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Abstract—This paper addresses robust communication on a
fading relay channel in which the relay is connected to the
decoder via an out-of-band digital link of limited capacity.
Both the source-to-relay and the source-to-destination links are
subject to fading gains, which are generally unknown to the
encoder prior to transmission. To overcome this impairment,
a hybrid automatic retransmission request (HARQ) protocol is
combined with multi-layer broadcast transmission, thus allowing
for variable-rate decoding. Moreover, motivated by cloud radio
access network applications, the relay operation is limited to
compress-and-forward. The aim is maximizing the throughput
performance as measured by the average number of successfully
received bits per channel use, under either long-term static
channel (LTSC) or short-term static channel (STSC) models. In
order to opportunistically leverage better channel states based on
the HARQ feedback from the decoder, an adaptive compression
strategy at the relay is also proposed. Numerical results confirm
the effectiveness of the proposed strategies.

I. INTRODUCTION

Consider the fading relay channel model shown in Fig.
1, in which an encoder communicates to a decoder through
a relay that is connected to the decoder via an out-of-band
capacity-constrained backhaul link. Both the source-to-relay
and the source-to-destination links are subject to fading. The
motivation for this model comes from the uplink of cloud radio
access networks [1][2], in which base stations (BSs) operate
as soft relays that communicate with a central decoder via
a digital backhaul links. In this scenario, the central decoder
performs decoding based on the compressed signals collected
from the connected BSs. With regards to this application, in
the model of Fig. 1, the encoder represents a mobile station
(MS); the relay is the BS in the same cell, which is connected
to the (central) decoder via backhaul link; and the signal 𝑌
represents the compressed signals collected by the decoder
from BSs belonging to other cells. The signal 𝑌 can be seen
as side information available at the decoder when designing
the encoder (i.e., the MS) and relay (i.e., the BS).

The fading relay channel was investigated in [3][4] in the
absence of the direct link between the source and the des-
tination and assuming fading also on the relay-to-destination
link. The fading relay channels with a direct link between
the source and the destination (as in Fig. 1) was studied in
[5][6]. The work [5] solved the problem of optimizing the
compression strategy at the relay under the assumption of
perfect channel state information for multi-antenna terminals.

Figure 1. A fading relay channel with out-of-band relay-to-decoder commu-
nication and a feedback link to enable HARQ.

In the presence of uncertainty on the fading coefficient 𝑆,
layered approaches that adopt a competitive, rather than aver-
age, optimality criterion are derived in [6] assuming no hybrid
automatic retransmission request (HARQ). In all the previous
works, the feedback link in Fig. 1 was not included.

In this work, motivated by cloud radio access applications
as mentioned above, we study the system in Fig. 1, assuming
that the relay performs compress-and-forward. We propose
to combine two key strategies to mitigate the impact of the
fading on the source-to-relay and source-to-destination links,
namely, HARQ and BC. With HARQ, the decoder requests
retransmission by sending feedback information to the encoder
and the relay regarding the outcome of the decoding process.
Specifically, the incremental redundancy HARQ consists of
the transmission of additional parity bits in case of failed
decoding [7]. With BC [8], instead, one allows for variable-
rate decoding that opportunistically adapts to the actual fading
state conditions.

Multi-layer HARQ strategies have thus the advantage of
allowing for variable-length transmission and variable-rate
decoding, and were introduced in [9] for point-to-point fading
channels. As in [9], we aim at maximizing the average
throughput and distinguish two scenarios, namely short-term
static channel (STSC) and long-term static channel (LTSC).
Moreover, for the LTSC scenario, we propose an adaptive
compression method at the relay that is able to opportunis-
tically leverage better fading state based on the feedback
information received from the decoder. The effectiveness of
the proposed multi-layer HARQ strategies is confirmed via
extensive numerical results in Sec. VII.
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II. SYSTEM MODEL

We consider the fading relay channel depicted in Fig.
1, in which the relay is connected to the decoder via a
digital link of capacity 𝐶max. In order to enable HARQ, after
each transmission block (or slot), the decoder sends feedback
information to the encoder acknowledging, or not, successful
decoding. This feedback link is assumed to be error-free.

A. Channel Model

The signal 𝑉𝑡,𝑖 received by the relay in the 𝑖th symbol,
𝑖 = 1, . . . , 𝑛, of the 𝑡th transmission slot is given as

𝑉𝑡,𝑖 =
√
𝐷𝑡𝑋𝑡,𝑖 + 𝐸𝑡,𝑖, (1)

for 𝑡 = 1, . . . , 𝑇 , where 𝐷𝑡 is the fading coefficient in the 𝑡th
time slot, 𝑋𝑡,𝑖 ∼ 𝒩 (0, 𝑃 ) represents the signal transmitted by
the encoder, 𝐸𝑡,𝑖 ∼ 𝒩 (0, 1) is the additive noise at the relay,
and 𝑇 is the maximum tolerable delay for the HARQ process.
As it will be detailed, upon correct decoding at the destination,
the HARQ process is stopped, and 𝑇 is the maximum number
of overall transmissions allowed for the same data packet. We
assume that the block size 𝑛 is large enough to enable the use
of information-theoretic limits.

The symbol 𝑌𝑡,𝑖 received by the decoder in the 𝑖th symbol,
𝑖 = 1, . . . , 𝑛, of the 𝑡th transmission slot is

𝑌𝑡,𝑖 =
√
𝑆𝑡𝑋𝑡,𝑖 + 𝑍𝑡,𝑖, (2)

for 𝑡 = 1, . . . , 𝑇 , where 𝑆𝑡 is the fading coefficient in the 𝑡th
time slot, and 𝑍𝑡,𝑖 ∼ 𝒩 (0, 1) is the additive noise. From now
on, we omit the symbol index 𝑖 for notational brevity.

Following [9], depending on the channel coherence time, we
distinguish two scenarios: i) short-term static channel (STSC);
and ii) long-term static channel (LTSC). With LTSC, the
channels remain fixed over all the, at most, 𝑇 transmission
blocks used for the current data packet, that is,

𝐷𝑡 = 𝐷 and 𝑆𝑡 = 𝑆, for all 𝑡 = 1, . . . , 𝑇. (3)

In contrast, with STSC, the channel changes independently
from block to block. We first study the LTSC model (3) in
Sec. IV and Sec. V, and then consider the STSC case in Sec.
VI. We assume that the fading coefficients 𝐷𝑡 in (1) and 𝑆𝑡

in (2) are independent.
The realization of the fading coefficients 𝑆𝑡 is known only

to the decoder, while that of the fading coefficients 𝐷𝑡 is
available at the decoder as well as the relay. In order to study
the effect of the local CSI at the encoder, we will consider both
cases where the encoder knows the realization of the “direct”
fading channel 𝐷𝑡 to the relay, e.g., through feedback, or not.

B. Relay Operation

The relay compresses its received signal 𝑉𝑡 and sends a
description 𝑊𝑡 to the decoder. Without claim of optimality,
we assume a Gaussian test channel (see, e.g., [10]) as

𝑊𝑡 =
√
𝑎𝑡𝑉𝑡 +𝑁𝑡, (4)

where 𝑎𝑡 is a non-negative compression gain and 𝑁𝑡 ∼
𝒩 (0, 1) represents the compression noise. Using binning for

distributed source coding at the relay by leveraging the side
information (2) at the decoder, the latter can recover the
description 𝑊𝑡 as long as the inequality

𝐼(𝑉𝑡;𝑊𝑡∣𝑌𝑡) =
1

2
log

(
1 + 𝑎𝑡

(
1

𝐷𝑡
+

𝑃

1 + 𝑃𝑆𝑡

))
≤ 𝐶max

(5)
is satisfied [10, Ch. 11]. Due to the mentioned CSI limitation,
the relay should compute the compression gain 𝑎𝑡 as a function
of the realization of the local fading 𝐷𝑡 without having
information about the fading state 𝑆𝑡 in (2). Therefore, in
order to guarantee that the decoder can always recover 𝑊𝑡

regardless of the realization of the fading coefficient 𝑆𝑡 on the
side information (2), one needs to set the compression gain
𝑎𝑡 so that (5) is satisfied even for the minimum value 𝑠min in
the support of 𝐹𝑆(𝑠) (i.e., 𝑠min = inf{𝑠 : 𝐹𝑆(𝑠) > 0}). This
leads to

𝑎𝑡 =
𝛽(1 + 𝑠min𝑃 )

1/𝑑+ (1 + 𝑠min/𝑑)𝑃
≜ 𝑎𝑑, (6)

where 𝛽 = 22𝐶max − 1, for 𝐷𝑡 = 𝑑. We will consider an
adaptive choice of the compression gain 𝑎𝑡 in Sec. V.

C. Multi-Layer Hybrid-ARQ

Following [9], the encoder uses a two-layer BC transmission
strategy coupled with HARQ, which is described next. The
encoder wishes to deliver two messages 𝑀1 ∈ {1, . . . , 2𝑛𝑅1}
and 𝑀2 ∈ {1, . . . , 2𝑛𝑅2}, which are independent and uni-
formly distributed, to the decoder. To this end, it maps message
𝑀𝑙 to a 𝑛-symbol codeword 𝑋𝑛

𝑙,𝑡 for 𝑙 = 1, 2. We assume
independent Gaussian codebooks across the 𝑇 blocks, that
is, the codewords 𝑋𝑛

𝑙,𝑡 are independently generated with i.i.d.
symbols 𝒩 (0, 1) for all blocks 𝑡 = 1, . . . , 𝑇 . To describe the
multi-layer HARQ strategy, we distinguish the following two
transmission modes: i) BC mode; and ii) single-layer (SL)
mode. In the BC mode, the encoder transmits the superposition

𝑋𝑡 =
√
𝛼𝑃𝑋1,𝑡 +

√
𝛼̄𝑃𝑋2,𝑡, (7)

for each symbol, where 𝛼 ∈ [0, 1] and 𝛼̄ = 1 − 𝛼 represent
the fractions of powers allocated to the first and second layers,
respectively. In contrast, in the SL mode, the encoder transmits
only the second-layer codeword with full power 𝑃 , and the
transmitted signal 𝑋𝑡 is written as

𝑋𝑡 =
√
𝑃𝑋2,𝑡. (8)

In the first slot 𝑡 = 1, the encoder emits the signal 𝑋1 in the
BC mode (7) and the relay sends the compressed version 𝑊1 in
(4) of the received signal 𝑉1 to the decoder. At the completion
of the slot, the decoder first tries to decode the message 𝑀1;
if successful, it cancels the codeword 𝑋1,1 from the received
signal and attempts to decode message 𝑀2. Decoding is based
on the received signal in slot 𝑡, which can be written as

𝑌𝑡 =

[
𝑊𝑡

𝑌𝑡

]
=

[ √
𝑎𝑡𝐷𝑡√
𝑆𝑡

]
𝑋𝑡+

[ √
𝑎𝑡𝐷𝑡𝐸𝑡 +𝑁𝑡

𝑍𝑡

]
. (9)

The decoder informs the encoder and the relay about the
number of layers that were correctly decoded. If both messages
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are not correctly decoded, in the next slot 𝑡 = 2, the encoder
sends incremental redundancy information for both layers us-
ing the BC mode (7). Note that incremental redundancy entails
that the codebooks used at different blocks are independent
(see, e.g., [7]). Instead, if only the first layer 𝑀1 was decoded
in the first slot, the encoder transmits incremental redundancy
information only for the second layer by using the SL mode
(8). This process lasts until either both messages 𝑀1 and
𝑀2 are decoded successfully or the maximum number 𝑇 of
transmissions is reached. Therefore, if a message 𝑀𝑙 is not
decoded until the 𝑇 th slot, outage is declared for layer 𝑙.

III. PROBLEM DEFINITION

The problem of interest is the maximization of the expected
throughput 𝜂 as measured by the average number of success-
fully received bits per channel use. Using the renewal theorem
(see, e.g., [11]), we can calculate the throughput 𝜂 as

𝜂 =
𝔼 [R]

𝔼 [L]
, (10)

where 𝔼 [R] is the average rate decoded in a HARQ session,
which consists of at most 𝑇 transmissions, and 𝔼 [L] is the
expected number of transmission blocks for HARQ session.
Expectations are taken with respect to the fading coefficients
𝐷𝑡 and 𝑆𝑡. These quantities can be computed as [9]

𝔼 [R] = 𝑅1

(
1− 𝑝1out(𝑇 )

)
+𝑅2

(
1− 𝑝2out(𝑇 )

)
, (11)

and 𝔼 [L] =
𝑇−1∑
𝑡=1

𝑡𝑝2dec(𝑡) + 𝑇
(
𝑝2dec(𝑇 ) + 𝑝2out(𝑇 )

)
, (12)

where the probabilities 𝑝𝑙out(𝑘) and 𝑝𝑙dec(𝑘) are defined as

𝑝𝑙out(𝑘) = Pr [𝑀𝑙 is not decoded until slot 𝑘] , (13)

and 𝑝𝑙dec(𝑘) = Pr [𝑀𝑙 is decoded in slot 𝑘] . (14)

The probabilities 𝑝𝑙out(𝑘) and 𝑝𝑙dec(𝑘) depend on the param-
eters 𝑅1, 𝑅2 and 𝛼 as will be clarified in the next sections.
The problem of maximizing the average throughput 𝜂 is then
formulated as

maximize
𝑅1,𝑅2≥0, 𝛼∈[0,1]

𝜂(𝑅1, 𝑅2, 𝛼), (15)

where we have made explicit the dependence on (𝑅1, 𝑅2, 𝛼).
As a benchmark, it is useful to consider the single-layer
scheme obtained as a special case of the proposed strategy
with 𝑅2 = 0 and 𝛼 = 1.

IV. CONSTANT COMPRESSION GAIN

In this section, we analyze the throughput of the proposed
multi-layer HARQ strategy when the relay uses a constant
compression gain 𝑎𝑡 = 𝑎𝐷𝑡

as in (6) for all 𝑡 = 1, . . . , 𝑇
regardless of the feedback information reported from the de-
coder. As explained in Sec. II, with this choice, the description
𝑊𝑡 can be recovered at the decoder for all realizations of the
fading channel 𝑆𝑡. We focus on the LTSC model (3) and study
both the case with local CSI at the encoder, i.e., when the
encoder knows the local fading state 𝐷 = 𝑑 and thus can

choose the tuple (𝑅1(𝑑), 𝑅2(𝑑), 𝛼(𝑑)) as a function of 𝑑, and
the case with no local CSI at the encoder.

To express the objective throughput 𝜂 in (10), we have to
compute the probabilities in (13) and (14) as a function of
parameters 𝑅1, 𝑅2 and 𝛼 which is done in the following
lemmas.

Lemma 1. The probability 𝑝1out(𝑘) with compression gain 𝑎𝐷
is given as

𝑝1out(𝑘) = 𝔼𝐷 [𝜃(𝐷)] (16)

where the function 𝜃(𝑑) is defined as

𝜃(𝑑) =

{
𝐹𝑆

(
𝜁1(𝑑,1)

𝜁1(𝑑,1)𝑃
+ 𝑎𝑑

𝑏𝑑

)
, if 𝜁1(𝑑, 1) ≤ 0

1, if 𝜁1(𝑑, 1) > 0
,

with 𝑏𝑑 ≜ 1+𝑎𝑑/𝑑 and the functions 𝜁𝑖(𝑑, 𝑙) and 𝜁𝑖(𝑑, 𝑙) given
as

𝜁𝑖(𝑑, 𝑙) =22𝑅𝑖(𝑑)/𝑙 − 1, (17)

and 𝜁𝑖(𝑑, 𝑙) =22𝑅𝑖(𝑑)/𝑙𝛼̄(𝑑)− 1, (18)

for 𝑖 = 1, 2 and 𝑘 = 1, . . . , 𝑇 .
Proof: The proof is in Appendix [12, Appendix A-A].

Lemma 2. If 𝛼̄𝑃 ≪ 1, the probability 𝑝2out(𝑘) with compres-
sion gain 𝑎𝐷 is approximated as

𝑝2out(𝑘) ≈𝑝1out(𝑘) +
𝑘∑

𝑙=1

𝔼𝐷

[[
𝐹𝑆(𝑣

UB
𝑘,𝑙 (𝐷))− 𝐹𝑆(𝑣

LB
𝑙 (𝐷))

]+]
,

(19)

with 𝑥+ = max{𝑥, 0} where 𝑣LB𝑙 (𝑑) and 𝑣UB
𝑘,𝑙 (𝑑) are defined

as

𝑣LB𝑙 (𝑑) =

⎧⎨
⎩−

[
− 𝜁1(𝑑,𝑙)

𝜁1(𝑑,𝑙)𝑃
− 𝑎𝑑

𝑏𝑑

]+
, if 𝜁1(𝑑, 𝑙) < 0

∞, if 𝜁1(𝑑, 𝑙) ≥ 0
,

(20)

and 𝑣UB
𝑘,𝑙 (𝑑) =min𝒱UB

𝑘,𝑙 , (21)

with the set 𝒱UB
𝑘,𝑙 given as

𝒱UB
𝑘,𝑙 =

{
𝑣UB
𝑘,𝑙 (𝑑)

}
∪
⎧⎨
⎩

Ø, if 𝜁1(𝑑, 𝑙 − 1) ≥ 0{[
− 𝜁1(𝑑,𝑙−1)

𝜁1(𝑑,𝑙−1)𝑃
− 𝑎𝑑

𝑏𝑑

]+}
, if 𝜁1(𝑑, 𝑙 − 1) < 0

.

(22)

We have defined the function 𝑣UB
𝑘,𝑙 (𝑑) as

𝑣UB
𝑘,𝑙 (𝑑) =

⎧⎨
⎩

∞,

if 𝑘 = 𝑙 and
22𝑅2(𝑑)𝑏𝑘𝑑

𝑐(𝑑)𝑙
> 1

0,

if 𝑘 = 𝑙 and
22𝑅2(𝑑)𝑏𝑘𝑑

𝑐(𝑑)𝑙
≤ 1[

(𝜁2(𝑑,𝑘−𝑙)+1)𝑏
𝑘/(𝑘−𝑙)−1
𝑑

𝑃𝑐(𝑑)𝑙/(𝑘−𝑙) − 𝑎𝑑

𝑏𝑑
− 1

𝑃

]+
,

if 𝑘 > 𝑙

, (23)
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with the function 𝑐(𝑑) given as 𝑐(𝑑) = 𝑏𝑑 + 𝛼̄(𝑑)𝑃𝑎𝑑.
Proof: See Appendix [12, Appendix A-B].

The probability 𝑝2dec(𝑘) can be approximated in a similar
fashion as done in Lemma 2 for 𝑝2out(𝑘) above. For lack of
space, we refer for details to [12, Lemma 3]. With Lemmas 1,
2 and [12, Lemma 3], we can express the throughput (10)
as a function of the optimization variables 𝑅1, 𝑅2 and 𝛼
via numerical integration over the distribution 𝐹𝐷(𝑑). The
optimization problem (15) is not convex and needs to be solved
via global optimization tool such as the branch-and-bound
method [13]. Specifically, with local CSI at the encoder, one
needs to optimize over the parameters 𝑅1(𝑑), 𝑅2(𝑑) and 𝛼(𝑑),
which corresponds to the tuple (𝑅1, 𝑅2, 𝛼) to be used when
the relay fading state is 𝐷𝑡 = 𝑑. In practice, this optimization
can be reformulated by quantizing the fading distribution.
Instead, without local CSI at the encoder, the optimization
is done over the single tuple (𝑅1, 𝑅2, 𝛼) since the encoder is
not able to adapt to the fading state 𝐷.

V. ADAPTIVE COMPRESSION GAIN

In the previous section, we have assumed that the relay
employs Gaussian test channel (4) with compression gain
𝑎𝑡 = 𝑎𝐷 for all 𝑡 = 1, . . . , 𝑇 regardless of the feedback
information reported from the decoder under the LTSC (3).
We recall that this choice guarantees reliable decompression
even in the worst-case fading state 𝑆𝑡 = 𝑠min. This section
is motivated by the attempt to leverage better fading states
when they occur. To this end, we assume that the feedback
information that only the message 𝑀1 of the first layer was
decoded in a slot 𝑘 implies that the fading coefficient 𝑆𝑡 of
the side information 𝑌𝑡 is larger than some level 𝑠, that is,
𝑆 ≥ 𝑠. This can be calculated as

𝑠 = max

{[
(22𝑅1/𝑘 − 1)𝑏𝐷 + (22𝑅1/𝑘𝛼̄− 1)𝑃𝑎𝐷

]+
𝑏𝐷(1− 22𝑅1/𝑘𝛼̄)𝑃

, 𝑠min

}
(24)

by imposing the condition that the accumulated mutual in-
formation is sufficient to support rate 𝑅1 (see Appendix [12,
Appendix A] for more discussion). Upon reception of positive
acknowledgement only for layer 1, we propose that, from the
next slot 𝑡 > 𝑘, the relay performs compression assuming the
better side information 𝑆𝑡 = 𝑠 ≥ 𝑠min. The corresponding
compression gain is given as

𝑎𝑡 =
𝛽(1 + 𝑠𝑃 )

1/𝐷 + (1 + 𝑠/𝐷)𝑃
≜ 𝑎̂𝐷. (25)

With adaptive compression, the expected throughput 𝜂 in
(10) can be computed using the lemmas presented in the
previous section with the changes detailed.

Lemma 3. If 𝛼̄𝑃 ≪ 1, the probability 𝑝2out(𝑘) with adaptive
compression is approximated as (19) in Lemma 2 where
𝑣UB
𝑘,𝑙 (𝑑) is given as

𝑣UB
𝑘,𝑙 (𝑑) =

[
(𝜁2(𝑑, 𝑘 − 𝑙) + 1) 𝑏

𝑙/(𝑘−𝑙)
𝑑

𝑃𝑐(𝑑)𝑙/(𝑘−𝑙)
− 𝑎̂𝑑

𝑏̂𝑑
− 1

𝑃

]+

(26)
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Figure 2. Average throughput 𝜂 versus the SNR 𝜌𝐷 with 𝑇 = 2, 𝐶max = 1,
𝑃 = 0dB, 𝜌𝑆 = 0dB and 𝐾 = 0.

with 𝑏̂𝑑 ≜ 1 + 𝑎̂𝑑/𝑑 if 𝑘 > 𝑙 and as (23) otherwise.
Proof: See [12, Appendix B-A].

The probability 𝑝2dec(𝑘) can be similarly approximated as
discussed in [12, Lemma 5]. With the results in Lemmas 1,
3 and [12, Lemma 5], we can express the average throughput
with the adaptive compression described in this section as a
function of the design parameters 𝑅1, 𝑅2 and 𝛼.

VI. SHORT-TERM STATIC CHANNELS

In this section, we discuss the STSC model in which the
channel coefficients 𝐷𝑡 and 𝑆𝑡 change independently from
block to block. For simplicity, as in [9], we focus on the case
𝑇 = 2, i.e., there can be at most one retransmission. It is
observed that, even with 𝑇 = 2, we have to consider four
random variables 𝐷1, 𝐷2, 𝑆1 and 𝑆2, which complicate the
analysis as compared to the LTSC model. Moreover, given the
independence of the channel fading gains from block to block,
adaptive compression is not applicable under the STSC model.
Therefore, we set the compression gains as 𝑎𝑡 = 𝑎𝐷𝑡

in (6)
for 𝑡 = 1, 2. The quantities in (11) and (12) reduce to

𝔼 [R] = 𝑅1

(
1− 𝑝1out(2)

)
+𝑅2

(
1− 𝑝2out(2)

)
, (27)

and 𝔼 [L] = 𝑝2dec(1) + 2
(
1− 𝑝2dec(1)

)
. (28)

Thus, it is enough to compute three probabilities 𝑝1out(2),
𝑝2out(2) and 𝑝2dec(1), which can be calculated similarly to the
previous sections as detailed in [12, Sec. V-I].

VII. NUMERICAL RESULTS

In this section, we present numerical results to gain insights
into the advantage of the proposed multi-layer HARQ strate-
gies. In the figures, the cases with and without local CSI at
the encoder are denoted by “LCSIT” and “No LCSIT”, respec-
tively. We assume Rayleigh fading for the side information 𝑌𝑡

and Rician fading for the signal 𝑉𝑡 received by the relay with
Rician factor 𝐾 (i.e., 𝐾 is the ratio of the power of line-of-
sight (LOS) component to that of non-LOS component). The
rationale behind these distributions comes from the application
to the cloud radio access scenario (see Sec. I), in which
𝑌𝑡 is the signal received by out-of-cell BSs, which typically
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Figure 3. Average throughput 𝜂 versus the backhaul capacity 𝐶max with
𝑇 = 2, 𝑃 = 0dB, 𝜌𝐷 = 𝜌𝑆 = 0dB and 𝐾 = 0.

lack the direct LOS component, unlike the signal 𝑉𝑡 received
by the in-cell BS. The signal-to-noise ratios (SNRs) of the
source-to-relay and the source-to-destination links are defined
as 𝔼[∣𝐷𝑡∣2] = 𝜌𝐷 and 𝔼[∣𝑆𝑡∣2] = 𝜌𝑆 , respectively.

We first examine in Fig. 2 how the SNR 𝜌𝐷 of the relay
fading channel 𝐷 affects the average throughput 𝜂 by plotting
𝜂 versus the SNR 𝜌𝐷 under the LTSC model with 𝑇 = 2,
𝐶max = 1, 𝑃 = 0dB, 𝜌𝑆 = 0dB and 𝐾 = 0. With local CSI
at the encoder, the proposed BC scheme shows performance
gain over the conventional single-layer approach only in the
range of low SNR 𝜌𝐷. This is because in this case, BC is
only used to combat the uncertainty of the fading gain 𝑆𝑡,
whose relevance becomes less pronounced as 𝜌𝐷 increases.
However, with no local CSI at the encoder, the gain of the
BC remains substantial for all SNRs 𝜌𝐷, since in this case,
the CSI uncertainty at the encoder includes both 𝐷𝑡 and 𝑆𝑡.

In Fig. 3, we plot the throughput performance versus the
backhaul capacity 𝐶max for the LTSC model with 𝑇 = 2,
𝑃 = 0dB, 𝜌𝐷 = 𝜌𝑆 = 0dB and 𝐾 = 0. It is observed
that the impact of the local CSI at the encoder becomes
more significant for larger backhaul capacities 𝐶max, since the
performance is more affected by the encoder-to-relay link if
the backhaul capacity 𝐶max is large enough. Moreover, the
flexibility afforded by BC makes the effect of LCSIT less
relevant than for conventional single-layer transmission.

In Fig. 4, we investigate the advantage of the adaptive com-
pression scheme proposed in Sec. V by plotting the throughput
performance versus the Rician factor 𝐾 for the LTSC with
𝐶max = 2, 𝑇 = 2, 𝑃 = 0dB and 𝜌𝐷 = 𝜌𝑆 = 20dB.
We recall that the adaptive compression was proposed to
opportunistically leverage better fading states. In accordance
with this motivation, the adaptive compression is observed
to be advantageous as the factor 𝐾 grows due to increased
frequency of good fading states that can be exploited via the
proposed strategy.

VIII. CONCLUSIONS

Motivated by the uplink of cloud radio access networks, we
have studied robust transmission and compression schemes for
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Figure 4. Average throughput 𝜂 versus the factor 𝐾 of Rician fading with
𝐶max = 2, 𝑇 = 2, 𝑃 = 0dB and 𝜌𝐷 = 𝜌𝑆 = 20dB.

the fading relay channel with an out-of-band relay. Specifi-
cally, we have adopted a multi-layer BC transmission strat-
egy coupled with HARQ, thus allowing for variable-length
transmission and variable-rate decoding, under two different
channel models, LTSC and STSC. Moreover, we have pro-
posed an adaptive compression strategy at the relay that is able
to leverage better fading state based on the HARQ feedback
received from the destination. We have demonstrated the
performance gain of the proposed schemes over conventional
single-layer approaches via extensive simulations.

REFERENCES

[1] S. Liu, J. Wu, C. H. Koh and V. K. N. Lau, "A 25 Gb/s(/km2) urban
wireless network beyond IMT-advanced," IEEE Comm. Mag., pp. 122-
129, Feb. 2011.

[2] P. Marsch, B. Raaf, A. Szufarska, P. Mogensen, H. Guan, M. Farber,
S. Redana, K. Pedersen and T. Kolding, "Future mobile communication
networks: challenges in the design and operation," IEEE Veh. Tech. Mag.,
vol. 7, no. 1, pp. 16-23, Mar. 2012.

[3] A. Steiner and S. Shamai (Shitz), "Single-user broadcasting protocols
over a two-hop relay fading channel," IEEE Trans. Inf. Theory, vol. 52,
no. 11, pp. 4821-4838, Nov. 2006.

[4] V. Pourahmadi, A. Bayesteh and A. K. Khandani, "Multilayer coding
over multihop single-user networks," IEEE Trans. Inf. Theory, vol. 58,
no. 8, pp. 5323-5337, Aug. 2012.

[5] A. del Coso and S. Simoens, "Distributed compression for MIMO
coordinated networks with a backhaul constraint," IEEE Trans. Wireless
Comm., vol. 8, no. 9, pp. 4698-4709, Sep. 2009.

[6] S.-H. Park, O. Simeone, O. Sahin and S. Shamai (Shitz), "Robust layered
transmission and compression for distributed uplink reception in cloud
radio access networks," to appear in IEEE Trans. Veh. Tech.

[7] G. Caire and D. Tuninetti, "The throughput of hybrid-ARQ protocols
for the Gaussian collision channel," IEEE Trans. Inf. Theory, vol. 47,
no. 5, pp. 1971-1988, Jul. 2001.

[8] S. Shamai (Shitz) and A. Steiner, "A broadcast approach for a single-
user slowly fading MIMO channel," IEEE Trans. Inf. Theory, vol. 49,
no. 10, pp. 2617-2635, Oct. 2003.

[9] A. Steiner and S. Shamai (Shitz), "Multi-layer broadcasting hybrid-ARQ
strategies for block fading channels," IEEE Trans. Wireless Comm., vol.
7, no. 7, pp. 2640-2650, Jul. 2008.

[10] A. E. Gamal and Y.-H. Kim, Network information theory. Cambridge
University Press, 2011.

[11] M. Zorzi and R. R. Rao, "On the use of renewal theory in the theory
in the analysis of ARQ protocols," IEEE Trans. Comm., vol. 44, no. 9,
pp. 1077-1081, Sep. 1996.

[12] S.-H. Park, O. Simeone, O. Sahin and S. Shamai (Shitz), "Multi-layer
hybrid-ARQ for an out-of-band relay channel," arXiv:1303.4782.

[13] D. Bertsekas, Nonlinear programming. New York: Athena Scientific,
1995.

975



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


