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ABSTRACT Recently, the paradigm of massive ultra-reliable low-latency Internet of Things (IoT) commu-
nications (URLLC-IoT) has gained growing interest. Reliable delay-critical uplink transmission in vehicular
IoT is a challenging task since low-complex devices typically do not support multiple antennas or demanding
signal processing tasks. However, in many IoT services, the data volumes are small and deployments may
include massive number of devices. For this kind of setup, we consider on a clustered uplink transmission
with two cooperation approaches: First, we focus on scenario where location-based channel knowledge
map (CKM) is applied to enable cooperation. Second, we consider a scenario where scarce channel side-
information is applied inuplink transmission. In both scenarios we also model and analyse the impact of
erroneous channel information. As being different from the existing literature, in the performance evaluation,
we apply the recently introduced data-oriented approach in the context of short-packet transmissions over
vehicular IoT networks. Specifically, it introduces a transient performance metric for small data transmissions
the so-called delay outage rate (DOR), where the amount of data and available bandwidth play crucial
roles. Results show that cooperation between clustered IoT devices may provide notable benefits in terms
of increased range. It is noticed that the performance is heavily depending on the strength of the static
channel component in the CKM-based cooperation. Also, it is shown that the channel side-information
based cooperation is robust against changes in the radio environment but sensitive to possible errors in
the channel side-information. Even with large IoT device clusters, side-information errors may set a limit
for the use of services assuming high-reliability and low-latency where DOR is the relevant metric. The
analytical derivations are validated through corresponding Monte Carlo numerical simulations, with only
minor differences at low probability values.

INDEX TERMS 6G, channel knowledge map, channel side-information, coordinated transmission, data-
oriented approach, erroneous side-information, rice fading.

I. INTRODUCTION

The Internet of Things (IoT) is an umbrella term for con-
cepts connecting various physical objects and devices to the
internet and allowing them to collect and exchange data.
While IoT is an critically important field for future re-
search, several comprehensive surveys with different focus
areas and aspects of IoT have been published including 5G

IoT [1] and 6G IoT [2], as well as many special topics
such as ultra low-power communications [3], machine-type
communications [4], IoT system autonomy [9], satellite and
aerial-integrated systems [5], [6] and reconfigurable intelli-
gent surfaces (RIS)-integrated mechanism [7], [8].

As noticed in the cellular communication research commu-
nity, the IoT equipment can be divided into ‘high-end’ and
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’low-end’ devices with different kind of quality of service
(QoS) requirements. The collection of environmental data,
for example, is typically carried out by sensors that on one
hand admit low transmission power on narrow bandwidth, on
other hand, the collected data is not aging in milliseconds
and communication is mostly delay tolerant. In contrary, if,
e.g., sensor data from a large machinery is used for wire-
less control purposes, then demanding QoS requirements in
terms of reception reliability and low communication la-
tency are faced. While delay tolerant IoT communications
has been extensively studied, the paradigm of massive ultra-
reliable low-latency IoT communications (URLLC-I0T) has
also gained growing interest recently. In 5G domain the dis-
cussion on URLLC already covered some IoT use cases [10]
but topic is more integral part of the 6G development [2], [33].

A. COLLECTING CHANNEL STATE INFORMATION

Executing a reliable delay-critical transmission in IoT is a
challenging task. The low-complex devices are typically not
supporting multiple antennas and demanding signal process-
ing tasks. Yet, there are two aspects that can help supporting
URLLC in the IoT domain. First, in many IoT services the
data volumes are small. Second, the IoT deployments may in-
clude massive number of devices. Due to small data volumes,
the maximisation of link capacity is not the first priority as in
e.g., massive MIMO applications but emphasis is merely in
the link reliability. Furthermore, the large number of IoT de-
vices potentially support cooperative transmission approaches
even though it must be considered that cooperation cannot
assume very sophisticated methods or radio resource inten-
sive information exchange between receiver and transmitting
devices due to device capability constraints. Accordingly, we
focus on an approach where a reliable low-latency uplink
transmission is executed by a group of clustered and cooper-
ating IoT devices where successful cooperative transmission
requires only scarce location or channel side-information. To
account for more realistic scenarios, we also consider in-
complete and erroneous side-information in the transmitting
cluster. In this respect, two approaches are utilized in the
collection of environmental data; a CKM-based approach [11]
and feedback-based cooperation.

1) CKM-BASED APPROACH

While joint transmission is typically based on either direction
information or channel feedback from the receiver, recently
a new concept of CKM has been introduced. Particularly,
the CKM represents a development of the radio and/or built
environment aware communications, see e.g., [12], [13], pro-
viding from a database certain channel-related information for
transmitter-receiver pairs. It is envisioned that CKM-enabled
communications could even replace the need for real-time
channel state information (CSI), e.g., when channel path in-
formation for a specific transmitter-receiver pair is known,
including the number of significant channel paths and their
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powers, phases and delays [14]. From the CKM perspec-
tive, a favourable scenario takes place when there exists a
strong line-of-sight (LoS) between the transmitter and the
receiver. In such a situation the path loss amount between
the transmitter and the receiver can be easily computed if
locations are known. However, since [oT devices are typically
power limited, the path loss information as such may provide
only understanding on the power gap that transmitter needs
to overcome for a successful reception. To tackle this kind
of challenges cooperative transmission methods can be used
especially if IoT devices are deployed in the clusters. A com-
prehensive overview on environment-aware communications
enabled by CKM is provided in [15] in the context of 6G.

2) FEEDBACK-BASED COOPERATION

Since the CKM-based approach has its limitations as men-
tioned above, feedback-based cooperation in cluster of IoT
devices is considered as well. Even though multiple-input
single-output (MISO) with co-located antennas is a well stud-
ied topic [16], [17], the use of explicitly defined simple
methods with quantised channel information has not been ex-
tensively studied. Such methods are typically suboptimal but
they provide a good insight on the impact of feedback quan-
tisation and erroneous channel state information [18], [19],
[20], [21]. Low resolution feedback is an especially attractive
choice for IoT networks because therein a limited reverse
channel capacity may set strict constraints for feedback data
volume. When compared to the CKM-based approach, the
usage of explicit feedback from the receiver has a clear supe-
riority when LoS is weak and corresponding channel contains
a fast-fading component. On the other hand, the drawback of
this cooperation lies in obtaining channel information in the
receiver where it may require generating training or sounding
signals in the IoT devices which introduce consuming both
limited radio and power resources. In addition, the feedback
information is vulnerable to errors occurred in the reverse
channels and the channel sounding signal from an individual
IoT device might be also too weak for a reliable reception
in the receiver. Recently, deep learning has been introduced
into CSI compression and feedback in practical scenarios for
enhancing the feedback performance [22], [23].

B. DATA ORIENTED APPROACH: DELAY OUTAGE RATE

Latency requirements in the evolution of 5G and the devel-
opment of 6G have driven renewed interest in short block-
length transmissions. In these scenarios, relying on long-term
average channel characteristics may not accurately reflect ex-
pected performance because data transmission sessions often
occur within a single channel coherence time or even shorter.
As a result, the amount of data and available bandwidth
become critical factors in individual transmissions, giving
rise to data-oriented communications as a novel perspec-
tive in wireless transmission. Considering IoT transmission
sessions are generally very short and have diverse QoS re-
quirements, average-based approach is not suitable for those
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transmissions [24]. In this respect, a new concept called as
data-oriented approach was introduced for the design and
analysis of advanced wireless systems [25], [26] where data
transmission sessions complete within one channel coherence
time over short packet transmission sessions. Basically, this
concept is simply representing a new way to look at the
link performance from the transmission delay outage point
of view and authors in [25] named it as the Delay Outage
Rate (DOR) which refers the probability that the required
information delivery time for a specific transmission exceeds
the predefined threshold. The DOR metric for the short-packet
transmission over fading channels was presented in [27] and
inspired by it, [28] showed how the DOR expression can
be utilized for searching optimum constellation points over
a coded scenario. Furthermore, the DOR metric has been
recently utilized in the coverage analysis of reflective intelli-
gent surfaces (RIS)-aided communication systems [29] and in
visible light communication scenarios [30]. In [31], the data-
oriented approach was adopted into downlink RSMA systems
where two different precoder designs were investigated based
on the proposed DOR metric. Also, the problem of energy
consumption minimization for relaying transmission with en-
ergy harvesting-based relay from data-oriented perspective is
presented in [24] and new DOR definition incorporating with
wireless charging time has been proposed in [32].

The mentioned DOR studies provide a new perspective on
the wireless link performance and it can be used to evaluate
simultaneously reliability and latency. In simplest setting the
DOR study can be carried out straightforwardly by using
the cumulative distribution function (CDF) of the signal-to-
noise-ratio (SNR). In all mentioned studies, obtaining the
DOR expression basically falls back to finding the CDF of
received SNR. While, in this respect, it can be considered as a
simple extension of the outage probability analysis, there is a
notable technical difference. Namely, study of high reliability
and low latency require accurate knowledge of the tail of the
CDF of SNR. If the exact distribution is known, then this is
not a problem but in case when the CDF is obtained as an
approximation it is typical that approximation works well in
0.1 - 0.9 probability levels but when looking at the tail’s fit in
the logarithmic scale notable errors may occur as illustrated
in Fig. 1 where most approximations for outage probability
might not work well for the DOR region. Therefore, that
should be underlined that obtaining DOR requires an accurate
approximation of the tail of the CDF of SNR.

C. CONTRIBUTIONS

In this paper, we focus on a URLLC-IoT system, where a
cluster of IoT devices collaborates to perform reliable low-
latency uplink transmission towards an information collecting
unit (ICU), which can be either a fixed node or, for example,
aerial unmanned vehicle, a drone. The primary emphasis is
on scenarios involving Rician fading, where a LoS link is
established between the transmitting devices and the receiver
in the ICU. Then, two scenarios are considered: In the first
scenario, information from a CKM is used to roughly adjust
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FIGURE 1. The illustration of the difference between DOR and outage
probability over a CDF of SNR in the log-scale where approximated curves
fitted for outage probability might not work in the tail part.

the phases of the transmitting IoT devices. In the second one,
the IoT devices utilize quantized channel side-information
provided by the ICU receiver. Along with this, this paper is
the first study to adopt data-oriented approach into vehicular
IoT systems. To do so, the DOR expression has been initially
defined. The main contributions and novelty of this work and
article can be summarized as follows:

e We provide analytical closed-form outage and DOR
expressions for an uplink massive IoT cooperative trans-
mission model with either limited receiver locations or
inaccurate channel side-information in the transmitting
devices, and demonstrate the high-accuracy of the de-
rived expressions through Monte Carlo simulations;

® The calculations of the outage and the DOR are derived
under the assumption of Rician fading, enabling a com-
prehensive performance evaluation ranging from static
channels with a clear Line of Sight (LoS) to Rayleigh
fading cases where a dominant channel direction is ab-
sent;

® We also address and assess the benefits of considering
the data-oriented design after demonstrating the impact
of reduced side-information quality in the transmission
cluster on the cooperative IoT transmission performance.
Our findings suggest that performance degradation due
to erroneous side-information may be tolerable in terms
of outage probability, but can be critical for DOR perfor-
mance;

® We convert the presented DOR analysis into a service re-
quirement question by investigating the required number
of cooperative IoT devices for successful transmission
under the influence of side-information errors and dif-
ferent bandwidths. Additionally, we examine the effects
of packet length, an emerging aspect of the data-oriented
approach.

The rest of the paper is organized as follows: The IoT
system model and its protocol are described in Section II,
including two different scenarios which are CKM-based coor-
dination and feedback-based coordination, respectively. Then,
the uplink coordination models are introduced in Section III.
Section IV introduces the derivations of the DOR and the
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FIGURE 2. lllustration of loT system: loT devices in a cluster communicate with the ICU, coordinated by a CH.
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FIGURE 3. lllustration of the communication protocol depicting the
coordination phase, where the cluster head (CH) prepares selected loT
devices for transmission and engages in control messaging with the
information coordination unit (ICU).

outage probability expressions and DOR-based service re-
quirements are described in Section V. The numerical results
are presented and analyzed in Section VI. Finally, Section VII
concludes the paper.

Il. VEHICULAR IOT SYSTEM AND PROTOCOL

We examine a system where IoT devices are organized into
a cluster, communicating with a transceiver unit that gath-
ers information from the cluster, as depicted in Fig. 2. This
transceiver, referred to as the ICU, can be either a drone or
a stationary radio access point with the capability to utilize,
store, or forward the collected information. The primary fo-
cus of the study is on the synchronized data communication
from the IoT device cluster to the ICU. The coordination of
IoT devices within the cluster is managed by a cluster head
(CH), highlighted in red in Fig. 2. The CH engages in control
information exchange with the ICU, while the IoT devices
handle data transmission. The transmitted data packet remains
consistent across all IoT devices.

For this described system model, the communication pro-
cedure is carried out a transmission protocol given in Fig. 3.
In this protocol, the CH predominantly handles or entirely
manages the control messaging with the ICU. Such messaging
encompasses various aspects, including admission control,
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transmission timing information, and other relevant details.
These messages serve the purpose of preparing for a com-
munication session or facilitating maintenance for a more
prolonged communication between the [oT device cluster and
the ICU. During the coordination phase, the CH locally read-
ies specific IoT devices for transmission, identifying those that
will participate in the coordinated transmission. The selection
criteria for IoT devices may be based on factors such as avail-
able power resources in different devices.

After completing the initial steps, we consider two scenar-
ios for the coordinated uplink transmission:

A. SCENARIO 1

In this scenario we assume that CKM is available, with map-
ping (Zicu, Ziotp) — 0, where Zjcy and Zjotp include the
ICU and IoT device coordinates, respectively, and 0 is a phase
to be used in the transmission. That is, IoT device apply the
weight ¢/? in the transmission to ensure in ICU receiver a
coherent sum of signals from different [oT devices. The CKM
can be available either in the CH or in IoT devices. In the
first option CH carries the burden of storing and maintaining
the CKM but, on the other hand, it only needs to inform IoT
devices on the applied transmission phases. In the second
option IoT device needs to store the CKM of its own, but it
can choose the phase based on the ICU location. In either
of the cases there is no need for channel sounding or CSI
feedback from the ICU, so at least two stages of the protocol in
Fig. 3 become redundant. Those stages are denoted by dotted
arrows.

B. SCENARIO 2

After considering the CKM-based coordination requires only
the location of the ICU due to the availability of CKM either
in IoT devices (individual CKM) or in the cluster head (joint
CKM) and location based phasing may work only in case of
strong LoS. In case of weak LoS coherent signal combining
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over [oT devices may take place only if there is timely phasing
information available in the transmitting devices. Such infor-
mation can be based on the quantized phase feedback from
the ICU. Accordingly, we assume in this scenario that the
ICU sends a quantized phase information per [oT device. This
phase information is either sent directly to each IoT device
or to the CH which shares the information with IoT devices
and organizes locally the cooperative transmission later on. In
both options the phase information should contain only very
few bits since the feedback channel capacity is limited and
number of bits to fed back is increasing with number of IoT
devices.

IIl. UPLINK COORDINATION MODELS

Consider a signal model r = (h,w)s+n, where h=
(h)¥_, € CX contains complex channel coefficients. Each
IoT device admits a fixed transmission power P and w =
(v/PSyel )kK: |» Where & =1 when k' device is active
and 8; = 0 otherwise. Thus, the total transmission power
Z,’le P applied in the cluster of devices increases with
the number of transmitting devices unless we set P = Py/|§|.
Also, ¢y denotes the phase applied in the k’* device based on
the utilized side-information. Finally, s refers to the transmit-
ted symbol and n represents a complex AWGN term.

For the channel models, the following assumptions are
considered: The average propagation loss (including distance
dependent loss, shadowing and antenna gains) is the same for
all IoT devices belonged by the same cluster after considering
d >> r in Fig. 2 such that E[|h|?] = y where E[-] is the
expectation operator. Rician fading is assumed so the chan-
nel coefficients are of the form h; = g, + \/Wej“’k, where
gr represents the scattered and reflected signal part that is a
complex zero-mean Gaussian with mean power E[|gx |2] = ¥s.
Furthermore, y; > 0 is the power of the static signal part and
the amplitudes |Ax| = /¥« are independent and identically
distributed (i.i.d.) Rician random variables with the same Rice
factor v = y;/7s. The phase ¢; of the static signal part is a
sample from a uniform distribution. Yet, we assume that phase
@ 1s fixed or phase drift is so small that it can be neglected.

In a cluster, the mean path loss is identical for all devices
in relation to the ICU. This assumption is particularly valid
under LoS conditions, as the distance between the ICU and
the IoT device cluster is typically much greater than the size
of the cluster. Consequently, the path loss and the ICU antenna
gain remain nearly constant for all devices within the cluster.
The choice of Rice fading is deliberate, as it offers versatility
in modeling the fading channel. In environments characterized
by rich scattering around the ICU or device cluster, the Rice
factor may be small. Conversely, in the presence of a strong
LoS component, the Rice factor is large, resulting in an almost
static channel.

We consider two models for the use of side-information for
the CKM-based coordination and the feedback-based coordi-
nation, respectively:
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A. SCENARIO 1: CKM-BASED COORDINATION

The side-information is related to the phases {¢k}kK:1- In
CKM-based coordination, the IoT devices in the cluster have
predefined, location dependent, phase values that they apply
once the position of the ICU is known. That is, in each device
there is a scarce CKM that defines a mapping between the
ICU location and a phase weight. Another implementation
option is to store a joint CKM in the cluster head. After receiv-
ing/estimating the ICU location the cluster head informs each
device regarding the applied phase weight. We assume that
CKM is computed or otherwise defined based on pure LoS
condition. That is, if the static signal part has the phase ¢y,
then the applied phasing is ¢y = —¢y + €, where €; represent
the error emerging from the estimation and possible quantisa-
tion of the CKM information. Then, the received signal can be
expressed as

hywg = VP (gk + mejw;c) e %k
=P (gk + \/ﬁe'i‘p") e /@€
= VP (& + 7ae'"). )

It should be underlined that phasing does not impact the prop-
erties of the complex Gaussian part of the signal. That is, g
admit the same statistical properties as gi. Furthermore, if the
Rice factor is small, then it becomes apparent that the useful-
ness of the CKM information will be small as well. Since the
phase error may include contribution from many sources of
nonidealities, €, ~ N (0, 03) is assumed so the error follows
the zero-mean Gaussian distribution with variance ‘752-

B. SCENARIO 2: FEEDBACK-BASED COORDINATION

In this one, we assume that N-bit phase information is avail-
able in IoT devices. If this phase information is sent directly
from ICU to each device, then dedicated feedback channels
are needed. Another option is that the ICU send all phase
information (|§] - N bits) to the CH that then forwards the N
bits of information to each IoT device. We apply a uniform
phase quantisation: ¢y € {nw/2V" 1 :n=1,2,...,2N}. If
the phase information is error-free, then the received signal
is given by

T 4

K
(h,W) Z\/FZ&“/%é‘jek, ek’\’U(—z—N,Z—N)» (2)
k=1

where U(—a, a) refers to the uniform distribution over the
interval (—a, a). However, side-information errors may occur
and, in that case, the whole word of N bits including the
side-information to a certain device, becomes random. The
side-information word error probability is denoted by py,.

In mobility scenarios, the effects of the movement can be
introduced by higher values of 062 and p,, for CKM-based
coordination and feedback-based coordination after utilizing
the first-order auto-regressive (AR1) process given in [34],
[35], respectively.
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IV. PERFORMANCE METRICS

In this section, we present an analysis of outage probability
and the Delay Outage Rate (DOR) expression for both Sce-
nario 1 and Scenario 2. Outage probability characterizes the
likelihood of a communication system failing to meet cer-
tain performance criteria, while the DOR provides a measure
of the delay experienced during transmission. By examining
these metrics in both scenarios, we gain valuable insights into
the reliability and latency of the communication links. Fur-
thermore, we utilize these expressions to evaluate the service
quality from a user-centric viewpoint, shedding light on the
effectiveness of the communication system in meeting service
requirements.

A. OUTAGE PROBABILITY

Conventionally, the outage probability can be defined as a
probability that link rate falls below a certain predefined mini-
mum level. Assume a transmission bandwidth W and a single
data stream transmission. Then we may use the classical Shan-
non formula R = W - log, (1 + y) for an instantaneous rate R
and

Pout = P (R < Ruin)

=P (y < 2fRoin — 1) = F, (2F/Rmin 1), (3)

where F), (+) is the CDF of SNR. Analyzing outage probability
is crucial for evaluating the coverage range of a wireless ser-
vice with a specified rate requirement Ry,;,. The computation
of outage relies on the distribution of SNR. While closed-form
expressions for SNR distribution exist in classical scenarios
with single transmitting devices/antennas, incorporating prac-
tical aspects such as errors, quantized side-information, and
multiple devices poses challenges, often requiring approxima-
tions due to the complexity of the problem.

Conventionally, the outage probability in (3) is considered
in the 5%-95% range as illustrated in Fig. 1. For classical
coverage studies 5% outage probability is typical while in case
of delay tolerant IoT services even 95% packet loss maybe
tolerable if numerous re-transmissions can be used, as in nar-
row band (NB) IoT system [36], [37]. If the communication
latency is limited, then it is favorable to avoid re-transmissions
by using coordinated transmission and apply DOR to measure
the link latency. While the CDF of SNR can be used in the
computation of DOR as in case of classical coverage studies,
there is a an important practical difference. Namely, the left
tail of the SNR distribution is in a key role and if approxima-
tion is used for the CDF, then the approximation error easily
becomes the limiting factor in the DOR assessment.

B. DOR

As being different from outage probability, the DOR is defined
as the probability that the required information delivery time
for a specific transmission session exceeds the predefined
threshold [26]. Assume an ideal continuous-rate adaptive
transmission, where transmitter always transmits at the max-
imum transmission rate that the channel can reliably support.
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In such optimal rate adaptation transmission the instantaneous
rate is given by R = W - log, (1 + y). Furthermore, if D bits
are transmitted, then the data delivery time 7y is given by
T; = D/R. Following the discussion in [26] we define the
DOR as the probability

Pyor = P(Ty > Tip) = P(R < D/Ty), “4)

where 7}, is time delay threshold for the transmission. Thus,
we obtain

Pyor = P (7/ < 2D/WTth - 1) = F)’ (ZD/WT”Z - 1) )

As evident from (5), Pyor approaches to one for smaller T;j,.
However, as T;, increases, the fraction D/WT,;, becomes
small, and at a certain point, Py, decays rapidly. This behavior
is indicative, especially in a logarithmic scale, of the threshold
T;;, at which reliable transmission, such as a five-nine trans-
mission, becomes possible. At the end, to compute both the
outage probability and delay outage rate, the distribution of
the SNR seen by the receiver is required. For that purpose,
we deduce in the following accurate analytic approximations
for the SNR distribution in both Scenario 1 and Scenario 2
introduced in Section II.

1) SNR DISTRIBUTION FOR SCENARIO 1

In the CKM there is a mapping defined between the location
of the ICU receiver and the favorable phase in each device.
Since the mapping is defined in case of pure LoS, it will
impact only the static channel part while the phase of the
reflected/scattered part of the signal is random. Using (1) we
write

K K
(h,w); = /P <Z S/ vs e’ Ve + mzcskejek)
k=1 k=1
=P (g + rax - ¢IF), (6)

where subscript in (h, w){, ‘1°, refers to the Scenario 1. We
note that here g, contains the reflected/scattered signal part
and yy, x is the static part of the sum signal after the phasing
defined by CKM is used, and notation €y refers to the phase
of the static part. Since g; is composed by complex zero-mean
Gaussian variables, it is also itself a complex zero-mean Gaus-
sian with power E[|gs|?] = 7,|8|. Thus, |(h, w);] is a Rice
variable with Rice factor depending on the phasing errors
€ = (€

In what follows, we approximate the distribution of
|(h, w){| by the Rice distribution with a Rice factor vy =
Elya,s1/ Ellgs|*]. We have

K .12
)7d,2 = E [Vd,z] = Vd]E [‘ Zakejfk }

k=1

= ya (E[(8, cos€)?] + E[(8, sine)?]) (7

In order to obtain expectations of (8, cos €)? and (8, sin €)? we
need to compute E[cos” €;] and E[sin” €;]for n = 1, 2. Since
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~ N(0, 02) we have
e o2
E[coser] = / e Y cosepdey=e 2, (8)
A/ 27[06 —00

where the second equality follows by using formula (3.896.2)
of [42]. Function sin €; is odd and phase error is symmetric
around zero, implying E[sin€;] = 0. It remains to compute
E[cos? €] and E[sin? e]. By using the identities [(3.898.1-
2), [42]], we get

]E[coszek]zl 1+e_§ IEl[sinzek]zl l—e_é
2 ’ 2 '

By expanding (8, cos €)> we obtain

E[Scose Z(SkE cos’ ek + ...

K
-+ Z Z 0161 E [cos €; ] E [cos €]
k=1 I#k

1 2
= §|8| (1 +e_2> + [8[(I8] — 1)6_06.

(10)
Similarly, we get
ol
IE (6, sme ZSkIE sin’ ek |8|(1—e_2>.
(11)
The Rice factor of the approximation attains the form
= nxr_, (14 (81 = De?). (12)
Vslol

We note that Rice factor increases with the number of devices
cooperating but phase errors may crucially impact the result-
ing performance gain. The approximate CDF of SNR obtained
from Rice distribution is given in terms of the Marqum Q-

function:
Y, I
( Va2 f>,022,/5|5|3/s, (13)

where 7 refers to the approximation of |(h, w) |2. We further
note that the terms ¥, » and oy in (13) are functions of v, |3],
oc and y. Using (13) we obtain for the DOR

1% 1
Pior =1 -0 <_W”_W)

ox >

Fy)=1-

(14)

That is, for a given data volume D and bandwidth W, we can
compute the DOR as a function of delay threshold 7;,.

2) SNR DISTRIBUTION FOR SCENARIO 2

In this case, the aggregated channel is composed of complex
components that are adjusted based on the side-information
from the receiver so the central limit theorem can be utilized
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in the calculation. By doing so, the SNR of the received signal
is in the form of

y = [(h, wha|” = Re(h, w)2)® + (Im(h, w)2)%,  (15)

where subscript ‘2’ refers to feedback-based coordination and
both Re(h, w), and Im¢h, w), are composed of signals re-
ceived from |§| devices. If the number of devices is high, the
central limit theorem is utilized to approximate both real and
imaginary parts of (h, w), by Gaussian variables [41]. More
precisely, we approximate Re(h, w), ~ X, Im¢h, w), &Y
and y ~ $ = X2+ Y2, where X and Y are Gaussian with the
following means and variances:

ur = E[Re(h, w),], E
ni = E[Im(h, w)s], o = E[(Im(h
(16)

Here we note that the distribution of variable 6 in (2) is sym-
metric around zero and sin 6 is an odd function. Therefore,
wi =0 and Y2 follows the central x2-distribution with one
degree of freedom. On the other hand, 1, # 0 and X? follow
the non-central x2-distribution with one degree of freedom.
The related non-centrality parameter of this distribution is
A= u%.

From the classical theory of statistics, it is known that
the sum $ = X2 + ¥? follows the x2-distribution with two
degrees of freedom. Moreover, the related PDF and CDF of
the received signal can be expressed as

L =Y anfu(r), Fp(y) =Y anFa(y),

n=0 n=0

A7)

where the weights a,, are defined as
__Te+3) <6> <Gi2 - Grz>" (18)
T+ Driy \o o?
and the component functions f;, and F;, are defined as
1 oy\s -2 (VA
= — | — 2<7r
fn(y)_Zarz ()\.) ¢ ( 2\/—>

r Oy

Fu(y)=1-=0nn1 ( 19)

where I,(-) is the modified Bessel function of order n and
Om(-, ) is the generalised Marcum Q-function of order m
[40].

Before computing the parameters seen in (16), the impact
of an erroneous side-information is first investigated. The
side-information is composed by |§| N-bit words, each word
dedicated to a certain device. If we assume that the word error
probability is p,, and errors occur independently, then

1]

Fo)=) (' ')(1

m=0

S|—
)"

Py (vIm), (20)
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where Fj (y|m) refers to the CDF of SNR in case there are
m erroneous phasing words. We may use the formulas (17)-
(19) to compute Fy (y|m), but it is important to notice that
parameters defined in (16) will depend on the number m of
erroneous phasing words. Therefore, the definitions in (16)
for the error-free case and for the case where the phasing word
error exists should be computed.

Then, to calculate the parameters seen in (16), we have the
following

K
(h, W)z = \/F Zﬁk\/%ejek'

k=1

2

To find the required expressions, we need expectations of the
first and second power of real and imaginary parts of (h, w),.
First, to obtain u, we compute E[Re(h, w);]. Before proceed-
ing, the expected value for the amplitude of a Rician variable
is given by

B =3y (@ on(3) 4 (3)):
(22)

Moreover, in the error-free case 6 ~ Z/I(—ZLN, 2%) and we
obtain

E[cosbi] =
b4

N-1 X
2 / 2: cosfdf =sinc (27V),  (23)
N
where sinc(x) = sin(wx)/(rx). If an error occurs, then 6; ~
U(—m, ) and E[cos O;] = 0.
Assume that there are m erroneous phasing words. Then,
using (21)-(23) we obtain

—JP.(§l —my. |V % v
potim) = VP (18] = m) - [ e 2<(l+v)10(2)
Fo ol (g) )sinc(ZN)

where 1 <m < |§|. Since the sin6f; is odd function,
E[sin 6;] = 0 whether 6 ~ U(—ZLN, le) or O ~U(—m, ).
Therefore w;(m) = 0 for all m.

Next we compute the expectations of (Re(h, w)»)?> and
(Im¢h, w)2)2 seen in (16), respectively. The first one can be
expressed as

(24)

K K
(Re(h, w),)? = P Z Z Sk81/ ViV cos O cos O (25)
k=1 k=1
and thus, we need the following expectations: E[,/yx],
E[cos 0], E[y] and E[cos? 6;]. The first two were already
obtained, so it remains to compute E[cos? 6;]. If phasing word
is correct, then 6; ~ Z/{(—ZLN, 21]\,), and we find that

E [0052 Qk] = % (l + sinc (2_(N_1))) . (26)

On the other hand, if phasing word is random, then 6; ~
U(—m, ), and we obtain E[cos? 6] = 1/2. By taking the
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expectation of (25) we obtain after some elementary manip-
ulations:

1 1 1
E [(Re(h, w)»)*] :P(E my +5 (81 —m)y (l—i—sinc(m))

1 2
+(18] — m)(18] = m — DE [ 7] sinc<2_N> )

27

Similar to (26), the expected value of (Im(h, w),)? can be
derived as

E [(Im(h, w)>)*]

1 1 1
- P<§ my + 5 (8] —m)y (1 — sinc <2N—_1)) - (28)

after considering E[sin® 6;] = %(l — sinc(2~¥=D)). The pa-
rameters o,(m) and o;(m), 1 < m < |§] are obtained using
(27), (28) and the previously computed w, and ;.

V. DOR-BASED SERVICE REQUIREMENTS

Now, we would like to pave a way to employ the DOR ex-
pression for determining the number of transmitting devices
required to meet service requirements. By doing so, the fol-
lowing question will be asked:

1If, for a certain service, the DOR and delay threshold are
given, how many transmitting devices are needed to ensure
that service requirements are fulfilled?

The answer of this question lies in the following expression
(see the details in Appendix):

2
2
oo 2 S Fv)y/y
8 > == 10g(2Pgor) | 14 [1 —de™ T =i m |
18] > o 0g(2Pyor) +\/ ¢ log(2Pyor)
(29)

where the required SNR is y = 2P/WTn — 1 and (29) is valid
only if

_ -1
YV s2eo?
T >D<Wlog2 <1+ 1+v|8| e )) .
The bound (29) provides means to assess the number of re-
quired devices in cooperative transmission but it assumes that
the mean power 7 and Rice factor v of the channel are known
and standard deviation o, of the errors can be assessed. The
first two are related to locations of transmitter and receiver,
and can be obtained from the CKM-based coordination. The
standard deviation of error can be also predefined once the
CKM is formed.
If the total transmission power in cluster is kept constant,
i.e., the transmission power in IoT devices is scaled by the
number of devices, see the details in Appendix, (29) turns into

2
1 1
18] > ol (d —1og(2Pyor) ' + | Rl ?) . (31)
v vy
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Considering exponential growth in IoT devices, efficient
bandwidth allocation is required. In this respect, dynamic
bandwidth allocation was proposed for practical IoT net-
works [43]. Then, to tackle the changes during uplink trans-
mission, data-oriented approach can contribute to reduce the
information delivery time after exploiting (29) in the context
of dynamic bandwidth allocation. To do so, one can come up
with the following question:

How much extra bandwidth results in reducing the number
of required IoT devices in a given scenario?

Then, to meet the predefined the DOR and delay thresholds,
This real-time bandwidth adaptation can mitigate the impact
of fluctuations in the channel, ensuring consistently low la-
tency communication.

VI. SIMULATION AND EVALUATION

In this section, we present performance results for both Sce-
nario 1 and 2, utilizing two performance indicators. Initially,
the outage probability is investigated for both scenarios. Sub-
sequently, we delve into the results for the delay outage
rate, as discussed in Section IV-A. Although both the outage
probability and the delay outage rate employ the same CDF
approximation, it’s noteworthy that the latter typically focuses
on the tail of the distribution, necessitating a highly accu-
rate approximation for the SNR distribution. In contrast, the
classical outage probability is plotted on a linear scale, where
values and errors of the approximation are discernible around
the mean. To assess the precision of our analytical results, we
include simulated point values in each figure.

A. SIMULATION SETTING
To begin with, the mean received SNR (denoted by ) of an
individual device transmission is expected to be low. While
the value we apply in performance evaluations is —15 dB,
it could be lower especially for the CKM based phasing of
Scenario 1. Yet, if y is very small, then even scarce estimation
of channel phase in the receiver becomes difficult, making the
side-information based approach of Scenario 2 challenging.
We have scaled the transmission power in the cluster by the
number of transmitting devices. This makes easier assessing
the gain from cooperation when power gain from additional
IoT devices is ignored. Yet, we recall that, for example, with
20 IoT devices the power benefit would be 13 dB when com-
pare to a single device transmission. Furthermore, since the
focus of this work is on the system that is composed of large
number of cooperating IoT devices, we have set the number of
cooperating devices to 20 in most performance illustrations.
In Scenario 1, we assume that phasing error is composed
by factors that jointly make the error € follow the zero-mean
Gaussian distribution with standard deviation o.. Further-
more, we expect that in very rare occasions phasing errors
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FIGURE 4. Outage probability for CKM-based phasing when |§| = 20 and
Gaussian phase error with standard deviation o, = 20° is assumed. Ticks
refer to simulated values and solid curves are plotted using analytic
formulae.

only lead to destructive summation of static signal compo-
nents. This expectation is consistent with the assumption o, <
30° because then |¢| < 30, < 90° in almost all cases.

The number of information bits in each per-device phasing
word is either one or two. Using three bits would improve
results slightly but focus is more on the use of scarce phase
information, since accurate phase estimation of weak device
signal is challenging. Finally, phasing word error probability
can be high if channel coding is not used.

Finally, we note that in the DOR performance evaluations
in Figs. 6 and 9 we have set W = 200 kHz and D = 100 bits.
These parameters are compatible with, e.g., NB-IoT sys-
tem [36]. Even though NB-IoT is typically used for delay
tolerant services, it is of great interest to understand how to
enable low-latency services in similar IoT systems.

B. SCENARIO 1

In Fig. 4 we have the outage probability curves as a function
of SNR when 20 clustered IoT devices cooperate in transmis-
sion. The CKM-based phase information is incomplete and
phase error € follows the Gaussian distribution with standard
deviation o = 20 degrees. As can be expected, the strength
of the Rice factor strongly impacts on the performance. When
there is no static channel component the channel becomes
Rayleigh and outage performance is very poor, as can be
seen from part of the dashed curve that is visible. However,
it is somewhat surprising that cooperative transmission is al-
ready providing some gain when v = —6 dB. Furthermore,
the performance difference on 10% outage level between
v=0dB and v=9 dB is 4 dB while the difference be-
tween v = —6 dB and v =9 dB is around 10 dB. We also
note that the performance difference is especially large in low
outage levels. The outage probability performance of the se-
lection diversity with 20 diversity branches is presented by the
dotted curve in Fig. 4. The performance of selection diversity
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FIGURE 5. Outage probability for CKM-based phasing when |§| = 20,
v = 6 dB. Ticks refer to simulated values and solid curves are plotted using
analytic formulae.

is clearly inferior when compared to CKM based approach.
More importantly, the power gain that is obtained from multi-
ple devices transmitting simultaneously cannot be achieved in
selection diversity, since transmission power of an individual
device cannot be scaled up.

The impact of Gaussian phasing error on the outage per-
formance of cooperative transmission is illustrated in Fig. 5
assuming 6 dB Rice factor. Increasing the standard deviation
of the error from one degree to 10 degrees has only a minor
impact on the performance. However, if it increases to 30
degrees, then the performance loss becomes well visible. We
also note that our approximation works best when standard de-
viation of the error is less than 30 degrees. For larger standard
deviation the number of occasions where static components
of some IoT devices admit destructive summation increases,
degrading both the system performance and the accuracy of
the approximation. As can be seen in Fig. 5, there is already
some discrepancy between simulated and analytical results
when o, = 30 degrees.

The DOR performance results has been presented in Fig. 6.
While Fig. 4 indicated that a Rice factor decrease (e.g., from
v =6 dB to v = 0 dB) leads to small SNR losses in proba-
bility levels between 10% and 90%, Fig. 6 shows that such
decrease might be crucial for the delay threshold. If the DOR
requirement is very low (e.g., 10~ or lower), then even small
change in the Rice factor may seriously degrade the quality of
service. Thus, low-latency services are very sensitive for any
changes in the radio environment. Finally, we note that our
approximation works well in the probability range of Fig. 6.
However, if the probability range is extended to very low
probabilities, the approximation errors start to become more
visible. To reflect how the DOR performance varies in the
direction of the infinite blocklength cases, the DOR values
corresponding to D = 500 bits are also shown and the DOR
performance was degraded significantly.
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FIGURE 6. Delay outage rate for CKM-based phasing when |§] = 20 and
Gaussian phase error with standard deviation o, = 20° is assumed. Ticks
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formulae.
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FIGURE 7. Outage probability for side-information based phasing when

18] = 20 and p,, = 0.05. Ticks refer to simulated values and solid curves are
plotted using analytic formulae. The dotted curve refers to the outage
probability when selection diversity over 20 devices is applied.

C. SCENARIO 2

The outage probability results for channel side-information
based approach are presented in Fig. 7 assuming coopera-
tive transmission of 20 devices and 5% error probability for
each IoT device specific phasing word. In contrary to CKM
based cooperative transmission, phasing is now based on side-
information and, accordingly, the role of Rice factor is small.
Therefore we have only plotted curves for v = —3 dB and
v =9 dB. In side-information based approach the volume
and quality of side-information is important. As can be seen
from Fig. 7, there is a notable performance difference between
the case where only a single phasing bit is send with respect
to case where two bits are provided. Yet, increasing further
the number of bits in the phasing would not provide much
additional performance gain.
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FIGURE 8. Outage probability for side-information based phasing when
18] =20, v = 6 dB, and N = 2. Phasing word error probabilities are

p. = 0.01 (*), p,, = 0.05 (0), p,, = 0.10 (x), and p,, = 0.20 (A). Ticks refer
to simulated values and solid curves are plotted using analytic formulae.
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FIGURE 9. Delay outage rate for side-information based phasing when
18] = 20, v = 0 dB, and N = 2. Ticks refer to simulated values and solid
curves are plotted using analytic formulae.

Fig. 8 shows the impact of the impact of word errors in the
side-information phasing for each device on the performance
when Rice factor is 6 dB and N = 2. Even though erroneous
side-information degrades the performance, results indicate
that in the range of 10% or higher probabilities the impact of
errors is tolerable. Yet, performance losses increase towards
lower probability levels. This can be crucial in case of services
that require low latency and high reliability as depicted in
Fig. 9. Therein the impact of errors on the distribution tail is
clearly visible. If the DOR level is low, then side-information
errors may have a huge impact on the performance in terms of
very high delay threshold. Fig. 9 also suggests that incomplete
side-information may set a lower bound for the DOR such that
certain service requirements cannot be fulfilled at all in case
of corrupted side-information. Finally, we note that there are
small approximation errors seen in lower DOR levels in Fig. 9.
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This is due the fact accurate approximation of the distribution
tail becomes increasingly difficult on lower probability lev-
els. As it was shown in Scenario 1, reflecting how the DOR
performance varies in the direction of the infinite blocklength
cases, the values corresponding to D = 1000 bits are plotted
and the DOR performance is degraded significantly. Then, it
necessitates utilizing the DOR metric due to its sensitivity
to the blocklength over short packet transmission, whereas
outage probability does not reflect such consideration.

D. COMPARISON OF SCENARIO 1 AND 2 APPROACHES
Let us briefly compare the approaches used in Scenario 1
and 2. First, we note that CKM based approach has clear
advantage since no information exchange between the ICU
receiver and individual IoT devices is not required. Basically,
IoT devices need to coordinate transmission with cluster head
that may provide either the location or the phasing informa-
tion, depending where the CKM including the mapping from
ICU position to phasing is stored. However, the CKM based
approach is sensitive to situations where the radio environ-
ment includes a scattered/reflected channel part since CKM
includes only phasing information related to the static channel
component. Thus, the approach of Scenario 1 is feasible only
in a radio environment with LoS between IoT devices and
ICU.

The approach used in Scenario 2 is more robust to the
radio environment. If timely side-information can be provided
reliably to IoT devices, then the performance benefit is no-
table. For that it is important to notice that ICU should be
able to estimate the phase of the channel between IoT device
and ICU with some tolerable accuracy. This would require a
sounding mechanism or use of pilot signals that will use the
IoT device power resources. Also, if received SNR in ICU
from an individual IoT device is very low, then even rough
phase estimation of the channel between ICU and IoT device
might be challenging. It is worth noticing that even when
side-information is corrupted, the approach of Scenario 2
works well if delay-tolerant services are considered. However,
side-information errors may limit the provision of services
with high reliability and low latency.

E. DATA-ORIENTED DESIGN BASED ON (31)

The number of required IoT devices in cooperative transmis-
sion is plotted in Fig. 10 using the analytic bound (31) and
assuming that Py, = 10~*. and they indicate that analytic
bounds are relatively tight. To reflect how the number of
required device varies under higher blocklength cases, the
values corresponding to D = 1000 bits are also plotted. As can
be expected, the strength of the Rice factor has a notable im-
pact on the number of required IoT devices in the cooperative
transmission. Namely, if Rice factor is 6 dB, then the number
of required IoT devices is less than half when compared to the
case with 0 dB Rice factor. We have shown results only for the
case o = 20°, but we recall that the impact of phase error is
relatively small when 0 < o < 20°.
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FIGURE 10. The numbers of required loT devices in CKM-based phasing
when P,,, = 10~* and Gaussian phase error is assumed with standard
deviation o, = 20°. Solid curves represent the bounds (31) and dashed
curves are obtained through simulations.
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FIGURE 11. The numbers of required loT devices in CKM-based phasing
with respect to varying available bandwidth ranging from 10 MHz to
100 MHz when P,,, = 10~* and Gaussian phase error is assumed with
standard deviation o, = 20°.

Then, in order to see the potential of adaptive bandwidth
utilization paired with data-oriented design, Fig. 11 is il-
lustrated the number of required IoT devices in cooperative
transmission where the bandwidth of each device lies in
[10, 100] MHz. Similar to the previous case, longer packet
transmission with D = 1000 bits are plotted to see the neces-
sity of the data-oriented consideration. As it can be seen from
the figure, larger bandwidth reduces to the number of required
devices and larger bandwidth reduces the difference between
short and long information lengths, particularly under better
channel conditions.
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VIl. CONCLUDING REMARKS

We examined a transmission system where clustered IoT
devices collaborated to enhance communication range with
the information collecting unit (ICU). Two scenarios were
presented: the first utilizing the Channel Knowledge Map
(CKM) for phasing information, assuming a channel with a
strong static component, and the second based on channel
side-information estimated and provided to IoT devices by the
ICU. In both scenarios, we considered the presence of errors
in the information used for cooperation. Key performance
indicators included conventional outage probability and the
recently introduced delay outage rate (DOR).

Analytic approximations for SNR distributions in both sce-
narios, accounting for errors, were derived and verified against
simulation results, demonstrating close agreement. The main
findings include the significant benefits of cooperation be-
tween clustered IoT devices, resulting in increased range to
the ICU. However, CKM-based cooperation is sensitive to
disruptions in the LoS component, diminishing potential gains
when LoS is disturbed. The cluster size required for reliable
transmission becomes impractically large. On the other hand,
channel side-information-based cooperation is robust against
changes in the radio environment but susceptible to errors in
the channel side-information, potentially limiting its use in
scenarios with high-reliability and low-latency requirements.

APPENDIX
DERIVATION OF (29)
For Marqum Q-function there holds [45]:
1
1 ——
2
and from the CDF expression in (13) we obtain

~ L as—vv? 2 (fastr)?
F;?(V)S%<e B VIRV T ey )

(e—%”—”)z - e—%<“+”>2) <Qi@b). a>b (32

(33)

Here the latter term in the sum becomes small when either v
or v|é] is large since
Vd, s

PLZ = v (14481 = De™™).

205 34

That is, if the Rice factor is large or if e.g. v > 1 and the
number of cooperative devices is large, we can estimate

| =5t (Vam-a7)

Ff/(}/) =< Ee < Pyors (35)

where the latter inequality represents the requirement that the
upper bound for CDF is smaller than the target DOR. From
(35) we obtain

vV Vd,x — ﬁ >/ 20% log(zpdor)_l-

Following the notation in (13) we substitute here 20% = 16|
and approximate

) _ 2
75 = valdl (1+ (181 = De™ ) = yals ™. (37)

(36)
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We note that approximation is feasible since 1+ (|6] —
l)e_‘762 = |8le” ¢ +(1—-e" 3) and the latter term in the
brackets is notably smaller than the first term in cases we focus
on. That is, if STD of error is less than 30 degrees and the
number of devices is larger than 10. We can now write (36) in
the form

V718l — /75 10g(2Paor) V18] = /¥ > 0.

Formula in the left is a second order polynomial with respect
to /|8] and, after substituting y; = yv/(1 +v), s =y /(1 +
v) and applying some elementary math, we obtain

(38)

2
2
o 2 oA +v)y/y
81 > = 108(2Psor) | 14,1 = de™ T S
181 > =~ log(2Puor) | 1+ ¢ 10g(2Pyor)
(39)

We note that, if transmission power in IoT devices is scaled
by number of devices to keep the total transmitted power
same regardless the number of cooperating devices, then y,; =
yv/I8|(1 +v) and ys = /|8|(1 + v) in (38) and we obtain
requirement

2
[1 /1
18] > % [ /= log(2Por) ! + ﬂg . (40)
v vy

Finally, we note that requirement

- -1

yv 2 —o?
T; D|WI 14+ —16 € 41
Y (N (B

is obtained from the condition @ > b in (32) by setting a =

VVas/os and b= /y/os.

REFERENCES

[1] L. Chettri and R. Bera, “A comprehensive survey on Internet of Things
(IoT) toward 5G wireless systems,” IEEE Internet Things J., vol. 7,
no. 1, pp. 16-32, Jan. 2020.

[2] D. C. Nguyen et al., “6G Internet of Things: A comprehensive survey,”
IEEE Internet Things J., vol. 9, no. 1, pp. 359-383, Jan. 2022.

[3] T.Jiang et al., “Backscatter communication meets practical battery-free
Internet of Things: A survey and outlook,” IEEE Commun. Surveys Tut.,
vol. 25, no. 3, pp. 2021-2051, Thirdquarter 2023.

[4] S. K. Sharma and X. Wan, “Toward massive machine type communica-

tions in ultra-dense cellular IoT networks: Current issues and machine

learning-assisted solutions,” IEEE Commun. Surveys Tut., vol. 22, no. 1,

pp. 426-471, Firstquarter 2020.

Z.Lin, M. Lin, B. Champagne, W.-P. Zhu, and N. Al-Dhahir, “Secrecy-

energy efficient hybrid beamforming for satellite-terrestrial integrated

networks,” IEEE Trans. Commun., vol. 69, no. 9, pp. 6345-6360,

Sep. 2021.

[6] Z. Lin, M. Lin, T. de Cola, J.-B. Wang, W.-P. Zhu, and J. Cheng,

“Supporting IoT with rate-splitting multiple access in satellite and

aerial-integrated networks,” IEEE Internet Things J., vol. 8, no. 14,

pp. 11123-11134, Jul. 2021.

Z. Lin et al., “Pain without gain: Destructive beamforming from a

malicious RIS perspective in IoT networks,” IEEE Internet Things J.,

vol. 11, no. 5, pp. 7619-7629, Mar. 2024.

Z. Lin et al., “Refracting RIS-aided hybrid satellite-terrestrial relay

networks: Joint beamforming design and optimization,” /EEE Trans.

Aerosp. Electron. Syst., vol. 58, no. 4, pp. 3717-3724, Aug. 2022.

[91 Q.M. Ashraf, M. Tahir, M. H. Habaebi, and J. Isoaho, “Toward massive
machine type communications in ultra-dense cellular IoT networks:
Current issues and machine learning-assisted solutions,” IEEE Internet
Things J., vol. 10, no. 16, Aug. 2023.

[5

—_

[7

—

[8

[l

VOLUME 5, 2024

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A. Nasrallah et al., “Ultra-low latency (ULL) networks: The IEEE
TSN and IETF DetNet standards and related 5G ULL research,” IEEE
Commun. Surveys Tut., vol. 21, no. 1, pp. 88—145, Firstquarter 2019.

Y. Zeng and X. Xu, “Toward environment-aware 6G communications
via channel knowledge map,” IEEE Wireless Commun., vol. 28, no. 3,
pp. 84-91, Jun. 2021.

S.Bi, J. Lyu, Z. Ding, and R. Zhang, “Engineering radio maps for wire-
less resource management,” [EEE Wireless Commun., vol. 26, no. 2,
pp. 133-141, Apr. 2019.

O. Esrafilian, R. Gangula, and D. Gesbert, “3D-map assisted UAV
trajectory design under cellular connectivity constraints,” in Proc. IEEE
Int. Conf. Commun., 2020, pp. 1-6.

D. Wu, Y. Zeng, S. Jin, and R. Zhang, “Environment-aware and
training-free beam alignment for mmWave massive MIMO via channel
knowledge map,” in Proc. IEEE Int. Conf. Commun. Workshops, 2021,
pp. 1-7.

Y. Zeng et al., “A tutorial on environment-aware communications via
channel knowledge map for 6G,” IEEE Commun. Surv. Tutor., early
access, Feb. 09, 2024, doi: 10.1109/COMST.2024.3364508.

A. F. Molisch, “Multiantenna systems,” in Chapter in Wireless Commu-
nications. Piscataway, NJ, USA: IEEE, 2011, pp. 445-498.

F. Gomez-Cuba, R. Asorey-Cacheda, and F. J. Gonzalez-Castano, “A
survey on cooperative diversity for wireless networks,” IEEE Commun.
Surveys Tut., vol. 14, no. 3, pp. 822-835, Third Quarter 2012.

A. Dowhuszko and J. Himildinen, “Performance of transmit beam-
forming codebooks with separate amplitude and phase quantizations,”
IEEE Signal Process. Lett., vol. 22, no. 7, pp. 813-817, Jul. 2015.

A. Dowhuszko, G. Corral-Briones, J. Hidmildinen, and R. Wich-
man, “Performance of quantized random beamforming in delay-
tolerant machine-type communication,” IEEE Trans. Wireless Com-
mun., vol. 15, no. 8, pp. 5664-5680, Aug. 2016.

B. B. Haile, A. Dowhuszko, J. Himailédinen, R. Wichman, and Z. Ding,
“On the performance of some CoMP techniques under channel power
imbalance and limited feedback,” IEEE Trans. Wireless Commun.,
vol. 14, no. 8, pp. 44694481, Aug. 2015.

J. Himildinen and R. Wichman, “Performance analysis of closed-loop
transmit diversity in the presence of feedback errors,” in Proc. IEEE Int.
Symp. Pers. Indoor Mobile Radio Commun., 2002, pp. 2297-2301.

K. Ma, Y. Sang, Y. Ming, J. Lian, C. Tian, and Z. Wang, “Deep
learning empowered CSI acquisition and feedback for B5G wire-
less systems,” IEEE Trans. Commun., early access, May 20, 2024,
doi: 10.1109/TCOMM.2024.3403498.

Z. Du, Z. Liu, H. Li, S. Fan, X. Gu, and L. Zhang, “Dig-CSI: A
distributed and generative model assisted CSI feedback training frame-
work,” IEEE Wireless Commun. Lett., early access, May 02, 2024,
doi: 10.1109/LWC.2024.3395843.

F. Xu, H.-C. Yang, and M.-S. Alouini, “Ultragreen relay transmis-
sion with wireless power transfer for advanced IoT: Session-specific
analysis and optimization,” IEEE Internet Things J., vol. 10, no. 17,
pp. 15553-15562, Sep. 2023.

H.-C. Yang and M.-S. Alouini, “Data-oriented transmission in future
wireless systems: Toward trustworthy support of advanced Internet of
Things,” IEEE Veh. Technol. Mag., vol. 14, no. 3, pp. 78-83, Sep. 2019.
H.-C. Yang, S. Choi, and M.-S. Alouini, “Ultra-reliable low-latency
transmission of small data over fading channels: A data-oriented analy-
sis,” IEEE Commun. Lett., vol. 24, no. 3, pp. 515-519, Mar. 2020.
H.-C. Yang, T. Bao, and M.-S. Alouini, “Transient performance lim-
its for ultra-reliable low-latency communications over fading chan-
nels,” IEEE Trans. Veh. Technol., vol. 69, no. 11, pp. 13970-13973,
Nov. 2020.

M. C. Ilter, R. Wichman, J. Hdmildinen, H. Yanikomeroglu, and
H.-C. Yang, “Data-oriented view for convolutional coding with adap-
tive irregular constellations,” IEEE Commun. Lett., vol. 25, no. 6,
pp. 1771-1775, Jun. 2021.

L. Yang, Y. Yang, M. O. Hasna, and M.-S. Alouini, “Coverage, prob-
ability of SNR gain, and DOR analysis of RIS-aided communication
systems,” IEEE Wireless Commun. Lett., vol. 9, no. 8, pp. 1268-1272,
Aug. 2020.

G. Singh, A. Srivastava, V. A. Bohara, Z. Liu, M. Noor-A-Rahim, and
G. Ghatak, “Heterogeneous visible light and radio communication for
improving safety message dissemination at road intersection,” /EEE
Trans. Intell. Transp. Syst., vol. 23, no. 10, pp. 17607-17619, Oct. 2022.
M. Can, M. C. Ilter, and I. Altunbas, “Data-oriented downlink RSMA
systems,” IEEE Commun. Lett., vol. 27, no. 10, pp.2812-2816,
Oct. 2023.

867


https://dx.doi.org/10.1109/COMST.2024.3364508
https://dx.doi.org/10.1109/TCOMM.2024.3403498
https://dx.doi.org/10.1109/LWC.2024.3395843

HAMALAINEN ET AL.: DATA-ORIENTED ANALYSIS OF UPLINK TRANSMISSION IN MASSIVE 10T SYSTEM WITH LIMITED CHANNEL INFORMATION

[32] M. C. Ilter, P. C. Sofotasios, M. Valkama, and J. Himéldinen, “En-
ergy harvesting meets data-oriented communication: Delay-outage
ratio analysis,” IEEE Commun. Lett., vol. 28, no. 6, pp. 1452-1456,
Jun. 2024.

R. Adeogun, G. Berardinelli, P. E. Mogensen, I. Rodriguez, and M.
Razzaghpour, “Towards 6G in-X subnetworks with sub-millisecond
communication cycles and extreme reliability,” IEEE Access, vol. 8,
pp- 110172-110188, 2020.

Y. Zhang, L. Yang, X. Li, K. Guo, H. Liu, and Y. Bian, “STARRIS-
Assisted IoV NOMA networks with hardware impairments and imper-
fect CS1,” in IEEE Trans. Intell. Transp. Syst., 2024.

A. Pandey and S. Yadav, “Joint impact of nodes mobility and imperfect
channel estimates on the secrecy performance of cognitive radio vehic-
ular networks over Nakagami-m fading channels,” in IEEE Open J. Veh.
Technol., vol. 2, pp. 289-309, 2021.

Y.-P. E. Wang et al., “A primer on 3GPP narrowband Internet of
Things,” IEEE Commun. Mag., vol. 55, no. 3, pp. 117-123, Mar. 2017.
A. T. AbuSabah, M. A. Rahman, R. Oliveira, and A. Flizikowski, “The
importance of repetitions in ultra-dense NB-IoT networks,” IEEE Com-
mun. Lett., vol. 26, no. 5, pp. 1199-1203, May 2022.

M. Dai, N. Huang, Y. Wu, J. Gao, and Z. Su, “Unmanned-aerial-vehicle-
assisted wireless networks: Advancements, challenges, and solutions,”
IEEE Internet Things J., vol. 10, no. 5, pp. 4117-4147, Mar. 2023.

T. Liu et al., “Task completion time minimization for UAV-enabled data
collection in Rician fading channels,” IEEE Internet Things J., vol. 10,
no. 2, pp. 1134-1148, Jan. 2023.

I. S. Gradshteyn and 1. M. Ryzhik, Table of Integrals, Series, and
Products. New York, NY, USA: Academic Press, 2014.

T. Halinen, A. A. Dowhuszko, and J. Himildinen, “Performance of
distributed beamforming for dense relay deployments in the presence
of limited feedback information,” EURASIP J. Adv. Signal Process.,
vol. 2013, 2013, Art. no. 88.

1. S. Gradshteyn and 1. M. Ryzhik: “Table of Integrals, Series and
Products,” 7th ed. New York, NY, USA: Academic Press, 2007.

I. Chakour, C. Daoui, M. Baslam, B. Sainz-De-Abajo, and B. Garcia-
Zapirain, “Strategic bandwidth allocation for QoS in IoT gateway:
Predicting future needs based on IoT device habits,” IEEE Access,
vol. 12, pp. 6590-6603, 2024.

M. Abramowitz and 1. A. Stegun, Handbook of Mathematical Func-
tions. Washington D.C, USA.: National Bureau of Standards, 1972.

M. K. Simon and M.-S. Alouini, “Exponential-type bounds on the
generalized Marcum Q-function with application to error probability
analysis over fading channels,” IEEE Trans. Commun., vol. 48, no. 3,
pp. 359-366, Mar. 2000.

[33]

[34]

[35]

[36]

[37]

(38]

(391

[40]

[41]

[42]

[43]

[44]

[45]

JYRI HAMALAINEN (Senior Member, IEEE) re-
ceived the M.Sc. and Ph.D. degrees from the
University of Oulu, Oulu, Finland, in 1992 and
1998, respectively. From 1999 to 2007, he was
a Senior Specialist and Program Manager with
Nokia where he worked with various aspects of
mobile communication systems and 3GPP stan-
dardization. He was appointed as a Professor with
Aalto University, Espoo, Finland, in 2008, and he
was tenured in 2013. From 2015 to 2023, he the
Dean of the Aalto University School of Electrical
Engineering, Espoo, and is the Vice President of the university. He is currently
a Full Professor with Aalto University. He has authored or coauthored more
than 240 scientific publications and 37 U.S. Patents or patent applications.
His research interests include mobile and wireless systems, with a special
focus on irregular, dynamic, and heterogeneous networks, including 5G/6G,
small cells, multi-antenna transmission and reception techniques, scheduling,
relays and many other topics.

868

RUI DINIS (Senior Member, IEEE) received the
Ph.D. degree from Instituto Superior Técnico,
Technical University of Lisbon, Lisbon, Portugal,
in 2001, and the habilitation degree in telecommu-
nications from Faculdade de Ciéncias e Tecnologia
(FCT), Universidade Nova de Lisboa,Lisbon, in
2010. From 2001 to 2008, he was an Assistant
Professor with IST. He is currently a Full Profes-
sor with FCT-UNL. In 2003, he was an Invited
Researcher with Carleton University, Ottawa, ON,
Canada. He was a Researcher with CAPS (Cen-
tro de Andlise e Processamento de Sinal), IST, from 1992 to 2005 and
a Researcher at ISR (Instituto de Sistemas e Robdtica) from 2005 to
2008. Since 2009 he has been a Senior Researcher with IT (Instituto de
Telecomunicagdes). His research interests include centered in transmission,
estimation and detection techniques for wireless communications. He is a
VTS Distinguished Speaker and a ComSoc Distinguished Lecturer. He is
the Editor of IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, IEEE
TRANSACTIONS ON COMMUNICATIONS, IEEE TRANSACTIONS ON VEHICULAR
TECHNOLOGY, IEEE OPEN JOURNAL ON COMMUNICATIONS and Elsevier
Physical Communication. He was also the Guest Editor for several special
issues.

MEHMET C. ILTER (Senior Member, IEEE) re-
ceived the M.Sc. degree from Istanbul Technical
University, Istanbul, Turkey, in 2012, and the Ph.D.
degree from Carleton University, Ottawa, ON,
Canada, in 2017. He is currently working as a
Postdoctoral Research Fellow with Tampere Uni-
versity, Tampere, Finland. Prior to this, he held
the Academy of Finland Postdoctoral Fellowship
grant for the period of 2020-2023 and worked as
a Postdoctoral Research Fellow with Aalto Univer-
sity, Espoo, Finland, from 2018 to 2023. He also
held a visiting appointment with the Electrical and Computer Engineering
Department, University of California, Davis, CA, USA, in 2019. His research
interests include physical layer concepts, technologies, and architectures, ma-
chine learning applications into wireless networks, wireless communications
beyond mmWave frequenc’y bands, and wireless power transfer mechanisms.

VOLUME 5, 2024




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


