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Abstract—A main challenge towards realizing the next gen- we propose and analyze a novel diversity scheme for Q/V
eration Terabit/s broadband satellite communications (St€Com)  pand feeder links suffering from correlated rain fadingisTh
is the limited spectrum available in the Ka band. An attractive Modified SSC (MSSC) scheme exploits beacons for attenua-

solution is to move the feeder link to the higher Q/V band, whee fi t and activat | GWi that
more spectrum is available. When utilizing the Q/V band, dueto 1on measurement and activates only one In a manner tha

heavy rain attenuation, gateway diversity is considered aecessity lowers the GW switching rate without performance degrada-
to ensure the required feeder link availability. Although receive tion. This makes it an ideal candidate for SatCom and avoids
site diversity has been studied in the past for SatCom, therés  frequent GW switching that causes system overhead. Further
much less maturity in terms of transmit diversity techniques. \1sscC does not warrant any modification of the user terminal

In this paper, a modified switch and stay combining scheme is .
proposed for a Q/V band feeder link, but its performance is abo and naturally lends itself to the smart GW concepts that have

evaluated over an end-to-end satellite link. The proposedcheme been proposed recently for multi-GW configurations [6]. Apa
is pragmatic and has close to optimal performance with notaly  from the feeder link, also the benefit of this diversity scleem

lower complexity. over the end-to-end (feeder and user) link is analyzed.

Index Terms—Gateway Switching, Switch and Stay Combin-
ing, Q/V Band, Satellite Communication, Feeder Link.

Il. SYSTEM MODEL
|. INTRODUCTION _Two gatewaysGW; and_GWQ, _separated on ground by a
r(]jéstance ofD km communicate with a geostationary satellite

HE key challenge to achieve a Terabit/s broadba . T .
satellite communication (SatCom) system is the limited"¢" @ feeder I'.nk ope_ratmg in the QIV paqd W'.th only
ne of them being active in each transmission time slot.

. : 0
available spectrum in the currently used Ka-band (20/30)GH . . . .
An attractive solution for resolving the issue is moving thgSsume that the active GW t2ransm|ts th_e_agm@l) h"?“"”_g
feeder link from Ka-band to the Q/V-band (40/50 GHZJhis an average pO.Wdfl - E“S(.t)' }- The decision on svv_|tch|ng
migration provides for higher feeder link bandwidth thah ca> taken at dlscrgte tlme Instants = nT, whergn IS an
. , integer and thel’ is the interval between switching instants.
accommodate a broadband SatCom system with a high nu Fé channel betwees . and the sateliite at — nT is
of beams £200) and aggressive frequency reuse. Further, Ienoted bV W_ B e i 1.2 I here N ns trl1e
can free-up the whole Ka-band spectrum for the user lin yhiln] = |hi[n]|e’:,i = 1,2 w @; |

However, heavy fading caused by rain attenuation in Q/V baRg 2>¢ comppnent. The cha_nnel amp_htuue,[nﬂ, can be .
timated using a beacon signal received from the satellite

. . . . e,
necessitates the use of gateway (GW) diversity technlqmes_l_ie clear sky signal-to-noise ratio (SNR) for the feedemlpl

ensure the required availability [1]. : ! . .
. . : P o then defined as; = E,/N; where N; is the noise

Although GW site diversit t famil 4" CSyr = F1/W1 L .
oud sfte CIVersiy reception 1s a lamiiar an variance at the satellite front-end. The actual SNR for e |

mature technique with rich literature [2], very little atteon . - .
has been given in SatCom systems on realizing a transﬁﬁtweenGWi an the Sate”'t?j at= nT can be obtained by
Fin = Exlhi[n][?/Ny = [hi[n][*yesy,, 0= 1,2.

gateway diversity scheme in the forward link. Equal Gai In the O/ band th e . is the rai .
Combining (EGC) and Maximum Ratio Combining (MRC) n the Q/V band the main impairment is the rain attenuation

have been studied in [1] towards achieving transmit di\‘t}lzrsi\’vhiCh is typically modeled by the lognormal distribution] [7

However, these techniques require accurate channel phggg other clear-sky effects are assumed to be compensated

information while both the GWs need to be active, whic ya fi>_<ed fade m_argin or an uplink power control scheme.
demands challenging synchronization processes. Switdh ar{1e riun allt(;elnuatl(;bn anQd'thie (l:h;ngil g_al_nf arebril_?:ed as
Stay Combining (SSC) and Selection Combining (SC) whicflin = —1010gy [hi[n][",i = 1,2. The joint probability

do not require phase information and employ a single actiggnsny function (PDF) of the correlated and identical rain

transmitter at any instance have been proposed in tea‘estﬂttenuat'ons on the two feeder Ilnks,_ tak_e_s the form given
n (1) at the top of next page (for simplicity we drop n).

communications [3]-[5]. In this paper, building on the SSd, o
[31-5] pap g Here,m; andg; are the mean and standard deviatiorirod;
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1 1 InA; —m;
ao) ~ (=t ] ) = Ay
fA],Az( 1 2) 27TA1A20-10—2 1_p2 exp 1—p2 uy puIU2 + Us u o, 1 ()

regardless ofy; ,,, while in SC, switching always ensures thaB. End-to-End Outage Analysis

the active GW has the higher SNR (irrespective of its refatio \/agt majority of SatCom systems are transparenthe

to 0). The proposed MSSC strategy can be implementggde|iite repeater only downconverts the signal receivethe

without any feedback, with each GW estimating its SNR bgeder link and amplifies it before re-transmitting onto tiser

employing a beacon signal from the satellite (no phase infqfk. Given that the user link will operate in a band (like Ka)

mation needed). In case of switching, the traffic is rerotited |ower than the feeder link, it is interesting to investigéte

the redundant GW via a terrestrial fibre interconnection. improvement of the end-to-end link due to MSSC. Although

Il PERFORMANCEANALYSIS a si_milar geometry has been modelled in terrestrial dual hpp
_ ) radio relay system [12], to the best of our knowledge this

A. Outage Analys's of the Feeder Link is first time the satellite link is analyzed for this diveysit

We now study the outage performance of MSSC. Denotigchnique.
the SNR of the active feeder link by,, it follows that, Towards this, the satellite repeater gain, denotedGay
ensures that the output power level is fixedAg. Therefore,

the amplifying factor can be obtained b
Y =M= 1= V-1 N <0, 120 <0  (2) piitying : ) y
Yn-1=Y2,n-1> V2,0 <O, 71,0 =0 G5 = E2/([h[n]["Er + N1) (10)

for the MSSC. Furthery,, = 5., can be obtained similarly. Where i[n] is the corresponding channel of the active GW.

The cumulative distribution function (CDF) of, follows as, T/f[‘e] sign?l]rgcei\[/e]d [b{ the l[JSSf terrrEir]aI :Om tFe] satT]Iﬁte i
r'[n] = g|n|Gs(h|n|s|n] + nin|) + nan| wheregn is the

Ey fu)=Pr{im=y1m, Y10 < u}+Pr{vn =920, 720 S u}-() - cpapnel betwe(en the satellite and the user, whilg] is the

Using (2) and the fact that; ,, and ~2,, are identical, (3) receiver additive white Gaussian noise (AWGN) of variance

can be further simplified by following an approach similar té&Ve. The equivalent SNR at the receiver can be written as,

Appendix of [9] as,

Tn—1 = VY1,n—1 5 Vi,n >0

Yeq = YgWn/ (Vg + 90 + 1), (11)
Fy, (W)=Pr{0 <y, <u} +Pr{d <min <u,y2n <0} where~y, = v, = E;|h|2/N; and vy = Es|g|? /N, with the
+Pr{vi;n <0, Y10 <u, yon <6} (4) time indexn dropped for simplicity. The clear sky SNR for

A system outage occursif, <., where the outage thresholddownlink is defined_aacszm = E3/N». Finally, the end-to-
v» depends on the operational set-up. The outage probabilffd outage probabilityPs77 (v ), can be calculated as (12)

Pout(vin)= F., (1), can be obtained from (4) as, found at the top of the next page, whefg(y,) is the PDF
of they, and PLL = Pr{~, < v }. This equation shows the
Pour(ven) =Pr{min < 0,710 < in, Y2, < 0} + impact of feeder link improvement on the overall perforngnc

Pr{ <vin < ven,v2n <0} +Pr{0 < v, <y} . (5) of the system. It is worth mentioning that the lower bound

Setting a predetermingtlis an important system design issud/@St inequality of (12) ) is the outage performance when the
and significantly affects?,., of the system. For a givemy, satellite is operating in the regenerative mode.
the optimal & minimizing P,,; is given by 8 = ~4, [10, C. Switching Rate
Ch.9.8.1]. In this case, (5) reduces to the outage of the SGynhen a GW switching strategy is used in the transmission
scheme, side, the switching rate becomes an important issue. @earl
Pout(ven) = Pr{vim < i » Yom < Yen} - (6) reduced switching rate for a given performance is desirable
from a system implementation and operation view while a
' high switching rate can make the system unstable. Towards
Pout(yen) =Pr{10" T ~cs,, < ven, 10" T~cs,, <y} this, we analyze the switching rate of MSSC by employing a
—Pr{A; > Tes —Tun s Ay >Tos —Tand, (7) Markov chain model [3]. W(_e deflne_ six states as in Ta_bIe _I.
’ ’ Clearly, whenever the active GW is in state 3 or 6, switching
wherel'cs=10logvcs,, andI'y, =10log~:,. The expres- occurs. So, the probability of switching is given by + 7
sion for the outage probability can be derived simply as  wherer; is the probability that GW is in state Based on the

Using the expression of; ,, from Section Il in (6), we have

oo oo MSSC switching strategy, the transitional probability mat
Pout(%h):/ / fay,4,(A1, A2) dA1dAy . (8) P of the Markov chain can be obtained as,
Fes—Tn JTes—Tin 1_ B 0 0 0
Using [11, Eq. 233.1.8] and after some manipulatiBy,, of P P12 p—P12

the MSSC scheme in the feeder uplink can be obtained as, I=pp2p=—po 0 0 0

i 0 0 0 1—-ppi2p—p12
1 —z B — px P=1 0 0 0 l-ppap-p2|- (13
pUL _ / - fc| ——— 1| d
out (Vin) war Js, eXp( 2 )erc< 2(1_p2)> “ 0 0 0 1-ppi2p-—pe
© l—pp2p—p2 0 0 0
where g; = tnfes—To)om

— ,4 = 1,2. This integral can be
evaluated numerically.
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Pois (ven)

YgVh
Prf < = Pr{ —2 % <
{’)/eq < ’}/th} /0 ( . T 1=

'Ythh/g) Try(79) dg

Yth o]
Yen(vg +1)
= / Pr(yn > z|vy) fvg(%]) dryy +/ Pr(vn < 2z|vg) fvg(Vg) dyg; 2= —————
0 Yth Tg = Ttk
o0
UL UL DL UL UL
= Pout (/Yth) + / Pout(z)f'yg(’Yg)d'Yg > Pout (1 - Pout) + Pout (12)
Yth
TABLE | ,
MARKOV CHAIN MODELLING 10 T ‘ ; i
—— Single GW
— —— MRC
State  yn In-1 Yin T2 Description MSSC (Analytical)
1 Yi,n  Y1,n—1 >0 . GW1 continues to be active 10tk o MSSC (Simulation) |
2 Yi,n  VYin—1 <6 <6 2 GWs in outage, no switching :
3 Yoon Ma—1 <0 >0 GW1; in outage,GW> better
4 Y2,n Y2m—1 . >0 GW> continues to be active .
5 Yon  Yom—1 <6 <6 2GWsin outage, no switching a® E
6 Y Yen—1 >0 <0 GWs> in outage,GW; better
TABLE I E
PROPAGATION ASSUMPTIONS
V Band Up-Link Value 107 i f ; i i
- -10 -5 0 5 10 15 20 25 30
GWs Location Luxembourg (49.36N; 6.09E) ¥, [dBI
Carrier frequency 50 GHz
Elevation angle 32° Fig. 1. Outage of GW diversity strategies on the feeder ¥p(in=20 Km)
Polarization Circular 0

Ka Band Down-Link
Receiver Location

Amsterdam (52.3N; 4.8°E)

Carrier frequency 20 GHz
Elevation angle 35°
Polarization Circular

Herep = Pr{yvi, < 0} = Pr{ye, < 0} andps =
Pr{vi.n < 0,72, < 6}. By using the facts thalt = 7P
and Y0 m = 1, where @ = [r1,7,..., 7], the MSSC
switching probability can be calculated as

Py =3 + 76 = p — p1o. (14)

Finally, the switching rate is calculated B, =
The switching probability of the conventional SSC was ob-
tained in [3] asP,, = p and for SC easily can be found as
0.5. In Section llI-A and in [5],respectively, it was showrat

by selection of a proper switching threshold, both, MSSC anc
SSC will have the same outage performance as SC. Howeve
(14) shows MSSC has the advantage of a lower switching rat
compared to both SC and SSC.

IV. NUMERICAL RESULTS ANDDISCUSSION

Table Il details the propagation parameters that were use
as input to the empirical rain attenuation prediction model
included in ITU-R Recommendation P.618 [7]. Table Il
presents the forward-link budget that has been used in th
numerical results.

Fig. 1 compares the analytically obtained outage perfor-

(p_p12)/T' Fig

out

. 2.

out
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107

Single GW
8=V,

- e:Vm_l dB
S 9=ylh+1 dB

Outage

‘
10 15 20 25
¥y, [dB]

30

results with non-optimal switching thresh®l(D=20 Km)

10°F

— — — Single GW
D=20 Km
— — — D=50Km
D=100 Km

Uncorrelated | #

‘
10 15 20 25
¥, [dB]

30

mance of the proposed scheme with that of MRC [1] on thmy. 3. Influence of the spatial correlation on the outagdoperance

feeder uplink for GW separation of 20 Km. Also, the Monte-
Carlo simulation of the MSSC scheme is plotted to corrotzorat
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MSSC (D= 20 Km)
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Fig. 4. End-to-End outage performance of the satellite &mdnlink
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Fig. 5. Switching Probability of different strategie®£20 K)

TABLE IlI
FORWARD (UP/DOWN) LINK BUDGET

Description Value

EIRPgw including back-off | 76.5 dBW
UL free space loss 218.3 dB
(GMsat 31.45 dB

YCSyr 28.3 dB
EIRPsq+ including back-off | 72.5 dBW
DL free space loss 210.5dB
(GCMur 20.3 dB

YCSpy, 21.3dB

the analytical results. While these schemes have relgtivel

similar outage performance, MRC is not a realistic option fo[8]
realizing GW diversity since it assumes that two GWs tralnsm'g]
to the satellite in a synchronized fashion. However, MSSC is

not beset with these issues.

Fig. 2 illustrates the outage probability of the MSSC fo[rm]

different non-optimal values of the switching threshafil (t

is clear that the system has the best performance when the

switching threshold is set to the outage threshéld=(:).

It is also worth mentioning that, in the event of an erroneous

threshold selection, over-estimation #fields better outage.

Fig. 3 shows the influence of spatial correlation on the
feeder uplink performance. It can be inferred from the plots
that for D > 100 Km, the GWSs can be assumed to be spatially
uncorrelated.

Fig. 4 plots the end to end outage performance of the
system. For a typical availability of 99.9% (outagée—?)
diversity gains for MSSC is 7.8 dB and for MRC is about 9.3
dB compared to single GW wheh = 20 Km. For D = 100
Km, these values increase to 9 dB and 10.7 dB respectively.

Fig. 5 depicts the switching probability of the traditional
SSC and the proposed MSSC. It can be seen that the switching
probability of the GWs is slightly improved but at the expens
of requiring both GW’s SNR unlike the SSC which requires
only SNR of the active GW. However, it is not the case for
SatCom as the SNR can be easily obtained employing beacon
signals.

V. CONCLUSION

In this paper, a modified switch and stay scheme for Q/V
band feeder link has been studied. Although being one of
the few realistic GW diversity strategies since it involves
a single GW transmitting at each instantit has not been
hitherto studied for a correlated rain fading channel. Apar
from the theoretical analysis of the outage performance, we
also address practical issues such as performance of the end
to-end (transparent) link, the effect of erroneous thrikho
selection, as well as the switching rate between the GWs.
Proposed scheme achieves performance comparable to the
optimal one with a lower complexity.
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