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Abstract—Semantic communications are considered a promis-
ing beyond-Shannon paradigm to reduce network traffic and
increase reliability, thus making wireless networks more energy
efficient, robust, and sustainable. However, the performance is
limited by the efficiency of the semantic transceivers, i.e., the
achievable “similarity” between the transmitted and received
signals. Under strict similarity conditions, semantic transmission
may not be applicable and Shannon communication is manda-
tory. In this paper, for the first time in the literature, we propose
a multi-carrier Hybrid Semantic-Shannon communication system
where, without loss of generality, the case of text transmission is
investigated. To this end, a joint semantic-Shannon transmission
selection and power allocation optimization problem is formu-
lated, aiming to minimize two transmission delay metrics widely
used in the literature, subject to strict similarity thresholds.
Despite their non-convexity, both problems are decomposed into
a convex and a mixed linear integer programming problem by
using alternating optimization, both of which can be solved
optimally. Furthermore, to improve the performance of the
proposed hybrid schemes, a novel association of text sentences to
subcarriers is proposed based on the data size of the sentences
and the channel gains of the subcarriers. We show that the
proposed association is optimal in terms of transmission delay.
Numerical simulations verify the effectiveness of the proposed hy-
brid semantic-Shannon communication scheme and the derived
sentence-to-subcarrier association, and provide useful insights
into the design parameters of such systems.

Index Terms—semantic communications, multi-carrier, re-
source allocation, 6G

I. INTRODUCTION

The sixth generation (6G) of wireless networks is envisioned
to support new types of applications, such as digital twins,
the metaverse, and Industry 5.0, which pose new challenges to
current communication systems [[1]], [2]. Increasing capacity is
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a promising research direction to address these challenges, but
this approach will soon reach its limits. For instance, the ever-
increasing demand for more bandwidth leads to an inevitable
bottleneck due to severe path loss and the inefficiency of
power amplifiers, while more sophisticated hardware on the
user side is needed to cope with the increased bandwidth
[2]. Therefore, a different perspective is required to improve
the performance of future wireless networks. Considering that
in many 6G scenarios the semantics of data is of greater
importance than the data itself, a semantic-oriented approach
has recently gained attention [3]].

Semantic communications can revolutionize the way that
communication is achieved, by considering the difference
between the meaning of the transmitted messages and that
of the recovered messages [1f]. Shannon and Weaver in their
seminal work [4] identified three levels of communication,
level A which tackles the technical problem of how accurately
information is transmitted, level B which is the semantic prob-
lem and refers to how informative a message is, and level C
which is the effectiveness problem. Semantic communications
aim to improve the data exchange between two communication
parties by incorporating semantic information in the technical
problem of level A [4]. This is possible by exploiting common
knowledge shared a priori between all parties in the form
of knowledge bases. As such, semantic communications can
increase reliability, since an error in the bit level does not
necessarily implies an error in the semantic level [5]].

The utilization of semantic communications is facilitated
by recent developments in the field of deep neural networks
(DNNs), such as natural language processing (NLP) and
image processing. These advances allow the identification
of contextual relationships within texts and images, which
in turn are used to extract underlying semantic information
from the original data [1]]. Furthermore, the utilization of joint
source-channel coding schemes by means of autoencoders
is a powerful tool to increase the robustness of semantic
communication systems [6]]. In this case, not only the amount
of transmitted data is reduced, but also the transmission is
performed in the most effective way, as well. Hence, the use of
artificial intelligence techniques provides realistic ways for the
creation of context-aware semantic communication systems.

A. Literature Review

Semantic communications have recently attracted a lot of
research interest. In [1]], [3], [[7]], basic formulations and
challenges were discussed in order to establish applications
and performance metrics of semantic-aware systems. Although
there exist some general concepts behind the foundations of
semantic communications in information theory [8—[10], most
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of the relevant literature focuses on their applications. The
most characteristic of them are related to the extraction of
information from images, speech signals, and text. Regarding
image transmission, a DNN called DeepJSCC was studied in
[11]], which, in addition to semantic extraction, uses source-
channel coding to improve the performance of the proposed
model. Peak-to-average power ratio (PAPR) was also studied
for the specific DNN when the semantic communication
paradigm is utilized in orthogonal frequency division multiple
access (OFDMA) cellular network [12]]. Moreover, semantic
noise, which is a unique characteristic of semantic communi-
cations, was considered in [[13]] and a masked autoencoder was
proposed as a solution to improve the robustness of the system.
Concerning speech, in [14], [15], a DNN called DeepSC-S
was used and the signal-to-distortion ratio (SDR) performance
metric was studied. A different DNN called DeepSC-SR was
also proposed for speech recognition, where character-error-
rate (CER) and word-error-rate (WER) were investigated as
the most appropriate performance metrics in [[16].

Semantic image transmission has also attracted attention.
In [17], instead of attempting to reconstruct the signals of
the original images using two DeepJSCC DNNs, the concept
of perceptual understanding was considered by optimizing
the MSE and the learned perceptual image patch similarities
(LPIPS). In the same direction, in [[18]], a hybrid system was
considered where a part of the image is compressed and
transmitted in the conventional way, while another part is
transmitted utilizing DeepJSCC and the receiver combines
the two signals to achieve better perceptual similarity. Fur-
thermore, in [[19]], the problem of quantizing the output of
Deep]SCC was studied, while, in [20]], a collaborative image
transmission was investigated, where different views of the
same image are transmitted over a multiple access channel
and the receiver combines the signals to maximize the retrieval
accuracy of the original image.

Text transmission in particular has been the focus of interest
in many works due to its frequent use in everyday data.
Regarding the utilized performance metrics in text transmis-
sion, the most commonly used are the bilingual evaluation
understudy (BLEU) score and sentence similarity. Specifically,
in [21], the similarity maximization of the system was consid-
ered when energy harvesting is utilized for energy efficiency.
In [22], a similar problem without energy harvesting was
studied under a recently introduced performance metric called
semantic accuracy. Furthermore, a DNN called DeepSC was
proposed in [6] and also used in [23|] to reduce the amount
of the transmitted information while maximizing the mutual
information through end-to-end training. In [24], the authors
considered a more practical scenario for the constellation
arising from DeepSC, by using quantization on the constructed
unstructured constellation. Based on the results of [23]], an
approximation of the semantic similarity curve was studied
in [25] along with the utilization of DeepSC for NOMA-
based systems, while in [26] a quality of experience (QoE)
maximization problem was analyzed. Moreover, in [27]], the
design and use of a DeepSC-like DNN were examined for
serving two users. In this case, the training loss function was
modified to account for both users. Finally, in [28]], a different

type of DNN was implemented and combined with a forward
relay to improve the common base knowledge between the
transmitter and receiver, which can generally be different.
Again, an autoencoder structure was used for the end-to-end
training of the proposed model.

B. Motivation and Contribution

Semantic communications have the ability to reduce com-
munication traffic by exploiting the inference capabilities of
DNNs. However, DNNs are not always able to achieve the
desired accuracy, thus the performance of current semantic
frameworks is limited by the design and capabilities of the
semantic DNNs transceivers, such as DeepSC [6]. For in-
stance, architectures such as DeepSC have a limit on the
achievable similarity between the input task, e.g., image,
text, speech, and the output task, which strongly depends on
channel fading, noise, and power allocation [23[]. As such,
when strict similarity between the input and the output is
required, semantic communications may not be a viable option
and Shannon communications may be mandatory. Pharma-
ceutical instructions, or connections that link pharmaceutical
substances to diseases they are known to treat can be an
everyday example of semantic text transmission [29]]. In such
a case, accuracy is vital for health safety [30], thus, perfect
similarity between the original and reconstructed instructions
is required. This fact indicates that Shannon and semantic
communications should cooperate so that each one hinders
the disadvantages of the other. The majority of works on
semantic communications emphasize on introducing new DNN
architectures to achieve better semantic accuracy between
the original and reconstructed data, without investigating the
communication performance aspect. However, it is equally
important to study appropriate power and subcarrier allocation
for these semantic communication protocols, which can further
improve their performance and enable their coexistence with
Shannon communications. To the best of our knowledge, no
current work studies the resource allocation of the hybrid
semantic-Shannon communication scheme. Motivated by this,
in this paper, we investigate the coexistence of Shannon and
semantic communications by proposing a multi-carrier hybrid
semantic-Shannon scheme. The contributions of this work are
listed below:

o For the first time in the open literature, we propose a
hybrid multi-carrier system that selects between semantic
and Shannon communication per subcarrier. The DeepSC
model is used for the semantic transmission, but the pro-
posed hybrid scheme is general and can be used to study
the coexistence of current networks with any proposed
DNN-based semantic architecture in the literature. The
bit error rate (BER) metric is also considered to better
evaluate the performance of practical systems, which
cannot achieve the capacity limit.

o We formulate a general transmission delay optimization
problem, studying two related performance metrics the
sum of delays and the maximum delay, by jointly se-
lecting Shannon or semantic transmission per subcarrier
and optimizing the total power allocation. The selection
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between the two transmission schemes distinguishes the
proposed hybrid scheme from other multi-carrier prob-
lems, where only one transmission protocol exists. Due
to the peculiarities introduced by the proposed hybrid
transceiver, the problem is non-convex. Based on al-
ternating optimization, the problem is separated into a
convex optimization and an integer linear programming
one, while the closed-form power allocation solution is
provided for both studied problems.

o Semantic communications require a specific sentence to
be associated with a specific subcarrier. Therefore, we
propose a novel association between sentences and sub-
carriers, which takes into account the size of the sentences
and the channel gain of the subcarriers. Also, by utilizing
the rearrangement inequality, we prove the optimality of
the proposed association in terms of transmission delay.
We note that the optimality of the proposed association is
proven with respect to the optimal power allocation of the
text transmission delay minimization problem. Thus, the
association is performed after obtaining the solution of
the minimization problem, and a joint power allocation-
association approach is redundant.

o Simulations validate the optimality of the proposed
sentence-to-subcarrier association. Furthermore, the hy-
brid scheme is shown to outperform the Shannon commu-
nication scheme for both performance metrics, while it is
shown that semantic is not always preferable to Shannon
communication, which further advocates the combination
of the two communication paradigms.

C. Structure

The rest of this paper is organized as follows. Section [[I]
describes the system model and the two different frameworks
that are combined. In Section [T} we formulate the optimiza-
tion problem of minimizing the transmission delay time and
propose a solution method for it. In Section [[V] we analyze the
different sentence arrangements in the subcarriers and obtain
the optimal one. In Section [V we present simulation results
and discussion on the performance of the hybrid system, while
Section [VI| concludes the work.

II. SYSTEM MODEL

Let S be a task to be transmitted between a user and
a BS, as shown in Fig. 1. We note that the investigated
scenario is a point-to-point transmission, thus the analysis
is also valid for uplink transmission from the user to the
BS. Without loss of generality, we assume that this task is
a text and it consists of P individual sentences. For the data
transmission, L subcarriers can be used. As such, the total
number of sentences associated with each subcarrier is given
as N = |£], where || denotes the floor operator. For
simplicity we assume that P is divided exactly, thus N = %.
Notice that this is not equivalent to equal amount of data
at each subcarrier, because the data size of every sentence
differs from one to another. Also, S; denotes the j-th sentence
in order of appearance in the text, where j € {1,---, P},
while S, ;,m € {1,--- ,N},l € {1,---, L} denotes the n-th
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Fig. 1. System model.

sentence associated with the [-th subcarrier as shown in Fig.
[[} The two different notations point to the same sentence, i.e.,
S; = Sy, and the association between j and the pair (n,()
is given as j = (n — 1)L + (. This equivalent representation
of sentences is derived from the serial-to-parallel conversion
required to assign each sentence to a corresponding subcarrier.
For example, if the designed system has L = 16 subcarriers,
then the 25-th sentence, Sos5, of the text in serial form will be
the 2-nd sentence to be transmitted from the 9-th subcarrier.
The bandwidth of each subcarrier is denoted as W, while
h; is the complex channel coefficient, including path loss,
between the BS and the user at the [-th subcarrier. The user can
communicate with the BS by utilizing the principles of either
semantic or Shannon communications at each subcarrier as
depicted in Fig. [l We note that this choice does not change
throughout the coherence time of the channel, but it does
change between two different channel instances, while perfect
channel state information (CSI) is assumed. The receiver of the
proposed system can acknowledge the selected transmission
scheme by a single pilot symbol sequence for all subcarriers.
For example, two different states of the pilot symbol, i.e.,
pr = +1 and p; = —1, will symbolize the two different
transmission schemes, semantic and Shannon.

A. Shannon Communications

In Shannon communications, the available sentences are
translated to bits, and then transmitted over the wireless
medium. As such, the size of sentence S, ; is given as b,
where the exact value of b,,; depends on the utilized character
encoding standard. Assuming the use of the American stan-
dard code for information interchange (ASCII), it holds that
bp,1 = 8uyp,;, where number 8 occurs from the fact that 8 bits
are necessary to represent a character, and u,, ; is the number
of characters of the S,,; sentence.

Shannon-Hartley’s theorem states that the maximum capac-
ity between the BS and the user is given by

max Pl|hl 2
O™ = Wlog, (1 + NOI/I'/ ,

where Ny is the power spectral density of additive white
Gaussian noise (AWGN), and P; is the transmission power
at each subcarrier. The capacity can be closely approached by
capacity-achieving codes such as irregular LDPC codes which

(1)
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TABLE I
LIST OF SYMBOLS AND BASIC NOTATIONS

Notation list

Number of sentences P Maximum similarity level of sentences of [-th subcarrier M
Number of subcarriers L Similarity upper bound of DeepSC Mot
Number of partitions N Required SNR level for semantic transmission of sentence Sy, ; wff,‘l
j-th sentence S Maximum required SNR level for semantic transmission of [-th subcarrier e
(n, 1)-th sentence Sh.l Bandwidth per subcarrier w
Semantic form of sentence S, ; T Shannon transmission delay of [-th subcarrier D,
Number of bits in sentence S, bn,1 Semantic transmission delay of [-th subcarrier D,
Number of characters in sentence S, Un,l Power allocation of [-th subcarrier Py
Encoded vector of transmitted symbols in S Xj Total available transmission power Prot
Number of words in sentence .S; O; Channel coefficient of [-th subcarrier hy
Similarity level between S, ; and S;L‘l My, Shannon transmission binary variable a;
Required similarity level of sentence S, M Semantic transmission binary variable a
Assignment of (R) to (L) (L) < (R) One-to-one equivalency between (L) and (R) L) «— (R)

are commonly used in practice. Nonetheless, in practical sys-
tems, a rate gap between the capacity limit and the achievable
maximum data rate may exist, due the bit error rate (BER).
Without loss of generality, we consider the case of an uncoded
M-QAM constellation, whose BER has been shown in [31]],
[32] to be upper bounded as follows

_ L5P |n|? 1
NoW M-1)’
where M is the modulation order. Consequently, the maximum

achievable data rate of an uncoded M-QAM scheme, which
satisfies a required BER threshold is given by [32]

BER < % exp ( )

Prlhi|?
= I 1 3
CYl W 0g2< + N()WF ) ( )
where I' = —In(5BER)/1.5. We note that I" > 1, while for

I' =1 (@) reduces to the Shannon capacity limit.
Therefore, the transmission time delay until all N sentences
of the [-th subcarrier are transmitted is given as

Ui
o
where U; = 8ZnN:1 Up,. We note that since different sen-
tences have different number of characters, the total size of
two partitions associated with two different subcarriers are
. . N N
not equal in general, ie., > _ b,y = >, _; by does not
necessarily hold.

“4)

B. Semantic Communications

As semantic transceiver we adopt the DeepSC model, which
was introduced in [[6] for text transmission. DeepSC utilizes
a semantic encoder (decoder) which transforms sentences to
real numbers and vice versa. This is characteristic of the Trans-
former DNNs and allows easier handling of otherwise difficult
to define concepts, like the semantics of a sentence. Moreover,
it utilizes a channel encoder (decoder) which maximizes the
mutual information between the transmitter and the receiver.
Both semantic and channel encoders (decoders) are jointly
trained to maximize the mutual information between the
transmitted and the received sentence. Also, since a sentence is
mapped to a sequence of continuous real numbers, the output
of the channel encoder is an optimal constellation of infinite

points, which is equivalent to transmitting the output of the
semantic encoder by using discrete time analog transmission
(DTAT) [12]. As such, the transmission rate of DeepSC is
given as

Cp=W. (&)

For a sentence S,;, we denote S;LJ its semantic equiv-
alent form, i.e., the output of the semantic encoder when
the input is sentence .S, ;. Also, to mitigate the effects of
AWGN, ] ; is encoded, through the channel encoder, into
the vector x; = [z1,---,7ko,], Where x; consists of the
encoded symbols that need to be transmitted, O; denotes the
number of words in the j-th sentence and k is the number
of outputs of the DNN for each word. For transmission using
the DeepSC model, we denote by s, ; the symbols that need
to be transmitted via DTAT. As such, for a fixed number of
outputs k, the total number of semantic symbols per sentence
are s, ; = kO;. Consequently, the transmission time delay for
semantic transmission is given as

N
™ k Zn:l O(T’L*l)L#»l
D 1= = ;
G

due to the relationship between j and (n, ).

Semantic communications are affected by both AWGN and
fading. However, instead of measuring the absolute value of
error, i.e., bits in Shannon communications, semantic commu-
nications are interested in measuring the semantic similarity

(6)

Similarity, My

Fig. 2. Similarity for varying values of SNR and k.
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between the transmitted and the received signal. It should be
highlighted that although bit errors can occur in digital trans-
mission, coding schemes can be utilized to correct such errors
achieving rates up to the capacity C;. For text transmission,
the cosine similarity metric [23] is used

B(S,..)B(S!

n,l

)T
Mn, = )
LB IIBS, )T

(7

where (-)7 denotes the transpose operator of a vector, and B()
denotes the bidirectional encoder representations from trans-
formers (BERT) for each sentence .S,, ;, which is a vectorized
representation of the original sentence after its processing from
the DeepSC encoder. Therefore, M provides a measure of
similarity between the transmitted and the received sentence.
It can be observed in that sentence similarity is applied
on an entire sentence without restrictions on the sentence’s
length in contrast to the BLEU score and its dependency on
m-grams, which allows it to detect semantic relations between
words throughout the length of the sentence. For Shannon
communications, we assume that no bit errors occur that can-
not be corrected by capacity-achieving coding implementation,
thus the similarity between the transmitted and the received
sentence equals to one, ie., M,; = 1 [23]. On the other
hand, for semantic communications Mn,l € (0, 1], where ]\;[n,l
symbolizes the similarity between S;Z} ; and S, ;, due to the fact
that the semantic meaning of the reconstructed sentence can
differ from that of the original one. In fact, DeepSC model
cannot achieve any desired value of similarity, but it is upper
bounded by a certain similarity level, which is denoted as
Ms,¢. The achievable similarity level of DeepSC can be found
by training and testing the DNN model as discussed in [23]]. To
achieve the best similarity levels possible and not compromise
the performance of the semantic transceiver, DeepSC is trained
for individual SNR values as in [6]. The resulting similarity
levels are shown in Fig. 2| for varying parameters after training
for a range of different SNR values. As it is evident, this
similarity level depends on the number of outputs k, the
received signal-to-noise ratio (SNR), and the training of the
DeepSC model. Notice that &k is a DNN parameter that must be
predetermined for training and, as such, should be chosen to
better reflect the desired similarity levels, but also considering
that the larger k is, the more symbols for transmission are
used.

From [26]] and Fig. P] it is concluded that for fixed % the
function corresponding to the achievable similarity values of
DeepSC is an increasing one with respect to the transmit
SNR and each similarity threshold Mflhl is one-to-one mapped
to a minimum SNR value 'yﬁfjl. Hence, to ensure that the
received SNR of all semantic symbols satisfies the minimum
threshold, all symbols associated with the same sentence will
be transmitted from the same subcarrier, by using the same
power allocation policy. Moreover, we note that the practicality
of the proposed hybrid scheme can be verified by [24], where
a quantized version of the DeepSC model was proposed,
which essentially reduces the DeepSC model to a digital
communication scheme. By choosing an appropriate number
of quantization levels the digital counterpart of DeepSC loses

negligible accuracy, while its transmission delay is still defined
by the available bandwidth [24]. Thus, in our analysis, only
the original DeepSC model was presented.

III. TRANSMISSION DELAY METRICS MINIMIZATION
A. General Problem Formulation

Performance metrics associated with data transmission de-
lay are of great importance in current communication systems
especially in multi-carrier systems where simultaneous trans-
mission among the subcarriers takes place. The minimization
of such metrics, like the maximum delay and the sum of
delays, is crucial to several applications of wireless networks,
such as federated learning, digital twins, and autonomous
vehicles [2]]. Thus, it is of paramount importance to study
the impact of the proposed hybrid semantic-Shannon scheme
to the transmission delay. We note that text transmission is a
specific data communication example, nonetheless the impact
of the hybrid semantic-Shannon scheme to the transmission
delay can be assumed to be similar for other cases, such as
image transmission which is essential to autonomous driving.
It should also be highlighted that the presented analysis,
by using a different similarity metric, is valid for image
transmission. Combining @) and (6], the transmission delay
of the [-th subcarrier is equal to

D, = a,D; + a; Dy, ®)

where a;,a; € {0,1} are binary decision variables such that
a;+a; =1,vl € {1,---, L}, which allow selection between
Shannon and semantic communication for each subcarrier in-
dividually. Specifically, a; = 1 denotes that the [-th subcarrier
utilizes Shannon communication, while a; = 1 indicates that
the [-th subcarrier uses the DeepSC model. We assume that
each sentence S, ; has a similarity threshold of at least M, fl}”l,
which can be considered as a semantic quality of service
(QoS) constraint. If this semantic QoS is not guaranteed
communication fails. Therefore, for each sentence .5, ; it must

be,
ar+@ Moy > ML, Yne {1,--- ,N},Vle {1,---,L}. (9)

n

In the [-th subcarrier, all sentences are bounded by the
similarity constraints given by Mflhl However, since all N
sentences per subcarrier are transmitted within the coherence
time interval, all [V sentences are subject to equal channel
fading. Thus, the power allocation of the [-th subcarrier must
ensure the similarity constraint of all N sentences, which
implies that the maximum similarity of all sentences to be
transmitted per subcarrier must be achievable. As such, when
designing the optimal power allocation for the /-th subcarrier,
the following similarity constraint needs to hold

M = max {Mff)ll}

1<n<N (10)

for the [-th subcarrier to utilize DeepSC. We note that due to
the similarity upper bound of DeepSC, when M™% > My,
Shannon communications have to be used. For convenience,
we define the set of all subcarriers which can use DeepSC as

S = {l|Mzar = M™™, Vi}, (11)
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while the set of all subcarriers which prefer semantic trans-
mission to the Shannon counterpart is given as

S ={lla, =1, Vi}. (12)
Since for each M;"#* there exists an one-to-one mapping to a
value of ~7"%%, it is straightforward to show that by combining
©) and (10), the following power constraint holds

P> e, Ve S, (13)

where ¢; = JMZ
Let P = {Py,Pa,---,Pr} be the transmission power
variables set and in similar fashion a = {a1,aq2,- - ,ar}
and @ = {ai,a9, -+ ,ar} are the Shannon and semantic

binary variables sets, respectively. We also define a delay
metric, denoted by the function f = f(Dy,---,Dy,---,Dp).
Based on the above analysis, we study two delay metrics for
the hybrid transmission. We note that studying both metrics
further validates the motivation of the paper, i.e., that semantic
communications may not always offer improved performance
and they should coexist with Shannon communications.

B. Minimization of Sum of Delays

The sum of delay is a metric widely used in the literature
to calculate the average transmission time [33[], [34]]. In this
case, the objective function that we aim to minimize is the
overall transmission time of all L subcarriers, which is given
below

-y

and the optimization problem under discussion can be de-
scribed as

F(Drs D ... (14)

. L
D,
pin 2D
S.t. Ci: al+dan}l>
Co:aj+a; =1,V
Cs:apa € {0, 1}, )
Cu: 0 P = Pros.

It is highlighted that (PT)) is not jointly convex with respect
to Py, a;, and a;, because of the binary variables and the fact
that ZlL 1 D, depends on a, a. However we can observe that
by the definition of Zl 1 Dy in (T4), it is convex in terms of
P, when a;, a; are fixed. Thus, alternating optimization can be
used to solve (PI) by separating the initial problem into two
problems, i.e., one convex optimization problem with respect
to P and one mixed integer linear problem with respect to
a,a.

Considering (TI), (I2) and (T3), the convex optimization
problem with respect to P; can be formulated as

Y(n,l)

nl’

(P1)

H}Fi,n ZZL:I Dy
st. Cp: =P < —paxe, VlieS (P2)
Cy: ZZL=1 Pr = Prot,

while the mixed integer linear programming problem with
respect to a, a can be formulated as

min Zlel Dy

st. Cr:qP < Ve, Vi € S
Co:ap+a; =1,V
Cs:ap,a; € {0, 1}, )
Cy: ZzL:1 Pi(ar + @) = Prot-

We note that while in (P2) there exist inequality power
constraints only over &', (P3) should have inequality power
constraints over all subcarriers in S. This is necessary for a
subcarrier to be able to successfully select between semantic
or Shannon transmission. Problem (P3) can be optimally
solved by using standard integer linear programming tools,
e.g., Branch and Bound, while a closed-form solution for @])
is given below.

1) A Closed-form Power Allocation Solution: Problem (P2)
can be easily proven to be convex, therefore the Karush-Kuhn-
Tucker (KKT) conditions are necessary and sufficient to obtain
its optimal value. This leads to the following Proposition [I}

Proposition 1: The optimal power allocation for the subcar-
riers utilizing semantic communication is described by

*a,Vie S

(P3)

Pr=m" (15)

and for the ones utilizing Shannon communication by

P =l exp [QWO (\/i)] -1,vi¢ S, (16)

where § = 1;1‘/([/2 )[Q and Wy(-) denotes the principal branch of

the Lambert W functlon, and A is the solution of the following

equation
!/
Z 7)l tot*

l¢8’

a7

Proof: Since P;, VI € 8, does not affect the transmission
delay of the semantic scheme, but only the similarity, the
optimal value of P, ¥Vl € &', is given by (I3). Then,
substituting @]) to Cy of (P2)), C, is transformed as

Z Pr = Prot — Z N

Z¢S' les’

= Plot> (18)

where P/, denotes the available power for Shannon trans-
mission. Then, the Lagrangian function of (P2) can be written
as

Z P — Ptot

l¢s (19)

As such, the optimal value of P, VI ¢ S’, can be obtained by
solving the following set of equations

oL n (2)U;

TH:WclP(Hf—ZF)mQ(H;’—ZF) TAShTEs

(20)
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Solving with respect to P; in (20), the optimal power allocation
at the [-th subcarrier is given by (16). Using the total power
constraint Eszl P; = Piot and substituting and (T6), we
get from which we can obtain A by means of the bisection
method, or using more advanced methods, e.g., the Powell’s
dog leg method [35]. Then, substituting A in (T6) yields the
optimal power allocation. ]

The procedure for jointly deriving the optimal power allo-
cation and semantic-Shannon selection at each subcarrier is
summarized in Algorithm [T}

Algorithm 1: Solution of (PI) via alternating opti-
mization
Fix number of semantic symbols per word, k.
Fix number of iterations, I.
Find M;"®* for each subcarrier /.
Convert between similarity and SNR M;8% <— 78,
Fix a,@ to a; = 1 and @; = 0, VI. Keep a(M), a(!).
Solve (P2) via KKT conditions to attain P;, V1.
fori=1:1do
Solve to attain a, @. Keep at1, al+1),
if at) =al®, a0+t =@ then
L break
Solve (P2) to attain Py, Vi.

Keep minimum achieving a9, @ and Pl(i).

C. Minimization of Maximum of Delays

The maximum delay metric describes the total transmission
duration of the proposed multi-carrier scheme, and it has also
been widely studied in the literature [36]]. In this case, the
objective function that we aim to minimize is the maximum
transmission delay time of all L subcarriers, given as

f(D1,...;Dy,..., D) = max D,

1<I<L @D

and the formulated optimization problem can be described as
min max D;
P,a,da 1<I<L ~
S.t. Ci: al+&an,l ZMrtLl,lh V(TL, l)
Co:aj+a =1,V
Cs:ap,a € {0,1}, VI
Ca: 30, Pr = Prot

As previously, @]} is not convex and, thus, alternating op-
timization can be used to separately optimize P; and a;, a;.
For the optimization of P; we first observe that any subcarrier
that utilizes semantic communications will satisfy (I3) and
its delay is not subject to optimization as shown by (6).
Therefore, semantic communications can be utilized only by
subcarriers whose delay is less than that of the subcarriers
that utilize Shannon communications, since the latter must
have equal delays amongst them. As such, we present a
closed-form solution for the optimization of P; along with a
heuristic algorithm for the optimal selection between semantic
and Shannon utilization. The subcarriers that utilize semantic
communications have to allocate such power so that the

(P4)

w

similarity constraint is satisfied with equality, meaning that
whenever holds that @; = 1, it also has to hold that

Pi =%, Ve S (22)

Then, for the subcarriers that utilize Shannon communica-
tions a closed-form solution can be obtained, because the
minimization of the maximum delay problem is reduced in
an equality problem between all subsequent D;. With this in
mind, the following analysis holds for any subcarriers such
that m, [l ¢ S":

U Unm

l = . (@3)
W log, (1+%) W log, (14’707:})
which yields that
U.

(=)

P, =c, T (1+Pl) Y (24)
ClF

From the overall power constraint of the problem, the follow-
ing condition must hold:

L L Um
max - Pl (Ul)
P~ 3 em = 3 en (1+qr> -

m=1

mes’ mgS’

(25)
The last one can be solved in terms of P; and the rest of
the power allocations for the other subcarriers can be found
recursively by (24). Using the aforementioned analysis, we
propose a heuristic algorithm to solve aiming to find the
optimal selection between semantic and Shannon utilization
and their joint power allocation problem.

Note that the condition A,,, < A; and P,,, > P,, for each
iteration ensures that if a subcarrier prefers to utilize semantic
communication due to its lower delay, the remaining power
for the subcarriers that utilize Shannon communication will
be greater than the previous iteration. As such, the previous
power allocation solution is achievable for the remaining
subcarriers utilizing Shannon communications and the new
power allocation will necessarily achieve better overall delay
due to the larger available power. Therefore, the delay of the
Shannon utilizing subcarriers will gradually reduce until no
further semantic utilization is possible.

The complexity of the proposed algorithm depends on
two factors, the first being the number of subcarriers, L,
used by the system. In the worst case, when all subcarriers
must be switched from Shannon to semantic transmission,
the algorithm will take at most L iterations to complete. To
check the two conditions of the inner for-loop, in the worst
case L iterations with two evaluations each are performed,
adding O(2L) complexity. The second factor is related to the
complexity of solving (23). The complexity of this problem
does not depend on the number of subcarriers, but on the
number of iterations it takes to converge to a solution below an
acceptable threshold. To give a general idea of the complexity
and how it affects the proposed algorithm, we denote the
complexity of solving as O(X) and the complexity of
solving problem (P4) as O(|(P4)|). Then, the proposed algo-
rithm must perform ( (Z* + L) /2) O(X) computations because
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Algorithm 2: Algorithm for selection between seman-

tic and Shannon communication
Fix number of semantic symbols per word, k.

Fix number of iterations, I.

Find M;"®* for each subcarrier [.

Convert between similarity and SNR M;8% — 8%,
Fix a,@ to a; = 1 and @; = 0, VI. Keep a(M),a(®).
Solve via (24) and 23) to attain P, Vi.
fori=1:L do

Find the delay obtained from the Shannon
utilization subset of the problem, A,.

Find semantic delays Ay, VI that achieve better
delay than A;.

Let the subcarriers that satisfy this make a vector
v = [myma --- mypr|], where [M] is the number
of elements in v and order is taken with regard to
the corresponding delay A,

for m=1:|M| do

Let P,, be the required power for the m-th
subcarrier to utilize semantic communication.
if A,, <A; and P,, > Py, then
Set a,, =0 and a,, = 1.
break

| Solve to attain Py, V.

Keep last iteration a”,a®) and Pl(i).

the number of equations required for (P4) is reduced by one
at each iteration, i.e., L must be solved at the first iteration,
L — 1 at the second iteration, and so on.

Thus, the combined complexity of the proposed algorithm
will be equal to
I’ +L
7'*'0( X)) ,
2
where O(L log, L) complexity is required to sort the semantic
delays that have been computed before the iterative algorithm.

o) (L log, L +2L% + (26)

IV. OPTIMAL SENTENCE-TO-SUBCARRIER ASSOCIATION

Next, we study the existence of an optimal association
between sentences’ size and subcarrier selection which further
minimizes the transmission delay metrics discussed in Section
As stated in Section [T} due to the strict similarity level of
each sentence, all the symbols that compose a sentence have
to be transmitted from one subcarrier, while each subcarrier
transmits a partition of sentences. Since all sentences S; have
in general different character lengths, 8u;, that implies that
the partitions of sentences of all L subcarriers have different
data sizes too. Intuitively, to minimize delay, partitions with
greater data size should be transmitted by the subcarriers with
the best SNR.

We define serial sentence transmission (SST) using the
following channel-sentence correspondence rule

|| = S;, 5 =1 (mod L),

where || < S, denotes the assignment of sentence S; to the
subcarrier with channel |h;|. For instance, for L = 16 subcar-
riers and SST, the sentences S, So3 and S75 correspond to the

@7

subcarriers with channels |h1], |h7| and |hq1], respectively. We
notice, though, that SST does not take into account channel
magnitudes and sentences’ size. Let

UQS'-'SUQ-S-'-SU’NL (28)

be the character length of the sentences in ascending order,
and without loss of generality, we assume that the ascending
order of the channels is given as

[h| < ho| < -+ <|hg]. (29)

Furthermore, we define ordered sentence transmission (OST)
by the following channel-sentence correspondence rule

ul = S5 {Wiluyyr S ) Sunah GO)

We note that since N sentences are transmitted to each
subcarrier, index j in @ takes /N values. In contrast to the
SST rule given by (27), the OST mapping in (30) takes into
account both channel ordering and the amount of data bits of
each sentence. Thus, larger sentences are mapped to channels
with greater capacities, which can minimize the transmission
delay of each subcarrier Next, we present and prove the
following lemma concerning the sum of delays problem.

Lemma 1: For (P2) under the sum-total power equality
constraint Zle P = Piot, regardless of the arrangement of
the sentences in the subcarriers, the optimal power distribution,
P*, is obtained so that the capacity of each channel has the
same order with the order of the channels.

Proof: The proof is provided in Appendix [A] [ ]
Algorithm [3] explains the steps described in the proof of
Lemma [I] The key idea is that we divide Q; = P;|h;|? by
the corresponding channel h.

In Lemma |1} we derived the order of the capacities for the
optimal power distribution. In the following lemma, we use
this result to obtain the best arrangement of sentences.

Lemma 2: Assuming pure wireless transmission in (P2)) let

V] = [’U/Ll,"' 7ul,L7“' ;un,h"' 5U‘N,17"' 1U‘N,L] (31)

be the 1 x NL vector consisting of the character lengths of
the corresponding sentences as they appear in their serial order
and

Juy ] (32)

the 1 x NL vector consisting of the elements of v; in
ascending order. Then, the ordered sentence transmission is
the optimal correspondence between channels and character
lengths independently from the serial order of the sentences.

Proof: The proof is provided in Appendix [ ]

Utilizing Lemma([TJand Lemma[2] we can state the following
theorem.

Theorem 1: OST is the optimal association of sentences
to subcarriers in terms of minimal overall transmission delay
time when Shannon wireless transmission is used.

Proof: For the sake of contradiction, we assume that a
different arrangement achieves better minimum transmission
delay time than OST. From Lemma the optimal power
distribution as obtained from solving (P2) is such that the

/ ! / /
Vo = [u1’17... 7”1,L7"' ’un7l7... 7’U’N,17...
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Algorithm 3: Capacity order (Lemma [I)

For the first repetition, ZM are the indices as they
appear in (36). Initial capacity order, Q,m., for the
assumed optimal power distribution P*. !

form=1:L—-1do

Find the first out of ascending order index in Z(").
Let this be ¢ and let 5 be the index that is
currently at its position order. Thus, it should hold

(m) -(m+1) (m)

ifim+1)<—jd =i and j, — iy

= j.

For the (m + 1)-th power distribution we change
only

Q;om) Q,om

PF (m+1) _ _Ja d (p* (m+1) _ "*a )

The new order of indices Z(™*1) has only two
differences from Z("), but now the largest m + 1
indices are ordered.

The last indices set Z(*~1) has all indices in ascending
order. (P*)(X=1 is such that

L

> (PHED <P

=1

capacities of the subcarriers have the same order with their cor-
responding channels. Then, from Lemma [2| we can show that
for this optimal power distribution, OST could achieve reduced
transmission delay time if we had arranged differently the
sentences in the subcarriers, which contradicts the hypothesis
that a different arrangement achieves minimum transmission
delay time. Hence, OST is the optimal association policy. M

In similar fashion, we present and prove the following
theorem concerning the minimization of the maximum delay
problem.

Theorem 2: OST is the optimal association of sentences to
subcarriers in terms of minimal maximum transmission delay
time when Shannon wireless transmission is used.

Proof: For the sake of contradiction, let the best possible
delay be achieved under some subcarrier-to-subcarrier associ-
ation different to OST. We assume that for the m-th and I-th
subcarriers |h,,|2 > || and U,, < U; hold. Let the delay
achieved by this assignment be A = D,,, = D; and P,,,, P; be
the power resources allocated for their respective subcarriers.
Since U,, < U; and D,, = D; hold, it must be

Con < C1 & Pulhml?® < Pilh|?. (33)

Then, following Lemma [I] it is easy to prove that the same
delay is possible for OST if the following power resource
allocation was performed
h|? [fim |
P, = 73;'7 and P = Py
|Fom|? : [l
Then, for the overall power allocation of the two subcarriers
found by it is straightforward that P,, + P, > P, + P|
holds by the original hypothesis of the channel order and

(34)

(33) in the same way presented in Lemma [I] Therefore,
implementing OST can achieve the same delay A as SST
allocating less power resources than the latter, meaning that it
can achieve better delay than any other sentence-to-subcarrier
association. [ ]

It is important to note that since we already have an
improvement gap of OST over SST and the proposed hybrid
system described by (P2)) outperforms the Shannon wireless
transmission, we can expect both hybrid policies OST and SST
to have better performance than Shannon wireless transmission
for both problems under discussion.

V. SIMULATIONS AND DISCUSSION

In this section, simulation results are presented to evaluate
the performance of the proposed hybrid semantic-Shannon
multi-carrier system. For the channel conditions, we assume
Rayleigh fading, thus the channel coefficients follow the
circular symmetric complex Gaussian, i.e., h ~ CN(0,1,),
where [, = (4’;—“3)” denotes the path loss factor. By v, R, and
A we denote the path loss exponent, the distance between
the transmitter and the receiver, and the wavelength of the
corresponding central frequency f.. The bandwidth of each
subcarrier is given as W = % DeepSC has been pre-
trainecﬂ to get the achievable similarity curve in terms of SNR
and k as shown in Fig.

All parameters are given in Table [lI, while all results were
averaged over 500 channel realizations and 10 QoS realiza-
tions through Monte Carlo simulations. Simulation results
address both cases of interest that were discussed in Section
From hereon, we refer to problem (PI) as the Sum
problem and (P4) as the MinMax problem. To evaluate the
performance of the proposed hybrid scheme, we investigate
the performance improvement in terms of transmission delay
over the Shannon only multi-carrier wireless scheme and
the semantic utilization, i.e., the percentage of subcarriers
that utilize the DeepSC model. All results are shown with
respect to the total average received SNR, which is given as
SNR = (Puw:EllRI?])/(N,w), with E[] denoting expectation.
The simulation results are derived with no source coding and
are performed for three data rates, i.e., the Shannon capacity
limit and two uncoded M-QAM schemes with BER-achieving
thresholds 10~2 and 1072,

In Fig. 3 the semantic utilization for both SST and OST
is plotted for the Sum problem. We observe that the semantic
utilization reaches its peak for medium SNR values, while
reaching zero in the low and high SNR regime, implying that
only Shannon communications are used. This is attributed,
first, to the fact that in the low SNR regime, DeepSC cannot
achieve the required similarity, since each subcarrier has not
the desired transmit SNR, while in the high SNR regime,
the transmission rate of DeepSC is smaller than the Shannon
digital communication scheme. We note that the transmission
rate of the DeepSC model is fixed and equal to its available
bandwidth, while the transmission rate of digital communica-
tions increases as the available transmit power increases. As
such, semantic transmission based on DeepSC is preferable

IThe used text data can be found in |http://www.statmt.org/europarl/v7/,
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TABLE II
SIMULATION PARAMETERS

[ Parameter [ Value (Unit) |
Noise power spectral density, Ng —174 dBm/Hz
Total bandwidth, Wiot 20 MHz
Frequency, fc 2.4 GHz
Distance, R 100 m
Path loss exponent, v 2

Semantic symbols, k 16 symbols/word

Similarity threshold, MEP, [0.6,1]
Similarity Upper Bound, Mgat 0.98

Sentence Length, L; 4 — 32

Number of subcarriers, L 64
Number of sentences, P 7296

—— OST
o L=16 O L=¢64

60

50
40
30

20

Semantic utilization (%)

10

Fig. 3. Semantic utilization of the Sum problem for k¥ = 16 DNN outputs.

only in the medium SNR regime. Also, the SNR regime, where
the semantic utilization is maximum, is shifted to the right as
the number of subcarriers increases, since more transmit power
is needed to guarantee the semantic QoS at all subcarriers. It is
notable that the semantic utilization can take values between
50-60%, implying that half the subcarriers utilize DeepSC.
With regards to OST it is observed that semantic utilization
has considerably smaller values compared to SST, around 20-
50%. According to (]m), the semantic QoS must hold for
all sentences associated with a subcarrier inside the same
coherence time interval, thus the maximum of all the semantic
QoS has to be guaranteed. The OST is based on reordering
the sentences and then associating them with subcarriers. This
reordering affects the distribution of the maximum QoS which
is associated with each subcarrier. Therefore, in OST, it is
likely that a subcarrier will be associated to at least one
sentence which has a similarity threshold greater than Mgy,
and as a consequence, that subcarrier is forced to use Shannon
communication.

In Fig. @] the semantic utilization of both SST and OST is
plotted for the MinMax problem. In similar fashion to Fig.
E[, it is observed that for increasing number of subcarriers, L,
semantic utilization is decreased and occurs for greater values
of total average received SNR due to the joint power resources
of the system. Furthermore, as in the Sum problem, the
semantic utilization of OST is smaller compared to that of SST

50 T
—— SST — OST
o L=16 o L=64
40 | A L =128

30

Semantic utilization (%)

Total average received SNR (dB)

Fig. 4. Semantic utilization of the MinMax problem for £ = 16 DNN outputs.

80
Sum

70 | —— MinMax

O Shannon

60| o BER=10"3
_10-5

50 A BER =10

40

30

20

10

0 2

15 20 25 30 35
Total average received SNR (dB)

Semantic utilization (%)

Fig. 5. SST semantic utilization for £ = 16 DNN outputs.

as previously explained in Fig. 3] Moreover, it is important to
highlight that the utilization levels achieved in the MinMax
problem are smaller than that of the Sum problem, which is
an inherent characteristic of the MinMax problem, because, as
showcased by Algorithm 2] subcarriers can utilize semantic
communications only as long as the transmission delay of
the subcarriers utilizing Shannon communications is greater
than the transmission delay achieved by semantic utilization.
This restriction is not necessary for the Sum problem, thus
in the latter semantic communications can be more widely
utilized. However, it is worth noting that in the MinMax prob-
lem semantic communications can be utilized even in higher
SNR values, because subcarriers that can achieve considerably
small transmission delay will favor semantic utilization over
Shannon until the latter is preferable for each subcarrier.

In Fig. ] the semantic utilization for SST is plotted under
different BER thresholds. It is noted that when BER is
taken into account, the semantic communications utilization
increases, due to the fact that BER limits the maximum
achievable data rate of digital communication as shown in (3).
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Nevertheless, in the low and high SNR regimes, the seman-
tic utilization again drops towards zero. Therefore, semantic
communications can be used to reduce the overall transmission
delay, especially in the medium SNR regime. We note that this
behavior is similar to the one under the assumption of capacity
achieving data rate transmission, since increasing the SNR
eventually allows Shannon communications to outperform the
delay achieved by semantic communications.

In Fig. [6] the semantic utilization of both SST and OST
protocols for the Sum problem and various number of semantic
symbols per word values are illustrated. As k decreases, the
achievable similarity also decreases, thus k < 12 was not
investigated, since DeepSC is rarely selected in this case.
First, it is observed that for greater values of k the peak of
the semantic utilization arises in smaller SNR values, which
is due to greater values of k providing increased similarity
for smaller SNR values. However, the semantic utilization
decreases as k increases, since more semantic symbols need
to be transmitted. By taking into account that DeepSC has
smaller transmission rate than Shannon communication, this
increase in semantic symbols per word results in increased
transmission delay when DeepSC is employed, thus Shannon
communication is preferred. It is important to note that for
both SST and OST the same intuitions hold regardless of the
number of DDN outputs, &, although, the semantic utilization
values for OST are smaller than SST, which was explained in

Fig. 3|

70

— SST

Semantic utilization (%)

Total average received SNR (dB)

Fig. 6. Semantic utilization of the Sum problem for L = 64 DNN outputs.

In Fig. 7 the performance improvement, in terms of trans-
mission delay, of the proposed schemes against the Shannon
SST scheme for the Sum problem is illustrated. First, it is
observed that the OST protocol is always better than the SST
protocol, which numerically validates the analysis of Section
[[V]and Theorems [T]and 2] The improvement diminishes as the
SNR increases, since as the transmission power increases the
impact of the sentences’ size on the delay reduces. However,
in the low SNR regime where the decisive factor is the
sentences’ size, the OST protocols achieve their maximum
improvement. This further confirms the importance of the
OST protocol, regardless if it is used in conjunction with

80
Sum
70 MinMax
O Hybrid SST
60 ‘ O  Shannon OST
A Hybrid OST

Transmission delay improvement (%)

0 15 20 2 30 35
Total average received SNR (dB)

Fig. 7. Transmission delay improvement of the Sum problem for L = 32
subcarriers and k = 16.

semantic communications. The effectiveness of the OST is
also proven by observing that the Shannon OST scheme almost
always outperforms the hybrid SST scheme. Thus, the delay
decrease provided by the reordering of the sentences is in
general greater than the delay decrease provided by using
semantic communications. By integrating the OST protocol
with semantic transmission, the hybrid scheme achieves supe-
rior performance compared to all considered communication
schemes, since it combines the advantages of both OST
and semantic communications. It is worth noting that the
implementation of the OST protocol for the MinMax problem
achieves an improvement around 60% over the SST protocol
counterparts, which highlights the significance of the proposed
sentence-to-subcarrier association.

60
Sum )
—— MinMax Y g 2 .
501 5 Shannon ) W |
o BER=10"3
40| 2 BER=10"° s

30

20

10

Transmission delay improvement (%)

Total average received SNR (dB)

Fig. 8. SST transmission delay improvement for L = 64 subcarriers and
k = 16 DNN outputs.

In Fig. [B] the transmission delay improvement of both
problems for SST and different BER thresholds is presented.
The improvement is associated with the semantic utilization,
since the larger the latter is, the larger the improvement will be.
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However, it is observed that the transmission delay improve-
ment has a similar behavior to that of Shannon’s capacity case,
because the same data rates will eventually be achieved by the
uncoded M-QAM schemes, but for greater values of SNR.
This ensures that at some point the transmission delay time of
each subcarrier under Shannon communications will become
smaller that the one achieved by the semantic communications
and, thus, as suggested by Fig.[5] the latter will not provide any
improvement. As observed, both problems are characterized
by similar behavior for increasing data rates, however the
MinMax problem achieves smaller improvement due to the
smaller semantic utilization compared to the Sum problem as
illustrated in Figs. 4] and [3

It is worth noting that since the Shannon capacity limit
is the maximum achievable rate, any other practical coded
scheme will achieve performance between that achieved by
Shannon capacity and the lower uncoded BER threshold. This
implies that since semantic utilization leads to performance
improvement even in the extreme case of Shannon-achieving
coding, semantic utilization will also be preferable for all other
schemes. The increase in semantic utilization as the BER
threshold decreases in Fig. E] also illustrates this point, thus
demonstrating the importance of integrating semantic commu-
nication along with conventional Shannon communication.

VI. CONCLUSIONS

In this paper, the synergy of Shannon wireless communi-
cations with state-of-the-art semantic communication systems
for text transmission was examined. The minimization of two
transmission delay metrics of the proposed hybrid system was
investigated, subject to strict similarity levels between the
original and the reconstructed data. Furthermore, we proved
that for the proposed multi-carrier hybrid system, the arrange-
ment of data for transmission significantly affects the per-
formance of the system and the optimal association between
sentences and subcarriers was provided. The simulation results
illustrate that semantic communications are not always the
preferable way of transmission and Shannon communications
still achieve better transmission delay, even for non capacity-
achieving data rates, for specific SNR regimes. Finally, we
concluded that the utilization of semantic communications can
decrease the transmission delay time of the system, but further
research is needed to unveil the advantages and disadvantages
of semantic communications.

APPENDIX A
PROOF OF LEMMA[I]

Without loss of generality, we assume that 29) gives the
channels’ magnitude in ascending order. For the sake of
contradiction, we suppose that the optimal power distribution
P* is such that the channels’ magnitude order given in (29))
and the capacity order corresponding to this power distribution

are in different order, for instance,
i< <G < <0< K0, (35)

while h;, h; are such that |h;| < |h;|. For convenience, we
denote Q; = P;|hi|%. Then, (33) is equivalent to

Q< << <Qj < <Qr. (36)

We will prove that there exists a different power distribution
which can achieve the same capacity values, but with less
power consumption. To prove this, we will show that the
capacity ordering that leads to minimum power consumption
is the same as the ordering of the channels associated with
the capacities, i.e., if |hi| < |ha|, the optimal ordering is
Q1 < Q2.

Let (P*)™) be the m-th power distribution given by

Qe

R E G7

where igm) symbolizes the destination index of the ¢-th channel

in the m-th repetition and the last m terms are in ascending
order. Since only two capacities are ordered in each repetition,
only two values change from one power distribution to the

next. Let 7 be the m-th out of order capacity and j be currently
(m+1) _ .(m)

in its order instead. Therefore, it is 4, = % = ¢ and,
since they swap places, it also is jc(lm“) = z'((im = j. Then,
we have that
( l) - |hi‘2 an ( j) - ‘h]‘Q ( )
and we can observe that by choosing
Q - (m) Q (m)
1\ (m J *\ (m ?
(P; )( +1) — 7|hj|2 and (pj)( +1) _ |h;|2 ) (39)

we would get C\™"™) = ¢, C’§m+1) = C; and would be
satisfied. However, the power distribution (P*)(™+1) achieves
better power consumption, because

(P 4 (P10 < (P + (P, (40)
which is equivalent to
1 1
0 -er](mr-mr) <0 @

and {T) holds by channel ordering and the order given in (36).
It should be highlighted that due to the power measures
described in are feasible, because they lead to lower power
consumption without violating the sum-total power constraint
of (P2).

The same process can be repeated until all capacities are in
the same order with their corresponding channels, which takes
at most L — 1 repetitions. At the last repetition, the current
power distribution (P*)(*~1) is such that

{C£L—1)’C§L—1)7“

where the vector on the right-hand side of (@2) is the initial
order given by (33) and the left-hand side consists of the
same capacities, but in ascending order with respect to their
corresponding channels, and is achievable directly with less
power consumption than the assumed optimal power distri-
bution. Thus, the initial found power distribution P* cannot
be the optimal power distribution, contradicting the original
assumption.

. ,CéL_l):| = [017027 e 7CL] 3 (42)
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APPENDIX B
PROOF OF LEMMA [2]

Without loss of generality, we assume that the channels’
magnitudes in ascending order are given by ([29) and that
P* is the optimal power distribution which minimizes the
transmission delay time of vi. Then, by Lemma [T for the
power distribution P* it should hold that

1 1 1
> s>
c, — Cy —

oy
due to the logarithm being an increasing function and the
capacities having the same order with their corresponding

channels. We define the 1 x N L vector

(43)

N times N times N times

(44)
the elements of which is in descending order. Then, by
the rearrangement inequality [37], and since vo and vj are
oppositely sorted, it will be

NL NL
E V2, 1U3,¢ < E V2,0(t)U3,t5
t=1 t=1

where v(.) ; denotes the ¢-th element of vector v,y and vy ()
is any permutation of the elements of vo. Since vy ,(;) is any
permutation of vo, which also includes v;, we have proved
that OST achieves the minimum transmission delay time for
the assumed power distribution, which was optimal for v;.
Thus, OST always results in better minimization of (P2).

(45)
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