 250mW
=ik EE B 250m 1km
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&6 QPSKARIZHITSHMEIE

1 BEEHETRASHHI5E (RXHE)

REHE (X

L] Fiies BT B &%
HEREE f_ |GHz 125
BE A |mm 2.40
HIIE B [GHz 175
EEED w_|mW 136
EEEN W__ |dBm 1.3
EEHRER Lt [dB 1.0
EETUTTHE Gt |dBi 440
E{SEIPR WGt/Lt |dBm 54.3 | W-Lt+Gt
Jrreetiict:d d__|km 0.25
AERIRINIE Lo |dB 0.8 |3dB/km
[l Lra_|dB 5.8 |12 i34 E=60mm/h
BERZFEERE Ld |dB 122.3
REFUTHHE Gr__|dBi 440
ZIEMRER Lr |dB 1.0
2EEN Gi__|dBm -31.5 | (WGt/Lt)-(Lo+Lra+Ld)+Gr-Lr
HEEER F_[dB 100
RILYRVESR k_ [dBm/(Hz*K)| -198.6 | k=1.38E-23
BERE T, |dBK 24.8 | T,;=300
e B |dBHz 102.4
HEE Ni  |dBm -61.4 | Ni=kToBF
Z{EC/N C/N _|dB 29.9
FEC/N dB 23.9
EEI—J dB 6.0
2 f)IEMGETHEASNSEE (RRKE)
L] it B $ufE &%
EEREH f_ |GHz 125
BE A |mm 240
IR B |GHz 115
EEEN w_ |mW 770.0
i bl W |dBm 289
EHREE Lt [dB 10
BEET7VTHHE Gt |dBi 51.0
ESEIPR WGt/Lt |dBm 78.9 | W-Lt+Gt
et d_|km 10
ARRIRIE Lo |dB 3.0 |3dB/km
BEE Lra_|dB 230 1 BB FERE=60mm/h
B2 RS Ld |dB 1344
ZET7VTTHE Gr__|dBi 51.0
ZERER Lr_|dB 1.0
ZEEN Ci|dBm -31.5 | (WGt/Lt)-(Lo+Lra+Ld)+Gr-Lr
BEREY F | 10.0
RV ER k  |dBm/(Hz*K) | -198.6 | k=1.38E-23
BERE T, |dBK 248 | T,=300
s B |dBHz 1024
REE Ni  |dBm -614 | Ni=kT,BF
ZEC/N C/N_|dB 29.9
REC/N dB 239
EEY—UY dB 6.0
i=PNicH 5EEERE RiERER
EhigED 13.6mW 770mW
=ik EE B 250m 1km
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RREE S5 E

|

IR E (RH)
BRRX

FYFaT
FIFLTHE
BREX

/ 120GHzHFPUIZSE A \

HIRRERE (2F) WREEGE (ZH) EIEME (FHMSHIR) SEIRIREWE (HERD) XS
“ S : . BEEE (FEHSHER) EE
BERMX WEMX piprgupes 2R
o 2 FEBR (R BRI =18
FHEHR(ZH) BERTHE BIX2
[ 2454 ¥3.%4 BREX ¥3.%6

T 1
114.25GHz ! 119.98GHz 122.25GHZ‘
114GHz 116GHz 123GHz 130GHz 134GHz 136GHz

A2y ORBRIEZREH

1 HEMEBICLIZOREKFOEAL. HLEEHEDRHEICRESIND, TN
TOERRVITRTOERARICH LT, thXREAND 1000 kmETNEERUVZ
BRANBNEFEET I TCORLNEMEDEET. BEREBORBICKYELHHE—
ASBARFZEE, 2TOMAHIZENT—148dB (W/ (M-MHz)) 28B%T
[XE 5740, (J287)

X2 MEBBERBICEISCORKKTOEAR. BEREBICEERREZELSER
W EZzEHET L (BIRBIERAZES. 43558, (J277)

%3 (B8). 128. 33—128. 59GHz, 129. 23—129. 49GH =z,
130—134GHz. (B) OREBFTOFEAIL. ERRIXXEBEZHETLRENSR
T -ONOERTARLGETHOEBENS L TNIELELLEL, FHRAXIIMEH LD
B DERDOHKFE, ERRNEHICHTIELLEAGLRERL LY B L(EREE
ERAIE 455, F46BRUE 29 EBH), (I36)

¥4 CORBEEFHE. BEBHEEBXEESEMTEEXRICEEL T, HEOETEH S
DELBHZEGRT IHERBOFAICHLHERT I ENTES, (J268)

5 HIEKIFEMEER (BB (CKBFERAIK. 133. 5—134GH zDREREFIC
fR%, (J288)

6 TFHROZERERUVEETIERRXEBEORICHT LZZEXRROEERE. 1
30— 134GH:zDOREBFICHITHHMHRREREXTE (BE8) OFHRMISEK
AKX ZEHOEFROEE—LICAITONEEFICIVRET LTS EBARITLT-
. HEIERZEET SN ET S, (J285)

FHHR (ZEH)

Cf=125GHz
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SEEH 11
FHRETICHERT 5 120GHz % FPU T, RUEREH

1 120GHz % FPU D&
O FOEAK#E. RV, T
- UL AR E 125GHz
- #5i8 : 116~134 GHz

@ ZEHRED

- ERREAIE. 1EEY. 1W, 500mW, 100mW, 40mW

- FEHNEBICES TR T T ARG OBREDHAME : 100 nWW.~ 1 MHz UTF
s RT)TRERICE T AT ERFOBREDHSME : 50uW. 1 MHz LR

@ ZEFREHE
TFoTTHEEIE. NSRS T7oTFH. "—2TF7 o7+ EEEL
NSRS T oTFIE. (60 cme 51 dBi). (45 cme 49 dBi). (20 cme 40 dBi) D =7&%8
EL=e R—272TFIE, 20cme T, 24 dBi D—FE$FE L=, FHRHIFERALET
VT T OEMSEESEEN 12 ITRE L TL A,

2 REEE=E
B2 L 120GHz & FPU OUERBZREMFERABER TOBEV LRI BETZAWNS, &
ITU-R P676-9Annex 2 #AWWTCEHHE L-RRBEEEXXK 1I12RT,

100 ¢

mAc 2

g
o

o0
25

35

—n
—

HER (B

114 113 122 125 130 134

BIEED (GHz)
1 120GHz HiEOMANKR[B=EE
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3 120GHz # FPU MR A%

3.1 BXRICHEHET S 120GHz % FPU OEEHN. RFEFHERMESR. ERFEEICDONT

AR ERET HICH Y., [FRICEY. BRICFEET I LEEEINSIBEFE L TH
HAEh 3 120GHz % FPU OEEHH. SRRTFTOERB THAHIZ LB R LI-RE
AR, So(2, BRARFOEREN. BHEORMEETHEAINDIZLERELRE
FARMEZEICOVNT, UTOEZRE L TEFEICERA L=,

Bit 300/

QRIFERKEEEL 1% (B8 3 HA. BRAERNTERE)

QEARKMES 0.1% (8.76 BEETE Sh TEHZEE)

DERAINTWVBTUTTD I NDINTRITUTFTFTHY ., 10 % KR—2F o TF0
FRAZREL=, -, ERSNTWVWANIERITUTFTDI5 20 % 60 cme. 60 %hH
45 cme. EY D 20 %H 20 cmo ZFAT S ERE L=,

3.2 RAKERMA., £, ERMARERICONT

FPU & LTOERBOT, MA. ARAIFHRELGL, L. REDERTIIKTES
FMNL:5 ENFEAETHY .. TNULDMA, RBIZDOWNTIX, ERADATEEMEAEL:
O, THRATOHERYT L2 ERMAERELUTORY Lz, BHE. 7VTTEELIC
IRAEREIET AR LV =D, MAH 80 BEULICH S ERMERILO0THD.

| A | <=20% 90%
BE>=|MAE|>20F 9%
BOE>=|MA|>46E 1%
| {04 | >80 & 0%
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SEEH 12

FHREERI % 120GHz & FPU O 7 > 7 fER4F14E

O NSRS T7oTHSRERENE

NIRZTUTTOMFNRZUDBEEEEIZ, NTRFITUTTOSRIEAFHEEZT
BORK 1 RUK 2 TEZRLz, NSRS T7UTHOEMEFHEE. AELER. TOF
B, YA FO—J¢LELORICEIBERGENH NG EDNL, 2TOOFETHE—OK
FARAWDZEELT, 512, K1 RUK 21 45cme /NSRS TEKELTEY ., FHT
SFFI&L ST, TEHARELTH, TOFFHETHW ., 4H. BIEZXHLOHE
RRNLGEHARETE, EROEICKREMENEDLIMEFHSDFSHENS. £2THA K
A—JE—IMBEHFINIDHITTELGL, 4 FA—TDX I oEFEINEBEELH
Bz 4 FO—TDFEHLARLELT,. E—=U 94 FO—TLRILH 5 3dB FIFfz,
NSRS TAL—UH 4 RO—JTOSBEREEEFER LTz,

NSRS E—9H94 FO—T ;

&) = Gax for 00 <op< 1°
() =47 — 25 logo for 1° = ¢ < 76°
Gle) =0 for 76° = ¢ = 180° (1)

INSRITAL—UH4 FA—TJ (FHHEERHETHER)

G@) = Gpax for 0 <o < 1°
G(p) = 44 — 25 log for 1° = ¢ < 76°
&) = —3 for 76° = ¢ = 180° (% 2)

Q@ Hw—=rT7rTrSRIERRE

NSRS TUTFHERKR. R—UTF7 0T FTORFNE VORIEEEZEIC, R—2T7 0T
FTOSRIEAFEEZTRENHX 3 RUOKX 4 TEELZ, h—27 V77 TE EEBEHE
THEH/NZ UNELG LN, RBEZLXARSICERYT SO, EETOREEZFEALT
SHREARFEZ RO, B8, BIEXRHLOERBHLGHRBRTIE, NSRS T7oTT
LRk, EADEICERBENENEL M ERMNSDFSHEMN, £2TH, FA—TE—IH
LEFINDIDITTIELEL, Y4 FO—TOXIDSRFHINDEELEH DD, M F
A—JOFEHLRLELT, E=UHa4 FA—TLARLLMNS 3 dB FIftzih—r 7o TF
TAL—oH4A FO—J OSBRI EER L=,
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R—V7oTFE—=OY4 FO—T:

(@) = Gmax for 0°
G@) = Gpax—0.07x@2  for 1°
G(p) = 46 — 29loge for 10°
Gp)=-3 for 48°

IA A A
S € B8 ©
INA A A

IA

180°

(= 3)

R—=VFoTF7RL—UH% 4 FO—TJ (FHERGFETER) -

(@) = Gmax for 0°
@) = Gpax —0.07x@2 for 1°
Gp) =43 — 29 logo for 10°
o) =—14 for 90°

<

IN A A
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O xHERE—F MXKEZEEARISEVAETHAITSE—R)

ITU-R &% RS.2017 I2E D FiH{R#E(E-166dBW/200MHz ## A 5 T HHEEE R 4
2”9 ITU-R &5 RS. 2017 [CE D AMEAE— FOMIKIFEGFE (ZENEXHFORE
E#{E—166 dBW.7200 MHz Z#B Z 5 T HHEEMN 0.01 %REmEL>THEY . FEFRLEE
EDxthEBIE— FIE. 1WOHAICEWTHANTRELE> TS,

F4 HERBE— FTOMBKRFEERERE) oY —~DOTFibHER

Mobile Station Transmit | % of time —166 dBW.”200
Power (Watts) MHz Exceeded

1 0.000124

0.5 0.000074

0.1 0.000023

0.04 0.000013

@ XIBBAE—F
ITU-R #1& RS. 2017 IZE DK RSB E— FOMIKFEERE(FENEBORERLE
E—189 dBW./10 MHz ##8 %2 5 FT5HERZ R 5IZ"Y, ITUR &% RS. 2017 [ZED
CRSBAE— FOMBKIFEFE(ZENEBORELEE—189 dBW.710 MHz Z# X
DT SHEEN 1 RXF\LELEL>THY ., RRBAE—FOFHLFBEEZHDLTOHIT.
IWOHATHANAETHSIZLERLTWLS,

%5 XRREBAETE— FTOHMBKRFEFGEEE LY —~DFHHEE
Mobile Station Transmit | % of time — 189 dBW.” 10

Power (Watts) MHz Exceeded
1 0.1362
0.5 0.0913
0.1 0.0276

0.04 0.0129
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SEZEH 13
I F1TEBREDTHHEE

FERFIERTE7IF 27 EHRERY 120GHz 7 FPU OETELUTDL S ICER
Do

TRIFLTEREBOHET
- ZhIREH : 200mW  (23dBm)
s TR FATEROFTENELALBENZEFREND 0.5%ERE : 1mW
- 7T FHHE  20dBi (+10 E)

BHEE : 40kHz

SHEEICHEITHEMEE - -117.8dBm (40kHz)

i X
oo\

K
]
mno

120GHz # FPU D& T
- FEREABFE -45.0dBm/MHz CRIEH# D BIERADIE TRE)
- Zh#RFIF  20.0dBi (+10 &)
- BMEE : -61.4dBm

LTOETEIX, 134GHz TiTo 1=,
O T7IF1TEZIHD FPUADOETHHRAHER
50m DRELEBEICTIF 17 EELVHDHE. FPUANDOTFEHENEEFLUTOXT
ROBNB,
RIEEN= BEREEEN+EEEZHRAG+ZEZTHRAEG - (BBZEHEGEHEX
+REEE) (KKBEZEEH:0.93 dB km(&h4 ITU-R P.676-9) %&MH)
P = 0.0(dBm)+20.0(dBi)+20.0(dBi) —(109.0(dB)+0.05dB))
=—69.0(dBm)
UEIZkY., BMRIEERZ 50 m LUEENIEX, 7IF1T7EBRNS FPUANDWHTHE
A&, FPU OBMBUTIZHY ., XAKAETH D,

@ FPUMNLT7IFaT7EBEANDETHRETHER
20m ORELERAICTIF1T7EBRLSHDBEE. FPUNSDEFSBENEIUTORXT
ROoND,
ZEBN= EREEBNEE+EEEHHAF+REEZHHEANE— (BBERHIEHK
BR+ARJEE) —FEBREE (1IMHz—40kHz)
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(R&KUBZES : 0.93 dB/km#%& ITU-R P.676-9) &)
P = -45.0(dBm/MHz)+20.0(dBi)+20.0(dBi) —(101.0(dB)+0.02(dB))-14.0(dB)
=—120.0 (dBm)
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RECOMMENDATION ITU-R RA.769-2

Protection criteria used for radio astronomical measurements
(Question ITU-R 145/7)

(1992-1995-2003)

The ITU Radiocommunication Assembly,

considering

a) that many of the most fundamental astronomical advances made in the past five decades,
(e.g. the discovery of radio galaxies, quasars, and pulsars, the direct measurement of neutral
hydrogen, the direct measurement of distances of certain external galaxies, and establishment of a
positional reference frame accurate to ~20 arc us) have been made through radio astronomy, and
that radio astronomical observations are expected to continue making fundamental contributions to
our understanding of the Universe, and that they provide the only way to investigate some cosmic
phenomena;

b) that the development of radio astronomy has also led to major technological advances,
particularly in receiving and imaging techniques, and to improved knowledge of fundamental
radio-noise limitations of great importance to radiocommunication, and promises further important
results;

C) that radio astronomers have made useful astronomical observations from the Earth’s surface
in all available atmospheric windows ranging from 2 MHz to 1000 GHz and above;

d) that the technique of space radio astronomy, which involves the use of radio telescopes on
space platforms, provides access to the entire radio spectrum above about 10 kHz, including parts of
the spectrum not accessible from the Earth due to absorption in atmosphere;

e) that protection from interference is essential to the advancement of radio astronomy and
associated measurements;

f) that radio astronomical observations are mostly performed with high-gain antennas or
arrays, to provide the highest possible angular resolution, and consequently main beam interference
does not need to be considered in most situations, except when there is the possibility of receiver
damage;

9) that most interference that leads to the degradation of astronomical data is received through
the far side lobes of the telescope;

h) that the sensitivity of radio astronomical receiving equipment, which is still steadily
improving, particularly at millimetre wavelengths, and that it greatly exceeds the sensitivity of
communications and radar equipment;

)] that typical radio astronomical observations require integration times of the order of a few

minutes to hours, but that sensitive observations, particularly of spectral lines, may require longer
periods of recording, sometimes up to several days;
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K) that some transmissions from spacecraft can introduce problems of interference to radio
astronomy and that these cannot be avoided by choice of site for an observatory or by local
protection;

1) that interference to radio astronomy can be caused by terrestrial transmissions reflected by
the Moon, by aircraft, and possibly by artificial satellites;

m) that some types of high spatial-resolution interferometric observations require simultaneous
reception, at the same radio frequency, by widely separated receiving systems that may be located
in different countries, on different continents, or on space platforms;

n) that propagation conditions at frequencies below about 40 MHz are such that a transmitter
operating anywhere on the Earth might cause interference detrimental to radio astronomy;

0) that some degree of protection can be achieved by appropriate frequency assignments on a
national rather than an international basis;

9)) that WRCs have made improved allocations for radio astronomy, particularly above
71 GHz, but that protection in many bands, particularly those shared with other radio services, may
still need careful planning;

q) that technical criteria concerning interference detrimental to the radio astronomy service
(RAS) have been developed, which are set out in Tables 1, 2, and 3,

recommends
1 that radio astronomers should be encouraged to choose sites as free as possible from
interference;
2 that administrations should afford all practicable protection to the frequencies and sites

used by radio astronomers in their own and neighbouring countries and when planning global
systems, taking due account of the levels of interference given in Annex 1;

3 that administrations, in seeking to afford protection to particular radio astronomical
observations, should take all practical steps to reduce all unwanted emissions falling within the
band of the frequencies to be protected for radio astronomy to the absolute minimum. Particularly
those emissions from aircraft, high altitude platform stations, spacecraft and balloons;

4 that when proposing frequency allocations, administrations take into account that it is very
difficult for the RAS to share frequencies with any other service in which direct line-of-sight paths
from the transmitters to the observatories are involved. Above about 40 MHz sharing may be
practicable with services in which the transmitters are not in direct line-of-sight of the
observatories, but coordination may be necessary, particularly if the transmitters are of high power.

89



Rec. ITU-R RA.769-2 3

Annex 1

Sensitivity of radio astronomy systems

1 General considerations and assumptions used in the calculation of interference levels

1.1 Detrimental-level interference criterion

The sensitivity of an observation in radio astronomy can be defined in terms of the smallest power
level change AP in the power level P at the radiometer input that can be detected and measured. The
sensitivity equation is:

2. @
P Aot

where:
Pand AP:  power spectral density of the noise
Afo: bandwidth

t. integration time. P and AP in equation (1) can be expressed in temperature
units through the Boltzmann’s constant, 4:

AP=k AT; also P=kT (2)
Thus we may express the sensitivity equation as:

T

AT = 3
e (3)
where:
T=T4 + T

This result applies for one polarization of the radio telescope. 7 is the sum of 74 (the antenna noise
temperature contribution from the cosmic background, the Earth’s atmosphere and radiation from
the Earth) and Tk, the receiver noise temperature. Equations (1) or (3) can be used to estimate the
sensitivities and interference levels for radio astronomical observations. The results are listed in
Tables 1 and 2. An observing (or integration) time, ¢, of 2000 s is assumed, and interference
threshold levels, APy, given in Tables 1 and 2 are expressed as the interference power within the
bandwidth Af'that introduces an error of 10% in the measurement of AP (or A7), i.e.

APy =0.1AP Af (4)

In summary, the appropriate columns in Tables 1 and 2 may be calculated using the following
methods:

- AT, using equation (3),
- AP, using equation (2),
- APy, using equation (4).

90



4 Rec. ITU-R RA.769-2

The interference can also be expressed in terms of the pfd incident at the antenna, either in the total
bandwidth or as a spectral pfd, Sy, per 1 Hz of bandwidth. The values given are for an antenna
having a gain, in the direction of arrival of the interference, equal to that of an isotropic antenna
(which has an effective area of ¢*/4n f2, where ¢ is the speed of the light and f'the frequency). The
gain of an isotropic radiator, O dBi, is used as a general representative value for the side-lobe level,
as discussed under § 1.3.

Values of Sy Af (dB(W/m?)), are derived from APy by adding:
20logf-1585  dB (5)

where f(Hz). Sy is then derived by subtracting 10 log Af'(Hz) to allow for the bandwidth.

1.2 Integration time

The calculated sensitivities and interference levels presented in Tables 1 and 2 are based on
assumed integration times of 2000 s. Integration times actually used in astronomical observations
cover a wide range of values. Continuum observations made with single-antenna telescopes (as
distinct from interferometric arrays) are well represented by the integration time of 2000 s, typical
of good quality observations. On the other hand 2000 s is less representative of spectral line
observations. Improvements in receiver stability and the increased use of correlation spectrometers
have allowed more frequent use of longer integration times required to observe weak spectral lines,
and spectral line observations lasting several hours are quite common. A more representative
integration time for these observations would be 10 h. For a 10 h integration, the threshold
interference level is 6 dB more stringent than the values given in Table 2. There are also certain
observations of time varying phenomena, e.g. observations of pulsars, stellar or solar bursts, and
interplanetary scintillations for which much shorter time periods may be adequate.

1.3 Antenna response pattern

Interference to radio astronomy is almost always received through the antenna side lobes, so the
main beam response to interference need not be considered.

The side-lobe model for large paraboloid antennas in the frequency range 2 to 30 GHz, given in
Recommendation ITU-R SA.509 is a good approximation of the response of many radio astronomy
antennas and is adopted throughout this Recommendation as the radio astronomy reference antenna.
In this model, the side-lobe level decreases with angular distance (degrees) from the main beam axis
and is equal to 32 — 25 log ¢ (dBi) for 1° < ¢ < 48°. The effect of an interfering signal clearly
depends upon the angle of incidence relative to the main beam axis of the antenna, since the side-
lobe gain, as represented by the model, varies from 32 to —10 dBi as a function of this angle.
However, it is useful to calculate the threshold levels of interference strength for a particular value
of side-lobe gain, that we choose as 0 dBi, and use in Tables 1 to 3. From the model, this side-lobe
level occurs at an angle of 19.05° from the main beam axis. Then a signal at the detrimental
threshold level defined for O dBi side-lobe gain will exceed the criterion for the detrimental level at
the receiver input if it is incident at the antenna at an angle of less than 19.05°. The solid angle

91



Rec. ITU-R RA.769-2 5

within a cone of angular radius 19.05° is 0.344 sr, which is equal to 5.5% of the 2x sr of the sky
above the horizon that a radio telescope is able to observe at any given time. Thus if the probability
of the angle of incidence of interference is uniformly distributed over the sky, about 5.5% of
interfering signals would be incident within 19.05° of the main beam axis of an antenna pointed
towards the sky. Note also that the 5.5% figure is in line with the recommended levels of data
lossto radio astronomy observations in percentage of time, specified in Recommen-
dation ITU-R RA.1513.

The particular case of non-GSO satellites presents a dynamic situation, that is, the positions of the
satellites relative to the beam of the radio astronomy antenna show large changes within the time
scale of the 2000 s integration time. Analysis of interference in this case requires integrating the
response over the varying side-lobe levels, for example, using the concept of epfd defined in
No. 22.5C of the Radio Regulations (RR). In addition it is usually necessary to combine the
responses to a number of satellites within a particular system. In such calculations it is suggested
that the antenna response pattern for antennas of diameter greater than 100 A in Recommendation
ITU-R S.1428 be used to represent the radio astronomy antenna, until a model based specifically on
radio astronomy antennas is available; see § 2.2 for further discussion.

1.4 Bandwidth

Equation (1) shows that observations of the highest sensitivity are obtained when radio astronomers
make use of the widest possible bandwidth. Consequently, in Table 1 (continuum observations), Af
is assumed to be the width of the allocated radio astronomy bands for frequencies up to 71 GHz.
Above 71 GHz a value of 8 GHz is used, which is a representative bandwidth generally used on
radio astronomy receivers in this range. In Table 2 (spectral line observations) a channel bandwidth
Afequal to the Doppler shift corresponding to 3 km/s in velocity is used for entries below 71 GHz.
This value represents a compromise between the desired high spectral resolution and the sensitivity.
There are a very large number of astrophysically important lines above 71 GHz, as shown in
Recommendation ITU-R RA.314 and only a few representative values for the detrimental levels are
given in Table 2 for the range 71-275 GHz. The channel bandwidth used to compute the detrimental
levels above 71 GHz is 1000 kHz (1 MHz) in all cases. This value was chosen for practical reasons.
While it is slightly wider than the spectral channel width customary in radio astronomy receivers at
these frequencies, it is used as the standard reference bandwidth for space services above 15 GHz.

1.5 Receiver noise temperature and antenna temperature

The receiver noise temperatures in Tables 1 and 2 are representative of the systems in use in radio
astronomy. For frequencies above 1 GHz these are cryogenically cooled amplifiers or mixers. The
quantum effect places a theoretical lower limit of 4flk on the noise temperature of such devices,
where / and k are Planck’s and Boltzmann’s constants, respectively. This limit becomes important
at frequencies above 100 GHz, where it equals 4.8 K. Practical mixers and amplifiers for bands at
100 GHz and higher provide noise temperatures greater than Aflk by a factor of about four. Thus, for
frequencies above 100 GHz, noise temperatures equal to 441k are used in Tables 1 and 2.
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The antenna temperatures in the Tables are also representative of practical systems in use in radio
astronomy. They include the effects of the ionosphere or the neutral atmosphere, ground pickup in
side lobes resulting from spillover or scattering, ohmic losses, and the cosmic microwave
background. At frequencies above 100 GHz the atmospheric losses due to water vapour in the
neutral atmosphere become very important. For these frequencies the values given are typical of the
terrestrial sites used for major millimetric-wave radio astronomy facilities, such as Mauna Kea,
Hawaii, or the Llano de Chajnantor at an elevation of 5000 m in Chile, which is the site chosen for
a major international radio astronomy array for frequencies in the range 30 GHz to 1 THz.

2 Special cases

The levels given in Tables 1 and 2 are applicable to terrestrial sources of interfering signals. The
detrimental pfd and spectral pfd shown in Tables 1 and 2 assume that interference is received
through a 0 dBi side lobe, and should be regarded as the general interference criteria for high
sensitivity radio astronomy observations, when the interference does not enter the near side lobes.

2.1 Interference from GSO satellites

Interference from GSO satellites is a case of particular importance. Because the power levels in
Tables 1 and 2 were calculated based on a 0 dBi antenna gain, interference detrimental to radio
astronomy will be encountered when a reference antenna, such as described in Recommen-
dation ITU-R SA.509, is pointed within 19.05° of a satellite radiating at levels in accordance with
those listed in the Tables. A series of such transmitters located around the GSO would preclude
radio astronomy observations with high sensitivity from a band of sky 38.1° wide and centred on
the orbit. The loss of such a large area of sky would impose severe restrictions on radio astronomy
observations.

In general, it would not be practical to suppress the unwanted emissions from satellites to below the
detrimental level when the main beam of a radio telescope is pointed directly towards the satellite.
A workable solution is suggested by observing the projection of the GSO in celestial coordinates as
viewed from the latitudes of a number of major radio astronomy observations (see
Recommendation ITU-R RA.517). If it were possible to point a radio telescope to within 5° of the
GSO without encountering detrimental interference, then for that telescope a band of sky 10° wide
would be unavailable for high-sensitivity observations. For a given observatory this would be a
serious loss. However, for a combination of radio telescopes located at northern and southern
latitudes, operating at the same frequencies, the entire sky would be accessible. A value of 5°
should therefore be regarded as the requirement for minimum angular spacing between the main
beam of a radio astronomy antenna and the GSO.

In the model antenna response of Recommendation ITU-R SA.509, the side-lobe level at an angle
of 5° from the main beam is 15 dBi. Thus, to avoid interference detrimental to a radio telescope
meeting the antenna side-lobe performance of Recommendation ITU-R SA.509, pointed to within
5° of the transmitter, it is desirable that the satellite emissions be reduced 15 dB below the pfd given
in Tables 1 and 2. When satellites are spaced at intervals of only a few degrees along the GSO, the
emission levels associated with the individual transmitters must be even lower to meet the
requirement that the sum of the powers of all the interfering signals received should be 15 dB below
APy in Tables 1 and 2.
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It is recognized that the emission limitations discussed above cannot, in practice, be achieved so as
to enable sharing of the same frequency band between radio astronomy and down-link
transmissions from satellites to take place. The limitations are, however, applicable to unwanted
emission from the satellite transmitters, which fall within the radio astronomy bands listed in
Tables 1 and 2. These emission limitations have implications for the space services responsible for
the interference, which require careful evaluation. Furthermore, the design of new radio astronomy
antennas should strive to minimize the level of side-lobe gain near the main beam as an important
means of reducing interference from transmitters in the GSO.

2.2 Interference from non-GSO satellites

In the case of non-GSO satellites, and in particular for low-Earth orbit satellites, the systems usually
involve constellations of many individual satellites. Thus determination of interference levels
requires analysis of the combined effect of many signals, most of which are received through far
side lobes of the radio astronomy antenna. A more detailed side-lobe model than that of
Recommendation ITU-R SA.509 is therefore desirable, and it is proposed that the model in
Recommendation ITU-R S.1428 be used until such time as a more representative model for radio
astronomy antennas is obtained. In using this proposed model the case for antennas with diameter
greater than 100 A is generally appropriate for radio astronomy applications. It should be noted that
Note 1 of Recommendation ITU-R S.1428, which allows cross-polarized components to be ignored,
cannot be applied since radio astronomy antennas generally receive signals in two orthogonal
polarizations simultaneously. The motion of non-GSO satellites across the sky during a 2000 s
integration period requires that the interference level be averaged over this period, that is, the
response to each satellite must be integrated as the satellite moves through the side-lobe pattern.
One system of analysis that includes these requirements is the epfd method described in
RR No. 22.5C. Values of epfd represent the pfd of a signal entering the antenna through the centre
of the main beam that would produce an equivalent level of interference power. Since the threshold
levels of detrimental interference in Tables 1 and 2 correspond to pfd received with an antenna gain
of 0 dBi, it is necessary to compare them with values of (epfd + G..»), where G,,;, is the main beam
gain, to determine whether the interference exceeds the detrimental level. Making use of the epfd
method, Recommendation ITU-R S.1586 has recently been developed for interference calculations
between radio astronomy telescopes and FSS non-GSO satellite systems. A similar
Recommendation, Recommendation ITU-R M.1583 was developed for interference calculations
between radio astronomy telescopes and MSS and radionavigation-satellite service non-GSO
satellite systems. The applicability of the protection criteria given in Tables 1 and 2 is described in
Recommendation ITU-R RA.1513.

2.3 The response of interferometers and arrays to radio interference

Two effects reduce the response to interference. These are related to the frequency of the fringe
oscillations that are observed when the outputs of two antennas are combined, and to the fact that
the components of the interfering signal received by different and widely-spaced antennas will
suffer different relative time delays before they are recombined. The treatment of these effects is
more complicated than that for single antennas in § 1. Broadly speaking, if the strength of the
received interfering signal remains constant, the effect is reduced by a factor roughly equal to the
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mean time of one natural fringe oscillation divided by the data averaging time. This typically ranges
from some seconds for a compact array with the longest projected spacing L'~ 10% A, where A is the
wavelength, to less than 1 ms for intercontinental arrays with L'~ 10’ .. Thus, compared to a single
radio telescope, the interferometer has a degree of immunity to interference which, under
reasonable assumptions increases with the array size expressed in wavelengths.

The greatest immunity from interference occurs for interferometers and arrays in which the
separation of the antennas is sufficiently great that the chance of occurrence of correlated
interference is very small (e.g. for very long baseline interferometry (VLBI)). In this case, the above
considerations do not apply. The tolerable interference level is determined by the requirement that
the power level of the interfering signal should be no more than 1% of the receiver noise power to
prevent serious errors in the measurement of the amplitude of the cosmic signals. The interference
levels for typical VLBI observations are given in Table 3, based on the values of T, and Tk given in
Table 1.

It must be emphasized that the use of large interferometers and arrays is generally confined to
studies of discrete, high-brightness sources, with angular dimensions no more than a few tenths of a
second of arc for VLBI. For more general studies of radio sources, the results in Tables 1 and 2
apply and are thus appropriate for the general protection of radio astronomy.
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TABLE 1

Threshold levels of interference detrimental to radio astronomy continuum observations

System sensitivity®

Threshold interference levels® ©

Centre " bAssdumgdh anl\t/:r?r:r;?]gse Receiver noise (noise fluctuations)
frequ:cncy " Av:c/ ot temperature temp_e;_:{ature Temperature Power spectral Input power pfd Spectral pfd
Ta density S
(MH2) (MH2) ) (K) AT AP APy Sn Af H
(mK) (dB(W/H2)) (dBW) (dB(W/m?)) (dB(W/(m* - Hz)))
1) ) 3 (4) (%) (6) () (8) 9)

13.385 0.05 50000 60 5000 -222 -185 -201 —248
25.610 0.12 15000 60 972 -229 -188 -199 —249
73.8 1.6 750 60 143 —247 -195 -196 -258
151.525 2.95 150 60 2.73 -254 -199 -194 -259
325.3 6.6 40 60 0.87 -259 -201 -189 -258
408.05 3.9 25 60 0.96 -259 -203 -189 —255
611 6.0 20 60 0.73 -260 -202 -185 -253
14135 27 12 10 0.095 —269 -205 -180 -255
1665 10 12 10 0.16 -267 -207 -181 -251
2695 10 12 10 0.16 -267 -207 =177 —247
4995 10 12 10 0.16 —267 -207 -171 -241
10650 100 12 10 0.049 -272 -202 -160 —240
15375 50 15 15 0.095 —269 -202 -156 -233
22355 290 35 30 0.085 -269 -195 -146 -231
23800 400 15 30 0.050 =271 -195 -147 -233
31550 500 18 65 0.083 —269 -192 -141 -228
43000 1000 25 65 0.064 =271 -191 -137 -227
89000 8000 12 30 0.011 -278 -189 -129 -228
150000 8000 14 30 0.011 —278 -189 -124 -223
224000 8000 20 43 0.016 =277 -188 -119 -218
270000 8000 25 50 0.019 —276 -187 -117 -216

()

@

(©]

Calculation of interference levels is based on the centre frequency shown in this column although not all regions have the same allocations.

An integration time of 2000 s has been assumed; if integration times of 15 min, 1 h, 2 h, 5 h or 10 h are used, the relevant values in the Table should be adjusted by +1.7, -1.3, —2.8, -4.8 or —6.3 dB

respectively.

The interference levels given are those which apply for measurements of the total power received by a single antenna. Less stringent levels may be appropriate for other types of measurements, as

discussed in § 2.2. For transmitters in the GSO, it is desirable that the levels be adjusted by —15 dB, as explained in § 2.1.
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TABLE 2
Threshold levels of interference detrimental to radio astronomy spectral-line observations
e (2
Assumed spectral Minimum Recei . %r)]/(s)fggw flslf(;ﬂ%:)tr{;)) Threshold interference levels®
Frequency line cha_nnel antenna noise tzﬁgger;?ﬁrlze bower soectral
M) bandAV\]ildth temp_el_:atu re (—:—5 Temgf_lr_atu re densfi)ty Inplﬁ Ppower spfgf Spectsrsl pfd
(kH2) (<) (MK) (B (%/5sz)) (dBW) (dBW/m?) (dB(W/(m? - Hz))
@) @ ®) @) ) (6) @ ®) ©

327 10 40 60 223 -245 -215 ~204 ~244

1420 20 12 10 3.48 -253 -220 -196 -239

1612 20 12 10 3.48 -253 -220 -194 -238

1665 20 12 10 3.48 -253 -220 -194 -237

4830 50 12 10 2.20 -255 -218 -183 -230

14488 150 15 15 173 -256 -214 -169 -221

22200 250 35 30 2.91 -254 -210 -162 -216

23700 250 35 30 2.91 -254 -210 -161 -215

43000 500 25 65 2.84 -254 -207 -153 -210

48000 500 30 65 3.00 -254 -207 -152 -209

88600 1000 12 30 0.94 -259 -209 -148 -208

150000 1000 14 30 0.98 -259 -209 -144 -204

220000 1000 20 43 141 -257 -207 -139 -199

265000 1000 25 50 1.68 -256 -206 -137 -197

This Table is not intended to give a complete list of spectral-line bands, but only representative examples throughout the spectrum.

An integration time of 2000 s has been assumed; if integration times of 15 min, 1 h, 2 h, 5 h or 10 h are used, the relevant values in the Table should be adjusted by +1.7, -1.3, -2.8, —4.8 or —6.3 dB
respectively.

The interference levels given are those which apply for measurements of the total power received by a single antenna. Less stringent levels may be appropriate for other types of measurements, as
discussed in § 2.2. For transmitters in the GSO, it is desirable that the levels need to be adjusted by —15 dB, as explained in § 2.1.

97

0T

99y

¢-69.'Vd d-Nll



Rec. ITU-R RA.769-2 11

COLUMN DESCRIPTIONS FOR TABLES 1 AND 2

Column

(@) Centre frequency of the allocated radio astronomy band (Table 1) or nominal spectral line
frequency (Table 2).

2 Assumed or allocated bandwidth (Table 1) or assumed typical channel widths used for
spectral line observations (Table 2).

3) Minimum antenna noise temperature includes contributions from the ionosphere, the
Earth’s atmosphere and radiation from the Earth.

4) Receiver noise temperature representative of a good radiometer system intended for use in
high sensitivity radio astronomy observations.

(5) Total system sensitivity (mK) as calculated from equation (1) using the combined antenna
and receiver noise temperatures, the listed bandwidth and an integration time of 2000 s.

(6) Same as (5) above, but expressed in noise power spectral density using the equation
AP = k AT, where k = 1.38 x 107* (J/K) (Boltzmann’s constant). The actual numbers in the
Table are the logarithmic expression of AP.

@) Power level at the input of the receiver considered harmful to high sensitivity observations,
APy. This is expressed as the interference level which introduces an error of not more than
10% in the measurement of AP; APy = 0.1 AP Af: the numbers in the Table are the
logarithmic expression of AP;,.

(8) pfd in a spectral line channel needed to produce a power level of APy in the receiving
system with an isotropic receiving antenna. The numbers in the Table are the logarithmic
expression of Sy Af.

9 Spectral pfd needed to produce a power level APy in the receiving system with an isotropic

receiving antenna. The numbers in the Table are the logarithmic expression of Sy. To
obtain the corresponding power levels in a reference bandwidth of 4 kHz or 1 MHz add
36 dB or 60 dB, respectively.

TABLE 3
Threshold interference levels for VLBI observations

Centre frequency Threshold level

(MHz) (dB(W/m?- Hz)))
325.3 =217
611 -212
14135 -211
2695 -205
4995 -200
10650 -193
15375 -189
23800 -183
43000 -175
86000 -172
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Percentage of area or time
Frequency Maximum
Reference permissible interference Scan mode
band(s) interference level
bandwidth (MHz) level may be exceeded® (N, C, L)@
(GH2) (dBW)
(%)
115.25-122.25 200/10©@ —166/—189@ 0.01/1® N,L

(1

(2

(3

For a 0.01% level, the measurement area is a square on the Earth of
2 000 000 km2, unless otherwise justified; for a 0.1% level, the measurement area
1s a square on the Earth of 10 000 000 km?2 unless otherwise justified; for a 1%
level, the measurement time is 24 h, unless otherwise justified.

N: Nadir, Nadir scan modes concentrate on sounding or viewing the Earth’s
surface at angles of nearly perpendicular incidence. The scan terminates at the
surface or at various levels in the atmosphere according to the weighting
functions. L: Limb, Limb scan modes view the atmosphere “on edge” and
terminate in space rather than at the surface, and accordingly are weighted zero
at the surface and maximum at the tangent point height. C: Conical, Conical scan
modes view the Earth’s surface by rotating the antenna at an offset angle from
the nadir direction.

First number for nadir or conical scanning modes and second number for
microwave limb sounding applications.

&3 183GHz TERINAFHILFEE (RF) VX TLOMBERAE— DN A —4

Parameter AMSU-B
Antenna main-beam gain (dBi) 45
Antenna back-lobe gain (dBi) -14
Antenna beamwidth at half power points (degrees) 1.15
Sensor altitude range (km) P00 to 1000
850 (nominal)
Interference criteria per bandwidth (dB(W.~200 MHz)) —160
Antenna measurement scan angles (from nadir) (degrees) +50
Cold calibration angle (from orbital plane) (degrees) 90+ 4
65 to 85

Cold calibration angle range (from nadir) (degrees)

83 (nominal)
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SEEHI8
RECOMMENDATION ITU-R RS.1861*

Typical technical and operational characteristics of Earth exploration-satellite
service (passive) systems using allocations between 1.4 and 275 GHz

(Question ITU-R 243/7)
(2010)

Scope

This Recommendation provides typical technical and operational characteristics of Earth exploration-satellite
service (passive) systems using allocations between 1.4 and 275 GHz for utilization in sharing studies.

The ITU Radiocommunication Assembly,

considering
a) that Earth exploration-satellite service (EESS) (passive) observations may receive
emissions from active services;
b) that there are exclusive EESS (passive) allocations in which all emissions are prohibited by
RR No. 5.340;
C) that EESS (passive) is allocated on a co-primary basis with active services in certain bands;
d) that studies considering protection for EESS (passive) systems are taking place within
ITU-R;
e) that in order to perform compatibility and sharing studies with EESS (passive) systems, the

technical and operational characteristics of those systems must be known,

recommends

1 that the technical and operational parameters presented in Annex 1 of this Recommendation
should be taken into account in studies considering EESS (passive) systems using allocations
between 1.4 and 275 GHz.

Annex 1

1 Introduction

Passive sensors are used in the remote sensing of the Earth and its atmosphere by Earth exploration
and meteorological satellites in certain frequency bands allocated to the Earth exploration-satellite
service (EESS) (passive). The products of these passive sensor operations are used extensively in
meteorology, climatology, and other disciplines for operational and scientific purposes. However,
these sensors are sensitive to any emissions within their allocated band. Therefore, any RF
emissions above a certain level may constitute interference to the passive sensors using those bands.

* This Recommendation should be brought to the attention of Radiocommunication Study Group 1.
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2 Rec. ITU-R RS.1861

This is mainly due to the fact that passive sensors may not be able to differentiate the wanted signal
from the interference and that interference may not be identifiable in the passive sensor products.

2 Current missions and predicted deployments

Several administrations and at least one recognized international organization operated more than
24 satellites in the EESS (passive) at the end of the year 2007. An additional two to three are
anticipated to be deployed per year for the foreseeable future. Individual satellites typically carry
one to three passive sensing payloads operating below 275 GHz. Each payload may conduct
measurements simultaneously at 3 to 15 frequencies as well as on two polarizations at a single
frequency.

3 Typical orbits

EESS (passive) systems operate in non-geostationary satellite orbit (non-GSO). Orbits are typically
circular with an altitude between 350 and 1400 km. Many EESS (passive) systems operate in
a sun-synchronous orbit. Some sensors make measurements at the same place on the Earth every
day, while others will repeat observations only after a longer (often more than two weeks) repeat
period.

In certain circumstances, multiple satellites operate in formation. Formation flying EESS satellites
allow the capability to measure a portion of the atmosphere or surface of the Earth using both
multiple instruments and multiple orientations. Measurements from multiple spacecraft will be
separated within an amount of time shorter than the time constant of the phenomena being
measured. Nominally this separation is on the order of 5 to 15 min, but can be as little as 15 s.

Two formations are used between multiple systems operating in non-GSO. In one formation,
two or more satellites directly follow each other performing measurements of the same parcel of
atmosphere or the Earth’s surface as demonstrated by satellites A and B in Fig. 1. In the other
formation, a nadir pointing passive sensor conducts a measurement while another spacecraft
conducts a near-simultaneous measurement at the Earth’s limb as demonstrated by satellites A
and C in Fig. 1.

4 Types of measurements

All EESS passive sensing systems perform a form of radiometry. Radiometry senses how much
energy a body radiates given its temperature. The amount of energy radiated from a perfect
“blackbody” varies with frequency and is given by Planck’s equation. However, no substance is
truly a perfect blackbody radiator. Frequencies of particular interest for EESS (passive) applications
are provided in Recommendation ITU-R RS.515.

The amount of energy radiated is also dependent on the radiating substance. Within a passive
sensor’s field of view, there may be multiple radiators in inter alia atmosphere, water vapour,
suspended ice particles, and cloud liquid water, emitting in the sensor’s bandwidth. Measurements
not conducted on the Earth’s limb will also receive background emissions from water, soil, surface
ice, or some combination of all three.

A single passive sensor cannot by itself identify how much energy is radiated by each substance in
its field of view. For this reason, data products of most value are derived by comparing
measurements from multiple sensors operating at multiple frequencies. By performing radiometric
measurements at multiple frequencies, the types of each natural emitter (e.g. water vapour,
suspended ice, O3, etc.) and their concentrations may be derived. As the data from any one sensor
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may be compared with that of multiple other sensors, any interference received by one sensor may
corrupt multiple other measurements.

FIGURE 1
Formation flying orientations

Non-GSO %
Atmosphere

1861-01

4.1 Fixed-pointing, multiple frequency and polarization radiometric sensing

Sensing concurrently at multiple frequencies and polarizations offers the possibilities of identifying
the presence of multiple natural emitters present in the field of view of the sensor as well as to
create profiles of their concentrations. Profiling (a.k.a. sounding) sensors may be nadir-pointing or
pointed at the limb of the Earth. Applications of profiling sensors includes the determination of
atmospheric chemistry profiles of H,O, Oz, CIO, BrO, HCI, OH, HO,, HNOs;, HCN, and N,O
through limb measurements.

Fixed pointing radiometers are also used to determine path delay of the radar signals used for
altimeters caused by atmospheric water vapour.

Radiometers designed for the whole Earth viewing perform continuous, hemispheric microwave
soundings of temperature and humidity profiles as well as rain mapping.

4.2 Conical scanning radiometers

Many passive microwave sensors designed for imaging the Earth’s surface features use a conical
scan configuration turning around the nadir direction because it is important, for the interpretation
of surface measurements, to maintain a constant ground incidence angle along the entire scan-lines
since the footprints will remain constant in size, and also because the polarization characteristics of
the signal have an angular dependence. Conical scanning antennas gather information over wide
areas as shown in Fig. 2. Scans are typically performed by rotating the antenna at an offset angle
from the nadir direction. Conical scanning radiometers are used to monitor various water processes
including precipitation, oceanic water vapour, cloud water, near-surface wind speed, sea surface
temperature, soil moisture, snow cover, and sea ice parameters. They can also be used to provide
information on the integrated column precipitation content, its area distribution, and its intensity.
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FIGURE 2
Geometry of conical scan passive microwave radiometers
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4.3 Cross-track scanning radiometers

Scanning radiometric measurements gather information over wide areas creating virtual maps of the
parameter being measured. This data product determines the horizontal spatial variability of
a parameter rather than measuring the parameters at specific points. Scanning measurements are
also typically performed at multiple frequencies and polarizations.

Typical applications of cross-track scanning radiometers include the measurement of temperature
profiles in the upper atmosphere (especially the stratosphere) and to provide a cloud-filtering
capability for tropospheric temperature observations. They also are used to provide daily global
observations of temperature and moisture profiles at high temporal resolution, and to measure cloud
liquid water content and provide qualitative estimates of precipitation rate.

Scans are typically performed in a cross-track pattern across the surface of the Earth as shown in
Fig. 3. Cross-track scanning is performed by physically rotating a reflector 360°. As the reflector is
directed away from the surface of the Earth, sensor channels are still used as calibrations are
performed by measuring the cosmic background (i.e. cold sky) in addition to a known “warm”
source on the spacecraft, as shown in Fig. 4.
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FIGURE 3
Typical cross-track Earth scanning pattern
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FIGURE 4
Typical sensing scanning pattern over 360°

199.4° Sensing channels on for warm calibration

205° Warm load position
210.6° Sensing channels off

145.6° Sensing channels off
140° Cold sky position
134.4° Sensing channels
on for cold calibration
Direction of
reflector
rotation

v

J 295° Sensing channels
on for Earth sensing

65° Sensing
channels off

1861-04

v Nadir

Note 1 —All angles with respect to nadir.

4.4 Push-broom radiometers
A “push-broom” (along track) sensor consists of a line of sensors arranged perpendicular to the

flight direction of the spacecraft, as illustrated in Fig. 5. Different areas of the surface are detected
as the spacecraft flies forward. The push-broom is a purely static instrument with no moving parts.
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The major feature of the push-broom is that all resolution elements in a scan line are acquired
simultaneously, and not sequentially as with mechanically scanned sensors, enabling this type of
sensor to significantly increase the achievable radiometric resolution. Push-broom sensors can be
used for a variety of applications, including temperature profiles measurements of the atmosphere,
and soil moisture and ocean salinity measurements.

FIGURE 5
Typical push-broom radiometer configuration

5 Definition of parameters

TABLE 1
List of technical and operational EESS parameters for passive sensors

Sensor type

Orbit parameters
Altitude
Inclination

Eccentricity

Repeat period
Sensor antenna parameters
Number of beams

Reflector diameter

Maximum antenna gain

Polarization
-3 dB beamwidth

Instantaneous field of view

Off-nadir pointing angle

Incidence angle at Earth
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TABLE 1 (end)

-3 dB beam dimensions

Swath width

Main beam efficiency

Beam dynamics

Sensor antenna pattern

Cold calibration antenna gain

Cold calibration horizontal angle (degrees relative to satellite track)

Cold calibration vertical angle (degrees relative to nadir direction)

Sensor receiver parameters

Sensor integration time

Channel bandwidth

Horizontal resolution

Vertical resolution

TABLE 2

Definitions of parameters

Parameter

Definition

Sensor type

Various types of radiometers are possible depending on the technology of the
radiometer: interferometric radiometer, conical scan, nadir, push-broom, limb
radiometer

Orbit parameters

Altitude The height above the mean sea level

Inclination Angle between the equator and the plane of the orbit

Eccentricity The ratio of the distance between the foci of the (elliptical) orbit to the length of the
major axis

Repeat period The time for the footprint of the antenna beam to return to (approximately) the same

geographic location

Sensor antenna parameters

Antenna characteristics vary among sensors. Measured antenna patterns are provided in § 6, where available. A
reference radiation pattern is currently being developed for use in other cases

Number of beams

The number of beams is the number of locations on Earth from which data are
acquired at one time

Reflector diameter

Diameter of the antenna reflector

Maximum antenna gain

The maximum antenna gain can be the real one, or, if it is not known, it can be
computed using the antenna efficiency 1 and D diameter of the reflector (when
applicable), with the formula:

D 2
Maximum_antenna_gain = n(nxj

Polarization

Specification of linear or circular polarization

—3 dB beamwidth

The —3 dB beamwidth, 0;4p, is defined as the angle between the two directions in
which the radiation intensity is one-half the maximum value
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TABLE 2 (end)

Parameter

Definition

Instantaneous field of view

The instantaneous field of view (IFOV) is the area over which the detector is sensitive
to radiation. By knowing the altitude of the satellite, the dimension of the IFOV can
be calculated on the Earth’s surface at the nadir point: the IFOV is generally
expressed in km % km. The IFOV is a measure of the size of the resolution element.

In a scanning system the IFOV refers to the solid angle subtended by the detector
when the scanning motion is stopped. For conical scan radiometers, two values are
usually computed:

— along-track: in the direction of the platform motion (along the in-track direction);
— cross-track: in the direction orthogonal to the motion of the sensor platform.

For nadir scan radiometers, such as that shown in Fig. 3, the nadir
IFOV = H6;45, where H is the height of the satellite and 645 is the half-power
beamwidth.

See also Fig. 6

Off-nadir pointing angle

The angle between the nadir and the pointing direction. It is the angle a in Fig. 6

Incidence angle at Earth

The angle between the pointing direction and the normal to the Earth’s surface. It is
the angle i as in Fig. 6

—3 dB beam dimensions

The linear dimensions of the beam on the Earth (at the -3 dB level)

Swath width

The swath width is defined as the linear ground distance covered in the cross-track
direction. For a scanning radiometer, it depends on the angular field of view (AFOV)
or scanning angle. For a nadir radiometer, it depends on the off nadir angle. The field
of view (FOV) is the total range of viewing of a sensor into the direction of the target.
The cross-track component of the FOV is equivalent to the swath width

Main beam efficiency

The main beam area is defined as the angular size of a cone with an opening angle
equal to 2.5 times the measured —3 dB beamwidth. The main beam efficiency is
defined as the ratio of the energy received in the main beam to the energy received in
the complete antenna pattern

Beam dynamics

The beam dynamics is defined as follows:
— For conical scans, it is the rotating speed of the beam;
— For mechanical nadir scans, it is the number of scans per second

Sensor antenna pattern

Antenna gain as a function of off-axis angle

Cold calibration antenna
gain

Antenna gain in the direction of (cold) space. This could be the maximum gain of the
primary antenna or the secondary antenna

Cold calibration horizontal
angle

Horizontal angle (degrees relative to satellite track) of the cold calibration
measurement. This angle is measured in the tangent plane relative to the along-track
direction

Cold calibration vertical
angle

Vertical angle (degrees relative to nadir direction) of the cold calibration
measurement. This angle is measured out from the tangent plane

Sensor receiver parameters

Sensor integration time

The sensor integration time corresponds to the short period of time allocated for the
radiative measurement of the instantaneous area of observation by the detector of a
sensor

Channel bandwidth

The channel bandwidth is the range of frequencies around a centre frequency used by
the passive sensor

Measurement spatial resolution

Horizontal resolution

Vertical resolution

The spatial resolution is often defined as the ability to distinguish between two
closely spaced objects on an image. It is generally expressed in both horizontal
(usually cross-track IFOV size) and vertical (along-track) resolutions. (Note that
“vertical”, in this sense, does not refer to altitude.)
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FIGURE 6
Scanning configuration

N

Nadir vector —— | D

Earth normal
vector

Cross scan
direction

Spacecraft
ground track

sin (i)

Sin (o)) =
1+H
_ o, sin (i-a)

~ U sin (o)

incidence angle at footprint centre
angle off nadir

total scan angle

. height above mean sea level

. distance to field of view centre

radius of Earth (not shown in diagram)

JDOUIR L~

1861-06

Note that the field of view’s projection on the Earth’s surface becomes elliptical due to the
increased incidence angle from nadir to the edge of the swath width (half swath).

6 Parameters of typical systems

This section provides typical parameters of passive sensors for EESS (passive) bands between
1 GHz and 275 GHz. Table 3 lists the EESS (passive) bands and the section in this text that contains
the passive sensor parameters for each band. A consistent set of parameters is used for each band to
support worst-case static analyses and dynamic analyses to determine interference levels into
passive sensors.
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TABLE 3
List of EESS (passive) bands
EESS (passive) band Section (8) containing passive
sensor parameters
1 400-1 427 MHz 6.1
6 425-7 250 MHz 6.2
10.6-10.7 GHz 6.3
18.6-18.8 GHz 6.4
21.2-21.4 GHz 6.5
23.6-24 GHz 6.6
31.3-31.8 GHz 6.7
36-37 GHz 6.8
50.2-50.4 GHz 6.9
52.6-54.25 GHz 6.10
54.25-59.3 GHz 6.11
86-92 GHz 6.12
114.25-122.25 GHz 6.13
148.5-151.5 GHz 6.14
155.5-158.5 GHz 6.15
164-167 GHz 6.16
174.8-191.8 GHz 6.17

6.1 Typical parameters of passive sensors operating in the 1 400-1 427 MHz band

Frequencies near 1400 MHz are ideal for measuring soil moisture, and also for measuring sea
surface salinity and vegetation biomass. Soil moisture is a key variable in the hydrologic cycle with
significant influence on evaporation, infiltration and runoff. In the vadose zone', soil moisture
governs the rate of water uptake by vegetation. Sea surface salinity has an influence on deep
thermohaline circulation and the meridional heat transport. Variations in salinity influence the near
surface dynamics of tropical oceans. To date, there is no capability to measure soil moisture and sea
surface salinity directly on a global basis, so the protection of this passive band is essential.

Some remote sensing missions will collect soil moisture data in the entire passive microwave band
under consideration from 1400 to 1427MHz. Others will use the same band to collect
measurements of ocean salinity with the goal of observing and modelling the processes that relate
sea surface salinity variations to climatic changes in the hydrologic cycle, and to understand how
these variations influence the general ocean circulation. Still other missions will use a different
technological approach and will measure both soil moisture and ocean salinity.

Table 4 provides the characteristics and parameters of sensors on these missions.

' The “vadose zone” is the portion of Earth between the land surface and the zone of saturation which

extends from the top of the ground surface to the water table.
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TABLE 4
EESS (passive) sensor characteristics in the 1 400-1 427 MHz band
Sensor Al Sensor A2 Sensor A3
Sensor type Interferometric Conical scan Push broom
radiometer
Orbit parameters
Altitude 757 km 670 km 657 km
Inclination 98°
Eccentricity 0
Repeat period 3 days 3 days 7 days
Sensor antenna parameters
Number of beams 1 1 3
Reflector diameter N/A 6.2 m 25m
Maximum beam gain 9 dBi 37 dBi 29.1, 28.8,
28.5 dBi
Polarization V,H
-3 dB beamwidth 71.6° 2.6° 6.1°,6.3°, 6.6°
Off-nadir pointing angle 25° 35.5° 25.8°,33.8°, 40.3°
Beam dynamics Fixed 14.6 rpm Fixed
Incidence angle at Earth 2°/48° 39.9° 28.7°,37.8°, 45.6°
-3 dB beam dimensions 50 km (35 km 50.1 x 38.5 km 94 x 76 km,
centre of FOV) 120 x 84 km
156 x 97 km
Instantaneous field of view 756 km Same as -3 dB
dimensions, above
. ; . o
Main beam efficiency N/A 91% 94 /906942%4)1 %o,
Swath width 1 000 km 1 000 km 407 km
Sensor antenna pattern Fig. 7a Fig. 7b Fig. 7c
Cold calibration ant. gain N/A
Cold calibration angle (degrees N/A
re. satellite track)
Cold calibration angle (degrees N/A
re. nadir direction)
Sensor receiver parameters
Sensor integration time 1.2s 84 ms 6s
Channel bandwidth 27 MHz 26 MHz
Measurement spatial resolution
Horizontal resolution 40 km 39 km 64, 75,90 km
Vertical resolution N/A
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FIGURE 7c
Sensor A3 antenna patterns for the 1 400-1 427 MHz band
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6.2 Typical parameters of passive sensors operating in the 6.425-7.25 GHz band

The 6-7 GHz band channel is essential for observing global soil moisture, global sea surface
temperature, temperature of sea ice and sea surface wind through cloud, in combination with other
channels.

In measurement of soil moisture, measurement in higher frequencies is strongly influenced by
vegetation and the atmosphere, and the 6-7 GHz band is the most suitable for relatively higher
spatial resolution measurements. In the case of measurement of sea surface temperature,
measurement in higher frequencies is strongly influenced by the atmosphere and lower temperature
is more difficult to measure in higher frequencies, making the 6-7 GHz band the most suitable.

Table 5 summarizes the parameters of passive sensors that are or will be operating in the
6.425-7.25 GHz band.

6.3 Typical parameters of passive sensors operating in the 10.6-10.7 GHz band

The band 10.6-10.7 GHz is of primary interest to measure rain, snow, sea state, and ocean wind.
Table 6 summarizes the parameters of passive sensors that are or will be operating in the
10.6-10.68 GHz band.
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TABLE 5
EESS (passive) sensor characteristics in the 6.425-7.25 GHz band

Sensor B1 Sensor B2 Sensor B3 Sensor B4
Sensor type Conical scan
Orbit parameters
Altitude 705 km 828 km 835 km 699.6 km
Inclination 98.2° 98.7° 98.85° 98.186°
Eccentricity 0.0015 0 0 0.002
Repeat period 16 days 17 days N/A 16 days
Sensor antenna parameters
Number of beams 1
Reflector diameter 1.6 m 2.2 m 0.6 m 2.0m
Maximum beam gain 38.8 dBi 40.6 dBi
Polarization V,H
-3 dB beamwidth 2.2° 1.65° 1.8°
Off-nadir pointing angle 47.5° 46.8° 55.4° 47.5°
Beam dynamics 40 rpm 31.6 rpm 2.88 s scan 40 rpm

period
Incidence angle at Earth 55° 55.7° 65° 55°
—3 dB beam dimensions 40 km 24 km 35 km
(cross-track) (cross-track)
Instantaneous field of view 43 km x 75 km 68 km x 40 km 112 km % 35 km x 61 km
260 km

Main beam efficiency 95.1% 95% 92%
Swath width 1450 km 1 700 km 2 000 km 1450 km
Sensor antenna pattern See Rec. ITU-R RS.1813
Cold calibration ant. gain 25.1 dBi N/A 25.6 dBi
(degrees e satllioac) | 157 M 155
e I
Sensor receiver parameters
Sensor integration time 2.5 ms 5 ms N/A 2.5 ms
Chanelbandsvidt conredst | conreda | conmedsr | contred

6.925 GHz 6.625 GHz 6.9 GHz 6.925 GHz and

at 7.3 GHz

Measurement spatial resolution
Horizontal resolution 43 km 15-50 km 38 km 35 km
Vertical resolution 74 km 24 km 38 km 61 km
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TABLE 6
EESS (passive) sensor characteristics in the 10.6-10.7 GHz band

Sensor C1 Sensor C2 | Sensor C3 | Sensor C4 Sensor C5
Sensor type Conical scan
Orbit parameters
Altitude 817 km 705 km 833 km 835 km 699.6 km
Inclination 98° 98.2° 98.7° 98.85° 98.186°
Eccentricity 0 0.0015 0 0 0.002
Repeat period N/A 16 days 17 days N/A 16 days
Sensor antenna parameters
Number of beams 1 2
Reflector diameter 0.9 m 1.6 m 2.2m 0.6 m 2.0m
Maximum beam gain 36 dBi 42.3 dBi 45 dBi 36 dBi 44.1 dBi
Polarization H,V H,V,R,L A\
-3 dB beamwidth 2.66° 1.4° 1.02° 3.28° 1.2°
Instantaneous field of 56 km x 51 km x 48 km x 76 km x 41 km x
view 30 km 29 km 28 km 177 km 21 km
Main beam efficiency 94.8% 95% 93%
Off-nadir pointing angle 44.3° 47.5° 47° 55.4° 47.5°
Beam dynamics 20 rpm 40 rpm 31.6 rpm 2.88 s scan 40 rpm

period

Incidence angle at Earth 52° 55° 58.16° 65° 55°
—3 dB beam dimensions 56.7 km 27.5 km 42.9 km N/A 23 km

(cross-track) (cross-track) (cross- (cross-track)

track)
Swath width 1 594 km 1450 km 1 600 km 2 000 km 1 450 km
Sensor antenna pattern See Rec. Fig. 8a Fig. 8b See Rec. ITU-R RS.1813
ITU-R RS.1813

Cold calibration ant. gain N/A 29.1 dBi N/A 29.6 dBi
Cold calibration angle N/A 115.5° N/A 115.5°
(degrees re. satellite
track)
Cold calibration angle N/A 97.0° N/A 97.0°
(degrees re. nadir
direction)
Sensor receiver parameters
Sensor integration time 1 ms 2.5 ms 2.47 ms N/A 2.5 ms
Channel bandwidth 100 MHz 100 MHz centred at 10.65 GHz
Measurement spatial resolution
Horizontal resolution 38 km 27 km 15 km 38 km 23 km
Vertical resolution 38 km 47 km 15 km 38 km 41 km
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FIGURE 8a
Sensor C1 antenna pattern envelope for the 10.6-10.7 GHz band
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FIGURE 8b
Sensor C2 antenna pattern envelope for the 10.6-10.7 GHz band
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6.4 Typical parameters of passive sensors operating in the 18.6-18.8 GHz band

The 18.6-18.8 GHz band is essential for observing global rain rates, sea state, sea ice, water vapour,
ocean wind speed, soil emissivity, and humidity. Table 7 summarizes the parameters of passive
sensors that are or will be operating in the 18.6-18.8 GHz band.
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TABLE 7
EESS (passive) sensor characteristics in the 18.6-18.8 GHz band

Sensor D1 Sensor D2 Sensor D3 Sensor D4 Sensor D5
Sensor type Conical scan
Orbit parameters
Altitude 828 km 705 km 865.6 km 835 km 699.6 km
Inclination 98.7° 98.2° 20° 98.85° 98.186°
Eccentricity 0 0.0015 0 0 0.002
Repeat period 17 days 16 days 7 days 16 days
Sensor antenna parameters
Number of beams 3 1 |
Reflector diameter 22 m 1.6 m 0.65m 0.6 m 20m
Maximum beam gain 47.6 dBi 49.4 dBi
Polarization V, H, LHC, V. H

RHC, +45°, —45° ’
-3 dB beamwidth 0.64° 0.8° 0.67° 1.9° 0.65°
Instantaneous field of 24km x 15.5km | 27 km x 16 km 10 km 45 km x 22 km x
view 104 km 13 km
Main beam efficiency 95% 95.8% 96% 94%
Off-nadir pointing 46.6° 47.5° 44.5° 55.4° 47.5°
angle
Beam dynamics 31.6 rpm 40 rpm 20 rpm 2.88 s scan 40 rpm
period

Incidence angle at 53.6° 55.0° 52.3° 65° 55.0°
Earth
-3 dB beam 9 km 13 km 10 km 28 km 16 km
dimensions (cross-track) (cross-track)
Swath width 1 700 km 1450 km 2 000 km 1450 km
Sensor antenna pattern See Rec. ITU-R RS.1813
Cold calibration ant. N/A 32.8 dBi N/A 33.9 dBi
gain
Cold calibration angle N/A 115.5° N/A 115.5°
(degrees re. satellite
track)
Cold calibration angle N/A 97.0° N/A 97.0°
(degrees re. nadir
direction)
Sensor receiver parameters
Sensor integration time 1.2 ms 2.5ms N/A 2.5ms
Channel bandwidth 200 MHz centred at 18.7 GHz N/A 200 MHz centred at 18.7 GHz
Measurement spatial resolution
Horizontal resolution 9 km 16 km 40 km 38 km 13 km
Vertical resolution 9 km 27 km 40 km 38 km 22 km
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6.5 Typical parameters of passive sensors operating in the 21.2-21.4 GHz band

The 21.2-21.4 GHz band in addition to the 23.6-24 GHz band are used for measurements of water
vapour and liquid water both on the Earth’s surface and in the atmosphere. They are on either side
of the 22.235 GHz water-vapour spectral line. Atmospheric measurements are used with oxygen,
0O,, temperature measurements to remove the effect of water vapour on temperature profiles.
Table 8 summarizes the parameters of passive sensors that are or will be operating in the
21.2-21.4 GHz band.

TABLE 8

EESS (passive) sensor characterstics in the 21.2-21.4 GHz band

Sensor E1 Sensor E2

Sensor type Mechanical nadir scan Push-broom"
Orbit parameters
Altitude 833 km 850 km
Inclination 98.6° 98°
Eccentricity 0
Repeat period 9 days
Sensor antenna parameters
Number of beams 1 beam; 30 earth fields per 90

8 s scan period
Maximum beam gain 34.4 dBi 45 dBi
Reflector diameter 0.3m 09m
Polarization A\ H,V
-3 dB beamwidth 3.3° 1.1°

Instantaneous field of view

Nadir FOV: 48.5 km
Outer FOV: 149.1 x 79.4 km

16 km x 2 282 km

Main beam efficiency

95%

Off-nadir pointing angle

+48.33° cross-track

Beam dynamics 8 s scan period N/A (beams are
unchanging)
Incidence angle at Earth
—3 dB beam dimensions 45 km 16 km
Total FOV cross/along-track Outer FOV: 149.1 x 79.4 km 100/1.1°
Nadir FOV: 48.5 km
Swath width 2 343 km 2 282 km
Sensor antenna pattern —10 dBi back lobe gain —12 dBi back lobe
gain

() Push-broom is a concept that has not yet been implemented at this frequency.
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TABLE 8 (end)

Sensor E1 Sensor E2
Sensor antenna parameters (cont.)
Cold calibration ant. gain 34.4 dBi 35 dBi
Cold calibration apgle 90°
(degrees re. satellite track)
Cold calibration angle 83°
(degrees re. nadir direction)
Sensor receiver parameters
Sensor integration time 158 m N/A
Channel bandwidth 270 MHz centred at 23.8 GHz N/A
Measurement spatial resolution
Horizontal resolution 45 km 16 km
Vertical resolution N/A 16 km

6.6 Typical parameters of passive sensors operating in the 23.6-24 GHz band

In case of a sounder, passive measurements around frequencies 23.8 GHz (total water vapour
content), 31.5 GHz (window channel) and 90 GHz (liquid water) provide auxiliary data which play
a predominant role in the retrieval process of temperature measurements performed in the O,
absorption spectrum. These auxiliary measurements must have radiometric and geometric
performances and availability criteria consistent with those of the temperature measurements.
In case of a conical scanning radiometer, it is possible to measure horizontal water vapour
distribution with other channels. The main characteristics of the sensors are given in Table 9.
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TABLE 9
EESS (passive) sensor characteristics in the 23.6-24 GHz band
Sensor F1 Sensor F2 Sensor F3 Sensor F4 Sensor F5 Sensor F6 Sensor F7 Sensor F8
Sensor type Conical scan Mechanical nadir scan Conical scan Push-broom Conical scan
Orbit parameters
Altitude 817 km 705 km 828 km 833 km 824 km 835 km 850 km 699.6 km
822 km*
Inclination 20° 98.2° 98.7° 98.6° 98.7° 98.85° 98° 98.186°
98.7°%
Eccentricity 0 0.0015 0 0 0 0.002
0.001
Repeat period 7 days 16 days 17 days 9 days 9 days 16 days
29 days*
Sensor antenna parameters
Number of beams 1 30 earth fields per 2 1 90 1
8 s scan period
Reflector diameter 0.6 m 1.6 m 22 m 03m 0.203 m 0.6 m 0.9 m 48.5 dBi
0.274 m*
Maximum beam gain 40 dBi 46.7 dBi 52 dBi 34.4 dBi 30.4 dBi 43 dBi 45 dBi 2.0 m
Polarization H,V A% Qv H,V H,V
Qv*
—3 dB beamwidth 1.81° 0.9° 0.64° 3.3° 5.2° 1.5° 1.1° 0.75°
Instantaneous field of view 63 km x 32 km x 18 km x Nadir FOV: Nadir FOV: 36 km x 16 km x 26 km x
38 km 18 km 12 km 48.5 km 74.8 km 86 km 2 282 km 15 km
Outer FOV: 149.1 Outer FOV:
% 79.4 km 323.1 x
147 x 79 km* 141.8 km
Main beam efficiency 96% 94.8% 95% 94%
Off-nadir pointing angle 44.5° 47.5° 46.6° +48.33° cross-track | +£52.725° cross- 55.4° 47.5°
track
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TABLE 9 (end)
Sensor F1 Sensor F2 Sensor F3 Sensor F4 Sensor F5 Sensor F6 Sensor F7 Sensor F8
Sensor antenna parameters (cont.)
Beam dynamics 31.9 rpm 40 rpm 31.6 rpm 8 s scan period 8/3 s scan period 2.88 s scan 90 resolution 40 rpm
cross-track; 96 period elements/
earth fields per line
scan period
Incidence angle at Earth 52.3° 55° 53.63° 0° (nadir) 65° 55°
57.5°%
—3 dB beam dimensions 38.7 km 18 km 14.1 km 45 km 76 km 22 km 16 km 15 km
(cross-track) (cross-track) (cross-track) 48 km* (cross-track)
Swath width 1607 km 1450 km 1 688 km Jow 2503 km 2000km | 2282km 1450 km
Sensor antenna pattern See Rec. Fig. 9b See Rec. Fig. 9c _12 dBi back See Rec.
ITU-R ITU-R See Rec. ITU-R RS.1813 b aam ITU-R
RS.1813 RS.1813 obe gam RS.1813
Cold calibration ant. gain N/A 32.1 dBi N/A 34.4 dBi 30.4 dBi N/A 35 dBi 32.4 dBi
Cold calibration angle N/A 115.5° N/A 90° 0 N/A 90° 115.5°
(degrees re. satellite track) —90° + 3.9°*
Cold calibration angle N/A 97.0° N/A 83° 82.175° N/A 83° N/A
(degrees re. nadir direction)
Sensor receiver parameters
Sensor integration time 1 ms 2.5 ms 1.2 ms 158 ms 18 ms N/A 2.5 ms
400 MHz 400 MHz centred at 23.8 GHz 270 MHz centred at 23.8 GHz 400 MHz N/A 400 MHz
Channel bandwidth centred at centred at
23.8 GHz 23.8 GHz
Measurement spatial resolution
Horizontal resolution 40 km 18 km 17.6 km 44851121“ 75 km 38 km 16 km 15 km
. . 45 km
Vertical resolution N/A 30 km N/A 48 km* 75 km 38 km 16 km 25 km

NOTE 1 — * Indicates that a particular sensor is flown on different missions, with different orbit and sensor parameters.
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FIGURE 9a
Sensor F1 antenna pattern envelope for the 23.6-24 GHz band
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FIGURE 9

Sensor F2 antenna pattern envelope for the 23.6-24 GHz band
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FIGURE 9¢
Sensor F4 antenna pattern (23.8 GHz)
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6.7 Typical parameters of passive sensors operating in the 31.3-31.8 GHz band

Passive measurements around frequencies 23.8 GHz (total water vapour content), 31.5 GHz
(window channel) and 90 GHz (liquid water) provide auxiliary data which play a predominant role
in the retrieval process of temperature measurements performed in the O, absorption spectrum.
These auxiliary measurements must have radiometric and geometric performances and availability
criteria consistent with those of the temperature measurements.

This band is one of the bands used for close-to-nadir atmospheric sounding in conjunction with the
bands such as 23.8 GHz and 50.3 GHz for the characterization each layer of the Earth’s atmosphere.
The 31.3-31.5 GHz band will also be used in conjunction with the band 31.5-31.8 GHz as a “split
window”. This will allow a comparison of the measurements conducted in the two sub-bands to
check the quality of the data. This will then allow using the full band when the quality is expected
good to increase the sensitivity of the sensor.

Table 10 summarizes the parameters of passive sensors that are or will be operating in the
31.3-31.8 GHz band.

TABLE 10
EESS (passive) sensor characteristics in the 31.3-31.8 GHz band
Sensor G1 Sensor G2 Sensor G3
Sensor type Nadir scan Conical scan

Orbit parameters
Altitude 833 km 824 km 835 km

822 km*
Inclination 98.6° 98.7° 98.85°
Eccentricity 0.001 0 0
Repeat period 9 days 9 days

29 days*
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TABLE 10 (end)

Sensor G1 Sensor G2 Sensor G3
Sensor antenna parameters
Number of beams 30 earth fields per 8 s 2 1
scan period
Maximum beam gain 34.4 dBi 30.4 dBi 45 dBi
Reflector diameter 0.30 m 0.203 m 0.6 m
0.274 m*
Polarization Vv (0)% H,V
QV*
—3 dB beamwidth 3.3° 5.2° 1.1°
Off-nadir pointing angle +48.33° cross-track | +52.725° cross-track 55.4°
Beam dynamics 8 s scan period 8/3 s scan period 2.88 s scan period
cross-track; 96 earth
fields per scan
period
Incidence angle at Earth 0 0 65°
57.5°%
—3 dB beam dimensions 49.1 km 75 km 16 km
Instantaneous field of view Nadir FOV: 48.5 km | Nadir FOV: 74.8 km 30 km x 69 km
Outer FOV: 149.1 x Outer FOV:
79.4 km 323.1.1 x 141.8 km
147 x 79 km*
Main beam efficiency 95%
Swath width 2 343 km 2 500 km 2 000 km
2 186 km*
Sensor antenna pattern See Rec. ITU-R RS.1813
Cold calibration ant. gain 34.4 dBi 30.4 dBi N/A
Cold calibration angle (degrees 90° 0 N/A
re. satellite track) —90° + 3.9°%
Cold calibration angle (degrees 83.33° 82.175° N/A
re. nadir direction)
Sensor receiver parameters
Sensor integration time 158 ms 18 ms N/A
Channel bandwidth 180 MHz centred 0.5 GHz
at 31.4 GHz
Measurement spatial resolution
Horizontal resolution 44 km 75 km 38 km
48 km*
Vertical resolution 44 km 75 km 38 km
48 km*

NOTE 1 — * Indicates that a particular sensor is flown on different missions, with different orbit and
sensor parameters.

124




6.8

Rec. ITU-R RS.1861

Typical parameters of passive sensors operating in the 36-37 GHz band
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The band 36-37 GHz is vital for the study of global water circulation, rain rates, snow, sea ice,
and clouds. Table 11 summarizes the parameters of passive sensors that are or will be operating in

the 36-37 GHz band.

TABLE 11
EESS (passive) sensor characteristics in the 36-37 GHz band
Sensor H1 Sensor H2 Sensor H3 Sensor H4 Sensor H5
Sensor type Conical scan

Orbit parameters
Altitude 865.6 km 705 km 828 km 835 km 699.6 km
Inclination 20° 98.2° 98.7° 98.85° 98.186°
Eccentricity 0 0.0015 0 0 0.002
Repeat period 7 days 16 days 17 days 16 days
Sensor antenna parameters
Number of beams 2
Reflector diameter 0.65m 1.6 m 22m 0.6 m 2.0m
Maximum beam gain 45 dBi 53.1 dBi 55 dBi 46 dBi 54.8 dBi
Polarization H H,V
—3 dB beamwidth 1.8° 0.42° 0.44° 1° 0.35°
Instantaneous field of view | 62 km x 14 km x 8 km 16 km x 26 km x 12 km x

38 km 12 km 60 km 7 km
Main beam efficiency 96% 93.9% 95% 93%
Off-nadir pointing angle 44.5° 47.5° 46.8° 55.4° 47.5°
Beam dynamics 31.9 rpm 40 rpm 31.6 rpm 2.88 s scan 40 rpm

period

Incidence angle at Earth 52.3° 55° 55.7° 65° 55°
—3 dB beam dimensions 38 km 8.2 km 12 km 15 km 6.8 km

(cross- (cross-track) (cross- (cross-track)

track) track)
Swath width 1 607 km 1450 km 1 700 km 2 000 km 40 rpm
Sensor antenna pattern See Rec. See Fig. 10 See Rec. ITU-R RS.1813

ITU-R

RS.1813

Cold calibration ant. gain N/A 36.5 dBi N/A 39.3 dBi
Cold calibration angle N/A 115.5° N/A 115.5°
(degrees re. satellite track)
Cold calibration angle N/A 97.0 N/A 97.0
(degrees re. nadir
direction)
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TABLE 11 (end)

Sensor H1 Sensor H2 Sensor H3 Sensor H4 Sensor H5

Sensor receiver parameters

Sensor integration time 1 ms 2.5 ms 1.2 ms N/A 2.5 ms

Channel bandwidth 1 GHz 1 GHz centred at 36.5 GHz

Measurement spatial resolution

Horizontal resolution 40 km 8.2 km 12 km 38 km 6.8 km

Vertical resolution N/A 14 km 6 km 38 km 12 km
FIGURE 10

Sensor H2 antenna pattern envelope for the 36-37 GHz band
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6.9 Typical parameters of passive sensors operating in the 50.2-50.4 GHz band

This frequency band is one of several bands between 50 GHz and 60 GHz that are used collectively
to provide three-dimensional temperature profiles of the atmosphere. Table 12 summarizes the
parameters of passive sensors that are or will be operating in the 50.2-50.4 GHz band.
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TABLE 12
EESS (passive) sensor characteristics in the 50.2-50.4 GHz band
Sensor 11 Sensor 12 Sensor 13 Sensor 14
Sensor type Conical scan Mechanical Push-broom Mechanical
nadir scan nadir scan
Orbit parameters
Altitude 828 km 833 km 850 km 824 km
822 km*
Inclination 98.7° 98.6° 98° 98.7°
98.7°%
Eccentricity 0 0 0 0
0.001*
Repeat period 17 days 9 days 9 days
29 days*
Sensor antenna parameters
Number of beams 1 30 earth fields 90 2
per 8 s scan
period
Reflector diameter 22m 0.15m 0.5m 0.203 m
Maximum beam gain 34.4 dBi 45 dBi 37.9 dBi
Polarization A% A% H,V QH
QV*
—3 dB beamwidth 0.39° 3.3° 1.1° 2.2°
Instantaneous field of view 16 km x 12 km Nadir FOV: 16 km X Nadir FOV:
48.5 km 2 282 km 31.6 km
Outer FOV: Outer FOV:
149.1 x 79.4 km 136.7 x 60 km
147 x 79 km*
Main beam efficiency 95% 95%
Off-nadir pointing angle 46.8° +48.33° cross- +52.725° cross-
track track
Beam dynamics 31.6 rpm 8 s scan period 90 resolution 8/3 s scan
elements per period cross-
swath track; 96 earth
fields per scan
period
Incidence angle at Earth 55.7° 57.5°
—3 dB beam dimensions 6 km 48 km (at nadir) | 16 km (at nadir) 2.2°32 km
Swath width 1 700 km 2 343 km 2 282 km 2 500 km
2 186 km
Sensor antenna pattern See Rec. ITU-R RS.1813
Cold calibration ant. gain N/A 34.4 dBi 35 dBi 37.9 dBi
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TABLE 12 (end)

Sensor 11 Sensor 12 Sensor 13 Sensor 14
Sensor antenna parameters (cont.)
Cold calibration angle N/A 90° 90° 0
(degrees re. satellite track) —90° + 3,90%*
Cold calibration angle N/A 83.33° 83° 82.175°
(degrees re. nadir direction)
Sensor receiver parameters
Sensor integration time 1.2 ms 165 ms N/A 18 ms
Channel bandwidth 134 MHz 180 MHz N/A 180 MHz
centred at centred at centred at
50.3 GHz 50.3 GHz 50.3 GHz
Measurement spatial resolution
Horizontal resolution 6 km 48 km 16 km 32 km
Vertical resolution 6 km 48 km 16 km 32 km

NOTE 1 — * Indicates that a particular sensor is flown on different missions, with different orbit and sensor

parameters.

6.10

Typical parameters of passive sensors operating in the 52.6-54.25 GHz band

This band is one of the bands used for close-to-nadir atmospheric sounding in conjunction with the
bands at 23.8 GHz, 31.5 GHz and 50.3 GHz to characterize each layer of the atmosphere.

Table 13 summarizes the parameters of passive sensors that are or will be operating in the

52.6-54.25 GHz band.

TABLE 13
EESS (passive) sensor characteristics in the 52.6-54.25 GHz band
Sensor J1 Sensor J2 Sensor J3 Sensor J4
Sensor type Mechanical Conical scan Mechanical Conical scan
nadir scan nadir scan
Orbit parameters
Altitude 833 km 828 km 824 km 835 km
822 km*
Inclination 98.6° 98.7° 98.85°
98.7°%
Eccentricity 0 0
0.001*
Repeat period 9 days 17 days 9 days N/A
29 days*
Sensor antenna parameters
Number of beams 30 earth fields 1 2 1
per 8 s scan
period
Reflector diameter 0.15m 2.2 m 0.203 m 0.6 m
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Sensor J1 Sensor J2 Sensor J3 Sensor J4
Sensor antenna parameters (cont.)
Maximum beam gain 34.4 dBi 54 dBi 37.9 dBi 39 dBi
Polarization V,H A" QH A"
QV, QH*
—3 dB beamwidth 3.3° 0.39° 2.2° 2.2°
Instantaneous field of view Nadir FOV: 16 km x 12 km Nadir FOV: Outer FOV
48.5 km 31.6 km 18 x 43 km
Outer FOV: Outer FOV:
149.1 x 79.4 km 136.7 x 60 km
147 x 79 km*
Main beam efficiency 95% 95% 95%
Off-nadir pointing angle +48.33° cross- 46.8° +52.725° cross- 55.4°
track track
Beam dynamics 8 s scan period 31.6 rpm 8/3 s scan period 2.88 s scan
cross-track; period
96 earth fields
per scan period
Incidence angle at Earth 0 55.7° 65°
57.5°%
-3 dB beam dimensions 48 km 6 km 32 km 32 km
Swath width 2 343 km 1 700 km 2 500 km 2 000 km
2 186 km*
Sensor antenna pattern See Rec. ITU-R RS.1813
Cold calibration ant. gain 34.4 dBi N/A 37.9 dBi N/A
Cold calibration angle 90° N/A 0 N/A
(degrees re. satellite track) —90° £ 3.9°%
Cold calibration angle 83.33° N/A 82.175° N/A
(degrees re. nadir direction)
Sensor receiver parameters
Sensor integration time 165 ms 1.2 ms 18 ms N/A
Channel bandwidth 400 MHz 960 MHz 400 MHz 400 MHz
centred at centred at centred at centred at
52.8 GHz 53.57 GHz 52.8 GHz 52.8 GHz,
170 MHz 170 MHz 53.3 GHg,
centred at centred at 53.8 GHz
53.596 GHz 53.596 GHz
Measurement spatial resolution
Horizontal resolution 47 km 6 km 32 km 32 km
48 km*
Vertical resolution 47 km 6 km 32 km 32 km
48 km*

NOTE 1 — * Indicates that a particular sensor is flown on different missions, with different orbit and sensor

parameters.
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6.11  Typical parameters of passive sensors operating in the bands between 54.25 and

59.3 GHz

The band 54.25-59.3 GHz is of primary interest for atmospheric temperature profiling
(O absorption lines). Table 14 summarizes the parameters of passive sensors that are or will be
operating between 54.25 and 59.3 GHz. The frequency range from 54.25 to 60.3 GHz is covered by
many smaller bands with varying bandwidths and polarizations (see Tables 15 and 16).

TABLE 14
EESS (passive) sensor characteristics operating between 54.25 and 59.3 GHz
Sensor K1 Sensor K2 Sensor K3 Sensor K4
Sensor type Conical scan Mechanical Mechanical Conical scan
nadir scan nadir scan
Orbit parameters
Altitude 828 km 824 km 833 km 835 km
822 km*
Inclination 98.7° 98.6° 98.85°
98.7°%*
Eccentricity 0 0
0.001*
Repeat period 17 days 9 days 9 days
29 days*
Sensor antenna parameters
Number of beams 30 earth fields 1
per 8 s scan
period
Reflector diameter 22m 0.203 m 0.15m 0.6 m
Maximum beam gain 60 dBi 37.9 dBi 34.4 dBi 51 dBi
Polarization See Table 15 See Table 16 See Table 17 See Table 18
-3 dB beamwidth 0.39° 2.2° 3.3° 0.6°
Instantaneous field of view 16 km x 12 km Nadir FOV: Nadir FOV: Outer FOV
31.6 km 48.5 km (3.3°) 18 x 43 km
Outer FOV: Outer FOV:
136.7x60km | 149.1 x 79.4 km
147 x 79 km*
Main beam efficiency 95%
Off-nadir pointing angle 46.8° +52.73° cross- +48.33° cross- 55.4°
track track
Beam dynamics 31.6 rpm 8/3 s scan period | 8 s scan period 2.88 s scan
cross-track; 96 period
earth fields per
scan period
Incidence angle at Earth 55.7° 0 65°
57.5°%
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TABLE 14 (end)

Sensor K1 Sensor K2 Sensor K3 Sensor K4
Sensor antenna parameters (cont.)
—3 dB beam dimensions 3 km 31.6 km 48.5 km 18 km x 43 km

48 km*

Swath width 1 700 km 2 500 km 2 343 km 2 000 km
Sensor antenna pattern See Rec. ITU-R RS.1813
Cold calibration ant. gain N/A 37.9 dBi 34.4 dBi N/A
Cold calibration angle N/A 0 90° N/A
(degrees re. satellite track) —90° + 3.9°%
Cold calibration angle N/A 82.175° 83.33° N/A
(degrees re. nadir direction)
Sensor receiver parameters
Sensor integration time 1.2 ms 18 ms 165 ms N/A
Channel bandwidth See Table 15 See Table 16 See Table 17 See Table 18
Measurement spatial resolution
Horizontal resolution 3 km 32 km 48 km 18 km
Vertical resolution 3 km 32 km 48 km 18 km

NOTE 1 — * Indicates that a particular sensor is flown on different missions, with different orbit and sensor

parameters.

TABLE 15

Sensor K1 passive sensor characteristics for channels
between 54.25 and 60.5 GHz

Centre frequency Channel bandwidth Polarization
(GH2) (MHz)
54.380 440 A%
54.905 350
55.490 340 \Y%
56.660 300 A%
59.380 280 \Y%
59.940 440 v
60.3712 57.6 L
60.4080 16 L
60.4202 8.4 L
60.5088 448 L
60.434776 25 L
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TABLE 16

Sensor K2 passive sensor characteristics for channels
between 54.25 and 59.3 GHz

Centre frequency Channel bandwidth Polarization
(GH2) (MHz)

54.4 400 QH

54.94 400 QH

55.5 330 QH

57.290344 330 QH

57.073344, 57.507344 78 QH

i oot ; o

$6990144, 56 946144 16 o

57.622544, 57.602544, p QH
56.978144, 56.958144

57.617044, 57.608044, 3 QH
56.972644, 56.963644

TABLE 17

Sensor K3 passive sensor characteristics for channels
between 54.25 and 59.3 GHz

Centre frequency Channel bandwidth Polarization
(GHz) (MHz)

54.4 400 H, QH*

54.94 400 V, QV*

55.5 330 H, QH*

57.290344 330 H, QH*

57.073344, 57.507344 78 H, QH*

57.660544, 57.564544, %
57.016144, 56.920144 36 H, QH

57.634544, 57.590544, %
56.990144, 56.946144 16 H. QH

57.622544, 57.602544, %
56.978144, 56.958144 8 H, QH

57.617044, 57.608044, %
56.972644, 56.963644 3 H, QH

NOTE 1 — * Indicates that a particular sensor is flown on different missions,

with different parameters.
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Sensor K4 passive sensor characteristics for channels

between 54.25 and 60.5 GHz

Centre frequency Chanr_1e| Polarization Altitudt_a _of_ peak
(GH2) bandwidth sensitivity
(MH2) (km)

54.64 400 MHz A% 10
55.63 400 MHz A" 14
57.290344 £ 0.322 £ 0.1 50 MHz A\ 20
57.290344 + 0.322 + 0.05 20 MHz A% 25
57.290344 + 0.322 + 0.025 10 MHz A% 29
57.290344 £ 0.322 + 0.001 5 MHz A% 35
57.290344 + 0.322 £+ 0.005 3 MHz A% 42

33

6.12  Typical parameters of passive sensors operating in the bands between 86 and 92 GHz

The 86-92 GHz passive sensor band is essential for the measurement of clouds, oil spills, ice, snow,
and rain. It is also used as a reference window for temperature soundings near 118 GHz. Table 19
summarizes the parameters of passive sensors that are or will be operating between 86 and 92 GHz.
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TABLE 19
EESS (passive) sensor characteristics operating between 86 and 92 GHz
Sensor L1 Sensor L2 Sensor L3 Sensor L4 Sensor L5 Sensor L6 Sensor L7 | Sensor L8
Sensor type Conical scan Mechanical nadir scan Conical scan
Orbit parameters
Altitude 867 km 705 km 833 km 833 km 824 km 835 km 700 km
822 km*
Inclination 20° 98.2° 98.7° 98.6° 98.7° 98.85° 98.2°
98.7°%
Eccentricity 0 0.0015 0 0 0 0.002
0.001*
Repeat period 7 days 16 days 17 days 9 days 9 days N/A 16 days
29 days*
Sensor antenna parameters
Number of beams 1 2 1 30 earth fields 30 carth fields per 8 s 2
per 8 s scan scan period
period
1 beam (steerable in 90
earth fields per scan
period)*
Reflector diameter 0.65 m 1.6 m 22m 0.15m 03m 0.203 m 0.6 m 2m
0.22 m*
Maximum beam gain 50 dBi 60.5 dBi 56 dBi 34.4 dBi 47 dBi 37.9 dBi 54 dBi 62.4 dBi
44.8 dBi*
Polarization HV H Qv HYV
QV*
—3 dB beamwidth 0.43° 0.18° 0.39° 3.3° 1.1° 2.2° 0.4° 0.15°
Instantaneous field of 10 km x A: 6.2 km x 16 km x Nadir FOV: Nadir FOV: 16 km Nadir FOV: 12 km x A: 5.1 km %
view 17 km 3.6 km 12 km 48.5 km (1.1°) 31.6 km x 28 km 2.9 km
B: 5.9 km x Outer FOV: Outer FOV: 53 x 31.6 km B: 5.0 km x
3.5km 149.1 x 79.4 km 27 km* Outer FOV: 2.9 km
147 x 79 km* 136.7 x 60 km
Main beam efficiency 96.2% 96% 95% N/A 91%
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TABLE 19 (end)

Sensor L1 Sensor L2 Sensor L3 Sensor L4 Sensor LS Sensor L6 Sensor L7 | Sensor L8
Sensor antenna parameters (cont.)
Off-nadir pointing angle 44.5° 47.5° 46.98° +48.33° cross- +48.95° +52.725° cross- N/A 47.5°
track 49.4°% track
Beam dynamics 20 rpm 40 rpm 31.6 rpm 8 s scan period 8/3 s scan period 8/3 s scan period | 2.88 s scan 40 rpm
cross-track; period
96 earth fields per
scan period
Incidence angle at Earth 53.5° A :55.0° 55.77° 30 positions Various angles from 0° 35° 55°
B :54.5° 57.5%% 590%
Swath width 1 700 km 1450 km 1 700 km 2 343 km 2 343 km 2 500 km 2 000 km 1450 km
2 186 km* 2 193 km*
Cold calibration ant. N/A 40.4 dBi N/A 34.4 dBi 34.4 dBi 37.9 dBi N/A 43.4 dBi
Gain 44.8 dBi*
Cold calibration angle N/A 115.5° N/A 90° End of scan (at 48.95°) 0 N/A 115.5°
(degrees re. satellite —90° £ 3.9°% —90° £+ 3.9°%
track)
Cold calibration angle N/A 97.0° N/A 83.33° 83.33° 82.175° N/A 97.0°
(degrees re. nadir 73.6
direction) (66° to 81 o)*
Sensor receiver parameters
Sensor integration time 2 ms 1.2 ms 180 ms 185 ms 18 ms N/A 1.2 ms
165 ms* 18 ms*
Channel bandwidth 2 700 MHz 3 000 MHz 6 000 MHz centred at 89 GHz Centred at 89 GHz 2 000 MHz 2 GHz 3 000 MHz
centred at centred at + 500 MHz, each with a centred at 87- centred at
89 GHz 89 GHz bandwidth of 91.9 GHz 89 GHz
1 000 MHz
2 800 MHz centred at
89 GHz*
Measurement spatial resolution
Horizontal resolution 10 km 3.5km 6 km 40.5 km 40.5 km 32 km 19 km 2.9 km
48 km* 16 km*
Vertical resolution N/A 6.1 km 6 km 48 km 16 km 32 km 6 km 5.1 km

NOTE 1 — * Indicates that a particular sensor is flown on different missions, with different orbit and sensor parameters.
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6.13  Typical parameters of passive sensors operating in the bands between 114.25 and
122.25 GHz

The band 114.25-122.25 GHz is of primary interest for atmospheric temperature profiling
(O, absorption lines). Table 20 summarizes the parameters of passive sensors that are or will be
operating between 114.25 and 122.25 GHz.

TABLE 20

EESS (passive) sensor characteristics operating
between 114.25 and 122.25 GHz

Sensor M1
Sensor type Limb sounder
Orbit parameters
Altitude 705 km
Inclination 98.2°
Eccentricity 0.0015
Repeat period 16 days
Sensor antenna parameters
Number of beams 2
Reflector diameter 1.6 m x 0.8 m
Maximum beam gain 60 dBi
Polarization 2 orthogonal
-3 dB beamwidth 0.19° x 0.245°
Instantaneous field of view 6.5 km x 13 km
Main beam efficiency N/A
Off-nadir pointing angle Limb
Beam dynamics N/A
Incidence angle at Earth N/A
-3 dB beam dimensions 3 km
Swath width N/A
Sensor antenna pattern N/A
Cold calibration ant. gain N/A
Cold calibration angle (degrees re. satellite track) N/A
Cold calibration angle (degrees re. nadir direction) N/A
Sensor receiver parameters
Sensor integration time 0.166 s
Channel bandwidth N/A
Measurement spatial resolution
Horizontal resolution 13 km
Vertical resolution 6.5 km
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6.14  Typical parameters of passive sensors operating in the bands between 148.5 and
151.5 GHz

The 148.5-151.5 GHz passive sensor band is essential for the measurement of N,O, Earth’s surface
temperature, and cloud parameters. It is also used as a reference window for temperature soundings.
Table 21 summarizes the parameters of passive sensors that are or will be operating between
148.5 and 151.5 GHz.

TABLE 21

EESS (passive) sensor characteristics operating
between 148.5 and 151.5 GHz

Sensor N1
Sensor type Cross-track nadir scan
Orbit parameters
Altitude 705 km
Inclination 98.2°
Eccentricity 0.0015
Repeat period 16 days
Sensor antenna parameters
Number of beams 1
Reflector diameter 0.219 m
Maximum beam gain 45 dB
Polarization Linear
-3 dB beamwidth 1.1°
Main beam efficiency >95%
Off-nadir pointing angle +48.95°
Beam dynamics Scan period of 8/3 s
Incidence angle at Earth 56.9°
-3 dB beam dimensions 13.5 km
Swath width 1 650 km
Sensor antenna pattern See Fig. 11
Cold calibration ant. gain 45 dB
Cold calibration angle (degrees re. satellite track) 90°
Cold calibration angle (degrees re. nadir direction) 65-81°
Sensor receiver parameters
Sensor integration time 18 ms
Channel bandwidth 4 000 MHz @ 150 GHz
Measurement spatial resolution
Horizontal resolution 13.5 km
Vertical resolution 13.5 km
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FIGURE 11
Sensor N1 antenna pattern for the 148.5 and 151.5 GHz band
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6.15  Typical parameters of passive sensors operating in the bands between 155.5-158.5 GHz

The band 155.5-158.5 GHz is of primary interest to measure Earth and cloud parameters. Table 22

summarizes the parameters of passive sensors that are or will be operating between
155.5-158.5 GHz.
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TABLE 22
EESS (passive) sensor characteristics operating between 155.5-158.5 GHz

Sensor O1 Sensor O2
Sensor type Conical scan Cross-track nadir scan
Orbit parameters
Altitude 865 km 822 km
Inclination 20° 98.7°
Eccentricity 0 0.001
Repeat period 7 days 29 days
Sensor antenna parameters
Number of beams 1
Reflector diameter 0.65 m 0.22 m
Maximum beam gain 60 dBi 44.8 dBi
Polarization H,V Qv
-3 dB beamwidth 1.1°

. Nadir FOV: 16 km

Instantaneous field of view Outer FOV: 53 x 27 km
Main beam efficiency 96% 95%
Off-nadir pointing angle 44.5° 49.45°
Beam dynamics 20 rpm Scan period of 8/3s
Incidence angle at Earth 52.3° 59°
—3 dB beam dimensions 3 km 16 km
Swath width 2 193 km
Sensor antenna pattern
Cold calibration ant. gain N/A 44.8 dBi
Cold calibration angle (degrees re. satellite —90° +3.9°
track) N/A
Cold calibration angle (degrees re. nadir N/A 73.6
direction) (66° to 81°)
Sensor receiver parameters
Sensor integration time N/A 18 ms
Channel bandwidth 2 GHz <2.8 GHz
Measurement spatial resolution
Horizontal resolution 6 km 16 km
Vertical resolution 6 km 16 km

6.16

39

Typical parameters of passive sensors operating in the bands between 164 and

167 GHz

The band 164-167 GHz is of primary interest to measure N,O, cloud water and ice, rain, CO,
and ClO. Table 23 summarizes the parameters of passive sensors that are or will be operating
between 164 and 167 GHz.
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TABLE 23
EESS (passive) sensor characteristics operating between 164 and 167 GHz
Sensor P1 Sensor P2
Sensor type Conical scan Mechanical nadir scan
Orbit parameters
Altitude 828 km | 824 km
Inclination 98.7°
Eccentricity 0
Repeat period 17 days | 9 days
Sensor antenna parameters
Number of beams 2
Reflector diameter 0.48 x0.71 m 0.127 m
Maximum beam gain 54 dBi 43.9 dBi
Polarization \% QH
-3 dB beamwidth 0.39° l1.1°

Nadir FOV: 15.8 km

Instantaneous field of view 16 km x 12 km Outer FOV: 68.4 x 30 km
Main beam efficiency 95%
Off-nadir pointing angle 46.8° +52.725° cross-track
. 8/3 s scan period cross-track;
Beam dynamics 31.6 rpm 96 earth fields per scan period
Incidence angle at Earth 55.5° 0°
—3 dB beam dimensions 6 km 1.1°16 km
Swath width 1 700 km 2 500 km
Sensor antenna pattern
Cold calibration ant. gain N/A 43.9 dBi
Cold calibration angle
(degrees re. satellite track) N/A 0
Cold calibration angle R
(degrees re. nadir direction) N/A 82.175
Sensor receiver parameters
Sensor integration time 1.2 ms 18 ms
Channel bandwidth 1425 MHz centred 3 000 MHz centred at 164-167 GHz

at 166 + 0.7875 GHz

Measurement spatial resolution

Horizontal resolution 12 km 32 km
Vertical resolution 12 km 32 km

6.17  Typical parameters of passive sensors operating in the bands between 174.8 and
191.8 GHz

The 174.8-191.8 GHz passive sensor band is essential for N,O and O; measurements, in addition to
water vapour profiling. Table 24 summarizes the parameters of passive sensors that are or will be
operating between 174.8 and 191.8 GHz.
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TABLE 24
EESS (passive) sensor characteristics operating between 174.8 and 191.8 GHz
Sensor Q1 Sensor Q2 Sensor Q3 Sensor Q4 Sensor Q5 Sensor Q6 Sensor Q7
Sensor type Conical scan Cross-track scan Limb sounder Mechanical Conical scan Nadir scan
nadir scan
Orbit parameters
Altitude 828 km 705 km 824 km 835 km 867 km 822 km
Inclination 98.7° 98.2° 98.7° 98.85° 20° 98.7°
Eccentricity 0.001
Repeat period 17 days 16 days 9 days N/A 7 days 29 days
Sensor antenna parameters
Number of beams 2 1 2 96 earth fields 1
per scan period (steerable in
90 earth fields per
scan period)
Reflector diameter 0.48 x0.71 m 0.219m 1.6 x 0.8 m 0.127 m 0.6 m 0.2m 0.22 m
Maximum beam gain 54 dBi 45 dBi 60 dBi 43.9 dBi 60 dBi 49 dBi 44.8 dBi
Polarization \% Linear \"% QH \'% H Qv
—3 dB beamwidth 0.39° 1.1° 0.19° x 0.245° 1.1° 0.2° 0.66° 1.1°
Instantaneous field of 16 km x 12 km 14 km 4.5 km x 9 km Nadir FOV: Outer FOV: At nadir 10 km x Nadir FOV:
view 15.8 km 8 x 19 km 10 km 16 km
Outer FOV: At swath limit Outer FOV: 53 x
68.4 x 30 km 14 km x 22 km 27 km
Main beam efficiency 95% N/A 95% N/A 97% 95%
Off-nadir pointing 46.8° +48.95° N/A +52.725° cross- 55.4° 42° 49.4°
angle track
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TABLE 24 (continued)

direction)

Sensor Q1 Sensor Q2 Sensor Q3 Sensor Q4 Sensor Q5 Sensor Q6 Sensor Q7

Sensor antenna parameters (cont.)

Beam dynamics 31.6 rpm 8/3 s scan period | Scans continuously 8/3 s scan 2.88 sscan period 1 revolution per | 8/3 s scan period
in tangent height period cross- 1.639 s cross-track
from the surface track

to ~92 km in
247 s
240 scans/ orbit

Incidence angle at 55.5 56.9° N/A 65° 55¢ 59°

Earth

—3 dB beam 3 km 13.5 km 3 km 16 km 8 km x 19 km 10 km x 10 km 16 km

dimensions

Swath width 1 700 km 1 650 km N/A 2 500 km 2 000 km 1 700 km 2 193 km

Sensor antenna See Fig. 12

pattern

Cold calibration ant. N/A 45 dB N/A 43.9 dBi N/A 44.8 dBi

gain

Cold calibration angle N/A 90° N/A 0 N/A —90° +3.9°

(degrees re. satellite

track)

Cold calibration angle N/A 65° to 81° N/A 82.175° N/A 73.6

(degrees re. nadir (66° to 81°)
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TABLE 24 (end)
Sensor Q1 Sensor Q2 Sensor Q3 Sensor Q4 Sensor Q5 Sensor Q6 Sensor Q7
Sensor receiver parameters
Sensor integration 1.2 ms 18 ms 0.166 s 18 ms N/A 7.34 ms 18 ms
time
Channel bandwidth 1275 MHz 1 000 MHz N/A See Table 25 1.5 GHz centred at | 6 channels from 0.5 GHz centred
centred at centred at 183.31 183.31 =7 GHz, 200 MHz to at 183.311 +
183.31 ¢ + 1.00 GHz, 1.0 GHz centred at | 2 GHz centred at 1 GHz,
0.7875 GHz, 2 000 MHz 183.31 + 183.31 GHz 1.0 GHz centred
3500 MHz centred at 183.31 3 GHz, at 183.311 +
centred at +3.00 GHz, 0.5 GHz centred at 3 GHz,
183.31 + 3.1 GHz 4 000 MHz 183.31+ 1.1 GHz centred
, centred at 183.31 1 GHz at 190.311 +
4 500 MHz +7.00 GHz 1 GHz
centred at
183.31 +
7.7 GHz
Measurement spatial resolution
Horizontal resolution 6 km 13.5 km 9 km 16 km 8 km 10 km 16 km
cross-track
Vertical resolution 6 km 13.5 km 4.5 km 16 km 8 km 10 km 16 km
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FIGURE 12
Sensor Q2 antenna pattern for the 174.8 and 191.8 GHz band
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TABLE 25
Sensor Q4 passive sensor characteristics for channels
between 174.8 and 191.8 GHz
Centre frequency Channel bandwidth Polarization
(GH2z) (MH2)
183.31+4.5 2 000 QH
183.31+1.8 1 000 QH
190.31 <2200 A"
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SEEMI
RECOMMENDATION ITU-R RS.2017

Performance and interference criteria for satellite passive remote sensing
(2012)

Scope

This Recommendation provides information on the performance and interference criteria for satellite passive
remote sensing of the Earth and its atmosphere for microwave passive sensors.

The ITU Radiocommunication Assembly,

considering

a) that certain frequency bands, including some absorption bands of atmospheric gases
(e.g. Oy (oxygen) and H,O (water vapour)), have been allocated for spaceborne passive microwave
remote sensing;

b) that some of these bands are also allocated to other radiocommunication services;

c) that performance criteria are a necessary prerequisite to the establishment of interference
and sharing criteria;

d) that surface brightness temperature, the atmospheric temperature at points along a path and
absorption coefficients can be determined from measurements of the sensor antenna
temperature, Ta;

e) that the surface brightness temperature and the absorption coefficients, in turn, depend upon
the physical properties of the surface or atmosphere that are to be sensed;

f) that studies have established measurement sensitivity requirements;

g) that interference criteria should be compatible with performance objectives;

h) that interference criteria are a necessary prerequisite to the establishment of sharing criteria;
1) that interference criteria can be stated in terms of interference power within a reference
bandwidth;

k) that passive microwave remote sensing is performed in absorption bands to obtain

important three-dimensional atmospheric data that are used in particular to initialize numerical
weather prediction (NWP) models;

1) that studies have established that measurements in absorption bands are extremely
vulnerable to interference because, in general, there is no possibility to detect and to reject data that
are contaminated by interference, and because propagation of undetected contaminated data into
NWP models may have a destructive impact on the reliability/quality of weather forecasting;

m) that three-dimensional measurements of atmospheric temperature or gas concentration are
performed in the absorption bands including those in the range 52.6-59.3 GHz, 115.25-122.25 GHz,
174.8-191.8 GHz, as well as the auxiliary window channels at 23.6-24 GHz, 31.3-31.8 GHz,
50.2-50.4 GHz and 86-92 GHz;

n) that performance requirements for passive sensors can be stated in terms of measurement

sensitivity, ATe, and availability, measured at the satellite, assuming that degradation from other
elements in the system will be small;

0) that the sensitivities of radiometric passive sensors are generally expressed as a temperature
differential, AT, given by:
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ATe = o Tg/+/Bt K

where:
ATe: radiometric resolution (root-mean-square (r.m.s.) uncertainty in estimation of
total system noise, T);
a: receiver system constant;
Ts:  system noise temperature (K) (antenna temperature and receiver noise
temperature);
B: spectral resolution (of spectro-radiometer) or “reference bandwidth” of a single
radiometric channel (Hz);
t: sensor integration time (s);
p) that the radiometer threshold, or minimum discernible power change, is given by:

AP =k AT, B W

where k is Boltzmann’s constant = 1.38 x 10 J/K,

recommends
1 that the measurement sensitivities suitable for satellite passive remote sensing of the Earth’s
land, oceans and atmosphere indicated in Table 1 should be used as performance criteria;
2 that in bands used for satellite passive remote sensing, the required minimum availability of
passive sensor data for each band should be as specified in column 3 (Data availability) of Table 1;
3 that the permissible interference level for spaceborne passive sensors should be set at 20%
of AP;
4 that permissible interference levels and reference bandwidths for the frequency bands

preferred for satellite passive sensing of the Earth’s land, oceans and atmosphere as specified in
Table 2 should be used in any interference assessment or sharing studies;

5 that the interference level in Table 2 should not be exceeded for more than a percentage of
sensor viewing area or a percentage of measurement time as given in column 4 of Table 2.
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TABLE 1

Performance criteria for satellite passive remote sensing up to 1 000 GHz

Frequency Required Data Scan
band(s) AT, availability™ mode
(GHz) (K) (%) (N, C, L)@
1.370-1.427 0.05 99.9 N, C
2.64-2.70 0.1 99.9 N
4.2-4.4 0.05 99.9 N, C
6.425-7.25 0.05 99.9 N, C
10.6-10.7 0.1 99.9 N, C
15.2-15.4 0.1 99.9 N, C
18.6-18.8 0.1 99.9 N, C
21.2-21.4 0.05 99.9 N
22.21-22.5 0.05 99.9 N
23.6-24 0.05 99.99 N, C
31.3-31.8 0.05 99.99 N, C
36-37 0.1 99.9 N, C
50.2-50.4 0.05 99.99 N, C
52.6-59.3 0.05 99.99 N, C
86-92 0.05 99.99 N, C
100-102 0.005 99 L
109.5-111.8 0.005 99 L
114.25-116 0.005 99 L
115.25-122.25 0.05/0.005% 99.99/99%) N,L
148.5-151.5 0.1/0.005% 99.99/99%) N, L
155.5-158.59 0.1 99.99 N, C
164-167 0.1/0.005% 99.99/99%) N,C,L
174.8-191.8 0.1/0.005® 99.99/99%) N,C,L
200-209 0.005 99 L
226-231.5 0.2/0.005 99.99/99%) N, L
235-238 0.005 99 L
250-252 0.005 99 L
275-285.4 0.005 99 L
296-306 0.2/0.005 99.99/99%) N, L
313.5-355.6 0.3/0.005% 99.99/99%) N,C,L
361.2-365 0.3/0.005% 99.99/99%) N, L
369.2-391.2 0.3/0.005® 99.99/99%) N, L
397.2-399.2 0.3/0.005% 99.99/99®) N, L
409-411 0.005 99 L
416-433.46 0.4/0.005% 99.99/99®) N, L
439.1-466.3 0.4/0.005 99.99/99%) N,C,L
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TABLE 1 (end)

Frequency Required Data Scan
band(s) AT, availability™ mode
(GHz) (K) (%) (N, C, L)@
477.75-496.75 0.005 99 L
497-502 0.5/0.005% 99.99/99%) N, L
523-527 0.5 99.99 N
538-581 0.5/0.005% 99.99/99%) N,L
611.7-629.7 0.005 99 L
634-654 0.6/0.005% 99.99/99%) N,L
656.9-692 0.6/0.005 99.99/99%) N,C,L
713.4-717.4 0.005 99 L
729-733 0.005 99 L
750-754 0.005 99 L
771.8-775.8 0.005 99 L
823.15-845.15 0.8/0.005 99.99/99%) N,C,L
850-854 0.005 99 L
857.9-861.9 0.005 99 L
866-882 0.8 99.99 N, C
905.17-927.17 0.9/0.005 99.99/99%) N, L
951-956 0.005 99 L
968.31-972.31 0.005 99 L
985.9-989.9 0.005 99 L

M

@

3)
“4)

Data availability is the percentage of area or time for which accurate data is available for a specified
sensor measurement area or sensor measurement time. For a 99.99% data availability, the measurement
area is a square on the Earth of 2 000 000 km?, unless otherwise justified; for a 99.9% data availability,
the measurement area is a square on the Earth of 10 000 000 km? unless otherwise justified; for a 99%
data availability the measurement time is 24 h, unless otherwise justified.

N: Nadir, Nadir scan modes concentrate on sounding or viewing the Earth’s surface at angles of nearly
perpendicular incidence. The scan terminates at the surface or at various levels in the atmosphere
according to the weighting functions. L: Limb, Limb scan modes view the atmosphere “on edge” and
terminate in space rather than at the surface, and accordingly are weighted zero at the surface and
maximum at the tangent point height. C: Conical, Conical scan modes view the Earth’s surface by
rotating the antenna at an offset angle from the nadir direction.

First number for nadir or conical modes and second number for microwave limb sounding applications.

This band is needed until 2018 to accommodate existing and planned sensors.
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TABLE 2

Interference criteria for satellite passive remote sensing up to 1 000 GHz

Percentage of

Frequenc Maximum area or time
ba%d(s)y Reference interference level permissible Scan mode
(GH2) bandwidth (MHz) (dBW) interference level (N, C, L)@
may be
exceeded® (%)
1.370-1.427 27 174 0.1 N, C
2.64-2.70 10 -176 0.1 N
4.2-4.4 200 -166 0.1 N, C
6.425-7.25 200 -166 0.1 N, C
10.6-10.7 100 -166 0.1 N, C
15.2-15.4 50 -169 0.1 N, C
18.6-18.8 200 -163 0.1 N, C
21.2-21.4 100 -169 0.1 N
22.21-22.5 100 -169 0.1 N
23.6-24 200 -166 0.01 N, C
31.3-31.8 200 -166 0.01 N, C
36-37 100 -166 0.1 N, C
50.2-50.4 200 -166 0.01 N, C
52.6-59.3 100 -169 0.01 N, C
86-92 100 -169 0.01 N, C
100-102 10 -189 1 L
109.5-111.8 10 -189 1 L
114.25-116 10 -189 1 L
115.25-122.25 200/10® -166/~189% 0.01/1® N,L
148.5-151.5 500/10©® -159/-189® 0.01/1® N, L
155.5-158.5% 200 -163 0.01 N, C
164-167 200/10® -163/-189% 0.01/1® N,C,L
174.8-191.8 200/10® -163/-189% 0.01/1® N,C, L
200-209 3 194 1 L
226-231.5 200/3® —-160/-194® 0.01/1® N, L
235-238 3 -194 1 L
250-252 3 -194 1 L
275-285.4 3 -194 1 L
296-306 200/3® —-160/-194® 0.01/1® N,C,L
313.5-355.6 200/3% -158/-194% 0.01/1® N,C,L
361.2-365 200/3% -158/-194® 0.01/1® N,L
369.2-391.2 200/3® -158/-194® 0.01/1® N, L
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TABLE 2 (end)
Percentage of
FLZ?%G(Z; y Reference in tel?’/;gi(;;ncl:anlqevel _ Tareefmoigstilkr:lf Scan mode
(GH2) bandwidth (MHz) (dBW) interference level (N,C, L)@
may be
exceeded™ (%)
397.2-399.2 200/3® —158/-194® 0.01/1® N, L
409-411 3 -194 1 N
416-433.46 200/3 —157/-1949 0.01/1% N, L
439.1-466.3 200/3% —157/-194% 0.01/19 N,C, L
477.75-496.75 3 ~194 1 L
497-502 20073 —156/—194% 0.01/1% N, L
523-527 200 -156 0.01 N
538-581 200/3% —156/-194% 0.01/19 N, L
611.7-629.7 3 ~194 1 L
634-654 200/3% —155/-1949 0.01/1% N, L
656.9-692 200/3 —155/-1949 0.01/1% N,C,L
713.4-717.4 3 —194 1 L
729-733 3 ~194 1 L
750-754 3 -194 1 L
771.8-775.8 3 -194 1 L
823.15-845.15 200/3% —154/-194% 0.01/19 N,C, L
850-854 3 ~194 1 L
857.9-861.9 3 -194 1 L
866-882 200 ~154 0.01 C
905.17-927.17 200/3% —153/-194% 0.01/19 N, L
951-956 3 ~194 1 L
968.31-972.31 3 -194 1 L
985.9-989.9 3 -194 1 L

" For a 0.01% level, the measurement area is a square on the Earth of 2 000 000 km?, unless otherwise
justified; for a 0.1% level, the measurement area is a square on the Earth of 10 000 000 km® unless
otherwise justified; for a 1% level, the measurement time is 24 h, unless otherwise justified.

@ N: Nadir, Nadir scan modes concentrate on sounding or viewing the Earth’s surface at angles of nearly

perpendicular incidence. The scan terminates at the surface or at various levels in the atmosphere
according to the weighting functions. L: Limb, Limb scan modes view the atmosphere “on edge” and
terminate in space rather than at the surface, and accordingly are weighted zero at the surface and
maximum at the tangent point height. C: Conical, Conical scan modes view the Earth’s surface by
rotating the antenna at an offset angle from the nadir direction.

® First number for nadir or conical scanning modes and second number for microwave limb sounding

applications.

@ This band is needed until 2018 to accommodate existing and planned sensors.

150



Rec. ITU-R RS.1813-1 ~ ’
SEEN20

RECOMMENDATION ITU-R RS.1813-1

Reference antenna pattern for passive sensors operating in the Earth
exploration-satellite service (passive) to be used in compatibility
analyses in the frequency range 1.4-100 GHz

(2009-2011)

Scope

This Recommendation provides a reference antenna pattern for Earth exploration-satellite service
(EESS) passive sensors to be used in compatibility studies in the frequency range 1.4-100 GHz
when no other information is available on actual sensor antennas.

The ITU Radiocommunication Assembly,

considering

a) that reference satellite antenna patterns, which reflect to the maximum extent possible the
actual antenna gain, are desirable for use in compatibility studies in the case of aggregate
interference from multiple sources;

b) that antennas used for spaceborne passive sensors in the Earth exploration-satellite service
(EESS) (passive) are usually designed to maximize main beam efficiency and minimize energy
received through antenna side lobes;

c) that the impact of a dominating interference source on single pixel measurements or peak
interference assessments may require consideration of maxima in the antenna side lobe pattern,

noting

a) that characteristics of passive sensors operating between 1.4 GHz and 100 GHz have been
taken into account for the derivation of the proposed antenna pattern,

recommends

1 that, in the absence of an actual antenna pattern, the following equations for the average
antenna pattern of a spaceborne passive sensor should be used, for antenna diameters greater than 2
times the wavelength:

2
G(p) =Gyax —1.8 x 1073 (%(p) for 0°<¢@<n

2
G(p)= max[GmaX ~1.8 x 107 (% (pj ,33-5 log(%j =25 log((p)J for @m<@<69°

G((p):—13—510g(%j for 69° < <180°
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In the case of G(¢p) <—23 dBi, the value —23 dBi is to be used, where:

D2
Ghax =10 log(nﬂ2 k_zj

22% D,
=== 155+ 5log(—
®m="5 g(xn)

Gmax: maximum antenna gain (dBi)
G(p): gain (dBi) relative to an isotropic antenna
¢: off-axis angle (degrees)
D: antenna diameter (m)
A:  wavelength (m)
n

antenna efficiency (if n is unknown, 60% can be assumed as a representative
value);

2 that in cases where a few interference sources dominate, or where peak interference values
are required in the analysis, the following equations for the antenna pattern for spaceborne passive
sensors should be used, for antenna diameters greater than 2 times the wavelength:

2
G(p) =Gyax —1.8 x 1073 (%(p) for 0°<¢@<n

2
G(p) = max[Gmax ~1.8 x 1072 (% (pj ,40-5 log(%j -25 log((p)J for @m<@<69°

G(p)=-6-5 log(%j for 69° < ¢ < 180°
In the case of G(¢) < —23 dBi, the value —23 dBi is to be used, where:

DZ
Gax = 10 log(nn2 X_Zj

220 D,
=22 5.5+ 510g —
om="5 \/ g(xn]
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RECOMMENDATION ITU-R RS.1416*** SEAM

SHARING BETWEEN SPACEBORNE PASSIVE SENSORS AND THE
INTER-SATELLITE SERVICE OPERATING NEAR 118 AND 183 GHz

(Question ITU-R 228/7)

(1999)

The ITU Radiocommunication Assembly,
considering
a) that Resolution 723 (WRC-97) resolves to address the allocations of frequency bands above 71 GHz to passive
services;
b) that Recommendation ITU-R RS.515 indicates that the band 115-122 GHz is necessary for spaceborne passive
sensing to obtain vertical temperature profiles;
c) that Recommendation ITU-R RS.515 indicates that the band 175-192 GHz is necessary for spaceborne passive
sensing to obtain vertical water vapour profiles;
d) that weather forecasting is an important tool essential to all human economic activities, and also plays a
predominant role in early identification and warnings of potentially dangerous phenomena;
e) that atmospheric temperature and water vapour profiles are essential data needed for weather forecasting on a
global basis;
f) that the oxygen absorption band around 118 GHz and the water vapour absorption band around 183 GHz
represent a unique natural resource for remote temperature and water vapour profile sensing in the atmosphere;
9) that these passive measurements are extremely vulnerable to interference because the natural variability of the
atmosphere makes it impossible to recognize and to filter measurements contaminated by interference;
h) that contaminated passive sensor measurements can have a dramatic, adverse impact on climate studies and the
quality of weather predictions,
recognizing

a) that the bands 116-126 GHz, 174.5-182 GHz, and 185-190 GHz are currently allocated to the inter-satellite
service (ISS);
b) that Recommendation ITU-R RS.1029 provides interference criteria for the passive sensors in the bands
115-122 GHz and 175-192 GHz;
c) that studies conducted in the bands 116-122 GHz, 174.5-182 GHz and 185-190 GHz have shown that the inter-

satellite links (ISLs) in a non-geostationary (non-GSO) satellite system can cause interference to the passive sensors well
in excess of these protection criteria (see Annex 1);

d) that studies conducted in these bands have shown that ISLs in GSO satellite systems can share the band with
passive sensors with suitable restrictions on the power flux-density (pfd) produced by GSO satellites at the sensor orbital
altitude (see Annex 1);

e) that No. S9.7 of the Radio Regulations of the specifies that satellite stations using the geostationary-satellite
orbit must consider and coordinate with other space radiocommunication systems,

recommends

1 that, in view of recognizing b) and c), passive sensors and ISLs of non-GSO satellite systems should not
operate on a co-frequency basis in the bands 116-122 GHz, 174.5-182 GHz and 185-190 GHz;

*

This Recommendation should be brought to the attention of Radicommunication Study Group 4.

*k

Radiocommunication Study Group 7 made editorial amendments to this Recommendation.
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2 that, in view of recognizing d), passive sensors and ISLs of GSO satellite systems can share the 116-122 GHz
band provided that the single-entry pfd at all altitudes from 0 to 1000 km above the Earth's surface and in the vicinity of
all geostationary orbital positions occupied by passive sensors, produced by a station in ISS, for all conditions and for all
methods of modulation, does not exceed —148 dB(W/(m?2 - 200 MHz)) for all angles of arrival;

3 that, in view of recognizing d) and e), passive sensors and ISLs of GSO satellite systems can share the
174.5-182 GHz and 185-190 GHz bands provided that the single-entry pfd at all altitudes from 0 to 1000 km above the
Earth's surface and in the vicinity of all geostationary orbital positions occupied by passive sensors, produced by a station
in the 1SS, for all conditions and for all methods of modulation, does not exceed —144 dB(W/(m? - 200 MHz)) for all
angles of arrival.

ANNEX 1

Feasibility of sharing between the Earth exploration-satellite service (EESS)
(spaceborne passive sensors) and the ISS operating near 118 and 183 GHz

1 Introduction

The frequency bands near 118 and 183 GHz are allocated to the EESS on a primary basis for passive sensors as shown in
Table 1. The allocation near 118 GHz is shared with other services. Near 183 GHz, the passive services have an
exclusively allocated band. A need has been identified in this band to expand the frequency range over which passive
measurements can be made, and therefore the passive sensors may have to share with active services in adjacent bands. It
is important that frequency sharing be examined:

— to determine if currently allocated sharing at 118 GHz adequately protects the passive sensors; and

— to determine if the expansion of the range over which passive sensors operate near 183 GHz would create potential
sharing problem with other services.

TABLE 1

EESS allocations at 116-126 GHz and near 183 GHz

Frequency band Allocation to services
(GHz) (all worldwide)
EESS (PASSIVE)
FIXED
116-126 INTER-SATELLITE
MOBILE

SPACE RESEARCH (PASSIVE)

EESS (PASSIVE)

FIXED

174.5-176.5 INTER-SATELLITE

MOBILE

SPACE RESEARCH (PASSIVE)

FIXED
176.5-182 INTER-SATELLITE
MOBILE

EESS (PASSIVE)
182-185 RADIO ASTRONOMY
SPACE RESEARCH (PASSIVE)

FIXED
185-190 INTER-SATELLITE
MOBILE
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2 Equipment characteristics

2.1 Passive sensors

211 Low-Earth orbiting (LEO) scanning sensors

The LEO passive sensor used in this analysis is modelled from the advanced microwave sensing unit (AMSU). The
AMSU-B is already deployed at 183 GHz and represents the current technology in microwave sensors.

The operation of the sensor is highly dependent upon a mechanically scanned antenna. The reflector moves within a
cylindrical shroud. The cylinder has an opened area that allows the antenna to receive radiation across about +50° of the
Earth's surface and into the night sky up to about 85° from nadir. The antenna scans the Earth, moves to the sky for a
cold calibration measurement, and then moves inside the shroud for a warm calibration measurement. The angle at which
the antenna takes the cold measurement is constrained by the Earth limb and the area of the shroud needed to cover the
antenna for a warm measurement. The calibration measurements are used to measure the receiving system gain. The
AMSU scanning scheme has the advantage over other schemes that all receiving components remain the same between
atmospheric and calibration measurements.

This scanning and calibration method is used on LEO sensors. Because the orbit is sun-synchronous, the sensor can
always make a cold measurement at the same location relative to the spacecraft. Most other arrangements would risk
having the calibration antenna point toward the sun and not produce a cold measurement.

2.1.2 Geostationary orbiting sensors

Sensors have been proposed to operate in the geostationary orbit. A scanning type of antenna similar to the AMSU would
sweep the visible portion of the Earth to about +8° from the spacecraft's nadir. If this sensor uses cold space for
calibration it could either point its scanning antenna away from the Earth similarly to the AMSU or have a separate
antenna for calibration pointed at any convenient location. The cold calibration antenna must not only avoid the Earth but
also the sun and preferably the moon. The AMSU sensor in sun-synchronous orbit can calibrate at the same location
relative to the spacecraft and always avoid pointing toward the sun. If the geostationary satellite points anywhere within
its orbital plane, it is likely to point at some time toward the sun or the moon and corrupt the cold measurement. It is
therefore assumed that the geostationary satellite would point the cold calibration antenna in some direction that does not
cause the antenna to aim near the sun, Earth or moon. Most isolation for the calibration antenna would occur if pointed
normal to the equatorial plane. This points the calibration antenna at least 67° from the ecliptic where the directional gain
would be relatively low.

2.1.3 Push-broom sensors

At this time no push-broom sensors are in operation and no calibration method has been strictly defined. The push-broom
sensor operates true to the analogy by having a series of small antenna beams across the spacecraft's track. Like bristles
in the broom, the multiple beams sweep along the track. This system is not mechanical: each antenna beam is fixed.
Therefore the Earth pointed beams cannot be used for cold calibration. If a separate antenna is used, it is not as
constrained as the AMSU antenna in gain or calibration angle. The single constraint is that it must point toward cold
space. If sun-synchronous orbits are used, the best direction is away from the sun, which is where the AMSU points.
However the push-broom can use angles above the 85° limit imposed by the AMSU shroud.

2.1.4 Limb sounding sensors

Limb sounding sensors would have characteristics that differ from the AMSU-B, but are not addressed in this analysis.

2.1.5 Sensor characteristics

Sensor characteristics are given in Table 2 for the AMSU and GSO sensors. Two modes of operation for the sensor are
considered in this analysis:

— the scanning mode; and

—  the calibration mode.
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The pointing angles for these two modes are given in Table 2.

TABLE 2

Passive sensor characteristics

Parameter AMSU-B GSO
Antenna main-beam gain (dBi) 45 66
Antenna back-lobe gain (dBi) -14 -14
Antenna beamwidth at half power points (degrees) 1.15 0.102
Sensor altitude range (km) 500 to 1000 35786
850 (nominal)
Interference criteria per bandwidth (dB(W/200 MHz)) -160 -160
Antenna measurement scan angles (from nadir) (degrees) +50 +8
Cold calibration angle (from orbital plane) (degrees) 90+4 90
Cold calibration angle range (from nadir) (degrees) 65 to 85 90 (nominal)
83 (nominal)

The practical operational range for sensors in LEOs is between about 500 and 1 000 km. Operational or planned sensor
systems in this band orbit at a nominal altitude of 833 km. However, orbits achieved by currently operating systems vary
in altitude by as much as 20 km.

2.2 Inter-satellite systems

2.2.1 Modelled systems
The characteristics of an inter-satellite system modelled in this analysis are listed in Table 3. It is assumed to be a

broadband digital system with a data rate of 200 Mbit/s, chosen to match the reference bandwidth of the sensor. This
analysis is also applicable to broader band systems that have proportionally higher power.

TABLE 3

ISL parameters

Parameter Value
Antenna mainbeam gain (dBi) 45, 50, 55 or 60
Antenna back-lobe gain (dBi) -10
System noise temperature (K) 2000 at 118 GHz and 3000 at 183 GHz
Performance criterion of link, C/N (dB) 12

The link performance is chosen as a C/N of 12 dB. This includes an Ep/Ng of 10 dB for QPSK modulation and a 2 dB
implementation loss. The system noise temperature is derived from the system design of ISLs in lower bands and the
receivers built for the AMSU-B. A range of antenna gains between 45 and 60 dBi are examined. Generally, the 45 dBi
antenna is chosen for low altitude links and the higher 55 or 60 dBi-antenna gain for higher altitudes and longer links.
The antenna side-lobe patterns are modelled using the single feed circular beam antenna pattern from Recommen-
dation ITU-R S.672.
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The analysis was limited to scanning sensors and inter-satellite systems in circular orbits. ISLs are limited to a network
of satellites with the same orbital altitude.

2.2.2 Operational systems in other bands

No known inter-satellite systems currently operate in the bands addressed in this analysis. In the ITU records Belarus,
Malaysia, and the United States of America have advanced filed their intentions to operate space-to-space systems in the
116 to 126 GHz band. No advanced filings appeared for ISLs near 183 GHz. Of those that operate in other bands, most
are either at the GSO or at LEOs nominally 700 to 800 km. A few operate above the sensor at orbits that range from
1000 to 10 350 km. These systems use multiple satellite constellations to achieve full Earth coverage.

Table 4 lists several operating or proposed non-GSO ISL satellite constellations. The geocentric angles subtended by the
links are listed for each constellation.

TABLE 4

Example non-GSO satellite constellations

Number Number Separation Separation Orbital

System of orbits of satellites within the orbit between orbits altitude
per orbit (degrees) (degrees) (km)
System A 6 11 32.7 60 780
System B 3 4 90 120 10350
System C 8 6 60 45 1414
System D 4 8 45 90 775
System E 21 40 9 17.1 700
System F 6 8 45 60 950
System G 4 6 60 90 800
System H 2 5 72 180 500
System | 6 4 90 60 1000

Existing or planned GSO satellite systems operating in other bands do not have, in general, evenly spaced satellites. For
example, a look at one system shows five links with varying geocentric angles: 149°, 31°, 85°, 85° and 125°. Table 5
shows the maximum longitudinal spacing for ten GSO constellations along with their antenna gains.

TABLE 5

Parameters of example GSO inter-satellite systems

System 1 2 3 4 5 6 7 8 9 10

Antenna gain (dBi) 58.5 59 58 46 55.5 60.3 53 50.3 491 55.7

Maximum longitudinal 162.6 162.6 78.6 10.1 67.3 162.6 53.9 1111 77.4 136.4
spacing (degrees)
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3 Approach

This analysis considers a broad range of parameters for ISL constellations and determines what restrictions on these
parameters would permit co-channel sharing. Sharing is considered to be feasible only if the restrictions on the ISL
parameters permit the development of systems similar to systems that are planned for other bands.

Unacceptable interference to the Earth-exploration satellite (passive) service is determined by two criteria. First is an
interference threshold of —160 dB(W/200 MHz). Interference above this level is considered to be unacceptable. This
power level corresponds to 20% of the sensitivity (Recommendation ITU-R RS.1029) of the sensor. Interference
received above this level will increase the temperature reading that the satellite is making and corrupt long-term
temperature averages. Another -3 dB will be added to the sensitivity to account for sharing with between space and
terrestrial services. The second criterion is temporal and is applied when the first criterion, threshold level, is exceeded.
The interference should not exceed the threshold for more than 0.01% of the time. This percentage is given in
recommends 4 of Recommendation ITU-R RS.1029.

3.1 Analysis organization

The analysis is presented in two investigations. The first is interference to LEO sensors from ISLs in orbits from close to
the Earth to the geostationary orbit. The second investigation is interference into sensors in the geostationary orbit from
both GSO and non-GSO ISLs.

Each of these investigations starts with a static analysis that identifies the circumstances under which interference can
occur. These circumstances are mainly the orbits of the ISLs and the position of the ISL transmitter relative to the sensor.
These interference parameters are applied to a temporal analysis which identifies how many transmitters could operate
without exceeding the temporal criterion. Circumstances are then investigated to determine if interference can be avoided
by restricting operating parameters of the ISLs or the passive sensors. Finally the restrictions are determined for the
number of ISLs, length of inter-satellite paths, and pointing restrictions of sensor antennas. These restrictions are
compared to those of operating or planned systems in other bands to determine if the constraints are practicable.

3.2 Establishment of geometries causing interference

The analysis examines antenna coupling for all possible orientations of the sensor and ISL transmitter. The analysis of
relative positions of the sensor satellite and the interfering satellites is performed to find those positions or orientations
that cause interference. This investigation considers altitude differences, geocentric angles between the sensor and the
ISL transmitter, and antenna orientations. The ISLs are first analysed with the path centre 200 km above the Earth to
keep the path above the atmosphere. The inter-satellite path length in terms of geocentric angle is then reduced while
observing the maximum interference orientations to determine the maximum length of the link that precludes
unacceptable interference. The results of this analysis identify the specific orientations and configurations that cause
interference. It bounds the relationship between geocentric angle and altitude that precludes interference.

An algorithm was set up to calculate the received power of an interfering satellite at the sensor for variations of altitude,
inter-satellite path length, geocentric angle between the sensor and interfering satellite, and ISL antenna gain. The
received power at the sensor was calculated from the geocentric angle between the sensor and the ISL transmitter. The
geocentric angles varied from the horizon to the sensor's nadir as shown in Fig. 1.

The power of the transmitter is calculated to maintain a constant link performance, as specified in Table 3, taking into
account the distance of the ISL path and the gains of the two antennas. The height of the inter-satellite path and the
geocentric angle are related and define the length of the ISL path. This geometry is illustrated in Fig. 2.
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FIGURE 1
Visibility angles between the sensor and the ISL transmitter
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FIGURE 2
ISL geometry
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The path length of the ISL was evaluated using equation (1):
A 2 2
dI|nk - 2\/ (Re + Altnon-GSO) - (Re + AItcentre) (1)
where:
diink : distance (m) from the ISL transmitting satellite to the ISL receiving satellite
Re: radius of the Earth =6 378140 m

Altpon.gso: altitude of the non-GSO orbit (m)
Altcentre: altitude of the centre of the non-GSO link path (m) (see Fig. 2).
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The power of the ISL transmitter was calculated using equation (2):

P =-20 Iog(ﬁ} + 10log (kT B) 2G5 + 12 2
where:
Py: ISL power (dBW)
f: tuned frequency of the sensor in (Hz)
k: Boltzman's constant = 1,38 x 10723 J/K
B: reference bandwidth of the sensor (Hz)
T: noise temperature of the ISL receiver (K)

GisL:  gain of the ISL antennas (dBi) (assumed to be equal for transmitter and receiver)

12: performance level of the ISL receiver (rapport C/N = 12 dB).

The calculated transmitter power is then used to determine the received interference power considering the path length
between the sensor and the transmitter plus the relative gains of the respective antennas toward each other. The received
power at the sensor is calculated for all geocentric angular distances from the mutual horizon to the point where the
satellites are in line with the centre of the Earth (see Fig. 1). The power to the sensor receiver was calculated using
equation (3).

Pr = PR + GisL(9) + Gsensor (@) + Lis 3)
where:
Py: received interference power (dBW)
Gisi(9): angle dependent gain of the ISL transmitting antenna
o: off-main-beam angle from the ISL transmitting antenna to the sensor receiver

Gsensor (o) :  angle dependent gain of the sensor antenna toward the ISL transmitter
o off-boresight angle of the sensor antenna toward he ISL transmitter

Lss: free-space loss (dB) between the ISL transmitter to the sensor receiver.

The relationship of the received power vs. geocentric angle was plotted as parameters were varied. This identified the
worst interference situations and showed what combinations of these parameters would eliminate interference.

3.3 Temporal analysis of interference-causing constellations

The output of the previous section identifies sensor and interfering satellite orientations that cause interference, primarily
via main beam coupling. The temporal criterion of 0.01% is applied to these orientations.

The analysis considers interference from constellations orbiting above and below the sensor. The ISL constellation is
analysed as if it were a random distribution of ISL satellites on a sphere.

Interference is considered to come from any position on the ISL constellation sphere for which the signal received at the
sensor from that position exceeds the interference threshold. At each position, excessive interference comes from a small
elliptical or circular area on the sphere whose area is determined from the antenna main beam gain and the distance of
that sphere from sensor. These small areas are the intersections of the sensor antenna's main beam with the constellation
sphere.

Because of the assumption of a random distribution of satellites on the ISL constellation sphere, an area ratio can
represent the amount of interference over time. For a single satellite, this is the ratio of the interference area on the sphere
to the total surface area of the sphere.

The temporal analysis provides the percentage of time that a single satellite in an ISL constellation exceeds the
interference threshold. Comparison of this number to the temporal criterion of 0.01% determines the maximum number
of ISL satellites allowed to exceed the interference power threshold.
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The static analysis is repeated for the geostationary orbiting sensors but because ISLs in the GSO are fixed, no temporal
analysis is needed. A temporal analysis will be presented using the area ratio technique for interference from LEO
satellite constellations.

3.4 Comparison

In summary, the initial interference analysis provides restrictions in orbital altitude and geocentric angle that avoid
interference. For those satellite configurations that do not conform to these restrictions, a temporal analysis determines
the number of satellites that can exceed the power threshold while conforming to the 0.01% temporal criterion.
Parameters of satellite constellations planned for other bands are compared to these restrictions in order to evaluate
whether these restrictions are practical for satellite systems to share these bands with passive sensors.

4 Analysis
4.1 Interference to LEO sensors
411 Identification of circumstances causing interference

Initially it is necessary to determine under what circumstances, if any, the power levels of an ISL could exceed the
interference threshold of the sensor. To investigate this, a series of calculations were performed with the sensor and ISL
transmitter at various orientations to each other. To represent the worst case orientations, the sensor, ISL, and Earth
centre are in the same plane. The ISL transmitter is approaching the sensor normal to the sensor's orbital plane. The ISL
antenna is aimed in the direction of the sensor. Figure 1 shows the range of angles from the horizon to the nadir of the
sensor over which calculations were performed. Figures 3 and 4 are graphs of interference power into the sensor from
ISLs over the range of angles illustrated in Fig. 1. Figure 3 represents interference power for the sensor in the scan mode
and Figure 4 shows it in the calibration.

FIGURE 3
Interference power - Scan mode
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FIGURE 4
Interference power - Calibration mode
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Three lines are plotted on Figs. 3 and 4. The horizontal line at —160 dBW represents the interference threshold of the
sensor. The lower curved line is a plot of the interference power received by the sensor assuming that both the sensor and
ISL transmitter had 0 dBi gain omnidirectional antennas. The third line with peaks is a plot of interference power with
directional gains for the sensor and ISL transmitter. The relative magnitudes of the interference curves show the effect of
the high gain antennas. Observing from Fig. 3 the omnidirectional-gain-antenna curve only exceeds the threshold when
the ISL transmitter is close to the sensor near 0°. The high gain antenna curve exceeds the interference threshold both
when the ISL transmitter is near 0° and in the sensor antenna’s main beam and when the ISL transmitter is nearer the
horizon and its main beam illuminates the sensor. From Fig. 4 the interference level is above the threshold when the ISL

transmitter is near the main beam of the sensor calibration antenna and again when the sensor is in the main beam of the
ISL transmitter antenna.

In both Figures interference levels are high if the ISL transmitter gets near the main beam of the sensor antenna. Figure 5
illustrates the ranges over which the sensor antenna could be operating.

FIGURE 5
Sensor angles and ranges for the scan and calibration modes
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Figure 5 can be applied to both the AMSU and push-broom sensors. The scan for the AMSU is the range over which the
antenna sweeps during operation. For the push-broom sensor, multiple beams are continuously covering this area. The
calibration area shown in the Figure is the range of angles that can be used by the AMSU sensor. In operation it will use
only a single angle, nominally about 83°. The push-broom must use a separate antenna for cold calibration and is not as
constrained as the AMSU. It can be pointed in any direction that will not include the Earth. But as a secondary
consideration it must also avoid the sun. If a sun-synchronous orbit is used, as is assumed, it could point up to and
beyond the horizontal. Also it could point along or oblique to the orbital plane.

Because excessive interference can occur when the ISL transmitter is in the sensor main beam, it occurs when it is in the
shaded areas of Fig.5. The scan mode therefore receives interference into the main beam of its antenna from
constellations that orbit below the sensor. In contrast the calibration mode of the sensor is subject to interference into its
main beam from satellite orbits both above and below its orbit. These interference orientations are illustrated in Figs. 6
and 7.

FIGURE 6

Interference when the ISL transmitting satellite is in the
scanning beam of the sensor
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Interference also occurs as determined earlier when the main beam of the ISL transmitter intercepts the sensor. Figures 8
and 9 illustrate the intersection of the ISL main beam from constellations both below and above the sensor.

412 Temporal analysis

4.1.2.1 Low altitude analyses

Three areas of interference were identified:
—  below the sensor in the scan mode where the main beam of the sensor couples with the ISL side lobe;

— to the side of the sensor in the calibration mode, when the sensor calibration antenna couples to the side lobe of the
ISL transmitter satellite; and

—  where the ISL transmitter main beam couples to the sensor's side lobe.
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Results of this analysis (see Fig. 10), show that a maximum of eight satellites in the entire orbital sphere can share the
118 GHz band, and five satellites can share the 183 GHz band, if they are in an orbit near 300 km altitude. The number
that can share drops to two satellites at around 500 km altitude, and to zero at 900 km altitude. The curve is a composite
of the three probabilities for the three interference areas caused by main beam coupling to the sensor's scanning antenna,
the sensor calibration antenna, and the ISL transmitter antenna. The dominant interference mechanism is ISL main beam
transmission into the sensor side lobes. At 749 km altitude, interference into the sensor antenna during calibration

Rec. ITU-R RS. 1416

FIGURE 7
Interference when ISL transmitter is in calibration antenna main beam
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dominates the composite curve.
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FIGURE 9
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FIGURE 10
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The calibration angle for the sensor influences the potential for sharing, as illustrated above. Generally, when
interference can be received into the calibration antenna, only one satellite can share without violating the 0.01%
criterion. As the calibration angle is changed from 65° to 85°, the maximum interference altitude moves upward. Table 6
shows the maximum-interference altitude for the range of calibration angles from 65° to 85° where the least number of
satellites can share.
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TABLE 6

Minimum interference altitude to sensor antenna in calibration mode

Calibration angle Minimum interference altitude
(degrees) (km)
65 308
70 555
75 749
80 888
85 971

4.1.3 Analysis of interference avoidance for ISLs

The ISL path lengths considered up to now produce the maximum amount of interference because they were the longest
paths requiring the most transmitter power. Anything that reduces the satellite e.i.r.p. will reduce the interference levels.
Two factors that affect the e.i.r.p. are the antenna gain and path length. If the ISL were designed with matching transmit
and receive antennas, every decibel increase in the antenna gain results in a 2 dB increase in the ISL received signal
power. To maintain the same received signal power, the ISL transmitter power can therefore be reduced to 2 dB. In other
words, each decibel increase in antenna main beam gain results in a 1 dB reduction in main-beam e.i.r.p. and a reduction
in side-lobe radiation. The required e.i.r.p. is also proportional to the square of the distance, so reduction of the link
length reduces the e.i.r.p. and therefore the interference power received. There exists a maximum ISL path length for
each altitude for which no unacceptable interference occurs.

Figures 11 and 12 show the maximum geocentric angle for ISLs that precludes unacceptable interference. These results
were obtained by calculating the interference power at the sensor, and reducing the ISL path length until this power falls
below the threshold of —163 dBW. ISL transmit and receive antenna gain is 45 dBi.

FIGURE 11

Maximum geocentric angle for an inter-satellite system to avoid interference to the
spaceborne sensors when a sensor is in the scanning mode at 850 km altitude
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Figure 11 depicts the case for the sensor at an altitude of 850 km in the scan mode with the ISL links below and slightly
above it. The maximum geocentric angle is 2° or less for the scan mode until the ISL constellation is above the sensor's
altitude. The maximum angle approaches zero when the altitudes of the ISL constellation and the sensor satellite are
equal. In the calibration mode, shown in Fig. 12, the maximum angle is less than 1°. Therefore the calibration mode is
more susceptible to interference.

FIGURE 12

Maximum geocentric angle for an inter-satellite system to avoid interference to the spaceborne
sensors when a sensor is in the calibration mode at 83° and 850 km altitude
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The range of usable orbits for the sensors is 500 to 1000 km. From Fig. 11 it can be observed that sharing is not feasible
with ISLs at the same altitude but the sharing possibilities increase as the ISL transmitter orbit becomes lower than the
sensor. Since the sensor can be anywhere from 500 to 1000 km ISLs cannot occupy this orbital range. The sharing
possibilities would be below 500 km for a sensor at 500 km and above 1000 km with the sensor at that altitude.
Figures 13 and 14 show the angle restrictions when the sensor is at 500 km for the scan and calibration modes,
respectively. Figures 15 and 16 similarly show the angle restrictions for the sensor at 1 000 km altitude with ISLs above
it. In these Figures two antenna gains are investigated for the ISL. Plots are provided for both a 45 dBi and 55 dBi
antenna on the ISL.

Increasing the antenna gain for the ISL increases the link angles that avoid interference. First, this is because less ISL
transmitter e.i.r.p. is required. Secondly, the ISL transmitter antenna has a narrower beam, which decreases emissions off
the main lobe.

For the case when the ISL is above the sensor at 1000 km, the antenna gain seems to have little effect in the scan mode
(Fig. 15) and the geocentric angle limit of the ISL is less restrictive. The antenna gain of the ISL has more effect in the
calibration mode (Fig. 16). The 45 dBi antenna is still quite restricted while the 55 dBi antenna is not. Figures 14 and 16
show the increased sharing achievable with higher gain ISL antennas.
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FIGURE 13

Maximum geocentric angle for an inter-satellite system to avoid interference to the
spaceborne sensors when a sensor is in the scanning mode at 500 km altitude
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FIGURE 14

Maximum geocentric angle for an inter-satellite system to avoid interference to the spacecraft
sensors when a sensor is in the calibration mode at 83° and 500 km altitude
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FIGURE 15

Maximum geocentric angle for an inter-satellite system to avoid interference to the spaceborne
sensors when a sensor is in the scanning mode at 1 000 km altitude
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FIGURE 16

Maximum geocentric angle for an inter-satellite system to avoid interference to the spaceborne
sensors when a sensor is in the calibration mode at 83° and 1 000 km altitude
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414 Restrictions on sensor calibration angle and antenna gain to facilitate sharing

The sensor antenna calibration proved to be the most constraining mode for restricting sharing with the 1SS. The sensor
calibration antenna gain and angle were fixed at 45 dBi and 83° for the analysis. Just as a different antenna gain reduced
the sharing restrictions on the ISLs, adjustments of antenna gain and calibration angle might improve the sharing
possibilities. However, with implementation of a different calibration antenna on future sensors, the gain is likely to
decrease rather than increase. Tables 7 and 8 present the results of an investigation into the restrictions caused by sensor
antenna gains and orientation.

Table 7 presents the results of an investigation to determine how close the transmitter and receiver used on the ISL
should be to avoid excessive interference. Altitudes both above and below the sensor are investigated. The sensor was set
at 850 km and the calibration angle fixed at 90° from nadir. The less restrictive calibration angle could be deployed if
separate antennas were used for calibration. The maximum geocentric angle is given in the Table 7 for combinations of
ISL orbital altitude and calibration antenna gain.

TABLE 7

Maximum ISL geocentric angle that fully protects passive
microwave sensors in an 850 km orbit

Non-GSO Calibration antenna gain
orbit height
(km) 45 dBi 40 dBi 35 dBi 30 dBi
300 2° 5° 10° °
(maximum distance)®)
400 2° 4.4° 8° 21°
500 1° 3.3° 5° 13°
600 1° 1.9° 3° 8°
700 0.5° 1° 2° 3.8°
800 0.2° 0.2° 0.5° 0.9°
1500 2° 4° 7° 12°
2000 4° 7° 12¢ 18°
2500 7° 11° 14° 25°
3000 8° 13° 20° 30°
5000 13° 21° 31° 45°
10000 17° 27° 40° 59°
15000 21° 33° 49° 67°
GSO 134° 143° 149° 153°

(1) The entry indicating (maximum distance) means that the link would pass through the atmosphere before the interference
criteria were achieved.

Again from Table 7 it can be observed that the lower calibration antenna gains would increase the sharing possibilities.
Also the closer the ISL orbit is to the sensor orbit, the more restrictive the angles become. Restrictions become even
greater when considering that the analysis considered only an 850 km orbit and the sensors could be in an orbit from 500
to 1000 km. However, the angles are not very restrictive for ISLs at the GSO considering that the maximum angle a
GSO link can span without blockage form the Earth is 162.6°.

Table 7 illustrates the sensitivity of calibration antenna gain and pointing angle to interference from ISLs in orbits lower
than the sensor. The minimum calibration angle that keeps the interference level below the threshold is presented for
combinations of altitude and calibration antenna gain. The AMSU has an antenna gain of 45 dBi but the push-broom
sensor could be using lower gains. In this example the sensor is in an 850 km orbit.
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TABLE 8

Minimum calibration angle from nadir to fully protect calibrating
microwave sensors from ISLs with the sensor in an 850 km orbit

Non-GSO Calibration antenna gain

orbit height
(km) 45 dBi 40 dBi 35 dBi 30 dBi
300 145° 115° 97° 86°
400 170° 130° 105° 91°
500 175° 135° 110° 93°
600 >180° 145° 115° 96°
700 >180° 145° 120° 100°
800 >180° 145° 120° 100°

NOTE 1 - Entries showing >180° indicate that excessive interference cannot be avoided.

From Table 8 it can be observed that the lower the calibration antenna gain, the lower the calibration angle can be
without receiving excessive interference. None of the angles determined in this investigation were as low as the range for
the AMSU. This implies that protection cannot be achieved for sensors similar to the AMSU from lower ISLs orbits.

One clear observation in this analysis is that lower calibration angle gains increase sharing possibilities with ISLs.
However, the calibration antenna must view only cold space and lower gain antennas would have broader antenna side-
lobe patterns and expose the calibration antenna partially to the Earth, the atmosphere or the sun. Additionally a wider
antenna view would expose the receiver to interference from multiple ISLs. Only a single link is considered here.
Although 30 dBi may not be the smallest antenna usable for calibration, it has a 6.5° beamwidth and is likely to be near
the limit.

415 Limitations on ISLs in the GSO

Some GSO systems can meet the interference criteria as noted from the wide angles shown in Table 7. In order for
sharing to be considered feasible, limits must be placed on the GSO systems to protect the passive sensors. The worst
scenario is coupling directly into the sensor's main beam during calibration. Therefore, setting a pfd limit based upon
main beam coupling would protect the sensor. The interference threshold of —163 dBW per 200 MHz translates to a pfd
of —145 dB(W/m2) at 118 GHz and to —141 dB(W/m2) at 183 GHz. Calculations are shown in Table 9.

TABLE 9

Determination of pfd to protect passive sensors from emissions from ISLs in geostationary orbit

Item 118 GHz band 183 GHz band
Sensor interference threshold (dBW) -163 -163
Antenna gain (dBi) 45 45
Effective aperture (dB/m?2) -63 -67
Factor for multiple GSO systems (dB) 3.0 3.0
pfd threshold (dB(W/(m? - 200 MHz))) -148 ~144
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416 Compatibility summary on LEO sensors

Compatibility is determined by comparing the operational restrictions evaluated above with sample systems that are
either planned or operational in this or other bands. These systems are described in § 2. The following conclusions can be
drawn from the analysis and comparison to other systems.

— ISL transmitters can produce interference over the sensor's threshold when near-main-beam antenna coupling
occurs. Interference power levels can be below the threshold in other orientations.

—  Of the example ISL transmitters that exceed the threshold, fewer than eight can be in orbits below the sensor
without exceeding the temporal criterion for sharing.

— Although a lower calibration antenna gain does reduce the potential for interference to passive sensors in the
calibration mode, the gain cannot be reduced sufficiently to permit ISLs with reasonably long range links distances
as determined by comparing the calculated restrictions with typical systems planned or operating in other bands.

— Restricting the angle off nadir where the sensor calibration antenna is aimed also reduces interference from ISLs at
certain orbits, but the restrictions are not within the operating range of sensors already being deployed and may not
be feasible.

—  Closer spacing of spacecraft with ISLs can reduce the potential for interference but the permissible maximum
geocentric angles may not be practicable for communications satellite systems.

—  The push-broom sensor has fewer restrictions on its calibration antenna than the AMSU sensor, but the additional
capability does not appear to significantly improve its immunity to interference from ISLs.

—  GSO ISLs can share with sensors provided their pfd at the sensor's orbit does not exceed certain limits.

The general conclusion of this section is that the restrictions either on the sensor or ISL parameters that would be needed
to provide adequate protection may be too restrictive for typical systems that may be planned or implemented.

4.2 Interference to geostationary orbiting sensors

421 Identification of interference situations

Sensors in geostationary orbit will operate with a scanning type of antenna that would sweep the visible portion of the
Earth to about +8° from the spacecraft's nadir. If this sensor uses cold space for calibration it could either point its
scanning antenna away from the Earth similarly to the AMSU or have a separate antenna for calibration pointed at any
convenient location. The cold calibration antenna must not only avoid the Earth but also the sun and preferably the
moon. The AMSU sensor in sun-synchronous orbit can calibrate at the same location relative to the spacecraft and
always avoid pointing toward the sun. If the geostationary satellite points anywhere within its orbital plane, it is likely to
point at some time toward the sun or the moon and corrupt the cold measurement. It is therefore assumed that the
geostationary satellite would point the cold calibration antenna in some direction that does not cause the antenna to aim
near the sun, Earth or moon. Most isolation for the calibration antenna would occur if pointed either due north or south at
90° from the equatorial plane. This points the calibration antenna at least 67° from the ecliptic where the directional gain
would be relatively low.

As noted, the calibration antenna would likely be aimed away from the Earth and away from the geostationary orbital
plane. Since interference is predominantly due to near main beam coupling, the calibration antenna is unlikely to receive
excessive interference. The interference modes that would likely effect the GSO satellite sensor would be:

1  The Earth facing antenna in the scan mode from the main beam of lower orbiting satellites.
2  The Earth facing antenna in the scan mode from side lobes of lower orbiting satellites.

3 The sensor in either mode from ISL links of satellites in the geostationary orbit.
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Figure 17 illustrates the three possible modes.

FIGURE 17
Interference modes to sensors in geostationary orbit

Interference paths

1 Non-GSO main beam
2 Sensor scan main beam
3 GSOISL

ISL

LEO

1416-17

4.2.2 Static analysis of interference from non-GSO ISLs

Prior analyses for the low orbiting sensor indicated that interference powers were the strongest when the main beam of
either the sensor or non-GSO transmitter pointed directly at the other satellite. These alignments are illustrated as
interference paths 1 and 2 in Fig. 17. These two paths will be investigated together by first determining the sensor's
threshold sensitivity toward the non-GSO transmitter location.

The nine systems shown in Table 10 will be evaluated as if they were systems operating in these bands. The transmitter
power for each link was determined by using equation (2) and angular separation from Table 10. A 45 dBi antenna was
assumed for each link. For the interference path, the power plus full 45 dBi antenna gain was assumed to be radiated
from a point 90° separation from the sensor sub-satellite point. For interference path 2 a backlobe gain was assumed to
be —10 dBi with the non-GSO transmitter at an altitude above the sub-satellite point. The sensitivity of the sensor toward
the interference path 1 was calculated assuming the sensor was scanning +8° in that direction. The sensor antenna gain is
assumed to be 20 dBi (the directional sensitivity is =183 dBW). To the sub-satellite point the sensor is assumed to be
pointed at nadir and the full 66 dBi gain of the sensor antenna adds to its sensitivity (226 dBW).

Table 10 shows the results of these calculations and the comparison to the sensitivity of the GSO. The first four columns
give parameters of these systems. The next four columns give the power level (dBW per 200 MHz) at the GSO for these
systems. In the last two columns these power levels are compared to the threshold sensitivity levels of the sensor toward
their direction.
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TABLE 10
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Determination of compatibility between GSO sensor and non-GSO ISLs

System Number Degrees Orbital Power at GSO Power at GSO Sharing with Sharing with

of separation | altitude from from GSO sensor GSO sensor

satellites (km) side-lobe main lobe due to due to main
emissions emissions side-lobe lobe

(dBW) (dBW) emissions? emissions?

118 GHz | 183 GHz | 118 GHz | 183 GHz

System A 66 32.7 780 -218.0 | -212.4 | -160.9 | -159.1 No No
System B 12 90 10350 -205.2 | -188.6 | -151.4 | -149.7 No No
System C 48 60 1414 -213.3 | -207.7 | -156.4 | -154.7 No No
System D 32 45 775 -215.6 | -210.1 | -158.6 | -156.8 No No
System E 840 17.1 700 -223.3 | -217.8 | -166.2 | -164.5 No No
System F 48 45 950 -2155 | -209.9 | -158.5 | -156.7 No No
System G 24 60 800 -213.9 | -208.3 | -156.8 | —-155.0 No No
System H 10 72 500 -213.3 | -207.7 | -156.2 | -154.4 No No
System | 24 60 1000 -213.7 | -208.1 | -156.7 | -154.9 No No

In all cases of the examined non-GSO systems, interference exceeded the sensor's allocated interference threshold.

423 Temporal analysis of non-GSO interference

It has already been established that a single ISL transmitter can transmit interfering levels of power when in the sensor's
main beam even though the ISL antenna far side lobes are involved. Therefore any ISL that passes into the sensor's main
beam can cause interference.

The proposed passive sensor has a footprint of 2000 km?2 on the Earth and a similarly sized footprint at lower orbital
altitudes. Assuming a nominal altitude of 800 km, the area ratio of the entire sphere to the footprint of the satellite is
0.0036%. If the satellites were evenly distributed, there would have to be 323 733 satellites for one to be in the sensor's
field of view at all times. To reduce that to one satellite in the sensor's view for less than 0.01% of the time, there would
have to be less than 33 satellites in LEO operating in any 200 MHz band.

424 Interference from other GSO ISLs

Interference from other GSO satellites is designated as interference path 3. In this case neither the main beam of the
active satellite or the passive sensor point directly at each other unless the sensor is collocated with the intended receiver.
The positional relationship between the satellites will not change with time for these satellites. Sharing is possible if the
off-main-beam gain of the ISL transmitter is sufficiently low to prevent interfering signal levels at the sensor. This is
controlled by the gain pattern of the ISL transmit antenna, the geocentric angle of the ISL link, and the geocentric angle
between the sensor and ISL transmitter.

To determine if any ISL link might interfere with the sensor, links with antenna gains from 60 to 45 dBi were
investigated. The geocentric angle was varied at angles up to 162.2° to determine where interference would occur. In the
case of a 60 dBi antenna, no interference levels exceeded the threshold. The interference level only exceeded the
threshold at wide spacing for the 55 dBi-, 50 dBi- and 45 dBi-gain antennas. Figure 18 shows the maximum spacing that
avoids interference to the sensor over the threshold.
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ISLs for systems in geostationary orbit can share with geostationary orbiting sensors provided the maximum geocentric
angle relative to the antenna gain does not exceed the values plotted in Fig. 18.

FIGURE 18
Maximum allowable geocentric angle for GSO ISLs
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425 Comparison and conclusions on sharing with geostationary orbiting sensors

—  Geostationary orbiting sensors can receive levels of power over the interference threshold from LEO ISLs when
near-main-beam antenna coupling occurs.

—  All of the example LEO systems that were examined would cause interference to a geostationary orbiting sensor if
deployed in these bands.

— LEO constellations with 33 or less ISLs in this band could operate without violating the temporal criterion for
sharing.

—  All but a few very long GSO ISLs can share with geostationary orbiting sensors without exceeding the interference

threshold at any time. All example systems planned or operating in other bands could share if they were
implemented in this band.
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5 Conclusions

5.1 Sharing in the 116-126 GHz frequency band

Sharing with the ISS in the range from 116 to 126 GHz is not feasible except for ISLs between the GSO satellites. The
analysis has shown that non-GSO ISLs that do not exceed the sensor's interference threshold are likely to be impractical
in both path length and allowable number of circuits when compared with example systems planned or implemented in
other bands. Inter-satellite systems at the geostationary orbit can share with the sensors provided their power at the
sensor's orbital altitude of 1000 km is restricted to:

~148 dB(W/(m2 - 200 MHz))

5.2 Sharing in the frequency bands between 174.5 and 190 GHz

Sharing with the ISS in the frequency bands between 174.5 and 190 GHz is similarly not feasible except for ISLs in the
geostationary orbit. Inter-satellite systems at the geostationary orbit can share with the sensors provided their power at
the sensor's orbital altitude of 1000 km is restricted to:

~144 dB(W/(m? - 200 MHz))

5.3 Restricting sensor techniques to facilitate sharing

It is unlikely that adequate protection for the passive sensors can be achieved by adjusting or restricting measurement
techniques of the passive sensors.
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