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1. Introduction C. Detected & Required Power e For all (R'ecc, M, T'sor) combinations and received
noise/signal power computed in the previous step,
o « Detected power: tllj_ekblockl_ir_mlg/jitter/coding losses (as factors L' biockings
e Employment of_ FSP co_mmunlcatlons for Deep L% piter N'"""coding) @re computed respectively.
SpSac?eenc(;o?n?uer::;Ia(‘)tr?c?o|I1_ITﬂki:;ions are continuously Fr e :R'ap Maer Neong " L5 "L (2) o wer (dRIEfEC, cfle, T combinations the requirec
. . . , , 8 power is defined as - »
enlargln% the science volume gathered on e Nue: is the detector’s quantum efficiency, L, denotes PLLRF=}1JJP_Lfrbkﬁmr. frfrkwgmhg.n” oaing* o (8)
spacecratt. | the blocking loss factor and L, the jitter loss factor.
. ?emalgﬁ for returning large data volume from space Required power e Assuming the noise power computed in step 5, for
o earth. * : each P7X the soft capacity is calculated.
. ?gg;gléa;tive Committee for Space Data Systems P=P . n, .. (3)] o The combination of (R'ecc, M, Tor) With the highest
: | - data rate is selected given that
e Standard for High Photon Efficiency (HPE) ® Neoding d€Notes the coding implementation loss and the jj ik i
e Specification on coding & synchronization [1]. coding efficiency i.e. "a gap to the theoretical CrPT ) >R, (9)
e Specification on the physical layer [2]. capacity”. ccons a1 [ Received Signal Detected Noiss
2. Objectives D. Blocking & Jitter loss Sig,,a.:%%:nah.c K\?T}“f
° J{ . 2 Losse:
Available Data IJctccta;tfl Signal
e A tool for aiding/planning In Orbit Demonstrations -fP:rotggn-qceougﬁlqneg acliﬁésctlog’fecl?ciessme?/elnns Ct'T\ﬁeis(tS@ikk?f) l e
(IOD) missions fully relying on the CCSDS HPE is | '. KINg o Reauired Capacity |5
resented. leads to Ios._c,es (blocking losses) relative to an ideal
P ] _ detector, which have to be measured. |
eThe main elements that must be taken into [ Optimum Signaling
account in a deep space link budget analysis in —— o e s ' L remie oy o
order to the signal and noise photon rates are 14| = Derc s 1m ' 02 ™ Fig.4 Signaling Values Estimation

accurately predicted, are incorporated and
presented (see Fig.1).
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_ _ ol 6. Numerical Results
e A practical methodology for the selection of the )
- - - = 0.05
optimum signaling Paramet_el‘s_ (mOdUl_atlon 2} - B T Table: Deep Space Link Budget Inputs-Outputs-4m receiver, 0.3/0.7/1.3 AU
order, code rate, slot width) achieving the higher S e i - - - range, 15W/m?/um/sr radiance.- One Single detector and Detector Array 32
data rates depending on the signal and noise SRR S Variables DPCTS | Vamables __ [ OUIPUIS Giuglg | OUIPUIS (2imay)
. . . . . . . . . [avelen nm 3530nm ransmitter (ain 2. 2983
photon rates without resorting to lengthy coded Bit Fig.2 Left:Blocking loss single photon counting detector Right: Blocking REH;E: ) 53071340 Reoiver Gajﬂm%jj 138 1 138 178
Error Rate (BER) evaluations that otherwise are loss detector array e P (v = Ffeesﬁj;i;ﬁiii e
needed, is presented and employed in this tool. e In photon counting detectors there will be a random e e R B e — —
e A sensitivity analysis of various hypothetical deep delay from the time a photon is incident on the ey om Pointing Loss (dB) 195 195
space missions is performed and valuable conclusions detector to the time an electrical output pulse is L M L Cirrus Loss (dB) - 0.5
are extracted. generated in response to that photon. That random diameter - -
N delay, called detector jitter and produces losses. e e : PR order et P20 20
Background Transmitter . 14 . . . Receiver efficiency 0.4 Slot duration (ns) 025/2/1 025/025/1
TEon Aperture Gain Receiver quantum 0.5 ECC code rate 13-%-173 13-13-13
Transmitte 12+t efficiency
i el s 10 Focal length of receiver 16m Symbol duration (ns) 40/ 160 /320 20/ 80/320
{oasas oo Detector diameter 30e-6 m Blocking/Jitter Losses
Cirrus Clouds E*B' Optical filter 0.2e-3um Blocking Loss (dB) 309 'lgffzﬂ 054 0.5
Losses Es— Atmospheric eff. Vertical 0.98 Jitter Loss (dB) 1.7 /702857031 215
Receiver % “ Link Margin 4.0dB Received Signal Power
Aperture Gain I Pomnting RMS Error 0. Turad Recerved Signal Power 2.02e-11/737e-12/ le-12 2.02e-11/37e-12/ le-12
: . Atmospheric - Value I:Tril-"j
oty ORI e Lot , | Probability Level 104 Received Signal flux 1.57e+8 /2.0e+7 / 8.38e+6 | 1.57e+8/2.0e+7/8.38e+6
Ehcienc i Oy o 007 o g der e i /s
3 Losses Modulation M-PPM Received Photons/symbol 6.20/46/2.068 31572327268
Receiver Efficiency F|g3 Jitter Loss Gua_rd Slots M4 _ Requit.'ed Sig;qaanwer . .
Back. noise red. factor 0.5 Detected Signal Power 22e-12 /7 1e-12 / 3.54e-13 4 38e-12 / 1e-12 / 3.97e-13
Blocking Loss ':1"‘"")
Jitter Loss E NOISG CO ntrl butlon Coding efficiency 0.8 Detected Signal flux 1 Te+7 / 8e+6 / 2.76e+0 3 de+7 / 83e+06/ 3. 1e+b
. (Ph's)
Fig.1* Confi ation of Deeb Space-Link Budaet Desian elements Radiance of planets + Sky | 13/83W/m?/u Detected Photons/'symbol 0.692/1.3/0.88 0.68 /0.66 /099
1g.1. Iguratl -LlI u | . m/sr
J J P =P J J . BaCkg round power Leakage Ratio 0 Received Background Power
3 M . A . Detector Array size 1 Received Background 2. le-14 6.66e-13
. Main Assumptions 0 P 2 r . P . o ) >
p Pn o ﬂdet Pb Karray +d detector *d E.Ubomn Karray T ﬂfeaﬁ:age Pr,ap ﬂdet (4) Detector Dark Rate 10%e/s/m” Rf“r}.li?;;%mund 162227 3.2e+6
. . . . Blocking fime 30ns Recerved Background d4e-5 / 3e-4 / 1. Ge-4 0.0013 / 0.0013 / 0.0052
e Optical downlink operating under cloud free line of . . , . Photons/slo
p .y p g . . ® Where Id (e/S/mZ) IS eaCh detectOI‘ S dal‘k I‘ate, n/eakage IS Jitter tume 240ps : : Detected Noise Power
sight conditions between an optical terminal on board : . Deteied Nois Pome: T 05e.1d RIS E
a deep space spacecraft and an optical ground station the leakage ratio, P, (W) Is the Background Power per (W)
.p P P _ P J ' detector,(m) is the diameter of each detector. If only Dy $2013.6 2030
e A Poisson channel model is assumed. one detector is assumed Karray=1- Detected Photons/slot 2 05e-5/ 1.6e-4 [ 8 2e-5 6.6e-4 | 6.6e-4 / 0.0026
. . . Capacity/Data Rate /BER/SER
e Due to the power limited nature of these links P_cH 7 i O nAB N B SoR Capaci(Vbis) | 7833 / 23,87 /129 HERIIAEE:
intensity modulation (IM) and direct detection (DD) o= oy t gy Ty e )0 L AB N, o 1A B, (5) o e b SR TIS TSR 0T35S
with photon counting detectors are considered for the SER 049/ 0.3 /0.43 0.5 /0347047
. P . 2 EER 0.248 /0157021 0.256 /027 /0236
transmitter and receiver architecture, respectively. °Nrls t?e efficiency of the receiver Hy, (W/m*/Sr/um), No !
Pul Position Modulation (PPM) signalin d (W/m*“/um) are the background radiance and irradiance 10 — 10 |
[ .y = . . . / m Receiver iver |1
Su s_,e” OS(': o ¢ N tuda ;:O cad P .?c!g A IIV? dal . a energy densities respectively, Br is the receiver’s band L amrecew e Recener |
SeglgPIY/I oncd e_lgla ed UIs€ osition oduiation pass optical filter width (um), A- is receiver area (m?) 10 ——10m Receiver | ] 5, 10’ —— 1T Recelver,
( ) are considered. and Qy,, is the field of view of the receiver’s aperture g — 5
: (sr). Po=Pp*Nrequction Where is the background reduction 5 10 5
4. Link Budget Elements factor. 5 :
10 3
: \
A. Signaling: Optical Modulation & Coding F. Capacity » - 10" -
10" 10
[ ) Range (AL) Range (AU)
e In PPM. /oa-M bits are modulated bv transmittina a , Fig.5 Data Rate vs Range, Different Receivers, No Array,
. r 1092 : ) Y . 9 C— 1 P, Left: Hy=15 W/m?/um/sr, Right: H,=85 W/m?*/um/sr
single pulse in one of the M possible time slots of a Inz-£ P T (6) 10° . S o
. . . . photon r 2 slot —+—4m Receiver |
symbol. From a physical layer point of view in each IH(M)+Pn-det—M_1+ ‘In(M)-E e o e | ——4m Receiver
. . . W ” w " \ oton 2 —»—10m Receiver || —&—8m Receiver
time slot the laser is either “on” or “off". ’ L OmRoceivery [ ommeee
E‘ %1[]‘4 m Recalver 1
© Ts=M*Tsiot + Tir. & Tir=M*Tsi0/4 5. Signaling Parameters Selection o <
L s
e For coding SCPPM is proposed for deep space _ _ _ ; Sy £ 10|
[1]. the best combination of parameters allowed by the .| -t
CCSDS HPE standard in order to the data rate is L | | 0y |
. . . . Range (AU) Range (AU)
B. Received Power maximized, is presented. Fig.6 Data Rate vs Range, Different Receivers, 32 Detector Array,
e Main steps: Left: Ho=15 W/m?/um/sr, Right: H,=85 W/m?*/um/sr
e Received power, before the photo detector: e All the available combinations of coding rates Rgcc, Comparing the data rates achieved with a single detector and the
PPM order M, and slot duration Tgor , (R'ecc, M, T¥stot) 32 detector array it can be pinpointed that the achieved data
P.,=F-G -G -Li-L,-L-L-L,-n-n, (1) are considered. rates with the detector array are higher for distances up to 1 AU.
_ _ eThe data rate of a coded SCPPM signal for all the For longer distances it can be shown that equal or even
* Pt (Wa_tt) is the transmitted ppwer, Gy, G, are _the available combinations is computed (but without higher data rate can be achieved with only one detector.
transml_tter and_ ground receiver aperture gains, taking into account the guard slot duration). When detector arrays are employed, on one hand the
respectively, Ly is the free space loss factor, L. is the | | blocking loss is minimized but on the other hand the noise
cirrus transmittance factor, Ls is the scintillation loss ik R, log, (M) increases. Therefore, for longer distances, the received
factor, L, is the pointing loss factor, L, is the b )Tk (7) power is extremely low and, in case of the detector array,
atmospheric loss factor and n; n, are the transmitter stot the noise photon rate is higher than the signal photon rate.
and receiver efficiencies respectively. o All the combinations are sorted beginning from the ACKNOWLEDGEMENT
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