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Περίληψη 
 

Θ τεράςτια αφξθςθ των απαιτιςεων των χρθςτϊν αςφρματων δικτφων για πολφ υψθλζσ 

ταχφτθτεσ δεδομζνων ευρυηωνικϊν υπθρεςιϊν αποτελεί κοινό τόπο. Επιπλζον, υπάρχει θ 

ανάγκθ να ενιςχυκεί θ απόδοςθ των δικτφων υποςτιριξθσ όςον αφορά τθν διατιρθςθ τθσ 

χωρθτικότθτάσ τουσ ςε περιπτϊςεισ πικανισ ςυμφόρθςθσ ι παφςθσ λειτουργίασ τθσ ηεφξθσ 

επικοινωνίασ. Λαμβάνοντασ επίςθσ υπόψθ ότι ζνασ από τουσ κφριουσ ςτόχουσ ςτα αςφρματα 

δίκτυα πζμπτθσ γενιάσ (5G) είναι θ ικανοποίθςθ των υψθλϊν ταχυτιτων των χρθςτϊν, τα 

δορυφορικά δίκτυα αποτελοφν αναπόςπαςτο μζροσ αυτοφ του δικτφου. ΢υγκεκριμζνα, τα 

δορυφορικά ςυςτιματα υψθλισ ρυκμοαπόδοςθσ (High Throughput Satellites, HTS) αποτελοφν 

αξιόπιςτθ λφςθ ςυνδεςιμότθτασ και επικοινωνίασ. Μποροφν να παρζχουν είτε κατευκείαν 

τθλεπικοινωνιακζσ υπθρεςίεσ ςε αγροτικζσ και απομονωμζνεσ περιοχζσ όπου τα επίγεια δίκτυα 

ενδεχομζνωσ να ζχουν περιοριςμζνθ ςυνδεςιμότθτα ι τθν υποςτιριξθ επίγειων υποδομϊν ςε 

δίκτυα 5G, ωσ «οπίςκια» ηεφξθ (backhaul) για τθ γενικότερθ αποςυμφόρθςθ τθσ 

τθλεπικοινωνικισ κίνθςθσ. Γενικά, τα ςυςτιματα HTS, που ςτοχεφουν ςτθν παροχι ταχφτθτασ 

από εκατοντάδεσ Gb/s ζωσ Tb/s, παρζχουν τθν επικοινωνία των δορυφορικϊν πυλϊν (gateway, 

GW) με τουσ χριςτεσ (user equipment, UE) μζςω του δορυφόρου. Οι ηεφξεισ μεταξφ GW και 

δορυφόρου ονομάηονται ηεφξεισ τροφοδοςίασ (feeder links) και χρθςιμοποιοφν τισ υψθλότερεσ 

RF ςυχνότθτεσ, όπωσ οι ηϊνεσ Q/V ι W, ενϊ χαμθλότερεσ ςυχνότθτεσ, όπωσ θ Ka ηϊνθ, 

χρθςιμοποιοφνται για τθν επικοινωνία δορυφόρου και UE, που ονομάηεται ηεφξθ χριςτθ 

(κατερχόμενθ ηεφξθ). 

Θ παροφςα εργαςία επικεντρϊνεται ςτο ςχεδιαςμό αποδοτικϊν αλγορίκμων βελτιςτοποίθςθσ 

για τθν κατάλλθλθ ςφνδεςθ μεταξφ των GWs και των UEs ςε δορυφορικά ςυςτιματα υψθλισ 

ρυκμοαπόδοςθσ, λαμβάνοντασ υπόψθ τισ προςφερόμενεσ και ηθτοφμενεσ χωρθτικότθτζσ τουσ, 

αντίςτοιχα και τισ ατμοςφαιρικζσ ςυνκικεσ μετάδοςθσ. Πρϊτον, λαμβάνοντασ υπόψθ ότι κάκε 

GW προςφζρει τθν ίδια χωρθτικότθτα ςτουσ UEs, δίνοντασ ζμφαςθ ςτισ ηεφξεισ τροφοδοςίασ, 

προτείνεται ζνα ταίριαςμα μεταξφ τουσ εφαρμόηοντασ τον αλγόρικμο Gale–Shapley (GS) για τθν 

ελαχιςτοποίθςθ των απωλειϊν του ςυςτιματοσ. Αυτόσ βρίςκει μια ευςτακι λφςθ του 

«προβλιματοσ ταιριάςματοσ ςυηφγων» (marriage matching problem) ςε πολυωνυμικό χρόνο. 

΢τθ ςυνζχεια, ςτο ίδιο ςενάριο, αποδεικνφεται ότι το βζλτιςτο ταίριαςμα μπορεί να επιτευχκεί 

με ζναν αλγόρικμο με χαμθλότερθ πολυπλοκότθτα, βαςιςμζνο ςτθ κεωρία των πινάκων Monge. 

Σζλοσ θ ςυγκεκριμζνθ κεωρία εφαρμόηεται και ςε άλλεσ γνωςτζσ μετρικζσ επίδοςθσ. Επιπλζον, 

παρουςιάηονται εκτεταμζνα αρικμθτικά αποτελζςματα ςε διάφορα υποκετικά δορυφορικά 

δίκτυα. 

Ακόμα, μελετάται θ περίπτωςθ όπου διαφορετικζσ χωρθτικότθτεσ προςφζρονται από κάκε GW 

ςε κάκε UE και παρουςιάηεται μια βζλτιςτθ μζκοδοσ αντιςτοίχιςθσ βάςει του Ουγγρικοφ 

αλγορίκμου, που λφνει το πρόβλθμα εκχϊρθςθσ ςε πολυωνυμικό χρόνο. ΢ε όλα τα 

προαναφερκζντα ςενάρια, οι GWs μποροφν να εξυπθρετιςουν ζναν ι περιςςότερουσ UEs 

ταυτόχρονα, καταλιγοντασ ςτον ςχθματιςμό ηευγϊν ζνα-προσ-ζνα (one-to-one, O2O) και ζνα-

προσ-πολλά (one-to-many, O2M), αντίςτοιχα. Ωςτόςο, ςτισ περιπτϊςεισ του O2M ο αρικμόσ των 

UE που εξυπθρετοφνται είναι προκακοριςμζνοσ. 

Σζλοσ, χωρίσ τθ χριςθ προκακοριςμζνου αρικμοφ ταυτόχρονα εξυπθρετοφμενων χρθςτϊν, 

παρουςιάηονται υποβζλτιςτα O2M ταιριάςματα χρθςιμοποιϊντασ μια ευρετικι διαδικαςία δφο 
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ςταδίων, για τθν επίλυςθ προβλθμάτων ςχετικϊν με το επίπεδο ικανοποίθςθσ, δυςαρζςκειασ 

και αντιςτοίχιςθσ χωρθτικοτιτων νιοςτισ τάξθσ (κετικό και ακζραιο ν) των χρθςτϊν. Αρχικά 

«χαλαρϊνοντασ» το πρόβλθμα ταιριάςματοσ λφνουμε ζνα ςυνεχζσ πρόβλθμα χρθςιμοποιϊντασ 

προςεγγίςεισ από τθ κεωρία κλαςματικοφ προγραμματιςμοφ και τθ διαδοχικι κυρτι 

βελτιςτοποίθςθ (sequential convex optimization, SCO). ΢τθ ςυνζχεια θ ςυνεχισ λφςθ 

μετατρζπεται ςε διακριτι και ζτςι καταλιγουμε ςε μια εφικτι λφςθ του αρχικοφ προβλιματοσ. 

Λζξεις Κλειδιά— αςφρματα δίκτυα, δορυφορικζσ επικοινωνίεσ, δορυφορικά ςυςτιματα υψθλισ 

ρυκμοαπόδοςθσ, κατανομι πόρων, βελτιςτοποίθςθ, διαδοχικι κυρτι βελτιςτοποίθςθ, 

κλαςματικόσ προγραμματιςμόσ, αλγόρικμοσ Gale-Shapley, πρόβλθμα ταιριάςματοσ ςυηφγων, 

Monge πίνακεσ, Ουγγρικόσ αλγόρικμοσ, ταίριαςμα πφλθσ διαδικτφου και χριςτθ. 
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Abstract 
 

The huge increase in the demands of wireless users for very high data rate broadband services is 

a common realization. In addition, there is need to boost the performance of mobile backhaul 

networks in terms of capacity and resilience against link failure or congestion. Considering also 

that one of the main targets in fifth generation (5G) wireless networks is the satisfaction of high 

traffic demand of users, the satellite networks play a vital role on this. Specifically, High 

Throughput Satellite (HTS) systems are rendered as a reliable part toward this direction mainly 

providing communication services in rural and remote areas where the terrestrial networks have 

limited connectivity and also through the support of terrestrial infrastructure of 5G networks for 

backhauling and traffic offload. Generally, HTS systems, targeting to provide speed from 

hundreds of Gb/s to Tb/s, contain the communication of gateways (GWs) and user equipment 

(UE) beams through the satellite. The links between the GWs and the satellite are called feeder 

links and are using higher RF frequencies, such as the Q/V or W bands. Lower frequencies, such 

as the Ka band, are exploited for the links between the satellites and the UE beam, called user 

links (downlinks). 

This dissertation focuses on the design of effective optimization schemes for the appropriate 

pairing in HTS systems among GWs and UEs, considering their offered and requested capacities 

respectively and the atmospheric transmission conditions. Firstly, considering that each GW 

offers the same capacity to UEs, focusing on the feeder links, an allocation scheme is proposed 

applying the Gale–Shapley (GS) algorithm for minimizing the system’s losses. This algorithm finds 

a stable solution of the marriage matching problem in polynomial time. Afterwards, under the 

same scenario, it is proven that the optimal allocation can be achieved by an algorithm with 

lower complexity, based on the theory of Monge arrays. This theory is also applied to other 

known performance metrics. Moreover, extended numerical results for various hypothetical 

scenarios are presented. 

Furthermore, we study the case where different capacities are offered by each GW to every UE 

and an optimal matching scheme is presented based on Hungarian algorithm, that solves the 

assignment problem in polynomial time. In all the aforementioned scenarios, GWs can serve one 

or more UEs simultaneously, resulting in one-to-one (O2O) and one-to-many (O2M) pairings, 

respectively. However, in O2M cases the number of served UEs is predetermined. 

Finally, without predetermining the simultaneous served UEs, we show suboptimal O2M 

allocation schemes using a two-step heuristic approach in problems related with the satisfaction, 

dissatisfaction ratios and nth (positive, integer) order rate matching of UEs. Firstly, solving a 

relaxed continuous allocation problem, we apply approximations from fractional programming 

and the sequential convex optimization (SCO) and then the continuous to discrete conversion of 

pairing solution is made, resulting in a feasible solution for the initial problem. 

Index Terms— wireless networks, satellite communications, high-throughput satellite systems, 

resource allocation, optimization, sequential convex optimization, fractional programming, Gale-

Shapley Algorithm, marriage matching problem, Monge arrays, Hungarian algorithm, gateway–

user pairing 
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Chapter 1  
 

Extended Greek Summary-Εκτεταμζνη 
Περίληψη  
 

1.1 Ειςαγωγή 
 

΢το Κεφάλαιο (Chapter) 2 τθσ παροφςασ Διατριβισ παρουςιάηεται μια ειςαγωγι που 

περιλαμβάνει: α) τθν τρζχουςα κατάςταςθ ςτισ δορυφορικζσ επικοινωνίεσ όςον αφορά τθ 

ςφνδεςι τουσ με τα δίκτυα 5θσ γενιάσ (5G), μια ςφντομθ αναφορά ςτισ δορυφορικζσ οπτικζσ 

επικοινωνίεσ και ςτα κζματα αςφαλείασ των επικοινωνιϊν, β) τθν παράκεςθ διαφόρων 

επιςτθμονικϊν μελετϊν που ζχουν διεξαχκεί παγκοςμίωσ ωσ προσ τθ διαχείριςθ πόρων ςτα 

δορυφορικά δίκτυα και τθν παρουςίαςθ κάποιων παραδειγμάτων ςχετικά με τθν τρζχουςα 

χριςθ τθσ τεχνθτισ νοθμοςφνθσ ςτον ςυγκεκριμζνο τομζα και γ) μια περιγραφι τθσ 

διάρκρωςθσ τθσ διατριβισ. 

Όςον αφορά τισ τάςεισ ςτθν εκμετάλλευςθ των δορυφορικϊν επικοινωνιϊν (Satellite 

Communications, SatComs), αυτζσ ςχετίηονται κυρίωσ με τθν παροχι ευρυηωνικισ 

ςυνδεςιμότθτασ των δορυφορικϊν δικτφων λειτουργϊντασ τα τελευταία μόνα τουσ ι ςε 

ςυνδυαςμό με τα επίγεια δίκτυα. Μάλιςτα κατά τθν ενςωμάτωςι τουσ ςτα 5G δίκτυα θ βαςικι 

υποςτιριξθ που παρζχουν, όπωσ παρουςιάηεται ςτο ΢χιμα (Figure) 1, ςχετίηεται [Kodheli21]: α) 

για τισ αςτικζσ περιοχζσ με τθ ςυνδεςιμότθτα IoT ςυςκευϊν (Διαδίκτυο των Πραγμάτων), τθν 

παροχι ηεφξθσ υποςτιριξθσ (backhaul) ςε ςτακερά δίκτυα, τθν ευρυεκπομπι δθμοφιλοφσ 

περιεχομζνου και πολυμζςων, τθ ςυνδεςιμότθτα μεταξφ οχθμάτων και τθ διαχείριςθ κινδφνου, 

β) για τισ αγροτικζσ περιοχζσ με τθ ηεφξθ υποςτιριξθσ, τθν απευκείασ ςυνδεςιμότθτα και τθν 

παρακολοφκθςθ και γ) για τισ απομακρυςμζνεσ περιοχζσ με το καλάςςιο τομζα και τθ ςφνδεςθ 

M2M (μθχανι-προσ-μθχανι), τθν εναζρια ευρυηωνικότθτα και τθν παροχι αςφάλειασ ςε 

περιπτϊςεισ ζκτακτθσ ανάγκθσ. 

Επιπλζον, κακϊσ αναπτφςςεται θ τεχνολογία, διαφορετικά ςυςτιματα επικοινωνίασ ςε 

αρχιτεκτονικζσ πολλαπλϊν επιπζδων, όπωσ φαίνεται ςτο ΢χιμα (Figure) 2, μποροφν να 

ςυνδυαςτοφν για να εγγυθκοφν υπθρεςίεσ υψθλισ ταχφτθτασ δεδομζνων, όπωσ ςε εξαιρετικά 

πυκνζσ περιοχζσ. Αυτά τα δίκτυα περιλαμβάνουν δορυφόρουσ, δορυφόρουσ χαμθλισ/πολφ 

χαμθλισ τροχιάσ (very low earth orbit, VLEO), πλατφόρμεσ μεγάλου υψομζτρου (high altitude 

platforms, HAPs) και πλατφόρμεσ χαμθλοφ υψομζτρου (low altitude platforms, LAPs) όπωσ τα 

μθ επανδρωμζνα εναζρια ςυςτιματα (unmanned aerial vehicles, UAV). Σα αντίςτοιχα 

υψομετρικά εφρθ τουσ είναι 100 ζωσ 450 km για τουσ VLEO, 15 ζωσ 25 km για τα HAPs και ζωσ 4 

km για τα LAPs [Kodheli21].  

Επίςθσ ζχει αναπτυχκεί θ ζννοια του «Νζου Διαςτιματοσ» (“New Space”) [Kodheli21+ που δεν 

αναφζρεται ςε μια ςυγκεκριμζνθ τεχνολογία, αλλά ςε μια γενικότερθ νοοτροπία και βαςίηεται 

ςε τρεισ κφριεσ πτυχζσ: 1) τθν ιδιωτικοποίθςθ του διαςτιματοσ, 2) τθ ςμίκρυνςθ των 
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δορυφόρων και 3) τισ νζεσ υπθρεςίεσ βαςιςμζνεσ ςε διαςτθμικά δεδομζνα. Θ ιδιωτικοποίθςθ 

αναφζρεται ςτθν καταςκευι και ειδικά ςτθν εκτόξευςθ δορυφόρων από ιδιωτικζσ εταιρείεσ, 

όπωσ θ SpaceX, ςε αντίκεςθ με τθν παραδοςιακι προςζγγιςθ που τθν εκτόξευςθ αναλάμβαναν 

διάφοροι οργανιςμοί. Παράλλθλα θ ςμίκρυνςθ των δορυφόρων και των εξαρτθμάτων επιτρζπει 

τθν εφκολθ πρόςβαςθ ςτο διάςτθμα με πολλαπλοφσ ςυνδυαςμοφσ κφβο/μίκρο/νάνο-

δορυφόρων ςε ζναν εκτοξευτι. Ζτςι οι δυο πρϊτεσ πτυχζσ ζχουν οδθγιςει ςτθν τελευταία, 

επιτρζποντασ γριγορθ και ςχετικά φκθνι πρόςβαςθ ςτο διάςτθμα και μικρότερουσ κφκλουσ 

παραγωγισ, που επιτρζπουν τθν ταχφτερθ ειςαγωγι τθσ καινοτομίασ. ΢χετικά με τισ 

επικοινωνίεσ, το “New Space” ζχει δθμιουργιςει νζεσ ευκαιρίεσ ςτθ ςυλλογι δεδομζνων και 

πολλζσ εταιρείεσ ανταγωνίηονται για να ξεκινιςουν μια βιϊςιμθ εμπορικι υπθρεςία και 

ςτθρίηονται ςε χαμθλζσ τροχιζσ, που δθμιουργοφν προκλιςεισ ςτθ ςυλλογι των δεδομζνων για 

επεξεργαςία ςτο ζδαφοσ. Ωςτόςο, υπθρεςίεσ που βαςίηονται ςε τεχνολογία «ςφννεφου» 

(cloud), όπωσ θ Amazon Web Services, ζχουν αναπτφξει δίκτυα επίγειων ςτακμϊν που μπορεί 

να είναι ςε κοινι χριςθ μεταξφ των διαφόρων ςχθματιςμϊν, παρζχοντασ παράλλθλα εφκολθ 

πρόςβαςθ ςε υπολογιςτζσ υψθλισ απόδοςθσ για τθν επεξεργαςία των δεδομζνων.  

Με τθν τεχνολογία cloud οι ενδιαφερόμενοι πελάτεσ κα ζχουν πρόςβαςθ ςε αυτό, χωρίσ να 

χρειάηονται μακροπρόκεςμθ επζνδυςθ ςε προςωπικι υποδομι επίγειου ςτακμοφ, μειϊνοντασ 

το κόςτοσ αποςτολισ δεδομζνων από το διάςτθμα ςτθ Γθ, αλλά και μειϊνοντασ ςθμαντικά τθν 

κακυςτζρθςθ πρόςβαςθσ ςτα δεδομζνα.  

Επιπρόςκετα ςθμαντικι είναι θ εξαςφάλιςθ αςφαλϊν επικοινωνιϊν με τθ χριςθ τεχνολογιϊν 

blockchain και quantum key distribution (QKD) για τθ δθμιουργία του κβαντικοφ διαδικτφου, 

κακϊσ με τθν αφξθςθ τθσ υπολογιςτικισ ιςχφοσ οι τρζχουςεσ τεχνικζσ κρυπτογράφθςθσ των 

επικοινωνιϊν κα είναι τρωτζσ. 

Εκτόσ από τθν προςπάκεια ενςωμάτωςθσ των δορυφορικϊν επικοινωνιϊν ςτα δίκτυα 5G 

υπάρχει ςτροφι ςτθ δθμιουργία οπτικϊν δικτφων υψθλισ επίδοςθσ. Θ μελζτθ των 

δορυφορικϊν οπτικϊν επικοινωνιϊν ξεκίνθςε από τον Ευρωπαϊκό Οργανιςμό Διαςτιματοσ 

(ΕΟΔ) το Δεκζμβριο 2016, ςτο πλαίςιο του προγράμματοσ Advanced Research in 

Telecommunications Systems (ARTES) με όνομα ζργου “SeCure and Laser communication 

Technology (ScyLight)”. Σο πρόγραμμα ScyLight εςτιάηει τισ προςπάκειεσ τθσ Ευρωπαϊκισ και 

τθσ Καναδικισ βιομθχανίασ ςτισ τεχνολογίεσ οπτικϊν επικοινωνιϊν και ςυγκεκριμζνα ςτουσ 

ακόλουκουσ τομείσ: α) τεχνολογία οπτικισ επικοινωνίασ ςε επίπεδο ςυςτιματοσ, β) τεχνολογία 

τερματικϊν οπτικισ επικοινωνίασ, ενδο-δορυφορικι φωτονικι και οπτικά payloads και γ) 

τεχνολογίεσ κβαντοκρυπτογραφίασ ςτισ διαςτθμικζσ επικοινωνίεσ. Μάλιςτα για να βοθκθκοφν θ 

Ευρωπαϊκι και θ Καναδικι βιομθχανία να δοκιμάςουν τισ τεχνολογίεσ τουσ ςε τροχιά, ο ΕΟΔ 

προετοίμαςε ζνα ζργο που ονομάηεται "High thRoughput Optical Network (HydRON)” και 

ςτοχεφει ςτθν απρόςκοπτθ ενςωμάτωςθ επίγειων και δορυφορικϊν υποδομϊν ςε μια terabit-

οπτικι αρχιτεκτονικι δικτφου επονομαηόμενθ ωσ “Fiber in the Sky”. 

Σο πρόγραμμα HydRON ςτοχεφει να καταδείξει πωσ: α) όλοι οι οπτικοί δορυφορικοί κόμβοι 

(γεωςτατικοί και μθ) μποροφν να παράγουν εξαιρετικά υψθλοφσ ρυκμοφσ δεδομζνων, β) τα 

δορυφορικά δίκτυα λζιηερ με δυνατότθτεσ ςφνδεςθσ terabit, πολφ μεγαλφτερεσ από 100 Gbps 

και δυνατότθτα οπτικισ επαναδρομολόγθςθσ/μεταγωγισ ροϊν δεδομζνων, μποροφν να 

αποδϊςουν όμοια με τισ τυπικζσ οπτικζσ ίνεσ που χρθςιμοποιοφνται ευρζωσ ςε επίγεια 

ςυςτιματα, γ) ο αντίκτυποσ των ατμοςφαιρικϊν ςυνκθκϊν μπορεί να μειωκεί κάνοντασ χριςθ 

των δυνατοτιτων του δικτφου HydRON για αναδιανομι δεδομζνων ςε τροχιά, επειδι οι 

ςτακμοί τθσ προσ-τα-άνω/κάτω ηεφξθσ μποροφν να βρίςκονται ςε γεωγραφικζσ περιοχζσ με 
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υψθλι διακεςιμότθτα ςφνδεςθσ (καλζσ καιρικζσ ςυνκικεσ) ι τα κατανεμθμζνα οπτικά δίκτυα 

επίγειων ςτακμϊν μποροφν να εξυπθρετοφν περιςςότερουσ από ζναν δορυφόρουσ παράλλθλα 

και να αποφεφγονται οι ακριβοί χρόνοι αναμονισ, δ) οι εγγενείσ δυνατότθτεσ διανομισ 

δεδομζνων του HydRON κα επιτρζψουν τθ ςυλλογι και διανομι των δεδομζνων του χριςτθ 

εντόσ του δικτφου, παρόμοια με ζνα επίγειο δίκτυο οπτικϊν ινϊν και ε) θ χριςθ τεχνθτισ 

νοθμοςφνθσ κα ωφελιςει τισ νζεσ δικτυακζσ μορφζσ να ενςωματωκοφν με τα επίγεια δίκτυα 

[Hauschildt18]. 

Κακϊσ οι υπθρεςίεσ τθλεπικοινωνιϊν προςφζρονται τόςο από εκνικζσ όςο και από εμπορικζσ 

δορυφορικζσ υποδομζσ, βαςικζσ λειτουργίεσ και υποδομζσ τθσ Ευρωπαϊκισ Ζνωςθσ (ΕΕ) και των 

κρατϊν μελϊν τθσ εκτίκενται ςε κινδφνουσ αςφαλείασ. Οι αςφαλείσ δορυφορικζσ επικοινωνίεσ 

που μποροφν να χρθςιμοποιθκοφν ζγκαιρα και αποτελεςματικά είναι κρίςιμεσ για 

κυβερνθτικοφσ φορείσ αςφαλείασ όπωσ αςτυνομία, ςυνοριοφφλακεσ, πυροςβζςτεσ, πολιτικζσ 

και ςτρατιωτικζσ δυνάμεισ. Οι υπθρεςίεσ αυτζσ μποροφν να βοθκιςουν ςτθν αςφαλι 

λειτουργία αποςτολϊν, οι οποίεσ δφναται να μθν μποροφν να βαςίηονται ςτα παραδοςιακά 

δίκτυα ι να υπόκεινται ςε απειλζσ ςτον κυβερνοχϊρο. Ζτςι δθμιουργικθκε το πρόγραμμα 

Κυβερνθτικϊν Δορυφορικϊν Επικοινωνιϊν τθσ EE (GOVSATCOM) ςτο οποίο ςυνεργάηονται ο 

ΕΟΔ, τα κράτθ μζλθ και θ Ευρωπαϊκι Επιτροπι. Αυτό ςτοχεφει ςτθν παροχι αςφαλϊν και 

οικονομικά αποδοτικϊν δυνατοτιτων επικοινωνίασ ςε κρίςιμεσ αποςτολζσ και λειτουργίεσ, 

όςον αφορά τθν αςφάλεια, που διαχειρίηονται θ ΕΕ και τα κράτθ μζλθ τθσ, 

ςυμπεριλαμβανομζνων των εκνικϊν φορζων αςφαλείασ και των οργανιςμϊν και κεςμϊν τθσ 

ΕΕ. 

Επιπλζον ςτο πλαίςιο Ορίηοντασ 2020 τθσ ΕΕ, τον ΢επτζμβριο 2020 ξεκίνθςε το πρόγραμμα 

“European Networking for satellite Telecommunication Roadmap for the governmental Users 

requiring Secure, inTeroperable, innovativE and standardiseD services (ENTRUSTED)” με 

χρθματοδότθςθ περίπου 3 εκατομμφρια ευρϊ, το οποίο κα ολοκλθρωκεί τον Φεβρουάριο 2023 

και αποτελείται από ςχεδόν 20 ιδρφματα που εκπροςωποφν κράτθ μζλθ και οργανιςμοφσ τθσ 

ΕΕ. ΢κοπόσ του ENTRUSTED είναι να παρζχει ςυςτάςεισ για τθν Ευρωπαϊκι Επιτροπι, όςον 

αφορά κζματα που κα μποροφςαν να επθρεάςουν τουσ χριςτεσ ςτον τομζα των αςφαλϊν 

υπθρεςιϊν δορυφορικισ επικοινωνίασ. Αυτζσ μπορεί να ςχετίηονται με τισ απαραίτθτεσ 

επενδφςεισ, τον εξοπλιςμό του χριςτθ και, κατά περίπτωςθ, τισ τεχνολογικζσ πτυχζσ που είναι 

ςθμαντικζσ για το ςχεδιαςμό των μελλοντικϊν υπθρεςιϊν. 

Οι προβλθματιςμοί για τθν αςφάλεια των επικοινωνιϊν οδιγθςαν τον Απρίλιο 2019 να 

υπογραφεί τεχνικι ςυμφωνία για ζνα Ευρωπαϊκό ςχζδιο για τθν κβαντικι επικοινωνιακι 

υποδομι (quantum communication infrastructure, QCI). Χρθςιμοποιείται θ τεχνολογία του QKD 

βαςιςμζνθ ςτισ αρχζσ τθσ κβαντικισ μθχανικισ για τθν εκτζλεςθ κρυπτογραφικϊν εργαςιϊν και 

δεν μπορεί να παραβιαςτεί από κβαντικοφσ υπολογιςτζσ, επιτρζποντασ κατ’ αυτόν τον τρόπο τθ 

μακροπρόκεςμθ αςφάλεια δεδομζνων και μθνυμάτων επικοινωνίασ. Ζτςι με τθν υποςτιριξθ 

του QKD, θ άκρο-προσ-άκρο κβαντικι επικοινωνιακι υποδομι κα αποτελείται από ςτοιχεία ςτθ 

Γθ και ςτο διάςτθμα και κα ενιςχφςει ςθμαντικά τισ δυνατότθτεσ τθσ Ευρϊπθσ για τθν 

κυβερνοαςφάλεια και τισ επικοινωνίεσ. Μάλιςτα θ ςυγκεκριμζνθ υποδομι κα μπορεί να 

ωφελιςει τισ ψθφιακζσ υπογραφζσ και τθν αυκεντικοποίθςθ. Πιο ςυγκεκριμζνα, το επίγειο 

ςυςτατικό του QCI κα αποτελείται από μια ςειρά κβαντικϊν δικτφων επικοινωνίασ που κα 

ςυνδζουν κρίςιμεσ υποδομζσ και ευαίςκθτα κζντρα δεδομζνων ςτθν Ευρϊπθ. Σο διαςτθμικό 

ςτοιχείο, γνωςτό ωσ SAGA (Security and cryptoGrAphic Mission), κα είναι υπό τθν ευκφνθ του 
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ΕΟΔ και κα αποτελείται από δορυφορικά κβαντικά ςυςτιματα επικοινωνίασ με πανευρωπαϊκι 

κάλυψθ [QKD19]  

Γενικότερα, ο ρόλοσ που ζχουν τα δορυφορικά ςυςτιματα ςτο οικοςφςτθμα 5G είναι ηωτικισ 

ςθμαςίασ και ζχει αναγνωριςτεί ευρζωσ και το 3rd Generation Partnership Project (3GPP) 

ξεκίνθςε τον Μάρτιο 2017 να τον μελετά. Επιπλζον ςτισ 21 Ιουνίου 2017, ςτο Paris Air and Space 

Show, o ΕΟΔ και 16 θγζτεσ τθσ δορυφορικισ βιομθχανίασ υπζγραψαν μια κοινι ςυνκικθ 

ςχετικά με τθ ςυνεργαςία τουσ ςτον τομζα του “Satellite for 5G”. Μάλιςτα ςτο ζγγραφο 

“Assessing satellite-terrestrial integration opportunities in the 5G environment”, το οποίο 

ςυντάχκθκε τον ΢επτζμβριο 2016 με τθν υποςτιριξθ του ΕΟΔ ςτα πλαίςια των μελλοντικϊν 

προετοιμαςιϊν του ARTES, αναφζρκθκαν ωσ καινοτομίεσ των δορυφορικϊν ςυςτθμάτων τα 

δορυφορικά ςυςτιματα υψθλισ ρυκμοαπόδοςθσ (high throughput satellite systems, HTS) και θ 

νζα γενιά αςτεριςμϊν χαμθλισ τροχιάσ. Σα τελευταία μειϊνουν τον χρόνο κακυςτζρθςθσ ςτισ 

δορυφορικζσ επικοινωνίεσ, ενϊ παράλλθλα αναφζρκθκε θ ανάγκθ για γριγορθ τυποποίθςθ των 

απαραίτθτων διεπαφϊν, ϊςτε να επιτρζπεται θ ενοποιθμζνθ διαχείριςθ και λειτουργία 

υβριδικϊν δορυφορικϊν-επίγειων δικτφων 5G. 

Θ τεράςτια αφξθςθ τθσ ηιτθςθσ των χρθςτϊν για ευρυηωνικζσ υπθρεςίεσ διαδικτφου είναι 

κοινόσ τόποσ. ΢τθν ζκκεςθ τθσ Cisco *Cisco19+ παρατθροφμε ότι ο μθνιαίοσ παγκόςμιοσ όγκοσ 

δεδομζνων κινθτϊν ςυςκευϊν κα είναι 77 exabytes ζωσ το 2022 και θ ετιςια κίνθςθ κα φτάςει 

ςχεδόν το ζνα zettabyte. ΢τθν εποχι των 5G αςφρματων δικτφων, οι δορυφόροι αποτελοφν 

αναπόςπαςτο μζροσ του δικτφου για τθν παροχι υπθρεςιϊν διαδικτφου και πολυμζςων. 

Μάλιςτα τα ςυςτιματα HTS αποτελοφν αξιόπιςτθ λφςθ προσ αυτι τθν κατεφκυνςθ παρζχοντασ 

υπθρεςίεσ κυρίωσ ςε αγροτικζσ και προαςτιακζσ περιοχζσ, όπου τα επίγεια δίκτυα ζχουν 

περιοριςμζνθ ςυνδεςιμότθτα και μζςω τθσ υποςτιριξθσ επίγειασ υποδομισ ςε δίκτυα 5G για 

backhaul και αποςυμφόρθςθ τθσ τθλεπικοινωνιακισ κίνθςθσ [Evans15].  

Για να μπορζςουν να ικανοποιιςουν τουσ υψθλοφσ ρυκμοφσ δεδομζνων πρόςβαςθσ ςτο 

διαδίκτυο, τα ςυςτιματα HTS ςτοχεφουν ςε εκατοντάδεσ Gbps ζωσ Tbps *Jeannin14+. Αυτζσ οι 

απαιτιςεισ ρυκμϊν δεδομζνων απαιτοφν τθν εκμετάλλευςθ υψθλότερων ςυχνοτιτων, όπωσ θ 

ηϊνθ Ka (20/30 GHz) και θ ηϊνθ Q/V (40/50 GHz). ΢υγκεκριμζνα, θ ηϊνθ Q/V χρθςιμοποιείται 

ςτθ ςφνδεςθ μεταξφ τθσ πφλθσ διαδικτφου (GW) και του δορυφόρου, θ οποία ονομάηεται ηεφξθ 

τροφοδοςίασ και θ ηϊνθ Ka αξιοποιείται ςτθ ςφνδεςθ μεταξφ του δορυφόρου και τθσ ςυςκευισ 

του χριςτθ (user’s equipment, UE), θ οποία ονομάηεται κατερχόμενθ ηεφξθ ι ηεφξθ χριςτθ. 

Είναι γνωςτό ότι τα ατμοςφαιρικά φαινόμενα επιδεινϊνουν τθν απόδοςθ των ςυςτθμάτων 

επικοινωνίασ για ςυχνότθτεσ λειτουργίασ άνω των 10 GHz *Panagopoulos04+ και αυτό κακιςτά 

το ςφςτθμα ευάλωτο ςε εξαςκενιςεισ που μποροφν να επθρεάςουν κακοριςτικά τθ 

διακεςιμότθτά του. 

Οι ςοβαρζσ εξαςκενιςεισ του ςιματοσ ςτισ ηϊνεσ υψθλϊν ςυχνοτιτων μποροφν να 

μετριαςτοφν με τθν τεχνικι του διαφοριςμοφ ζξυπνων πυλϊν διαδικτφου (smart gateway 

diversity, SGD). Ειδικότερα αξιοποιϊντασ τθ χωρικι ποικιλομορφία των ηεφξεων τροφοδοςίασ, 

λόγω τθσ μεγάλθσ γεωγραφικισ απόςταςθσ μεταξφ των GWs, μπορεί να αλλάξει θ εξυπθρζτθςθ 

ενόσ UE και o τελευταίoσ να εξυπθρετθκεί από μια άλλθ GW, τθσ οποίασ θ ηεφξθ τροφοδοςίασ 

αντιμετωπίηει λιγότερο ςοβαρζσ ςυνκικεσ εξαςκζνθςθσ. Για παράδειγμα ςτο *Kyrgiazos14+ οι 

ςυγγραφείσ μελετοφν το ςχιμα χρονικισ πολυπλεξίασ SGD, όπου οι UEs εξυπθρετοφνται από 

διαφορετικά GWs ςε διαφορετικζσ χρονικζσ ςχιςμζσ.  
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Όςον αφορά τον τομζα διαχείριςθσ πόρων, που αφορά πόρουσ όπωσ το εφροσ ηϊνθσ, τθν 

κατανομι ιςχφοσ και το ταίριαςμα των χρθςτϊν, υπάρχει μεγάλθ επιςτθμονικι βιβλιογραφία 

και παρζχονται ςφγχρονεσ προςεγγίςεισ όχι μόνο ςε αςφρματα δίκτυα *Manap20+, αλλά και ςε 

δορυφορικά ςυςτιματα επικοινωνίασ *Kisseleff21+. Με βάςθ τουσ *Elsayed19+ οι προςεγγίςεισ 

ςτον ςυγκεκριμζνο τομζα μποροφν να διαχωριςτοφν ωσ: 

1) κεντρικζσ ι αποκεντρωμζνεσ: Εάν οι αποφάςεισ προζρχονται από μια οντότθτα (agent) που 

ςυγκεντρϊνει όλεσ τισ πλθροφορίεσ, τότε μιλάμε για μια κεντρικι προςζγγιςθ, διαφορετικά 

ακολουκείται μια αποκεντρωμζνθ διαδικαςία όπου οι οντότθτεσ λαμβάνουν αποφάςεισ 

αυτόνομα.  

2) βελτιςτοποίθςθσ, ευρετικζσ, κεωρίασ παιγνίων ι βαςιηόμενεσ ςτθν τεχνθτι νοθμοςφνθ 

(artificial intelligence, AI), ανάλογα με τθ μακθματικι κεωρία που χρθςιμοποιείται. 

΢υγκεκριμζνα, τα προβλιματα βελτιςτοποίθςθσ είναι ςυνικωσ πολφπλοκα επειδι υπάρχουν 

πολλζσ παράμετροι, πολλζσ ςυνδυαηόμενεσ ςυναρτιςεισ και αρκετοί περιοριςμοί. Ζτςι μπορεί 

να εφαρμοςτεί μια ευρετικι λφςθ χωρίσ γενικά κεωρθτικζσ εγγυιςεισ. ΢τθν περίπτωςθ 

προςεγγίςεων τθσ κεωρίασ παιγνίων, οι οντότθτεσ ςτο δίκτυο αλλθλεπιδροφν και επθρεάηουν 

τισ αποφάςεισ άλλων οντοτιτων. Ειδικότερα, οι μζκοδοι αυτζσ μποροφν να προςαρμοςτοφν 

αποτελεςματικά ςτισ μεταβολζσ του δικτφου.  

Σζλοσ, ακολουκϊντασ το δρόμο προσ τισ μελλοντικζσ αςφρματεσ επικοινωνίεσ, θ τεχνθτι 

νοθμοςφνθ είναι αναπόςπαςτο μζροσ τθσ διαχείριςθσ των πόρων τουσ [Elsayed19, Lin20]. ΢τισ 

δορυφορικζσ επικοινωνίεσ υπάρχουν επιςτθμονικζσ μελζτεσ που χρθςιμοποιοφν τζτοιεσ 

μεκόδουσ, όπωσ θ βακιά ενιςχυτικι μάκθςθ (deep reinforcement learning). ΢φμφωνα με αυτό 

το πλαίςιο υπάρχουν οντότθτεσ, καταςτάςεισ και δράςεισ και χρθςιμοποιϊντασ 

ανατροφοδότθςθ από το περιβάλλον, θ πρόκεςθ τθσ οντότθτασ είναι να επιλζξει τθ δράςθ που 

οδθγεί ςε μεγαλφτερθ τελικι ανταμοιβι. Σο περιβάλλον και θ οντότθτα ςυνδζονται μζςω των 

δράςεων τθσ οντότθτασ και των καταςτάςεων και των ανταμοιβϊν του περιβάλλοντοσ. 

Ειδικότερα, θ οντότθτα λαμβάνει μια ςειρά από αποφάςεισ βάςει μιασ πολιτικισ ενεργειϊν ςε 

ςχζςθ με τθν κατάςταςθ του παρατθροφμενου περιβάλλοντοσ. Αυτό το πλαίςιο είναι πολφτιμο 

για τα αςφρματα δίκτυα λόγω του δυναμικοφ οικοςυςτιματόσ τουσ *Elsayed19+. 

 

1.2 Βζλτιςτεσ Μζθοδοι Ταιριάςματοσ Θεωρϊντασ τισ 
Ζεφξεισ Τροφοδοςίασ 
 

΢το Κεφάλαιο (Chapter) 3 μελετάται ζνα HTS ςφςτθμα όπου Μ GWs εξυπθρετοφν Ν UEs και οι 

GWs μπορεί να είναι ίςεσ ι λιγότερεσ ςε αρικμό από τουσ UEs. Επιπλζον όλα τα ηεφγθ μεταξφ 

των GWs και UEs είναι πικανά. Σα ταιριάςματα εξετάηονται ςε χρονικζσ ςχιςμζσ που απαρτίηουν 

ζνα ευρφτερο χρονικό πλαίςιο, κεωρϊντασ τθ χρονικι πολυπλεξία SGD. ΢ε κάκε χρονικι ςχιςμι 

οι GWs μποροφν να εξυπθρετιςουν ζναν (Μ=Ν) ι περιςςότερουσ UEs (Μ<Ν) και κάκε UE 

μπορεί να εξυπθρετθκεί από μια GW. ΢τθν πρϊτθ περίπτωςθ ο αρικμόσ ταυτόχρονα 

εξυπθρετοφμενων UEs (quotas, q) είναι q=1, ενϊ ςτθν τελευταία q>1. Σο ςενάριο όπου οι UEs 

είναι περιςςότερα από τα GW είναι ζνα ρεαλιςτικό και ςθμαντικό ςενάριο για το ςχεδιαςμό 

δορυφορικϊν ςυςτθμάτων. Δίνοντασ ζμφαςθ ςτισ ηεφξεισ τροφοδοςίασ θ κάκε GW παρζχει μια 

κοινι προςφερόμενθ χωρθτικότθτα (offered capacity, OC) ςτουσ UEs και επιπλζον κάκε UE ζχει 

μια ηθτοφμενθ χωρθτικότθτα (requested capacity, RC) ςε bps, για να ικανοποιιςει τθν ανάγκθ 
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του για δεδομζνα. ΢ε όλα τα παρακάτω προβλιματα τα ταιριάςματα γίνονται βάςει των 

προςφερόμενων και ηθτοφμενων χωρθτικοτιτων. 

Σζλοσ, οι εξεταηόμενεσ μετρικζσ επίδοςθσ είναι οι απϊλειεσ του ςυςτιματοσ (losses), θ 

αντιςτοίχιςθ των χωρθτικοτιτων (rate matching) και ο λόγοσ ικανοποίθςθσ (satisfaction ratio), 

όλεσ ευρζωσ γνωςτζσ ςτθ ςχετικι βιβλιογραφία *Kyrgiazos13, Kyrgiazos14, Lei11+. ΢υγκεκριμζνα, 

οι απϊλειεσ προςδιορίηονται ωσ θ μθ αρνθτικι διαφορά μεταξφ τθσ ηθτοφμενθσ και τθσ 

προςφερόμενθσ χωρθτικότθτασ, ενϊ το rate matching ςαν τθν νιοςτι τάξθ τθσ μεταξφ τουσ 

απόκλιςθσ, ςτθν περίπτωςι μασ ν=1 που περιγράφει τθν απόλυτθ διαφορά. Σζλοσ, ο λόγοσ 

ικανοποίθςθσ είναι o λόγοσ τθσ προςφερόμενθσ προσ τθ ηθτοφμενθ χωρθτικότθτα.  

Αρχικά ςτθν Ενότθτα (Section) 3.1 γίνεται χριςθ τθσ κεωρίασ ταιριάςματοσ με ςκοπό τθν 

ελαχιςτοποίθςθ των απωλειϊν του ςυςτιματοσ. Θ ςυγκεκριμζνθ κεωρία περιλαμβάνει δυο 

διαφορετικά ςφνολα οντοτιτων (agents) τα οποία ταιριάηουν μεταξφ τουσ μζςω ενόσ 

αποδοτικοφ ευςτακοφσ αλγορίκμου, γνωςτοφ ωσ Gale-Shapley (GS) [Gale62]. Ο τελευταίοσ ζχει 

πολυπλοκότθτα O(N2), όπου Ν είναι ο αρικμόσ των οντοτιτων ςτο ςφςτθμα. Ειδικότερα ςε ζνα 

περιβάλλον ταιριάςματοσ (matching market) κάκε οντότθτα του ενόσ ςυνόλου κατατάςςει τισ 

οντότθτεσ του άλλου ςυνόλου, ςφμφωνα με μια ςχζςθ προτίμθςθσ με βάςθ τισ ςυναρτιςεισ 

χρθςιμότθτάσ τουσ. ΢τθν περίπτωςι μασ, το περιβάλλον ταιριάςματοσ είναι το ςφςτθμα HTS 

που περιλαμβάνει τα ξεχωριςτά ςφνολα των GWs και UEs, όπου κάκε GW/UE κατατάςςει τουσ 

UEs/GWs, αντίςτοιχα, ςφμφωνα με τισ ςυναρτιςεισ χρθςιμότθτάσ τουσ.  

Τπάρχουν διάφορεσ ταξινομιςεισ των προβλθμάτων ταιριάςματοσ που εξαρτϊνται είτε από τον 

αρικμό των quotas των οντοτιτων, είτε από τον τρόπο καταςκευισ των λιςτϊν προτιμιςεϊν 

τουσ. Βαςιηόμενοι ςτα quotas, δθλαδι ςφμφωνα με το μζγιςτο αρικμό των ηευγϊν που μπορεί 

να ςχθματίςει μια οντότθτα, υπάρχει θ αντιςτοίχιςθ ενόσ-προσ-ζναν (one-to-one, O2O), όπωσ το 

πρόβλθμα ταιριάςματοσ ςυηφγων, ενόσ-προσ-πολλοφσ (one-to-many, O2M), όπωσ το πρόβλθμα 

ειςαγωγισ ςπουδαςτϊν ςτο κολζγιο [Roth89] και πολλϊν-προσ-πολλοφσ. Ενδεικτικά, ςτο 

πρόβλθμα ταιριάςματοσ ςυηφγων κάκε άντρασ ταιριάηει το πολφ με μία γυναίκα και 

αντιςτρόφωσ, ςτο πρόβλθμα ειςαγωγισ ςτο κολζγιο κάκε ςπουδαςτισ αντιςτοιχεί το πολφ ςε 

ζνα κολζγιο και το τελευταίο αντιςτοιχίηεται το πολφ με το μζγιςτο αρικμό ςπουδαςτϊν του και 

πολλζσ οντότθτεσ ενόσ ςυνόλου μποροφν να αντιςτοιχιςτοφν με πολλζσ οντότθτεσ ενόσ άλλου 

ςυνόλου ςτα ηεφγθ πολλϊν-προσ-πολλοφσ. Σζλοσ, βάςει των ςυναρτιςεων χρθςιμότθτασ 

υπάρχουν δφο υποκατθγορίεσ που χρθςιμοποιοφνται περιςςότερο *Gu15+, θ κανονικι 

αντιςτοίχιςθ, όπου οι προτιμιςεισ εξαρτϊνται αποκλειςτικά από τισ διακζςιμεσ πλθροφορίεσ ςε 

κάκε ςυγκεκριμζνθ οντότθτα και θ αντιςτοίχιςθ με externalities [Bando12, Namvar14]. ΢τθν 

τελευταία υποκατθγορία υπάρχουν αλλθλεξαρτιςεισ μεταξφ των προτιμιςεων των οντοτιτων, 

δθλαδι οι προτιμιςεισ των μεμονωμζνων οντοτιτων επθρεάηονται από τισ προτιμιςεισ των 

άλλων οντοτιτων και επίςθσ από το τρζχον ταίριαςμα. 

Θ χριςθ του GS αλγορίκμου οδθγεί ςε διαφορετικό ταίριαςμα ανάλογα από ποιό ςφνολο κα 

ξεκινιςει. ΢τθν περίπτωςι μασ οι λίςτεσ προτίμθςθσ των GWs δομοφνται κζτοντασ ςε φκίνουςα 

ςειρά τουσ UEs, βάςει των ηθτοφμενων χωρθτικοτιτων τουσ και οι UEs κζτουν ςε φκίνουςα 

ςειρά τουσ GWs, βάςει των προςφερόμενων χωρθτικοτιτων τουσ. Ζτςι οι λίςτεσ προτίμθςθσ ςε 

κάκε ςφνολο οντοτιτων είναι οι ίδιεσ και αποδεικνφεται πωσ το ταίριαςμα είναι το ίδιο 

ανεξαρτιτωσ του ςυνόλου εκκίνθςθσ και διαπιςτϊνουμε πωσ οδθγεί ςτθν ελαχιςτοποίθςθ των 

απωλειϊν του ςυςτιματοσ.  
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Μάλιςτα ςτισ προςομοιϊςεισ γίνεται ςφγκριςθ του ςυγκεκριμζνου αλγορίκμου και με άλλουσ 

μθχανιςμοφσ ταιριάςματοσ, δθλαδι τον εξαντλθτικό μθχανιςμό, τον μθχανιςμό δικαιοςφνθσ, 

ζναν ςτακερό μθχανιςμό και ζναν τυχαίο μθχανιςμό. ΢υγκεκριμζνα ο προτεινόμενοσ 

μθχανιςμόσ αντιςτοίχιςθσ ζχει τθν ίδια απόδοςθ με τον εξαντλθτικό μθχανιςμό τόςο ςτο ζνα-

προσ-ζνα, αλλά και ςτο ζνα-προσ-πολλά ταιριάςματα, που ςθμαίνει ότι θ προτεινόμενθ 

διαδικαςία ζχει ωσ αποτζλεςμα τθν ελαχιςτοποίθςθ των απωλειϊν του ςυςτιματοσ. Επιπλζον, 

ςτθν περίπτωςθ όπου μια GW εξυπθρετεί ζναν UE, ο αλγόρικμόσ μασ επιτυγχάνει καλφτερθ 

απόδοςθ ςε ςφγκριςθ με τον μθχανιςμό δικαιοςφνθσ, τον ςτακερό μθχανιςμό και τθ διαδικαςία 

τυχαίου ταιριάςματοσ. 

Όςον αφορά ςτθν Ενότθτα (Section) 3.2, χρθςιμοποιϊντασ τθ κεωρία των πινάκων Monge 

[Villani03, Park91], παρατίκενται βζλτιςτα ταιριάςματα για τθν ελαχιςτοποίθςθ των losses και 

του rate matching, κακϊσ και για τθ μεγιςτοποίθςθ του satisfaction ratio του ςυςτιματοσ και 

του χειρότερου UE. Αυτά τα βζλτιςτα ςχιματα καταλιγουν ςε ταιριάςματα βάςει μιασ 

κατάλλθλθσ ταξινόμθςθσ των προςφερόμενων και των ηθτοφμενων χωρθτικοτιτων και ζχουν 

χαμθλι πολυπλοκότθτα. Ο Monge ςυνδζεται με τθ γενικότερθ κεωρία τθσ βζλτιςτθσ μεταφοράσ 

και διατφπωςε το 1781 το εξισ πρόβλθμα [Villani03]: με δεδομζνουσ ςωροφσ άμμου και τρφπεσ 

με τον ίδιο όγκο, αναηθτοφμε τθν καλφτερθ κίνθςθ για να γεμίςουμε πλιρωσ τισ τρφπεσ με το 

ελάχιςτο ςυνολικό κόςτοσ μεταφοράσ. Ζνα άλλο απλό παράδειγμα ονομάηεται πρόβλθμα 

εξόρυξθσ μεταλλεφματοσ *Mozaffari19+. Δεδομζνθσ μιασ ομάδασ ορυχείων εξόρυξθσ 

ςιδθρομεταλλεφματοσ και μιασ ομάδασ εργοςταςίων που καταναλϊνουν το ςιδθρομετάλλευμα 

που παράγουν τα ορυχεία, ο ςτόχοσ είναι να βρεκεί ο βζλτιςτοσ τρόποσ μεταφοράσ του 

μεταλλεφματοσ από τα ορυχεία ςτα εργοςτάςια. Αυτό γίνεται με τθν ελαχιςτοποίθςθ μιασ 

ςυνάρτθςθσ κόςτουσ που μπορεί να περιζχει το κόςτοσ μεταφοράσ, τθν τοποκεςία των 

ορυχείων και τθν παραγωγικότθτα των εργοςταςίων. 

Σα εξεταηόμενα προβλιματα ανικουν ςτθν κατθγορία των γραμμικϊν ακροιςτικϊν 

προβλθμάτων ανάκεςθσ (linear sum assignment problems, LSAPs), εκτόσ από τθ μεγιςτοποίθςθ 

του satisfaction ratio του χειρότερου UE που είναι ζνα γραμμικό ςυμφορθμζνο πρόβλθμα 

ανάκεςθσ (linear bottleneck assignment problems, LBAP). Αυτά αποδεικνφουμε πωσ 

ικανοποιοφν τισ ιδιότθτεσ των πινάκων Monge (τα τρια πρϊτα) και bottleneck Monge (το 

τελευταίο) για κάκε 2 × 2 υποπίνακα του αρχικοφ πίνακα των προβλθμάτων. ‘Ετςι οδθγοφμαςτε 

ςε βζλτιςτθ λφςθ ταξινομϊντασ και ταιριάηοντασ κατάλλθλα τουσ GWs και UEs βάςει των 

προςφερόμενων και ηθτοφμενων χωρθτικοτιτων τουσ με πολυπλοκότθτα Ο(Νlog(N)). Μάλιςτα 

αποδεικνφουμε κεωρθτικά πωσ το ταίριαςμα που οδθγεί ςτθ μεγιςτοποίθςθ του satisfaction 

ratio του χειρότερου UE, ταυτόχρονα προκαλεί τθν ελαχιςτοποίθςθ του αντίςτοιχου ςυνολικοφ 

και το ανάποδο. 

Σζλοσ, οι παραπάνω μζκοδοι εξετάηονται τόςο ςτισ περιπτϊςεισ των Ο2Ο όςο και των Ο2Μ 

ηευγϊν, όπου ςτθν τελευταία ο αρικμόσ των UEs που εξυπθρετοφνται ταυτόχρονα από κάκε GW 

ζχει προςδιοριςτεί πριν από τθ διαδικαςία ταιριάςματοσ. 

 

1.3 Βζλτιςτεσ Μζθοδοι Ταιριάςματοσ Θεωρϊντασ τισ 
Κατερχόμενεσ Ζεφξεισ  
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΢το Κεφάλαιο (Chapter) 4 λαμβάνονται υπόψθ τόςο οι ηεφξεισ τροφοδοςίασ, όςο και οι 

κατερχόμενεσ ηεφξεισ του HTS ςυςτιματοσ, ενϊ οι γενικζσ παραδοχζσ του μοντζλου είναι ίδιεσ 

με αυτζσ ςτο Κεφάλαιο (Chapter) 3. Ειδικότερα οι βαςικζσ ζννοιεσ παραμζνουν ίδιεσ με αυτζσ 

ςτο Κεφάλαιο (Chapter) 3 και οι ορολογίεσ που αλλάηουν αφοροφν τθν περίπτωςθ των M=N και 

M<N, όπου το πρόβλθμα καλείται ςαν «ιςορροπθμζνο» και «μθ ιςορροπθμζνο», αντίςτοιχα. 

΢τθ δεφτερθ περίπτωςθ υπάρχουν Ν-Μ μθ εξυπθρετοφμενοι χριςτεσ και μελετϊνται επιπλζον 

Ο2Μ ταιριάςματα για να εξυπθρετθκοφν τελικά όλοι οι χριςτεσ. 

΢υγκεκριμζνα παρζχονται βζλτιςτα ταιριάςματα για τθν ελαχιςτοποίθςθ των losses και του rate 

matching, κακϊσ και για τθ μεγιςτοποίθςθ του satisfaction ratio του ςυςτιματοσ με τθ χριςθ 

του Ουγγρικοφ αλγορίκμου (Hungarian algorithm, HA). O HA ζχει πολυπλοκότθτα O(N4) και 

επιτυγχάνει O(N3) *Tomizawa71+ με κατάλλθλεσ τροποποιιςεισ. Επιπλζον, ςτθν περίπτωςθ 

μεγάλων πινάκων αυτι θ πολυπλοκότθτα είναι απαγορευτικι και μια ςειρά τεχνικϊν 

επιτάχυνςθσ και παραλλθλοποίθςθσ μελετϊνται ςτο *Cui16+. Σα βιματα εκτζλεςισ του 

περιγράφονται παρακάτω κεωρϊντασ πωσ οι πίνακεσ των υπό εξζταςθ προβλθμάτων είναι N x 

N [Winston04]: 

α) Βρείτε το ελάχιςτο ςτοιχείο ςε κάκε γραμμι του πίνακα. Καταςκευάςτε ζναν νζο πίνακα 

αφαιρϊντασ από κάκε ςτοιχείο το ελάχιςτο ςτοιχείο ςτθ γραμμι του. Για αυτόν τον νζο πίνακα, 

βρείτε το ελάχιςτο ςτοιχείο ςε κάκε ςτιλθ. Καταςκευάςτε ζναν νζο πίνακα αφαιρϊντασ από 

κάκε ςτοιχείο το ελάχιςτο ςτοιχείο ςτθ ςτιλθ του. 

β) ΢χθματίςτε τον ελάχιςτο αρικμό γραμμϊν (οριηόντιεσ, κάκετεσ ι και οι δφο) που χρειάηονται 

για να καλφψουν όλα τα μθδενικά ςτον πίνακα Εάν απαιτοφνται Ν γραμμζσ, υπάρχει μια 

βζλτιςτθ λφςθ μεταξφ των καλυμμζνων μθδενικϊν και ςταματά ο αλγόρικμοσ. Εάν χρειάηονται 

λιγότερεσ από N γραμμζσ, ςυνεχίςτε με το γ). 

γ) Βρείτε το μικρότερο μθ μθδενικό ςτοιχείο (ονομάςτε το κ) που δεν καλφπτεται από τισ 

γραμμζσ ςτο (β). Αφαιρζςτε το κ από όλα τα ακάλυπτα ςτοιχεία του πίνακα και προςκζςτε κ ςε 

όλα τα ςτοιχεία που καλφπτονται από 2 γραμμζσ. ΢υνεχίςτε με τθ διαδικαςία από το β). 

Για τθν εφαρμογι του ΘΑ, όςον αφορά τα μθ ιςορροπθμζνα ςενάρια προςτίκενται Ν-Μ ςειρζσ 

«εικονικϊν» GWs ςτουσ πίνακεσ των υπό εξζταςθ προβλθμάτων, για τισ O2O περιπτϊςεισ. ΢τισ 

Ο2Μ περιπτϊςεισ επαναλαμβάνονται οι γραμμζσ τθσ κάκε GW τόςεσ φορζσ, όςο είναι το 

αντίςτοιχο quota τθσ ςυγκεκριμζνθσ GW. Σζλοσ, ο ΘΑ παρζχει βζλτιςτα ταιριάςματα και ςτισ 

περιπτϊςεισ που δεν μπορεί να γίνει κάποιο ταίριαςμα μεταξφ ςυγκεκριμζνων GWs και UEs, 

οπότε εξαιρείται το ςυγκεκριμζνο ηεφγοσ από τθ διαδικαςία ταιριάςματοσ. Βζβαια 

παρατθρικθκε ςτισ προςομοιϊςεισ πωσ θ βζλτιςτθ απόδοςθ του ςυςτιματοσ ςτθ ςυγκεκριμζνθ 

περίπτωςθ, όςον αφορά όλεσ τισ μετρικζσ, είναι χειρότερθ από τθν αντίςτοιχθ βζλτιςτθ 

απόδοςθ ςτθν περίπτωςθ που κάκε μια GW μπορεί να ταιριάξει με οποιοδιποτε UE. 

 

1.4 Υποβζλτιςτεσ Μζθοδοι Ταιριάςματοσ για την 
Περίπτωςη Ενόσ-προσ-Πολλά Ζεφγη 
 

΢το Κεφάλαιο (Chapter) 5 ιςχφουν όμοιεσ υποκζςεισ με αυτζσ του Κεφαλαίου (Chapter) 4 αλλά 

πλζον ςτα ζνα-προσ-πολλά ταιριάςματα ο αρικμόσ των ταυτoχρόνωσ εξυπθρετοφμενων UEs από 

κάκε GW αποτελεί μζροσ των εξεταηόμενων προβλθμάτων και δεν είναι προκακοριςμζνοσ. 
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Αυτό το ςτοιχείο κάνει τα προβλιματα πιο περίπλοκα και παρζχουμε μια ευρετικι διαδικαςία 

επίλυςθσ δφο βθμάτων: (α) το ςυνεχζσ βιμα που περιλαμβάνει τθ «χαλάρωςθ» των 

προβλθμάτων ταιριάςματοσ αναηθτϊντασ λφςθ ςτο ςυνεχζσ ςφνολο [0, 1] και τθν εφαρμογι 

επαναλθπτικϊν αλγορίκμων που καταλιγουν ςε μια ςυνεχι λφςθ και (β) το διακριτό βιμα που 

περιλαμβάνει τθ δυαδικι μετατροπι τθσ λφςθσ από το βιμα (α) και καταλιγει ςε μια εφικτι 

λφςθ του αρχικοφ προβλιματοσ ταιριάςματοσ.  

Ειδικότερα, εξετάηονται τα προβλιματα μεγιςτοποίθςθσ τόςο του ελάχιςτου, όςο και του 

ςυνολικοφ λόγου ικανοποίθςθσ, αλλά και τθσ ελαχιςτοποίθςθσ τόςο του μζγιςτου, όςο και του 

ςυνολικοφ λόγου δυςαρζςκειασ. Ο λόγοσ δυςαρζςκειασ ορίηεται ςαν το αντίςτροφο του λόγου 

ικανοποίθςθσ. ΢το προαναφερκζν ςτάδιο (α) για τα προβλιματα ικανοποίθςθσ ο προτεινόμενοσ 

μθχανιςμόσ βαςίηεται ςτθ κεωρία κλαςματικοφ προγραμματιςμοφ και χρθςιμοποιείται μια 

κοίλθ προςζγγιςθ που προτείνεται ςτο *Shen18], ενϊ για τα προβλιματα δυςαρζςκειασ 

εφαρμόηεται θ διαφορά κυρτϊν ςυναρτιςεων [Lipp16]. ‘Ετςι οι επαναλθπτικοί αλγόρικμοι ςτο 

βιμα (α) λφνουν ςε κάκε επανάλθψθ κοίλα και κυρτά προβλιματα, αντίςτοιχα. Μζςα από τισ 

προςομοιϊςεισ παρουςιάηεται το μικρό ςχετικό ςφάλμα, ςε ςχζςθ με τθν αντίςτοιχθ επίδοςθ 

του εξαντλθτικοφ αλγορίκμου που εξετάηει όλα τα πικανά ηεφγθ. Επιπλζον παρατθρείται μικρόσ 

αρικμόσ επαναλιψεων ςφγκλιςθσ των αλγορίκμων ςτο ςτάδιο (α).  

΢το ςθμείο αυτό πρζπει να τονιςκεί πωσ ςτθν περίπτωςθ των προβλθμάτων δυςαρζςκειασ 

δθμιουργοφνται τετραγωνικζσ μορφζσ πινάκων ςτα προβλιματα βελτιςτοποίθςθσ. Ζτςι 

παρουςιάηουμε μια γενικι μζκοδο αντιμετϊπιςθσ αυτϊν μζςω τθσ διαφοράσ κυρτϊν 

ςυναρτιςεων. ΢υγκεκριμζνα γράφουμε τουσ πίνακεσ των προβλθμάτων ςαν ακροίςματα ενόσ 

ςυμμετρικοφ και ενόσ αντιςυμμετρικοφ πίνακα, όπου θ τετραγωνικι μορφι του τελευταίου 

είναι μθδενικι. Επομζνωσ ςτθν επίλυςθ απομζνει ο ςυμμετρικόσ πίνακασ. ΢τθ ςυνζχεια κακϊσ 

το πρόβλθμα παραμζνει μθ κυρτό, αφοφ οι ιδιοτιμζσ του ςυμμετρικοφ πίνακα είναι 

πραγματικζσ, προςκζτουμε και αφαιροφμε κατάλλθλο πίνακα βάςει των ιδιοτιμϊν του 

ςυμμετρικοφ πίνακα. Κατ’ αυτόν τον τρόπο καταλιγουμε ςε διαφορά κυρτϊν ςυναρτιςεων και 

εφαρμόηουμε άμεςα τον αντίςτοιχο αλγόρικμο. ΢υμπεραςματικά, τα προβλιματα με 

τετραγωνικζσ μορφζσ είτε ςτισ ςυναρτιςεισ βελτιςτοποίθςθσ είτε ςτουσ περιοριςμοφσ, μποροφν 

να επιλυκοφν με τθ βοικεια τθσ διαφοράσ των κυρτϊν ςυναρτιςεων.  

Σζλοσ, παρζχεται κεωρθτικι ανάλυςθ για τθν ελαχιςτοποίθςθ τθσ n-ιοςτισ τάξθσ του rate 

matching, όπου το n είναι κετικόσ και ακζραιοσ αρικμόσ. Δείχνουμε πωσ μπορεί να 

αντιμετωπιςτεί αυτι και πάλι μζςω τθσ διαφοράσ κυρτϊν ςυναρτιςεων. Ειδικότερα 

αναπτφςςονται τετραγωνικζσ μορφζσ που αντιμετωπίηονται όπωσ παραπάνω, αλλά επιπλζον το 

διωνυμικό ανάπτυγμα περιζχει όρουσ που είναι είτε κυρτοί, είτε κοίλοι. Ωσ εκ τοφτου, τα κυρτά 

και κοίλα μζρθ από τισ τετραγωνικζσ μορφζσ ομαδοποιοφνται μαηί με τουσ κυρτοφσ και κοίλουσ 

όρουσ, αντίςτοιχα, από το διωνυμικό ανάπτυγμα και εφαρμόηεται άμεςα ο αλγόρικμοσ τθσ 

διαφοράσ κυρτϊν ςυναρτιςεων. 

 

1.5 Συμπεράςματα–Προεκτάςεισ 
 

΢το Κεφάλαιο (Chapter) 6 παρζχουμε τα γενικά ςυμπεράςματα τθσ διατριβισ, που 

παρουςιάηονται παρακάτω ανά κεφάλαιο, και προτάςεισ για μελλοντικι ζρευνα. 
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Ειδικότερα, ςτο Κεφάλαιο (Chapter) 3 εςτιάηουμε ςτισ ηεφξεισ τροφοδοςίασ και ςε διαφορετικζσ 

κεωρίεσ ταιριάςματοσ, δθλαδι ο αλγόρικμοσ Gale-Shapley και οι πίνακεσ Monge, εφαρμόηονται 

ςε μετρικζσ επίδοςθσ που περιλαμβάνουν τθν ελαχιςτοποίθςθ των απωλειϊν του ςυςτιματοσ 

και τθσ αντιςτοίχιςθσ των χωρθτικοτιτων και τθσ μεγιςτοποίθςθσ του ςυνολικοφ και ελάχιςτου 

λόγου ικανοποίθςθσ. 

΢υγκεκριμζνα, ςτθν Ενότθτα (Section) 3.1 κφρια ςυνειςφορά είναι θ εφαρμογι ενόσ ευζλικτου 

αλγορίκμου ταιριάςματοσ βαςιςμζνου ςτισ αρχζσ τθσ κεωρίασ αντιςτοίχιςθσ, που αντιμετωπίηει 

το πρόβλθμα ταιριάςματοσ ςυηφγων. ΢τθν περίπτωςι μασ επιλφει το πρόβλθμα 

ελαχιςτοποίθςθσ των απωλειϊν ςτο HTS ςφςτθμα, ςτισ περιπτϊςεισ που μια GW μπορεί να 

εξυπθρετιςει ταυτοχρόνωσ ζναν ι περιςςότερουσ UEs. 

Όςον αφορά τθν Ενότθτα (Section) 3.2 χρθςιμοποιείται το ίδιο γενικό ςενάριο όπωσ και 

παραπάνω αλλά τϊρα παρζχονται βζλτιςτα ταιριάςματα χρθςιμοποιϊντασ τθ κεωρία των 

πινάκων Monge. ΢υγκεκριμζνα αυτά τα ταιριάςματα βαςίηονται ςτισ κατάλλθλεσ ταξινομιςεισ 

των GWs και UEs, βάςει των προςφερόμενων και ηθτοφμενων χωρθτικοτιτων τουσ.  

΢χετικά με τισ μετρικζσ των απωλειϊν του ςυςτιματοσ, τθσ αντιςτοίχιςθσ των χωρθτικοτιτων 

και τθσ μεγιςτοποίθςθσ του ςυνολικοφ λόγου ικανοποίθςθσ αποδεικνφουμε πωσ ικανοποιοφν 

τθν ιδιότθτα των πινάκων Monge, ενϊ θ μεγιςτοποίθςθ του ελάχιςτου λόγου ικανοποίθςθσ 

ικανοποιεί τθν ιδιότθτα των bottleneck πινάκων Monge. Σζλοσ προκφπτει ζνασ ςθμαντικόσ 

κεωρθτικόσ ςυμβιβαςμόσ που αφορά το γεγονόσ ότι το ταίριαςμα που οδθγεί ςτθ 

μεγιςτοποίθςθ του ςυνολικοφ λόγου ικανοποίθςθσ καταλιγει ςτθν ελαχιςτοποίςθ τθσ 

ικανοποίθςθσ του χειρότερου UE και αντιςτρόφωσ. 

΢τα πλαίςια του Κεφαλαίου (Chapter) 4 λαμβάνονται υπόψθ τόςο οι ηεφξεισ τροφοδοςίασ, όςο 

και οι κατερχόμενεσ ηεφξεισ και χρθςιμοποιείται ο Ουγγρικόσ αλγόρικμοσ. Εξετάηονται οι 

μετρικζσ των απωλειϊν του ςυςτιματοσ, τθσ αντιςτοίχιςθσ των χωρθτικοτιτων και του 

ςυνολικοφ λόγου ικανοποίθςθσ και παρζχονται βζλτιςτα ταιριάςματα ςτισ O2O και Ο2Μ 

περιπτϊςεισ. Βζλτιςτα ταιριάςματα παρζχονται και ςτθν περίπτωςθ που δεν είναι δυνατόν να 

ςχθματιςτοφν όλα τα ηευγι GW-UE.  

Σζλοσ, ςτο Κεφάλαιο (Chapter) 5 παρζχονται υποβζλτιςτεσ λφςεισ ςτα προβλιματα 

μεγιςτοποίθςθσ τόςο του ελάχιςτου, όςο και του ςυνολικοφ λόγου ικανοποίθςθσ, αλλά και τθσ 

ελαχιςτοποίθςθσ τόςο του μζγιςτου, όςο και του ςυνολικοφ λόγου δυςαρζςκειασ. Ο τελευταίοσ 

προτείνεται για πρϊτθ φορά ςτθ βιβλιογραφία, εξ’ όςων γνωρίηουμε, ςαν μια εναλλακτικι 

απλι μετρικι για τθν αξιολόγθςθ τθσ επίδοςθσ των ςυςτθμάτων. ΢τα ςυγκεκριμζνα 

προβλιματα κάκε GW δεν ζχει προκακοριςμζνο αρικμό εξυπθρετοφμενων χρθςτϊν, όπωσ 

ςυνζβαινε μζχρι τϊρα, και οδθγοφμαςτε ςτθ χριςθ προςεγγίςεων από τον κλαςματικό 

προγραμματιςμό και τθ διαφορά κυρτϊν ςυναρτιςεων. Μάλιςτα ςτθν τελευταία περίπτωςθ 

παρζχεται μια γενικι μζκοδοσ επίλυςθσ προβλθμάτων με τετραγωνικζσ μορφζσ πινάκων, μζςω 

τθσ διαφοράσ κυρτϊν ςυναρτιςεων.  

Επιπλζον, ςτο Κεφάλαιο (Chapter) 5 παρουςιάηουμε μια κεωρθτικι ανάλυςθ για να 

προςεγγίςουμε τθν ελαχιςτοποίθςθ τθσ n-ιοςτισ τάξθσ του rate matching, όπου το n είναι 

κετικόσ και ακζραιοσ αρικμόσ, εφαρμόηοντασ τον αλγόρικμο διαφοράσ κυρτϊν ςυναρτιςεων. 

Για να επιτευχκεί αυτό, εκμεταλλευόμαςτε κατάλλθλα τισ τετραγωνικζσ μορφζσ που 

εμφανίηονται μαηί με τουσ κυρτοφσ και κοίλουσ όρουσ του διωνυμικοφ αναπτφγματοσ. 
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Με βάςθ τισ υποκζςεισ των μοντζλων που αναπτφχκθκαν ςτο πλαίςιο αυτισ τθσ Διατριβισ 

υπάρχουν ςθμεία που μποροφν να λθφκοφν υπόψθ για περαιτζρω ζρευνα ςτο μζλλον, ςτο 

πεδίο τθσ διαχείριςθσ πόρων ςε δορυφορικά δίκτυα *Kuang17+, *Kisseleff21+. 

Αρχικά, θ απόδοςθ τθσ μεκόδου που περιγράφεται για τθν ελαχιςτοποίθςθ τθσ n-ιοςτισ τάξθσ 

του rate matching πρζπει να αξιολογθκεί μζςω τθσ ςφγκριςισ τθσ με τον εξαντλθτικό 

μθχανιςμό, βάςει προςομοιϊςεων. ΢υγκεκριμζνα πρζπει να εξεταςτοφν τόςο θ απόκλιςθ τθσ 

προτεινόμενθσ λφςθσ από τθ βζλτιςτθ, όςο και οι επαναλιψεισ που απαιτοφνται για τθ 

ςφγκλιςθ του αλγορίκμου. 

Επιπρόςκετα, υποκζτουμε ςτισ προςομοιϊςεισ μια ομοιόμορφθ κατανομι για τθν ηθτοφμενθ 

χωρθτικότθτα των UEs. Παρόλο που οι παρουςιαηόμενεσ μακθματικζσ κεωρίεσ μποροφν να 

εφαρμοςτοφν ανεξαρτιτωσ των μορφϊν των προςφερόμενων και ηθτοφμενων χωρθτικοτιτων, 

είναι ςθμαντικό να εξεταςτοφν διαφορετικζσ κατανομζσ για τισ ηθτοφμενεσ χωρθτικότθτεσ *Al-

Hraishawi20], [Ortiz-Gomez21+. Επιπλζον, τα πραγματικά δεδομζνα είναι υψίςτθσ ςθμαςίασ και 

αντί για τθ χριςθ μακθματικϊν τφπων, οι προςφερόμενεσ και ηθτοφμενεσ χωρθτικότθτεσ 

μποροφν να προζρχονται από αυτά και να γίνει μια μελζτθ όπωσ για τισ απϊλειεσ του 

ςυςτιματοσ βάςει αυτϊν. Επίςθσ, εκτόσ από τισ περιπτϊςεισ O2O και O2M, μποροφν να 

λθφκοφν υπόψθ κατάλλθλα ςενάρια όπου κάκε GW μπορεί να εξυπθρετεί πολλοφσ UEs και 

κάκε UE μπορεί να εξυπθρετείται από πολλζσ GWs. 

Μια λογικι επζκταςθ του μοντζλου που αναπτφχκθκε ςτο Κεφάλαιο (Chapter) 5 είναι θ 

υπόκεςθ ότι μια GW δεν μπορεί να εξυπθρετιςει όλουσ τουσ UEs. Ζτςι μπορεί να γίνει θ μελζτθ 

ενόσ πιο πολφπλοκου ςεναρίου που κα λαμβάνει υπόψθ τισ διαφορετικζσ κατερχόμενεσ ηεφξεισ, 

τον μθ προκακοριςμζνο αρικμό των UE που εξυπθρετοφνται ταυτόχρονα από κάκε μια GW 

αλλά και τον παραπάνω περιοριςμό. 

Θ μελζτθ των προβλθμάτων τθσ από κοινοφ κατανομισ πόρων είναι ηωτικισ ςθμαςίασ ςτα 

δορυφορικά δίκτυα, όπου υπάρχει ανάγκθ χριςθσ όλων των δυνατϊν πόρων. Κακϊσ τα ςενάρια 

γίνονται πιο περίπλοκα λαμβάνοντασ υπόψθ περιςςότερεσ παραμζτρουσ, θ εφαρμογι τθσ 

τεχνθτισ νοθμοςφνθσ είναι ζνασ πικανόσ ςφμμαχοσ για τθν αντιμετϊπιςθ αυτϊν των 

προβλθμάτων. ΢τθν τελευταία περίπτωςθ, θ εκπαιδευτικι διαδικαςία είναι χρονοβόρα και 

γίνεται offline. ΢τθ ςυνζχεια, το εκπαιδευμζνο μοντζλο παρζχει απαντιςεισ ςε ςφντομο χρονικό 

διάςτθμα και μπορεί να χρθςιμοποιθκεί ςε πραγματικζσ ςυνκικεσ. Σζλοσ, ενϊ τα μοντζλα 

μθχανικισ μάκθςθσ μποροφν να «κατανοιςουν» πολφπλοκεσ ςχζςεισ και είναι ςε κζςθ να 

λφςουν ςε αποδεκτό επίπεδο πολλά προβλιματα ςε ζνα ευρφ φάςμα επιςτθμονικϊν πεδίων, 

δεν υπάρχουν κεωρθτικζσ εγγυιςεισ για τθν απόδοςι τουσ λόγω τθσ μορφισ των ςυναρτιςεων 

τισ οποίεσ καταβάλλουν προςπάκεια να προςεγγίςουν. 
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Chapter 2  
 

Introduction 
 

 

Figure 1: Satellite Services in the 5G networks [Kodheli21]. 

 

The special features and technical advances in satellite communications (SatComs) make them 

necessary to support a wide range of applications, either as a standalone solution or through 

their integration in the fifth generation (5G) networks [Kodheli21, Völk19]. In summary, 

considering Figure 1, the assistance of SatComs in 5G ecosystem includes: (a) for urban areas the 

Internet of Things (IoT) device connectivity, backhaul support over fixed networks, popular 

content and media broadcasting, vehicle connectivity and emergency response, b) for rural areas 

backhauling, direct connectivity and monitoring and c) for remote areas the communication in 

maritime sector, machine-to-machine (M2M) connectivity, aeronautical broadband and 

emergency communications.  

Moreover, as technology is developed, different communication systems in multi-layer 

architectures, as shown in Figure 2, can be combined to guarantee high data rate services such as 

in ultra-dense regions. These networks include satellites, low/very low earth orbit (VLEO) 

satellites, high altitude platforms (HAPs) and low altitude platforms (LAPs) like unmanned aerial 

systems (UAVs). Their respective altitude ranges are 100 to 450 km for VLEO, 15 to 25 km for 

HAPs and up to 4 km for LAPs [Kodheli21].  
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Figure 2: Multi-layer communications ecosystem [Kodheli21]. 

 

2.1 Current Status of Satellite Communications 
 

Nowadays, the notion of “New Space” has been emerged meaning: 1) the space privatization, 2) 

satellite miniaturization and 3) services based on data from space [Kodheli21]. Specifically, 

companies such as SpaceX launch satellites, while until recently this was done only by 

institutions. Moreover, the satellite miniaturization helps the multiplexing of multiple 

cube/micro/nano-satellites into a single launcher and these innovations make simpler the access 

to space and give the ability to gather a large amount of data. Towards this direction services 

based on ‘cloud’ technology have been developed, such as Amazon Web Services, having ground 

stations that are shareable among the constellations and data processing can be done under high 

computing facilities. 

In the same context, Microsoft Azure Space cooperates with SpaceX Starlink to have a high-

speed, low-latency satellite broadband connection for the Azure Modular Datacenter and, based 

on its existing partnership with Société Européenne des Satellites (SES), will support its O3b 

medium earth orbit (MEO) constellation to extend the connectivity between its cloud data 

centers and cloud edge devices. With cloud technology, interested customers will be able to 

access it, without the need for long-term investment in personal ground station infrastructure, 

reducing the cost of sending data from space to Earth, but also significantly reducing data access 

delays. 

Continuing the description of trends in SatComs, their integration with the 5G networks is of 

utmost importance. In International Mobile Telecommunications for 2020 and beyond (IMT2020) 

are defined three major groups of 5G usage cases by ITU-R [ITU-R15]: enhanced mobile 

broadband (eMBB), massive machine-type communication (mMTC) and ultra reliable and low 

latency communication (uRLLC). The satellite usage cases for mMTC involve the IoT where high 

network load is generated and the satellites assist the terrestrial networks by providing the 
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backhaul or continuous service when they fail. In the case of uRLLC the satellite can assist with 

broadcast of content, in case of non-critical data and edge caching, i.e. processing delay-

intolerant information and only non–critical data transmitted through satellite. In terms of 

caching, the problem is how to prefetch the high volume of popular content to the caches. The 

satellite backhauling with its beams’ wide area coverage is a possible solution [Kodheli21]. 

Finally, specific paradigms for satellites in eMBB can be found in [Liolis19]. 

European Space Agency (ESA) and the European space industry have joined forces to develop 

and demonstrate the added value that satellite brings to 5G since June 2017, at the Paris Air and 

Space show, where ESA and 16 satellite industry leaders signed a Joint Statement on their 

collaboration in the “Satellite for 5G”. In fact, in the document “Assessing satellite-terrestrial 

integration opportunities in the 5G environment”, which was prepared in September 2016 with 

the support of ESA in the future preparations of the Advanced Research in Telecommunications 

Systems (ARTES) program, the high throughput satellite (HTS) systems and non-geostationary 

constellations were mentioned as innovations of satellite systems. The latter reduce dramatically 

the latency of satellite communications. Finally, the need for rapid standardization of the 

necessary interfaces to allow integrated management and operation of 5G hybrid satellite-

terrestrial networks was also stated. 

In addition to the efforts for integration of satellite communications into 5G networks, there is a 

shift in the creation of high-performance optical networks. The study of satellite optical 

communications started by ESA in December 2016, under the ARTES program with the project 

name "SeCure and Laser communication Technology (ScyLight)". The ScyLight project focuses the 

European and the Canadian industry's efforts on optical communications technologies, 

specifically in the following areas: a) system-level optical communication technology, b) optical 

communication terminal technology, intra-satellite photonics and optical payloads and c) 

quantum cryptography technologies in space. Furthermore, ESA has prepared a project called 

“High thRoughput Optical Network (HydRON)”, which aims to seamlessly integrate terrestrial and 

satellite infrastructure into a terabit-optical network, called “Fiber in the Sky”, to help European 

and Canadian industry test their technologies in orbit. 

The HydRON project aims to demonstrate that: a) all optical satellite nodes (geostatic and non-

geostatic) can produce extremely high data throughput, b) space laser networks with terabit 

connectivity capabilities exceeding 100 Gbps and capable of optically rerouting/switching data 

streams can perform similarly to standard fiber optics widely used in terrestrial systems, c) the 

impact of atmospheric conditions can be reduced by utilizing the capabilities of the HydRON 

network to redistribute data, as up/downlink stations can be located at geographical areas with 

high link availability (good weather conditions) or distributed ground station optical networks 

can serve more than one satellite at a time and avoid expensive waiting times, d) HydRON's 

inherent data distribution capabilities will enable the collection and distribution of user data 

within the network, similar to a terrestrial fiber network and e) the use of artificial intelligence 

(AI) will benefit the new network formats to integrate with terrestrial networks [Hauschildt18]. 

As telecommunication services are provided by both national and commercial satellite 

infrastructure, key operations and infrastructures of the European Union (EU) and its Member 

States are exposed to security risks. Secure satellite communications that can be used in a timely 

and effective manner are critical to government security agencies such as the police, border 

guards, firefighters, civilian and military crisis forces. These services can assist in the safe 

operation of missions that may not be able to rely on traditional communication networks or be 
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subject to cyber threats. This is how the EU Governmental Satellite Communication 

(GOVSATCOM) program was created, in which the ESA, the Member States and the European 

Commission work together. This aims to provide secure and cost-effective communication 

capabilities to critical security missions and operations managed by the EU and its Member 

States, including national security agencies and EU agencies and institutions. 

In addition, in the framework of EU Horizon 2020, in September 2020 the program "European 

Networking for satellite Telecommunication Roadmap for government Users requiring Secure, 

inTeroperable, innovative and standardized services (ENTRUSTED)" was launched with funding of 

about 3 million euros which will be completed in February 2023 and consists of almost 20 

institutions representing Member States and EU agencies. ENTRUSTED aims to provide 

recommendations to the European Commission on issues that could affect users in the area of 

secure satellite communications services. These may be related to the necessary investments, 

the user equipment and the appropriate technological aspects that are important for the design 

of future services. 

Concerns about communications’ security led in April 2019 to the signing of a technical 

agreement for a European project for Quantum Communication Infrastructure (QCI). Quantum 

Key Distribution (QKD) technology based on the principles of quantum mechanics is used to 

perform cryptographic tasks and cannot be compromised by quantum computers, thus allowing 

long-term security of data and communication messages. With the support of the QKD, the end-

to-end quantum communication infrastructure will be composed of elements on Earth and in 

space and will significantly enhance Europe's capabilities for cybersecurity and communications. 

In fact, this infrastructure will be able to benefit from digital signatures and authentication. In 

particular, the QCI terrestrial component will consist of a series of quantum communication 

networks connecting critical infrastructures and sensitive data centers in Europe. The space 

component, known as SAGA (Security and cryptoGrAphic mission), will be under the 

responsibility of ESA and will consist of satellite quantum communication systems with pan-

European coverage [QKD19]. 

 

2.2 Radio Resource Management Framework  
 

The huge increase in the demand of wireless users for very high data rate broadband internet 

services is a common knowledge. In Cisco’s report *Cisco19] we remark that monthly global 

mobile data traffic will be 77 exabytes by 2022 and annual traffic will reach almost one zettabyte. 

In addition, there is need to boost the performance of mobile backhaul networks in terms of 

capacity resilience against link failure or congestion. In the upcoming 5G era of wireless 

networks, satellites will be an integral part of the network of the future for the delivery of 

internet and multimedia services, as also stated in aforementioned Section. The HTS systems are 

rendered as a reliable part towards this direction, mainly providing services in rural and suburban 

areas, where the terrestrial networks have limited connectivity and through the support of 

terrestrial infrastructure in 5G networks for backhauling and traffic offload [Evans15]. Generally, 

the application of satellite networks for broadband internet services has been included in the 

second generation of Digital Video Broadcasting for Satellite Transmission DVB-S2 standard and 

in its extension DVB-S2X [ETSI14].  
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In order to be able to satisfy the high data rates of internet access, the HTS systems target to 

hundreds Gbps up to Tbps [Jeannin14]. These bit rate requirements need the exploitation of 

large portions of bandwidth which are available at higher frequency bands, such as Ka Band 

(20/30GHz) and Q/V Band (40/50GHz). Specifically, the Q/V Band is used at the link between the 

gateway (GW) and the satellite, which is called as feeder link and the Ka Band is exploited at the 

link between the satellite and user (UE) beam, which is called as user link. 

It is well known that the atmospheric effects deteriorate the performance of communication 

systems for operating frequencies above 10GHz [Panagopoulos04]. Specifically, this makes the 

system more vulnerable to fading mechanisms that can crucially influence the availability of the 

system. 

These severe signal degradations in high frequency bands can be mitigated by the smart gateway 

diversity (SGD) technique, which treats the ground and space resources appropriately. Especially, 

by exploiting the spatial diversity of the feeder links, due to the large geographical distance 

among the gateways, the service of a user beam can be changed and the latter can be served by 

another GW, whose feeder link faces less severe fading conditions. Specifically, in [Kyrgiazos14] 

authors study the assignment of a number of time slots that each gateway is connected to a user 

beam under the type of time multiplexing N-active SGD scheme. In the latter scheme, calling as N 

the number of GWs in the system, the UE beams can be served by different GWs in different 

time slots, which together constitute a frame. Additionally, three different optimization 

problems, i.e. rate matching, load balance and fairness method, are examined. Particularly, due 

to the combinatorial form of problems, for the rate matching and load balance methods the 

GLPK software tool is used. 

In literature the concept of HTS networks is of utmost importance since it may help the satellite 

operators to achieve the high throughput requirements of their customers. In [Vasavada16] new 

architectures for next generation HTS systems are proposed, while in [Tani17] a flexibility-

enhanced HTS network is investigated as a viable solution in case of disaster management 

because its operation is independent of the availability of terrestrial networks. The idea of SGD 

techniques and their combination with appropriate resource allocation mechanisms are 

examined thoroughly for current and future HTS systems, making the satellite operators able to 

achieve the high throughput requirements of their customers. Especially, in [Rossi17] the outage 

analysis in a SGD scheme is examined in order to allow the use of the Q/V Band in the feeder link 

for commercial purposes, while in [Muhammad16] a SGD multi-gateway multi-beam satellite 

network is considered and a Quality of Service (QoS) management framework is proposed to 

control congestion and packet losses, that deteriorate the performance of delay-sensitive and 

delay-insensitive traffic flows. 

In terms of radio resource management (RRM) field, containing resources such as bandwidth, 

power allocation and user scheduling, there is a wide scientific literature and state of the art 

approaches are provided not only in wireless networks [Manap20], but also in satellite 

communication systems [Kisseleff21]. Based on [Elsayed19] the RRM approaches can be 

separated as: 

1) centralized or decentralized: If the RRM decisions are originated by an agent that gathers all 

the information then we talk about a centralized RRM approach, otherwise a decentralized 

process is followed, where users make decisions autonomously. Generally, centralized 

approaches have more overhead. 
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2) optimized, heuristic, game theoretic, or AI-enabled according to the mathematical theory. 

Specifically, optimization problems are usually much complicated, because there are several 

parameters in multiobjective functions that have several constraints. Afterwards a heuristic 

solution can be applied generally without having any theoretical guarantees. In case of game 

theory approaches, the agents in the network interact and influence the decisions of other 

agents. Particularly, the latter methods can effectively adapt to network dynamics. Finally, a brief 

list of works for AI-enabled processes is cited in the end of this Section. 

An indicative list about the RRM cases in SatComs is given in paragraphs below. Various RRM 

mechanisms have been concerned either for the cooperation of satellite and terrestrial 

networks, such as [Lagunas17], [Rosati06], or the resource allocation in satellite downlinks, such 

as [Choi05], [Choi09], [Destounis11], or the cognitive satellite networks [Lagunas15]. In 

[Lagunas17] authors study a hybrid satellite-terrestrial backhaul network and propose a joint 

satellite and terrestrial carrier assignment algorithm, targeting to the maximization of the 

satellite and terrestrial links’ sum-rate, considering in parallel the minimization of interference 

impact in the links’ performance. Due to the intractability of the initial problem the carrier 

assignment for the satellite backhaul network is firstly determined and, based on this allocation, 

a sub-optimal carrier assignment for the terrestrial network is proposed. Finally, in [Rosati06] a 

joint routing and resource allocation mechanism is proposed in a hybrid satellite-terrestrial 

network. Especially, a cross-layer approach in the protocol stack is investigated for the 

coordination of the network and the link layer and a decentralized and distributed solution based 

on the Lagrange dual decomposition method is implemented, resulting in a pricing strategy 

related with bandwidth. 

Considering the satellite downlinks, in [Choi05] the optimum satellite downlink multi-beam 

power and spotbeam allocation based on demands and link qualities is provided, using the 

Lagrangian approach, while in [Choi09] the optimal solution for joint resource allocation and 

congestion control based on incoming traffic, link qualities, and average delay constraints is 

extracted. Finally, in [Destounis11] a heuristic dynamic power allocation among the beams of a 

multi-beam satellite antenna for a broadband satellite communication network operating at Ka 

band and above has been proposed. For cognitive satellite networks in [Lagunas15] resource 

management mechanisms, including carrier, power and bandwidth allocation, for a cognitive 

spectrum utilization satellite scenario with incumbent terrestrial network are investigated. The 

scope is the exploitation of the spectrum allocated to the terrestrial networks, which are the 

incumbent users, by the satellite system without causing harmful interference to the former. 

Continuing the brief discussion about the RRM approaches in SatComs, in [Takahashi19] authors 

propose an adaptive power resource allocation with multi-beam directivity control in an HTS 

system with digital beam forming, in order to solve the trade-off, accrued from physical 

restrictions, between the transmit power and beam directivity. Moreover, in [Chen19] a joint 

power and subchannel allocation algorithm from the perspective of efficiency and fairness in 

cognitive satellite network is examined, applying the Lagrange multiplier method. Authors show 

its efficiency through simulations. Furthermore, in [Li20a] a game-theoretical approach, 

containing both spectrum pricing and auction, for enhancement of spectral efficiency in satellite 

mobile communications is implemented. Especially, a satellite spectrum pricing scheme is 

proposed considering the spectrum reuse in multi-beam satellite systems, the heterogeneous 

nature of satellite transmission links in different spectrum bands and predictable and periodic 

satellite switching from one non-Geostationary Earth Orbit (GEO) satellite link to another. 
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Additionally, in [Li20b] a power control method for the IoT terminals in satellite-based IoT 

environment is applied, with close approach to the optimization solution and the Poisson Point 

Process is used to model the IoT users’ distribution. Finally, in [Lin19] a joint beamforming and 

power allocation mechanism for satellite-terrestrial networks with non-orthogonal multiple 

access is considered. The maximization of sum rate of satellite-terrestrial network considering 

the constraints of per-antenna transmit power and the QoS requirements of satellite and cellular 

users is approximated, by applying appropriate user clustering. Then the problem is transformed 

to an equivalent convex one and an iterative algorithm with fast convergence is provided. 

Paving the way towards future wireless communications, AI is an integral part of RRM in them 

[Elsayed19, Lin20]. In SatComs there are studies that use AI-enabled techniques such as the deep 

reinforcement learning (DRL) and an indicative list of them follows. In this concept there are 

agents, states and actions and using feedback from the environment the intention of agent is to 

choose the action that results in larger final reward. The environment and agent are connected 

through the agent’s actions and the environment’s states and rewards. Especially, the agent 

makes a series of decisions based on a policy of actions with respect to the observed 

environment’s state. This framework is valuable for wireless networks due their dynamic 

ecosystem [Elsayed19].  

Specifically, in [Hu18] a DRL for dynamic resource allocation is proposed in multi-beam satellite 

systems, where the states are reformulated as 2D tensors to consider both spatial and temporal 

traffic features. In [Hu20a], a multi-objective reinforcement learning concept, in satellite 

broadband systems, for beam hopping management is proposed. The target is to match the 

demand of system capacity with the efficient utilization of beams considering the fairness of 

beam’s services, the delay minimization of real-time services transmission and the maximization 

of throughput of transmission of non-instant services. Additionally, in [Liuis19] a DRL method to 

allocate power in multi-beam satellite systems is applied, where the problem is described with 

continuous state and action spaces and the actions are based on the power that is the 

optimization parameter.  

In parallel in [Hu20b] the authors consider the inter-beam interference and resource utilization 

variance and build a game-theoretic model for bandwidth allocation in the forward link. Then a 

multi-agent deep reinforcement learning-based bandwidth allocation scheme is proposed, to 

satisfy the requested capacity. The results reveal that the proposed method is more efficient 

than other traditional bandwidth allocation schemes, in matching the requested capacity across 

the beams. 

Moreover, in [Deng20] the promising usage of DRL for the next generation heterogeneous 

satellite networks is presented, in order to achieve appropriate matching between resources and 

services. Specifically, the problems of multi-objective and multi-agent reinforcement learning are 

investigated. Finally, in [Jiang20] a reinforcement learning capacity management mechanism in a 

three-layer, including GEO, MEO and low earth orbit (LEO) satellites, heterogeneous network is 

studied. Authors propose an algorithm with low-complexity to compute the capacities among 

source and destination satellites and a capacity allocation algorithm to optimize the long-term 

utility when sharing capacity between the users.  
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2.3 Structure of the Thesis  
 

In Chapter 3 of this thesis optimal pairing schemes among GWs and UE beams are considered in 

HTS systems, focusing on the feeder links, based on matching theory, applying the Gale–Shapley 

(GS) algorithm and the theory of Monge arrays. The examined performance metrics, based on 

GWs’ offered and UEs’ requested capacities, are the minimization of system’s losses and rate 

matching and maximization of minimum and total systems’ satisfaction ratio. Moreover in 

Chapter 4, considering also the downlinks of HTS system, optimal pairings are presented based 

on Hungarian algorithm for the minimization of system’s losses and rate matching and 

maximization of systems’ satisfaction ratio. In all above cases one-to-one and one-to-many 

pairings are assumed and the number of simultaneously served UEs by each GW is 

predetermined. The latter assumption is removed in Chapter 5 and suboptimal one-to-many 

pairings are presented for maximization of minimum and total systems’ satisfaction ratio and 

minimization of maximum and total systems’ dissatisfaction ratio. Iterative algorithms from 

fractional programming and difference of convex functions are used. Furthermore, the 

application of difference of convex functions is presented theoretically in order to solve the 

minimization of nth order rate matching where n is positive, even and integer. Finally, Chapter 6 

concludes the thesis where the main conclusions are depicted and some points for further 

research are outlined. 
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Chapter 3  
 

Optimal Allocation Schemes Focusing on 
Feeder Links123 
 

In this Chapter we investigate a multi-beam HTS system with M GWs that can serve N UE beams 

as presented in Figure 3 and no particular payload constraints are assumed, i.e. all possible 

pairings among GWs and UEs are feasible. A frame period separated in different time-slots is 

considered, based on the time multiplexing SGD context. At every time-slot each UE is served by 

one GW and each GW serves only one UE, assuming M=N. More UEs are served in case M<N. In 

the former case each GWk, with k=1,…,M, serves qk=1 UE, while in the latter case qk>1 UEs are 

served at the same time by GWk satisfying the relation 
1

M

k
k

q N


 . Hereafter, the number of 

each GWk in the system “virtually” increases from one to qk by offering at the same time capacity 
"

k k kOC OC q  to UEs where "

kOC  in bps is the total offered capacity of GWk.  

Specifically, the total offered capacity is calculated using the Shannon expression, i.e. 
''

2log (1 )k C kOC B    where BC is the bandwidth and 
1 1 1

,k up k dnCNIR CNIR
  
  . Especially, k  

is the end-to-end (E2E) or total carrier to noise plus interference ratio CNIRk, with 

( )CNIR C N I  , that includes both CNIR of feeder link k and CNIR of downlink which is 

considered same for all UEs since we focus on the feeder links. Finally, 

, ,

/10
10 k

up k CS k

Att
CNIR CNIR


  where the ,CS kCNIR  is CNIR in clear sky conditions for the 

feeder link k and Attk is the total atmospheric induced attenuation. The total atmospheric 

attenuation includes gaseous attenuation, scintillation, attenuation due to clouds and rain 

attenuation [Karagiannis12, Kourogiorgas17]. 

From the aforementioned analysis, in the system there are N GWs each of them offering OCi 

capacity with i=1,…,N. Moreover, there are N UEs where each UEj with j=1,…,N requests capacity 

                                                             
1
 Copyright © 2019 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. I. Kourogiorgas and A. 

D. Panagopoulos, “Dynamic Capacity Allocation in Smart Gateway High Throughput Satellite Systems 
Using Matching Theory,” IEEE Systems Journal, vol. 13, no. 2, pp. 2001-2009, June 2019. Personal use 
of this material is permitted, but republication/redistribution requires IEEE permission. 
2
 Copyright © 2019 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. I. Kourogiorgas and A. 

D. Panagopoulos, “Optimal Dynamic Capacity Allocation for High Throughput Satellite 
Communications Systems,” IEEE Wireless Communications Letters, vol. 8, no. 2, pp. 596-599, April 
2019. Personal use of this material is permitted, but republication/redistribution requires IEEE 
permission. 
3
 Copyright © 2019 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. I. Kourogiorgas and A. 

D. Panagopoulos, “Optimal Capacity Allocation Strategies in Smart Gateway Satellite Systems,” IEEE 
Communications Letters, vol. 23, no. 1, pp. 56-59, Jan. 2019. Personal use of this material is 
permitted, but republication/redistribution requires IEEE permission. 



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks” 

30 
 

RCj in bps to satisfy its need for data. The scenario where UEs are more than the GWs is a 

realistic and important scenario for the design of satellite systems.  

Finally, the examined performance metrics are the system’s losses, rate matching and 

satisfaction ratio, all widely known in the related literature [Kyrgiazos13, Kyrgiazos14, Lei11]. 

Specifically, losses are determined as the non-negative difference among the requested and 

offered capacities, while rate matching as an nth order deviation of them, in our case n=1, 

describing the absolute difference. To conclude the fraction of offered over requested capacities 

determine the satisfaction ratio.  

 

 

Figure 3: System Configuration focusing on Feeder Links 

 

3.1 Pairing Allocation based on Gale-Shapley Algorithm 
 

In this Section the minimization of total system’s capacity losses is studied considering the 

offered capacities of gateways and requested capacities of users’ beams, in the scenario 

described above. To do that we exploit the matching theory that has been largely used in 

economics, as a mathematical framework attempting to describe the formation of mutually 

beneficial relationships between different sets of agents. Especially, matching theory [Roth89, 

Gale62] helps to take resource management decisions efficiently and has recently been involved 

in synchronous wireless networks [Gu15, Bayat16] with very promising results. There are many 

paradigms about the application of this theory, such as in cognitive radio networks [Leshem12], 

orthogonal frequency-division multiple access (OFDMA) networks [Jorswieck11] and 

heterogeneous small cell networks [Bayat14]. 

This theory includes a two sided approach, which contains two different sets of agents in a 

matching market and a way to make the agents’ pairing provided by the application of an 

efficient stable matching algorithm, known as Gale-Shapley or deferred acceptance (DA) 

algorithm [Gale62]. In the matching market each agent of one set ranks the agents of the other 

set according to a preference relation based on their utility functions. In our case the matching 

market is the HTS system that involves the disjoint sets of GWs and UE beams, where each 

GW/UE beam ranks the UEs’ beams/GWs (correspondingly) according to their utility functions. 

Finally, the deferred acceptance algorithms have many practical applications such as the National 
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Resident Matching Program of U.S. for medical school graduates and the school choice systems 

in Boston and New York City [Roth08]. 

There are various classifications of matching models depending either on the agents’ quotas or 

the construction of the agents’ preference lists. According to the agents’ quotas, which indicate 

the maximum number of pairings that an agent can make, there is the one-to-one (O2O) 

matching, such as classical marriage problem, one-to-many (O2M), such as college admission 

problem and many-to-many matching models [Xu11, Hamidouche14]. Indicatively, in marriage 

problem each man is matched with at most one woman and reversely, in college admission 

problem each student is matched to at most one college and the latter is matched to at most its 

quota of students and many agents of one set can be matched to many agents of another set, in 

many-to-many pairings.  

Based on the agents’ preferences, i.e. utility functions, there are two mostly used subcategories 

[Gu15], the canonical matching, where the preferences depend solely on the information 

available at each specific agent and the matching with externalities [Bando12, Namvar14]. In the 

latter subcategory, there are interdependencies between the agents’ preferences, i.e. individual 

agents’ preferences are affected by the other agents’ preferences and also by the current 

matching. An indicative example, given in [Bayat16], describes a user-subchannel pairing in an ad 

hoc network where a subchannel can be accessed by many users. A user may choose a specific 

subchannel as its favorite, but as more users exploit the same channel the level of interference 

increases and this user may choose another subchannel as most preferred. This means that the 

preference of a user for a subchannel is directly related with other users’ preferences. 

 

3.1.1 Capacity Allocation Scheme 

 

Our objective is to propose optimal GWs-UEs pairings with low complexity in order to minimize 

in each time slot, the total system’s capacity losses, L, defined as: 

  
1

L max , 0
N

j j
j

RC OC


   (1) 

where jOC  is the offered capacity to jth UE. From the analysis in Sections 3.1.1.1 and 3.1.1.2, we 

conclude that our algorithm results in the minimization of losses, considering two basic factors: 

a) the more demanding UEs are served by the GWs which offer higher capacities and b) this 

matching is the same and unique for both sides of matching process [Eeckhout00]. 

 

3.1.1.1 Matching Theory Concepts 
 

In the following analysis, we use the terms UE and UE beam interchangeably to have a more 

compact and clarified analysis. Before presenting the proposed algorithm based on matching 

theory, the fundamentals of matching theory are given using the terminology of the capacity 

allocation problem under consideration.  
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At this point some basic concepts of matching theory are provided. The matching theory is 

applied to two different finite sets of agents, i.e. the set of GWs (GWs={GW1,GW2,…,GWM}) and 

the set of UE beams (UEs={UE1,UE2,…,UEN}) and is based on specific utility functions according to 

their preferences. We examine the case where each GW is able to serve many UE beams 

simultaneously (i.e. each GW has quota 
GW
q , which indicates the number of UE beams that can 

serve satisfying the relation 1
GW
q  ) in order to study the performance of HTS networks in more 

realistic scenarios where the UE beams are more than the GWs, called as O2M matching 

[Roth89]. Moreover, as special case of O2M matching we investigate the O2O matching [Roth89] 

in which each GW can serve at most one UE beam (i.e. the GW’s quota satisfies the relation 

1
GW
q  ).  

The core of matching theory is the matching function μ, which is defined as follows, considering 

that P  indicates the size of P: 

Definition [Roth89]: A matching μ is a function from the set GWs UEs  into the set of 

unordered families of elements of GWs UEs  such that: 

1.  (UE) 1   for every UEUEs  and (UE) UE   if (UE) GWs . 

2.  (GW)
GW
q   for every GWGWs  and if the number of UEs in (GW) , say r, is less 

than 
GW
q , then (GW)  contains 

GW
q r  copies of GW. 

3.  (UE) GW   if and only if UE is in (GW) . 

The matching μ among the M GWs and N UEs depends on their utility functions which include 

the UEs’ requested and GWs’ offered capacities, respectively. In case that a GW is able to serve 

simultaneously 
GW
q  UEs then each of these UEs can exploit a portion of 1

GW
q  of GW’s offered 

capacity. Afterwards, the GWi’s/UEj’s utility functions for a given UEj/GWi, with 1,...,i M  and 

1,...,j N , are defined as (2)/(3), respectively, considering the aforementioned assumptions: 

 ,GW ij jU RC , (2) 

 
,

,

1
UE ji i

GW i

U OC
q

 . (3) 

According to the proposed matching scheme the GWs are more willing to serve UEs that request 

higher capacities and the UEs want to be served by GWs which offer higher capacities, in order to 

share smartly the system’s resources (i.e. OCs) based on the corresponding UEs’ beams demands 

(i.e. RCs). Based on these remarks and the utility functions described above, the preference list of 

GWi is defined as: 

 ( ) 1{ }
N

k kiprefGW UE  , (4) 

where ( )  refers to a mapping function :{1,..., } {1,..., }N N   that sets each UE in a descent 

ordered list, based on each GW’s utility function according to the inequality (5): 

 , (1) , (2) , ( )...GW i GW i GW i NU U U     . (5) 
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Moreover, considering the UE beams, the preference list of UEj is described as: 

 ( ) 1{ }
M

k kjprefUE GW  , (6) 

where ( )  refers to a mapping function :{1,..., } {1,..., }M M   that sets each GW in a descent 

ordered list based on each UE’s utility function according to the following inequality: 

 , (1) , (2) , ( )...UE j UE j UE j MU U U     , (7) 

where in the above notions the notation ς(1) (λ(1)) denotes the most preferable UE (GW), i.e. 

the UE with highest RC (GW with the highest OC), for the corresponding GWi (UEj). 

 

3.1.1.2 Proposed Matching Scheme 
 

The corresponding GWs-UEs pairing can be found by the proposed matching algorithm, as 

described in Figure 4 and afterwards this matching is considered in (1) to find the system’s 

capacity losses. 

It is noticeable that the solution of the GWs-UEs matching concept produces a stable matching 

and has low complexity as it is based on the GS or DA algorithm, that leads to a stable matching 

[Gale62]. Its runtime complexity is polynomial, especially O(N2), where N is the number of both 

GWs and UEs in our system. Particularly, the matching is stable for the marriage problem when 

there does not exist any other matching under which both matched agents would be more 

benefited than current matching. An assignment of UEs to GWs will be called unstable if there 

are two UEs a and b which are assigned to GWs A and B, respectively, although b prefers A to B 

and A prefers b to a. 

The matching process, based on the DA algorithm, can be started either by the GWs or by the 

UEs changing the result of the matching algorithm while leaving invariant the core of the 

algorithm’s formulation. Considering that the GWs’ and UEs’ preference lists are strict (as 

expressed in (5), (7)), it is proven [Roth89] that if the GWs start the matching process (GW-

proposing matching) the result is the optimal stable matching for them, called as GW-optimal, 

meaning that every GW likes this matching at least as well as any other stable matching. Finally, 

the application of O2M matching algorithm, described in Figure 4, in the O2O matching is direct 

with the only assumption that , 1GW iq  . Generally, it should be noted that in our system model 

the GWs–UEs pairing, through the application of scheme of Figure 4, based on the DA algorithm, 

is stable, as stated in [Roth89]. 

The system’s assumptions about the invariance among the conditions of user links, due to the 

focus on the feeder links as stated in the beginning of this Chapter and the fact that each UE has 
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Figure 4: GWs to UE beams Matching Process (O2M Approach). 

 

a specific requested capacity, results in an important characteristic for the preferences based on 

(2)-(5). All GWs have identical preferences over the UEs and all UEs have identical preferences 

over the GWs. Hence, the proposed algorithm results in a unique stable pairing [Eeckhout00].  

 

3.1.2 Numerical Results 

 

Input: number of GWs (M), number of UE beams (N), GWs’ quotas (vector qGW= [qGW,1… 

qGW,M]) 

Matching Determination: 

Step a (Initialization) 

1) Each GWi with i=1,..,M constructs its preference list iprefGW  based on (2) and 

preference relation according to (5).  

2) Each GWi is replaced by its replicas
,,1 ,2 ,, ...

GW ii i i qGW GW GW with the same preference lists 

as determined in Step a.1.  

3) Each UEj with j=1,…,N constructs its preference list jprefUE  based on (3) and preference 

relation according to (7).  

4) Each UEj incorporates in its preference list, determined in Step a.3, the replicas 

,,1 ,2 ,, ...
GW ii i i qGW GW GW  in the corresponding position of GWi. 

Step b (Matching Process) 

1) Each GW proposes to its most preferred UE according to (4) that has not yet rejected it. 

2) Each UE keeps the most preferred GW, according to (6), considering the proposed GWs 

to this specific UE and its current matching μ. The UE rejects the previous matching as 

well as the rest of proposed GWs, if this is imposed by (7). 

Step c (Iteration Step) 

Repeat Step b for each GW that has been rejected in the previous step until  

 ( )
GW

GW q   (GW reaches its quotas) or 

 ( )GW GW   (i.e. GW has made a proposal to all the UEs of its preference list and 

results in remaining unmatched). 

Output: stable matching μ* 
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Table 3: Gateway Locations 

 Location Latitude 
(degrees 
North) 

Longitude 
(degrees 

East) 

Gateway 1 Nemea, Greece 37.81o 22.67o 

Gateway 2 Sintra, Portugal 38.80o -9.38o 

Gateway 3 Harwell, UK 51.60o -1.29o 

Gateway 4 SES, Luxembourg 49.69o 6.27o 

 

Table 4: Simulation Parameters 

Parameter Value 

Feeder Link Frequency V Band (50 GHz) 

GEO Satellite Position 9o East 

Bandwidth (Bc) 1 GHz 

Clear Sky Uplink CNIR( ,CS upCNIR ) 25 dB 

Clear Sky Downlink CNIR( ,CS dnCNIR ) 13 dB 

 

 

Figure 5: A time series snapshot of (a) Total atmospheric attenuation for the four feeder links 

and (b) end-to-end CNIR for the links from the four GWs. 
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We investigate a GEO HTS system, assuming four gateways in locations shown in Table 3 and four 

UE beams and the time series of total atmospheric attenuation derived using multi-dimensional 

stochastic differential equations [Karagiannis12]. The simulation parameters are summarized in 

Table 4. We assume constant links’ propagation conditions during the frame period of 1 sec and 

the RCs in the same period are drawn from a uniform distribution, as in [Kyrgiazos14], in the 

range  2 _ max0, ( ) log (1 )C totalB q CNIR bps, where q=qGW is the number of simultaneously 

served UEs by each GW and the upper bound 
1 1 1

_ max , ,total CS up CS dnCNIR CNIR CNIR
  

  . Thus the 

capacity losses are estimated in this time duration. Finally the corresponding system’s 

performance under different RRM mechanisms is investigated over a year. 

In Figure 5 (a) the total atmospheric attenuation time series (correlated in space and time) are 

shown for the four GWs, while in Figure 5 (b) the end-to-end CNIR is presented. Furthermore, 

Figure 6 depicts the cumulative distribution functions (CDFs) of the gateways’ offered capacities 

and proves that different atmospheric conditions, which characterize the four specified locations, 

result in different values of gateways’ offered capacities. Thus, it is obvious that in general higher 

capacity values are offered by the GW in Greece, followed by the GW in UK, the GW in Portugal 

and finally the GW in Luxembourg. 

 

 

Figure 6: Cumulative distribution functions of the offered capacities of each gateway 

considering the corresponding GW locations given in Table 3. 

 

We continue the performance analysis of the proposed matching scheme comparing it with the 

following RRM schemes: Fairness method, the Exhaustive mechanism, a less sophisticated Fixed 

scheme and a Random process. More specifically, the GWs-UE beams pairs are originated in 

Fairness method by the objective: 

 
1

( )
max min

j

j NX
j

OC X

RC 

   
  
   

, (8) 

where the appropriate matching X* that satisfies (8) is extracted from all the possible pairing 

combinations of GWs and UE beams and then the losses are estimated for this specific X* 

according to (1). Moreover, in Exhaustive technique we examine all the possible system’s 
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capacity losses, originated by all the possible pairing combinations among the GWs and UEs 

beams, in order to find the minimum one. Additionally, in Fixed scheme different GW-UE beam 

pairings are examined changing after equal number of frames, without requiring any particular 

resource management and in Random mechanism the pairing takes place in a random way.  

Figure 7 presents the total gateways’ offered capacities and the system’s capacity losses, based 

on (1), over time for a time series snapshot of 3*106 samples. In the first subfigure the total 

transmitted capacity by gateways is illustrated, while in the rest subfigures the capacity losses of 

proposed O2O matching, Exhaustive and Fixed mechanisms are depicted. It is obvious that the 

performances of O2O matching and Exhaustive mechanisms are the same and better than the 

corresponding system losses of Fixed mechanism. Finally, the losses increase for all RRM 

schemes in deep fades, however the system’s capacity losses are lower for the O2O matching 

and Exhaustive mechanisms compared with the less sophisticated Fixed mechanism. 

 

 

Figure 7: A time series snapshot of (a) Total Offered Capacities, (b) Losses of O2O Matching, (c) 

Losses of Exhaustive Mechanism and (d) Losses of Fixed Mechanism. 

 

Figure 8 (a) presents the complementary cumulative distribution (CCDF) of the system’s capacity 

losses for the proposed O2O matching, Fixed, Exhaustive and Fairness RRM algorithms as a 

percentage of instantaneous traffic demands. Moreover, in Figure 8 (b), considering the same 

metric, the performance of O2O matching is illustrated as the latter is implemented after, or 

remains constant for, larger periods of time i.e. indicatively for two and four frames 

corresponding to 2 and 4 seconds respectively. In terms of Figure 8 (a) the proposed O2O 

matching has identical performance with the Exhaustive mechanism. Additionally, the O2O 

matching scheme has slightly better performance compared with the Fairness method. 

Furthermore, the Fixed allocation scheme has the worst performance. Finally, it is noticeable in 

Figure 8 (b) that if the O2O matching is less “dynamic”, namely repeated less times, or repeated 

after more frames, this leads to more capacity losses in the system. 
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Figure 8: Comparison between (a) O2O, Fixed, Exhaustive and Fairness RRM Mechanisms, and 

(b) O2O Mechanism applied in different frames, based on the CCDF of their capacity losses. 

 

Figure 9 presents the CCDF of the system’s capacity losses as percentage of instantaneous traffic 

demands for the O2O matching and a Random matching scheme as the number of active GWs in 

the system decreases from four to three. We emphasize in the case that for some reason one 

GW stops its operation, i.e. the system has three and not four active GWs and the remaining 

GWs have to serve a larger number of UE beams. In this situation the capacity losses increase 

because one UE beam remains unmatched, namely unserved, considering that each GW can 

serve only one UE beam. Finally, our proposed sophisticated algorithm outperforms a naive 

Random matching scheme, where GW-UE beam pairs are constructed in a random way, in both 

cases as expected. 

Figure 10 shows the CCDF of the system’s capacity losses for the proposed O2M matching and 

Exhaustive RRM algorithms in three different cases, where each GW can serve simultaneously 

 1,3, 4
GW

q q   UE beams. At this scenario, without loss of generality, we consider that there 

are two GWs and {2, 6, 8}, respectively, UE beams in order to study the realistic case that fewer 

GWs have to serve a larger number of UE beams. The considered gateways are located in Greece 

and Portugal, based on Table 3, respectively. It is obvious that in all three cases, where the GWs 

can simultaneously serve different number q of UE beams, the performance of O2M RRM 

algorithm is identical with the Exhaustive mechanism, while the former’s complexity is lower 
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because the latter investigates all the possible GW-UE beams matching combinations, in order to 

estimate the minimum losses. 

 

 

Figure 9: CCDF of the losses as the number of Gateways changes, for O2O and Random RRM 

mechanisms. 

 

 

Figure 10: CCDF of the losses for different quotas, for the O2M and Exhaustive RRM 

mechanisms. 

 

3.2 Pairing Allocation based on Monge Arrays 
 

In this Section we propose a theoretically optimal, based on Monge arrays [Villani03, Park91], 

capacity allocation scheme for minimization of both total system’s capacity losses and rate 

matching performance metrics. Moreover, we apply the same theory for maximization of 

minimum and total system’s satisfaction ratios. These optimal schemes result in an appropriate 

sorting of offered and requested capacities that has very low complexity.  
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Monge is connected with the general concept of optimal transport theory (OTS). According to 

the Monge’s problem stated in 1781 [Villani03], given piles of sands and holes with the same 

volume, we look for the best move to entirely fill up the holes with the minimum total 

transportation cost. Another simple example is called as ore mining problem [Mozaffari19]. 

Given a collection of mines mining iron ore and a collection of factories which consume the iron 

ore that the mines produce, the target is to find the optimal way to transport the ore from the 

mines to the factories. This is done under the minimization of a cost function that may contain 

the costs of transportation, the location of the mines and the productivity of the factories. 

The OTS can be applied to solve problems such as user association and resource allocation and 

has already been used in wireless networks, such as UAV-enabled cellular networks. Specifically 

in [Mozaffari17a] a delay-optimal cell association in UAVs cellular networks is proposed. Authors 

use the OTS to minimize the average network delay subject to arbitrary spatial distribution of the 

ground users and the optimal cell partitions of UAVs and terrestrial base stations (BSs) are 

derived. Finally, in [Mozaffari17b] the optimization through the OTS of average number of bits 

(data service) transmitted to users as well as the UAVs’ hover (flight) duration is presented. 

 

3.2.1 Capacity Allocation Schemes 

 

3.2.1.1  Losses and Rate Matching 
 

Under the similar concept of Section 3.1.1 our objective is to propose low complexity optimal 

GWs-UEs pairings, in order to minimize both the total system’s capacity losses, L, defined in (1) 

and the rate matching, RM, defined as: 

 
1

RM
N

j j
j

RC OC


  , (9) 

where jOC  is the offered capacity to jth UE. The aforementioned minimization problems can be 

formally written as in (10) constituting linear sum assignment problems (LSAPs), considering the 

constraints: (a) the N x N pairing array (x )
m

ij
m
X  is binary and 1

m

ij
x   only for the GWi-UEj pair, 

(b) 
1

1,  
N

m

ij
j

x i


   and (c) 
1

1,  
N

m

ij
i

x j


   declaring (b)/(c) that each GW/UE is paired with one 

UE/GW, respectively, and index m is L or RM representing problems (1) or (9), respectively. 

 
1 1

min  ,  . . ( ), ( ), ( )
m

N N
m m

ij
ij

i j

c x s t a b c
 


X

, (10) 

where the elements of N x N array ( )
m

ijc
m
C  take the form (11), (12) considering the problems 

(1), (9), respectively.  

  max ,0
L

ij j ic RC OC  , (11) 



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks” 

41 
 

 
RM

ij j ic RC OC  . (12) 

Generally, solution of LSAP problems has more complexity than our scenario that belongs to a 

special case in which the optimal pairing is easily extracted and known in advance, because the 

cost array Cm, as shown in Appendix 3.2.3.1, has the specific formation of a Monge array. 

Specifically, its elements satisfy the Monge property depicted in (13), described in (2.11) of 

[Brucker07], for all i1, i2, j1, j2 with 
1 2
i i  and 

1 2
 j j , namely for every 2 × 2 sub-array of Cm 

inequality (13) is valid. 

 
1 1 2 2 1 2 2 1

m m m m

i j i j i j i jc c c c    (13) 

For proving that Cm is a Monge array, based on (13), in order to solve optimally problems in (10), 

we sort all OCs and RCs in ascending ordered lists, as follows: 

 (1) (2) ( )... NOC OC OC     , (14) 

 (1) (2) ( )... NRC RC RC     . (15) 

In (14), (15) ( )  and ( )  refer to mapping functions , :{1,..., } {1,..., }N N    that set OCs 

and RCs in ascending ordered lists, respectively. These can be also set in descending ordered 

lists, without loss of generality. To prove that (14), (15) result in optimal solution for problems in 

(10), we construct the arrays CL, CRM assuming that 1,…,N rows represent the ς(1),...,ς(Ν) GWs 

and the 1,…,N columns represent the λ(1),...,λ(Ν) UEs meaning that ith row corresponds to 
( )iOC  

and jth column to 
( )jRC , i.e. ( )i i  and ( )j j  in the following analysis. In the Appendix 

3.2.3.1 we prove that these arrays are Monge arrays and their pth diagonal element corresponds 

to the ς(p) GW and λ(p) UE. Hence considering the Corollary 2.3 of [Brucker07], presenting the 

identical permutation as an optimal pairing in the assignment problem with a Monge cost array, 

the optimal (GWς(p), UEλ(p)) pairing with p=1,…,N, originated by (14), (15) with complexity of 

O(Nlog(N)), minimizes both systems’ capacity losses and rate matching, i.e. 
L RM
X X . 

 

3.2.1.2  Satisfaction Ratio 
 

In this Section, similar to the process of Section 3.2.1.1, the maximization of minimum 

satisfaction ratio considering the system’s GW-UE pairs and the maximization of system’s total 

satisfaction ratio are examined. The former metric is generally described as fairness method, 

called as FM, and defined as: 

  
1
min j j
j N

FM OC RC
 

 , (16) 

while the total satisfaction ratio, called as SF, takes the form: 

  
1

=
j j

N

j

SF OC RC


 , (17) 
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where jOC  is the offered capacity to jth UE. The aforementioned maximization problems can be 

formally written as in (18), (19) where they are also transformed appropriately to linear 

bottleneck and linear sum assignment problems, defined in Chapter 1 of [Burkard09], called as 

LBAP and LSAP respectively. In problems (18) and (19) we have 
m

ij i jw OC RC , where index m 

is FM or SF representing problems (16) or (17), respectively and the constraints (a)-(c) are the 

same with the Section 3.2.1.1. 

      
1 , 1 ,

max min min max , . .( ), ( ), ( )
FMFM

FM FM FM FM

ij ij ij ij
i j N i j N

c x s t a b cw x
   


XX

, (18) 

    
1 1 1 1

max min , . .( ), ( ), ( )
SFSF

N N N N
SF SF SF SF

ij ij ij ij
i j i j

s t a b cw x c x
   

 
XX

, (19) 

where the elements of N x N array ( )mijcm
C  are defined as: 

 
m m

ij ij i jc w OC RC    . (20) 

Dealing with problems (18), (19), two strategies have been defined, namely Strategy A and 

Strategy B, respectively. 

Strategy A: We sort the OCs and RCs as follows: 

 (1) (2) ( )... NOC OC OC     , (21) 

 
(1) (2) ( )

...
N

RC RC RC
  

   . (22) 

Strategy B: We sort the OCs as in (21) and RCs as: 

 
(1) (2) ( )

...
N

RC RC RC
  

   , (23) 

where ( ) , ( ) , ( )  are mapping functions , , :{1,..., } {1,..., }N N     that set the 

corresponding values in ordered lists as described in (21), (22) and (23), i.e. ς(1), λ(1) represent 

the smallest OC, RC, respectively and µ(1) the largest RC. 

Same optimal pairings are extracted setting both of (21), (22) or both of (21), (23) in reverse 

ordered lists. In Strategy A the optimal pairings are (GWς(p),UEλ(p)), while in Strategy B the 

optimal parings come from (GWς(p),UEμ(p)) considering in both that p=1,...,Ν. To show that 

Strategies A, B are optimal for problems (18), (19), respectively, we construct the arrays CFM, CSF 

assuming that in both the 1,…,N rows represent the ς(1),...,ς(Ν) GWs and the 1,…,N columns 

represent the λ(1),...,λ(Ν) UEs for the CFM and μ(1),...,μ(Ν) UEs for the CSF respectively.  

In both arrays the ith row corresponds to ( )iOC , i.e ( )i i  and the jth column to ( )jRC  in the 

CFM, i.e. ( )j j  and to 
( )j

RC


 in the CSF, i.e. ( ) j j . In Appendix 3.2.3.2 we prove that CFM 

is a bottleneck Monge array and CSF is a Monge array. Considering the Proposition 6.14 of 

[Burkard09] for CFM of problem (18) and Corollary 2.3 of [Brucker07] for CSF of problem (19), the 

Strategies A, B, both with very low complexity of O(Nlog(N)), result to optimal GWs-UEs pairings 

in terms of problems (18) and (19), respectively, while the corresponding Exhaustive schemes 

have to examine all the possible GWs-UEs combinations, to find the optimal result. 
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At this point, we remark an important tradeoff originated from theory. On the one hand, 

Strategy A that results in the maximization of minimum satisfaction ratio of a GW-UE pair, causes 

minimization to system’s total satisfaction ratio as proven in the end of Appendix 3.2.3.2. On the 

other hand, the application of Strategy Β results in maximization of system’s total satisfaction 

ratio and causes the minimum satisfaction ratio of a pair, i.e. minimization of FM in (16), that is 

OCς(1)/RCμ(1). 

 

3.2.2 Numerical Results 

 

3.2.2.1 Losses and Rate Matching 
 

 

Figure 11: CCDF of losses for different number of UEs for Sorting and Exhaustive mechanisms 

in: (a) MEO and (b) GEO HTS systems. 

 

We investigate Geostationary and Medium Earth Orbit, i.e. GEO and MEO, HTS systems. For MEO 

satellite scenario we assume 2 GWs in Nemea in Greece and for GEO satellite scenario one in 

Nemea and another in Harwell in UK. For the MEO scenario, an 8-MEO constellation at 

equatorial plane is considered and the time series of total atmospheric attenuation are derived 

using the multi-dimensional synthesizer presented in [Kourogiorgas17]. The separation distance 

between the 2 GWs of the MEO scenarios is 20 km in the North-South direction. For the scenario 
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of the GEO system, the satellite is in 9o East as also given in Table 4, where the values of current 

simulation parameters are also provided. The total atmospheric attenuation time series are 

derived by employing multi-dimensional Stochastic Differential Equations [Karagiannis12]. 

We study two different scenarios: a) with equal number of GWs and UEs, i.e. 2 UEs in the system, 

and b) with 8 UEs in the system, where each GW serves simultaneously 4 UEs. The simulation 

concept is similar to Section 3.1.2, where UEs’ requested capacities in bps are drawn from a 

uniform distribution. 

The CCDF of system’s capacity losses and rate matching for both scenarios are presented in 

Figure 11 (a), Figure 12 (a) for MEO satellite and in Figure 11 (b), Figure 12 (b) for GEO satellite. It 

is obvious that the same Sorting of OCs and RCs and pairing of GWs and UEs as proposed in 

Section 3.2.1.1, has identical performance, as proven in Appendix 3.2.3.1, with the much more 

complicated Exhaustive technique, which examines all the possible system’s capacity losses and 

rate matchings, originated by all the possible GWs-UEs pairing combinations, in order to find the 

minimum ones. 

 

 

 

Figure 12: CCDF of rate matching for different number of UEs for Sorting and Exhaustive 

mechanisms in: (a) MEO and (b) GEO HTS systems. 

 

3.2.2.2 Satisfaction Ratio 
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Figure 13: A time series snapshot of links’ E2E CNIR from both Gateways. 

 

We assume a GEO HTS system with two different GWs in Greece and Luxembourg, respectively, 

that serve eight UEs, i.e. each GW serves q1,2=q=4 UEs, hence the system has N=8 GWs-UEs pairs. 

The system’s parameters, presented in Table 4 and simulation concept are similar with Section 

3.1.2 and UEs’ requested capacities in bps are drawn from a uniform distribution in the range 

(x,y), where x is maximum OC and 
2 _ max( ) log (1 )C totaly B q CNIR  , considering without loss of 

generality that j jOC RC ,  j  [Lei11].  

In Figure 13, a snapshot of the E2E CNIR time series, being correlated in space and time, is shown 

for both GWs. Moreover the CDF of FM and normalized, i.e. divided by N, SF is presented in 

Figure 14 and Figure 15, respectively. In Figure 14 (a), Figure 15 (a) Strategies A, B result in 

maximization of FM and normalized SF, respectively, and have same performance with the 

corresponding Exhaustive schemes. Finally, assuming the tradeoff cited in Section 3.2.1.2 in 

Figure 14 (b), Figure 15 (b) Strategies B, A result in minimization of FM and normalized SF, 

respectively, compared also with the corresponding Exhaustive schemes. 

 

3.2.3 Appendix 

 

3.2.3.1 Losses and Rate Matching 
 

Firstly, we prove that CL is a Monge array and to do that we show that its elements L

ijc  
based on 

(11) satisfy inequality (2.11) of [Brucker07], that is defined as follows setting w/v equal to 

right/left hand sides of (24), respectively, for simpler mathematical notation: 

 
1 2 1 21 1 2 2 1 2 2 1

v w,  &    L L L L

i j i j i j i jc c c c i i j j        , (24) 

We prove (24) for random i1, i2, j1, j2 with i1<i2 and j1<j2, hence this can be generalized for all i1<i2 

and j1<j2. Considering the specific construction of CL as described in Section 3.2.1.1 and that 

( )i i , ( )j j , we have for i1<i2 that 
1 2( ) ( )i iOC OC   and for j1<j2 that 

1 2( ) ( )j jRC RC  . 
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Figure 14: CDF of minimum satisfaction ratio, FM, considering (a) its maximization through 

Strategy A and (b) its minimization through Strategy B, compared both with the corresponding 

Exhaustive schemes. 
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Figure 15: CDF of normalized total satisfaction ratio SF considering (a) its maximization through 

Strategy B and (b) its minimization through Strategy A, compared both with the corresponding 

Exhaustive schemes. 

 

Afterwards, the inequalities (25)-(28) are easily extracted. 

 
1 1 1 2( ) ( ) ( ) ( )j i j iRC OC RC OC      , (25) 

 
2 1 2 2( ) ( ) ( ) ( )j i j iRC OC RC OC      , (26) 

 
2 1 1 1( ) ( ) ( ) ( )j i j iRC OC RC OC      , (27) 

 
2 2 1 2( ) ( ) ( ) ( )j i j iRC OC RC OC      . (28) 

Regarding (11), (24) and setting 
( ), ( ) ( ) ( )i j j id RC OC     for a more compact analysis we 

have: 

    
1 1 2 2( ), ( ) ( ), ( )max , 0 max , 0i j i jv d d     , (29) 

    
1 2 2 1( ), ( ) ( ), ( )max , 0 max , 0i j i jw d d     . (30) 

We prove that w v  according to (24) starting without loss of generality from (30) and 

examining all the possible cases. 

Case I: 
1 2( ), ( ) 0i jd    (31) & 

2 1( ), ( ) 0i jd    (32) 

From (32) and (25) we have 
1 1( ), ( ) 0i jd    (33) and from (32) and (28) that 

2 2( ), ( ) 0i jd    (34). 

Thus substituting (31), (32) in (30) and (33), (34) in (29) we conclude to w v  from the 

commutative property. 

Case II: (31) & 
2 1( ), ( ) 0i jd    (35) 

Substituting (31), (35) in (30) we have 
1 2( ), ( )i jw d   (36). Due to the fact that (31), (35) do not 

influence (29), the different possible values of (29) considering four different cases of v and the 

corresponding comparisons with (36) are: 

1) For (33) and (34) and using commutative property we have 
1 2 2 1( ), ( ) ( ), ( )i j i jv d d     , hence 

v w  due to (31) and (35). 

2) For (34) and 
1 1( ), ( ) 0i jd    (37) we have 

2 2( ), ( )i jv d  , hence v w , due to (26),  

3) For (33) and 
2 2( ), ( ) 0i jd    (38) we have 

1 1( ), ( )i jv d  , hence v w , due to (27),  

4) For (37) and (38) we have 0v w   due to (31). 

Case III: 
1 2( ), ( ) 0i jd    (39)  

From (39) and (27) we obtain (37), from (39) and (26) we obtain (38) and from (37) and (25) we 
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obtain (35). Substituting (37), (38) in (29) and (35), (39) in (30) we conclude to w=v=0. 

In all the above cases we have shown that v w  is valid for random i1, i2, j1, j2 with i1<i2 and j1<j2, 

hence the same happens for all i1<i2 and j1<j2, concluding that CL is a Monge array. 

Now, we prove that CRM is a Monge array showing that its elements RM

ijc , based on (12), satisfy 

inequality (2.11) of [Brucker07]. In the following analysis we use the relations (40), (41): 

  2 max ,
RM

ij j i j i j ic RC OC RC OC RC OC    , (40) 

    max , max , 0j i j i iRC OC RC OC OC   . (41) 

Considering the same sorting as in (14), (15) the array CRM is a Monge array if and only if for 

random i1, i2, j1, j2 with i1<i2 and j1<j2:  

 
1 1 2 2 1 2 2 1

RM RM RM RM

i j i j i j i jc c c c   . (42) 

Substituting (40) in (42) we result in: 

        
1 1 2 2 2 1 1 2

max , max , max , max ,j i j i j i j iRC OC RC OC RC OC RC OC    (43) 

Continuing our analysis and substituting (41) in (43) we have: 

 
   

   
1 1 2 2

2 1 1 2

max , 0 max , 0

max , 0 max , 0

j i j i

j i j i

RC OC RC OC

RC OC RC OC

   

   
 (44) 

The inequality (44) is true because it is the same with (24) that was proven in the analysis for the 

CL Monge array, considering the sorting in (14), (15). Due to the fact that (44) is true then (42) is 

also valid for random i1, i2, j1, j2 and consequently for all i1, i2, j1, j2 with i1<i2 and j1<j2 and thus we 

have shown that CRM is a Monge array. 

 

3.2.3.2 Satisfaction Ratio 
 

Firstly, we prove that CFM is a bottleneck Monge array showing that its elements 
FM

ijc  based on 

(20) satisfy (28) of [Burkard96] 1 2 1 2 1 ,  1i i N j j N        that is defined as:  

 
1 1 2 2 1 2 2 1

max( , ) max( , )
FM FM FM FM

i j i j i j i jc c c c  (45) 

We prove inequality (45) for random i1, i2, j1, j2 with i1<i2 and j1<j2 hence this is generalized for all 

1 21 i i N   and 1 21 j j N   . Considering the construction of CFM, described in Section 

3.2.1.2, and that ( )i i , ( )j j , we have for i1<i2 that 
1 2( ) ( )i iOC OC   (46) and for j1<j2 that 

1 2( ) ( )j jRC RC   (47). Thus, (48)-(50) are easily extracted. 

 
2 2 1 2( ) ( ) ( ) ( )( ) ( )i j i jOC RC OC RC      , (48) 
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1 1 1 2( ) ( ) ( ) ( )( ) ( )i j i jOC RC OC RC      , (49) 

 
2 1 2 2( ) ( ) ( ) ( )( ) ( )i j i jOC RC OC RC      . (50) 

From (48) and (50) we have that:  

 
2 1 1 2( ) ( ) ( ) ( )( ) ( )i j i jOC RC OC RC       (51) 

Inequality (45), considering (51), takes the form (52):  

 1 2 1

1 2 2

( ) ( ) ( )

( ) ( ) ( )

max( , )
i i i

j j j

OC OC OC

RC RC RC

  

  

     (52) 

Inequality (52) is true because both 
1 1( ) ( )i jOC RC   and 

2 2( ) ( )i jOC RC   are smaller or 

equal to 
1 2( ) ( )i jOC RC   considering (49) and (48), respectively. Hence inequality (45) is also 

valid and CFM is a bottleneck Monge array. 

Secondly, we prove that CSF is a Monge array showing that its elements 
SF

ijc , based on (20), 

satisfy inequality (2) of [Burkard96] 1 2 1 2 1 ,  1i i N j j N        that is defined as follows:  

 
1 1 2 2 1 2 2 1

SF SF SF SF

i j i j i j i jc c c c    (53) 

We prove (53) for random i1, i2, j1, j2 with i1<i2 and j1<j2 and hence this is generalized for all 

1 21 i i N    and 1 21 j j N   . Considering the construction of CSF as described in Section 

3.2.1.2 and that ( )i i , ( ) j j , we have for i1<i2 that (46) is valid and for j1<j2 that 

1 2( ) ( )j jRC RC   (54). Thus, based on (20), (53), we have: 

 
1 1 2 2 1 2

1 1 1 1

( ) ( ) ( ) ( ) ( ) ( )( ) ( )i j j i j jOC RC RC OC RC RC     

   
    (55) 

From (54) we get 
1 2

1 1

( ) ( ) 0j jRC RC 

 
  and from (55) we conclude that (46) is valid, something 

that is true. Hence (55) is valid and also (53) is valid, so CSF is a Monge array. 

Finally we prove that Strategy A minimizes problem SF given in (17). To prove the minimization 

of problem (17) by Strategy A we set 
minSF

ij i jc OC RC  (56). Afterwards we construct the N x 

N array 
min min

( )
SF SF

ijcC , where 1,…,N rows represent the ς(1),...,ς(Ν) GWs and 1,…,N columns 

represent the λ(1),...,λ(Ν) UEs, i.e. ( )i i , ( )j j , and based on (21), (22) we prove that 

CminSF is a Monge array, by showing that (57) is valid for all i1<i2 and j1<j2 and so proving that this 

happens for random i1<i2 and j1<j2, similarly to proofs of (45), (53). 

 
1 1 2 2 1 2 2 1

min min min minSF SF SF SF

i j i j i j i jc c c c    (57) 

Assuming the construction of CminSF we have for i1<i2 that (46) is valid and for j1<j2 that (47) is 

valid. Thus based on (56), (57) and after a simple analysis we result in: 

 
1 1 2 2 1 2

1 1 1 1

( ) ( ) ( ) ( ) ( ) ( )( ) ( )i j j i j jOC RC RC OC RC RC     

   
    (58) 
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From (47) we have that 
1 2

1 1

( ) ( ) 0j jRC RC 

 
   and from (58) we conclude that (46) is valid, which 

is true. Hence (58) is valid and also (57) is valid. Thus CminSF is a Monge array and from Corollary 

2.3 of [Brucker07] Strategy A minimizes the total satisfaction ratio described in problem (17).  

 

3.3 Conclusion 
 

In this Chapter optimal capacity allocation mechanisms with low complexity in multi-beam HTS 

systems have been proposed considering the offered and requested capacities of GWs and UE 

beams. Moreover, there is the assumption that every GW can serve every UE and every UE can 

be served by every GW. We focus on the feeder links of the systems, hence the CNIRs of UEs’ 

links remain identical. To estimate the GWs’ offered capacities, a large-scale total atmospheric 

attenuation model is applied by considering the dynamic variation of atmospheric conditions, 

while the uniform distribution has been exploited for UEs’ requested capacities. Consequently in 

our scenario we result in the case that every GW and UE offers and requests, respectively, a 

specific capacity. Finally, for the pairings, we examine both the one-to-one and the one-to many 

cases, where, in the latter, the number of simultaneously served UEs by each GW has been 

determined before the allocation process. 

In terms of system’s capacity losses firstly we present an algorithm of O(N2) complexity from the 

matching theory. The factor N is the number of system’s agents. The main idea is that in the 

proposed matching scheme the GWs are more willing to serve UEs that request higher capacities 

and the UEs want to be served by GWs which offer higher capacities. Then we go a step further 

and prove that the sorting of offered and requested capacities solves optimally the minimization 

of system’s capacity losses, using the theory from Monge arrays with O(NlogN) complexity.  

Thereafter, we have theoretically shown that appropriate sorting solves optimally the problems 

of minimization of rate matching and maximization of minimum and total system’s satisfaction 

ratio. In the last case we state a dilemma for satellite operators, raising from theoretical analysis, 

about giving priority to maximization of the total system’s satisfaction ratio or worst individual 

pair’s satisfaction ratio. This is originated by the fact that the optimal pairing scheme for the 

maximization of total system’s satisfaction ratio ends up in the least satisfaction of an individual 

pair and the opposite is also valid.  
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Chapter 4  
 

Optimal Allocation Schemes Considering 
Users’ Links 4 
 

In this Chapter we consider an HTS network with a GEO satellite that has M GWs offering 

services to N UE beams, as depicted in Figure 16. The general assumptions of model are same 

with the system model in Chapter 3, but now we include in analysis the UEs’ links. We repeat 

some basic relations and notations here to be consistent with the specific problems’ formulation. 

Assuming O2O pairings each GWi with i=1,..,M serves one UE and each UEj with j=1,…,N is served 

by one GW in case of M=N (balanced problem), while in case of M<N (unbalanced problem) 

there are N-M unserved UEs. For the unbalanced problem O2M pairings are also investigated, 

resulting in a balanced problem, where each GWi serves qi UEs simultaneously, satisfying 

1

M

i

i

q N


  and all UEs are served. In the latter scenario the existence of qi replicas for each GWi 

is considered. 

Moreover, the total offered capacity in bps from GWi to UEj is determined by Shannon formula, 

similar to Chapter 3, as 
2

''
log (1 )

Cij ijOC B   , but in current case 
ij  is the total carrier to noise 

plus interference ratio CNIRij, including both the CNIR of feeder link i and the CNIR of downlink j, 

i.e. 1 1 1

, ,ij up i dn j
CNIR CNIR

  
  . The rest factors remain the same as in Chapter 3. 

 

 

Figure 16: System Configuration considering the UEs’ Links. 

 

                                                             
4
 Copyright © 2021 IEEE. Reprinted, with permission, from: A. J. Roumeliotis, C. I. Kourogiorgas and A. 

D. Panagopoulos, “An Optimized Simple Strategy for Capacity Allocation in Satellite Systems With 
Smart Gateway Diversity,” IEEE Systems Journal, vol. 15, no. 3, pp. 4668-4674, Sept. 2021. Personal 
use of this material is permitted, but republication/redistribution requires IEEE permission. 



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks” 

52 
 

4.1 Pairing Allocation based on Hungarian Algorithm 
 

At this point we have to say that the crucial difference of current Chapter with the previous one 

is that the assumption about identical user links is not valid anymore and different UEs’ links are 

considered. Hence we apply the Hungarian algorithm (HA) in order to find optimal pairings. 

Another significant advancement that must be considered is the provision of optimal solution 

when there are also disallowed assignments, i.e. each GW can serve different pool of UEs. These 

new assumptions are realistic in satellite systems and must be taken into account in capacity 

allocation problems. 

Generally, the HA, whose examples of execution can be found in [Winston04, Liang19, Zhu12], 

has been implemented in different scenarios in wireless systems, to face resource management 

problems. An indicative list follows. Especially, in [Zhang16] a Kuhn–Munkres, another name for 

the HA, parallel genetic algorithm is applied to large-scale wireless sensor networks. 

Furthermore, in [Mochaourab15, Zhou13] the HA is used as centralized pairing scheme in 

scenarios of (a) a distributed channel assignment scenario in cognitive radio networks and (b) 

two-hop relay networks with multiple source-destination pairs respectively. Moreover, in 

[Liang19] a modified distributed HA for workload balance, considering delay and energy 

consumption constraints, is implemented in sensor-cloud systems based on urban fog 

computing. Finally, in [Lagunas17] the HA is exploited in hybrid satellite-terrestrial backhaul 

networks, as part of a carrier allocation algorithm. 

In our case the target is to provide optimal GWs-UEs assignments for minimizing total system’s 

capacity losses, L, and rate matching, RM, and maximizing total system’s satisfaction ratio, SF, in 

both balanced and unbalanced problems with O2O and O2M assignments. In case of O2O 

unbalanced problems only M UEs are served, while in balanced problems M=N in summations of 

(3.1)5,(3.9) and (3.17) and all UEs are served. These problems are presented as unbalanced LSAP 

in (1) with constraints: (C1) the M x N assignment array (x )mijm
X  is binary and 1

m

ij
x   only for 

the GWi-UEj pair, considering that this pair is “active”, (C2) 
1

1,  
N

m

j
ij
x i



   and (C3) 

1

,  {0,1}
M

m

i
ij
x j



  declaring (C2) that each GW serves a UE and (C3) that there are UEs 

remaining unserved and index m is L, RM or SF representing problems (3.1), (3.9) and (3.17) 

respectively.  

 
1 1

min  . . ( 1), ( 2), ( 3),  
m

M N
m m

ij
i j

ij
c x s t C C C

 


X

 (1) 

where the elements of M x N cost array ( )mijcm
C  take the form (2)-(4) considering the 

problems (3.1), (3.9) and (3.17), respectively. 

  max , 0
L

ij j ijc RC OC , (2) 

 RM

ij j ijc RC OC , (3) 

                                                             
5
 Notation (k.m) means that we make reference to m

th
 equation of k

th
 Chapter. 
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,

max( )SF

ij ij j ij j
i j

c OC RC OC RC


  . (4) 

In (4) we show a possible transformation of maximization problem of (3.17) to an equivalent 

minimization problem, with same optimal pairing solution making the latter applicable for the 

HA  

implementation. Finally, in case of balanced problems, constraint (C3) of (1) becomes 

1

,  1
M

m

i
ij
x j



  declaring that there are not unserved UEs. 

 

 

Figure 17: Gateways to UE beams assignment process (Hungarian Algorithm) 

 

The optimal solution in (3.1), (3.9) and (3.17) for the balanced problems can be provided by the 

HA originally published by H. W. Kuhn [Kuhn55] and reviewed by J. Munkres [Munkres57]. Kuhn 

is the godfather of the method, called as "Hungarian method", due to the fact that this algorithm 
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is based on the earlier works of Dénes Kőnig and Jenő Egerváry who were Hungarian 

mathematicians [Kuhn55, Kuhn56, Martello10].  

The original HA has time complexity O(N4) and it achieves O(N3) [Tomizawa71] with appropriate 

modifications. Moreover, in case of large matrices this complexity is prohibitive and a series of 

acceleration and parallel techniques are studied on [Cui16]. Furthermore, the application of HA 

can be represented either based on graphs, or on matrices. In Figure 17 we present a step-by 

step algorithm, while a description of the algorithm that has as input the Cm, follows:  

a) For each row find the lowest element and subtract it from each element in that row and do 

the same for each column of new matrix.  

b) Cover the zeros in the resulting cost matrix using the minimum number of horizontal and 

vertical lines. If N lines are required, an optimal pairing exists among the zeros and algorithm 

stops. If less than N lines are needed, continue with c).  

c) Find the smallest nonzero element (call it k) that is not covered by a line in (b). Subtract k from 

all uncovered elements and add k to all elements that are covered twice. Continue with process 

from (b). 

The extension of HA to unbalanced problems needs the squaring N x N of the cost array Cm either 

by adding N-M rows of dummy GWs in O2O scenarios, or replicating qi times the row of each GWi 

in O2M scenarios. Furthermore, in the scenarios of disallowed GWi-UEj pairings the missing m

ijc  

values can be represented by large cost P like 
,

max ( )
m

iji j
P c


 . Finally, we have to say that the 

application of HA in satellite networks is straightforward through the appropriate construction of 

Cm matrix, whose elements include the offered and requested capacities of GWs and UE beams 

following different functions based on (2)-(4).  

 

4.2 Numerical Results 
 

In this Section we compare the HA with the corresponding Exhaustive schemes that examine all 

the possible system’s capacity losses, rate matching and system’s satisfaction ratios, in order to 

find the corresponding optimal performances. 

We consider a GEO multi-beam HTS network with four GWs across Europe in locations Ancient 

Corinth in Greece, Amadora in Portugal, Chilton in UK and the City of Luxembourg and also four 

UE beams. The system’s parameters, presented in Table 4 and simulation concept are similar 

with Section 3.1.2. However instead of a common CNIR for the downlinks, we consider that 

, ,CS dn j
CNIR  are from [10, 13, 16, 19] dB. Afterwards the UEs’ requested capacities in bps are 

drawn from a uniform distribution in the range (0, 
2 tot_ max, jlog (1 )CB CNIR ), where 

1 1

, , ,

1

tot_ max, j CS up CS dn j
CNIR CNIR CNIR

 
   is the upper bound.  

In Figure 18 the CCDFs of Losses, RM and SF performance objectives are presented for the HA 

and Exhaustive, called as Exh in all figures below, schemes considering balanced, with M=N=4 

and O2O unbalanced assignment problems, where number of GWs in the system increases from 
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one to three and remains less than the UE beams. The optimality of HA is obvious through its 

identical performance with the corresponding Exh mechanisms.  

Furthermore, in Figure 19 the balanced problem of 4 GWs and 4 UEs with different disallowed 

pairs, called as “constrained”, scenarios is studied. The labels describe the number of GWs with 

unavailable connections and the disallowed UEs’ number for each of these GWs. For a clearer 

view of results, the CCDF of differences of the unconstrained scenario with the rest constrained 

scenarios is presented for Loss, RM and SF objectives. The first red zeroed line is the bound 

representing the difference of unconstrained scenario’s performance from itself. We have put 

the red line to show that all the rest cases have a worse performance than the case with no 

disallowed assignments. The positive difference among the objectives of constrained and 

unconstrained scenarios for Losses and RM cases due to minimization problems and the opposite 

difference for SF due to maximization problem, demonstrates a rational conclusion that the 

optimum performance of HTS system is achieved, when there are not any payload or hardware 

constraints (no disallowed pairs) in the system. Hence each GW can serve all UEs, namely all the 

pairs are possible during the optimization process. Moreover, the optimality of HA is also 

confirmed by its full matching with the Exh scheme. The conclusion is that the HA leads again to 

the optimum outcome for the satellite system with the disallowed GWs-UEs pairs. Nevertheless, 

this optimal result is not as good as the optimal result for the case without constraints (as 

expected).  

Concluding, in Figure 20 we consider indicatively 2 different GWs in Ancient Corinth (Greece) and 

Amadora (Portugal) that each serves q1,2=q=3 UEs, hence O2M pairing is studied in system with 6 

UEs and the RCs are drawn as described before, but the multiplying factor of upper bound 

becomes BC/q similar to Section 3.1.2. The downlink CNIRs are [10, 13, 15, 16, 17, 19] dB. Finally, 

the results again confirm the optimality of HA compared with the Exh schemes in terms of CCDFs 

of Losses and RM. We result in same conclusions for the SF objective. Hence we show that in 

cases of unbalanced problems, where fewer GWs have to serve more UEs, the implementation of 

HA is appropriate to find pairings to achieve the best systems’ performance in terms of Losses, 

RM and SF metrics.  
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Figure 18: CCDF of (a) losses, (b) rate matching and (c) satisfaction ratio for Hungarian and 

Exhaustive mechanisms as the number of GWs decreases. 
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Figure 19: CCDF of difference of (a) losses, (b) rate matching and (c) satisfaction ratio for 

Hungarian and Exhaustive schemes assuming disallowed pairs. 
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Figure 20: CCDF of losses and rate matching for Hungarian and Exhaustive mechanisms in O2M 

scenario. 

 

4.3 Conclusion 
 

In this Chapter optimal capacity allocation mechanisms with polynomial time complexity in multi-

beam HTS systems have been proposed considering the offered and requested capacities of GWs 

and UE beams. The GWs’ offered capacities are originated by a large-scale atmospheric 

attenuation model similar to Chapter 3 and UEs’ requested capacities are uniformly distributed. 

The studied performance metrics are the minimization of system’s losses and rate matching and 

the maximization of system’s satisfaction ratio. 

Optimal assignments are originated by the proposed scheme, based on Hungarian algorithm, in 

satellite networks scenarios where different UEs’ links are considered, focusing on both different 

feeder links and downlinks. Moreover, equal and unequal number of GWs and UEs are examined, 

assuming the logical case that UEs are more than GWs. In latter case there are UEs that remain 

unserved. Furthermore in case of fewer GWs than UE beams, optimal pairings are also given 

considering that each GW can serve simultaneously multiple UEs in order that all UEs be served. 

In this case the number of simultaneously served UEs by each GW has been determined before 

the allocation process. Finally, optimal pairing is also achieved in scenarios with and without 

imposing payload or hardware constraints, i.e. the fact that each GW cannot serve every UE. This 

means that disallowed GW-UE pairings are possible due to adverse links’ conditions. 
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Chapter 5  
 

Suboptimal One-to-Many Allocation 
Schemes 
 

In this Chapter same assumptions with the system model in Chapter 4 are considered. 

Specifically, the most important points for the definition and solution of current capacity 

allocation problems are repeated. A GEO HTS system is considered. There are M GWs that serve 

N UE beams with M N  and ki>0 UEs are served by each GWi with i=1,..,M, called as i M  in 

problems below and 
M

i

i=1

k =N . Hence, O2M pairings are assumed. Moreover, the requested 

capacity RCj of each UEj with j=1,…,N, called as j N   in problems below, is served by exactly 

one GW. Finally, the offered capacity, ijOC , among GWi and UEj is determined by Shannon 

formula and becomes ij iOC k , due to the bandwidth allocation of GWi, in order to serve 

simultaneously ki UEs in the O2M case. 

At this point we have to say that the crucial difference of the current Chapter with the previous 

ones is that while the number of served UEs by each GW is constant and predetermined in 

Chapter 3 and Chapter 4, here the served UEs’ number is part of the optimization problems, 

making the latter scenario more complicated. This concept results in a two-step heuristic 

solution process: (a) the continuous step that includes the relaxation of binary allocation 

problems to continuous in [0, 1] and the application of iterative algorithms with approximations 

from fractional programming and sequential convex optimization (SCO) [Mark78] to result in a 

continuous solution and (b) the discrete step that includes the continuous to binary conversion 

of pairing solution from step (a). Especially in step (a), based on the approximations, appropriate 

convex/concave problems are solved in each iteration. 

The concept of appropriate approximations of non-convex problems, in order to approach their 

solution by iterative algorithms that solve convex problems in each iteration, has been used in 

wireless networks. Especially, in [Li15] an iterative power allocation algorithm using sequential 

convex programming is presented, for the maximization of energy efficiency of the worst-case 

user in interference-limited wireless networks, while in [Efrem19] the SCO is applied in a multi-

objective approach that takes into consideration both the total and minimum energy efficiency 

simultaneously, in device-to-device networks. Moreover, in [Huberman14] a sequential convex 

programming for full-duplex single-user multiple input-multiple output systems is shown and in 

[Tang17] the same theory is implemented in a scenario of user-centric joint admission control 

and resource allocation for 5G device-to-device extreme mobile broadband.  

Furthermore, in [Efrem20] a dynamic energy-efficient power allocation in multi-beam satellite 

systems is described, to jointly minimize the system capacity and total radiated power using 

multi-objective optimization. To do that a successive convex approximation algorithm is applied 
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that results in a stationary point with reasonable complexity, making it appropriate for on-board 

resource allocation. Finally, considering multi-UAV enabled wireless networks in [Wu18], the 

maximization of minimum throughput over all ground users in the downlink communication, by 

optimizing the multiuser communication scheduling and association jointly with the UAV’s 

trajectory and power control is assumed, exploiting d successive convex optimization techniques. 

 

5.1 Pairing Schemes for Satisfaction and Dissatisfaction 
Ratios 
 

5.1.1 Capacity Allocation Problems 

 

We target to find GWs-UEs assignments, i.e. {0,1} i,j,  ijx   that are the elements of allocation 

matrix {0,1}
MxN

X  , for approaching the maximization of both minimum and total system’s 

satisfaction ratios, called as max min SF and max SF problems respectively. By setting cij=OCij/RCj 

from the literature, the satisfaction ratio in O2M case is expressed in (1) and considering that the 

vectors 
1 2[ , , ..., ]

T

i i i iNc c c c  and 
1 2[x , x ,..., x ]

T

i i i iNx  have shape N x 1 and correspond to GWi 

and also e=[1,1,..,1]T is a vector of same shape then the max SF problem takes after some 

transformations, the final form in (2). Moreover, its feasible set S is also given, where the 

inequality constraint declares that each GW serves at least one UE and the equality constraint 

that each UE is served by one GW. 

 

1 1

1 1

N N
ijSF

ij iy iy ij

y yj

OC
c x x c

RC

 

 


   

   
   
  , (1) 

 

1

1 1 1 11 1

max  = max max

TN NM N M M
SF i i

ij ij iy ij ij TS S S
i j i iy j i

c x
x c

e x
x x c



  
    

  
   
   

   
X X X

, (2) 

where 
1 1

1 ,  i ,  1,   and {0,1}

N M
MxN

ij ij

j i

S x M x j N
 

       
 
 
 

  X . 

Under a similar reformulation process the max min SF problem, i.e. the maximization of the 

satisfaction ratio of least satisfied UE, is presented in (3), with its feasible set 

1
1

, ,  S and t R
M

ij ij

T
i i

x c
S t j N

e x

     
 
 
 
 X . 

 
11,..,N 1,..,N ( , )

1 1

max min max min  = max
M M

ij ijSF

ij ij Tj jS S t S
i i i

x c
x c

e x
t

   
 

 
X X X

 (3) 

Continuing the description of problems and based on the definition of satisfaction ratio we 

examine its multiplicative inverse given by pij=RCj/OCij as a possible alternative performance 

metric, called as dissatisfaction ratio. Thus the dissatisfaction ratio in O2M case is defined in (4) 
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and the minimization of both total system’s and maximum dissatisfaction ratios, called as min 

DSF and min max DSF problems, respectively, is investigated in (5) and (6). 
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In case of minimization of total system’s dissatisfaction ratio the reformulation of min DSF 

problem is defined in (5), where each jth row of matrix Di, with shape N x N, is [p , p ,..., p ]j ij ij ijr  ,

j N  . Finally, for the min max DSF problem the appropriate reformulations and the final form 

are expressed in (6), where the matrix Dij of shape N x N includes only zeros, except for the jth 

row that is rj as before. Moreover the feasible set of problem (6) is also described as

 
2 1 1

1

, ,  S and t R

M
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i ij i

i

S x D x t j N


    
 

 
 
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5.1.2 Allocation Algorithms 

 

The feasible sets S, S1 and S2 include the binary allocation matrix X, hence all the examined 

problems in (2), (3), (5) and (6) are binary optimization problems, which are hard to solve in 

polynomial time. To approximate these problems a heuristic two step approach is implemented. 

In the first step all the aforementioned problems are treated as continuous optimization 

problems with convex feasible S3, that is equal to S with the relaxation of constraint 

{0,1}
MxN

X   to [0,1]
MxN

X  . In what follows, an optimization problem is called relaxed when 

its binary constraints are replaced by continuous ones. This results in iterative solution 

approaches based on sequences of solutions of concave in (2), (3) and difference of convex 

problems in (5), (6). Then the continuous pairing solution from the first step is converted to a 

binary one and the corresponding objective is computed.  

Assuming the continuous case, the max SF and max min SF problems belong to multiple ratio 

fractional programming (FP) problems and the concave approximation described in [Shen18] is 

applied. Specifically, due to the fact that 0
T

i ic x   in (2) based on inequality constraint of S, 

0ij ijx c   in (3) and 0
T

ie x 
 
in both problems, considering again the aforementioned inequality, 

then the assumptions of transformation in [Shen18, p.3] for non-negative numerator and strictly 

positive denominator are valid to our max SF and max min SF problems. Hence, problem (7) is 

equivalent to the relaxed problem (2), while problem (8) is equivalent to the relaxed problem (3). 

The solution of (7), (8), presented in Algorithm 1 of Figure 21, is based on the iterative approach 



A. J. Roumeliotis, “Optimization Algorithms for High Throughput Wireless and Satellite Networks” 

62 
 

 

Figure 21: Continuous pairing process for max SF and max min SF problems. 

 

in [Shen18], where sequential concave problems are solved.  
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S y x c y x t j N

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      
 
 
 
 yX . The solution of min DSF and 

min max DSF problems with the relaxation to continuous variables is based on the convex-

concave procedure (CCP) [Lipp16], a heuristic iterative method that converges to a stationary 

point [Lanckriet09] of the relaxed problems (5) and (6). In order to apply the CCP mechanism the 

problems are retransformed appropriately based on the following result, whose proof is given in 

the Appendix 5.4.1. 

Proposition 1 (Quadratic to DC form): Let D be a square (N x N) real matrix (not necessarily 

symmetric) and let x be a N-dimensional real column vector. Then, the quadratic form 

T T sym
x Dx x D x , where ( ) / 2

sym T
D D D   is a real symmetric matrix and T symbol declares 

the transpose operation. In addition, let minm   be a (non-negative) real number, with min  

being the minimum eigenvalue of 
sym

D  (note that min  is a real number, because all the 

eigenvalues of a real symmetric matrix are real). Then 
T sym T T
x D x x D x x Ax


  , where 

sym
D D m

  I  and A m I  are symmetric positive semi-definite matrices (I is the N x N identity 

matrix). As a result, the initial quadratic form can be written as a difference of convex (DC) 

quadratic functions, i.e., 
T T T
x Dx x D x x Ax


  . 
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Figure 22: Continuous pairing process for min DSF and min max DSF problems. 

 

According to Proposition 1, the objective in (5) 
1
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while the constraint in (6) becomes 
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A
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  . As a result, we have the 

following problems:   
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5 1 3 1

1 1

A , ,  S ,t R

M M
T T

i ij i i ij i

i i

S x D x x x t j N
 

     
 

 
 
  X . 

The solution process of (9), (10), presented in Algorithm 2 of Figure 22, is based on the CCP 

iterative approach, where the linearization of subtrahend in the difference of convex functions 

results in the solution of a convex problem in each iteration.  

After computing the continuous pairing solutions from (7)-(10) problems the conversion to a 

binary allocation matrix is made by the proposed heuristic Algorithm 3 of Figure 23. This 

algorithm is one of the possible processes for continuous to binary conversion and results in 

binary pairing solution based on S feasible set. Especially to explain the process of proposed  
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Figure 23: Continuous to discrete allocation matrix conversion process. 

 

algorithm, in the continuous pairing matrix the number of UEs served by each GW, in total Ν and 

at least equal to 1 due to the constraints, is separated in integer and decimal parts. Then we set 

appropriately 1 in the initially zeroed binary matrix based on each GW’s integer part and keeping 

the fact that each UE is served by one GW, described in steps 1-5 in Algorithm 3. After this point 

there are unserved UEs because the sum of integer parts are less than N. Finally, we set 1 to 

binary solution for the unserved UEs, given in steps 6, 7 of Algorithm 3. This process results in a 

feasible binary pairing matrix solution to initial problems (2), (3), (5) and (6).  

 

5.2 Numerical Results 
 

For the evaluation of the proposed methodologies, a framework in the PYTHON programming 

language has been developed and the CVXPY library has been used for the solution of 

convex/concave optimization problems [Diamond16].  

We consider a GEO multi-beam HTS network with system’s parameters presented in Table 4 and 

simulation concept same with Section 4.2, but now the CNIR for the downlinks, 
, ,CS dn j

CNIR , are 

uniformly distributed between 6 and 24 dB. Moreover, the RCs for each UE are taken from a 
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uniform distribution in the range (0, 
2 tot_ max, jlog (1 )CB CNIR ) bps, where 

1 1 1

tot_ max, j , , ,CS up CS dn jCNIR CNIR CNIR
  

  .  

All graphs present statistical averages of examined metrics for 3500 independent simulation 

scenarios, in order to evaluate the performance of proposed schemes. In each scenario different 

sets of OCs and RCs are produced and the whole process described below is repeated for each 

scenario to obtain average results. Due to the fact that the solution of iterative processes in 

Algorithms 1 (Figure 21) and 2 (Figure 22) depends on the initial feasible point, in all figures the 

comparison between the constant, called as Constant, feasible point (1/M)1MxN, where 1MxN is 

the all-ones M x N matrix and a random process, called as Random, is shown. Particularly in 

random process 200 random initial feasible points are generated and that with the best value for 

(2), (3), (5) and (6) objectives, respectively, is chosen as starting point to Algorithms 1 and 2. 

Furthermore, for the Quadratic to DC conversion in Algorithm 2 we have set min minm   
    

where     is the ceiling function and min  is the minimum eigenvalue of corresponding matrices. 

Moreover, the tolerance of these Algorithms is ε=10-4. Finally, the Exhaustive mechanism, 

referred in simulations, is the optimization scheme that explores all the possible feasible 

combinations, in order to find the optimum objective value for each problem. 

In Figure 24 the average relative error (%) between Exhaustive and Proposed Allocation 

Schemes is depicted for max SF, max min SF, min DSF and min max DSF problems. The factor of 

relative error in each simulation scenario, with the value of corresponding objective called as obj, 

is defined as 
PrExhaustive oposed Exhaustiveobj obj obj . The performance of proposed methods has 

been studied for constant and random initial feasible points in HTS systems with M=3, 4 and 

N=[6-9] GWs and UEs respectively.  

The examination of two different starting points is presented because the mechanisms’ 

performance depends on the initialization. Consequently a valuable performance indicator is the 

maximum of best achievable relative error, comparing the performance of both initializations in 

each system, across all systems. For example, in max SF graph this is higher than 0,15 % and 

belongs to the system with 3 GWs and 9 UEs, i.e. 3x9 case. Especially, in cases of max SF and min 

DSF problems this indicator is about 0,18 % in 3x9 case and 0,24 %, in 4x7 case, both in constant 

initialization, while for min max DSF and max min SF is about 3,8 % in 4x6 case, with constant 

initialization and 6,9 % in 3x9 case, with random initialization, respectively. The graphs show the 

importance of choosing appropriate starting feasible point. For example in the most systems in 

max min SF graph the constant feasible initial point results in average relative error higher than 

15 %, but the same approach with a random starting feasible point has much better performance. 

Generally, the simulation results show that the proposed allocation schemes have very promising 

performance compared with the more complex optimal mechanism, even for random starting 

feasible points.  
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Figure 24: Average Percentage Relative Error between Exhaustive and Proposed Approaches, 

initializing the latter with Constant and Random feasible points, in HTS systems with various 

numbers of GWs and UEs for (a) max SF, (b) max min SF, (c) min DSF and (d) min max DSF 

problems. 

 

 

Figure 25: Average Convergence Iterations of Proposed Approaches, initializing the latter with 

Constant and Random feasible points, in HTS systems with various numbers of GWs and UEs 

for (a) max SF, (b) max min SF, (c) min DSF and (d) min max DSF problems. 

 

Finally, in Figure 25 the average convergence iterations, with constant and random starting 

feasible points, to compute the continuous pairing solutions for max SF, max min SF, min DSF and 

min max DSF problems are presented. The iterations of Algorithm 1 are considered for max SF 
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and max min SF problems and the iterations of Algorithm 2 for min DSF and min max DSF 

problems. It is obvious in the results, for all systems, that the iterative processes have fast 

convergence. They are terminated after a relatively small number of iterations. In case of HTS 

systems with larger number of GWs/UEs, where a pairing allocation decision has to be done in 

short time, it is practical to use an additional termination criterion with maximum number of 

iterations in Algorithms 1 and 2. 

 

5.3 Pairing Schemes for Rate Matching 
 

In this Section the intention is to find appropriate GWs-UEs pairing matrices 
MxN

X {0,1}  for 

approaching the minimization of nth order rate matching (RM) [Kyrgiazos14]. We use the 

property that |c|n=|cn| for any real c and n (c must be nonzero for negative n). Following a 

similar analysis with Section 5.1.1 the RM problem is presented in (11) where the offered 

capacity from GWi to UEj is expressed as 

1

ij

N

io

o

OC

x



 and models the O2M case. Moreover, we 

assume positive integer n in order the binomial formula to be converged [Graham94]. The 

feasible set S of constraints (C1), (C2) and (C3), given in (11), is the same as in Section 5.1.1.  
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Considering the binomial theorem [Graham94] with 
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Problem in (11) is appropriately transformed in (13a)/(13b) for even/odd n, respectively, by 

adding 
MxN

T R auxiliary variables. Specifically for even n we have the property that |cn|=cn. 

Continuing the retransformation of problem in (13a)/(13b), we consider the matrix 
Mx2N

Y R , 

given in (14), where T

i i1 i2 iN i1 i2 iNy =[x ,x ,...,x ,t ,t ,...,t ]  is a 2N x 1 vector related with the ith GW.  
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Furthermore, we set NxN NxN

NxN NxN

0 0
D=

I 0

 
  

, where NxN0  is the zero matrix and Ι is the identity main 

diagonal matrix both of shape N x N, and Aj is a zero 2N x 2N matrix with 1 in row N+j till the first 

N columns, namely
,1:

0 0

0 with 1 0

NxN NxN

j
NxN N j N NxN

A



 
 
 

. Moreover assuming that 1: 1:2[1 , 0 ]
T

N N Ne   

is a 2N x 1 vector, with 1 in the first N positions and 0 in the rest and relaxing the binary 

constraint (C3) as in Section 5.1.2 the problems in (13a)/(13b) take the form in (15a)/(15b). 
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Continuing the analysis and following the process described in Section 5.1.2 in Proposition 1 

about the conversion of quadratic to DC form, we treat appropriately the quadratic forms in 

objective and (C4), (C5) and the problems become:  
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where * sym
D D rI  , * sym

j j jA A r I  , P=rI and Pj=rjI with I the 2N x 2N identity matrix and r, rj 

are originated appropriately by the eigenvalues of sym
D  and sym

jA , respectively as described in 

Proposition 1 of Section 5.1.2.  

Furthermore, we prove in Appendix 5.4.2 that the term    
1

1
mm T

ie y


 inside the summation of 

(C4) is convex for even m and concave for odd m. Thus, in (C5) the term    
11

1
mm T

ie y


  is 

convex for odd m and concave for even m. Hence the application of CCP method is 

straightforward. Specifically, considering (C4), for implementing the CCP algorithm the part that 

remains the same is defined in f1 and the ‘convexified’ part in f2, while for (C5) these are 

expressed in f3 , f4. 
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The convexification of f2/f4 are shown in (21)/(22) where ( )q

iy  is the solution of the problem in qth 

iteration of the process and the general algorithm is the same as in Figure 22, where the convex 

problems in (23a)/(23b) are solved in each iteration.  
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Therefore, we see that the CCP method can be applied in order to find a continuous solution to 

approximate the minimization of positive integer nth order rate matching function. 

 

5.4 Appendix 
 

5.4.1 Proof of Proposition 1 

 

Firstly, the proof about the zero quadratic form of an anti-symmetric matrix is given. It is known 

that any square matrix can be written as the sum of a symmetric and an anti-symmetric matrix. 

Therefore, 
sym antisym

D D D  , where ( ) / 2
sym T
D D D   and ( ) / 2

antisym T
D D D  . Notice 

that ( )
sym T sym
D D  and ( )

antisym T antisym
D D  . Finally, because the scalar 
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( )
T antisym T antisym T
x D x x D x    ( )

T antisym T antisym T
x D x x D x    0

T antisym
x D x  . Hence

T T sym T antisym T sym
x Dx x D x x D x x D x   . 

Secondly, it remains to show that the square matrices D
  and A  are symmetric and positive 

semi-definite. Obviously, both matrices are symmetric due to their construction. Now, A m I  is 

a positive semi-definite matrix since all its eigenvalues are equal to the non-negative number 

0m   (because min 0m   ). Let us suppose that   is a real eigenvalue of sym
D , i.e., 

sym
D u u , where u is a non-zero N-dimensional column vector. Then 

( ) ( )
sym

D u D m u u mu m u 


     I  where m   is a real eigenvalue of D
 . Due to the 

fact that minm     minm m      min 0m m     , all the eigenvalues of D


 are 

real and non-negative, so D


 is a positive semi-definite matrix. To conclude, both the square 

matrices D


 and A  are symmetric and positive semi-definite. 

 

5.4.2 Derivatives of Fractional Terms in Rate Matching 

 

In the summation of (C4) in (16) all the terms are constant and positive except from the 

fractional term that includes the variables. In order to prove that the fractional terms are convex 

or concave we apply the rule about the composition with an affine mapping [Boyd04]. This rule 

states that for scalar functions g, f and affine function Ax+b then g(x)=f(Ax+b) is convex if f is 

convex and concave if f is concave.   

In our case we set 
1

( ) ( 1)
m m

f z z


   and the fractional terms have the form  

  
1

( ) ( 1) ( )
m

m T T

i i ig y e y f e y


   (21) 

In order to check the convexity of f(z) we study its second derivative given in (22). 

 
2

1

2
( 1) (1 )( )

m md f
m m z

dz

 
     (22) 

The sign of 
2

2

d f

dz
depends only on term ( 1)

m
 , due to the fact that 2m  and 1z   (resulting by 

1
T

ie y   given in (C1)). Thus 
2

2

d f

dz
 is positive for even m and negative for odd m. To conclude 

from the rule about the composition with an affine mapping, f and consequently g, namely the 

fractional terms in the binomial formula are convex for even m and concave for odd m. 

 

5.5 Conclusion 
 

In this Chapter suboptimal one-to-many pairing scenarios are examined in HTS system for various 
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numbers of gateways and UE beams, where different UEs’ links are considered. The number of 

simultaneous served UEs in the studied O2M cases is part of the optimization problems and not 

predetermined. Especially, the complex problems of maximization of both minimum and total 

system’s satisfaction ratios and minimization of both maximum and total system’s dissatisfaction 

ratios are examined. A two-step heuristic approach with fast convergence based on simulations 

is proposed, containing the relaxation to continuous case of aforementioned allocation problems 

and the continuous to discrete conversion of pairing solution. For the satisfaction problems the 

proposed mechanism is based on fractional programing theory, while for the dissatisfaction 

problems the difference of convex programming theory is implemented.  

Furthermore, considering the case of dissatisfaction ratios, we have shown a general method to 

solve quadratic optimization problems that are non-convex, by applying the convex-concave 

procedure. Especially, we process appropriately the eigenvalues of problem’s matrix and form 

convex and concave functions, written as difference of a concave function from a convex one. 

Hence the problem can be solved by the convex-concave procedure that results in a stationary 

point. 

Moreover, all the presented solution processes depend on the starting feasible point thus 

different initial points, constant and random, are studied. In conclusion, the simulation results 

for the proposed mechanisms are very promising, showing cases with small relative error in all 

presented systems, compared with the optimal performance of the exhaustive algorithm that 

checks all the possible feasible pairings. 

Finally, we present a theoretical analysis to approach the minimization of nth order rate 

matching, for positive integer n, by applying the convex-concave procedure. To do that we 

exploit appropriately the quadratic forms and the convexity or concavity of terms inside the 

binomial formula. 
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Chapter 6  
 

Thesis Summary and Future Work 
 

In this Chapter the main contributions of this PhD thesis are given and a few points for future 

work are stated. We must have in mind that this research is just a small part in the general 

scientific concept of radio resource management in satellite networks, while the presented 

mathematical theories can also be applied in other wireless networks. 

 

6.1 General Conclusions  
 

In Chapter 3 we focus on the feeder links and the different pairing theories, i.e. Gale-Shapley 

algorithm and Monge arrays are applied in performance metrics that include minimization of 

system’s capacity losses and rate matching and maximization of total and minimum satisfaction 

ratio. 

Specifically, from the Section 3.1 the main contributions are given below:  

• A flexible resource allocation algorithm for HTS communication systems based on 

principles of matching theory is proposed and the Gale-Shapley algorithm is used. Its objective is 

to minimize the system’s capacity losses in multi-beam HTS system, considering different 

scenarios, where one GW can serve one or more UE beams simultaneously. The second case is 

examined to study the performance of the HTS system assuming that GWs are fewer than UE 

beams, which consists of a realistic scenario for satellite networks. 

• This algorithm considers realistic propagation attenuation channel conditions for the 

feeder links, through a reliable large scale total atmospheric channel model. Consequently, the 

connection among the GWs and UE beams changes periodically depending on the dynamic 

atmospheric channel conditions of feeder links and the UE beams’ traffic demands. Hence, our 

procedure is ideal for satellite systems with highly dynamic conditions. 

• To provide a more robust system’s performance analysis, we make comparisons with 

other RRM mechanisms, namely the more complicated exhaustive one, the fairness one, a less 

complicated fixed one and finally a naive random mechanism. Specifically in both 

aforementioned investigated scenarios the proposed matching mechanism has identical 

performance with the exhaustive mechanism, which means that our process results to the 

minimization of system’s losses. Additionally, in the former scenario where one GW serves one 

UE beam, our RRM algorithm achieves better performance, compared with the fairness 

mechanism, the less complicated fixed mechanism and the random pairing process. 

• Consequently, the promising results of matching theory combined with its simplicity and 

low complexity make it a possible ally for solution of problems in the RRM field in future HTS 

networks.  
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In terms of Section 3.2 the same general scenario is also used and the most important points are:  

• A very low complexity optimal scalable dynamic resource allocation mechanism 

between the GWs and UEs, considering the minimization of two different performance metrics, 

i.e. the system’s capacity losses and the rate matching is presented. The optimality of the 

proposed resource allocation scheme is theoretically originated by the fact that both 

performance metrics constitute Monge arrays.  

• Moreover, low complexity optimal capacity allocation schemes are proposed for the 

fairness method, targeting to the maximization of minimum satisfaction ratio considering the 

system’s pairs and the maximization of system’s total satisfaction ratio. Specifically, both 

objectives, i.e. the fairness method and total satisfaction ratio, both after some transformation, 

constitute problems with bottleneck Monge and Monge arrays.  

• The application of Monge arrays results in appropriate sorting of GWs’ offered and UEs’ 

requested capacities, in order to solve optimally the aforementioned problems. Finally an 

important theoretical tradeoff results: the optimal pairing scheme for fairness method causes 

the minimization of system’s total satisfaction ratio and the inverse happens in terms of the 

optimal pairing of latter objective. 

The main contributions οf the topic in Chapter 4 are: 

• Optimal assignments are originated by the proposed scheme in satellite networks 

scenarios, where different UEs’ links are considered, focusing on both different feeder links and 

downlinks. The Hungarian or Kuhn-Munkres algorithm is exploited resulting in a theoretically 

optimal result in polynomial time complexity. 

• Optimal assignments are achieved with equal and unequal number of GWs. In that case 

there are UEs that remain unserved. In the case of fewer GWs than UE beams, optimal pairings 

are also given in case that each GW can serve simultaneously multiple UEs, in order not to have 

unserved UEs. 

• The optimal pairing is also achieved in scenarios with payload or hardware constraints, 

i.e. the fact that UEs cannot be served by all GWs. This means that disallowed GW-UE pairings 

are possible due to adverse links’ conditions. 

• The presented outcomes in all different studied optimization problems show that the 

existence of constraints in the system, i.e. disallowed GW-UE pairings, result in optimal system’s 

performance worse than the corresponding optimal performance, when there are no disallowed 

assignments, i.e. when each user beam can be served by each gateway. 

Finally, Chapter 5 is an extension of Chapter 4 and suboptimal assignments are presented. While 

in previous Chapters constant predetermined simultaneous served UEs for each GW are 

assumed, in current Chapter the number of GW’s simultaneously served UEs is part of 

optimization problems, making the latter more complicated and heuristic solution methods are 

examined. Specifically, the main contributions are: 

• Except from the metric of satisfaction ratio, already defined in literature, a new 

proposed metric is defined as the multiplicative inverse of satisfaction ratio and is called 

dissatisfaction ratio. This new metric is examined analytically and provides a possible alternative 

performance figure of merit in resource allocation problems.  
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• Suboptimal one-to-many assignments for the considered metrics of satisfaction and 

dissatisfaction ratios are originated by the proposed allocation schemes in HTS networks 

scenarios, where UEs with different links’ conditions are considered, focusing on both different 

feeder links and downlinks.  

• The proposed two-step pairing process, for approximating the aforementioned binary 

optimization problems, includes the relaxation of binary pairing to a continuous counterpart in 

[0, 1], the application of appropriate non-convex optimization theories and the continuous to 

binary conversion of pairing solution. Especially, the continuous pairing solution is based on 

fractional programing theory for the satisfaction problems and the difference of convex 

programming theory for the dissatisfaction problems. Moreover, the final outcome of this two-

step approach depends on the initial feasible point of first step algorithms. 

• Furthermore, there is an important remark for the solution of the dissatisfaction ratio 

optimization problem. In the solution of this problem, we have presented a simple 

straightforward general method for approaching the optimization problems that contain 

quadratic forms, that are non-convex, either in objective or/and in the constraints. The quadratic 

form can be written, with an appropriate simple transformation, as a difference of convex 

functions and the problem can be solved by the convex-concave procedure, that guarantees 

convergence to a stationary point. 

• Based on the extended simulations, the proposed allocation mechanisms result in 

suboptimal one-to-many assignments with fast convergence. Finally, the presented results, for 

different starting feasible points in all different studied optimization problems, depict the very 

promising performance of the proposed pairing algorithms, compared with the corresponding 

performance of optimal mechanism. 

• To conclude, we have also presented the theoretical formulation of the minimization of 

the nth order rate matching, where n is positive integer. It has been approximated by the 

difference of convex optimization theory. Specifically, the problem has quadratic forms that are 

processed as described above and the terms inside the binomial formula are also convex or 

concave. Hence the convex (concave) parts from the quadratic forms are grouped together with 

the convex (concave) terms from the binomial formula and then the algorithm of difference of 

convex functions is directly applied.  

 

6.2 Future Work  
 

Based on the assumptions of the models developed under this thesis, there are points that can 

be considered for further research in the future, in the concept of RRM in satellite networks 

[Kuang17], [Kisseleff21]. 

To begin with, the performance of the method described for the minimization of nth (positive 

integer) order rate matching in Section 5.3 has to be evaluated and compared with the 

exhaustive mechanism through simulations. The relative error and the iterations until the 

convergence of algorithm have to be examined.  

Moreover, we have a uniform distribution for UEs’ requested capacity. Even though the 

presented mathematical analysis can be directly applied for different formulas of offered and 
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requested capacities, it is valuable more realistic distributions for requested capacities [Al-

Hraishawi20], [Ortiz-Gomez21]. Furthermore, real satellite communication data are of utmost 

importance and instead of using statistical models and distributions, the OCs and RCs can be 

originated by them and make a study, e.g. about the system’s losses based on real data. 

Additionally, except from the O2O and O2M cases, appropriate scenarios can be considered 

where each GW can serve many UEs and each UE can be served by multiple GWs.  

A direct extension of the system model in Chapter 5 is the assumption of payload constraints, i.e. 

the case that a GW cannot serve all UEs. This is important and has to be considered appropriately 

in the pairing allocation processes assuming also the UEs’ links and a not predetermined number 

of the UEs that are served by each GW. 

Finally, the study of joint resource allocation problems is crucial and of vital importance in next 

generation satellite networks where there is need to use all the possible resources. As scenarios 

become more complicated by considering more parameters, the employment of artificial 

intelligence techniques is a possible ally to face up with these problems. In the latter case, the 

training process is time consuming and can be made offline. Afterwards, the trained model 

provides rapid solutions for the online operation. Even though AI models can capture complex 

relations and are able to solve in an acceptable level many problems, in a wide range of scientific 

fields, there are not theoretical guarantees about their performance, due to the formulation of 

the functions that need effort to be approached and always there is a percentage of failure. 
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