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Abstract—Free-space optical (FSO) transmission systems en-FSO/RF systems is that fog and rain, which drastically affec
able high-speed communication with relatively small deplgment  FSO and RF respectively, but only insignificantly vice versa
costs. However, FSO suffers a critical disadvantage, namel rarely occur simultaneously [2], [3].

susceptibility to fog, smoke, and conditions alike. A posbie . . . . .

solution to this dilemma is the use of hybrid systems emplogig Commercially available hybrid squtlons_S|mpIy use the RF
FSO and radio frequency (RF) transmission. In this paper we link as a hot-standby backup for the FSO link, to be used only
propose the application of a rateless coded automatic repea when the FSO channel is inoperative [1]. Recently, Vangala
request scheme for such hybrid FSO/RF systems. The advanteg and Pishro-Nik [8], [9] have presented a coding scheme for
of our approach are (a) the full utilization of available FSO {he gyerall hybrid channel based on non-uniform punctured
and RF channel resources at any time, regardless of FSO or . . . .
RF channel conditions and temporal variations, and (b) no low-density parity chgck (LDPC) codes. This sch.e_me relies
need for a-priori rate selection at the transmitter. In order to 0N knowledge of the instantaneous channel conditions at the
substantiate these claims, we establish the pertinent capi@y transmitter and the proper adjustment of code rates for FSO
limits for hybrid FSO/RF transmission and present simulation and RF transmission. In this letter, we present an alterati
results for transmission with off-the-shelf Raptor codes,which approach to joint FSO/RF channel coding using a practical

achieve realized rates close to these limits under a wide rge of . | tati f ratel Fountai des [ h
channel conditions. We also show that in conditions of strom implementation of rateless Fountain codes [1@ur scheme

atmospheric turbulence, rateless coding is advantageousver falls into the class of hybrid automatic repeat-requestiR@)
fixed-rate coding with rate adaptation at the transmitter. with incremental redundancy coding [14], and as such does
Index Terms—Free-space optical (FSO), hybrid FSO/RF trans- not reqUIre_rat_e adjustmemrlor to tranS_mISSIOU. This is
mission, rateless coding, channel capacity. a clear distinction relative to rate-adaptive coding schem
such as the one proposed in [8], [9]. Our motivation for the
application of rateless coding HARQ is twofold. First, it is
a very elegant approach for transmission over channels with
Free space optical (FSO) communication systems hawarying quality such as FSO/RF channels, since it requires
received renewed interest due to their low deployment costsither a bank of codes with various rates nor explicit code
and potential use in high-throughput applications like fae selection. Hence, other considerations aside, one may opt
access [1]. The main drawback of FSO systems is their limitéar this architecture simply due to its ease of operation.
and unpredictable availability due to atmospheric condg&i Second, no rate mismatch due to outdated or imprecise channe
[2], [3]. To combat the deterioration of signal quality dueestimation can occur. This is a distinct performance aggmt
to adverse atmospheric conditions, various diversity o@sh over schemes with code-rate selection [8], [9], which fall
have been proposed, including the use of temporal and kpaifighe channel quality varies notably from one codeword to
diversity, e.g. [4]-[7]. However, only media diversity gthes another. In the context of hybrid FSO/RF systems, these
are able to cope with extreme weather conditions like fogariations may occur especially due to temporal fluctuation
or snow which due to scattering cause attenuation of tite the received optical signal strength due to atmospheric
order of a hundred dB per kilometer. The most prominetirbulence. HARQ requires reliable feedback from the resei
media diversity scheme, which retains the above-mentioniédhe form of negative or positive acknowledgements, and th
advantages of FSO systems, is the use of a license-free rabi availability of a robust reverse channel for such messag
frequency (RF) channel in conjunction with the FSO channeigeds to be assumed. We note that this assumption is similar
e.g., [1]-[3], [8], [9]. The practical heuristic for such lwjd to the feedback requirements for explicit rate adjustmént a
the transmitter, since the information content of any featb
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RF (QAM) | #re(¥

RF (Qaw] intensity modulation with on-off keying (OOK), which is the
prevalent modulation format for FSO communication. The
signal elements arerso (1) € {0,1} with FSO-symbol-time

index . and the optical signal intensity i8rso during the
Fig. 1. Block diagram of the proposed coded hybrid FSO/RRstr@ssion  on-period and zero during the off-period, each of which is of
system. length Trso. Obviously, one data bit is represented by one
OOK symbol, i.e.,mpso = 1.

It has been proven in [15] that today’s most powerful 2) Channel and Receiver: The FSO receiver applies di-
rateless codes, so-called Raptor codes [16], are not waiveFect detection. To formulate the transmission model, we
for channels other than the erasure channel. Hence, a ouesgdopt the often used photon-count model for direct detectio
to be answered is whether there is a single rateless cd¥éh an ideal photodetector where theh detector output
design that performaell for the variety of channel conditions”#so (1) has a Poisson count distribution with mean parameter
experienced in hybrid FSO/RF channels. This is particplafFso (1) Ks+ Ky if zpso(u) =1 andK, if zpso(p) = 0. The
relevant since FSO and RF channels are characterized 99yStantsik’s and K, are given byK; = nPrsoTrso/(hf)
dissimilar transmission statistics. In this letter, we \pde and Ky, = nBT/(hf), wheren is the efficiency of the pho-
evidence that the answer is in the affirmative. To this enfpdetector,f denotes the center frequency of the transmission,
we derive the pertinent modulation-constrained capaiitig /> IS Planck’s constant, and, represents the power from
for the hybrid FSO/RF channel and show through simulatioRgckground radiation incident on the photodetector [16], [
that a single moderate-length Raptor code design enablesTd§ Variablegrso(y) is the FSO channel gain for theth
to closely approach these limits under a variety of chanrlégnsmission.
conditions. Our results are in line with the findings in [15], The RF system uses a line-of-sight link in the millimeter
[17], [18] that Raptor codes designed for the binary erasup@ve band, which is most suitable for a powerful RF back-up
channel perform remarkably well for binary symmetric an#ith data rates comparable to FSO. The RF receiver consists
(block-fading) additive white Gaussian noise (AWGN) charf @ classical matched-filter front-end followed by bautera
nels too. Based on the capacity expression we further she@mpling. The sampled and phase-compensated receiveit outp
that in the strong-turbulence regime, the adjustment ofcoth the equivalent complex baseband at RF-symbol timis
rate prior to transmission will lead to rate loss and codewordritten as
outage. Hence, the proposed rateless coding approachlpsovi
performance advantages over fixed-rate coding schemes as rre (V) = gre (V)are (V) + 1RE(V) | )
presented in [8], [9] for hybrid FSO/RF systems. .

The remainder of this letter is organized as follows. selheregrr(v) denotes the real-valued channel gaif (v)
tion Il introduces the transmission model and presents th: complex-valued AWGN with variancg, = No/Trr and
proposed coding scheme. The pertinent capacity limits a@ is the one-sided .n0|se power spectrql density.
established in Section IIl, and simulation results foretignt ' Ne FSO/RF receiver passes the received samples(u)
channel conditions are presented and discussed in Sewtiond"d"rr (¥) along with the parametergrso (1) Ks, Ks) for
Section V summarizes the paper. the FSQ channel, an@Rp(u_), P,) for the RF channel to the

bit-metric calculator (see Figure 1).
Il. TRANSMISSIONMODEL AND PROPOSEDCODING 3) Channel Statistics: The FSO channel gaigrso ()
SCHEME includes the effects of signal attenuation and randomierax

In this section, we first introduce the channel model ar}‘gjctuation due to atmospheric turbulence. Signal attéonat
signal schemes used for hybrid FSO/RF transmission and the nstrongly weather d_ependent and, since weather conglition
we describe the proposed coding scheme. The block diagr%n?nge very slowly with respect to symbol rate, can safely be

of the coded hybrid transmission system is shown on Figure _sumed to. be quasi Stf'mc' Signal fading dlue 0 atmosphenc
turbulence, i.e., scintillation, occur on a relatively gieo time

scale. In this regard, the related literature makes differe
assumptions about fading rate, ranging from quasi-static t
1) Transmitter: The considered hybrid system consists afiotable temporal changes within a few symbol intervals, cf.
two transmitter-receiver pairs, one for FSO transmissiod ae.g. [20]-[22].
one for RF transmission. Both transmitters receive a bit|t is known, from physical principles, that the optical
stream from a binary encoder, which is specified in detail gintillation process/(t) due to random variations in the
Section II-B. At symbol time index, the RF transmitter maps refractive index of air is well modeled to be a stationary
mgrr = logy(M) binary symbols to an/-ary quadrature process with a Gamma-Gamma marginal probability density
amplitude modulation X/-QAM) signal pointarr(v) using function (PDF) in all regimes of scintillation (weak to stig).
Gray mapping. The QAM constellation is typically non-This model results from the observation [23] thdt) is a
binary, i.e., M > 2, for bandwidth-efficient transmiSSiOH.mu|tip|ica’[ion of two independent random proces#gs) and
The signal elementsrr(v) are sent with a baud rate ofr,(¢), corresponding to small and large scale turbulence,
1/Trr symbols per second using conventional pulse shapes
such as a root-raised cosine. The FSO transmitter employs I(t) = I (¢) - Ix(t) (2)

A. Transmission Model
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and these individual processes are accurately modeled digted withzrso (i) can be written as [25, Eq. (4.5-4)]
Gamma marginal PDFs. Similarly, again from physical argu-

ments, the autocovariance function (ACB)(r) of I (¢) and grso () K

Bs(7) of I»(t) (and henceB(r) of I(1)) can be derived in a *Fso (1) = rrso(k)log (1 + T) — grso (W) K -
closed form. Both the marginal PDF and the ACF of the small 4)
and large scale scintillation are functions of the wavellkerlg For RF transmission the LLR for thih bit mapped tacgr ()
the path-length. and the structure paramet€f. In addition, is given by (cf. [26, Eq. (7)])

the ACFs also are a function of the wind-speedPlease refer

to [23] for more details. , (roee () gree ()
. — . . — TRF\V) —gRF (V)T
In this work, we adopt the scintillation model according Arr(¥) = log XXI exp (—p—n)
to (2) with the procesd(¢) matching the marginal PDF and pEte0
ACF given in [23, Chapter 3.4]. We note that specifying th_e “log| 3 exp (_ Ier(V.)—];mp(u)wP) 7
marginal PDF and ACF does not uniquely specify the statis- TE€EXy, "

tical properties off (¢). However, since no reliable expression (5)

is known for any higher order statistics, this appears tohiee t1 < ¢ < mgr, Where X, ;, denotes the subset of the QAM
most reasonable approach. Applying sampling at baud rgignal constellation for which théh bit of the label is equal

1/Trso we obtain the discrete-time scintillation procdgg) o b € {0,1}. According to the demultiplexing of code bits

and thus the FSO channel gajaso (i) described above, groups @’fFSQ LLRs Arso(p) and ngp
With regards to the millimeter wave RF channel, we obseryd-RS Akr (V) are multiplexed into one stream of LLRs,
from e.g. [24] that the gaimrr(v) will remain practically ¢ = 1,2,..., which then is forwarded to the decoder (see

constant for several seconds and thus the assumption ofigure 1).
quasi-static RF channel whose gain does not change durin@) Decoder: The decoder for the rateless code collects LLRs

the transmission of (at least) one codeword is validated. i progressively and a first decoding attempt is made when it is
believed that sufficient information for successful decgdias

been collected. A good estimate for the numbef collected
B. Proposed Coding Scheme LLRs is given by

1) Encoder and Multiplexing: The hybrid FSO/RF system n
employs a single encoder of a binary rateless code. More ZCHi =k(l+e), (6)
specifically, we apply Raptor codes proposed in [16], whose ’
encoder consists of two stages. The first stage encodes the
k-bit input vector[vy, va,..., vg] into a k'-bit intermediate where Cy; denotes the constrained capacity of the hybrid
codevector[v], vs, ..., v},] using a ratek/k’ linear binary FSO/RF channel as defined in Section Il below, ang 0
block code, for example an LDPC code. In the second staggan overhead factor which accounts for the suboptimafity o
a Luby transform (LT) [10] encoder converts thebit LDPC  the (finite-length) Raptor code with respect to capacity.
codeword into a semi-infinite stream of Raptor-code bjts Decoding is performed using well-known belief propagation
=12 (BP) on the factor graph of the Raptor code. The variable
The code bits are then demultiplexed into two bit-streanﬁodes@ are initialized with the LLRs);, 1 < i < n,
one entering the RF QAM modulator and the other one beiR@gd extrinsic likelihood messages are exchanged between
input to the FSO OOK modulator. To be more specific, let ufie variable and parity-check nodes. If the decoded message
define the positive, mutually prime integetsso andngr @S [p, 0y, ..., 0] after BP decoding is deemed unreliable,
which could be determined by either making use of a cyclic
redundancy check (CRC) code or estimating the bit-errar rat
(BER) based on the final LLRs [27], a new decoding attempt is
Then, out of a block ofnw; = nrso + ngr bits Scheduled after a new batchmf,. samples has been received.
[Ciy Cit1s -y Citno—1], the first npso bits are passed to The value ofn;,. will depend on the update schedule applied
the FSO modulator and the remaining;r bits are RF for BP decoding. Complexity-efficient update schedulesshav
modulated. The formulation in (3) makes the mild assumptid¥een presented in [28], [29].
that mrsoTrr/(mrrTrso) can be expressed as a rational Once the decoded messag#, oo, ..., 9x] IS deemed
number. correct, decoding is terminated and an acknowledgmenéakign
Encoding of the messagpn, v, ..., vg] is terminated is transmitted to the encoder.
when a positive acknowledgment of successful decoding hasj) Remark: We assume that modulation and signalling rate,
been received. and thusnpso and ngr are constant. However, one may
2) Metric Computation and Demultiplexing: Based on the opt for adaptive modulation and even adaptive baud rate as
received samples and the channel parameters, decoding mefunction of the channel conditions. In this case, rateless
rics in the form of log-likelihood ratios are generated. coding as proposed can still be used in tandem with these
For FSO transmission with the channel and detector modelachieve a fine-grained adaptation to the channel conditio
described in Section 1I-A the log-likelihood ratio (LLR)ss  (with granularity ofn;,. bits).

i=1

nFsO _ mrso/Trso 3)
NRF mrr/Trr
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[1l. CONSTRAINED CAPACITY OF THEHYBRID FSO/RF  A. Simulation Setup

CHANNEL 1) System Parameters. The considered hybrid system em-

In order to benchmark the proposed coding scheme, we nplays 64QAM modulation for RF transmission, i.eigr = 6,
specify the information-theoretic limit for the hybrid F&F  which is practically optimal as long agrr(grr(v)) < 5
channel. To this end, we first note that the FSO and Rit/(RF channel use) [30]. As specified in Section 11-A1, OOK
modulation formats are not optimized for maximal mutuahodulation is used for FSO signalling and thusso = 1.
information and assumed constant regardless of the charfleé FSO baud interval i§rso = 10~% s and the RF baud
condition. This is not a particularly limiting assumptioimee interval is adjusted tdrr = 7;’“*?() Trso = 6Trso such that
(a) practical FSO use OOK modulation and (b) as long as ther = nrso = 1 (see Eq. (3)). Furthermore, we assume a
size M of the QAM constellation used for RF transmissionvavelength of 1550 nm, a photodetector efficiency) ef 0.5,
is chosen such thabiryp is at least 1 bit above the Shannorand a normalized background radiation BfI" = —170 dBJ
capacity of the RF channel, hardly any gains are achievalp, which yields the average background photon colipt=
with a larger alphabet size [30]. Hence, choosing a readpnaB9. As described in Section 11-A3, the RF channel is assumed
large constellation size, say 64QAM, is sufficiently optimaquasi-static, i.e.grr(v) = grr, While the FSO channel gain
Secondly, we note that we are not interested in the ergodigso (i) varies according to the scintillation proce&s).
capacity of the hybrid channel due to the typically large For simulations we apply a Raptor code consisting of a
coherence times of the RF and FSO scintillation processes (sate.95 regular LDPC code and an LT code generated using
Section IV-B). Instead, we are interested in the capacitgmyi the degree distribution from [16, Table I, 2nd column]. The
the sequences of channel gajpsso (is), - - -, grso(e)] and information word length is chosen @&s= 9500. Decoding is
[grr(vs), ..., grr(ve)] during the transmission of bits, continued until the correct codeword has been found, which
wheren = (pe — ps + 1)mpso + (ve — vs + 1)mrr and emulates the use of a CRC outer code. The numbef
(e — p1s + 1)/ (Ve — vs + 1) = Trr/Trso.- code bits required for successful decoding is recorded and

Let us consider the binary channel from to \; (see the realized rate is obtained d% = k/n. The achievable
Figure 1), and denote by; andv; the FSO and RF channelrate according to the capacity limify ; in (7) is given by
symbol-time indices corresponding to the transmissior;of R = k/n, wheren is defined through
Then, since the FSO and RF channels are used in parallel, the

constrained hybrid-channel capacity can be written as Z Cui=k. (10)
1=1
Cri = : o Crso(grso(pi)) The size of decoding increments,,. is set to 0.5% of the
' nEso + NRF | MFSO g ne D%

each newly received batch. For termination of transmission
after successful decoding, we assume the availability of a

with unit [bit/binary channel use], wher€pso(grso(y)) reliable feedback channel. S

and Crr(grr(v)) respectively denote the constellation- 2) _A Note on the Genqat|qn of the Scintillation Process:
constrained capacities of the FSO and RF channel in bit gefalizations of the scintillation procesg/) are generated by
FSO and RF channel use for a given channel gain. These B¢ individually generating/, (¢) and /5(¢) and then using

] (7) expected word length and BP decoding is started afresh after

n
+—E Crr(grr (1))
MRF

given by (cf. [26, Eq. (14)]) Eq. (2). To match tr_le specified marginal PDFs and ACFs f_or
I;(t) andly(t), the simulated processes are generated by using
Crso(grso(p)) = the randomized Markov chain (MC) algorithm suggested in

1-E {10g2 {1 + exp ((—1)1FS°(“)/\Fso(u))” (8) [31]. The set of transition probabilities of the MC needs to
o - be adjusted (in a one time off-line operation) by solving a
wr(gre(v)) = non-linear optimization problem to match the ACF. We have

MRF . . . . . . .
_ E{] 1 _1)bene 9 use_d a commerc_lally available non-linear optimizationtiroe
mrr = > E {logy [L+exp ((=1)" Mo (1)) ]}.(9) which can practically handle up tt6 MC states and found
that the resulting solution gave a sufficiently good matah fo

the task at hand.

=1
where b, denotes thef/th bit in the label ofzgr(v), and
expectationE{-} is with respect to the joint probabilities
p(rrso (i), zrso (1)) andp(rrr(v), be), respectively. We note . .
that neither Crso(grso(i)) nor Crr(grr(v)) lend them- B. I.?esults.and Discussion
selves for closed-form expressions, and hence they ara-eval First, Figure 2 shows the PDF and ACF of the FSO

ated using Monte Carlo integration. scintillation procesd/(¢) for an FSO link of L = 1000 m,
a wind-speed o = 5 m/s, and different structure parameters
IV. SIMULATION RESULTS C?. The corresponding Rytov variance$ and scintillation

In this section, we present numerical results and simuatiindices S.l., which are common measures for the strength of
evidence that (a) the proposed coded hybrid FSO/RF scheimadiance fluctuations, are given in the caption of Figure 2
performs close to the information-theoretic limits and (bdnd represent strong to weak turbulence scenarios, cf. [23]
rateless coded transmission has advantages over fixed-fds® included are the statistics for the simulated process f
schemes with rate selection for hybrid FSO/RF systems. C? = 10~ m~2/3, We observe that the channel coherence
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Fig. 2.  Statistics of the true gamma-gamma scintillationcpssi(t), as . ) ) _ )
well as the simulated process, at various values of thetsteiparamete€2. ~ Fig. 3. Scatter plot of realized ratR versus achievable rat& according
Left: PDF of 1. Right: ACF of I(t) normalized with respect to its variance [0 €quation (10). 1000 codewords have been transmitted. f0nel with
o2. Path-lengthL = 1000 meters, wavelength = 1550 nm, wind-velocity of,S.1) = (1.99,0.99) andE{Crso (grso (1))} = 0.3 bit/(FSO channel
v = 5.0 m/s, E[I] = 10. (Rytov varianceo?, scintillation index S.I.) = use). Quasi-static RF channel wiffgr = {2.0, 6.0} bit/(RF channel use).
{(19.9, 1.48), (1.99, 0.99), (0.199, 0.173), (0.019, 0.018) } respectively for
C2 ={10712,10713,107 14,1015} m~2/3.

= © = rateless code
lower limit
1 @

Bo

time is on the order of milliseconds and decreases for velgti
strong turbulence scenarios. More significant though aee t
differences in the PDF, which indicates the occurrence
deep fades in the strong turbulence regime. It can further
seen that the statistics of the simulated process are a gt
match to the true statistics. For the following performanc
results we assume the above parameferand v, and that
C? = 10713 m~2/3 and thus relatively strong turbulence witr
(02,S.1.) = (1.99,0.99).

Figure 3 compares the rate achieved with rateless cod-
ing and the achievable rat® according to equation (10)
for the hybrid FSO/RF system and 1000 transmitted cod
words. The FSO channel supports an average rate ) ‘
E{Crso(grso(r))} = 0.3 bit/(FSO channel use), while the ©° 2 4 e 8 10 120 140 160 180 20
quasi-static RF channel gain is adjusted such that =
{2.0,6.0} bit/(RF channel use). We observe that the ratelesg. 4. Number of transmitted coded bits until successfufodéng for
coded system performs consistently close to the capanity (2383 g?:g’%\?vetrr'j‘i’rﬁg'f%%”:qf;?our']az‘ig).ng%wga‘in'ﬁgmtj%‘%g’ éaltf'ezss
regardless of the instantaneous FSO or RF channel gains ar_‘@%70'99) andE{Crso (grso(n))} = 0.3 bit(FSO channel use). Quasi-
thus achievable rate. In particular, the overheatbee (6)) static RF channel wittCrr = 2.0 bit/(RF channel use).
remains between about 10-20 % in all cases and thus, the same
rateless code design performs well for very different nmiesu
and qualities of FSO and RF channels. We also observe tlmit is approached. Similar observations have been made in
boost in realized and achievable rate due to a stronger RB, 14] for transmission over AWGN channels. This renders
channel, which will be further elaborated below. rateless coding a very attractive approach as no adjustofent

The ability of the rateless coding scheme to adapt tilee code structure is necessary.
instantaneous channel conditions is further highlightad i The effect of the RF back-up, used concurrently with the
Figure 4, which shows for 200 transmitted codewords thRSO link operating in strong turbulence conditions, issilu
the required codeword length follows the lower limit7n trated in Figure 5, where we plot the measured complementary
from equation (10). The results in Figures 3 and 4 clearumulative density function (CCDF) ot for £ = 9500 and
support the idea of rateless coding to achieve close-tagigp RF channels with different capacities. It can be seen that
performance in hybrid FSO/RF systems. In particular, tree uthe scintillation procesd (¢) and the resulting variation of
of a single degree distribution, taken from [16, Table |, 2ngrkso (1) leads to large fluctuations af, which in turn makes
column], is justified by the consistency with which the capac the achievable throughput a random variable. The integrati

6

number of coded bits until successful decoding ———>
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Fig. 5. Complementary CDF of. from equation (10) withk = 9500 Fijg 6.  Complementary CDF of the successive differenta of 7
for various values ofCrr (unit is bit/(RF channel use)). FSO channel withfom equation (10) withk = 9500 for various values ofCrp (unit is
(07,S.1) = (1.99,0.99) andE{Crso(grso (1))} = 0.3 bit/(FSO channel pjy/RF channel use)). FSO channel wife?,S.1) = (1.99,0.99) and
use). E{Crso(grso (1))} = 0.3 bit/(FSO channel use).

of the RF channel through joint coding moderates (‘dampen&!SC enjoys a distinct throughput advantage over coding wit
the throughput fluctuations, with more pronounced effect fG-Priori rate selection in strong turbulence situations.
large RF channel capacity. In particular, in accordancé wit
information theory, the mean of the distribution does dasee V. CONCLUSIONS
monotonically as the RF capacity increases. The observatio We have proposed the application of rateless codes for
that the curve foCrr = 0 intersects with curves fafrr > 0  hybrid FSO/RF transmission systems. Hybrid FSO/RF systems
is not a contradiction, but reflects the larger variance ef titombine the best of two worlds to render the system perfor-
required number of received sampledor smallerCrp. mance robust to short and long-term variations of the FSO and
Finally, it is interesting to consider the change in requireRF transmission channel. This is critical for the adoptién o
codeword length, and thus code rate, arccessiveltrans- FSO as a reliable high-speed access technology. The distinc
mitted codewords. For this purpose, Figure 6 plots the CCO@ature of the proposed scheme is that it (a) enables the
of A#n, which is the difference of two successive valuesipf realization of the potential advantages due to parallel BS®
for k = 9500 and RF channels with different capacities. W&F channels without the need for redesign or reconfiguration
observe that notable variations in required codeword fengef the transmitter-side coding or modulation and (b) adapts
from one codeword to the next occur with high probabilityyeamlessly to the changes in rate supported by the channel.
especially wherCgy is low. This implies that coding schemesWe have established the pertinent information-theorétits,
using fixed-rate codes with a-priori rate adjustment bas#édich show that coding schemes with transmitter side rate
on the prior received word, as in [8], [9], will be affectedselection may suffer from rate loss or outages depending on
by a significant rate mismatch. That is, either a rate losstie rate of channel fluctuation. Simulative evidence has bee
suffered or outages occur. In contrast, as confirmed by duiovided that the proposed rateless coding scheme, using an
simulations, the proposed rateless coded system is ableofothe-shelf Raptor code, well approaches the informmtio
seamlessly adapt to these changes. To provide one concriéeoretic limits regardless of channel conditions.
guantitative example, we consider a fixed-rate coding sehem
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