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Abstract—Due to the great flexibility and innate simplicity
of wireless networks, many applications are now realized with
wireless connectivity at their core. Countless novel applications
are enabled this way and legacy applications are transferred
to mobile networks to reap the same benefits. As the networks
evolve, applications are becoming ever more demanding, particu-
larly with respect to high reliability and low latency. A common
way to achieve high reliability in wireless communications is
adding redundant communication channels by means of multi-
connectivity. This comes at the cost of additional radio resources
that could have been used by other connections. However,
multiple links are not always required to achieve the desired
reliability. Thus, we propose to combine multi-connectivity with
rateless coding as a strategy for efficient resource usage in
reliable wireless communications. The proposed schemes consider
an erasure channel, and can therefore be implemented on the
application layer, making them suitable for use with different
physical layer wireless technologies simultaneously. We start
out with a single-user analysis and then extend our discussion
to multi-user scenarios. Our approach is compared against
standardized packet duplication with our analytical framework
and by means of simulation. The results with rateless coding
show significant gains with respect to the required resources and
feedback transmissions.

Index Terms—Reliability, Efficiency, Multi-Connectivity.

I. INTRODUCTION

ALONG with the development of fifth generation (5G) mo-
bile networks, entirely new applications are envisioned,

including the class of ultra-reliable low latency communi-
cations (URLLC) [1]. URLLC comprises applications, e. g.,
in control scenarios, with extremely high requirements on
latency and reliability that have only been feasible with cable-
based implementations in the past, the main obstacle being the
random nature of the wireless medium. However, great flexi-
bility and simple setup (among others) make wireless solutions
very appealing. Furthermore, many novel applications are not
realizable with cables at all, e. g., teleoperated driving [2].
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Nevertheless, reliability and latency do not always go
hand-in-hand, and so [3] differentiates between low latency
communications (LLC), ultra-reliable communications (URC),
and the most challenging URLLC, combining both. This
perspective is supported by earlier work [4], which classifies
“long-” and “short-term URC”, where the latter refers to
URLLC as introduced in [3]. In this paper, we focus on
URC. Exemplary applications can be found in intelligent
transport systems (ITS), which allow up to a few tens of
milliseconds of latency [5], [6], or in other fields such as
process automation [7], e-health, or banking.

To achieve extremely high reliability, some redundancy has
to be added, for instance by provisioning parallel redundant
transmission channels. However, redundancy can be wasteful,
when there are no channel outages, leading to a reduction in
overall system capacity. Hence, the challenge arises to design
systems not only to be reliable, but also efficient.

This challenge was already identified by the research com-
munity (e. g., [8]–[12]), and the task is even more difficult
when other services, especially resource-hungry enhanced mo-
bile broadband (eMBB) services, are present at the same time
[8], [9]. In [8], a joint preference metric is introduced to offer
efficient resource allocation when eMBB and URLLC coexist.
[9] provides an overview of key technology components to
enable URLLC. Another set of URLLC enablers on the phys-
ical layer (PHY) is introduced in [10], including waveform
multiplexing, multiple-access schemes, channel code design,
synchronization, and full-duplex transmission for spectrally
efficient URLLC. In [11] the major impact of feedback on
the efficiency is highlighted, and an optimum harmonization
of feedback-based and feedback-less transmissions through
multi-armed bandit-based reinforcement learning is proposed
to improve efficiency. In order to optimize resource allo-
cation in URLLC for wireless control systems, the authors
of [12] follow a communications-control codesign (CoCoCo)
approach, where control requirements are mapped to com-
munication requirements. CoCoCo enables resource-efficient
adaptive communication systems that respect the requirements
of control applications. For instance, [13] proposes a state-
aware resource allocation scheme, that increases the number
of parallel links for agents that recently suffered from packet
losses, which is shown to be extremely efficient for control
applications that can tolerate packet loss, as long as the number
of consecutive losses is limited.

In this paper, we consider multi-connectivity (MC), which

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TWC.2021.3069669

Copyright (c) 2021 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.Authorized licensed use limited to: Carleton University. Downloaded on April 28,2021 at 15:17:46 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2021.3069669, IEEE
Transactions on Wireless Communications

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. XX, NO. X, XXX 2020 2

is widely seen as a promising technique to ensure high
reliability [2], [14], and apply rateless codes (RCs) to retain
efficiency. Both concepts are discussed in more detail in the
subsequent Sections I-A and I-B.

A. Multi-Connectivity

To realize URC transmitting redundant copies of data is
a promising strategy. In wireless communications, this can
be realized through time, space, or frequency diversity. Dis-
tributing information over time, e. g., through automatic repeat
request (ARQ) or the more efficient hybrid ARQ (HARQ),
however induces latency by design, and does not work in
static scenarios, as it depends on channel variations over time.
In contrast, spatial or frequency resources can be utilized in
parallel by establishing multiple links, which is summarized
as MC. The diversity concepts can be further classified as
follows [15]. Spatial diversity can be realized through multiple
antennas at transmitters and/or receivers to combat small-scale
fading, which is referred to as micro-diversity. It can also be
exploited by antennas that are separated by far more than the
wave length, e. g., by using multiple base stations (BSs) or
access points (APs), which is denoted as macro-diversity and
has the ability to counteract large-scale fading effects. On the
other hand, frequency diversity is divided into intra-frequency
and inter-frequency diversity, depending on whether the same
or different frequency bands are being used. In addition,
the authors of [16] introduced the term interface diversity,
proposing that multiple technologies, such as 5G, wireless
local area network (WLAN), or Bluetooth, may be utilized
simultaneously. However, as tight coordination is not possible
on multiple interfaces, technology-agnostic approaches are
required.

MC can be used not only to enhance reliability by transmit-
ting redundant data, but also to increase the achievable data
rate by sending independent data. The authors of [17] devel-
oped an analytical framework to study a trade-off between
these contrary goals.

MC is already considered in the Third Generation Partner-
ship Project (3GPP) standardization, by introducing packet du-
plication on multiple links [18]. Packet duplication constitutes
a relatively simple approach, as it does not require tight coop-
eration of the transmitters. However, simply duplicating pack-
ets is a “wasteful” scheme, as there is no benefit when more
than one of the transmissions succeeds. A more sophisticated
approach is given by coordinated multipoint (CoMP) [19],
[20], which also includes the special case of maximum ratio
combining (MRC), where devices are connected to several
BSs simultaneously and can benefit from dynamic inter-
cell scheduling coordination or joint transmission/reception
from/at multiple transceivers. However, CoMP requires tight
cooperation between the participating sites, occupies multiple
resources through joint transmission/reception and usually
increases complexity.

Another way to overcome the inefficiencies of duplication
can be pursued through coding. For instance, the authors
of [21] apply a K-out-of-K̃ erasure code for a reliable
multi-path fronthaul with efficient resource usage. While this

approach offers an efficient scheme, it is not very flexible, as a
code rate has to be fixed in advance and feedback knowledge
is required, if the transmission still fails. To overcome this
drawback, we study the application of RCs for reliable wireless
communications. However, we consider the air interface rather
than the fronthaul.

B. Rateless Codes in Wireless Communications
RCs [22] are erasure codes that automatically adapt their

rate to the current conditions. Thus, in contrast to other codes,
there is no code rate to be configured a priori. Instead, the
actual code rate depends on the experienced loss. An arbitrary
amount of encoded packets can be generated until decoding is
successful. A common metaphor is the collection of droplets of
a fountain with a bucket. Hence, they are also called fountain
codes. Popular examples of RCs are random linear fountain
codes, such as Luby transform (LT) codes [23], which focus
on efficient decoding for large amounts of data, and raptor
codes [24], [25]), which improve the decoding properties of LT
codes by adding an outer erasure code. The technical aspects
of RCs will be briefly recapped in Section II-C2.

As they are primarily designed for high packet numbers,
RCs are already popular where large amounts of data are
involved, e. g., in the context of (satellite) video broadcasting
[26], (cloud) data storage [27], or peer-to-peer networks [28].
Accordingly, raptor codes are already standardized for 3GPP
multimedia broadcast and multicast service (MBMS) [29] and,
thus, constitute a part of the application layer.

RCs found various applications in wireless communications.
For instance, [30] and references therein apply RCs on the
PHY. Thereby, the authors consider large numbers of message
symbols greater or equal than 2000. The authors of [31], [32]
propose an analogue fountain code (AFC) for a multiple access
scheme, where encoded packets from different users sum up
to a new AFC. Thereby, the media access control (MAC)
layer is being addressed. However, the approach requires tight
synchronization between the users and also considers large
numbers of packets. More recently, [33], [34] proposed RCs
for multi-user downlink (DL) and uplink (UL), respectively,
for cloud radio access network (C-RAN). Nonetheless, the
authors coded user data individually and also considered long
message lengths. In contrast, we consider short messages and
propose a joint encoding in a multiplexing scheme for multiple
users. In [35], raptor codes have been used to design a robust
and efficient relaying framework, but therein, only a very long
information block length has been considered. RCs were also
applied to multiple-input multiple-output (MIMO), e. g., in
[36]–[38]. In contrast to our approach, these works operate
on lower levels and consider additive white Gaussian noise
(AWGN) channels.

To the best of our knowledge RCs have not received much
attention in the area of URC so far, where short packets sizes
are common. One example of RCs in URC is provided in
[39]. The authors propose raptor codes in order to increase
the reliability of millimeter wave communications. The authors
study the key performance indicators (KPIs) packet loss and
throughput, based on a millimeter wave simulator, but do not
provide any mathematical modeling.
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We proposed a similar approach in [40], where we used RCs
in the context of URC. In contrast to [39], we focus on the
efficiency, with respect to radio resources as well as feedback
messages, where we do not only rely on our simulations, but
also developed an analytical framework.

It should also be noted that RCs are related to random
linear network codes [41]. However, they differ conceptually,
since RCs are primarily erasure codes, whereas network codes
are conceptualized as a combining scheme to outperform
traditional routing in a network.

C. Contribution and Organization of this Article

Our key contributions are the following:
1) We revise our previous work [40], which contains a

flaw regarding outer codes, and show that our proposed
schemes are still beneficial with respect to radio resource
and feedback efficiency without adding an outer code.

2) We extend our single-user investigation in [40] by con-
sidering multiple users.

3) By utilizing a WLAN simulator, we consolidate our
results in a more realistic scenario.

4) We propose a novel multi-user multiplexing scheme
based on RC. This approach requires less packets of each
user for coding as an important step towards low-latency
applications.

5) Our approaches consider rather small numbers of packets
to be transmitted, in contrast to existing works on RC that
mainly consider large packet numbers.

6) For all considered schemes, we provide an analytical
framework for uncorrelated channels.

The remainder of this article is organized as follows. Sec-
tion II provides the general system model. In Sections III
and IV we introduce the investigated MC schemes along with
the mathematical modeling of the random distributions of the
KPIs of interest. The investigated simulation scenarios are
described in Section V, before they are used to validate the
models and to evaluate the MC schemes in Section VI. Finally,
Section VII concludes and provides an outlook.

II. SYSTEM MODEL

In this section, we briefly summarize the system model used
in this paper. It will be described in more detail in Sections III
and IV for the single- and the multi-user case, respectively.

A. Notation and Definitions

The complement of a probability p is denoted as p̄ := 1−p.
The indicator function χA(x) of a set A is one, if x ∈ A and
zero otherwise. The operator [ar]Kr=1 defines a vector via the
components ar. Finally, d·e denotes the ceiling operator.

B. Scenario

All devices considered in this paper are connected via
L links to a wireless AP and have to transmit a payload of
K packets. For these links, we state the following assumption:

Assumption 1 (Independent links): All wireless links are
independent from each other.

This assumption can be satisfied, e. g., by using carriers
that are separated by at least the coherence bandwidth of the
channel or by spatially distributed antennas. We also assume
Rayleigh fading on all links. However, the approach is not
restricted to Rayleigh fading and could be easily extended to
other fading models, such as Rician or Nakagami-m fading.

We aim for a technology-agnostic approach by operating
on the application-layer. Thus, APs can use cellular, WLAN,
or any other wireless technology. This approach offers great
flexibility and does not need synchronization of multiple
transmitters (or receivers) except for the feedback handling.
Furthermore, for some applications, especially in the context
of CoCoCo [13], it might be beneficial to let the application
decide on additional redundant packet transmissions, depend-
ing on the importance of the lost information. For instance, in
automative applications, frequent updates are required partic-
ularly at high velocities, whereas there is no need for updates,
when the vehicle stands still. With respect to the application-
layer perspective, we assume the following:

Assumption 2 (Binary erasure channel (BEC)): Received
packets are either correctly received or completely lost, such
that we deal with a BEC.

Hence, we assume that possible packet errors are handled by
lower layers, if possible. If they cannot be corrected, a packet
is considered as lost, i. e., not received, on the application
layer.

C. Multi-Connectivity Schemes

We study and compare different MC schemes, which are
explained in this Section.

1) Selection Combining: Selection combining (SC) has
already been standardized by 3GPP as packet duplication or
dual connectivity (DC) [18]. Hence, it is taken as the baseline
to benchmark our approach. Within this scheme, packets are
duplicated and the resulting copies are sent over all L links
to the receiver. The transmission is successful, if at least
one of these copies is successfully received. This scheme is
relatively easy to implement and, in contrast to CoMP [19],
strict synchronization of multiple transmitters (or receivers) is
not required, as only the feedback has to be coordinated. Based
on Assumption 1 and with ptx,l being the success probability
of the l-th link (l ∈ {1, ..., L}), the success probability of a
packet duplicated on independent links can be expressed as
follows:

ptx = 1−
L∏

l=1

p̄tx,l. (1)

For equally strong links with the same packet loss rate (PLR),
(1) simplifies to ptx = 1− p̄Ltx,l.

2) Rateless Coding: For the sake of convenience, we briefly
recap the concept of RC here. However, the interested reader
is referred to [22] for more details.

The idea of RCs is to allow the generation of arbitrarily
many encoded packets. A receiver collects these packets until
it can decode the data. As it is not possible to determine
the required number of encoded packets a priori, RCs do not
exhibit a fixed code rate and hence their name. Accordingly, no
knowledge about the BEC and its PLR is required in advance
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to setup an appropriate code rate. Furthermore, if packets are
lost, no feedback about which specific packets have been lost
is necessary, since additional new packets can be generated
independently for further transmissions.

Usually, the required number of packets for decoding an RC
is random as it depends on the specific packets that have been
received successfully. A common class of RCs is given by the
LT codes [23]. They can be configured in a way that around
1.05K encoded packets are sufficient to recover the original K
packets [22] with high probability. We will elaborate more on
the decoding failure probability in Section II-D. LT codes are
designed to allow efficient decoding by keeping the generator
matrix sparse, which is especially beneficial to encode large
amounts of data. In this situation, the decoding performance
can be significantly improved by adding an additional outer
code with a fixed rate, because LT codes are very likely to
be able to decode all but a few packets if the number M̃
of received encoded packets slightly exceeds the number of
original packets K and the outer code then recovers the few
missing packets. A popular example of such a combined code
is given by Raptor codes [24], which combine a low-density
parity-check (LDPC) code and an LT code as the outer and
inner code, respectively. However, for a comparably small
number of packets as considered in this work, random linear
fountain codes exhibit better decoding probability than LT
codes (cf. Section II-D) and the outer code approach is not
beneficial. Therefore, the general term of RCs always refers
to random linear fountain codes in the remainder of this paper.

As other linear codes, a random linear fountain code can
be described by a generator matrix G. In contrast to the
generator of other codes, this matrix has the dimensions K×∞
for fountain codes that encode the original K packets, as
illustrated in Fig. 1. However, in practice only a finite, but
arbitrarily high number M of columns is created. For random
codes, each element of G is picked randomly from {0, 1} with
equal probability, but excluding the all-zeros column. Each
column defines an encoded packet by a bit-wise xor operation
of all packets where the entry is one. By defining a matrix
multiplication ⊗ as follows:

Y = X ⊗G :=

 ⊕
i=1,...,K

gijxi


j∈N

, (2)

the encoding of the packets collected in X = [x1, . . . ,xK̃ ]
to the encoded packets Y = [y1,y2, . . . ] is formulated in
matrix-vector notation. Herein, the operator ⊕ denotes the bit-
wise xor operation. In this regard, we define the space K :=
GF(2)K equipped with the multiplication with scalars from
GF(2) = {0, 1} and the bit-wise xor ⊕ acting as the vector
addition.

Only an identifier (ID) for each encoded packet is needed as
overhead by using the same pseudo-random number generator
(PRNG) at each terminal. The ID provides all necessary
information by acting as the PRNG seed to reconstruct the
corresponding column of G.
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Fig. 1: Illustration of the coding scheme.

D. Decoding Failure Probability for RC

At a receiving terminal, only M̃ out of M sent packets are
received due to potential packet loss. Let G̃(M̃) denote the
corresponding K × M̃ part of G. Decoding is possible, if (2)
can be solved for X , if G is replaced by G̃(M̃), i. e., if G̃(M̃)

has full rank in the xor arithmetic:1

rank G̃(M̃) = K. (3)

For the subsequent derivation of the decoding failure prob-
ability, the approach from [24, Appendix A] is applied to
our scenario. The idea is to inductively add columns to
the generator matrix and calculate the probability that this
operation increases the rank. Therefore, let r be the rank of the
generator matrix of the received packets, which is equivalent
to the dimension of the subspace G(M̃) that is spanned by the
columns of G̃(M̃):

r := rank G̃(M̃) = dim
(

span G̃(M̃)
)

= dimG(M̃). (4)

If we now randomly pick a new column g(M̃) ∈ K \ {0} and
append it to G̃(M̃), such that

G̃(M̃+1) =
[
G̃(M̃)

∣∣ g(M̃)
]
, (5)

this increases the rank by one if the new column g(M̃) is not
in G(M̃). Otherwise, the rank does not change. Hence, the
probability can be expressed through the cardinalities of G(M̃)

and K:

P
{

rank G̃(M̃+1) = r
}

=
|G(M̃)| − 1

|K| − 1

=
2r − 1

2K − 1
=: q̄(M̃+1)

r , (6a)

P
{

rank G̃(M̃+1) = r + 1
}

= 1− q̄(M̃)
r = q(M̃+1)

r . (6b)

Now, the probability mass functions (PMFs) for the rank
distribution of G̃(M̃), i. e.,

r(M̃) =
[
r(M̃)
r

]K
r=1

=
[
P
{

rank G̃(M̃) = r
}]K

r=1
(7)

1Our previous work [40] contains the flaw that for a precoding K-out-of-K̃
outer code, which enlarges G̃(M̃) to the dimensions K̃×M̃ for a K̃ > K, it
is possible to recover the original K packets, if rank G̃(M̃) ≥ K. However,
this condition is only necessary, but not sufficient. Accordingly, we remove
this error in the paper at hand and present only corrected results.
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are under consideration. It should be noted that the case
r = 0 is excluded here, as G̃(M̃) does not contain any zero
column. The PMFs r(M̃)of the rank distribution for G̃(M̃)

can be determined iteratively by starting with the trivial rank
distribution of G̃(1), since G̃(1) has always rank one:

r(1) =
[
1 0 . . . 0

]
. (8a)

Then, for each M̃ ≥ 1, a new random column g(M̃) is added
and (6) is applied to obtain the rank distribution for G̃(M̃+1):

r(M̃+1)
r =

{
q̄
(M̃)
r r

(M̃)
r , r = 1,

q̄
(M̃)
r r

(M̃)
r + q

(M̃)
r−1r

(M̃)
r−1 , r > 1.

(8b)

This iterative scheme can be evaluated with quadratic compu-
tational effort. For the best case M̃ = K, a rank has to be
added in each step and, thus, the iterative procedure simplifies
to:

r
(K)
K =

K∏
r=1

q(r)r =
K∏
r=1

(
1− 2r−1 − 1

2K̃ − 1

)
. (9)

Finally, the decoding success probability of an RC code for
M̃ received encoded packets can be obtained according to (3)
by taking the Kth entry of the M̃ th iterated PMF r(M̃) as
follows:

pdec(K, M̃) = P
{

rank G̃(M̃) = K
}

= r
(M̃)
K . (10)

The decoding performance is depicted in Fig. 2, which was
created from 106 simulation runs. In Fig. 2a, the empirical
PMFs of the required number of packets for successful decod-
ing are shown. The figure also shows the analytical results for
the random code, validating the derivation. It becomes evident
that the random code requires less overhead than an LT code.
This is because LT codes are optimized for efficient decoding
when high values of K are present. For LT codes a random
degree distribution is introduced to favor more sparse generator
matrices, allowing an easier decoding. As usual, the robust
soliton distribution is chosen for the degrees. However, using
a degree distribution decreases the chances of i) increasing the
rank of G by adding another column, i. e., (6) does not hold
anymore, and ii) having an entry for each original packet at
least once. As this work considers only a small number of
packets that needs to be encoded, decoding complexity is not
such a big concern, and we proceed with the random linear
codes.

The figure also contains an LT code with an additional outer
K-out-of-K̃ code that first encodes the original data into K̃ =
K + 2 precoded packets as a reference. Here, a reshaping of
the PMF can be observed. By sacrificing good chances to have
only zero or one additional packets required, the distribution
tail is improved, leading to less likely worst-case scenarios.
However, the completely random code outperforms both LT
configurations.

Fig. 2b extends the results by studying different packet
numbers K. Now, the complementary CDF (CCDF) is shown
to focus on very high percentiles. Again, simulation results
validate the derivation for random codes. All curves start at
M̃ = K, as this is the minimum required number for decoding
in the best case. Again, the best performance can be observed

for the random code for the same reasons as described before.
Furthermore, the outer code for LT improves the worst case
scenario by making the curves steeper. However, the precoding
also leads to a later decline.

In Fig. 3, the considered transmission schemes are illus-
trated, which will be explained subsequently in Sec. III and
Sec. IV for single- and multi-user-scenarios, respectively.

III. THE SINGLE-USER CASE

First, we study our proposed MC schemes for single-user
scenarios. We have conducted this analysis to a great extend
already in [40]. However, our previous work contained a flaw,
as explained in Section II-D, which is corrected here.

A. Transmission Schemes
1) Selection Combining (SC), cf. Fig. 3a: Here, copies of

each of the K packets are sent simultaneously over each of the
L available links. If at least one of these copies was transmitted
correctly, the packet transmission was successful. Otherwise,
a negative-acknowledgement (NACK) has to be fed back,
containing information about which packet was affected such
that a retransmission on all links can be initiated. As it can be
seen in (1), each additional link with a reasonable individual
PLR can dramatically improve reliability with respect to the
overall PLR. However, this comes at a great cost, since each
packet blocks several resources and there is no benefit if the
transmission succeeds on more than one link, rendering it an
inefficient scheme.

2) Rateless Coding (RC), cf. Fig. 3b: To address the
potential resource wastage of SC, we propose to generate
RC packets as long as necessary, which are distributed onto
all available links. Thereby, each received packet contributes
(with high probability) to the overall transmission. No NACKs
are necessary, because the transmission can be pursued until
one single acknowledgement (ACK) signalizes the success
of the overall transmission. According to Fig. 2, already K
(or only a few more) successfully transmitted packets are
sufficient up to a very high probability.

The motivation is illustrated in Table IA. For illustration
purposes, we consider two links with very high PLRs of 30 %
and 50 %, respectively. Packet losses are depicted in red color.
In the example, three of the ten original packets (2, 5, 6) are
lost and have to be retransmitted (2’, 5’, 6’), when single-
connectivity is implemented. One of the retransmissions (5’)
may fail, leading to 14 required transmissions on 14 radio
resources in total.

When the second link is used as well, only one of the
packets (6) is lost and the resulting retransmission (6’) has
better chances to be successful. Accordingly, this approach
requires 11 times slots, but also 22 radio resources.

Finally, when RC is applied on the same two links, different
encoded packets are sent, as indicated by the hat accent. In
this realization, packet 1̂7 is the 10th successful transmission.
With a probability of around 30 %, this best case is already
sufficient. However, with a cumulative probability of almost
80 % (95 %), the transmission would be completed success-
fully, latest with the two successful transmissions of the 10th
(11th) time slot.
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Fig. 3: Overview of considered transmission schemes for L = 2. In principle, the two sketched APs can also be co-located, exploiting frequency instead of
spatial diversity. The single-user schemes (a),(b) are described in Sec. III, whereas multi-user schemes (c)-(e) are explained in Sec. IV.

TABLE I: ILLUSTRATION OF THE MC SCHEMES.

(A) SINGLE USER (SECTION III)

Time Slot
1 2 3 4 5 6 7 8 9 10 11 12 13 14

SC (L = 1)
Link 1 1 2 3 4 5 6 7 8 9 10 2′ 5′ 6′ 5′′

SC (L = 2)
Link 1 1 2 3 4 5 6 7 8 9 10 6′ − − −
Link 2 1 2 3 4 5 6 7 8 9 10 6′ − − −

RC (L = 2) 30
%
80
%
95
%

Link 1 1̂ 3̂ 5̂ 7̂ 9̂ 1̂1 1̂3 1̂5 1̂7 1̂9 2̂1 − − −
Link 2 2̂ 4̂ 6̂ 8̂ 1̂0 1̂2 1̂4 1̂6 1̂8 2̂0 2̂2 − − −

(B) MULTI USER MULTIPLEXING (SECTION IV-B)

Radio Resource
1 2 3 4 5 6 7 8

SC
(L

=
2

) User 1 1 1 − − − − − −
User 2 − − 2 2 − − − −
User 3 − − − − 3 3 − −
User 4 − − − − − − 4 4

R
C

(L
=

6
) User 1 1̂ 2̂ 3̂ 4̂ 5̂ 6̂ − −

User 2 1̂ 2̂ 3̂ 4̂ 5̂ 6̂ − −
User 3 1̂ 2̂ 3̂ 4̂ 5̂ 6̂ − −
User 4 1̂ 2̂ 3̂ 4̂ 5̂ 6̂ − −

Consequently, fewer resources have to be spent for the
complete transmission than with SC of two links with high
probability. However, in reality, links typically have lower
PLRs than in the illustrative example, leading to a higher waste
of resources for SC schemes, as it more likely that multiple
links succeed without any benefit. The statistical advantages
of RC will be analyzed in the subsequent sections.

B. Distribution of Required Radio Resources and Time Slots

To quantify the efficiency of the schemes at hand, the
numbers of required radio resources R and occupied time
slots T are analyzed in this section. For both KPIs, not only
statistical moments (e. g., mean and variance) are of interest,

but the entire distributions in terms of their PMFs are derived.
This is particularly important in the URC domain, because
therein statements about very high percentiles (worst case
scenarios) are required.

1) No Correlation in Time: First, we study the case that
transmissions exhibit no correlation between consecutive time
slots. This assumption ensures analytical tractability and holds
for transmission time intervals (TTIs) that are longer than the
channel’s coherence time. Since the coherence time depends
on the device speed and the carrier frequency, those factors
together with the TTI determine whether the assumption is
realistic for a given scenario. However, uncorrelated transmis-
sions can also be achieved through techniques like channel
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hopping [42]. In [43], a scheme is proposed that improves
performance by switching channels only on bad conditions.

a) SC: The SC scheme is successful as soon as all
original packets have been correctly received. Considering
retransmissions of any missing packet, SC succeeds after
K successful packet transmissions, which corresponds to a
series of Bernoulli trials. Thus, for the earliest possible success
after M = K transmissions, all of them have to succeed. For
a success after exactly M > K transmissions, there must have
been exactly K − 1 successful transmissions among the first
M−1 packets and the M th transmission must have succeeded
as well, because otherwise the transmission would have been
completed earlier or later. With the success probability ptx
for each packet (cf. (1)) this leads to the following modified
binomial distribution:

prx(K,M) =


0, M < K,
pKtx, M = K,(
M−1
M−K

)
p̄tx

M−KpKtx, M > K.
(11)

These probabilities already provide the PMF of the occupied
time slots T for SC, since each transmission occupies one time
slot. Hence, the PMF is given as follows:

fT (t) = prx(K, t), t ∈ N. (12)

In each time slot, L links are used in parallel and, thus, the
number of radio resources is given by R = LT . Accordingly,
the respective PMF can be expressed as:

fR(r) =

{
fT
(
r
L

)
, if r = tL for t ∈ N,

0, otherwise. (13)

b) RC: In the case of RC, each transmission conveys
a distinct packet. We first consider the special case that all
links are equally strong, i. e., ptx,l = ptx for l ∈ {1, . . . , L}.
Under this assumption, (11) can be used again to obtain the
probability that K out of M transmissions are successful.
However, it should be noted that now the probability ptx of a
single link is inserted, because now there are no duplications
and each transmission has to be considered distinctive.

In the general case, the links exhibit different success
probabilities ptx,l for l ∈ {1, . . . , L}, which corresponds to
generalized Bernoulli trials. Now, the M th packet is sent via
the (1 +M mod L)th link and, thus, the M th Bernoulli trial
has a success probability qM = ptx,1+M mod L.

Similarly to the iterative procedure in (8), the probability
p
(M)
m =

[
p
(M)
0 . . . p

(M)
M

]
of having m successful trans-

missions within M sent packets can be derived as follows:

p(0) =
[
1 0 . . . 0

]
, (14)

p(M+1)
m =

{
q̄Mp

(M)
m , m = 0,

q̄Mp
(M)
m + qMp

(M)
m−1, m > 0.

(15)

Now, (15) provides the probability of successfully receiving
exactly M̃ out of M packets as

prx(M̃,M) = p
(M)

M̃
. (16)

The PMFs of the number of required resources R and time
slots T can be derived from (16) for both cases, i. e., for

equally or unequally strong links. However, for RC the de-
coding success probability has to be incorporated as well. The
scheme succeeds, if M̃ out of M packets are correctly received
and sufficient for decoding. Thus, the cumulative distribution
function (CDF) of the number of necessary sent packets S can
be expressed as a sum of conditioned probabilities

FS(M) =
M∑

m=K

P
{
D(M̃) | M̃ = m

}
=

M∑
m=K

pdec(K,m)prx(m,M). (17)

With (17), the success probability for exactly M sent packets,
i. e., the PMF of S follows:

fS(M) = psuc(M) = P {S ≤M} − P {S ≤M − 1}
= FS(M)− FS(M − 1). (18)

The derivation of the PMF of the number of required
resources R has to take into account the fact that L links
are used in each time slot simultaneously and, thus, only
multiples of L radio resources are occupied. In other words, if
a successfully transmitted packet on one link was sufficient to
succeed, the transmissions via other links have been conducted
anyways. Hence,

fR(r) =

{∑L−1
l=0 psuc (r − l) , if r mod L = 0,

0, otherwise.
(19)

Similarly, the PMF of occupied time slots T is obtained by
summing the success probabilities of all numbers of packets
that are reached by the considered scheme for each time slot t:

fT (t) =
L−1∑
l=0

psuc

(⌈
t

L

⌉
− l
)
, t ∈ N. (20)

2) Channels with Time Correlation: The aforementioned
derivations are not valid anymore if the transmissions are
correlated, since in this case, subsequent transmissions are not
independent Bernoulli trials anymore. However, this situation
is barely tractable analytically and, hence, we provide simu-
lation results for this case.

3) Feedback and Signaling Overhead: To compare the
efficiency of the considered schemes, there are further relevant
KPIs, namely the feedback that needs to be transmitted and
possible signaling overhead for the coordination of the scheme.

a) Feedback: For SC, feedback is required at least for the
failed packet transmissions, such that a retransmission can be
initiated. Therefore, the NACK needs to contain an ID of the
lost packet.2 An even more reliable scheme would not only
provide these NACKs, but also ACKs for each successfully
transmitted packet, since the NACK feedback could also get
lost and so a missing NACK does not ensure a successful
transmission.

Since each NACK leads to a retransmission, the number
NNACK of necessary NACKs simply equals the number of

2Alternatively, the feedback process could be based on ACKs only, i. e.,
a retransmission would be initiated for each missing ACKs. However, for
reasonable PLR< 0.5, NACKs are more efficient, since there are less failing
than succeeding transmissions.
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time slots exceeding the number of packets, i. e., NNACK =
T −K. If ACKs are involved as well, each package requires
an ACK and so the number is NACK = K.3

It should be noted that each feedback (especially from the
last packets) needs time and, thus, may introduce additional
delay, which can span multiple time slots depending on the
TTI length. However, the impact of this effect depends on the
system and is not further investigated here.

For RC schemes, the feedback procedure is simple. Only
one ACK signal in the end of a successful transmission is
sufficient, because if packets are lost, no knowledge is required
about which particular ones failed. The RC simply generates
new packets as long as necessary. Thanks to the nature of RC
no code rate has to be configured in advance.

By sending NACKs or ACKs as well, the knowledge could
be exploited to avoid transmitting packets that correspond to
columns of the generator matrix that do not provide further
information with respect to the already received columns, thus
increasing the decoding probability. However, developing such
a strategy is out of scope in this work and left for further
studies.

b) Signaling Overhead: In both schemes, only packet
IDs have to be transmitted in addition to the payload. As
already mentioned, by using the same PRNG on all involved
devices the ID can be used to obtain the necessary column of
the generator matrix for the RC scheme.

IV. THE MULTI-USER CASE

Now, we study the efficiency of RC-based schemes with U
users. First, we simply apply the single-user schemes to all
users, but afterwards, a more sophisticated scheme is studied.

A. Naive Extension of the Single-User Case

First, we assume that all users apply the SC and RC
schemes from Section III, which is applicable in both UL
and DL directions (cf. Fig. 3c,d). By considering multiple
users, a statistical multiplexing gain will be achieved (cf. [44]).
Since all users have a randomly varying need for resources
(depending on their receiving conditions), not all of them
need their peak amount of resources simultaneously. The total
number R of necessary resources is the sum of the random
variables Ru, containing the required numbers of resources
of each user u ∈ {1, . . . , U}. As all links are independent
(Assumption 1), these numbers are independent and so the
PMF of this sum results from convolution:

R =
U∑

u=1

Ru, fR =

U∗
u=1

fRu
:= fR1

∗ . . . ∗ fRU
. (21)

Other KPIs, such as the feedback, can be derived similarly as
they also add up. However, the total number of time slots T
requires rather a maximum than a sum operation, since all

3This simple analysis does not incorporate the possibility that the feedbacks
could get lost as well. However, this simple derivation provides a lower bound
on the number and thereby already shows the advantages of RC over SC
with respect to the feedbacks. Anyway, we can safely assume that signalling
packets, like ACKs and NACKs, can be protected by strong coding and have
a PLR orders of magnitude below that of data packets.

users can receive their data in parallel4, and, thus, the overall
duration depends on the last user. Hence, for independent
links, the PMF of the number of required time slots can be
expressed as follows:

T = maxTu, FT (t) = P {maxTu ≤ t} =
U∏

u=1

FTu
(t).

(22)

B. Multiplexing with RC

Even though a higher efficiency can already be achieved
through the statistical multiplexing gain (Section IV-A), a
multi-user scenario provides an additional degree of freedom
particularly in the DL. Now, there is more than one user and,
thus, also more data. Therefore, we now consider that each
user u wants to transmit Ku packets, such that there is a total
of Kall =

∑
uKu packets to be transmitted. If all Ku are

equal, this simplifies to Kall = UKu.
1) Approach: Table IB illustrates the legacy SC scheme

and our proposed transmission scheme for the multi-user DL5

based on RC. In the conventional SC scheme, a fixed number
of resources (here: L = 2) is assigned to each user, resulting in
a total number of Lall = L ·U required resources in each time
slot. Each user receives the desired packet successfully as long
as any of the L transmissions succeeds and, thus, the success
rate is given by (1). Again, if more than one transmission is
successful, their is no benefit and resources may be wasted.
Transmission failures have to be communicated with a NACK
feedback and packets have to be re-transmitted.

In contrast, we propose a code-multiplexing scheme for the
DL, as sketched in Fig. 3e and in the lower part of Table IB. In
total, L links are utilized, depending on how many resources
are available and how many links the devices are capable to use
in parallel. The data of all considered users is treated together,
such that there are Kall packets of original data. The data is
encoded with an RC code and broadcasted to all users on
L links. It should be noted that in this scheme Lall = L. The
example in Table IB motivates this approach. While SC with
L = 2 uses eight links in total without retransmissions, our
aim is that an RC multiplexing strategy utilizing only six links
in total achieves the same success probability. We will derive
these probabilities subsequently and provide a comparison of
both approaches in Section VI.

A similar outcome could be achieved with a K-out-of-K̃
erasure code. However, this would require to fix the code
rate a priori. RC provides the advantage that further packets
can be added as necessary. The scheme can adjust to the
number of available resources in a flexible manner and, instead
of retransmissions, additional packets are generated and sent
jointly to all users who have not been successful yet, even
though different users might have lost different packets.

4Assuming that there is a sufficient number of channels available.
5As the proposed transmission scheme requires the knowledge of all data

that has to be transmitted, it is only feasible for the DL. This approach does
not induce any privacy issues, as the transmitted data has to be protected
in wireless communications by other means, e. g., encryption, anyways.. The
multi-user UL is not considered here and could be implemented using the
single-user scheme from Section IV-A.
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2) Distribution of Required Radio Resources and Time
Slots: According to the scheme described above, a user
receives encoded packets belonging to all users of the system,
decodes all of them, if sufficiently many packets have been
received, and picks the ones that are of interest for this specific
user. In principle, it is sufficient to collect only packets until
the users’ packets can be decoded. However, we consider
the condition that all original packets can be decoded, even
though the data of other users is not of interest, because the
analysis is much more tractable analytically. Hence, an upper
performance bound is being derived.

Analogously to (17), the CDF of the number of required
sent packets for a successful transmission, for a single user
within this scheme can be derived by inserting K = Kall:

FSu
(M) =

M∑
m=Kall

pdec(Kall,m)prx(m,M). (23)

For the entire system, the number of required packets is
determined by the user who needs the most packets as the
last ACK completes the transmission. Hence,

S = maxSu, FS(s) = P {maxSu ≤ s} =

U∏
u=1

FSu(s).

(24)

The PMFs of required radio resources and time slots of the
entire system follow from (18)-(20).

C. Feedback and Signaling Overhead

For both described approaches in Sections IV-A and IV-B,
the required feedback and signaling overhead behaves as in
the single-user case (cf. Section III-B3). However, for SC,
it cannot be obtained from the overall time slots, since the
max operator hides the fact that some users might finish
earlier. Therefore, the radio resources have to be considered:
NNACK = R

L−Kall. Optionally, NACK = Kall ACKs might be
transmitted. In contrast, for RC only one overall ACK per user
is required, i. e., NACK = U and no NACKs are necessary.

The signaling overhead is comparably low. In all schemes,
users need to know on which channels they have to listen.
However for RC, each user listens to more, but the same
channels. Furthermore, the users need to know the total
number Kall and the IDs of their own packets.

D. Computational Complexity

Especially for the multi-user multiplexing, the complexity
at the user terminals should be discussed. This approach
entails solving a linear system with Kall equations. With this,
Gaussian elimination would be bounded by O(K3

all) arithmetic
operations. However, the matrix rows are only bits and, instead
of floating point multiplications and additions, only xor oper-
ations are required, allowing a very efficient implementation
that also does not suffer from numerical issues. By doing the
element-wise xor in a row at once, e. g., through a 64-bit xor,
the computational effort can be greatly reduced by this factor,
such that the complexity rather appears quadratically for small
K. Furthermore, by tracking the performed operations, new

columns due to additionally received packets, can be efficiently
added to the decoding process without starting all over again.

V. SIMULATION SCENARIOS

In order to validate the derived models and to evaluate the
performance of the considered schemes under time-correlated
channels, numerical simulations were performed. For the sake
of comparability, we evaluated the single-user scenario with
the same parameters as in our previous work [40]. This
way, we provide a correction to the flaw that was included
therein. The scenario is recapped in Section V-A. However,
for the multi-user scenario, we decided to extend the simu-
lation settings by adding interference and using WiFi 6 as a
realistic communications standard. The simulation parameters
are specified in Section V-B.

With these two different configurations we also show a
broader applicability for the proposed schemes. However, it
should be noted that the feasibility rather depends on the
(stochastic) characteristics of packet loss than on the technical
details of the specific implementation, as the schemes are
implemented on the application layer and thus technology-
agnostic.

A. Simplified Communications Scenario

The scenario consists of three BSs located with an inter-site
distance of 100 m, positioned at the vertices of an equilateral
triangle. The BSs transmit with the constant power of 49 dBm.
In order to obtain the average receive power Pavg from each
BS at a given location, a standard 3GPP path loss model
from [45] is used. A device uses the L strongest links, based on
its measured average receive power Pavg, i. e., spatial diversity
is used. The average receive power from the path loss model
also serves as an input for simulating independent Rayleigh
fading channels. The communications system is assumed to
operate at the carrier frequency fc = 2.4 GHz. A device
speed of v = 10 m s−1 is assumed, leading to an approximate
coherence time of Tcoh ≈ 5 ms according to [46, (5.40.c)].
We differentiate between the time correlated and uncorrelated
case by setting the sample time to Ts,crr = 0.1 ms and
Ts,uncrr = 10 ms, respectively. The classical Doppler spectrum
is used, which relies on the assumption that various indepen-
dent multi-path components arrive at the receiver solely in the
horizontal plane, with equally distributed angle of arrivals and
with no distinguishable time difference between the individual
multipath components.

In this proof-of-concept scenario, a simple criterion is used
to determine whether a packet is received correctly or not.
Whenever the instantaneous receive power P (t) at a time
instant t is larger than a given threshold Pmin = −55 dBm,
i. e.,

P (t) ≥ Pmin (25)

the packet transmission starting at time t is considered suc-
cessful and lost otherwise. A more sophisticated approach is
described in Section V-B, where a WLAN setup is simulated.
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TABLE II: WIFI 6 SIMULATION PARAMETERS.

Parameter Value

Channel model

Fading flat Rayleigh fading
Doppler classical
Carrier frequency 5.2GHz
Relative velocity {1m s−1, 30m s−1}

PHY-transmitter

Modulation and coding MCS0 (BPSK, code rate 0.5)
System bandwidth 20MHz
Resource unit size 26 subcarriers
PPDU size 30Byte
Guard interval 0.8 µs
Channel coding binary convolutional coding
Transmit antennas 1

PHY-receiver

Receiving antennas 1
Carrier frequency offset none
Timing synchronization realistic
Frequency synchronization pilot phase tracking
Channel estimation mode 2xHE-LTF

Based on the criterion (25) and the Rayleigh distribution, the
PLR of each link l can be expressed as

p̄tx,l = 1− exp

(
− 1

Pavg,l − Pmin

)
. (26)

In order to elaborate on the impact of differently strong links
we consider two configurations:
(A) A device is located at the center of the three BSs, leading

to an equal PLR p̄tx,l = 0.11 on each link (l ∈ {1, 2, 3}).
(B) A device is located at a fixed location 17 m away from

the center. With this, the PLRs with respect to the three
BSs are p̄tx,1 = 0.04, p̄tx,2 = 0.11, and p̄tx,3 = 0.24.

To obtain statistics, NU = 106 channel realizations are
simulated. In each, K = 10 packets have to be transmitted
and retransmissions are performed until the transmission is
successful. The choice K = 10 turned out to already offer
benefits in the single user case as will be shown in Sec. VI-A.
The impact of the packet number will be discussed in more
detail in Sec. VI-D.

B. WLAN Scenario

In order to assess the multi-user scenario, MathWorks’
WLAN toolbox from MATLAB r2018b was utilized to produce
more realistic packet error sequences. Not only fast fading,
but also the interference from other WLAN transmissions
was taken into account as a cause of failure. Therefore, the
evaluation does not rely on a simplified condition like (25) but
rather on the simulation of a practical system.

For this assessment, the parameters for generating the
channel were altered compared to Section V-A to reflect a
realistic WLAN scenario. Devices are placed at a position in
the area between three APs at the corners of an equilateral
triangle, which are separated by an inter-site distance of 50 m
from each other. The position is moved from the center to
the location at the distances of 17, 35, and 39 m to the three
APs, respectively, such that there is a strong serving AP
and two weaker interfering APs. We do not further vary the
positions and signal strengths here, as this would involve many

additional degrees of freedom. A more general analysis is left
for further studies.

To investigate correlated and uncorrelated channels in time,
two different velocities of the devices are considered, i. e.,
vcrr = 1 m s−1 and vuncrr = 30 m s−1, respectively. With
this configuration, a PLR of approximately p̄tx,1 = 0.11
is achieved for the serving AP in the uncorrelated case.
This value is plugged into the analytical equations for their
evaluation.

WiFi 6 packets are generated and transmitted over the
simulated channel realizations. WiFi 6, also known as
IEEE 802.11ax, is the successor of IEEE 802.11ac and
IEEE 802.11n, which are widely spread and can be found
in almost every consumer device today. We have chosen
WiFi as a communications standard for evaluation, due to its
extreme dissemination. Consumer communications standards,
like WiFi, already find application in certain industrial sce-
narios [47]. URLLC applications in particular could benefit
from the novelties introduced in WiFi 6 as analyzed in [48].
One of the major novelties is the addition of orthogonal
frequency division multiple access (OFDMA), which was now
incorporated in WiFi for the first time. With OFDMA more
users can be served in parallel and more finely granulated
resources can be provided.

The PHY configuration for this scenario was chosen to allow
for a reliable operation and is briefly explained here. Packets
are generated with the smallest possible system bandwidth of
20 MHz. The available bandwidth is divided among the max-
imum number of users for this bandwidth U = 9, therefore,
each user is getting 26 subcarriers for payload transmission as-
signed. The smallest available modulation and coding scheme
(MCS) utilizing binary phase-shift keying (BPSK) modulation
and code rate 0.5 is chosen, which allows for the most robust
transmission. For channel coding, the available convolutional
code was preferred and the smallest available guard interval of
0.8 µs was used to generate the packets. To keep the scenario
simple we are not using MIMO and instead are transmitting
and receiving with a single antenna. The receiver implements
realistic time- and frequency synchronization. Furthermore,
frequency synchronization is improved by using the pilots in
the data portion of the packet. A reduced channel estimation
mode is used, where channel estimation is only carried out
for every second subcarrier and interpolated in between. This
achieves good results in channels with low frequency selectiv-
ity as used here, while reducing the overhead of the preamble.

The generated packets of the serving AP are interfered by
WiFi 6 packets from two neighboring APs. The packets of
the interfering APs are generated with the same parameters
as for the serving AP. To prevent that synchronization fields
of the interfering APs add up constructively to the desired
transmission and hence improve decoding probability, the
packets of the interfering APs are randomly delayed in time
domain for each sent packet. It is assumed that both interfering
APs transmit one packet after another without any break
between the transmission.

The link realizations of NU = 105 users have been
simulated for each setting to obtain the statistics. However,
since multiple users are served simultaneously, the number of
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realizations for the statistics is only Nsim = NU

U . The main
simulation parameters are summarized in Table II.

VI. NUMERICAL VALIDATION AND EVALUATION

Based on the simulation scenarios from Section V, this
section provides a numerical validation of the derived models
and a comparison of the considered schemes with respect to
their efficiency.

A. Single User

At first the considered schemes will be studied in a single-
user scenario. Thereby, we revise our previous work in [40].
The results are depicted in Fig. 4. The figure shows the CCDFs
of required radio resources R and required time slots T for a
successful transmission of K = 10 packets in the upper and
lower part, respectively. On the left hand side, i. e., subplots (a)
and (b), channels without correlation in time are considered. In
contrast, the remaining subplots on the right were generated
for correlated channels in time. Accordingly, only the axes
on the left contain markers that indicate analytical model
results as our mathematical framework is only applicable in
the uncorrelated case. As a last differentiation, the experiments
were conducted for the single user scenarios (A) and (B), i. e.,
equally strong (a,c) and differently strong links (b,d).

1) Uncorrelated Channels in Time: First, it can be observed
that all analytical results, which are indicated by markers,
match the empirical CCDFs from simulations very well. It
also becomes evident that analytical values are available for
much lower probabilities, since simulations become infeasible
for extremely low outage rates (each additional order of
magnitude in the CCDF increases the computation time by
approximately 10). For the same reason, the simulation results
are less reliable for the tail values of the empirical CCDF.

As for the radio resources, from the upper subplots in (a)
and (b) it can be observed that the curves of the RC schemes
start much earlier to decline than their SC counterparts for
L ∈ {2, 3}. This is reasonable, because the MC schemes based
on SC require at least K · L radio resources for a successful
transmission. Depending on the receiving conditions and the
decoding probability, the RC schemes require much less radio
resources in most of the cases. For equally strong links, both
RC curves meet the SC curve of L = 2 at a CCDF value of
approximately 10−3, meaning that less resources are required
in around 99.9 % of the cases. In this regard, SC with L = 3
performs even worse. Thus, even though the curves are less
steep for RC than for SC, their advantage up to very high
percentiles renders RC a much more efficient scheme6. This
finding is confirmed by comparing the mean values, which
are indicated by filled markers. It can further be noted that

6It should be noted that the CCDF plots should not be confused with
reliability plots. The focus here lies rather on the resource efficiency, as
reliable transmissions can be ensured with fewer resources in the majority
of the cases, which is an important issue with respect to the system capacity
with multiple URC users or users from other services who can benefit from
the saved resources. The low CCDF values only become an issue if there is
also a latency constraint. As it will be shown in the subsequent sections, the
RC schemes outperform SC also at lower CCDF values when multiple users
are present.

for equally strong links, the curves of the RC schemes only
differ in the step size, since without correlation, it does not
matter on how many links data is distributed. For unequally
strong links, SC and RC show a similar behavior as before
for L = 2. However, RC with L = 3 suffers from the bad
performance of the weak third link.

So far, the single-link scheme (SC, L = 1) was not
considered. In terms of radio resources it outperforms all
other schemes as expected, as it only transmits exactly what
is needed through retransmissions. However, the figure does
not reflect the fact that each retransmission requires a NACK
on the feedback channel. Therefore, additional radio resources
are required for SC, which are not included in the CCDF of
radio resources. Thereby, it should be noted that even though
the feedback messages carry less payload than data packets,
they have to be transmitted very reliably, and failures in the
feedback have an additional negative impact, which was not
studied here. Furthermore, the entire transmission may take a
very long time, also leading to a longer allocation of feedback
resources. This is shown in the lower part of the figure,
where the distributions of time slots are depicted. Here, single
connectivity exhibits the worst performance.

Regarding the time slots, the schemes with L = 3 finish
earlier than L = 2, as they use more frequency diversity
and, thus, require less diversity in time. By definition, the
SC schemes require at least T = K time slots for the entire
transmission. Again the slopes, which become more steep with
each link, are less steep for the RC schemes. However, they
can benefit from their head start. If latency is an issue, the
number of links could be increased even more, such that
available data is distributed in the frequency or spatial domain,
leading to an earlier and steeper decrease of the RC curves.
Furthermore, the time slots are an indicator for the number of
required NACKs for the SC schemes by looking on the time
slots exceeding K = 10. Here, a benefit of the RC schemes
becomes evident, as they always require only one ACK.

2) Correlated Channels in Time: As the modeling was
only carried out without time correlation, no model results
are available in this case. Now, the behavior changes a little.
Regarding the radio resources, the RC schemes outperform
their SC counter parts in approximately 90 % of the cases and
in the mean. In the higher percentiles there is a region, where
SC shows better performance, after which both schemes share
approximately the same tail. It should be noted that, due to
the log scale, the major 90 % part takes only a small part of
the figure.

Due to the time correlation, all schemes exhibit very long
tails, as devices may become stuck in deep fades, which lead
to many consecutive packet losses. By adding more links, it
is not possible to avoid them completely, but the probability
can be lowered by an order of magnitude, as long as the links
are strong enough. As it can be seen in Fig. 4d (top), the
performance of L = 3 suffers from utilizing the weakest third
link by wasting resources there. Utilizing more links also leads
to a steeper decrease of the tails for the time slot distributions.
Here, the RC schemes provide an efficient way to add more
links to benefit from these diversity gains.
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Fig. 4: Distributions of required radio resources R and time slots T . Results are shown for equally (odd) and unequally strong links (even), respectively.
Furthermore, the experiments are conducted with (right) and without time correlation (left). The legend applies to all plots. Markers indicate model results
and mean values whereas lines refer to simulations. The figure revises the results of our previous work [40].
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Fig. 5: Evaluation of the multi-user approach that simply extends the single user case for K = 10 packets and L = 2 links per user.

B. Single-User Scheme in a Multi-User Scenario

As now the number of users is introduced as another
degree of freedom, we restrict the parameter space by only
considering equally strong links and focusing on the schemes

with L = 2, as they have shown the best performance in the
single user case. The results are depicted in Fig. 5 for the
required radio resources (top) and time slots (down), as well
as in the cases with uncorrelated (left) and correlated (right)
channels in time.
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First, it can be noted that again the model (markers) and the
simulation results (lines) match very well in the uncorrelated
case. Also, the model can go far lower with respect to
extremely low probabilities (as desired for URC) and the
empirical CCDFs become inaccurate at the tail.

Second, when looking at the radio resources, the behavior
is similar to the single-user case. However, the gaps between
both schemes increase with the number of users, leading to
much later intersections of the curves (up to almost impossible
probabilities), which was expected, as the curves result from
a convolution of the single-user case (cf. (21)). This effect
is also called statistical multiplexing, i. e., the total number
of required radio resources (which is related to the system
capacity) is not just the single-user performance times the
number of users. In particular, the distribution tail performance
is much better than this product, since it is very unlikely that
all users experience the worst case scenario. To see this, one
can exemplary compare the RC curves in Fig. 5a (top) at
the probability 10−4. Whereas one user requires 30 or less
resources in 1 − 10−4 of the cases, eight users require 140,
which is only a factor of less than five instead of eight. For
the correlated case (Fig. 5b top) the factor at the same values
is only three.

Third, the time slot behavior is also similar to the single-
user case. However, now the single-user results are combined
by a maximum operation (cf. (22)). Thereby, only the worst of
the users is considered, leading to curves that are very close to
each other, especially for higher number of users. Accordingly,
the RC schemes perform better up to a high percentile. Only
in the correlated case, there is an area (approximately 50 % to
90 %), where the RC schemes take slightly longer for a higher
number of users.

Lastly, it should be noted that the total number of NACKs
for SC cannot be read directly from the time slots plots
anymore, as they are showing only the maximum number of
feedbacks of all users. However, the total number of NACKs
is included in the radio resources, as it is the number of radio
resources exceeding the total packet number (Kall = K · U )
divided by the number of links. Thus, the radio resources plots
of SC are only a shifted and scaled version of the feedbacks.
Hence, as the gain in radio resource usage increases with
the number of users, it likewise improves for the feedback
efficiency.

C. Multi-User Multiplexing Scheme

The power of multiplexing gains could be already observed
in the previous section, where it just came from considering
multiple users together statistically. Now, we study our ap-
proach where we multiplex the data of multiple users together.
As this increases the total amount of data, we can decrease
the data per user that is involved to K = 5.

We also change the number of links to L = 6 for the RC
scheme, while keeping two links for SC per user. This might
seem unfair at the first glance, but in the RC scheme all users
share the same resources (even though they have different
receiving conditions), such that the RC always uses six links in
total, no matter how many users are in the system. In contrast,

the total number of links increases for SC. However, applying
the total number of links from the respective SC scheme, might
render unrealistic for higher numbers of users, since RC users
would have to be able to listen to many links (unnecessarily).

The results are depicted in Fig. 6 with the same discrimina-
tion into subplots as in Fig. 5. As with the previous studies, the
model is confirmed by the simulation results and the model
can go to much lower probabilities whereas the simulation
results show inaccuracies at the tail.

Compared with Fig. 5 all x-axes are scaled down, which
is mostly due to the fact that we decreased the payload K
of each user. However, for the RC schemes more significant
gains with respect to the radio resources can be observed for
a higher number of users.

In the time-correlated case (Fig. 6b top), the RC schemes
now exhibit steeper slopes than their SC counter parts. This
is due the fact that now all users can benefit from a higher
diversity in frequency, as they can all use L = 6 links.
Consequently, higher diversity gains can be observed even
though less links may be utilized in total (for more than three
users).

As for the time slots, the situation now differs for RC, since
here the payload now increases with each additional user and
so it is not just the maximum of the single user performance
anymore. Accordingly, a few more time slots are required in
both the time-correlated (Fig. 6b) and uncorrelated (Fig. 6a)
case for five or more users as a price for the more efficient
scheme. This comes also from the fact that only L = 6 links
are used in total, such that the overall payload has to be
distributed more over time. Hence, if the time is important,
this behavior can be easily improved by spending more links
to all devices, as long as this is technically feasible, which
would also further improve the slopes in the correlated case.7

Compared to the SC scheme, which uses 16 links in total for
eight users, there is still some potential.

In this regard, it should also be noted that devices which
are not capable in listening to so many links, could be easily
included into this scheme without further ado. Since the RC
scheme is flexible by definition, such a device could just use
some of the links, which of course comes with performance
degradation, but does not require any additional management.

Considering the feedback, the RC scheme with multiplexing
renders the same efficiency as discussed in Section IV-A. Each
user only has to send an ACK as soon as the relevant data can
be decoded, whereas the SC schemes require NACKs for each
failed packet transmission.

D. Impact of Parameters K, L and PLR

Lastly, the impact of varying parameters on the multiplexing
scheme is discussed. Therefore, mean values are plotted in
Fig. 7 to reduce the number of curves, even though this
approach hides the tail behavior. In general, correlation in time
has only little impact on the mean values, as it mainly affects
tails behavior, i. e., values with extremely low probabilities.

7The radio resources would not be affected by changing the number of
links in the uncorrelated case except for the step size, because again it does
not matter on how many links the data is distributed.
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Fig. 6: Performance evaluation of the multi-user multiplexing approach for K = 5 packets per user. The SC scheme provides L = 2 links per user, whereas
for RC all users share a fixed number L = 6 of links, i. e., the data is broadcasted.
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Fig. 7: Impact of different parameters on the mean performance of SC (blue) and RC with multiplexing (red). Solid and dashed lines refer to uncorrelated
and correlated channels, respectively. The value in the middle always denotes the default.

Therefore, solid lines (no correlation) and their dashed coun-
terparts (with correlation) almost coincide.

Fig. 7a clearly shows an increasing gain on resource effi-
ciency of RC over SC with increasing packet number K or
number of users U . In particular, for a low number of users
U , a certain packet number is required to be able to observe
an outperformance of RC over SC. For instance K = 3 (5)

packets require at least three (two) users to be more efficient
with respect to the mean and is equal otherwise. However, this
gain has to be traded off with the number of time slots (cf.
lower part).

The number of links L clearly increases the resource usage
of SC (cf. Fig.7b), but has almost no impact for RC, as
resources are just distributed more in frequency than in time.
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Consequently, the link number is a good means to reduce
the number of required time slots. Furthermore, a higher L
improves the tail performance (not visible in the mean plot).
This way, the RC scheme offers much more diversity to all
users at a relatively low cost in terms of radio resources.
Thereby, the scheme enables a simple way to always utilize
all available radio resources.

For different PLRs (Fig. 7c) the device was moved, leading
to p̄tx ∈ {0.22, 0.11, 0.06} on each link in the uncorrelated
case. For SC the impact on the mean is small, since with to
links the chances of losing a packet are small for all considered
PLRs. However, for RC the gains over SC increase with lower
PLR, as it benefits more from the single link PLR.

VII. CONCLUSION AND OUTLOOK

In the light of ultra-reliable communications (URC), adding
diversity through multi-connectivity (MC) is one if not the
best enabler. However, redundancy usually implies wasting
resources in conditions where it turns out that it was not
necessary, leading to inefficient use of radio resources. In order
to recapture efficiency, we have proposed strategies to apply
rateless codes (RCs) to URC, which by their nature adapt the
code rate to the conditions at hand. Our analysis comprises
both, single- and multi-user scenarios, and our proposed
schemes have shown significant benefits, when compared to
selection combining (SC).

In particular, the RC schemes are more efficient, as they
require fewer resources in the majority of cases and in the
mean. As for the required feedback, they always outperform
SC. The achievable gains can be further improved, when more
than one user is considered. Thereby, the total capacity of the
system is increased.

In general, the benefits of the proposed RC schemes are
increased under a higher payload, either by combining more
packets of one user or by adding users to the code. Further-
more, our multiplexing scheme requires fewer packets per
user, making it more attractive for low-latency applications.
For time-correlated channels, the multiplexing scheme has
the additional benefit of all users enjoying greater frequency
diversity.

Our multi-user multiplexing approach is primarily limited
by the maximum number of parallel links that devices are able
to utilize. However, our approach can be applied at the applica-
tion level and does not require strict coordination among links.
This facilitates combining different radio interfaces to obtain
more parallel links. Furthermore, devices that support only few
parallel links can easily be integrated into the scheme. Also,
additional links (e. g., from other base stations (BSs)) can be
easily added, for instance, to prepare handovers.

Our models can help engineers tailor wireless systems to
their requirements, available resources, and expected channel
conditions (e. g., with respect to packet loss and correlation)
more efficiently. Depending on the application, they may find
a suitable trade off between time and frequency diversity.

These benefits can be achieved at the comparably low
cost increased decoding complexity and little to no signaling
overhead. We expect the complexity increases to be very

manageable. However, if complexity becomes an issue, raptor
codes may be a good alternative to random linear fountain
codes, as raptor codes feature linear encoding and decoding
as well as excellent decoding probabilities. The use of raptor
codes in this manner is left to future work.

Further studies may investigate more realistic scenarios,
e. g., including mobility, correlation in space and frequency,
and maybe use sophisticated system-level simulators or real-
world radio testbeds. We also see potential in studying the
feedback process and optimizing the generator matrix based
on acknowledgements (ACKs) at a packet-level for the RC
schemes.
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André Noll Barreto (Senior Member, IEEE) re-
ceived the M.Sc. degree in Electrical Engineering
from Catholic University (PUC-Rio), Rio de Janeiro,
Brazil, in 1996, and the Ph.D. degree in Electrical
Engineering from Technische Universität Dresden,
Germany, in 2001. He held several positions with
academia and industry in Switzerland (IBM Re-
search) and Brazil (Claro, Nokia Technology Insti-
tute/INDT, Universidade de Brası́lia, and Ektrum)
before joining the Barkhausen Institut, Dresden,
Germany, in 2018. He was the Chair of the Centro-

Norte Brasil Section of the IEEE in 2013 and 2014, and the General Co-Chair
of the Brazilian Telecommunications Symposium in 2012.

Gerhard Fettweis (Fellow, IEEE) received the
Ph.D. degree under supervision of Prof. H. Meyr’s
from RWTH Aachen in 1990. He has been the
Vodafone Chair Professor with TU Dresden since
1994 and the Head of the Barkhausen Institute since
2018. After one year with IBM Research, San Jose,
CA, USA, he moved to TCSI Inc., Berkeley, CA,
USA. He coordinates the 5G Lab Germany, and has
coordinated two German Science Foundation (DFG)
centers at TU Dresden, namely cfaed and HAEC.
In Dresden, his team has spun-out seventeen start-

ups, and setup funded projects in volume of close to EUR 1/2 billion. In
2019, he was elected into the DFG Senate. His research focuses on wireless
transmission and chip design for wireless/IoT platforms, with 20 companies
from Asia/Europe/U.S. sponsoring his research. He also serves on the board
of National Instruments Corp, and advises other companies. He is a Co-Chair
of the IEEE 5G/Future Networks Initiative, and has helped organizing IEEE
conferences, most notably as a TPC Chair of ICC 2009 and TTM 2012, and
as a General Chair of VTC Spring 2013 and DATE 2014. He is a member
of the German Academy of Sciences (Leopoldina), the German Academy of
Engineering (acatech), and received multiple IEEE recognitions as well has
the VDE ring of honor.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TWC.2021.3069669

Copyright (c) 2021 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.Authorized licensed use limited to: Carleton University. Downloaded on April 28,2021 at 15:17:46 UTC from IEEE Xplore.  Restrictions apply. 


