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Περίληψη

Η παρούσα διπλωματική εργασία έχει ως σκοπό τη σχεδίαση, την προσομοίωση και εν
τέλει την κατασκευή ενός ολοκληρωμένου διαφορικού ενισχυτή που πρόκειται να χρησι-
μοποιηθεί ως driver εξόδου (πρόγραμμα οδήγησης) ενός πομπού σε RF συχνότητες (micro-
wave). ´Ενας τέτοιος ενισχυτής κατέχει σημαντικό ρόλο στις διάφορες τηλεπικοινωνιακές
εφαρμογές.

Το μεγαλύτερο μέρος της εργασίας πραγματοποιήθηκε στην Infineon Technologies AG.
Η σχεδίαση του ενισχυτή υλοποιήϑηκε στην 0.13μm SiGe BiCMOS τεχνολογία B11HFC
που μας παρείχε η εταιρεία και με κεντρική συχνότητα λειτουργίας τα 145 GHz. Αρ-
χικά, επιλέχϑηκε η αρχιτεκτονική να βασίζεται σε διαφορική διαμόρφωση τριών σταδίων.
Επομένως, σχεδιάστηκαν κατάλληλα balun. ´Ενα balun διαιρεί το σήμα που εισέρχεται από
εισόδο μονού ακροδέκτη σε ένα ζεύγος διαφορικών σημάτων, ενώ κατά την έξοδο μετα-
τρέπει το διαφορικό σήμα σε σήμα ενός άκρου μέσω ενός δεύτερου balun ίδιας μορφής.
Μετά την ολοκλήρωση της σχεδίασης με στοιχεία της βιβλιοθήκης B11HFC και εφόσον το
κύκλωμα τηρούσε τις απαιτήσεις που τέϑηκαν, ακολούϑησε η κατασκευή του ενισχυτή σε
επίπεδο Layout. Συγκεκριμένα, μεταλλικές στρώσεις χρησιμοποιήθηκαν για την κατασκευή
των διαφόρων στοιχείων του κυκλώματος. Στις προσομοίωσεις λήφϑηκαν υπ’όψιν και
οι επαφές σύνδεσης pads, τα οποία εξασφαλίζουν την επικοινωνία της πλακέτας με το
εξωτερικό περιβάλλον, με σκοπό να διαπιστωθεί το ποσό της επίδρασής τους στη λει-
τουργία του κυκλώματος. Η επίδρασή τους τελικά αποδείχτηκε μικρή, οπότε η διαδικασία
σχεδίασης συνεχίστηκε με τη σχεδίαση πλακέτας και την ηλεκτρομαγνητική προσομοίωση
αυτής. Τέλος, τα αποτελέσματα της προσομοίωσης που εξήχθησαν παρουσιάζονται στα
τελευταία κεφάλαια.

Σε μεγάλη έκταση της εργασίας γίνεται σύγκριση της απόδοσης και των διαφορετικών
τεχνικών μεταξύ του σχεδιασμού του ενισχυτή σε επίπεδο στοιχείων βιβλιοϑήκης B11HFC
και στη τελική Layout μορφή του. Η διαδικασία σχεδίασης ολοκληρώϑηκε επιτυχώς και
έφτασε μέχρι την εξαγωγή tape-out, όπου και το σχέδιο στάλϑηκε σε εργοστάσιο για να
υλοποιηϑεί η κατασκευή του.

Λέξεις Κλειδιά:

Διαφορικός Ενισχυτής ισχύος, τρία στάδια, micro-wave συχνότητες, 145 GHz, πρόγραμμα
οδήγησης εξόδου (output driver), balun , SiGe BiCMOS.
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Abstract

The aim of the present thesis is the design, simulation and finally construction of a
differential amplifier, which is going to be used as an output driver of a transmitter in RF fre-
quencies (mm-wave). Such an amplifier holds an important role in several telecommunication
applications.

The biggest part of the project was realised at Infineon Technologies AG. The design of
the amplifier was implemented at the 0.13μm SiGe BiCMOS technology B11HFC, which was
provided by the company, and with a central operating frequency of 145 GHz. At first the
architecture was decided to be based on a three stages differential configuration. Therefore
the appropriate baluns were designed. A balun divides the single-ended signal at the input
into a pair of differential signals, while at the output the differential signal transforms into
a single-ended one through a second balun of the same type. After the completion of the
design with components from the B11HFC library and since the circuit met the requirements
set, begun the construction of the amplifier in a layout level. Specifically, the different parts
of the circuit were built using metal layers. During the simulation the brass pads - which
connect the board with the external environment- were also taken into account, in order
to ascertain the amount of their effect on the operation of the circuit. Their effect was
small, so the process of the construction continued with the design of the board and its
electromagnetic simulation. In the end, the results of the simulation were drew and are
analyzed in the last chapters.

A long part of the project holds the comparison in the performance characteristics between
the two designing techniques of the amplifier : with components of the library B11HFC level
and the final layout form. The process of the design was completed successfully and reached
the tape-out phase, where the design was sent to a lab to be manufactured.

Key Words:

Differential power amplifier, three stages, microwave frequencies, 145GHz, output driver,
balun, SiGe BiCMOS
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ηθειά της κατά τη συγγραφή της εργασίας. Δε ϑα μπορούσα να μην αναφέρω τους φίλους
μου Νικολέττα, Χριστίνα, Δέσποινα, Ειρήνη, Γιάννη, Μαρία, καθώς και τους συμφοιτητές
και φίλους μου Ελένη, Στέλιο, Νίκο, Κίμωνα, Αλέξανδρο, Ειρήνη, Σοφία, Κωνσταντίνο,
που βρίσκονταν δίπλα μου αυτά τα χρόνια.

Τέλος, ϑα ήϑελα να εκφράσω την ευγνωμοσύνη μου στους γονείς μου, Ιωάννη και
Ασπασία, καϑώς και τις αδερφές μου Ιωάννα και Νικολέττα για τη στήριξη σε όλες τις
επιλογές μου και την αγάπη τους που αποτελεί κινητήριο δύναμη.

5



6



Perieqìmena

PerÐlhyh 1

Abstract 3

EuqaristÐec 5

Perieqìmena 7

Katˆlogoc Grafhmˆtwn 9

Katˆlogoc Pinˆkwn 11

13
1 Eisagwg  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.1 KÐnhtro gia th Suggraf  thc Diplwmatik c ErgasÐac . . . . . . . . . . 13
1.2 Sust mata mikrokumatik¸n suqnot twn . . . . . . . . . . . . . . . . . . 13

2 Basik  JewrÐa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.1 Y, Zkai ABCD parˆmetroi . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Parˆmetroi S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Krit ria Eustˆ�eiac . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4 OrismoÐ Kerd¸n IsqÔoc . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.5 Exis¸seic epÐteuxhc mègistou Kèrdouc . . . . . . . . . . . . . . . . . . . 23
2.6 Grammèc Metaforˆc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.7 'Elegqoc Grammikìthtac . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.8 Anˆlush Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Qarakthrismìc Enisqut  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.1 Epilog  tˆxhc leitourgÐac tou enisqut  . . . . . . . . . . . . . . . . . . 31
3.2 Epilog  thc energoÔ suskeÔhc gia th ulopoÐhsh tou enisqut  . . . . 33
3.3 Epilog  ari�moÔ stadÐwn . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.4 Krit ria epilog c sqedÐashc enisqut  isqÔoc diaforikoÔ ènanti monoÔ

akrodèkth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4 Balun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.1 Skopìc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Orismìc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Prodiagrafèc apìdoshc enìc Balun . . . . . . . . . . . . . . . . . . . . 38
4.4 Sqediasmìc Layout tou Balun . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.5 Apotelèsmata twn prosomoi¸sewn . . . . . . . . . . . . . . . . . . . . . 43

5 B mata sqedÐashc tou diaforikoÔ enisqut  . . . . . . . . . . . . . . . . . . . . 47
5.1 Epilog  montèlou kai megè�ouc tranzÐstor . . . . . . . . . . . . . . . . 47

5.1.1 Epilog  eÐdouc transistor gia thn ulopoÐhsh tou enisqut  . . 47
5.1.2 Epilog  gewmetrÐac tranzistor . . . . . . . . . . . . . . . . . . 48
5.1.3 Upologismìc embadoÔ tranzÐstor . . . . . . . . . . . . . . . . . 49

7



5.2 Tˆsh trofodosÐac VDD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3 Upologismìc suqnìthtac apokop c ft . . . . . . . . . . . . . . . . . . . 52
5.4 Gramm  metaforˆc metaxÔ twn tranzÐstor tou cascode . . . . . . . . . 54
5.5 Kukl¸mata Pìlwshc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.6 SqedÐash kukl¸matoc exìdou . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.7 SqedÐash endiˆmeswn kuklwmˆtwn . . . . . . . . . . . . . . . . . . . . . . 61
5.8 SqedÐash kukl¸matoc eisìdou . . . . . . . . . . . . . . . . . . . . . . . . 62

6 Apotelèsmata Prosomoi¸sewn . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.1 Upologismìc S paramètrwn . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.2 EÔroc Suqnot twn 3dB . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.3 'Elegqoc eustˆ�eiac . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.3.1 Diaforikìc trìpoc leitourgÐac . . . . . . . . . . . . . . . . . . 70
6.3.2 Koinìc trìpoc leitourgÐac . . . . . . . . . . . . . . . . . . . . . 71

6.4 Upologismìc IsqÔoc Exìdou . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.5 ShmeÐo sumpÐeshc1dB • P1dB . . . . . . . . . . . . . . . . . . . . . . . . 73
6.6 ShmeÐo parembol c trÐthc tˆxhc IP3 . . . . . . . . . . . . . . . . . . . . 74
6.7 Apìkrish tou enisqut  ston qrìno . . . . . . . . . . . . . . . . . . . . . 75
6.8 Efarmog  me�ìdou Load Pull . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.9 Monte Carlo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.10 PÐnakac apotelesmˆtwn . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

7 Fusikìc Sqediasmìc (Layout) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7.1 Diˆtaxh thc plakètac tupwmènou kukl¸matoc PCB . . . . . . . . . . . 79

7.1.1 Padskai GSG pads . . . . . . . . . . . . . . . . . . . . . . . . . . 81
7.1.2 Kukl¸mata prostasÐac ESD . . . . . . . . . . . . . . . . . . . 83
7.1.3 Bondwires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

7.2 Epifˆneia edˆfouc Vss . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.3 Analutik  Layout morf  thc energoÔc suskeÔhc . . . . . . . . . . . . . 86
7.4 Kukl¸mata Pìlwshc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.5 Katˆllhla diamorfwmèna kommˆtia tou enisqut  se layout . . . . . . 89
7.6 BypassPuknwtèc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.7 Cheesingkai Filling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

8 Prosomoi¸seic Enisqut  se Fusikì EpÐpedo . . . . . . . . . . . . . . . . . . . 95
8.1 S parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8.2 EÔroc Suqnot twn 3dB . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.3 'Elegqoc eustˆ�eiac . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
8.4 IsqÔc Exìdou Pout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.5 ShmeÐo SumpÐeshc1dB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
8.6 ShmeÐo parembol c trÐthc tˆxhc IP3 . . . . . . . . . . . . . . . . . . . . 101
8.7 Apìkrish tou enisqut  sto qrìno . . . . . . . . . . . . . . . . . . . . . . 102
8.8 PÐnakec apotelesmˆtwn . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

9 Sumperˆsmata kai mellontikèc epektˆseic . . . . . . . . . . . . . . . . . . . . . 105
9.1 AnakefalaÐwsh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
9.2 Sqoliasmìc Apotelesmˆtwn . . . . . . . . . . . . . . . . . . . . . . . . . . 105
9.3 Mellontikèc Epektˆseic . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

BibliografÐa 107

8



Katˆlogoc Grafhmˆtwn

1.1 BlockDiˆgramma enìc FM pompoÔ . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1 DÐ�uro dÐktuo gia anaparˆstash twn pinˆkwn Y kai Z . . . . . . . . . . . . 16
2.2 (a)DÐ�uro gia ABCD m tra (b)SÔndesh dÐ�urwn diktÔwn en seirˆ ([1] sel .189) 17
2.3 DÐ�uro dÐktuo gia anaparˆstash twn S paramètrwn ([3] sel .50) . . . . . . . 18
2.4 Enisqut c enìc stadÐou mazÐ me ta dÐktua antistoÐqishc ([1] sel .562) . . . . . 24
2.5 Gramm  metaforˆc sundedemènh me fortÐo empèdhshcZL . . . . . . . . . . . . 25
2.6 Parˆgwga endodiamìrfwshc 2�&&3�& tˆxhc lìgw efarmog c dÔo tìnwn f1 <f2. 27
2.7 KampÔlec eÔreshc tou shmeÐou parembol c 3�& tˆxhc [8] . . . . . . . . . . . . 29
2.8 KampÔlh kanonik c katanom c [11] . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1 Oi kumatomorfèc kai oi fˆseic tou s matoc exìdou kˆ�e klˆshc [13] . . . . 32
3.2 Enisqut c monoÔ akrodèkth [14] . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Diaforikìc enisqut c [14] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.1 Sqhmatikì Diˆgramma tupik c morf c balun . . . . . . . . . . . . . . . . . . . . 39
4.2 1: 1 Stacked balunme mesaÐa l yh ( 1: 1 Stacked centre•tapped balun) . . . . . 41
4.3 H telik  Layout morf  tou Balun . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4 Diatˆxeic balun gia pragmatopoÐhsh metr sewn . . . . . . . . . . . . . . . . . . 43
4.5 Diˆgramma suntelest  sÔzeuxhc (k factor) . . . . . . . . . . . . . . . . . . . . . 44
4.6 Mètrhsh thc ap¸leiac eisagwg c mèsw thc paramètrou S21 . . . . . . . . . 45
4.7 AnisorropÐa Plˆtouc tou Balun (dB) . . . . . . . . . . . . . . . . . . . . . . . . 46
4.8 AnisorropÐa Fˆshc tou Balun (dB) . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.1 Aplopoihmènh diˆtaxh SiGe HBT tou BEBCBEB [19]. . . . . . . . . . . . . . . 48
5.2 Diˆgramma suqnìthtac ft wc proc thn èntash reÔmatoc me parametrikèc

timèc tou pˆqouc tou ekpompoÔ tou tranzÐstor . . . . . . . . . . . . . . . . . . 49
5.3 Diˆgramma suqnìthtac ft wc proc thn èntash reÔmatoc me 4u, 5u kai 6u wc

proc to pˆqoc tou ekpompoÔ tou tranzÐstor . . . . . . . . . . . . . . . . . . . . 50
5.4 Sqhmatikì gia ton prosdiorismì thc suqnìthtac ft sunart sei tou reÔmatoc

sullèkth Ic thc kaskodik c topologÐac . . . . . . . . . . . . . . . . . . . . . . . 52
5.5 Diˆgramma thc suqnìthtac ft sunart sei tou reÔmatoc sullèkth Ic. . . . . . 53
5.6 CascodesundesmologÐa me gramm  metaforac anˆmesa sta transistors [20] . 54
5.7 CascodesundesmologÐa me gramm  metaforac anˆmesa sta transistors . . . . 55
5.8 Diˆgramma metabol c tou kèrdouc anˆloga me to m koc thc gramm c metaforˆc 55
5.9 Kaskodikìc ka�rèpthc reÔmatoc . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.10 ShmeÐa leitourgÐacDC tou kukl¸matoc pìlwshc . . . . . . . . . . . . . . . . 58
5.11 KÔklwma exìdou mazÐ mebalun exìdou . . . . . . . . . . . . . . . . . . . . . . . 59
5.12 Oi S parˆmetroi pou proèkuyan apì to sqhmatikì 5.11 . . . . . . . . . . . . . 60
5.13 To telikì kÔklwma tou 3ou stadÐou me to balun exìdou . . . . . . . . . . . . . 60
5.14 EndÐameso kÔklwma tou enisqut  . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.15 KÔklwma eisìdou mazÐ mebalun eisìdou . . . . . . . . . . . . . . . . . . . . . . 62
5.16 Oi S parˆmetroi pou proèkuyan apì to sqhmatikì 5.15 . . . . . . . . . . . . 62
5.17 To telikì kÔklwma tou 1ou stadÐou me to balun eisìdou . . . . . . . . . . . . . 63
5.18 To telikì kÔklwma tou 2ou stadÐou . . . . . . . . . . . . . . . . . . . . . . . . . 63

9



5.19 Sqhmatikì OlikoÔ Kukl¸matoc . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.1 H paramètroc S11(dB) sunart sei thc suqnìthtac . . . . . . . . . . . . . . . . 65
6.2 H paramètroc S22(dB) sunart sei thc suqnìthtac . . . . . . . . . . . . . . . . 66
6.3 H paramètroc S12(dB) sunart sei thc suqnìthtac . . . . . . . . . . . . . . . . 66
6.4 To kèrdoc S21(dB) me epishmasmènh thn kentrik  suqnìthta fo = 145GHz . . 67
6.5 Diˆgramma S21(dB) me epishmasmèna shmeÐa gia eÔroc suqnot twn3dB . . . . 68
6.6 Diˆgramma tou suntelest  eustˆ�eiac k tou 3•stadiakoÔ eniqut  . . . . . . . 69
6.7 Diˆgramma tou suntelest  eustˆ�eiac B 1f tou 3•stadiakoÔ eniqut  . . . . . . 69
6.8 KÔklwma enìc stadÐou se diaforikì trìpo leitourgÐac . . . . . . . . . . . . . 70
6.9 Diˆgramma parˆgonta k gia to 1o stˆdio tou enisqut  . . . . . . . . . . . . . . 70
6.10 KÔklwma koinoÔ trìpou leitourgÐac enìc stadÐou . . . . . . . . . . . . . . . . 71
6.11 Diˆgramma parˆgonta k gia to 1o stˆdio tou enisqut  . . . . . . . . . . . . . . 71
6.12 Diˆgramma IsqÔoc exìdou Pout(dBm) sunart sei thc isqÔoc eisìdou Pin (dBm) 72
6.13 Diˆgramma isqÔoc gia eÔresh shmeÐou sumpÐeshc1dB . . . . . . . . . . . . . . . 73
6.14 KampÔlec eÔreshc tou shmeÐou parembol c 3�& tˆxhc . . . . . . . . . . . . . . 74
6.15 Apìkrish tou enisqut  ston qrìno . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.16 KÔkloi isqÔoc thc Load pull anˆlushc . . . . . . . . . . . . . . . . . . . . . . . 76
6.17 Istìgramma tou kèrdouc gia 300 deÐgmata . . . . . . . . . . . . . . . . . . . . . 77
6.18 Istìgramma thc isqÔoc exìdou gia 300 deÐgmata. . . . . . . . . . . . . . . . . . 78
7.1 Aplopoihmènh morfologÐa tou chip tou enisqut  [29] . . . . . . . . . . . . . . 80
7.2 GSG pads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.3 Diˆgramma qwrhtik c sumperiforˆc twn GSG padssunart sei thc suqnìthtac 82
7.4 Pad trofodosÐac me kÔklwma prostasÐac ESD . . . . . . . . . . . . . . . . . . 83
7.5 Transistor BEBCBEB 220nm*5um se Layout epÐpedo . . . . . . . . . . . . . . 86
7.6 Layout twn kuklwmˆtwn pìlwshc . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.7 Layout kukl¸matoc eisìdou . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.8 Layout twn dÔo kˆtw transistor twn cascode stouc diaforikoÔc akrodèktec . 89
7.9 Endiˆmeso mèroc tou enisqut  se layout morf  . . . . . . . . . . . . . . . . . . 90
7.10 Layout kukl¸matoc eisìdou . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7.11 Sqhmatikì tou enisqut  me ta prosomoiwmèna mèrh tou . . . . . . . . . . . . . 91
7.12 Two numerical solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.13 Sunolikì Layout tou diaforikoÔ enisqut  sta 145GHz . . . . . . . . . . . . . 94
8.1 Diˆgramma paramètrou S11(dB) sunart sei thc suqnìthtac . . . . . . . . . . . 95
8.2 Diˆgramma paramètrou S12(dB) sunart sei thc suqnìthtac . . . . . . . . . . . 96
8.3 Diˆgramma paramètrou S21(dB) sunart sei thc suqnìthtac . . . . . . . . . . . 96
8.4 Diˆgramma paramètrou S22(dB) sunart sei thc suqnìthtac . . . . . . . . . . 97
8.5 Diˆgramma S21(dB) me epishmasmèna shmeÐa gia eÔroc suqnot twn3dB . . . . 97
8.6 Diˆgramma tou suntelest  eustˆ�eiac k . . . . . . . . . . . . . . . . . . . . . . 98
8.7 Diˆgramma tou suntelest  eustˆ�eiac B1f . . . . . . . . . . . . . . . . . . . . . 98
8.8 Diˆgramma IsqÔoc exìdou Pout(dBm) sunart sei thc isqÔoc eisìdou Pin (dBm) 99
8.9 Diˆgramma isqÔoc gia eÔresh shmeÐou sumpÐeshc1dB . . . . . . . . . . . . . . . 100
8.10 KampÔlec eÔreshc tou shmeÐou parembol c 3�& tˆxhc . . . . . . . . . . . . . . 101
8.11 Fˆsma tˆshc sthn èxodo tou enisqut  . . . . . . . . . . . . . . . . . . . . . . . 102
8.12 Apìkrish tou enisqut  ston qrìno . . . . . . . . . . . . . . . . . . . . . . . . . 102

10



Katˆlogoc Pinˆkwn

4.1 Sugkentrwtikìc pÐnakac apìdoshc tou balun . . . . . . . . . . . . . . . . . . . 46
6.1 Sugkentrwtikìc pÐnakac apìdoshc tou enisqut  . . . . . . . . . . . . . . . . . 78
8.1 Sugkentrwtikìc pÐnakac apìdoshc tou enisqut  se morf  Layout . . . . . . 103
8.2 PÐnakac sÔgkrishc twn apodìsewn kˆ�e fˆshc sqedÐashc tou enisqut  . . . 104

11



12



Kefˆlaio 1 : Eisagwg 

1 Eisagwg 

Sto Kefˆlaio eisagwg c , analÔontai to kÐnhtro kai oi stìqoi ekpìnhshc thc diplw-
matik c ergasÐac . Epiplèon , parèqetai ston anagn¸sth èna shmeÐo anaforˆc wc proc th
sÔgqronh sqedÐash oloklhrwmènwn kuklwmˆtwn se mikrokumatikèc (millimeter•wave) kai
THz suqnìthtec . Tèloc , parousiˆzetai sqediagrammatikˆ to sÔsthma enìc pompoÔ .

1.1 KÐnhtro gia th Suggraf  thc Diplwmatik c ErgasÐac

MÐa apì tic pio �emeli¸deic diaforèc ston kìsmo twn oloklhrwmènwn kuklwmˆtwn
brÐsketai metaxÔ twn yhfiak¸n kai analogik¸n kukl¸matwn . H diplwmatik  aut 
asqoleÐtai apokleistikˆ me ta deÔtera . H ulopoÐhsh tou pr¸tou analogikoÔ oloklhrwmè-
nou kukl¸matoc purodìthse mia seirˆ sqedÐashc susthmˆtwn pou epètrepe th sÔndes 
touc me ton pragmatikì kìsmo , parèqontac arketèc plhroforÐec gia ta analogikˆ s -
mata, ìpwc hlektromagnhtikˆ kÔmata ,  qoc , �ermokrasÐa k .a.. Me thn pˆrodo twn qrìnwn
aux �hke h mègisth suqnìthta leitourgÐac twn oloklhrwmènwn kuklwmˆtwn RF, katal g-
wntac sto s mera pou ta sust mata mikrokumatik¸n suqnot twn apoteloÔn th bˆsh stic
perissìterec efarmogèc thlepikoinwni¸n kai apeikìnishc .

Tè�hke epomènwc wc skopìc h enasqìlhsh kai h embˆnjunsh sth �ewrÐa twn mikroku-
matik¸n suqnot twn mèsw thc sqedÐashc enìc enisqut  se arketˆ uyhl  suqnìthta lei-
tourgÐac. H diajèsimh bibliografÐa gia autèc tic suqnìthtec leitourgÐac  tan arketˆ
periorismènh . Wstìso , h melèth twn sqetik¸n dhmosieumènwn periodik¸n , papers kai
sunedrÐwn, apotèlese kateujunt ria odì gia ton kajorismì twn stìqwn pou epijumoÔmai
na epiteleÐ o enisqut c pou eprìkeito na sqediˆsoume . Sugkekrimèna :

ˆ Suqnìthta leitourgÐac : 145GHz.

ˆ Kèrdoc IsqÔoc � 28dB:

ˆ IsqÔc koresmoÔ� 10dBm:

Aut  h diplwmatik  ergasÐa aposkopoÔse kai sthn exoikeÐwsh me hlektromagnhtikˆ
progrˆmmata prosomoÐwshc Sonnet EM kai Momentum Virtuoso. Gia autì tè�hke wc
prìklhsh h sqedÐash enìc tètoiou enisqut  se chip, ka�¸c apaitoÔse idiaÐterh prosoq 
sta b mata pou �a akolou�h�oÔn .

1.2 Sust mata mikrokumatik¸n suqnot twn

Ta sust mata mikrokumˆtwn qrhsimopoioÔn uyhlìterec suqnìthtec , ìpou to m koc
kÔmatoc l = c / f eÐnai megè�ouc ekatost¸n   qiliost¸n . 'Etsi , h prosèggish kukl¸matoc
mèswlumped stoiqeÐwn apotugqˆnei , lìgw tou ìti autèc oi domèc apoteloÔn shmantikì
kommˆti tou m kouc kÔmatoc. Se èna sÔsthma rantˆr , to mikrì m koc kÔmatoc epitrèpei
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thn kataskeÔh arketˆ kateujuntik c keraÐac , ètsi ¸ste mia dèsmh aktinobolÐac na es-
tiˆzei se mia dedomènh kateÔ�unsh .

Oi suqnìthtec mikrokumˆtwn (mm•wave) pˆnw apì 100 GHz prosfèroun th dunatìthta
ulopoÐhshc enìc eurèoc fˆsmatoc efarmog¸n pou sqetÐzontai me tic thlepikoinwnÐec ,
thn ugeÐa, thn asfˆleia kai ton biomhqanikì èlegqo poiìthtac . H beltÐwsh thc qwrik c
anˆlushc me th suqnìthta kajistˆ touc pompoÔc sub•millimeter kÔmatwn katˆllhlouc
gia orismènec apì tic proanaferjeÐsec efarmogèc .

O enisqut c isqÔoc apoteleÐ èna apì ta basikìtera stoiqeÐa thc alusÐdac enìc pom-
poÔ, kaj¸c topojeteÐtai sthn ˆkrh tou kai mèsw autoÔ parˆgetai to telikì s ma , to
opoÐo apodÐdetai sthn keraÐa, ìpwc apeikonÐzetai sthn parakˆtw diˆtaxh . Katanal¸nei
thn perissìterh isqÔ sugkritikˆ me ta prohgoÔmena stˆdia epexergasÐac s matoc , gi'
autì ta qarakthristikˆ sqedÐashc kai h sumperiforˆ tou elègqontai diexodikˆ .

Prin xekin sei h ulopoÐhs  tou , axÐzei na anaferjeÐ to gegonìc ìti h diadikˆsia
sqedÐashc enìc enisqut  radiofwnik¸n suqnot twn diafèrei apì aut  se akoustikèc
suqnìthtec . 'Enac lìgoc pou sumbaÐnei autì , ìpwc katagrˆfhke sthn arq  tou ke-
falaÐou , eÐnai ìti se qamhlìterec suqnìthtec to m koc kÔmatoc �ewreÐtai amelhtèo se
sÔgkrish me ta stoiqeÐa pou apartÐzoun to kÔklwma , epomènwc, ta kumatikˆ qarakthris-
tikˆ tou s matoc den lambˆnontai up 'ìyin . Epiplèon , oi energèc suskeuèc perièqoun ìlo
kai megalÔterec timèc antistˆsewn , parasitik¸n qwrhtikot twn kai autepagwg¸n , kaj¸c
auxˆnetai h suqnìthta .

Sq ma 1.1: BlockDiˆgramma enìc FM pompoÔ
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Kefˆlaio 2 : Basik  JewrÐa gia
anˆlush mikrokumatik¸n diktÔwn

2 Basik  JewrÐa

Ta mikrokumatikˆ dÐktua eÐnai basikˆ domikˆ stoiqeÐa sthn anˆlush twn RF susth-
mˆtwn. Tètoia dÐktua qrhsimopoioÔntai gia thn epilog  / apìrriyh   diaqwrismì / sun-
duasmì shmˆtwn se diaforetikèc suqnìthtec se èna pl �oc RF / mikrokumatik¸n susth-
mˆtwn kai exoplismoÔ . Skopìc autoÔ tou kefalaÐou eÐnai na perigrˆyei diˆforec ènnoiec
diktÔou kai na parˆsqei exis¸seic pou eÐnai qr simec gia thn anˆlush tou enisqut  .

EpÐshc to deÔtero kommˆti pou �a apasqol sei sto kefˆlaio autì eÐnai h katanìhsh
twn ennoi¸n eustˆjeiac kai grammikìthtac enìc kukl¸matoc , oi opoÐec �a apodeiqtoÔn
aparaÐthtec gia thn sqedÐash tou enisqut  metèpeita . Anafèrontai skiagrafikˆ h
anˆlush Monte Carlo kai mèroc thc �ewrÐac twn gramm¸n metaforˆc , pou �a qrhsi-
mopoihjoÔn stic RF efarmogèc.

2.1 Y, Z kai ABCD parˆmetroi

Melet¸ntac thn sqèsh metaxÔ twn reumˆtwn kai twn tˆsewn enìc aplìu dÐ�urou
diktÔo, ìpwc autoÔ pou parousiˆzetai stic eikìnec 2.1kai 2.2(a), katal goume sto orismì
twn pinˆkwn [U], [Z] kai [ABCD]. Sugkekrimèna :

� Y parˆmetroi

H agwgimìthta braqukukl¸matoc   alli¸c oi Y parˆmetroi enìc dÐ�urou diktÔou
orÐzontai wc ex c :

2
66666664

I1

I2

3
77777775=

2
66666664

Y11 Y12

Y21 Y22

3
77777775

2
66666664

V1

V2

3
77777775 (2.1)

Sth genikeumènh perÐptwsh enìc diktÔou me n �Ôrec , h agwgimìthta upologÐzetai
apì ton tÔpo :

Y � =
I i

V j

������
V k =0 gia k , j

(2.2)

ston opoÐo isqÔei Vk = 0, dhlad  �ewroÔntai braqukuklwmènec ìlec oi ˆllec �Ôrec
(n•1) tou diktÔou ektìc apì aut  pou exetˆzoume kˆ�e forˆ .
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� Z parˆmetroi

H sÔn�eth antÐstash anoiktoÔ kukl¸matoc   alli¸c oi Z parˆmetroi enìc dÐ�urou
diktÔou orÐzontai wc ex c :

2
66666664

V1

V2

3
77777775=

2
66666664

Z11 Z12

Z21 Z22

3
77777775

2
66666664

I1

I2

3
77777775 (2.3)

Sth genikeumènh perÐptwsh enìc diktÔou me n �Ôrec , h empèdhsh upologÐzetai apì
ton tÔpo :

Z� =
V i

I j

������
I k =0 gia k , j

(2.4)

ston opoÐo isqÔei Ik = 0, ˆra ìlec oi �Ôrec (n•1) tou diktÔou , ektìc apì aut  pou
exetˆzoume kˆ�e forˆ , sumperifèrontai san anoiktˆ kukl¸mata . Stic sqèseic 2.2
kai 2.4 parathreÐtai ìti o ènac pÐnakac eÐnai o antÐstrofoc tou ˆllou :

[Z] = [Y] � 1 (2.5)

Sq ma 2.1: DÐ�uro dÐktuo gia anaparˆstash twn pinˆkwn Y kai Z

� ABCD parˆmetroi

Oi anaparastˆseic paramètrwn Y kai Z mporoÔn na qrhsimopoihjoÔn gia ton
qarakthrismì enìc diktÔou mikrokumˆtwn me aujaÐreto arijmì �ur¸n . Wstìso , ta
perissìtera kukl¸mata uyhl c suqnìthtac apoteloÔntai apì mia seirˆ susth-
mˆtwn dÔo �ur¸n pou sundèontai diadoqikˆ , ìpwc parousiˆzetai sthn eikìna 2.2(b).
Se aut n thn perÐptwsh , h anˆlush aplopoieÐtai shmantikˆ , eˆn oi dÔo �Ôrec
perigrˆfontai apì to pÐnaka ABCD   alusÐda gia kˆ�e dÐktuo dÔo �ur¸n .

O pÐnakac ABCD orÐzetai gia èna dÐktuo dÔo �ur¸n (Sq ma 2.2(a)) wc ex c:

2
66666664

V1

I1

3
77777775=

2
66666664

A B

C D

3
77777775

2
66666664

V2

I2

3
77777775 (2.6)

ìpou A =
V 1

V 2

�����
I 2=0

, B =
V1

I2

�����
V2=0

, C =
I1

V2

�����
I2=0

, D =
I1

I2

�����
V2=0

ParathreÐtai ìti an isqÔei A=D, to kÔklwma eÐnai summetrikì.
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AxÐzei na anaferjeÐ ìti stic eikìnec 2.2 h kateÔ�unsh tou reÔmatoc I2 eÐnai sum-
batikˆ antÐjeth apì aut  thc eikìnac 2.1. Aut  h sÔmbash pˆrjhke gia thn
dieukìlunsh twn seiriak¸n diktÔwn (alusÐdac), pou antiproswpeÔoun oi ABCD
pÐnakec. Sth sunèqeia , melet¸ntac tic tˆseic kai ta reÔmata xeqwristˆ sth �Ôra 1
kai 2 tou diktÔou 2.2(b), ìpwc sth sqèsh 2.6, prookÔptoun :

2
66666664

V1

I1

3
77777775=

2
66666664

A1 B1

C1 D1

3
77777775

2
66666664

V2

I2

3
77777775 (2.7)

2
66666664

V2

I2

3
77777775=

2
66666664

A2 B2

C2 D2

3
77777775

2
66666664

V3

I3

3
77777775 (2.8)

H sunolik  m tra ABCD thc sÔndeshc dÔo diktÔwn dÔo �ur¸n diamorf¸netai wc :

2
66666664

V1

I1

3
77777775=

2
66666664

A1 B1

C1 D1

3
77777775

2
66666664

A2 B2

C2 D2

3
77777775

2
66666664

V3

I3

3
77777775 (2.9)

sÔmfwna me to opoÐo apodeiknÔetai ìti h m tra ABCD thc sÔndeshc twn dÔo
diktÔwn prokÔptei akrib¸c apì ton pollaplasiasmì twn pinˆkwn ABCD pou an-
tiproswpeÔoun apì tic dÔo memonwmènec �Ôrec (sqèseic 2.7 kai 2.8). EpishmaÐnetai
ìti h seirˆ pollaplasiasmoÔ twn stoiqeÐwn tou pÐnaka prèpei na eÐnai Ðdia me th
seirˆ me thn opoÐa ta dÐktua eÐnai diatetagmèna.

H qrhsimìthta thc anaparˆstashc tou pÐnaka ABCD ègkeitai sto gegonìc ìti me
bˆsh touc pÐnakec ABCD gia stoiqei¸dh dÐktua dÔo �ur¸n , mporoÔn na dhmiourgh�oÔn
exis¸seic gia pio perÐploka dÐktua mikrokumˆtwn , pou apoteloÔntai apì alusÐdec
aut¸n twn apl¸n dijÔrwn . Stic suqnìthtec mikrokumˆtwn , oi pÐnakec metˆdoshc
ABCD kai oi S•parˆmetroi paÐzoun kentrikì rìlo .

Sq ma 2.2: (a)DÐ�uro gia ABCD m tra (b)SÔndesh dÐ�urwn diktÔwn en seirˆ ([1] sel .189)
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2.2 Parˆmetroi S

Se aut n thn enìthta anaptÔssontai genikeumènec parˆmetroi skèdashc enìc enisqut 
kai shmei¸netai to kèrdoc thc energoÔc suskeu c me th qr sh twn paramètrwn S. 'Enac
grammikìc enisqut c mporeÐ na anaparasta�eÐ wc dÐ�uro kÔklwma me isodÔnamh phg 
Thevenin sth �Ôra 1 kai fortÐo sth �Ôra 2, ìpwc parousiˆzetai sto sq ma 2.3.

Oi paradosiakèc parˆmetroi grammikoÔ diktÔou pou qrhsimopoioÔntai se qamhlèc
suqnìthtec �ètoun pollèc prokl seic stic metr seic kai thn anˆlush kukl¸matoc uyh-
l c suqnìthtac . Sugkekrimèna oi U kai Z parˆmetroi epilègontai sun �wc gia hlektro •
nikˆ qamhl c suqnìthtac , en¸ oi parˆmetroi S kai ABCD qrhsimopoioÔntai eurèwc sta
RF kukl¸mata . Autì ofeÐletai sto gegonìc ìti oi parˆmetroi Y kai Z apaitoÔn sunj kec
mètrhshc anoiktoÔ kukl¸matoc   braqukukl¸matoc , pou eÐnai dÔskolo na pragmatopoi-
hjoÔn me akrÐbeia se uyhlèc suqnìthtec . AntÐjeta , oi parˆmetroi S metr¸ntai upì
elegqìmenec, peperasmènec sunj kec sÔnjethc antÐstashc .[2]

En¸ oi parˆmetroi Y kai Z basÐzontai se tˆseic kai reÔmata , oi ìroi "prospÐpton "
kai "anakl¸meno " fèron kÔma protimoÔntai gia ton akribèstero qarakthrismì twn S
parˆmetrwn . Oi exis¸seic twn kanonikopoihmènwn prospÐptwntwn (a) kai anakl¸menwn
(b) kumˆtwn tˆsewc se èna sÔsthma me qarakthristik  empèdhsh Zo diamorf¸nontai wc
ex c :

ai =
V+

ip
Zo

(2.10)

bi =
V�

ip
Zo

(2.11)

Oi parˆmetroi skèdashc   alli¸c S orÐzontai wc o lìgoc enìc prospÐptontoc kai
enìc anakl¸menou fèrontoc kumˆtoc . Se èna dÐ�uro dÐktuo, ìpwc parousiˆzetai sto
sq ma 2.3, paÐrnoun th morf  :

S11=
b1

a1

�����
a2=0

S12 =
b1

a2

�����
a1=0

S21 =
b2

a1

�����
a2=0

S22 =
b2

a2

�����
a1=0

(2.12)

ìpou h sun� kh an = 0 upainÐsetai tèleio taÐriasma sÔn�ethc antÐstashc (qwrÐc
anˆklash apì thn empèdhsh termatikoÔ ). Se morf  pÐnaka [S] isqÔei :

2
66666664

b1

b2

3
77777775=

2
66666664

S11 S12

S21 S22

3
77777775

2
66666664

a1

a2

3
77777775 (2.13)

Sq ma 2.3: DÐ�uro dÐktuo gia anaparˆstash twn S paramètrwn ([3] sel .50)
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Ka�emÐa apì tic tèsseric S paramètrouc enìc dÐ�urou kukl¸matoc fèrei sugkekrimèno
teqnikì ìro RF wc trìpo qarakthrismoÔ twn kumˆtwn apì ta opoÐa apartÐzetai , kai èk-
frash thc qrhsimìthtac thc . Sugkekrimèna :

ˆ S11 : Ap¸leia epistrof c eisìdou (  suntelest c anˆklashc eisìdou )

ˆ S12 : Apomìnwsh (  antÐstrofo kèrdoc )

ˆ S21 : Kèrdoc isqÔoc

ˆ S22 : Ap¸leia epistrof c exìdou (  suntelest c anˆklashc exìdou )

Genikˆ oi parˆmetroi S eÐnai sÔn�etoi ari�moÐ kai eÐnai bolikì na ekfrˆzontai se
morf  migadik¸n ari�m¸n me plˆtoc kai fˆsh :

Smn = jSmnjej' mn (2.14)

Sun �wc upologÐzontai se decibel (dB) wc 20logjSmnj.

Parìmoia me tic paramètrouc agwgimìthtac U kai empèdhshc Z , h m tra skèdashc
mporeÐ na qrhsimopoihjeÐ epÐshc kai gia ton pl rh qarakthrismì thc sumperiforˆ gram-
mikoÔ kukl¸matoc n•�ur¸n . GnwrÐzontac thn genikeumènh morf  miacS paramètrou , pou
perigrˆfei th sqèsh metaxÔ thc prospÐptousac ai kai antanaklìmenhc bi , kumatomorf c
tˆshc :

Si j =
bi

a j

������
ak=0 gia k, j

(2.15)

kai omoÐwc:

[b] = [S][a] (2.16)

prokÔptei o pÐnakac pou perilambˆnei ìlec tic S paramètrouc enìc diktÔou N �ur¸n
wc ex c :

Snn =

0
BBBBBBBBBBBBBBBBBB@

S11 S12 � � � S1n

S21 S22 � � � S2n
:::

:::
:::

:::
Sn1 Sn2 � � � Snn

1
CCCCCCCCCCCCCCCCCCA

(2.17)
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2.3 Krit ria Eustˆ�eiac

Se antÐ�esh me ta pa�htikˆ stoiqeÐa , ta opoÐa den talant¸nontai potè , mia energ 
suskeu  mporeÐ eÐte na eÐnai se �èsh na enisqÔsei èna s ma eÐte na diathrhseÐ mia
suneq  talˆntwsh . Dedomènou ìti o stìqoc eÐnai na sqediasteÐ suskeu  pou leitourgeÐ
wc enisqut c , prèpei na apofeuq�oÔn lan�asmènec talant¸seic , oi opoÐec den apoteloÔn
suneq  talˆntwsh me sta�erì plˆtoc kai suqnìthta , allˆ mia qaotik  sumperiforˆ , h
opoÐa ka�istˆ ton enisqut  asta�  . Sto plaÐsio autì , eÐnai aparaÐthth h melèth twn
sun� kwn eustˆ�eiac enìc enisqut  [3].

Prokeimènou na katal xoume sta krit ria eustˆjeiac , prèpei arqikˆ na analujeÐ h
logik  twn suntelest¸n anˆklashc pou anafèrjhkan kai sto kefˆlaio twn S paramètrwn .
JewroÔme ton enisqut  san èna mikrokumatikì dÐ�uro kai �ètoume wc Zs kai ZL tic emped -
seic eisìdou kai exìdou antÐstoiqa .

Genikˆ gia ènan suntelest  anˆklashc isqueÐ o tÔpoc :

Gi =
Anakl¸meno KÔma

ProspÐpton KÔma
=

bi

ai
=

V�
i

V+
i

Wc suntelest c anˆklashc pou koitˆei proc to fortÐo orÐzetai :

� L =
bL

aL
=) bL = � LaL (2.18)

EpÐshc apì thn eikìna 2.3 faÐnetai ìti isqÔei :

V+
L = � V+

2 = V�
2 () aL = b2

V�
L = � V�

2 = V+
2 () bL = a2

(2.19)

Antika�ist¸ntac tic sqèseic 2.19 sth sqèsh 2.18 prokÔptei :

a2 = GLb2 (2.20)

Sto dÐ�uro kÔklwma tou enisqut  ta fèronta kÔmata eisìdou kai exìdou sundeìntai
me th morf  exis¸sewn wc ex c :

b1 = S11a1 + S12a2 (2.21)

b2 = S21a1 + S22a2 (2.22)

Sunduˆzontac to sÔnolo twn parapˆnw plhrofori¸n , o suntelest c anˆklashc eisì-
dou diamorf¸netai wc :

� IN =
b1

a1

Sqèsh 2:21
========) � IN =

S11a1 + S12a2

a1

Sqèsh 2:20
=========) � IN = S11+

S12� Lb2

a1

Sqèsh 2:22
=========)

=) � IN = S11+
S12S21� L

1 � S22� L
(2.23)

Me thn Ðdia diadikasÐa, apì tic parapˆnw exis¸seic prokÔptei kai o suntelest c
anˆklashc exìdou :

� OUT =
b2

a2
=) � OUT = S22 +

S12S21� S

1 � S11� S
(2.24)
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KÔkloi eustˆ�eiac :

H anˆlush eustˆjeiac dÐ�urwn eÐnai ìmoia gia ìla ta eÐdh enisqut  . Genikˆ, eÐ-
nai pijanì na sumbeÐ talˆntwsh , eˆn h sÔnjeth antÐstash eÐte thc �Ôrac eisìdou eÐte
thc exìdou apoteleÐtai apì arnhtikì pragmatikì mèroc . MporoÔme na orÐsoume tic
apait seic gia thn ˆneu ìrwn eustˆjeia dÐ�urwn diktÔwn , epibˆllontac to plˆtoc twn
suntelest¸n anˆklashc eisìdou kai exìdou na eÐnai mikrìtero apì th monˆda gia kˆ�e
pajhtikì fortÐo kai antÐstash phg c [2]. Autì sunepˆgetai ìti :

jGIN j < 1

jGOUTj < 1
(2.25)

Epomènwc an jGIN j < 1 kai jGOUTj < 1 gia ìlec tic pajhtikèc phgèc kai thn antÐstash
fortÐou , o enisqut c �ewreÐtai ˆneu ìrwn eustaj c . Se diaforetik  perÐptwsh anafère-
tai wc dunhtikˆ astaj c .

'Otan èna kÔklwma eÐnai dunhtikˆ asta�èc , upˆrqoun timèc twn emped sewn phg c � S

kai fortÐou � L gia tic opoÐec eÐnai �etikì to pragmatikì mèroc twn sÔn�etwn antistˆsewn
eisìdou � IN kai exìdou � OUT. Autèc oi timèc twn � S kai � L mporoÔn na ka�oristoÔn ston
qˆrth Smith me sugkekrimènh grafik  anˆlush .

Arqikˆ ka�orÐzontai oi timèc � S kai � L gia tic opoÐec isqÔei jGIN j = 1 kai jGOUTj = 1.
SÔmfwna me tic sqèseic2.23 kai 2.24, pou upologÐsthkan prohgoumènwc , prokÔptoun oi
exis¸seic :

j� IN j = 1=)
������ L �

(S22 � � S�
11)

jS22j2 � j � j2

����� =
�����

S12S21

jS22j2 � j � j2

����� (2.26)

j� OUTj = 1=)
������ S �

(S11� � S�
22)

jS11j2 � j � j2

����� =
�����

S12S21

jS11j2 � j � j2

����� (2.27)

ìpou : � = S11S22 � S12S21

Oi lÔseic twn parapˆnw exis¸sewn wc proc ta � S kai � L brÐskontai se dÔo kÔklouc ,
touc eponomazìmenouc kÔklouc eustˆ�eiac .

ˆ KÔkloc Eustˆ�eiac Exìdou (timèc � L gia j� IN j = 1)

Kèntro KÔklou : CL =
(S22 � � S�

11)
�

jS22j2 � j � j2

AktÐna KÔklou : RL =
�����

S12S21

jS22j2 � j � j2

�����

ˆ KÔkloc Eustˆ�eiac Eisìdou (timèc � S gia j� OUTj = 1)

Kèntro KÔklou : CS =
(S11� � S�

22)
�

jS11j2 � j � j2

AktÐna KÔklou : RS =
�����

S12S21

jS11j2 � j � j2

�����

Gia na plhroÔtai h ˆneu ìrwn eustˆjeia , �a prèpei oi kÔkloi eustˆjeiac na brÐskon-
tai entel¸c ektìc tou qˆrth Smith, to opoÐo ekfrˆzetai majhmatikˆ :

jjCLj � RL > 1j gia jS11j < 1

jjCSj � RS > 1j gia jS22j < 1
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Krit rio Eustˆ�eiac Rollet :

H eÔresh twn parapˆnw kÔklwn boh�ˆei sto ka�orismì tim¸n gia ta � S kai � L, ìpou
o enisqut c eÐnai eusta� c . Upˆrqei wstìso pio eÔkolh diadikasÐa gia thn pistopoÐhsh
ˆneu ìrwn eustˆ�eiac , h opoÐa basÐzetai sto gegonìc ìti h sun� kh 0 < j� S;Lj < 1
antistoiqeÐ se mia parˆmetro megalÔterh thc monˆdas , gnwst  wc � parˆgontac k�. H
mè�odoc k•factor eÐnai gnwst  epÐshc kai wc Rollet's krit rio eustˆ�eiac . ApoteleÐ thn
pio suqnˆ qrhsimopoioÔmenh mè�odo. BasÐzetai stic paramètrouc skèdashc miac energ c
suskeu c . Gia na ektimh�eÐ ari�mhtikˆ aut  h katˆstash eustˆ�eiac , oi parˆgontec
eustˆ�eiac Rollet upologÐzontai wc ex c :

kf =
1 � j S11j2 � j S22j2 � j � j2

2jS12S21j
(2.28)

kf >1

kai

� = jS11S22 � S12S21j (2.29)

� <1

Oi sun� kec kf > 1 kai � < 1 prèpei na ikanopoioÔntai tautìqrona .

OrÐzetai epÐshc h boh�htik  parˆmetroc eustˆ�eiac B1f h opoÐa qrhsimopoieÐtai kai
sto prìgramma prosomoÐwshc Cadence kai �a meleth�eÐ gia epal �eush thc eustˆ�eiac
tou enisqut  :

B1f = 1+ jS11j2 � j S22j2 � j � j2 (2.30)

B1f >0

H eustˆjeia enìc kukl¸matoc enisqut  exartˆtai sun �wc apì th suqnìthta dedomè-
nou ìti ta dÐktua antistoÐqishc eisìdou kai exìdou exart¸ntai genikˆ apì th suqnìthta .
Epomènwc eÐnai dunatì ènac enisqut c na eÐnai stajerìc sth sqediastik  tou suqnìthta ,
allˆ astaj c se ˆllec suqnìthtec [1]. Sthn prˆxh eˆn k> 1, h suskeu  den �a emfanÐzei
potè suntelest  anˆklashc eisìdou   exìdou me plˆtoc megalÔtero apì thn monˆda ,
anexˆrthta apì to pwc �a eÐnai to telikì kÔklwma antistoÐqishc . Autì dhmiourgeÐ
epomènwc mia prìsjeth sunj kh sqetikˆ me th eustˆjeia thc suskeu c .

Tèloc , prèpei na epishmanjeÐ ìti h anaptÔxh thc eustˆjeiac se aut n th diplw-
matik  periorÐzetai se dÐ�ura kukl¸mata enisqut  , ìpou oi S parˆmetroi thc energ c
suskeu c mporoÔn na upologistoÔn qwrÐc talant¸seic pˆnw apì th z¸nh suqnot twn
pou mac endiafèrei . Epomènwc, h apokleistik  èkfrash twn problhmˆtwn mèsw dÐ�urwn
kuklwmˆtwn eisˆgei merikoÔc periorismoÔc , pou den eÐnai arketˆ genikoÐ gia orismènec
efarmogèc . Gia to �èma autì paratÐjentai dÔo arqeÐa sth bibliografÐa [4],[5] proc diex-
odik  melèth kai eÔresh thc apìluthc eustˆjeiac upì ìlec tic sunj kec [6]. Bèbaia, h
apl  sunj kh k> 1 eÐnai anamfÐbola mia kal  praktik  odhgÐa pou prèpei na akolou-
�hjeÐ katˆ th sqedÐash enisqut  kai sta plaÐsia aut c thc ergasÐac .
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2.4 OrismoÐ Kerd¸n IsqÔoc

H pio shmantik  mètrhsh sto sqediasmì enisqut  mac eÐnai to sunolikì kèrdoc tou .
Upˆrqei èna pl �oc diaforetik¸n orism¸n kèrdouc , kajènac apì touc opoÐouc apodeiknÔe-
tai qr simoc se diaforetikˆ stˆdia thc diadikasÐac sqediasmoÔ . Kajènac parèqei plhro-
forÐec sqetikˆ me thn apìdosh enìc enisqut  kai h qr sh ìlwn epitrèpei thn epÐteuxh
susthmatikoÔ sqediasmoÔ. Oi basikoÐ orismoÐ kèrdouc eÐnai:

ˆ Kèrdoc IsqÔoc : eÐnai o lìgoc thc isqÔoc pou katanal¸netai sthn antÐstash tou
fortÐou ZL proc thn isqÔ pou odhgeÐtai sthn eÐsodo tou dÐ�urou . Autì to kèrdoc ,
eÐnai anexˆrthto thc sÔn�ethc antÐstashc thc phg c ZS kai ta qarakthristikˆ
kˆpoiwn energ¸n stoiqeÐwn tou dÐ�urou endèqetai na exart¸ntai apì thn ZS.

G =
PL

Pin

ˆ Dia�èsimo Kèrdoc IsqÔoc : eÐnai o lìgoc thc dia�èsimhc isqÔoc tou dÐ�urou proc
thn dia�èsimh isqÔ apì thn phg  . Se autì to kèrdoc upo�ètoume conjugate matching
kai sto fortÐo thc phg c allˆ kai sto fortÐo thc exìdou , prˆgma to opoÐo dhl¸nei
exˆrthsh apì thn ZS kai ZL .

GA =
Pavn

Pavs

ˆ Kèrdoc metatrop c isqÔoc : eÐnai o lìgoc thc isqÔoc pou apodÐdetai sto fortÐo
proc thn isqÔ pou eÐnai dia�èsimh apì thn phg  , prˆgma to opoÐo dhl¸nei thn
exˆrthsh apì thn ZS kai ZL [7][1].

GT =
PL

Pavs

2.5 Exis¸seic epÐteuxhc mègistou Kèrdouc

Sthn eikìna 2.4 parousiˆzetai èna mikrokumatikì dÐktuo enisqut  enìc stadÐou mazÐ
me ta dÐktua antistoÐqishc (matching) eisìdou kai exìdou . Ta matching kukl¸mata qrhsi-
mopoioÔntai gia th swst  metatrop  thc antÐstash eisìdou Zin kai exìdou Zout sthn
antÐstash phg  kai fortÐou ZS kai ZL antÐstoiqa . To pio qr simo kèrdoc orismìc gia ton
sqediasmì enisqut  eÐnai to kèrdoc metatrop c isqÔoc , to opoÐo epijumeÐtai na ftˆsei
thn mègisth dunat  tim  tou sthn prokeimènh ergasÐa . OrÐzoume xeqwristì pragmatikì
kèrdoc gia to dÐktuo antistoÐqishc eisìdou (phg  ) GS , ton kentrikì kormì tou monosta-
diakoÔ enisqut  Go kai thn èxodo (fortÐo ) GL. To sunolikì kèrdoc metatropèa prokÔptei
apì ton pollaplasiasmì touc :

GTmax = GSGoGL (2.31)

Ta kèrdh upologÐzontai se decibel (dB), epomènwc o pollaplasiasmìc twn kerd¸n
antistoiqÐzetai se ˆ�roish twn epimèrouc dB. Oi exis¸seic touc xeqwristˆ metˆ apì
anˆlush tou kukl¸matoc brè�hkan :

GS =
1 � j GSj2

j1 � GinGSj2
(2.32)

Go = jS21j2 (2.33)

GL =
1 � j GLj2

j1 � S22GLj2
(2.34)
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To Go paramènei sta�erì gia dedomènh sundemologÐa tranzÐstor wc kentrikìc kormìc
tou enisqut  . Epomènwc, to sunolikì kèrdoc metatrop c isqÔoc tou enisqut  ephreˆzetai
apì ta kèrdh GS kai GL twn tmhmˆtwn antistoÐqishc . To mègisto kèrdoc �a epiteuq�eÐ
ìtan ta mèrh tou kukl¸matoc parˆsqoun tèleia antistoiqÐa metaxÔ thc empèdhshc thc
phg c   tou fortÐou kai tou tranzÐstor tou enisqut  .

H mègisth metaforˆ isqÔoc apì to dÐktuo antistoÐqishc eisìdou   exìdou sto tranzÐs-
tor �a sumbeÐ, ìtan o suntelest c antanˆklashc eisìdou   exìdou eÐnai suzug c autoÔ
thc phg c   tou fortÐou antÐstoiqa , dhlad  ìtan :

Gin = G�
S kai Gout = G�

L (2.35)

Sunep¸c h sqèsh 2.32 tou kèrdouc GS metatrèpetai analìgwc :

GS =
1 � j GSj2

j1 � GinGSj2
=

1 � j GSj2

j1 � G�
sGSj2

=
1 � j GSj2

j1 � j Gsj2j2
=

1

1 � j Gsj2
(2.36)

To sunolikì kèrdoc metatrop c isqÔoc diamorf¸netai wc ex c :

GTmax =
1

1 � j GSj2
jS21j2

1 � j GLj2

j1 � S22GLj2
(2.37)

Sq ma 2.4: Enisqut c enìc stadÐou mazÐ me ta dÐktua antistoÐqishc ([1] sel .562)

Stic exis¸seic 2.23 kai 2.24 gia touc suntelestèc anˆklashc antikajistoÔme tic sqè-
seic 2.35. EpilÔontac analutikˆ autèc tic dÔo exis¸seic wc proc � S kai � L katal goume
stic sqèseic :

� S =
B1 �

q
B2

1 � 4jC2
1j

2C1
(2.38)

� L =
B2 �

q
B2

2 � 4jC2
2j

2C2
(2.39)

ìpou : � = S11S22 � S12S21

B1 = 1+ jS11j2 � j S22j2 � j � j2

B2 = 1+ jS22j2 � j S11j2 � j � j2

C1 = S11� � S�
22

C2 = S22 � � S�
11

Gia na epiteuq�eÐ to mègisto dunatì kèrdoc , epilègoume tic lÔseic twn � S kai � L, gia
tic opoÐec isqÔoun oi sun� kec : j� Sj < 1 kai j� Lj < 1, kai tic antika�istoÔme stic exis¸seic
twn zhtoÔmenwn emped sewn eisìdou kai exìdou .
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ZS =
1+ � S

1 � � S
ZO (2.40)

ZL =
1+ � L

1 � � L
ZO (2.41)

ìpou ZO h sÔn�eth antÐstash thc �Ôrac .

2.6 Grammèc Metaforˆc

Oi grammèc metˆdoshc èpaizan pˆnta shmantikì rìlo sta oloklhrwmèna kukl¸mata
uyhl c suqnìthtac . QrhsimopoioÔntai sth sqedÐash wc stoiqeÐa antistoÐqishc kukl¸ma-
toc   anapìfeukta , wc diasÔndesh metaxÔ mplok kuklwmˆtwn [2].

Se kukl¸mata pou sqediˆzontai se RF suqnìthtec , protimˆtai h qr sh gramm¸n
metaforˆc ènanti twn sugkentrwtik¸n (lumped) stoiqeÐwn, ìpwc ta phnÐa . H basik 
diaforˆ metaxÔ touc eÐnai to hlektrikì mègejoc . Oi fusikèc diastˆseic tou diktÔou eÐnai
polÔ mikrìterec apì to hlektrikì m koc kÔmatoc , en¸ oi grammèc metˆdoshc se mègejoc
mporeÐ na apoteloÔn axiìlogo kommˆti tou m kouc kÔmatoc . Sugkekrimèna isqÔei:

� =
Vp

fo

ìpou : Vp =
c

p ef f

kai isqÔei l =
l

n

(2.42)

ìpou l : m koc kÔmatoc, l: m koc gramm c metaforˆc , fo:suqnìthta endiafèrontoc ,
c = 3 � 108 m/s: taqÔthta fwtìc ef f :sfˆlma kai n: �etikìc ari�mìc (h sqèsh upodhl¸nei
ìti to m koc gramm c eÐnai sugkrÐsimo tou m kouc kÔmatoc )

'Opwc faÐnetai sto Sq ma 2.5, mia gramm  metˆdoshc suqnˆ apeikonÐzetai sqhmatikˆ
wc gramm  dÔo surmˆtwn, diìti oi grammèc metˆdoshc (gia egkˆrsia hlektromagnhtik 
diˆdosh kumˆtwn [TEM]) èqoun pˆnta toulˆqiston dÔo agwgoÔc [1]. Oi pio shmantikèc
parˆmetroi pou perigrˆfoun thn apìdosh uyhl c suqnìthtac miac gramm c metaforˆc
eÐnai h qarakthristik  antÐstash Z0, kai h sta�erˆ diˆdoshc g , pou anagrˆfetai wc :


 = � + j� (2.43)

�" : � =
2p

l
(2.44)

ìpou a : stajerˆ exasjènhshc (Nepers/Length) kai b : stajerˆ fˆshc (se Radians/Length).
Sthn perÐptwsh miac gramm c metˆdoshc qwrÐc ap¸leiec , h stajerˆ diˆdoshc eÐnai ka-
�arˆ fantastik  :


 = j� kai a =0 (2.45)

Sq ma 2.5: Gramm  metaforˆc sundedemènh me fortÐo empèdhshcZL
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'Etsi , mia gramm  metˆdoshc eÐnai mia katanemhmènh parˆmetroc, ìpou oi tˆseic kai
ta reÔmata mporeÐ na poikÐloun se mège�oc kai fˆsh sÔmfwna me to m koc thc , en¸ h
sunh�ismènh anˆlush kukl¸matoc asqoleÐtai me stoiqeÐa , ìpou h tˆsh kai to reÔma den
poikÐllei ais�htˆ wc proc th fusik  diˆstash twn stoiqeÐwn .

Diapist¸�hke ìti to plˆtoc tˆshc , toulˆqiston gia mia anantistoiqÐa gramm c , exartˆ-
tai apì thn �èsh pou �a metrh�eÐ sth gramm  . Epomènwc, kai h antÐstash pou "koitˆzei "
sto eswterikì thc gramm  metaforˆc poikÐllei anˆloga me th �èsh thc . Se apìstash z=
l apì to aujaÐreto fortÐo ZL, h antÐstash eisìdou thc gramm c upologÐzetai :

ZIN = Zo
ZL + jZotanh(
 l)
Zo + jZLtanh(
 l)

(2.46)

Gia na mporèsoume na upologÐsoume pio eÔkola tic diˆforec timèc pou qarakthrÐzoun
mÐa gramm  metaforˆc, �ewroÔme th gramm  wc dÐ�uro mikrokumatikì dÐktuo kai efar-
mìzoume anˆlush ABCD paramètrwn . To aploÔstero kai pio koinì analutikì montèlo
autì perilambˆnei ABCD pÐnaka enìc dijÔrou wc sunˆrthsh twn Z0, g kai tou m kouc
thc gramm c metaforˆc l.

2
66666664

V1

I1

3
77777775=

2
666666664

cosh
 l Zosinh
 l

sinh
 l
Zo

cosh
 l

3
777777775

2
66666664

V2

� I2

3
77777775 (2.47)

ìpou i1, v1 kai i2, v2, eÐnai ta reÔmata kai oi tˆseic sthn eÐsodo kai thn èxodo twn
dÔo �ur¸n , antÐstoiqa .

A = cosh
 l B = Zosinh
 l

C =
sinh
 l

Zo
D = cosh
 l

(2.48)

Apì thn upologismènh ABCD• m tra wc sunˆrthsh thc suqnìthtac , oi parˆmetroi thc
gramm c metˆdoshc mporoÔn na lhf�oÔn eÔkola wc ex c :


 =
acosh(A)

l

Z0 =

r � B
C

� (2.49)

Katˆ ton sqediasmì twn gramm¸n metaforˆc sto Cadence qrhsimopoi �hke anˆlush
S paramètrwn , epomènwc qreiˆsthke h metatrop  twn ABCD paramètrwn se katˆllhla
diamorfwmènec sunart seic twn S paramètrwn , ìpwc anagrˆfontai :

A =
(1+ S11)(1 � S22) + S12S21

2S21
(2.50)

B = Zp
(1+ S11)(1+ S22) � S12S21

2S21
(2.51)

C =
1

Zp

(1 � S11)(1 � S22) � S12S21

2S21
(2.52)

D =
(1 � S11)(1+ S22) + S12S21

2S21
(2.53)

WcZp sumbolÐzetai h tim  thc sÔnjethc antÐstashc pou perièqoun oi �Ôrec tou kuk-
l¸matoc .
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2.7 'Elegqoc Grammikìthtac

Wc enisqut c isqÔoc orÐzetai èna mh grammikì sÔsthma pou parˆgei armonikˆ sus-
tatikˆ ektìc apì th suqnìthta , pou antistoiqeÐ sto s ma diègershc , ìtan leitourgeÐ upì
kajest¸c megˆlou s matoc . Upˆrqoun dÔo basikˆ stoiqeÐa gia ton prosdiorismì tou
megè�ouc thc paramìrfwshc se autˆ ta armonikˆ sustatikˆ : h armonik  paramìrfwsh
kai h endodiamìrfwsh (intermodulation).

Armonik  paramìrfwsh

H armonik  paramìrfwsh emfanÐzetai , ìtan eisˆgetai èna talantwmèno s ma se èna
mh grammikì stoiqeÐo. Me ˆlla lìgia , h �emeli¸dhc armonik  eÐsodoc se èna kÔklwma
enisqut  �a paragˆgei pollaplèc armonikèc uyhlìterhc tˆxhc sthn èxodo . Kˆ�e ar-
monik  suqnìthta �a eÐnai akèraio pollaplˆsio thc suqnìthtac eisìdou (stajmismènh
apì th sqetik  euaisjhsÐa se kˆ�e suqnìthta entìc tou eÔrouc z¸nhc tou stoiqeÐou )gia
n = 0, 1, 2,.. . EpÐshc to plˆtoc kˆ�e armonik c sun �wc mei¸netai , kaj¸c h tˆxh auxˆne-
tai . To plˆtoc twn epiplèon armonik¸n prèpei idanikˆ na eÐnai to elˆqisto dunatì , ¸ste
na mhn proklhjoÔn dusˆresta apotelèsmata sthn apìkrish tou kukl¸matoc .

Wc olik  armonik  paramìrfwsh ,   THD, orÐzetai o lìgoc tou a�roÐsmatoc twn
isqÔwn ìlwn twn armonik¸n suqnot twn , apì th 2h armonik  kai pˆnw , proc thn isqÔ thc
�emeli¸douc suqnìthtac . H �emeli¸dhc suqnìthta eÐnai h kÔria suqnìthta tou s matoc ,
dhlad  , h suqnìthta pou �a prosdiorizìtan , eˆn to sÔsthma den èfere paramìrfwsh .

T HD =
P

n� 2 Pout(n fo)
Pout(n fo)

(2.54)

Autˆ ta sq mata ekfrˆzontai se dBc   decibel se sqèsh me thn isqÔ sth �emeli¸dh
suqnìthta fo. Suqnˆ , autèc oi armonikèc brÐskontai èxw apì th z¸nh dièleushc tou
enisqut  kai ètsi den ephreˆzoun to epi�umhtì s ma sth suqnìthta fo.

Endodiamìrfwsh

Mia elafr¸c pio realistik  eikìna thc paramìrfwshc parèqetai katˆ thn exètash
thc exìdou enìc enisqut  , ìtan diegeÐretai apì dÔo   perissìtera s mata . To fainìmeno
autì onomˆzetai endodiamìrfwsh (  IMD) kai apoteleÐ èna shmantikì mètro grammikìth-
tac gia eurÔ fˆsma mikrokumatik¸n kai RF susthmˆtwn [3].

Sq ma 2.6: Parˆgwga endodiamìrfwshc 2�&&3�& tˆxhc lìgw efarmog c dÔo tìnwn f1 <f2.
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H mètrhsh tou IMD xekinˆ me thn ègqush dÔo tìnwn tou s matoc eisìdou se mia
upì exètash suskeu  . To IMD perigrˆfei to lìgo (se dB) metaxÔ thc isqÔoc exìdou
sth �emeli¸dh suqnìthta proc thn isqÔ exìdou twn proðìntwn paramìrfwshc trÐthc
tˆxhc . 'Enac apìluta grammikìc enisqut c �a paragˆgei èna s ma exìdou , pou peril-
ambˆnei mìno touc dÔo tìnouc stic akrib¸c Ðdiec suqnìthtec me to s ma eisìdou , allˆ
se enisqumènh morf  . AntÐjeta , ènac pio realistikìc enisqut c �a paragˆgei sthn èxodì
tou epiplèon tìnouc se suqnìthtec diaforetikèc apì autèc twn dÔo tìnwn eisìdou .

Oi epiplèon autoÐ tìnoi eÐnai kajorismèno se poiec suqnìthtec �a emfanistoÔn . Ar-
monikèc parathroÔntai se suqnìthtec pou ikanopoioÔn tic sqèseic : fi � f j kai 2 fi � f j

gia i,j=1,2 . 'Enac eukolomnhmìneutoc kanìnac gia thn antistoÐqish twn suqnot twn me
tic tˆxeic twn armonik¸n anafèrei pwc to ˆjroisma twn suntelest¸n twn dÔo exar-
q c suqnot twn , pou apoteloÔn thn nèa suqnìthta paramìrfwshc , faner¸nei thn tˆxh .
Sugkekrimèna :

ˆ Suqnìthtec paramìrfwshc 2�& tˆxhc : 2 f1, 2 f2, f1 � f2 kai f2 � f1.

ˆ Suqnìthtec paramìrfwshc 3�& tˆxhc : 3 f1, 3 f2, 2 f1 � f2 kai 2 f2 � f1.

Gia thn katanìhsh twn parapˆnw parathr sewn bohjˆei to sq ma 2.6. DÔo apì ta
pio dÔskola proðìnta paramìrfwshc eÐnai oi tìnoi pou dhmiourgoÔntai lìgw paramìr-
fwshc trÐthc tˆxhc kai emfanÐzontai stic suqnìthtec 2 f1 � f2 kai 2 f2 � f1, akrib¸c dÐ-
pla stouc dÔo tìnouc eisìdou , diìti brÐskontai entìc tou eÔrouc z¸nhc kai mporeÐ na
prokalèsoun megˆlh paramìrfwsh s matoc , �ìrubo , diarro  se geitonikˆ kanˆlia ,k.a..

ShmeÐo parembol c trÐthc tˆxhc

O lìgoc thc endodiamìrfwshc exartˆtai se megˆlo ba�mì apì to epÐpedo isqÔoc
twn �emeliwd¸n tìnwn eisìdou . Epomènwc, mia sqetik  mètrhsh pou eÐnai gnwst  wc
shmeÐo parembol c 3�& tˆxhc TOI (third•order intercept), qrhsimopoieÐtai epÐshc gia ton
prosdiorismì twn qarakthristik¸n tou kukl¸matoc . Jemeli¸dhc arq  tou TOI apoteleÐ
to gegonìc ìti gia kˆ�e aÔxhsh 1•dB sthn isqÔ twn tìnwn eisìdou , ta proðìnta trÐthc
tˆxhc �a auxˆnontai katˆ 3 dB.

Sthn eikìna 2.7 parousiˆzetai sto Ðdio diˆgramma to grammikˆ enisqumèno s ma thc
suqnìthtac eisìdou kaj¸c kai to s ma exìdou pou prokÔptei lìgw thc paramìrfwshc
3�& tˆxhc se logarijmik  klÐmaka . ParathreÐtai pwc an oi dÔo autèc grafikèc parastˆ-
seic eÐqan idanik  sumperiforˆ , �a tèmnontan �ewrhtikˆ se èna shmeÐo to opoÐo kai
orÐsthke wc shmeÐo parembol c 3�& tˆxhc IP3. Sth pragmatikìthta den tèmnontai potè
se autì to shmeÐo, diìti apì mÐa sugkekrimènh tim  isqÔoc eisìdou kai pˆnw , h tˆsh
exìdou den auxˆnetai grammikˆ . Oi grammèc kèrdouc arqÐzoun na lugÐzoun kai na odhgoÔn-
tai se sumpÐesh. Epomènwc, to shmeÐo parembol c 3�& tˆxhc IP3   TOI apoteleÐ mia
�ewrhtik  ènnoia pou dhl¸nei to �ewrhtikì epÐpedo isqÔoc , sto opoÐo ta apotelèsmata
pr¸thc kai trÐthc tˆxhc eÐnai Ðsa .ApoteleÐ mia qr simh prodiagraf  pou sunduˆzei thn
ènnoia tou IMD me to epÐpedo isqÔoc sto opoÐo metr �hke . To IP3 upologÐzetai pˆnta
wc sunˆrthsh tou IMD (   alli¸c IM 3) wc ex c:

IP3 =
jIM3j

2
+ Pf undamental tone (2.55)

Grafikˆ to shmeÐo sto opoÐo tèmnontai oi kampÔlec eÐnai to shmeÐo pou h tetmhmènh
tou shmeÐou tom c apokaleÐtai wc shmeÐo parembol c trÐthc tˆxhc eisìdou (3rd Order
Input Intercept Point • IIP3) kai h tetagmènh tou wc shmeÐo parembol c trÐthc tˆxhc
exìdou (3rd Order Output Intercept Point • OIP3).
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Sq ma 2.7: KampÔlec eÔreshc tou shmeÐou parembol c 3�& tˆxhc [8]

2.8 Anˆlush Monte Carlo

Katˆ to sqediasmì enìc kukl¸matoc se morf  chip, upˆrqoun ekatontˆdec stoiqeÐa ,
ta opoÐa den eÐnai dunatìn na eÐnai ametˆblhta se kˆ�e PCB pou parˆgetai . 'Ola ta
hlektronikˆ exart mata , ìpwc puknwtèc , antistˆseic , phnÐa kai tranzÐstor , parˆgontai
me posostì anoq c stic timèc touc . Autì shmaÐnei ìti h tim  touc , ìtan metrh�oÔn se
pragmatikèc sunj kec , �a èqei mia apìklish apì thn prodiagegrammènh tim  . Se oris-
mènec efarmogèc, h akrÐbeia eÐnai zwtik c shmasÐac kai h diaforˆ stic timèc mporeÐ na
ephreˆsei th leitourgikìthta tou kukl¸matoc . Gia to lìgo autì wc teleutaÐo kommˆti
thc �ewrÐac , pou qreiˆzetai gia thn apìkthsh kal c eikìnac gia thn pijanìthta apo-
tuqÐac tou sqediasmoÔ, parousiˆzetai h anˆlush Monte Carlo. Sta plaÐsia aut c thc
diplwmatik c ergasÐac den ègine embˆjunsh sthn anˆlush aut  . Wstìso , anafèrontai
lÐga qarakthristikˆ thc me skopì na katanoh�oÔn ta apotelèsmata pou proèkuyan
kai parousiˆzontai sto kefˆlaio 6.9.

Wc anˆlush Monte Carlo orÐzetai h diadikasÐa prosomoÐwshc pou dhmiourgeÐ pi-
�anìthtec kindÔnou qrhsimopoi¸ntac èna majhmatikì montèlo . H mè�odoc parèqei èna
eÔroc pijan¸n apotelesmˆtwn me bˆsh tic diˆforec paramètrouc pou metr¸ntai sthn
anˆlush . Aforˆ sth dhmiourgÐa prognwstik¸n apotelesmˆtwn katˆstashc pou basÐ-
zontai se parˆgontec katanom c pou mporeÐ na ephreˆsoun to apotèlesma tou sqedias-
moÔ. Lambˆnei up 'ìyin to mègisto kai elˆqisto ìrio kˆ�e paramètrou kai epanalambˆnei
tuqaÐa thn prosomoÐwsh me diaforetikèc timèc [9].

Upˆrqoun diˆforoi parˆgontec pou prokaloÔn thn emfˆnish tuqaÐwn diakumˆnsewn
stic paramètrouc enìc oloklhrwmènou kukl¸matoc . 'Enac apì autoÔc eÐnai o tuqaÐoc
trìpoc ka�orismoÔ twn ˆkrwn , ìtan ka�orÐzontai oi perioqèc pou sqhmatÐsoun touc
antistˆtec kai tic energèc suskeuèc . Epiprìs�eta , shmantikì parˆgonta mporeÐ na
apotelèsoun kai oi tuqaÐec diakumˆnseic katˆ m koc tou upostr¸matoc katˆ th diˆqush
twn prosmÐxewn. Autèc oi aitÐec sun �wc prokaloÔn Guassian (  allÐwc kanonik  )
katanom  twn paramètrwn , h opoÐa eÐnai h bˆsh thc anˆlushc Monte Carlo [10].
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H Guassian katanom  miac paramètrou x ka�orÐzetai apo mÐa sunˆrthsh puknìthtac
pi�anìthtac P(x) pou dÐnetai apì th sqèsh :

P(x) =
1

p
2�� 2

e
� (x� � )2

2� 2

ìpou m : h mèsh tim  tou x
kai s : h tupik  apìklish thc katanom c

H shmasÐa aut c thc sunˆrthshc ègkeitai sto otÐ gia èna sugkekrimèno kÔklwma pou
epilègetai tuqaÐa apì mia megˆlh sullog  kuklwmˆtwn , h pi�anìthta na lˆmbˆnei timèc
metaxÔ tou x kai tou (x+dx) dÐnetai apì ton ìro P(x)dx, o opoÐoc apoteleÐ to embadìn
kˆtw apo thn kampÔlh P(x) sto diˆsthma apì x èwc (x+dx)[10].

Sq ma 2.8: KampÔlh kanonik c katanom c [11]

Mèsw thc anˆlushc Monte Carlo epi�umeÐtai oi parˆmetroi , pou metrioÔntai kai
èqoun megˆlh shmasÐa gia th sumperiforˆ tou enisqut  , na emfanÐzoun kanonik    sqedìn
kanonik  katanom  akìma kai stic akraÐec sun� kec pou �a epibˆllei h prosomoÐwsh .

Endèqetai wstìso oi kampÔlec pou �a emfanistoÔn na parousiˆsoun klÐsh kai
kÔrtwsh . 'Otan h kampÔlh eÐnai apìluta summetrik  gÔrw apì th mèsh tim  , ìpwc sthn
eikìna 2.8, tìte h klÐsh thc eÐnai 0. 'Otan h katanom  èqei megalÔterh ourˆ proc ta aris-
terˆ , h klÐsh eÐnai arnhtik  , en¸ �etik  klÐsh upˆrqei , ìtan h ourˆ eÐnai megalÔterh
proc ta dexiˆ . O ìroc "kÔrtwsh " dhl¸nei pìso muter    omal  eÐnai h kampÔlh se
sÔgkrish me mia kanonik  katanom  . Mia kampÔlh pou eÐnai stenìterh apì thn kanonik 
katanom  qarakthrÐzetai wc èqousa �etik  kÔrtwsh . Autèc oi dÔo parˆmetroi �a mac
bohj soun na sugkrÐnoume pìso kontˆ eÐnai h dianom  twn dedomènwn mac se mia � tèleia �
kanonik  dianom  .
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Kefˆlaio 3 : Qarakthrismìc
Enisqut 

3 Qarakthrismìc Enisqut 

To Kefˆlaio autì apoteleÐ mia sugkentrwtik  parousÐash twn apofˆsewn pou
pˆr�hkan sqetikˆ me thn epÐteuxh twn stìqwn pou tè�hkan exarq c sto kefˆlaio 1,
prin xekin sei h sqedÐash tou enisqut  . Diamorf¸netai mèsw autoÔ tou kefalaÐou mia
ka�ar  eikìna tou skeletoÔ tou enisqut  , h ulopoÐhsh tou opoÐou analÔetai sto 50

kefˆlaio .
Se autì to shmeÐo, upen�umÐzontai oi basikoÐ stìqoi pou tè�hkan gia th sqedÐash

tou enisqut  se RF suqnìthtec me kentrik  suqnìthta leitourgÐac ta 145GHz :

ˆ Kèrdoc IsqÔoc � 28dB:

ˆ IsqÔc koresmoÔ� 10dBm:

3.1 Epilog  tˆxhc leitourgÐac tou enisqut 

Oi enisqutèc katatˆssontai se kathgorÐec anˆloga me thn kumatomorf  tou reÔmatoc
sullèkth , o opoÐoc prokÔptei , ìtan efarmìzetai sthn eÐsodo tou tranzÐstor kˆpoio
s ma . Oi kathgorÐec autèc anagnwrÐzontai wc tˆxeic enisqut¸n , pou kumaÐnontai apì thn
tˆxh A èwc thn T. TaxinomoÔntai se dÔo megˆlec kathgorÐec anˆloga me th epi�umht 
qr sh tou tranzÐstor :

ˆ enisqutèc isqÔoc, stouc opoÐouc to tranzÐstor leitourgeÐ wc mia phg  reÔmatoc
pou elègqetai apì to s ma eisìdou kai to epÐpedo pìlwshc . Thn enìthta aut 
apartÐzoun oi tˆxeic A , B, AB kai C. Stic klˆseic autèc , oi armonikèc upˆrqoun
mìno sto reÔma upodoq c .

ˆ enisqutèc isqÔoc, stouc opoÐouc leitourgeÐ wc diakìpthc . Ed¸ entˆsssontai oi
tˆxeic D, E, F ,F � 1, S kai T kai qarakthrÐzontai wc klˆseic leitourgÐac basismènhc
se peperasmèno ari�mì armonik¸n .

Oi uyhlìterec kathgorÐec ( D, E, F, F � 1, S kai T ) qrhsimopoioÔn ton enisqut  wc di-
akìpth kai s 'autèc mporeÐ na epiteÔqjei polÔ uyhl  apìdosh . Wstìso , stic epikoinwnÐec
h pleionìthta twn pomp¸n pou leitourgoÔn se katexoq n uyhlèc suqnìthtec , basÐzon-
tai se isqÔ kathgorÐac A, AB   B enisqut¸n lìgw thc anˆgkhc gia proðìnta qamhl c
paramìrfwshc [1]. Epomènwc, se aut n thn enìthta exetˆzontai sunoptikˆ oi enisqutèc
klˆshc A , AB, B kai C, pou diaforopoioÔntai metaxÔ touc anˆloga to sq ma twn ku-
matomorf¸n tˆshc kai reÔmatoc kai th gwnÐa agwgimìthtac reÔmatoc [2].
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Enisqut c Tˆxhc A

Oi enisqutèc kathgorÐac A eÐnai grammikˆ kukl¸mata , ìpou to tranzÐstor eÐnai polwmèno
na ˆgei se olìklhro to eÔroc tou kÔklou tou s matoc eisìdou . Dhlad  h suskeu  eÐnai
pˆnta � energopoihmènh� kai h gwnÐa agwg c eÐnai2p [2]. Dedomènou ìti ènac enisqut c
klˆshc A leitourgeÐ sth grammik  perioq  , h tˆsh pìlwshc bˆshc tranzÐstor prèpei
na epilègetai swstˆ , gia na diasfalisteÐ h swst  leitourgÐa kai h qamhl  paramìr-
fwsh . Wstìso , kaj¸c h suskeu  exìdou eÐnai energopoihmènh anˆ pˆsa stigm  , prowjeÐ
suneq¸c reÔma, to opoÐo prokaleÐ mia suneq  ap¸leia isqÔoc ston enisqut  . Lìgw aut c
thc suneqoÔc ap¸leiac isqÔoc , oi enisqutèc tˆxhc A èqoun mia �ewrhtik  mègisth apì-
dosh 40•50%, kajist¸ntac touc akatˆllhlouc gia enisqutèc uyhl c isqÔoc . Epomènwc,
apoteloÔn kukl¸mata qamhl c apìdoshc , allˆ èqoun exairetikˆ grammik  sumperiforˆ ,
kai gia autì oi perissìteroi enisqutèc mikroÔ s matoc kai qamhloÔ �orÔbou leitourgoÔn
wc kukl¸mata tˆxhc A .

Enisqut c Tˆxhc B

To tranzÐstor se ènan enisqut  tˆxhc B eÐnai sqediasmèno na ˆgei reÔma mìno katˆ to
 misu tou kÔklou s matoc eisìdou , dhlad  h gwnÐa agwgimìthtac tou eÐnai p . H èxodoc
tou enisqut  tˆxhc B perièqei thn enisqumènh èkdosh tou misoÔ mìno s matoc eisìdou ,
allˆ antleÐ mìno èna mikrì reÔma diarro c , ìtan den efarmìzetai s ma [12]. Sun �wc
qrhsimopoioÔntai dÔo sumplhrwmatikˆ tranzÐstor wc enisqutèc push•pull tˆxhc B , gia na
parˆsqoun enÐsqush se olìklhro ton kÔklo . H �ewrhtik  apìdosh enìc enisqut  klˆshc
B eÐnai perÐpou78%.

Enisqut c Tˆxhc C

H sqedÐash enisqut  tˆxhc C èqei th megalÔterh apìdosh , allˆ th qeirìterh gram-
mikìthta twn kathgori¸n enisqut¸n pou anafèrontai ed¸ . Oi prohgoÔmenec tˆxeic, A, B
kai AB �ewroÔntai grammikoÐ enisqutèc , kaj¸c to eÔroc kai h fˆsh twn shmˆtwn exì-
dou sqetÐzontai grammikˆ me to plˆtoc kai th fˆsh twn shmˆtwn eisìdou . Wstìso , o
enisqut c klˆshc C èqei to tranzÐstor kontˆ sthn apokop  gia perissìtero apì to misì
tou kÔklou s matoc eisìdou . Me ˆlla lìgia , h gwnÐa agwgimìthtac gia to tranzÐstor
eÐnai shmantikˆ mikrìterh apì 180 moÐrec. Bèbaia, mporeÐ epitÔqei apodotikìthta kontˆ
sto 100 % [1].

Sq ma 3.1: Oi kumatomorfèc kai oi fˆseic tou s matoc exìdou kˆ�e klˆshc [13]
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Enisqut c Tˆxhc A B

O enisqut c Class AB eÐnai ènac sumbibasmìc metaxÔ twn enisqut¸n tˆxhc A kai B. Rèei
ligìtero dc reÔma apì ì ,ti me thn tˆxh A , ìtan upˆrqei amelhtèo s ma eisìdou , kai h
paramìrfwsh eÐnai mikrìterh apì thc tˆxhc B . H gwnÐa agwgimìthtˆc tou mporeÐ na
eÐnai opoud pote metaxÔ p kai 2p .

AxÐzei na shmeiwjeÐ pwc oi enisqutèc kathgorÐacB, AB kai C genikˆ den qrhsi-
mopoioÔntai se euruzwnikèc sundèseic efarmogèc   se uyhlèc suqnìthtec (p .q. pˆnw
apì 20 GHz), kurÐwc lìgw tou probl matoc diat rhshc thc stajerìthtac . Oi enisqutèc
tˆxhc A apoteloÔn sth perÐptwsh aut  h protin¸menh lÔsh , kaj¸c o sqediasmìc eÐnai
aploÔsteroc kai o enisqut c eÐnai pio anektikìc se parasitikèc sumperiforèc .[12]

Apì ìlh th parapˆnw anˆlush katal goume sto sumpèrasma pwc o enisqut c �a
sqediasteÐ wc tˆxh A , me skopì na diathr sei th grammikìthtˆ tou sto kalÔtero dunatì
epÐpedo. Epomènwc, h apìfash aut  sunepˆgetai ìti h apìdosh PAE tou �a eÐnai polÔ
mikr  , ka�¸c den apoteleÐ enisqut  uyhl c isqÔoc . Katˆ to sqediasmì tou sto epÐkentro
tou endiafèrontoc brÐsketai .h epÐteuxh uyhloÔ kèrdouc .

Katˆ th diadikasÐa anˆgnwshc papers sqetikˆ me ton enisquth sta 145GHz, gia ton
apokleismì orismènwn , èprepe na par�oÔn apofˆseic sqetikˆ me to eÐdoc thc energoÔc
suskeu c , ka�¸c kai me th sqedÐash enisqut  monoÔ   diaforikoÔ akrodèkth .

3.2 Epilog  thc energoÔ suskeÔhc gia th ulopoÐhsh tou enisqut 

Prwtarqikì b ma sth sqedÐash enìc enisqut  isqÔoc eÐnai h epilog  thc energoÔ
suskeu c (active device). Oi topologÐec koinoÔ ekpompoÔ (common•emitter (CE)) / koin c
phg c (common•source (CS)) kai kaskodikì (cascode) qrhsimopoioÔntai suqnìtera se
enisqutèc uyhl c apìdoshc . Metˆ apì anˆz thsh pˆnw se topologÐec enisqut¸n pou
qrhsimopoioÔntai wc odhgoÐ exìdou, faÐnetai ìti upˆrqoun treic diaforetikoÐ tÔpoi , pou
epilègontai wc energèc suskeuèc (active device) twn enisqut¸n se uyhlèc suqnìthtec .
Analutikìtera :

SundesmologÐa koinoÔ ekpompoÔ(CE) / koin c phg c (CS) :
ApoteleÐ to pio aplì se sqediasmì kÔklwma , kaj¸c apaitoÔntai

ta misˆ se pl �oc transistors. Epomènwc, eÐnai eÔkolo na ulopoihjeÐ.
Wstìso , parèqei qamhlìtero kèrdoc se sÔgkrish me mia kaskodik 
sundesmologÐa, gegonìc pou apoteleÐ basikì parˆgonta aporriy c
aut c thc epilog c , miac kai to mègisto dunatì kèrdoc sunistˆ prw-
tarqikì stìqo sth sqedÐash autoÔ tou enisqut  .

Apl  kaskodik  sundesmologÐa :
Parèqei uyhlìtero kèrdoc kai eÔroc z¸nhc (bandwidth) apì to
CE / CS. SugkrÐnontac kai tic duo autèc sundesmologÐec se sug-
kekrimènh suqnìthta , mporoÔn na qrhsimopoihjoÔn mikrìtera se
mègejoc tranzÐstor , gia na epiteuqjeÐ h Ðdia isqÔc exìdou, kaj¸c
epÐshc kai mikrìtera parasitikˆ stoiqeÐa me pijan¸c kalÔterh antis-
toÐqish(matching) sthn kaskodik  sundesmologÐa apì ì ,ti sto CE / CS.
EpÐshc, epitugqˆnetai pio eÔkola eustˆjeia , lìgw thc polÔ kal c
apomìnwshc tou stadÐou exìdou apì to stˆdio eisìdou . Se sunoq 
ìmwc me thn proanaferjeÐsa anˆlush , mia kaskodikh sundesmologÐa
eÐnai saf¸c pio perÐplokh apì èna kÔklwma koinoÔ ekpompoÔ .

33



Kaskodik  sundesmologÐa me stoiqeÐo metaxÔ tou kˆtw kai tou ˆnw
tranzÐstor tou kaskodikoÔ :
H topologÐa aut  èqei ta pleonekt mata thc apl c kaskodik c
sundesmologÐac, en¸ epiprìsjeta , me to stoiqeÐo anˆmesa sta dÔo
tanzÐstor tou kaskodikoÔ epitugqˆnetai akìmh uyhlìterh tim  kèr-
douc kai isqÔoc. Wstìso , qreiˆzetai prosoq  wc proc thn epilog 
tou endiˆmesou stoiqeÐou, diìti to uyhlì reÔma pou pernˆ mèsa
apì ton klˆdo pou perilambˆnei to epagwgikì stoiqeÐo prokaleÐ
thn aÔxhsh thc epÐdrashc twn parasitik¸n stoiqeÐwn kai meÐwsh thc
apìdoshc ìson aforˆ sthn isqÔ exìdou kai to kèrdoc tou kukl¸ma-
toc . Epomènwc, to stoiqeÐo metaxÔ twn tranzÐstor prèpei na eÐnai
ìso to dunatìn pio aplì , kai gi 'autì protimˆtai èna phnÐo   mia
apl  gramm  metaforˆc me epagwgikì qarakt ra .

En¸ oi enisqutèc CE / CS mporoÔn na leitourg soun se polÔ qamhlìterec tˆseic
trofodosÐac kai na parˆsqoun uyhlìterh apìdosh prostijèmenhc isqÔoc (eidikˆ sthn
perÐptwsh pou den apaiteÐtai uyhlì kèrdoc kai den upˆrqei megˆloc arijmìc stadÐwn ),
èqoun polÔ qamhlìterh apomìnwsh eisìdou •exìdou kai katˆ sunèpeia parèqoun qamh-
lìtero kèrdoc . Aut  h anatrofodìthsh metaxÔ sullèkth (kìmboc exìdou) kai bˆshc
(kìmboc eisìdou ) kˆnei thn empèdhsh exìdou tou enisqut  CE / CS na faÐnetai pio wmik 
kai pio qwrhtik  apì to stˆdio cascode (gia to Ðdio mègejoc tranzÐstor kai sunj kec pìl-
wshc), ekeÐ ìpou den upˆrqei sqedìn kamÐa anatrofodìthsh apì thn èxodo sthn eÐsodo
lìgw thc ac geÐwshc thc bˆshc.

Lambˆnontac up 'ìyin touc epijumhtoÔc stìqouc tou enisqut  , ìpwc to ìso dunatìn
uyhlìtero kèrdoc exìdou , o enisqut c �a apoteleÐtai apì kukl¸mata pollapl¸n stadÐwn .
H topologÐa enìc kaskodikoÔ eÐnai h katˆllhlh gia sqediasmì pollapl¸n stadÐwn
enisqut  pou tairiˆzei me èna sugkekrimèno fortÐo , kaj¸c den upˆrqei sqedìn kajìlou
epÐdrash sthn apìdosh kai thn antistoÐqish me to prohgoÔmeno stˆdio . Gi' autoÔc touc
lìgouc , ta kukl¸mata CE / CS aporrÐptontai kai ant 'aut¸n epilègetai h kaskodik 
sundesmologÐa me endiˆmeso epagwgikì stoiqeÐo.

3.3 Epilog  ari�moÔ stadÐwn

Sta perissìtera sust mata , ènac enisqut c monoÔ stadÐou den parèqei eparkì kèrdoc
  eÔroc z¸nhc   den epitugqˆnetai apìluta h sqedÐash twn kuklwmˆtwn antistoÐqishc
eisìdou   exìdou . H lÔsh eÐnai o sunduasmìc pollapl¸n stadÐwn enÐsqushc . . Dedomènou
otÐ ènan apì touc piì basikoÔc stìqouc thc sqedÐashc tou enisqut  apoteleÐ to mègisto
dunatì kèrdoc , epilègetai na sqediasteÐ ènac polustadiakìc enisqut c . GnwrÐzontac
pleìn thn morf  thc energoÔc suskeu c pou �a apoteleÐ ton enisqut  , melet same thn
sumperiforˆ thc wc proc to kèrdoc . Sugkekrimèna, metˆ apo prosomoi¸seic �ewr �hke
wc mia tupik  tim  kèrdouc enìc aploÔ kaskodikoÔ kukl¸matoc me idanikˆ stoiqeÐa kai
sun� kec ta 14dB perÐpou, ìtan h tˆsh trofodosÐac tou sullèkth kumaÐnetai metaxÔ
3V èwc 4V kai h suqnìthtec leitourgÐac tou eÐnai ta 145GHz.

Prokeimènou na epiteuq�eÐ o stìqoc twn 28dB epilègetai na sqediasteÐ ènac enisqut c
trÐwn stadÐwn. To sumpèrasma autì proèkuye apì to gegonìc ìti me dÔo stˆdia pi�anìn
na proseggÐzontan ta 28dB kèrdouc , wstìso autì �a sunèbaine me ta idanikˆ stoiqeÐa .
Sth sunèqeia pou �a sqediazìtan o enisqut c me katˆllhlh epimetˆllwsh , �a proèkupte
arket  mei¸sh sto kèrdoc . Epomènwc epilèq�hke h tristadiak  sundesmologÐa gia na
upˆrqei peri�¸rio na gÐnontai apodektèc kˆpoiec ap¸leiec dB.
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3.4 Krit ria epilog c sqedÐashc enisqut  isqÔoc diaforikoÔ ènanti monoÔ
akrodèkth

'Ena s ma mon c eisìdou (single•ended) eÐnai mh isorrophmèno ex orismoÔ kai logÐze-
tai wc diaforˆ metaxÔ tou s matoc endiafèrontoc kai enìc stajeroÔ shmeÐou anaforˆc ,
sun �wc thc geÐwshc , to opoÐo qrhsimeÔei wc monopˆti epistrof c tou s matoc . Epomènwc,
èna kal¸dio sundèetai apì kˆ�e phg  s matoc sth diepaf  l yhc dedomènwn . H mètrhsh
eÐnai h diaforˆ metaxÔ tou s matoc kai thc geÐwshc   thc ghc sth diepaf  . Aut  h
mè�odoc basÐzetai sthn phg  s matoc pou eÐnai geiwmènh, kaj¸c epÐshc sto gegonìc ìti
h geÐwsh thc phg c s matoc kai h geÐwsh thc diepaf c èqoun thn Ðdia tim  .

AntÐ�eta ta diaforikˆ s mata (di�erential signals) apoteloÔntai apì zeÔgh isor-
rophmènwn shmˆtwn pou kinoÔntai gÔrw apì èna shmeÐo anaforˆc se Ðsa , allˆ antÐjeta
plˆth . To sÔnjeto diaforikì s ma antistoiqeÐ sth diaforˆ metaxÔ �etik¸n kai arnhtik¸n
isorrophmènwn shmˆtwn .

Prokeimènou na gÐnei sÔgkrish metaxÔ kukl¸matoc monoÔ akrodèkth kai diaforikoÔ ,
upˆrqoun metr seic apìdoshc tou sust matoc pou ofeÐloun na throÔntai gia na sqe-
diasteÐ èna kalì sunolikì sÔsthma . Anˆloga me thn efarmog  kai thn arqitektonik  ,
oi prodiagrafèc apìdoshc �a diafèroun . Wstìso , se genikèc grammèc upˆrqoun koinèc
ektim seic pou epikratoÔn sta sust mata epikoinwnÐac , ìpwc paramìrfwsh , �ìruboc
k.a. Arqikˆ , anagrˆfontai analutikˆ ta pleonekt mata twn diaforik¸n kuklwmˆtwn :

ˆ Ta diaforikˆ kukl¸mata eÐnai ligìtero euaÐsjhta ston �ìrubo kai tic parembolèc .
Sugkekrimèna, parousiˆzontai oi duo peript¸seic sta akìlou�a sqhmatikˆ . To
pr¸to diˆgramma antiproswpeÔei ènan enisqut  me s ma eisìdou monoÔ akrodèkth .
To mple s ma apeikonÐzei kˆ�e eÐdouc parembol  pou eisèrqetai sto sÔsthma lìgw
koin c leitourgÐac (common mode interference). Autì to s ma parembol c enisqÔe-
tai sthn èxodo exÐsou me to epijumhtì s ma . EÐnai dÔskolo na diaqwristeÐ to
epijumhtì s ma apì to s ma parembol c .

Sq ma 3.2: Enisqut c monoÔ akrodèkth [14]

ˆ AntÐ�eta , sto deÔtero diˆgramma parousiˆzetai ènac diaforikìc enisqut c . To
epijumhtì s ma apoteleÐtai apì dÔo s mata antÐjethc polikìthtac , to �etikì
kai to arnhtikì . Tuqìn parembolèc pou eisˆgontai stic eisìdouc �a èqoun thn
Ðdia polikìthta kai sta dÔo epÐpeda anaforˆc , ìpwc apeikonÐzetai me prˆsino
qr¸ma . An kai ta s mata parembol c enisqÔontai se kˆ�e èxodo , ìtan koitˆzoume
to sÔnjeto s ma , dhlad  th diaforˆ metaxÔ twn dÔo diaforik¸n shmˆtwn , to epi-
�umhtì s ma diplasiˆzetai kai h parembol  èqei afairejeÐ . En¸ h ulopoÐhsh enìc
enisqut  monoÔ akrodèkth eÐnai euaÐsjhth se �ìrubo koin c leitourgÐac , �ìrubo
trofodosÐac   EMI, enìc diaforikìc enisqut c èqei anosÐa se autèc tic parembolèc
lìgw thc akÔrws c touc .
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Sq ma 3.3: Diaforikìc enisqut c [14]

Apì thn ˆllh pleÔra , h sqedÐash diaforik¸n kuklwmˆtwn epifèrei kindÔnouc .To
megalÔtero meionèkthma twn diaforik¸n shmˆtwn eÐnai h pijanìthta hlektromagnhtik¸n
parembol¸n . Eˆn to diaforikì s ma den eÐnai swstˆ isorrophmèno   filtrarismèno  
upˆrqei kˆpoio s ma koin c leitourgÐac , to diaforikì s ma pou efarmìzetai mporeÐ na
prokalèsei probl mata hlektromagnhtik¸n parembol¸n . 'Ena ˆllo shmantikì meionèk-
thma apoteleÐ to gegonìc ìti h metˆdosh diaforik¸n shmˆtwn apaiteÐ diplˆsiec grammèc
s matoc se sÔgkrish me th metˆdosh s matoc se kÔklwma monoÔ akrodèkth , sunep¸c
auxˆnontai oi parˆmet poi kai oi kanìnec sqediasmoÔ pou prèpei na lhfjoÔn up 'ìyin
lìgw thc poluplokìthtac tou sqediasmoÔ .

'Epeita apì aut  thn ekten  sÔgkrish , epilègetai h sqedÐash diaforikoÔ enisqut 
lìgw thc emfanoÔc uperoq c twn pleonekthmˆtwn tou .

Prokeimènou na suneqisteÐ omalˆ h anˆlush thc sqedÐashc akoloujeÐ to kefˆlaio
pou perigrˆfei thn ulopoÐhsh tou metasqhmatist  •Balun, o opoÐoc apotèlese kajoris-
tikì kommˆti sta metèpeita b mata sqedÐashc pou anafèrontai sto kefˆlaio 5.
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Kefˆlaio 4 : Balun

4 Balun

Autì to Kefˆlaio analÔei th �ewrÐa sqetikˆ me touc metasqhmatistèc •balun, oi opoÐoi
eÐnai anapìspasto kommˆti tou telikoÔ kukl¸matoc tou sugkekrimènou enisqut  pou
ulopoieÐtai se aut  th diplwmatik  . EpÐshc, parousiˆzei ta qarakthristikˆ pou ka-
�orÐzoun thn apìdosh enìc balun, kaj¸c kai thn analutik  diadikasÐa pou akolouj jhke
gia th sqedÐas  tou .

Epiplèon perigrˆfei orismènec odhgÐec kai prokl seic katˆ ton sqediasmì on•chip
metasqhmatist¸n baluns katˆllhlwn gia RF (mikrokumatikˆ ) kukl¸mata PAs (Power
Ampli�ers). O peiramatismìc kai h sqedÐash pollapl¸n summetrik¸n balun me kentrikì
ˆggigma pragmatopoi �hkan sto peribˆllon hlektromagnhtik c prosomoÐwshc Sonnet
EM. Ta apotelèsmata prosomoÐwshc epalh�eÔontai mèsw thc qr shc tou antÐstoiqou
montèlou metasqhmatist  balun se katˆllhlh diˆtaxh sto prìgramma Cadence SpectreRF.

4.1 Skopìc

H sqedÐash enìc balun krÐ�hke aparaÐthth sta plaÐsia aut c thc diplwmatik c
ergasÐac, efìson epilèq�hke na sqediasteÐ ènac diaforikìc enisqut c . Oi lìgoi pou
epilèq�hke diaforikìc enisqut c ènanti enisqut  monoÔ akrodèkth parousiˆzontai sto
kefˆlaio 5 kai sugkekrimèna sto upokefˆlaio (5.1.1). Me gn¸mona ìti h sqedÐash twn
kuklwmˆtwn eisìdou kai exìdou (input and output matching circuits) enìc diaforikoÔ
enisqut  basÐzetai stic sÔn�etec antistˆseic , pou blèpoun en tèlei ta diaforikˆ ˆkra
tou balun, krÐ�hke swstì na taxinomh�eÐ to kefˆlaio autì prin thn mè�odo anˆlushc
tou kukl¸matoc , to opoÐo parousiˆzetai sta Kefˆlaia 5 kai 7, ¸ste na katakth�eÐ h
aparaÐthth gn¸sh apì ton anagn¸sth .

4.2 Orismìc

H lèxh �balun� eÐnai ènac ìroc sÔntmhshc pou prokÔptei apì tic arqikèc sullabèc
twn agglik¸n lèxewn Balanced• � isorrophmèno � kai Unbalanced• � Mh isorrophmèno �, to
opoÐo � isorrophmèno � upodhl¸nei mia diaforik  diamìrfwsh , en¸ to � mh isorrophmèno�
antiproswpeÔei th diamìrfwsh me èna ˆkro .To s ma mèsw enìc balun metabaÐnei metaxÔ
miac isorrophmènhc (onomˆzetai epÐshc � diaforik  �) gramm c metˆdoshc (transmission
line), ìpou antÐ�eta reÔmata taxideÔoun proc tic grammèc metˆdoshc tou diaforikoÔ ,
kai miac mh isorrophmènhc ( � monoÔ akrodèkth�) gramm c metˆdoshc, ìpou to reÔma
epistrof c (return current) odhgeÐtai sto èdafoc [15]. Sugkentrwtikˆ , o ìroc Balun
sqetÐzetai me ta ex c qarakthristikˆ :

ˆ 'Ena balun eÐnai ènac diaqwrist c isqÔoc tri¸n �ur¸n .
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ˆ To balun eÐnai mia amoibaÐa suskeu  pou mporeÐ na qrhsimopoihjeÐ amfÐdroma.
Metafèrei to s ma apì katˆstash monoÔ akrodèkth se diaforikì , allˆ kai an-
tÐstrofa .

ˆ Oi dÔo èxodoi, idanikˆ , eÐnai Ðsec kai antÐ�etec:

� Sthn perioq  suqnot twn autì shmaÐnei ìti oi èxodoi èqoun metatìpish fˆshc
180 ° metaxÔ touc.

� Sto pedÐo qrìnou , shmaÐnei ìti h tˆsh thc miac exisorrophmènhc exìdou eÐnai
h arnhtik  tim  thc ˆllhc isorrophmènhc exìdou .

Se qamhlèc suqnìthtec , oi ìroi balun kai metasqhmatist c sugqèontan , epeid  ta
baluns qamhl c suqnìthtac ulopoioÔntai sqedìn pˆnta qrhsimopoi¸ntac suzeugmènouc
metasqhmatistèc ro c . Gia ton lìgo autì lègetai suqnˆ ìti to balun eÐnai ènac tÔpoc
metasqhmatist  , allˆ eÐnai pio akribèc na poÔme ìti ènac metasqhmatist c mporeÐ merikèc
forèc na qrhsimopoih�eÐ gia thn efarmog  enìc balun.[16]

4.3 Prodiagrafèc apìdoshc enìc Balun

O stìqoc miac mejìdou sqediasmoÔ gia on•chip baluns eÐnai na ulopoihjeÐ me tic qamh-
lìterec pijanèc ap¸leiec sto epijumhtì eÔroc z¸nhc kai me ìso to dunatìn kalÔterh
sÔzeuxh metaxÔ twn perioq  pou katalambˆnei sto chip. Gi' autì krÐnetai aparaÐthth
h gn¸sh twn krÐsimwn paramètrwn pou qarakthrÐzoun èna balun. Me thn bo jeia tou
sq matoc (4.1), sto opoÐo parousiˆzetai o trìpoc me ton opoÐo sundè�hkan oi �Ôrec
(ports) sta diˆfora ˆkra tou balun, orÐzontai epark¸c oi prodiagrafèc apìdoshc pou
eÐnai kajoristikèc gia thn epilog  tou katˆllhlou balun.

SÔzeuxh: Me ton ìro sÔzeuxh dhl¸netai to pìso tairiastèc eÐnai h prwteÔousac me
th deutereÔousa perièlixh tou balun. Anaparistˆtai wc parˆgontac k. 'Oso pio kontˆ
sth monˆda eÐnai o parˆgontac autìc , epitugqˆnetai kalÔterh sÔzeuxh kai to megalÔtero
eÔroc z¸nhc suqnot twn . DÐnetai apì ton tÔpo :

k =
M

p
LpLs

(4.1)

ìpou

ˆ M eÐnai h amoibaÐa epagwg  metaxÔ thc prwtogenoÔc kai thc deutereÔousac per-
ièlixhc .

ˆ kai Lp , Ls oi timèc autepagwg¸n twn memonwmènwn perielÐxewn

Ja gÐnei sqetik  anˆlush tou tÔpou thc suzeuxhc sto upokefˆlaio (4.5), ìpou �a analu-
�eÐ kai o trìpoc pou upologÐsthke to balun pou sqediˆsthke .
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AnisorropÐa plˆtouc (DA): H isorropÐa plˆtouc kajorÐzetai apì thn kataskeu 
kai thn antistoÐqish gramm c . H diaforˆ sthn exasjènhsh metaxÔ twn 2 shmˆtwn exì-
dou, genikˆ , ekfrˆzetai wc mègisth diakÔmansh . An kai onomˆzetai anisorropÐa plˆtouc ,
sun �wc kajorÐzetai se dB kai dÐnei th mh antistoiqÐa sto mègejoc thc isqÔoc se kˆ�e
èxodo. H sqèsh pou prokÔptei apì S paramètrouc kai qrhsimopoi jhke gia ton upolo-
gismì aut c thc anisorropÐac sÔmfwna me thn antÐstoiqh topojèthsh twn �ur¸n , ìpwc
parousiˆzetai sto sq ma (4.1) eÐnai:

� A = 20 � log10
S31

S41
(4.2)

AnisorropÐa fˆshc (D� ): H isorropÐa fˆshc eÐnai to mètro tou pìso kontˆ h anes-
trammènh èxodoc eÐnai stic180 ° ektìc fˆshc me th mh anestrammènh èxodo . Wstìso , katˆ
th sqedÐash balun h epijumht  diaforˆ moir¸n aut  apoklÐnei . H apìklish diaforˆ
fˆshcmetaxÔ �ur¸n apì tic 180ž, genikˆ ekfrˆzetai wc mègisth diakÔmansh se sqèsh me
180 ž kai metriètai se moÐrec. ApoteleÐ krÐsimh parˆmetro gia pollèc efarmogèc balun.
'Oson aforˆ thn exÐswsh upologismoÔ me touc paramètrouc S (oi �Ôrec arijmoÔntai ìpwc
sto Sq ma (4.1) ):

� � = 180° � \ S31 � \ S41 (4.3)

EÔroc suqnìthtac : 'Opwc sumbaÐnei me ìla ta kukl¸mata RF / mikrokumˆtwn , kˆ�e
mètrhsh apìdoshc isqÔei mìno se orismèno eÔroc z¸nhc . H aÔxhsh tou eÔrouc z¸nhc apì
oktˆba , se dekˆda klp . qwrÐc na �usiˆzetai h apìdosh eÐnai shmantik  prìklhsh .

Sq ma 4.1: Sqhmatikì Diˆgramma tupik c morf c balun
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Suqnìthta AutosuntonismoÔ (SRF) (Self•Resonant Frequency) :Sthn prˆxh ta balun
èqoun mikr  qwrhtikìthta metaxÔ twn prwteuìntwn kai twn deutereuìntwn perielÐxewn ,
kaj¸c kai metaxÔ twn memonwmènwn brìqwn se opoiad pote memonwmènh perièlixh, sqh-
matÐzontac parasitik  qwrhtikìthta . 'Otan h hlektrik  antÐdrash thc autepagwg c kai
thc auto •qwrhtikìthtac sto balun eÐnai Ðsh kai antÐjeth antÐstoiqa, emfanÐzetai sun-
tonismìc . 'Ena balun opoioud pote tÔpou sqedÐashc leitourgeÐ ˆsqhma se suqnìthtec
kontˆ   pˆnw apì aut  tou suntonismoÔ tou . Oi sqediastikèc ektim seic gia baluns
èqoun wc skopì na kˆnoun th suqnìthta suntonismoÔ ìso to dunatìn megalÔterh apì
th suqnìthta leitourgÐac . Kaj¸c auxˆnontai oi suqnìthtec , h sÔnjeth antÐstash thc
parasitik c qwrhtikìthtac mei¸netai èwc th suqnìthta ìpou to mègejìc thc eÐnai Ðso me
autì thc idanik c epagwg c , h opoÐa eÐnai gnwst  wc Self Resonant Frequency (SRF).[17]

Ap¸leia eisagwg c (Insertion Loss): H exas�ènhsh tou plˆtouc tou s matoc . EÐnai
to mètro pou deÐqnei pìsh enèrgeia qˆnei to s ma pou dièrqetai apì to stoiqeÐo . Wc ek
toÔtou orÐzetai wc h analogÐa metaxÔ thc exerqìmenhc isqÔoc kai thc sunolik c isqÔoc
eisìdou .

IL =
Pout

Pin
= 20 � log10

Vout

Vin
(4.4)

ìpou Vout, Vin h tˆsh exìdou kai eisìdou antÐstoiqa .

Ap¸leia epistrof c ( Return Loss): H ap¸leia thc enèrgeiac pou anaklˆtai pÐsw
lìgw thc mh tèleiac antistˆjmishc antÐstashc se kˆ�e �Ôra . DeÐqnei pìsh enèrgeia qˆne-
tai apì to s ma eisìdou pou antanaklˆtai . H ap¸leia epistrof c eÐnai o lìgoc metaxÔ
thc anakl¸menhc isqÔoc kai thc isqÔoc eisìdou . QarakthrÐzetai apì tic S•paramètrouc
S11, S22kai S33 sumfwna me to sq ma (4.1).

RL =
Pre f

Pin
= 20 � log10

Zs + ZL

Zs � ZL
(4.5)

ìpou Zs empèdhsh phg c kai ZL empèdhsh fortÐou .
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4.4 Sqediasmìc Layout tou Balun

Afìtou ta baluns katèlaban mia �èsh metaxÔ thc keraÐac kai thc eisìdou tou dèkth
  thc exìdou tou pompoÔ , oi ap¸leièc touc eÐqan ˆmesh epirro  sthn emfˆnish �orÔbou
(NF) kai sthn apodotikìthta isqÔoc . Epomènwc, h epilog  kai h sqedÐash tou balun
apoteleÐ mia shmantik  diadikasÐa .

Upˆrqoun pollˆ diaforetikˆ eÐdh balun, diìti to sqèdiì touc poikÐllei anˆloga ton
ari�mì strof¸n , analogÐa strof¸n , plˆtoc troqiˆc kai exwterik  diˆmetroc . Me skopì
thn apofug  peiramatismoÔ me ìlouc autoÔc touc pollaploÔc tÔpouc balun kai wc ek
toÔtou dapˆnhc qrìnou , anatrèqoume stic apait seic tou kukl¸matoc enisqut  isqÔoc ,
pou èqoun te�eÐ exarq c wc stìqoi thc diplwmatik c ergasÐac . H suqnìthta leitourgÐac
(145GHz), dhlad  oi mikrokumatikèc RF suqnìthtec , ka�¸c kai o stìqoc epÐteuxhc ìso to
dunatìn uyhlìterou kèrdouc mèsw tou enisqut  èpaixan ka�oristikì rìlo sto se poiec
prodiagrafèc apìdoshc tou balun prèpei na do�eÐ idiaÐterh barÔthta . Tic paramètrouc
autèc apoteloÔn o suntelest c zeÔxhc k, to eÔroc suqnot twn kai ìlec oi ap¸leiec .

Sth sunèqeia analÔetai h mè�odoc sqediasmoÔ pou akolou� �hke b ma proc b ma .

Arqikˆ , epilèq�hke h analogÐa twn strof¸n na eÐnai 1:1, dhlad  èna phnÐo sto
prwteÔon mèroc tou balun kai èna sto deutereÔon , to opoÐo perilambˆnei mesaÐa l yh . Oi
pollèc strofèc se aut n th diamìrfwsh apaitoÔn qr sh diaforetik¸n metallik¸n str-
wmˆtwn, pou den eÐnai katˆllhla , kaj¸c ta perissìtera ufistˆmena montèla parèqoun
mìno èna   dÔo paqiˆ mètalla (pˆqoc > 3 um). Epiplèon , h sqedÐash se autèc tic
suqnìthtec apaiteÐ leptì qeirismì twn diastˆsewn , diìti sta 145GHz ìla ta stoiqeÐa
(components ) eÐnai arketˆ mikrˆ se mègejoc kai mikrèc diamorf¸seic allˆzoun tic epidì-
seic. Sunep¸c , sqediˆsthke ìso to dunatìn pio aplì se morf  balun.

Epìmenh apìfash pou èprepe na parjeÐ  tan an ta phnÐa tou prwteÔontoc kai
deutereÔontoc �a eÐnai sto Ðdio epÐpedo/mètallo (co•planar)   stoibagmèna to èna pˆnw
apì to ˆllo (stacked). Wstìso , se ènan PA, o metasqhmatist c prèpei na eÐnai sqedi-
asmènoc ètsi, ¸ste na parèqei metasqhmatismì sÔnjethc antÐstashc , leitourgÐa balun,
apomìnwsh DC kai suqnˆ DC pìlwsh . H pìlwsh (biasing) parèqetai mèsw kentrarÐsma-
toc (centertapping ), pou kˆnei th qr sh summetrik c mesaÐac l yhc upoqrewtik  . Lam-
bˆnontac up 'ìyin to gegonìc ìti sto deutereÔon skèloc �a upˆrqei mesaÐa l yh , h epi-
log  sunepÐpedwn perielÐxewn periplèketai kai gi ' autì apokl jhke . To 1:1 stacked balun
me mesaÐa l yh parousiˆzetai sthn eikìna (4.2). H prwteÔousa perièlixh emfanÐzetai
me maÔrec grammèc kai oi mple grammèc deÐqnoun th deutereÔousa perièlixh.

Sq ma 4.2: 1: 1 Stacked balunme mesaÐa l yh ( 1: 1 Stacked centre•tapped balun)
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Gia praktikoÔc skopoÔc , to balun prèpei na eÐnai mikrì kai sumbatì me to mège�oc
ˆllwn epagwgèwn on•chip. Ston metasqhmatist  oi domèc eÐnai wc epÐ to pleÐston mh
summetrikèc, gegonìc pou epidein¸nei ta diaforikˆ s mata . Epomènwc, h summetrÐa eÐnai
aparaÐthth se metasqhmatist  balun, ètsi ¸ste oi enisqutèc na doun thn Ðdia sÔn�eth
antÐstash stic dÔo diaforikèc �Ôrec .

To shmeÐo ekkÐnhshc gia ton sqediasmì metasqhmatist  balun  tan o peiramatismìc
se qeirokÐnhto epÐpedo layout sto Cadence Virtuoso. Sqediˆsthke ènac ikanopoihtikìc
arijmìc apì summetrikˆ balun me mesaÐa l yh(center•tap) kˆnontac qr sh thc hlektro-
magnhtik c EM prosomoÐwsh sto prìgramma Sonnet.

H teqnologÐa B11HFC thc In�neon Technologies AG, sthn opoÐa ergast kame , peril-
ambˆnei ( pèran tou alouminÐou , qalkoÔ k .lp .) mètalla taxinomhmèna se ierarqÐa apì to
1 èwc to 6 me to mètallo 1 na eÐnai pio kontˆ sto upìstrwma . H qr sh twn qamhlìterwn
metallik¸n strwmˆtwn auxˆnei th sÔzeuxh me to upìstrwma , kaj¸c epÐshc mporeÐ na di-
atarˆxei th summetrÐa tou balun. Epomènwc, ta kat¸tera mètalla 1 èwc 3 apofeÔq�hkan
na qrhsimopoihjoÔn sta plaÐsia tou balun. Antijètwc , to mètallo 6 epilèq�hke gia th
sqedÐash thc kÔriac perièlixhc .

Dedomènou ìti o enisqut c �a èqei polÔ lÐga mA reÔmatoc sthn pleurˆ eisìdou
(ìpwc parousiˆzetai parakˆtw sto Kefˆlaio 5), apaiteÐtai uyhl  autepagwg  . Oi
dÔo perielÐxeic, pou brÐskontai se diaforetikˆ epÐpeda metˆllwn , topojetoÔntai h mia
akrib¸c pˆnw sthn ˆllh me skopì th beltÐwsh thc sÔzeuxhc (megalÔteroc parˆgontac k).
H qr sh paqèwn metˆllwn mei¸nei epark¸c tic RF ap¸leiec , ¸ste na ulopoihjeÐ o sqedi-
asmìc balun sto tsip . Sunep¸c , sthn deutereÔousa perièlixh qrhsimopoioÔme ta mètalla
4 kai 5 mazÐ enwmèna mevia4 se ìlh thn èktash thc perièlixhc gia na epiteuqjeÐ akìma
paqÔtero mètallo , kaj¸c kai megalÔterh omoiìthta metaxÔ kÔriac kai deutereÔousac
perièlixhc wc proc to pˆqoc .

Sto Sq ma 4.3 parousiˆzetai oloklhrwmèno to Layout tou Balun. Me maÔrh gramm 
apeikonÐzetai h kÔria perièlixh kai me kÐtrinh ta mètallˆ 4 kai 5 thc deutereÔousac . H
prˆsinh gramm  gÔrw apì to balun apoteleÐ èna daktÔlio prostasÐac (guard ring ) kai
brÐsketai kontˆ ston pu�mèna (mètallo 1) tou monwt  uyhl c tˆshc , proc apotrop 
sugkèntrwshc hlektrikoÔ pedÐou kontˆ ston agwgì gramm c .

Sq ma 4.3: H telik  Layout morf  tou Balun
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4.5 Apotelèsmata twn prosomoi¸sewn

'Ena sumpagèc montèlo gia èna metasqhmatist  mesaÐac l yhc me dÔo anexˆrthtec
�Ôrec , pou parousiˆzontai sto Sq ma 4.4a, qrhsimopoieÐtai sto peribˆllon tou Cadence
gia ton upologismì twn mètrwn apìdoshc tou Balun. AxÐzei na shmeiw�eÐ ìti to sq ma
pou parousiˆzetai eÐnai èna stoiqeÐo thc biblio� khc me 5 pìrtec pou antiproswpeÔei
to balun pou prosomoi¸�hke sto Sonnet EM. Sugkekrimèna :

ˆ oi pìrtec p2 kai p5 eÐnai ta ˆkra tou prwteÔontoc tulÐgmatoc , ek twn opoÐwn to
èna prèpei na geiw�eÐ.

ˆ oi pìrtec p1 kai p4 eÐnai ta ˆkra tou deutereÔontoc mèrouc .

ˆ h pìrta p3 antiproswpeÔei thn mesaÐa l yh .

Mia tupik  sÔn�eth antÐstash 50W monoÔ akrodèkth kai mia diaforik  antÐstash
exìdou 100W epilèq�hkan gia thn prosomoÐwsh sto sq ma 4.4a. Topo�et �hke diaforik 
�Ôra , ¸ste sta ˆkra thc dexiˆc meriˆc tou balun na upˆrqei diaforˆ fˆshc 180 � .
Epiplèon , me100W sth deÔterh �Ôra , oi dÔo pleurèc tou diaforikoÔ ekatèrw�en thc
mesaÐac l yhc blèpoun akrib¸c thn Ðdia empèdhsh 50W lìgw summetrÐac. Gia ton Ðdio
lìgo sto sq ma 4.4b ìlec oi �Ôrec pou qrhsimopoi �hkan eÐqan empèdhsh 50W.

(a) Balun me2 �Ôrec (b) Balun me3 �Ôrec

Sq ma 4.4: Diatˆxeic balun gia pragmatopoÐhsh metr sewn

Sth sugkekrimènh diˆtaxh 4.4a lìgw tou ìti qrhsimopoi jhkan dÔo �Ôrec ènanti twn
tri¸n 4.4b pou anafèrame katˆ thn anˆlush twn paramètrwn tou balun sto upoke-
fˆlaio 4.3, h exÐswsh upologismoÔ tou suntelest  zeÔxhc metaxÔ thc kÔriac kai thc
deuterèousac perièlixhc diamorf¸netai katˆllhla . Arqikˆ , upologÐzetai h tim  thc
autepagwg c kˆ�e perièlixhc me qr sh twn Z•paramètrwn :

L1 =
1

2� f
Im(Z11) (4.6)

L2 =
1

2� f
Im(Z22) (4.7)

ìpou Z11 kai Z22 antiproswpeÔoun tic sÔnjetec emped seic twn �ur¸n 1 kai 2 antÐs-
toiqa .
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H amoibaÐa epagwg  metaxÔ thc prwtogenoÔc kai thc deutereÔousac perièlixhc eÐnai :

M =
1

2� f
Im(Z12) (4.8)

ìpou Z21 eÐnai h antÐstash metaforˆc sth �Ôra 1 me anoiqt  th �Ôra 2. Onomˆzetai
epÐshc sÔn�eth empèdhsh metaforˆc anoiktoÔ kukl¸matoc .

Antika�ist¸ntac tic parapˆnw sqèseic sthn exÐswsh 4.1, o tÔpoc tou suntelest 
zeÔxhc diamorf¸netai wc ex c :

k =
M

p
L1L2

=
Im(Z12)

p
Im(Z11)Im(Z22)

(4.9)

Efìson oristoÔn oi pènte parapˆnw exis¸seic sto ADE L, to opoÐo apoteleÐ to
peribˆllon AnalogikoÔ SqediasmoÔ tou Cadence, epilègetai h anˆlush prosomoÐwshc
Sp (S•parameters)me th suqnìthta wc metablht  sˆrwshc . To diˆgramma tou suntelest 
zeÔxhc parousiˆzetai sthn eikìna 4.5.

ParathreÐtai ìti h tim  tou parˆgonta k eÐnai polÔ kontˆ sth monˆda me k > 0.8
gia eÔroc suqnot twn apo 110GHz èwc 160GHz, sunep¸c epiteÔq�hke ìso to dunatìn
kalÔterh sÔzeuxh .

k = 0:89 at 145GHz

Mia epiplèon shmantik  plhroforÐa pou prokÔptei apì aut  th grafik  parˆs-
tash eÐnai h tim  thc suqnìthtac autosuntonismoÔ (SRF), ìpou oi timèc thc epagwgik c
kai thc qwrhtik c sÔnjethc antÐstashc tautÐzontai .Ka�¸c oi suqnìthtec auxˆnontai , h
antÐstash thc parasitik c qwrhtikìthtac mei¸netai èwc ìtou to mègejoc gÐnei Ðso me
autì thc idanik c epagwg c . Sto SRF h sÔnjeth antÐstash gÐnetai polÔ uyhl  kai
o epagwgèac mporeÐ na qrhsimopoihjeÐ wc pnigmìc gia exasjènish shmˆtwn kontˆ sthn
SRF.Gi' autì , apaiteÐtai h SRF na diathreÐtai makriˆ apì th suqnìthta leitourgÐac . Sthn
prokeimènh perÐptwsh apèqei perÐpou 18GHz.

S RF= 163GHz

Sq ma 4.5: Diˆgramma suntelest  sÔzeuxhc (k factor)

44



O stìqoc epÐteuxhc ìso to dunatìn uyhlìterou kèrdouc mèsw tou enisqut  katèqei
kurÐarqo rìlo sth diadikasÐa sqediasmoÔ . Gia to lìgo autì , idiaÐterh prosoq  dÐnetai
sthn ap¸leia eisagwg c tou balun, diìti ìso megalÔterh eÐnai h tim  thc ap¸leiac aut c ,
tìso perissìtero periorÐzetai h mègisth tim  kèrdouc pou mporeÐ na ftˆsei o enisqut c
mac.

Oi parˆmetroi S21 kai S12 (oi opoÐoi eÐnai Ðsoi se èna pajhtikì dÐktuo ) suqnˆ sug-
qèontai me thn ap¸leia eisagwg c . Oi ìroi autoÐ tautÐzontai me thn ap¸leia eisagwg c ,
eˆn to fortÐo , h genn tria kai to dÐktuo dÔo �ur¸n tairiˆzoun me to Ðdio Z0, to opoÐo
ìmwc den sumbaÐnei potè sthn pragmatik  zw  . Eˆn to dÐktuo eÐnai energì (ìpwc ènac
enisqut c ), �a prèpei na antistrafeÐ o arijmht c me ton paronomast  gia na ekfrasteÐ
to kèrdoc eisagwg c . Wstìso , gia thn mètrhsh tou metasqhmatist  balun h S21�ewreÐtai
eparkèc mètro èndeixhc thc ap¸leiac eisagwg c .[18]

S21= 2:17dB

Sq ma 4.6: Mètrhsh thc ap¸leiac eisagwg c mèsw thc paramètrou S21

Gia ton upologismì twn anisorropi¸n plˆtouc kai fˆshc qrhsimopoi jhke to kÔkl-
wma tri¸n �ur¸n pou parousiˆzetai sto sq ma 4.4b. Oi exis¸seic 4.2 kai 4.3 tropopoi �h •
kan katˆllhla kai topojet jhkan sto peribˆllon ADE L. H anisorropÐa plˆtouc
metriètai se dB kai kajorÐzetai epÐshc apì thn kataskeu  kai thn antistoÐqish gramm c .
Tupik  diakumˆnsh twn tim¸n anisorropÐac plˆtouc eÐnai perÐpou ± 1 dB. Sth sqedias 
mac h tim  aut  eÐnai :

� A = 0:34dB

Tupikèc timèc apìklishc thc isorropÐa fˆshc gia balun plhsiˆzoun ± 5 °. Sthn
prokeimènh perÐptwsh eÐnai :

� � = 2:79deg
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Sq ma 4.7: AnisorropÐa Plˆtouc tou Balun (dB)

Sq ma 4.8: AnisorropÐa Fˆshc tou Balun (dB)

Ta apotelèsmata thc prosomoÐwshc anagrˆfontai ston PÐnaka 4.1.

Parˆmetroi Apotelèsmata sta 145GHz

Coupling k 0:83

Ap¸leia Eisagwg c S21 � 2:17dB

AnisorropÐa plˆtouc DA 0:34dB

AnisorropÐa fˆshc D� 2:79deg

EÔroc suqnìthtac 130 � 150GHz

SRF 163 :5GHz

Perioq  pou katalambˆnei sto chip 42x42 � m 2

PÐnakac 4.1: Sugkentrwtikìc pÐnakac apìdoshc tou balun
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Kefˆlaio 5 : SqedÐash enisqut 

5 B mata sqedÐashc tou diaforikoÔ enisqut 

Autì to Kefˆlaio �a parousiˆsei b ma proc b ma th sqedÐash tou enisqut  me ta
stoiqeÐa pou parèqontai apì th biblio� kh thc teqnologÐac B11HFCkai qrhsimopoi¸ntac
sthn eÐsodo kai thn èxodì tou to Balun pou analÔ�hke sto prohgoÔmeno kefˆlaio .

5.1 Epilog  montèlou kai megè�ouc tranzÐstor

5.1.1 Epilog  eÐdouc transistor gia thn ulopoÐhsh tou enisqut 

H diplwmatik  aut  , ìpwc èqei  dh anafèrjei , dietelèsthke sthn In�neon Technologies
AG me qr sh thc teqnologÐac B11HFC, h opoÐa perièqei mÐa poikilÐa apì npn SiGe Het•
erojunction Bipolar Transistors. Sto upokefˆlaio autì gÐnetai mÐa sÔntomh parousÐash
twn diajèsimwn apì thn teqnologÐa tranzÐstor , kaj¸c kai twn lìgwn pou od ghsan sthn
epilog  tou sugkekrimènou tranzÐstor pou qrhsimopoi jhke telikˆ . Ta diˆfora eÐdh
transistors mazÐ me tic idiìthtèc touc pou anafèrontai sto egqeirÐdio thc teqnologÐac
parousiˆzontai perilhptikˆ sth sunèqeia .

High Voltage npn : SÔmfwna me tic plhroforÐec pou parèqei to egqeirÐdio thc teqnolo •
gÐacB11HFC,h mègisth suqnìthta metaforˆc ft se autì to montèlo anèrqetai sta 55 GHz,
èqei BVceo > 2.5V kai aìristh , mèqri stigm c, tim  sthn suqnìthta fmax. Epomènwc, ta bjt
transistors autoÔ tou montèlou eÐnai qr sima gia efarmogèc se qamhl  suqnìthta . Autìc
eÐnai kai o basikìc lìgoc apìrriyhc tou montèlou ,diìti h sqedÐash �a gÐnei se 145GHz,
kai ìpwc eÐnai fusikì , eÐnai apagoreutik  h sugkekrimènh tim  tou ft gia tic suqnìthtec
pou �a ergastoÔme .

Medium Speed npn : Sto sugkekrimèno montèlo h mègisth suqnìthta metaforˆc ft
ftˆnei èwc ta 80GHz. 'Omwc h suqnìthta fmax, katˆ thn opoÐa to mègisto diajèsimo
kèrdoc gÐnetai monadiaÐo, den eÐnai akìma kajorismènh. EÐnai emfanèc, ìpwc kai pro-
hgoumènwc, ìti exaitÐac thc qamhl c mègisthc tim c ft den �a epileqjeÐ oÔte to sug-
kekrimèno montèlo, giatÐ eÐnai ektìc tou eÔrouc twn suqnot twn endiafèrontoc .

High Speed npn : To High Speed npn montèlo, ìpwc kai ta proanafer�ènta montèla ,
perilambˆnei bjt tranzistorc , twn opoÐwn to plˆtoc thc mˆskac tou ekpompoÔ poikÐllei
apì 0,22 mm mèqri kai 0,34 mm, en¸ to m koc thc mˆskac ekpompoÔ kumaÐnetai apì
0,7 mm èwc 10 mm. EÐnai shmantikì na anafer�eÐ ìti se autì to montèlo parèqei th
dunatìthta kataskeu c tranzÐstorc me pollaplèc bˆseic kai ekpompoÔc . Akìma , h
teqnologÐa mac parèqei th dunatìthta sqhmatismoÔ parˆllhlwn mplok twn parapˆnw
montèlwn dipolik¸n tranzÐstor .

Sunep¸c , epilèq�hkan transistors apì to montèlo High Speed npn. Wstìso h di-
adikasÐa epilog c sugkekrimènhc gewmetrÐac tranzÐstor �a analujeÐ sth sunèqeia .
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5.1.2 Epilog  gewmetrÐac tranzistor

Sthn prohgoÔmenh parˆgrafo epilèxame to montèlo High Speed npn tranzÐstor , pou
tairiˆzei kalÔtera sthn efarmog  mac . Ta tranzÐstorc autˆ mporoÔn na apoteloÔntai
apì pollaploÔc sullèktec , bˆseic kai ekpompoÔc . Sugkekrimèna, upˆrqei h epilog 
twn akìlou�wn montèlwn : BEC (mon c bˆshc npn tranzÐstor ), BEBC (dipl c bˆshc npn
tranzÐstor ), CBEC, CBEBC, CEBEC, CBEBEBC kai BEBCBEB. Autèc oi diaforetikèc
diamorf¸seic diˆtaxhc ephreˆzoun thn apìkrish uyhl c suqnìthtac kai thn apìdosh
tou �orÔbou kai prèpei na epilegoÔn prosektikˆ .

Oi parasitikèc antistˆseic tou HBT( ekpompoÔ, bˆshc , sullèkth kai upostr¸matoc )
paÐzoun zwtikì rìlo ston sqediasmì kuklwmˆtwn uyhl¸n suqnot twn . Autèc oi para-
sitikèc antistˆseic se sunduasmì me parasitikèc qwrhtikìthtec prokaloÔn kajuster -
seic qrìnou RC kai sunep¸c mei¸noun th mègisth taqÔthta kai suqnìthta leitourgÐac .

H epilog  thc swst c gewmetrÐac tranzÐstor èqei megˆlh shmasÐa prokeimènou na
elaqistopoih�eÐ h epÐdrash parasitik¸n qwrhtikot twn kai antistˆsewn . Oi epafèc
bˆshc , ekpompoÔ kai sullèkth mporoÔn na dieu�eth�oÔn me diˆforouc trìpouc . Sta
dipolikˆ tranzÐstor oi epafèc eÐnai sun �wc diatetagmènec wc parˆllhlec metallikèc
rˆbdoi , lìgw twn sqetikˆ megˆlwn reumˆtwn kai epeid  aut  h diamìrfwsh parousiˆzei
kalì sumbibasmì (trade•o�) metaxÔ ìlwn twn paramètrwn tou tranzÐstor . To tranzÐstor
dipl c bˆshc (BEBC) deÐqnei meiwmènh antÐstash bˆshc se sÔgkrish me to tranzÐstor
mon c bˆshc (BEC), epeid  h bˆsh èrqetai se epaf  kai apì tic dÔo pleurèc . Genikìtera
o megalÔteroc ari�mìc lwrÐdwn bˆsewn boh�ˆ sth meÐwsh tou rB kai sunep¸c èqei �etik 
epÐdrash sthn apìdosh fmax kai �orÔbou . Epomènwc, oi suskeuèc me mÐa bˆsh, ìpwc
BEC kai CBEC apofeÔgontai se uyhlèc suqnìthtec [3] [19].

Wstìso , h qwrhtikìthta bˆshc •sullèkth thc diamìrfwshc BEBC eÐnai uyhlìterh ,
epeid  upˆrqei megalÔterh epikˆluyh metaxÔ thc epaf c sullèkth • bˆshc . H qwrhtikì •
thta sullèkth •upostr¸matoc auxˆnetai epÐshc , lìgw thc megalÔterhc èktashc pou
katalambˆnei to upìstrwma (buried layer). Sunep¸c , kai h dÐataxh BEBC den �ewreÐtai
katˆllhlh gia th sqedias  mac .

'Oson aforˆ thn diˆtaxh CBEBC aporrÐf�hke , diìti h layout morf  thc  tan arketˆ
megˆlh , gegonìc pou �a ka�istoÔse dÔskolh th diaqeÐris  thc sta 145GHz, ìpou ìla ta
sustatikˆ eÐnai polÔ mikrˆ .

H antÐstash bˆshc eÐnai mia apì tic pio shmantikèc parˆmetrouc enìc HBT. H qr sh
dipl¸n   perissìterwn lwrÐdwn bˆshc epifèrei pleonekt mata . Arqikˆ , to m koc di-
adrom c thc ro c reÔmatoc bˆshc eÐnai misì , kaj¸c to reÔma mporeÐ na eisèljei kai apì
tic dÔo pleurèc tou ekpompoÔ . EpÐshc, dedomènou ìti oi epafèc bˆshc eÐnai parˆllhla
topojethmènec , h eswterik  antÐstash bˆshc mei¸netai katˆ to  misu . Epomènwc, epilèq�h •
ke h diamìrfwsh BEBCBEB me koinì sullèkth , ìpwc faÐnetai sto sq ma 5.1, ènanti thc
CBEBEBC, lìgw thc uperoq c thc se arijmì bˆsewn .

BEBCBEB

Sq ma 5.1: Aplopoihmènh diˆtaxh SiGe HBT tou BEBCBEB [19].

48



5.1.3 Upologismìc embadoÔ tranzÐstor

Gia na oloklhr¸soume to eurÔtero kefˆlaio thc epilog c thc ener-
goÔc suskeu c tou enisqut  isqÔoc thc paroÔsac ergasÐac , �a prèpei na
epilèxoume to katˆllhlo mègejoc gia ta tranzÐstor pou apoteloÔn thn
kaskodik  topologÐa thc energoÔc suskeu c .

'Opwc proanafèrjhke , to montèlo High Speed npn perièqei bjt tranzÐs-
tor , twn opoÐwn ta qarakthristikˆ , ta opoÐa mporoÔme na ephreˆsoume
sto Cadence, eÐnai ta ex c:

ˆ to plˆtoc thc mˆskac ekpompoÔ WE �! apì 0,22 mm èwc 0,34 mm

ˆ to m koc thc mˆskac ekpompoÔ LE �! apì 0,7 mm mèqri kai 10 mm.

O sqediast c kuklwmˆtwn èqei thn euelixÐa na morfopoieÐ katˆllhla
to LE kai merikèc forèc akìmh kai to WE. Wstìso , h pio apodotik  tim  tou plˆtouc tou
ekpompoÔ eÐnai h elˆqisth dunat  , sÔmfwna me touc kanìnec sqediasmoÔ, prokeimènou
na diasfalisteÐ h qamhlìterh dunat  antÐstash bˆshc . Sunep¸c epÐ tou parìntoc , sth
sugkekrimènh teqnologÐa B11HFC epilègetai plˆtoc ekpompoÔ 220 nm.

Prokeimènou na epitÔqoume to skopì mac , pou eÐnai h eÔresh tou katˆllhlou embadoÔ
twn tranzÐstor , trèxame ft prosomoi¸seic topo�et¸ntac diaforetikˆ m kh LE gia touc
ekpompoÔc twn tranzÐstorc , krat¸ntac ta plˆth twn epaf¸n twn ekpomp¸n pˆnta
sta�erˆ sta 220 nm.

Gia mia oloklhrwmènh katanìhsh thc mejìdou pou akolouj jhke , o anagn¸sthc
parapèmpetai sto upokefˆlaio 5.3, ¸ste na dei analutikˆ thn diˆtaxh tou kukl¸matoc
upologismoÔ thc suqnìthtac ft, ìpwc parousiˆzetai sthn eikìna 5.4, kai na mporèsei na
antilhfjeÐ ta sumperˆsmata pou parousiˆzontai sth sunèqeia autoÔ tou upokefalaÐou .

H me�odologÐa, pou akolou� �hke , basÐsthke sto gegonìc ìti to bèltisto reÔma
sullèkth ka�orÐzetai apì thn � apotelesmatik  � perioq  ekpompoÔ kai thn puknìthta
reÔmatoc sullèkth sth mègisth suqnìthta apokop c . To m koc tou ekpompoÔ prokÔptei
apì to epi�umhtì reÔma sullèkth .

Trèqontac parˆllhla tic dÔo metablhtèc , Ic kai LE, me parametrik  anˆlush proèkuye
èna megˆlo deÐgma apotelesmˆtwn, to diˆgramma twn opoÐwn apeikonÐzetai sto sq ma 5.2.

Sq ma 5.2: Diˆgramma suqnìthtac ft wc proc thn èntash reÔmatoc me parametrikèc timèc
tou pˆqouc tou ekpompoÔ tou tranzÐstor .
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Sugkekrimèna, me th qr sh thc anˆlushc enallassìmenou reÔmatoc (AC) upologÐsthke
h tim  thc suqnìthtac apokop c ft sunart sei tou rèumatoc sullèkth , tou opoÐou oi
timèc pˆr�hkan parametrikˆ apì 1mA èwc 20mA. Metabˆlame epÐshc to m koc tou
ekpompoÔ LE, kai sta duo tranzÐstor pou apartÐzoun thn kaskodik  sundesmologÐa ,
mèsw thc parametrik c anˆlushc , me tic timèc tou na kumaÐnontai apì 1 mm èwc 10 mm,
¸ste na parathrh�eÐ h sumperiforˆ tou kukl¸matoc gia tic diˆforec timèc tou m kouc
tou ekpompoÔ mèsa sta epitreptˆ ìria .

Sto aristerì mèroc tou sq matoc 5.2 parousiˆzetai h antistoiqÐa qr¸matoc kai tim c
m kouc. ParathreÐtai ìti gia ìla ta m kh ekpompoÔ h mègisth tim  suqnìthtac apokop c
eÐnai Ðdia. Wstìso , stic pio mikrèc timèc m kouc (1u, 2u) to eÔroc reÔmatoc sullèkth eÐnai
periorismèno . Apì thn ˆllh pleurˆ , oi megˆlec timèc m kouc ekpompoÔ (7u, 8u, 9u, 10u)
epitugqˆnoun mègisto ft me uyhlèc timèc Ic, pou sunepˆgetai megalÔterh katanˆlwsh .
Sthn eikìna 5.3 faÐnontai pio ka�arˆ oi grafikèc parastˆseic tou ft sunart sei tou
reÔmatoc gia timèc m kouc ekpompoÔ4u, 5u kai 6u. En tèlei epilèq�hke h tim  5u wc
m koc tou ekpompoÔ.

Telikˆ to embadìn gia ta tranzÐstor eÐnai :

220nm� 5um

Sq ma 5.3: Diˆgramma suqnìthtac ft wc proc thn èntash reÔmatoc me 4u, 5u kai 6u wc
proc to pˆqoc tou ekpompoÔ tou tranzÐstor .

5.2 Tˆsh trofodosÐac VDD

Me skopì ton orismì thc katˆllhlhc tˆshc trofodosÐac gia ton enisqut  ana-
trèqoume stouc stìqouc epÐdoshc thc sqedÐas c mac kai sugkekrimèna sthn tim  thc
mègisthc isqÔoc, dhlad  sto shmeÐo koresmoÔ.

Psat � 10dBm

H isqÔc pou apodÐdetai sto fortÐo : Psat =
V2

rms

RL
(5.1)

ìpou :

ˆ Vrms : rms tim  tˆshc sta ˆkra tou fortÐou exìdou

ˆ RL : fortÐo exìdou

50



Efarmìzoume dc anˆlush enìc aploÔ enisqut  tˆxhc A . To shmeÐo hremÐac prèpei
na brÐsketai sth mèsh metaxÔ mègisthc kai elˆqisthc tˆshc sullèkth •ekpompoÔ gia na
upologisteÐ h mègisth tim  tˆsh exìdou VDD :

V o = VCE;max+
VCE;max � VCE;min

2
=

VDD + VCE;min

2
(5.2)

afoÔ VCE;max = VDD. 'Oson aforˆ sto reÔma hremÐac (DC) pou pernˆei apì thn
antÐstash fortÐou RL, isqÔei:

I Q =
VDD � Vo

RL
= (VDD �

VDD + VCE;min

2
)

1

RL
=

VDD � VCE;min

2RL
(5.3)

kai h katanal¸simh DC isqÔc :

PDC = VDDIQ = VDD
VDD � VCE;min

2RL
=

V2
DD

2RL
(1 �

VCE;min

VDD
) (5.4)

To mègisto ˆkro (peak) thc enallassìmenhc AC tˆshc exìdou eÐnai :

V p =
VDD � VCE;min

2
(5.5)

'OmwcPRF;out =
V2

rms

RL

kai V rms =
Vp
p

2

9
>>>>>>=
>>>>>>;

=)

=) PRF;out =
V2

p

2RL

Sqèsh 5.5
========) PRF;out =

(VDD � VCE;min)2

8RL

Psat � 10dBm= 10mW

9
>>>>=
>>>>;

=)

=)
(V DD � V CE;min )2

8RL
� 10mW

=) (V DD � V CE;min )2 � RL0:08W
RL=50

=======) V DD � 0:85V � 2V

=) V DD � 2:85V

Dedomènou ìti h elˆqisth VCEbreakdown=4.7V me geiwmènh bˆsh, antilambanìmaste ìti
an sqediasteÐ èna kÔklwma pìlwshc gia to tranzÐstor koin c bˆshc (pˆnw tranzÐstor
thc kaskodik c sundesmologÐac ), to opoÐo èqei mia empèdhsh exìdou0 Ohm, h teqnologÐa
epitrèpei gia lìgouc axiopistÐac na èqei mègisth tˆsh 4.7 V metaxÔ sullèkth kai ekpom-
poÔ. Sun �wc an upˆrqei empèdhsh akìma kai 100 Ohm, �ewreÐtai epÐshc kontˆ se
braqukÔklwma , opìte exakoloujeÐ na isqÔei o Ðdioc kanìnac , parìlo pou h tˆsh diˆs-
pashc �a eÐnai elˆqista pio qamhl  .

O enisqut c se DC s mata (qwrÐc na efarmostoÔn ka�ìlou RF s mata ) èqei tˆsh
sullèkth ekpompoÔ perÐpou Ðsh me 2.8V, ìpwc upologÐsthke . Sun �wc me to dÐktuo
suntonismoÔ (resonant network) sthn èxodo, qwrÐc na efarmosteÐ tÐpota exwterikˆ (ìpwc
harmonic trapping, switching classes of operation, k.lp .) mporeÐ na diplasiasteÐ h tˆsh
thc trofodosÐac sto sullèkth , to opoÐo shmaÐnei ìti an epilegeÐ tˆsh megalÔterh twn
3.4V, o enisqut c mporeÐ na ftˆsei èwc kai 6.8V tˆsh sullèkth ekpompoÔ , tim  h opoÐa
xepernˆ thn egguhmènh mègisth tim  tˆshc apì to egqeirÐdio thc teqnologÐac .

Epomènwc dialègoume mia tupik  tim  trofodosÐac :

VDD ' 3:3V
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5.3 Upologismìc suqnìthtac apokop c ft

Gia ton upologismì thc suqnìthtac apokop c oi kataskeuastèc aplopoioÔn arketˆ
to montèlo tou tranzÐstor kˆnontˆc thn ètsi anaxiìpisth gia thn orio�èthsh mègisthc
suqnìthtac leitourgÐac tou tranzÐstor . Mia kontinìterh suqnìthta se aut  thc mègisthc
suqnìthtac leitourgÐac tou tranzÐstor eÐnai h fmax, h opoÐa upodeiknÔei th suqnìthta
sthn opoÐa to kèrdoc isqÔoc gÐnetai Ðso me th monˆda.

f max =

r
fT

8� rbbC�
(5.6)

Katˆ th diadikasÐa upologismoÔ thc fmax lambˆnontai up 'ìyin perissìtera para-
sitikˆ stoiqeÐa tou tranzÐstor , odhg¸ntac ètsi se èna pio realistikì apotèlesma apì
autì thc suqnìthtac metˆbashc (ft). Epeid  ìmwc sta egqeirÐdia anafèretai spˆnia
h fmax wc qarakthristik  mètrhsh enìc tranzÐstor , ènac empeirikìc kanìnac eÐnai na
epilègetai tranzÐstor gia suqnìthta leitourgÐac mikrìterh apì ft/6, prokeimènou to
tranzÐstor na leitourgeÐ me arketˆ megˆlo kèrdoc kai qamhlì �ìrubo .

Sthn eikìna 5.4 parousiˆzetai h diˆtaxh prosdiorismoÔ thc suqnìthtac ft tou enisqut 
cascode. Sugkekrimèna, topojeteÐtai phg  reÔmatoc I1 me thn parˆmetro Idc, prokeimè-
nou na kajoristeÐ to reÔma tou sullèkth . H phg  Vsense qrhsimopoieÐtai mìno gia th
mètrhsh tou reÔmatoc ekpompoÔ. De suneisfèrei alli¸c sto kÔklwma . H phg  Ffeedback
eÐnai phg  reÔmatoc exarthmènh apì to reÔma thc ekpompoÔ thc phg c Vsense me kèrdoc
1. Sunep¸c , h leitourgÐa tou feedback exhgeÐtai arketˆ aplˆ kai prokÔptei :

f T =
gm

2� (C� + C� )
(5.7)

Sq ma 5.4: Sqhmatikì gia ton prosdiorismì thc suqnìthtac ft sunart sei tou reÔmatoc
sullèkth Ic thc kaskodik c topologÐac .
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QrhsimopoieÐtai apl  ac prosomoÐwsh mesweep sth suqnìthta . H fT upologÐzetai
wc h suqnìthta sthn opoÐa to reÔma sullèkth kai bˆshc gÐnontai Ðsa . Sugkekrimèna,
metriètai to kèrdoc reÔmatoc se dB20 tou reÔmatoc sullèkth dia to reÔma bˆshc , en¸
qrhsimopoieÐtai h sunˆrthsh cross() gia na bre�eÐ h suqnìthta sthn opoÐa to kèrdoc
diabaÐnei ta 0dB. Sth sunèqeia , gÐnetai parametrikì sweep gia to reÔma pìlwshc .

Ston ˆxona •x to Jcollector eÐnai h puknìthta reÔmatoc sto sullèkth :

Jcollector =
Ic

Ae f f
(5.8)

'Opou kai eÐnai to reÔma sullèkth kai h energìc epifˆneia sullèkth antÐstoiqa .
Gia parˆdeigma , h suskeu  pou qrhsimopoi �hke gia autèc tic prosomoi¸seic èqei pin

layout tÔpou BEBCBEB (diploÔ ekpompoÔ), en¸ qrhsimopoioÔntai 6 tètoiec suskeuèc
parˆllhla , me diastˆseic mˆskac ekpompoÔ 6.6umÖ0.22um h kˆ�e mia . To sfˆlma thc
mˆskac eÐnai sÔmfwna me todatasheet 0.09um, opìte prokÔptei oti :

Ae� = 2x(5 � 0:09)x(0:22 � 0:09)um2 = 1:2766um2 (5.9)

Gia tic prosomoi¸seic sto Cadence orÐsthke h parakˆtw exis¸sh sthn ari�momhqan 
(calculator) tou ADE L, h opoÐa upologÐzetai katˆllhla se kˆ�e metabol  thc tim c tou
reÔmatoc (apì 1•21mA) :

f T = cross(dB20(IF(”=T1=C”)=IF(”=T0=B1”))) (5.10)

Gia thn ektÐmhsh tou qrhsimopoieÐtai h parˆmetroc me thn opoÐa gÐnetai to sweep,

Ic = 12:05mA

Epomènwc, h zhtoÔmenh puknìthta reÔmatoc �a eÐnai :

Jcollector =
12:05mA

1:2766um2
= 9:44

mA
um2

(5.11)

Sq ma 5.5: Diˆgramma thc suqnìthtac ft sunart sei tou reÔmatoc sullèkth Ic.
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5.4 Gramm  metaforˆc metaxÔ twn tranzÐstor tou cascode

To epìmeno b ma metˆ thn eÔresh tou rèumatoc , sto opoÐo epitugqˆnetai mègisth tim 
fT , Ic = 12.05mA, eÐnai h melèth thc sumperiforˆc tou diamorfwmènou mèqri stigm c aploÔ
kaskodikoÔ enisqut  me tic epilogèc pou èqoun gÐnei . Apì thn �ewrÐa eÐnai gnwstì ìti
to sunolikì kèrdoc tˆshc anoiqtoÔ kukl¸matoc enìc aploÔ kaskodikoÔ enisqut  isoÔtai
me:

G = � � (1 + gm2 r 02 ) (5.12)

Exetˆzontac to Ðdio kÔklwma (se anoiqtokÔklwma ) mazÐ me thn gramm  metaforˆc(ZT L),
ìpwc faÐnetai sto sq ma 5.6 [20], prokÔptoun :

H tˆsh èwc to shmeÐo 1 : V 01 = � � � V in

epomènwc sto shmeÐo M: V M = V 01 + I CZTL

9
>>=
>>; =)

=) V M = � � � V in + ICZT L

Gia to reÔma isqÔei: I C = gm1 V in +
V 01

r 01

V 01 =� � � V in
========== ) IC = Vin(gm1 �

�
r01

)

9
>>>>=
>>>>;

=)

=) V M = � � V in + (gm1 �
�

r 01
)ZTL V in =)

=)
V M

V in
= � � + (gm1 �

�
r 01

)ZTL (5.13)

EpÐshc dÐnetai to kèrdoc tou stadÐou koin c bˆshc Q2:

V out

V M
= 1 + gm2 r 02 (5.14)

Epomènwc, to sunolikì kèrdoc me thn gramm  metaforˆc endiˆmesa sta dÔo tranzÐs-
torc tou kaskodikoÔ diamorf¸netai wc ex c :

Gnew =
V out

V in
=

V out

V M

VM

Vin

Sqèsh 5.13
========= ) Gnew =

V out

V M
[� � + (gm1 �

�
r01

)ZT L]
Sqèsh 5.14
========= )

=) Gnew = [� � + (gm1 �
�

r 01
)ZTL ](1 + gm2 r 02 )

Sq ma 5.6: CascodesundesmologÐa me gramm  metaforac anˆmesa sta transistors [20]
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H epagwgik  sumperiforˆ aut c thc epiplèon gramm c metaforˆc èqei epirro  sth
qwrhtikìthta Co1 metaxÔ sullèkth kai ekpompoÔ sto Q1se uyhlèc suqnìthtec me apotèle •
sma thn aÔxhsh tou kèrdouc sth suqnìthta apìkrishc . Gia mikr  tim  epagwg c , to kèr-
doc parousiˆzei mia mikr  pt¸sh kèrdouc sto mesodiˆsthma . Auxˆnontac thn epagwg 
thc gramm c metaforˆc auxˆnetai arqikˆ kai h mègisth tim  tou kèrdouc .

Dedomènou ìti stoqeÔetai o enisqut c na paragˆgei ìso to dunatìn megalÔtero kèrdoc ,
diamorf¸noume to kÔklwma , ìpwc faÐnetai sto sq ma 5.7. Sto sq ma 5.7 parousiˆzetai
o kaskodikìc enisqut c me ta katˆllhla diamorfwmèna tranzÐstorc kai tic trofodosÐec ,
pou anafèr�hkan sta prohgoÔmena upokefˆlaia . Efarmìzoume anˆlush S paramètrwn
metabˆllontac to m koc thc gramm c metaforˆc tu apì 0um èwc 100um.

Apì to sq ma 5.8 parathreÐtai ìti gia mègisto kèrdoc , to m koc thc gramm c metaforˆc
metaxÔ twn dÔo tranzÐstorc thc kaskodik c sundesmologÐac prèpei na eÐnai :

tu = 62um

Sq ma 5.7: CascodesundesmologÐa me gramm  metaforac anˆmesa sta transistors

Sq ma 5.8: Diˆgramma metabol c tou kèrdouc anˆloga me to m koc thc gramm c metaforˆc
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5.5 Kukl¸mata Pìlwshc

Me bˆsh ta apotelèsmata kai thn anˆlush twn prohgoÔmenwn enot twn , aut  h
enìthta parousiˆzei th me�odologÐa pou akolouj jhke gia thn katˆllhlh epilog  dik-
tÔou pìlwshc (bias circuit). O skopìc enìc kalˆ sqediasmènou kukl¸matoc pìlwshc dc
eÐnai h swst  epilog  enìc shmeÐou hremÐac, to opoÐo �a prèpei na diathrh�eÐ stajerì
katˆ tic metabolèc twn paramètrwn twn tranzÐstor kai thc �ermokrasÐac . To epilegmèno
DC kÔklwma pìlwshc prèpei na ek�ètei mia stajer  �ermatik  sumperiforˆ .

Se mikrokumatikèc suqnìthtec , oi parˆmetroi tou tranzÐstor pou ephreˆzontai peris-
sìtero apì th �ermokrasÐa eÐnai to ICB0, hFE kai VBE. To sumbatikì anastrèfon reÔma
ICB0 diplasiˆzetai se kˆ�e aÔxhsh thc �ermokrasÐac katˆ 10 � C . IsqÔei :

I CB0 ;T2 = I CB0 ;T2 2
(T2 � T1 )

10 (5.15)

ìpou ICB0;T2 kai ICB0;T1 eÐnai timèc touICB0 se �ermokrasÐec T2 kai T 1, antÐstoiqa .
'Ena mikrokumatikì tranzÐstor èqei pio perÐplokh ro  anˆstrofou reÔmatoc , h opoÐa

apoteleÐtai apo dÔo suntelestèc :

ˆ to sumbatikì ICB0

ˆ kai to epifaneiakì reÔma I s, to opoÐo rèei kata m koc tou plègmatoc puritÐou .

Autì to sunolikì anastrèfon reÔma auxˆnetai me polÔ argìtero ru�mì apì ìti to
sumbatikì reÔma ICB0.

H tˆsh bˆshc •ekpompoÔ èqei arnhtikì suntelest  �ermokrasÐac , isoÔtai sto perÐpou
me:

DV BE

DT
� � 2 � 10 � 3 V

� C
(5.16)

H dc tim  tou kèrdouc reÔmatoc hFE orÐzetai wc o lìgoc reÔmatwn sullèkth proc bˆsh
se sta�er  tim  VCE. H dc tim  hFE faÐnetai na auxˆnetai grammikˆ me th �ermokrasÐa .

hFE =
I C

I B

�����
V CE=constant

(5.17)

Me skopì na bre�eÐ h allag  tou reÔmatoc sto sullèkth wc sunˆrthsh thc �ermokra •
sÐac sedc kukl¸mata pìlwshc , krÐnetai anagkaÐa h anaforˆ sthn ègkurh èkfrash tou
reÔmatoc tou sullèkth se kˆ�e �ermokrasÐa [21]. Parathr¸ntac ìti oi parˆmetroi pou
eÐnai euaÐs�htec sth �ermokrasÐa eÐnai oi ICB0, hFE kai VBE, èqoume:

DI C = SI DI CB0 + ShFE DhFE + SV BE DV BE (5.18)

me tic paramètrouc eustˆ�eiac na orÐzontai wc ex c :

SI =
DI C

DI CB0

�����
DV BE ;DhFE=0

(5.19)

ShFE =
DI C

DhFE

�����
DI CB0 ;DV BE =0

(5.20)

SV BE =
DI C

DV BE

�����
DI CB0 ;DhFE=0

(5.21)

Se diadikasÐa sqediasmoÔ, h mègisth metabol  tou Ic se èna eÔroc �ermokrasi¸n
mporeÐ na epilegeÐ kai me qr sh thc 5.18na bre�oÔn oi parˆgontec eustˆ�eiac . Epomènwc,
oi parˆgontec eustˆ�eiac mazÐ me th �èsh tou shmeÐou Q �a diamorf¸soun tic timèc twn
antistˆsewn sto kÔklwma pìlwshc .
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AxÐzei na shmeiwjeÐ ìti se mikrokumatikèc suqnìthtec ,ìpwc autèc pou mac endiafèroun ,
ènac puknwt c se parallhlÐa me thn antÐstash ekpompoÔ mporeÐ na epifèroun talan-
t¸seic dhmiourg¸ntac astaj  �Ôra eisìdou se kˆpoiec suqnìthtec . Epipros�ètwc , mia
antÐstash ekpompoÔ upobibˆzei thn parousÐa �orÔbou se ènan enisqut  . Sunep¸c , sth
pleionìthta twn mikrokumatik¸n enisqut¸n , eidikˆ sto eÔroc twn gigahertz suqnot twn ,
o ekpompìc tou tranzÐstor eÐnai geiwmènoc.

Prwtarqik  skèyh gia thn pìlwsh thc kaskodik c sundesmologÐac tou enisqut 
mac  tan h dhmiourgÐa kukl¸matoc kaskodikoÔ kajrèpth reÔmatoc , ìpwc parousiˆzetai
sthn eikìna 5.9. To tranzÐstor T0 energeÐ wc tm ma koin c bˆshc thc kaskodik c sun-
desmologÐac kai metafèrei to reÔma sullèkth tou T1sthn èxodo emfanÐzontac tautìqrona
uyhl  antÐstash exìdou . To diodikˆ sundedemèno tranzÐstor T3 prokaleÐ mia metatìpish
tou epipèdou tˆshc kai pol¸nei th bˆsh tou T0, ètsi ¸ste to T1 na leitourgeÐ sthn en-
ergì perioq  orj c leitourgÐac me VCE1 � VCE3 = VBE3(on).

Sqedìn ìlo to reÔma mikroÔ s matoc pou eisèrqetai sto sullèkth tou T0, exèrqetai
apì th bˆsh tou , epeid  h antÐstash mikroÔ s matoc tou ekpompoÔ tou T0 eÐnai polÔ
megalÔterh apì ekeÐnh pou sundèetai sth bˆsh tou . Ston upologismì autì den lam-
bˆnetai upìyh h epÐdrash tou aploÔ kajrèpth reÔmatoc pou sqhmatÐzoun ta T2 kai
T1.

Sto pragmatikì tranzÐstor twn oloklhrwmènwn kuklwmˆtwn mìno èna mikrì posostì
tou reÔmatoc bˆshc proèrqetai apì epanasÔndesh sth bˆsh . An auxh�eÐ h antÐstash
metaxÔ thc bˆshc tou T1 kai thc geÐwshc kai ìlec oi ˆllec parˆmetroi meÐnoun sta�erèc ,
h topik  anˆdrash lìgw thc rm1 �a epidrˆsei shmantikˆ sthn tˆsh bˆshc •ekpompoÔ tou
T1 kai �a mei¸sei thn antÐstash exìdou . Sthn oriak  perÐptwsh , ìpou h antÐstash
tou T 1 metaxÔ thc bˆshc kai thc geÐwshc gÐnei ˆpeirh , to T1 sumperifèretai sa na  tan
diodikˆ sundedemèno.

Sq ma 5.9: Kaskodikìc ka�rèpthc reÔmatoc

Melet¸ntac th sumperiforˆ tou kaskodikoÔ kajrèpth reÔmatoc diapist¸netai ìti h
elˆqisth tˆsh exìdou tou eÐnai uyhlìterh apì thn antÐstoiqh tˆsh tou aploÔ kajrèpth
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katˆ thn pt¸sh tˆshc mÐac diìdou . Aut  h aÔxhsh �ètei ènan shmantikì periorismì wc
proc thn elˆqisth tˆsh trofodosÐac sthn perÐptwsh pou o kajrèpthc reÔmatoc qrhsi-
mopoieÐtai wc energì fortÐo se ènan enisqut  . 'Enac epiplèon basikìc periorismìc tou
kaskodikoÔ kajrèpth reÔmatoc eÐnai to megalÔtero susthmatikì sfˆlma kèrdouc lìgw
peperasmènou � f pou emfanÐzei se sqèsh me ton aplì kajrèpth reÔmatoc . TeleutaÐa
ma polÔ shmantik  parat rhsh sqetikˆ me aut  th sundesmologÐa eÐnai ìti pijanìn na
upˆrxei anatrofodìthsh (feedback) mèsw tou kaskodikoÔ kajrèpth apì to stˆdio koin c
bˆshc stou koinoÔ ekpompoÔ .

Epilèq�hke , epomènwc, h sqedÐash dÔo diaforetik¸n kuklwmˆtwn pìlwshc :

ˆ èna gia thn pìlwsh sth bˆsh tou tranzÐstor koinoÔ ekpompoÔ , h opoÐa prèpei na
trofodoteÐtai me tˆsh megalÔterh twn 0.73V lìgw thc VBEmin.

ˆ kai èna gia thn pìlwsh sth bˆsh tou tranzÐstor koin c bˆshc . H tˆsh �èloume na
eÐnai2V, ìpwc anafè�hke se prohgoÔmena upokefˆlaia .

Sunep¸c , ulopoi �hkan dÔo ka�rèptec reÔmatoc , ènac gia trofodosÐa stic bˆseic
tou common emitter kai ènac gia trofodosÐa stic bˆseic tou common base. Dustuq¸c
me ton trìpo autì auxˆnetai h tim  thc katanˆlwshc isqÔoc , miac kai qrhsimopoioÔntai
diplˆsioi klˆdoi gia trofodosÐa se kˆ�e stˆdio .

Ta dÔo dc kukl¸mata pìlwshc me geiwmènouc ekpompoÔc pou qrhsimopoi �hkan sthn
kaskodik  sundesmologÐa tou enisqut  gia mikrokumatikèc suqnìthtec parousiˆzontai
sthn eikìna 5.10.

Sq ma 5.10: ShmeÐa leitourgÐacDC tou kukl¸matoc pìlwshc
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Arqikˆ , diamorf¸noume ton ka�rèpth reÔmatoc tou koinoÔ ekpompoÔ ru�mÐzontac
katˆllhla thn tim  thc antÐstashc kai tou megè�ouc tou tranzÐstor gia thn epÐteuxh tou
reÔmatoc Ic = 12:05mA, ìpwc upologÐsthke sto kefˆlaio 5.3, gia thn epÐteuxh mègistou
fT . SÔmfwna me ta apotelèsmata thc dc anˆlushc pou emfanÐzontai sto sq ma 5.10,
eÐnai emfanèc ìti mèsw aut c thc diˆtaxhc ikanopoi �hkan kai oi treic prodiagrafèc .

5.6 SqedÐash kukl¸matoc exìdou

H sqedÐash tou enisqut  xekinˆ afairetikˆ . Sugkekrimèna diaspˆme nohtikˆ ton �ew-
rhtikì mèqri stigm c tristadiakì enisqut  sta epimèrouc stˆdiˆ tou arqÐzontac apì to
stˆdio exìdou .

Apì thn anˆlush twn prohgoÔmenwn kefˆlaiwn èqoun apokthjeÐ ìlec oi aparaÐthtec
plhroforÐec gia thn sqedÐash enìc diaforikoÔ cascodeenisqut  . 'Eqoume  dh prosdiorÐ-
sei sto upokefˆlaio 5.2 th mègisth epitrepìmenh talˆntwsh tˆshc gia th dedomènh
teqnologÐa, kaj¸c kai ta kukl¸mata pìlwshc pou �a qrhsimopoihjoÔn gia na epi-
teuqjoÔn oi epijumhtèc timèc pìlwshc twn bˆsewn thc cascode sundesmologÐac kai to
reÔma pou diarrèei to sullèkth Ic = 12:05mA. Epomènwc th dedomènh stigm  qreiˆzetai
na kajoristeÐ h morfologÐa twn kuklwmˆtwn matching (antistoÐqishc ) eisìdou kai exìdou
me tic antÐstoiqec �Ôrec touc .

Me bˆsh th �ewrÐa gia thn epÐteuxh mègistou kèrdouc 2.5 upologÐzetai h tim  thc sÔn-
�ethc antÐstashc exìdou ZL, pou "koitˆei " proc ton sullèkth thc cascodesundesmologÐac
monoÔ akrodèkth me antÐstash 50W stic �Ôrec . Gia na gÐnei pio katanohtì , sto sqhmatikì
pou parousiˆzetai sthn eikìna 5.7, efarmìsthkan oi exis¸seic tou kefalaÐou 2.5 kai
sugkrÐjhkan me tic timèc ZM1 kai ZM2, pou upologÐzontai autìmata apì thn proso-
moÐwsh twnS paramètrwn . Epilègontac ton arnhtikì suntelest  anˆklashc � L brè�hke
h tim  ZL = 10; 45 + 57:1j. H tim  aut  prosarmìsthke katˆllhla gia na qrhsimopoihjeÐ
wc empèdhsh sth nèa �Ôra , ìpwc faÐnetai sto sq ma 5.11. Sugkekrimèna, pˆrjhke h
suzug c tim  thc , diìti pleìn apoteleÐ mèroc thc �Ôrac , kai epipleìn diplasiˆsthke gia
th diaforik  sundesmologÐa . 'Ara :

ZLNEW = 20 � 114j

Sq ma 5.11:KÔklwma exìdou mazÐ mebalun exìdou
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Sq ma 5.12: Oi S parˆmetroi pou proèkuyan apì to sqhmatikì 5.11

'Opwc faÐnetai sthn eikìna , katˆ th sqedÐash tou matching kukl¸matoc exìdou qrhsi-
mopoi jhkan decoupling puknwtèc stic sundèseic kontˆ sthn trofodosÐa . EÐnai zwtik c
shmasÐac gia to kÔklwma kai den ephreˆzoun polÔ to matching. H tim  touc èprepe
na eÐnai arket  , ¸ste to SRF shmeÐo touc na eÐnai kˆtw apì 100 GHz. ShmasÐa gia ton
decoupling puknwt  èqei h empèdhsh proc thn geÐwsh na eÐnai polÔ qamhl  , kai ìqi na
douleÔei aparaÐthta o puknwt c kˆtw apì thn SRF.

Apì tic grafikèc twn S paramètrwn kai sugkekrimèna apì thn S22 diapist¸netai ìti
epiteÔq�hke swstˆ to matching exìdou sta 145GHz.

Parakˆtw parousiˆzetai h eikìna tou telikoÔ trÐtou stadÐou me to balun exìdou ,
sthn opoÐa axÐzei na parathrh�eÐ ìti topojet jhkan mikrèc grammèc metaforˆc me epag-
wgikì qarakt ra metaxÔ ekpomp¸n kai ghc gia na beltiwjeÐ h eustˆjeia . Se diaforetik 
perÐptwsh , h antÐstash eisìdou mporeÐ na gÐnei arnhtik  gia èna stˆdio epagwgik c
fìrtwshc CS / CE. Belti¸netai epÐshc h grammikìthta .

Sq ma 5.13: To telikì kÔklwma tou 3ou stadÐou me to balun exìdou
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Metˆ thn olokl rwsh tou diktÔou antistoÐqishc exìdou , sqediˆzoume èna kukl¸ma
eisìdou se morf  L, ìpwc faÐnetai sthn eikìna 5.13,san na eÐqame monostadiakì enisqut  .
Arqikˆ oi timèc tou L•matching kukl¸matoc proèkuyan me antÐstoiqh diadikasÐa me aut 
tou kukl¸matoc exìdou , dhlad  Conjugate Matching (kefˆlaio 2.5). Wstìso exaitÐac tou
ìti h eÐsodoc tou trÐtou stadÐou apoteleÐ mèroc twn endÐameswn kuklwmˆtwn metaxÔ
twn stadÐwn kai den sundèetai me to balun eisìdou , oi timèc pou upologÐsthkan ˆllaxan
arketˆ , ìpwc analÔetai sthn epìmenh parˆgrafo , kai katèlhxan se autèc thc eikìnac
5.13.

5.7 SqedÐash endiˆmeswn kuklwmˆtwn

Oi tupikèc prodiagrafèc tou enisqut  apaitoÔn mia kal  antistoÐqish eisìdou kai
exìdou kai èna sunolikì kèrdoc enisqut  , pou na eÐnai stajerì pˆnw apì th z¸nh
dièleushc . Autèc oi prodiagrafèc prosdiorÐzoun thn antÐstash kai ta qarakthris-
tikˆ thc apìkrishc suqnìthtac twn diktÔwn antistoÐqishc tou enisqut  . Oi energèc
suskeuèc �ewroÔntai monomereÐc sthn arq  kai oi sÔnjetec antistˆseic aut¸n twn en-
erg¸n suskeu¸n diamorf¸nontai se morf  lumped stoiqeÐwn, ètsi ¸ste na eÐnai dunat 
h anexˆrthth sqedÐash twn diktÔwn antistoÐqishc . 'Etsi , kˆ�e dÐktuo antistoÐqishc lei-
tourgeÐ metaxÔ katˆllhlwn sÔnjetwn antistˆsewn kai prèpei na emfanÐzei mia epÐpedh
apìkrish suqnìthtac .

Ta dÐktua antistoÐqishc metaxÔ twn endiˆmeswn stadÐwn sqediˆzontai gia megistopoÐhsh
thc metaforˆc isqÔoc . H Ðdia diadikasÐa me prin epanalambˆnetai gia kˆ�e prohgoÔmeno
stˆdio me to Vswing na kajorÐzetai apì to Vinput gia to epìmeno stˆdio , ètsi ¸ste na
apofeuqjeÐ h sumpÐesh kèrdouc. Epomènwc sqediˆsthkan duo olìidia endiˆmesa stˆdia ,
ìpwc faÐnetai sthn eikìna 5.14: èna pou perilambˆnei thn èxodo tou 1ou stadÐou kai thn
eÐsodo tou 2ou, kai èna pou perilambˆnei thn èxodo tou 2ou stadÐou kai thn eÐsodo tou
3ou.

Sq ma 5.14: EndÐameso kÔklwma tou enisqut 
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5.8 SqedÐash kukl¸matoc eisìdou

Akolou�¸ntac akrib¸c thn Ðdia diadikasÐa me to kÔklwma exìdou , dhladh qrhsi-
mopoi¸ntac tic exis¸seic thc �ewrÐac gia thn epÐteuxh mègistou kèrdouc 2.5 upologÐze-
tai h tim  thc sÔnjethc antÐstashc exìdou ZS, pou "koitˆei " proc ton sullèkth thc
cascode sundesmologÐac monoÔ akrodèkth me antÐstash50W stic �Ôrec . Autèc oi exis¸-
seic efarmìsthkan sto sqhmatikì 5.7, afìtou eÐqe epilegeÐ to kÔklwma matching eisìdou
na eÐnaiL• tÔpou gia na upologistoÔn oi katˆllhlec timèc . Epilègontac ton arnhtikì
suntelest  anˆklashc � S brè�hke h tim  ZS = 6:73 + j2:9. H tim  aut  prosarmìsthke
katˆllhla gia na qrhsimopoihjeÐ wc empèdhsh sth nèa �Ôra , ìpwc faÐnetai sto sq ma
5.15. Sugkekrimèna pˆrjhke h suzug c tim  thc , diìti pleìn apoteleÐ mèroc thc �Ôrac ,
kai epipleìn diplasiˆsthke gia thn diaforik  sundesmologÐa . 'Ara :

ZSNEW = 15� 5:5 j

Sq ma 5.15: KÔklwma eisìdou mazÐ mebalun eisìdou

Sq ma 5.16: Oi S parˆmetroi pou proèkuyan apì to sqhmatikì 5.15
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Apì to parapˆnw diˆgramma twn S paramètrwn , kai sugkekrimèna apì thn S11eÐnai
emfanèc ìti pragmatopoi �hke epituq¸c to matching eisìdou sta 145GHz.

Parèqontai epÐshc eukrin¸c ta kukl¸mata 1ou kai 2ou stadÐou stic eikìnec 5.17kai
5.18 antÐstoiqa . ParathreÐtai ìti kai se autˆ ta kukl¸mata qrhsimopoi jhkan decou•
pling puknwtèc , kaj¸c kai oi mikrèc mikrèc grammèc metaforˆc me epagwgikì qarakt ra
metaxÔ ekpomp¸n kai ghc gia na beltiwjeÐ h eustˆjeia .

Sq ma 5.17:To telikì kÔklwma tou 1ou stadÐou me to balun eisìdou

Sq ma 5.18: To telikì kÔklwma tou 2ou stadÐou
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Tèloc parousiˆzetai h eikìna tou oloklhrwmènou enisqut  me ta balun tou . Bˆsei
aut c thc diˆtaxhc proèkuyan oi metr seic pou parousiˆzontai ekten¸c sto epìmeno
kefˆlaio .

Sq ma 5.19: Sqhmatikì OlikoÔ Kukl¸matoc
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Kefˆlaio 6 : Apotelèsmata
Prosomoi¸sewn

6 Apotelèsmata Prosomoi¸sewn

Se autì to Kefˆlaio �a parousiˆstoun analutikˆ oi mè�odoi kai ta apotelèsmata
twn prosomoi¸sewn pou pragmatopoi �hkan sto kÔklwma tou tristadiakoÔ diaforikoÔ
enisqut  , sth fˆsh pou èqei oloklhrw�eÐ h sqedÐas  tou me ta katˆllhla stoiqeÐa thc
biblio� khc B11HFC kai me balun eisìdou kai exìdou sqediasmèna se morf  layout mèsw
tou progrˆmmatoc hlektromagnhtik c prosomoÐwshc Sonnet EM.

6.1 Upologismìc S paramètrwn

Sth diamìrfwsh miac ka�ar c eikìnac gia th leitourgÐa tou enisqut  , shmantikìtato
rìlo diadramatÐzei h melèth twn S•Paramètrwn . Gia th mètrhsh aut¸n twn paramètrwn
epilègetai h anˆlush Sp, sto SpectreRF tou Cadence.

Sto Sq ma 6.1 parousiˆzetai h S11 parˆmetroc h opoÐa antiproswpeÔei pìsh isqÔc
antanaklˆtai apì ton enisqut  kai wc ek toÔtou eÐnai gnwst  wc suntelest c anˆklashc
(merikèc forèc epigrˆfetai wc �   ap¸leia epistrof c ). H shmantikìterh plhroforÐa
pou prosfèrei h S11 eÐnai to kata pìso tairiˆzei h antÐstash pou "blèpei " h eÐsodoc
tou enisqut  sta 145GHz me thn antÐstash thc phg c eisìdou , pou èqei oristeÐ sta 50
 .
'Oso megalÔterh eÐnai aut  h parˆmetroc katˆ apìluth tim  , tìso pio epituqhmèno eÐnai
to taÐriasma , gegonìc pou ikanopoieÐtai ston enisqut  mac sta 145GHz, afoÔ :

S11= � 35:3dB

Sq ma 6.1: H paramètroc S11(dB) sunart sei thc suqnìthtac
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Kat ' antÐstoiqo trìpo orÐzetai kai h parˆmetroc S22, h opoÐa antiproswpeÔei ton
suntelest  anˆklashc thc �Ôrac exìdou kai to katˆ pìso tairiˆzei h exìdoc tou kuk-
l¸matoc me thn antÐstash �Ôrac exìdouc 50
 .

S22 = � 26:06dB

Sq ma 6.2: H paramètroc S22(dB) sunart sei thc suqnìthtac

Oi parˆmetroi S perigrˆfoun th sqèsh eisìdou •exìdou metaxÔ �ur¸n (  termatik¸n )
se èna hlektrikì sÔsthma . 'Eqontac topo�et sei 2 �Ôrec ston enisqut  (Port 1 sthn
eÐsodo kai Port 2 sthn èxodo), to S12 antiproswpeÔei to suntelest c metˆdoshc s matoc
apì th �Ôra 2 sth �Ôra 1, onomˆzetai kai apomìnwsh (isolation). E pomènwc epi�umeÐtai
h kalÔterh dunat  apomìnwsh metaxÔ thc eisìdou kai thc exìdou , ˆra megˆlh tim  S12,
¸ste na mhn anaklˆtai pÐsw megˆlo posostì tou s matoc .

S12 = � 103:99dB

Sq ma 6.3: H paramètroc S12(dB) sunart sei thc suqnìthtac
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Kˆ�e parˆmetroc S eÐnai ènac lìgoc, opìte eÐnai basikˆ mh diastatikìc ìroc (qwrÐc
monˆda). Wstìso , katˆ thn perigraf  tou megè�ouc thc paramètrou S, h monˆda "dB"
qrhsimopoieÐtai sun �wc me ènan koinì logˆrijmo . Analutik  perigraf  twn S parˆmetrwn
gÐnetai sto kefˆlaio thc �ewrÐac 2.2.

H parˆmetroc S21 deÐqnei thn isqÔ pou metafèretai apì th �Ôra 1 sth �Ôra 2 (
ap¸leia eisagwg c IL). Eidikˆ se kÔklwma enisqut  , h S21 antiproswpeÔei to kèrdoc tou .
Epomènwc, apoteleÐ th shmantikìterh parˆmetro gia touc stìqouc pou �èsame exarq c
na petÔqei o enisqut c . ParathroÔme sto Sq ma 6.4 ìti mègisto kèrdoc epitugqˆnetai
sta 141.5GHzkai isoÔtai me 29.5dB, en¸ sth suqnìthta endiafèrontoc fo = 145GHz to
kèrdoc isoÔtai me :

S21 = 28:8dB

tim  arketˆ ikanopoihtik  , bˆsei twn problhmˆtwn sqediasmoÔ se mikrokumatikèc
suqnìthtec , kai arketˆ kontˆ stouc stìqouc pou tè�hkan .

Sq ma 6.4: To kèrdoc S21(dB) me epishmasmènh thn kentrik  suqnìthta fo = 145GHz
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6.2 EÔroc Suqnot twn 3dB

'Enac idanikìc leitourgikìc enisqut c èqei aprosdiìristh apìkrish suqnìthtac kai
mporeÐ na enisqÔsei opoiod pote s ma suqnìthtac apì DC èwc tic uyhlìterec suqnìthtec
AC, epomènwc �ewreÐtai ìti èqei ˆpeiro eÔroc z¸nhc . Me ton pragmatikì enisqut  , to
eÔroc z¸nhc periorÐzetai apì ton parˆgonta Gain Bandwidth (GB), o opoÐoc eÐnai Ðsoc
me th suqnìthta , ìpou to kèrdoc tou enisqut  gÐnetai èna .

Wc suqnìthta apokop c orÐzetai suqnˆ wc h suqnìthta •shmeÐo anaforˆc gia thn
opoÐa h apolab  tou kèrdouc S21isoÔtai me to 0.707 thc mègisthc tim c thc   me •3 dB.
O enisqut c �èloume na epitrèpei th dièleush suqnot twn mèsa se mÐa sugkekrimènh pe-
rioq  , h opoÐa kajorÐzetai apì dÔo suqnìthtec apokop c , mÐa qamhl    kˆtw suqnìthta
apokop c flow kai mÐa uyhl    pˆnw suqnìthta apokop c fhigh kai na aporrÐptei ìlec
tic suqnìthtec pou eÐnai ektìc autoÔ tou diast matoc . Epomènwc h perioq  metaxÔ twn
dÔo suqnot twn apokop c apoteleÐ th z¸nh dièleushc . To eÔroc z¸nhc BW (Bandwidth)
eÐnai h diaforˆ metaxÔ thc an¸terhc kai kat¸terhc suqnìthtac apokop c :

BW 3dB = f high � f low

Gia na upologÐsoume to eÔroc z¸nhc 3dB tou enisqut  mac , qrhsimopoi same anˆlush
S paramètrwn . Arqikˆ , brÐskoume mèsw thcS21 paramètrou thn mègisth tim  kèrdouc ,
pou sth prokeimènh perÐptwsh eÐnai 29.5dB, kai sth sunèqeia afair¸ntac apì aut 
thn tim  3dB, katagrˆfoume tic suqnìthtec stic opoÐec antistoiqoÔn autèc oi duo timèc
kèrdouc (ek dexi¸n fhigh kai exaristerìn flow tou mègistou kèrdouc ). ParathroÔme sto
Sq ma 6.5 ìti to eÔroc z¸nhc 3•dB gia ton enisqut  eÐnai 18.5 GHz me to kèrdoc na
kumaÐnetai apì 26.5dB èwc 29.5dB stic suqnìthtec 130.6•149.1 GHz.

BW 3dB = f high � f low =) BW 3dB = 149 :1GHz � 130 :6GHz

BW3dB = 18:5GHz

Sq ma 6.5: Diˆgramma S21(dB) me epishmasmèna shmeÐa gia eÔroc suqnot twn3dB
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6.3 'Elegqoc eustˆ�eiac

Oi parˆmetroi me tic opoÐec exetˆzoume thn eustˆ�eiac enìc kukl¸matoc enisqut 
parousiˆsthkan analutikˆ sto kefˆlaio 2.3. Oi duo basikèc metrikèc thc eustˆ�eiac ,
pou dÐnontai apì thn anˆlush S•paramètrwn , eÐnai o suntelest c eustˆ�eiac (k•factor)
kai boh�htikìc ìroc eustˆ�eiac B 1f, ìpou se sunduasmì me thn parˆmetro D dÐnoun th
dunatìthta exagwg c sumperˆsmatoc perÐ eustˆ�eiac sÔmfwna me th sun� kh Rollet.
EÐnai katanohtì sunep¸c apì tic exis¸seic 2.28 kai 2.30 pwc gia ton upologismì touc
qrhsimopoi �hke kai ed¸ h anˆlush S•paramètrwn sthn ektèlesh thc prosomoÐwshc .
Mèsw thc sp prosomoÐwsh tou Virtuoso proèkuyan ta diagrˆmmata sta Sq mata 6.6 kai
6.7 efarmìzontac to hicum montèlo twn tranzÐstorc se fˆsma suqnot twn 100 � 200 GHz
gia �ermokrasÐa 65� C. 'Opwc faÐnetai sta diagrˆmmata , isqÔoun prˆgmati oi sun� kec
k f > 1 kai B1f > 0 se ìlec tic suqnìthtec . EpÐshc, h parˆmetroc |D| upologÐsthke sto
calculator tou Virtuoso kai proèkuye mikrìterh thc monˆdac . AxÐzei na parathrh�eÐ ,
wstìso ìti h tim  thc paramètrou k f eÐnai terˆstia :

kf min = 2:44k

H tim  aut  ìntwc dhl¸nei eustˆ�eia , ìmwc eÐnai shmantikì na shmeiw�eÐ ìti , gia na
upologistoÔn autoÐ oi suntelestèc , lambˆnontai up 'ìyin oi S•parˆmetroi pou koitˆzoun
sthn eÐsodo kai thn èxodo tou tristadiakoÔ enisqut  , qwrÐc na dÐnetai plhroforÐa gia
to ti sumbaÐnei metaxÔ twn stadÐwn. EÐnai pi�anì na upˆrqei astˆ�eia eswterikˆ se
kˆpoio stˆdio kai na mhn eÐnai faner  me aut  th mè�odo . Me skopì na exaleif�eÐ kˆ�e
upìnoia astˆ�eiac , melet �hke o diaforikìc kai o koinìc trìpoc leitourgÐac se kˆ�e
stˆdio tou enisqut  , ìpwc analÔetai stic epìmenec duo upoenìthtec .

Sq ma 6.6: Diˆgramma tou suntelest  eustˆ�eiac k tou 3•stadiakoÔ eniqut 

Sq ma 6.7: Diˆgramma tou suntelest  eustˆ�eiac B 1f tou 3•stadiakoÔ eniqut 
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6.3.1 Diaforikìc trìpoc leitourgÐac

'Opwc anafèrjhke kai sthn prohgoÔmenh parˆgrafo , gia thn plhrìthta tou elègqou
thc eustˆjeiac tou sqediasmènou enisqut  isqÔoc , �a  tan frìnimo na elegqjeÐ h ikanopoÐ •
hsh thc sunj khc Rollet kˆ�e stadÐou xeqwristˆ se diaforikì kai koinì trìpo lei-
tourgÐac.

'Oson aforˆ ston diaforikì trìpo leitourgÐac , h apìfash gia thn katˆllhlh sun-
desmologÐa  tan arketˆ apl  . Paratè�hke kˆ�e stˆdio xeqwristˆ , ìpwc akrib¸c eÐnai
ston tristadiakì enisqut  me tic trofodosÐec tou kai topojet jhkan dÔo �Ôrec sÔnjethc
empèdhshc 100W h kˆjemÐa (h tim  thc empèdhshc den paÐzei rìlo ston upologismì twn
paramètrwn eustˆjeiac ) sthn eÐsodo kai thn èxodo kˆ�e stadÐou gia thn ulopoÐhsh thc
anˆlushc S paramètrwn , ìpwc parousiˆzetai sto Sq ma 6.8.

Sq ma 6.8: KÔklwma enìc stadÐou se diaforikì trìpo leitourgÐac

Sth sunèqeia , elègxame tic paramètrouc k kai B1f gia èna eÔroc �ermokrasi¸n apì 0�

C èwc 125� C pou epilèq�hkan deigmatolhptikˆ gia to hicum kai to nominal montèlo.
Parathr �hke ìti oi diaforèc twn dÔo montèlwn  tan elˆqistec . Diapist¸jhke

epÐshc pwc oi timèc k kai B1f  tan paremfereÐc se kˆ�e stˆdio me to suntelest c k na
eÐnai megalÔteroc thc monˆdac kai to B 1f megalÔtero tou mhdenìc gia ìlec tic suqnìthtec
kai se ìlec tic �ermokrasièc pou epilèq�hkan . Sto sq ma 6.9 parousiˆzetai , endeiktikˆ ,
mìno h tim  k pr¸tou stadÐou se �ermokrasÐa 65� C se prosomoÐwsh mehicum mon-
tèlo . Gia thn pl rh dieujèthsh thc eustˆjeiac , akoloujeÐ h melèth tou koinoÔ trìpou
leitourgÐac .

Sq ma 6.9: Diˆgramma parˆgonta k gia to 1o stˆdio tou enisqut 
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6.3.2 Koinìc trìpoc leitourgÐac

Sto sqhmatikì koinoÔ trìpou leitourgÐac (common mode) 6.10 apofasÐsthke na
afairejeÐ to antÐstoiqo kÔklwma exìdou kˆ�e stˆdiou kai na sundejeÐ to idanikì montèlo
metasqhmatist  thc biblioj khc kateujeÐan ston sullèkth tou enisqut  .

Me autì to trìpo , sun �wc parathroÔntai akìma kai ta bias probl mata (an up-
ˆrqoun ). Gia parˆdeigma , sthn eÐsodo paÐrnoume thn parˆllhlh sÔnjeth antÐstash (par•
allel impedance) apì to kÔklwma kai to bias shmeÐo an eÐnai arnhtikì to fantastikì mèroc
thc antÐstashc aut c lìgw thc epÐdrashc tou enisqut  , �a faneÐ mèsw thc paramètrou
eustˆjeiac k.

Sq ma 6.10: KÔklwma koinoÔ trìpou leitourgÐac enìc stadÐou

OmoÐwc me thn perÐptwsh tou diaforikoÔ trìpou leitourgÐac , melet �hkan oi paramè •
troi k kai B1f se �ermokrasÐec apì 0� C èwc 125� C, ka�¸c epÐshc kai sta dÔo montèla
prosomoÐwshc NOM kai HICUM.

Ka�emiˆ apì tic prosomoi¸seic brè�hke entìc twn epitrept¸n orÐwn . Sthn prokeimènh
perÐptwsh , epilèxame na parousiˆsoume , endeiktikˆ mìno ton suntelest  k tou pr¸tou
stadÐou se �ermokrasÐa 125� C, ìpwc faÐnetai sto Sq ma 6.11,¸ste na mhn paratajoÔn
ìla autˆ ta diagrˆmmata . Wstìso , ìlec oi ekdoqèc exetˆsthkan kai oi parˆmetroi eustˆ-
�eiac brè�hkan se kˆ�e perÐptwsh entìc twn orÐwn (k>1 kai B 1f>0) se eÔroc suqnot twn
70•200 GHz. Epomènwc, odhgoÔmaste sto sumpèrasma ìti o sqediasmènoc enisqut c eÐnai
eustaj c ˆneu ìrwn .

Sq ma 6.11:Diˆgramma parˆgonta k gia to 1o stˆdio tou enisqut 
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6.4 Upologismìc IsqÔoc Exìdou

Sth sqedÐash enìc enisqut  , h melèth thc sumperiforˆc tou , ìson aforˆ sthn isqÔ
exìdou apoteleÐ , anagkaÐa proôpìjesh . 'Enac enisqut c isqÔoc RF se qamhl  isqÔ eisì-
dou èqei arqikˆ grammik  leitourgÐa , dhlad  enisqÔei to s ma eisìdou me to kajorismèno
kèrdoc . H isqÔc exìdou tou , wstìso , den mporeÐ na auxˆnetai ep 'aìriston . Upˆrqei
èna shmeÐo, metˆ apì to opoÐo h aÔxhsh thc isqÔoc eisìdou den parˆgei mia ais�ht 
aÔxhsh thc isqÔoc exìdou. Se autì to shmeÐo, o enisqut c �ewreÐtai koresmènoc , kai ex
orismoÔ, h èxodoc den eÐnai anˆlogh me to s ma eisìdou, me th klÐsh metaxÔ touc en tèlei
na mhdenÐzetai. To epÐpedo isqÔoc sto opoÐo sumbaÐnei autì eÐnai gnwstì wc koresmènh
isqÔ exìdou Psat. H koresmènh isqÔc exìdou eÐnai h mègisth isqÔc exìdou pou mporeÐ na
paraqjeÐ apì ènan enisqut  .

Gia upologismoÔc pou sqetÐzontai me th metabol  thc isqÔoc eisìdou kai ìqi ston
ˆxona thc suqnìthtac , qrhsimopoioÔme th harmonic balance prosomoÐwsh, sthn opoÐa
orÐsame th sumbol  11armonik¸n kai wc suqnìthta suntonismoÔ thn fo = 145GHz. H pro-
somoÐwsh pragmatopoi jhke se �ermokrasÐa 65‰, pou eÐnai proseggistik  sth �ermokrasÐa
pou �a ftˆnei to chip, me to hicum montèlo, to opoÐo �ewreÐtai pio realistikì kai ax-
iìpisto apì to nominal montèlo.

Metatrèpontac thn isqÔ eisìdou apì •60dBm èwc 20dBm, katagrˆfhkan ìlec oi
antÐstoiqec timèc isqÔoc exìdou pou parˆgei o enisqut c , ìpwc faÐnetai sto Sq ma
6.12. H isqÔc koresmoÔ dhladh, thc mègisthc apodidìmenhc isqÔoc sto fortÐo , to opoÐo
prokÔptei apì isqÔ eisìdou •4dBm gia � =65� C, isoÔtai me :

Psat = 11dBm

Sq ma 6.12: Diˆgramma IsqÔoc exìdou Pout(dBm) sunart sei thc isqÔoc eisìdou Pin (dBm)

AxÐzei na anafer�eÐ kai h katanˆlwsh isqÔoc tou enisqut  , dhlad  h DC isqÔc sto
shmeÐo hremÐac twn tranzÐstor, h opoÐa, exaitÐac twn poll¸n gramm¸n pìlwshc kai
trofodosÐac twn diˆforwn stadÐwn , eÐnai arketˆ uyhl  . Efarmìsthke DC anˆlush se
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olìklhro to kÔklwma kai to sunolikì reÔma pou katanal¸netai brè�hke IC = 128:5mA.
Epomènwc, h katanˆlwsh isqÔoc upologÐsthke mèsw thc gnwst c sqèshc :

PDC = V DD I C = 3:3V � 128 :5mA

PDC = 425:05mW

6.5 ShmeÐo sumpÐeshc1dB • P1dB

'Opwc anafèr�hke kai sthn prohgoÔmenh parˆgrafo , se èna diˆgramma sto opoÐo
anaparistˆtai h isqÔc exìdou sunart sei thc isqÔoc eisìdou enìc enisqut  , prokÔptei ,
arqikˆ , mia eu�eÐa (grammik  sqèsh), h klÐsh thc opoÐac eÐnai to kèrdoc. IsqÔei gia
sugkekrimènec suqnìthtec :

IsqÔc exìdou = IsqÔc eisìdou + Kèrdoc

Ka�¸c h isqÔc eisìdou suneqÐzei na auxˆnetai , èrqetai èna shmeÐo, ìpou to kèrdoc
arqÐzei na mei¸netai, epomènwc, h isqÔc exìdou tou enisqut  stamatˆei na auxˆnetai
grammikˆ kai arqÐzei na odhgeÐtai se koresmì.

Wc shmeÐo sumpÐeshc1dB (P1dB   OP1dB) orÐzetai to epÐpedo isqÔoc exìdou, sto
opoÐo to kèrdoc mei¸netai katˆ 1dB se sÔgkrish me thn asumptwtik  tim  mikroÔ s -
matoc. H parˆmetroc aut  (P1dB) qrhsimopoieÐtai gia thn axiolìghsh thc grammik c
upobˆjmishc enìc kukl¸matoc lìgw paramìrfwshc . Mìlic ènac enisqut c ftˆsei sto
shmeÐoP1dB, odhgeÐtai se sumpÐesh(compression) kai h apìkris  tou gÐnetai mh gram-
mik  , parˆgontac paramìrfwsh s matoc . Gia ton lìgo autì , h leitourgÐa tou enisqut 
prèpei na pragmatopoieÐtai kˆtw apì to shmeÐo sumpÐeshc 1dB. [22]

To shmeÐo1•dB upologÐzetai odhg¸ntac ton enisqut  me hmitonoeidèc kÔma sthn epi-
�umht  suqnìthta s matoc . Sthn eikìna 6.13 parousiˆzetai me prˆsinh gramm  h lei-
tourgÐa metaforˆc kai me lept  maÔrh gramm  h grammik  klÐsh thc (�ewrhtik  gramm 
apì •krishc ). Kai oi dÔo ˆxonec metroÔntai se dBm.

P1dB = 7:84dBm

Sq ma 6.13: Diˆgramma isqÔoc gia eÔresh shmeÐou sumpÐeshc1dB
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6.6 ShmeÐo parembol c trÐthc tˆxhc IP3

Sto shmeÐo autì, exetˆsthke h grammikìthta tou enisqut  me qr sh thc anˆlushc
harmonic balance �ètontac wc stìqo na dhmiourgh�oÔn treÐc armonikèc . Sth �Ôra eisìdou
orÐsthkan dÔo s mata isqÔoc , èna sth � emeli¸dh suqnìthta f1 = 145GHz kai mia sta
f2 = 145:1GHz.

Apì to diˆgramma 6.14 kai sÔmfwna me thn �ewrÐa pou anaptÔq�hke sto kefˆlaio
2.7, parathroÔme ìti to shmeÐo parembol c 3�& tˆxhc brÐsketai ekeÐ pou tèmnontai oi duo
�ewrhtikèc apokrÐseic (maÔrec grammèc) thc 1�& (mple) kai thc 3�& (foÔxia ) armonik c .

IP3 = (IIP3;OIP3) = (� 13:08dBm; 19:2dBm)

QrhsimopoioÔme ton tÔpo 2.55 me skopì ton upologismì thc endodiamìrfwshc IMD
kai thn epal �eush tou shmeÐou parembol c trÐthc tˆxhc IP3(IIP3,OIP3). Oi akìlou�oi
upologismoÐ èginan se isqÔ eisìdou Ðsh me•31dBm. H isqÔc exìdou sthn 1h armonik  ,
sÔmfwna me to diˆgramma eÐnaiPoutf undamental = 0dBm, en¸ sthn 3h armonik  Poutf 3 =
� 35dBm. 'Ara :

IM3 = Poutf undamental� Poutf 3 = 0dBm� (� 35dBm) = 35dBm

OIP3 = Poutf undamental+
IM3

2
= 0dBm+

35dBm
2

= 17:5dBm

Jewr¸ntac grammik  thn sumperiforˆ tou enisqut  �a isqÔei :

Pout = Pin + Gain =) 0IP3 = IIP3 + Gain =) IIP3 = OIP3 � Gain = 17:5 � 28:8 = � 11:3dBm

Prˆgmati , h tim  pou brè�hke IP3=(IIP3,OIP3)=(•11.3dBm, 17.5dBm)mèsw twn exis¸sewn
eÐnai polÔ kontˆ me aut  ap 'ìpou proèkuye apì to graf ma thc prosomoÐwshc .

Sq ma 6.14: KampÔlec eÔreshc tou shmeÐou parembol c 3�& tˆxhc
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6.7 Apìkrish tou enisqut  ston qrìno

Mèqri stigm c ìlec oi analÔseic kai oi prosomoi¸seic pou parousiˆsthkan aforoÔsan
thn apìkrish tou enisqut  sto pedÐo thc suqnìthtac   sunart sei thc isqÔoc eisìdou .
IdiaÐterh shmasÐa èqei kai h apìkrish tou enisqut  isqÔoc sto pedÐo tou qrìnou , h opoÐa
parousiˆzetai sthn parˆgrafo aut  .

PragmatopoÐh�hke transient analysis sto peribˆllon tou Virtuoso gia qronikì diˆsthma
1ns, to opoÐo apoteleÐtai apì 145 periìdouc �ewr¸ntac wc suqnìthta leitourgÐac
fo = 145GHz. Sto sq ma 6.15faÐnetai h tˆsh exìdou (mplè gramm ) sta ˆkra tou fortÐou ,
me tˆsh eisìdou (kìkkinh gramm  ) plˆtouc 350mV (700mV peak to peak). Skopìc tou
enisqut  isqÔoc eÐnai h apodotik  enÐsqush tou s matoc eisìdou qwrÐc thn pros� kh
paramìrfwshc . ParathreÐtai ìti h tˆsh exìdou ftˆnei ta 1.15V (3.3V peak to peak)
apotel¸ntac mia enisqumènh èkdosh thc tˆshc eisìdou , en¸ epÐshc parousiˆzetai mia
mikr  kajustèrhsh sthn exomˆlunsh thc tˆshc exìdou , to opoÐo  tan anamenìmeno lìgw
thc tristadiak c sqedÐashc se autì to fˆsma suqnot twn . Epomènwc, to diˆgramma 6.15
apoteleÐ èndeixh orj c enÐsqushc thc tˆshc eisìdou .

Sq ma 6.15: Apìkrish tou enisqut  ston qrìno

6.8 Efarmog  me�ìdou Load Pull

H anˆlush Load pull apoteleÐ ènan susthmatikì trìpo mètrhshc thc katˆllhlhc
sÔnjethc antÐstashc exìdou (output matching) megˆlou s matoc . Aut  h mè�odoc eÐ-
nai shmantik  gia mh grammikèc suskeuèc megˆlou s matoc , ìpou to shmeÐo leitourgÐac
mporeÐ na allˆxei anˆloga to epÐpedo isqÔoc   ton suntonismì . Load pull sun �wc
den qrhsimopoieÐtai gia grammikèc suskeuèc, ìpou h apìdosh me opoiod pote fortÐo
mporeÐ na problefjeÐ apì mikrì s ma S•paramètrwn . H bajmonìmhsh gia th mètrhsh thc
isqÔoc exìdou apoteleÐtai apì th mètrhsh thc diajèsimhc isqÔoc eisìdou sto epÐpedo
anaforˆc thc phg c isqÔoc . Mìlic gÐnei gnwst  h diajèsimh isqÔc eisìdou , h isqÔc exì-
dou pou parèqetai sto fortÐo mporeÐ na metrh�eÐ me opoiond pote sunduasmì phg c  
fortÐou antÐstash .

Se mia diadikasÐa Load pull, oi suntelestèc anˆklashc exìdou sar¸nontai . To prì-
gramma prosomoi¸sewn tou Cadence, SpectreRF,metrˆ thn isqÔ exìdou kai th sqediˆzei
wc sunˆrthsh tou sÔnjetou fortÐou . Metabˆllontac th tim  tou fortÐou exìdou tou
enisqut  kai wc proc plˆtoc kai wc proc gwnÐa , prokÔptei pl �oc apotelesmˆtwn
pou èqoun na kˆnoun me thn isqÔ. H pio diadedomènh apotÔpwsh twn apotelesmˆtwn
miac Load•Pull anˆlushc gÐnetai me th morf  twn kuklik¸n (  elleiptik¸n ) grafhmˆtwn
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thc isqÔoc, pou apodÐdetai sto fortÐo tou enisqut  , pˆnw sto qˆrth Smith. Kˆ�e
shmeÐo aut¸n twn grafhmˆtwn apoteleÐ kai mÐa isqÔ gia èna sugkekrimèno fortÐo exìdou .
Dedomènou ìti to sÔnjeto fortÐo apaiteÐ dÔo ˆxonec , ta apotelèsmata apeikonÐzon-
tai wc perigrˆmmata stajer c isqÔoc se ènan qˆrth Smith. Ta perigrˆmmata deÐqnoun
p¸c auxˆnetai h isqÔc exìdou , kaj¸c h sÔnjeth antÐstash tou fortÐou proseggÐzei th
bèltisth tim  thc , Zopt.

Se mia oloklhrwmènh load pull mètrhsh , h phg  eÐnai ru�mismènh se mia sta�er  �èsh ,
en¸ h isqÔc metriètai bˆsei miac poikilÐac tuqaÐa topo�ethmènwn shmeÐwn antÐstashc
fortÐou . To pleonèkthma thc me�ìdou tuqaÐou perigrˆmmatoc eÐnai ìti den upˆrqei
gn¸sh tou ti perigrˆmmata eÐnai epi�umhtˆ prin apì th mètrhsh . Autì parèqei polÔ
megalÔterh euelixÐa apì mia prosèggish pou apaiteÐ perigrˆmmata proc anaz thsh .
H mè�odoc perigrˆmmatoc den dÐnei plhroforÐec sqetikˆ me th grammikìthta   ˆllh
sumperiforˆ tou sust matoc .

Me skopì na ektelèsoume mÐa Load•Pull anˆlush gia ton enisqut  mac , diamorf¸noume
katˆllhla ta stoiqeÐa thc �Ôrac eisìdou mèsw thc opoÐac �a lˆbei s ma isqÔoc h eÐsodoc .
Prokeimènou na epiteuq�eÐ h anˆlush aut  epilègetai xanˆ harmonic balance anˆlush
sto ADE L, allˆ aut  th forˆ metabˆlletai to fortÐo exìdou mèsw tou plˆtouc tou
(apì 0 èwc 950m lìgw tou qˆrth Smith) kai thc gwnÐac tou (apì 0� èwc 359� lìgw
tou qˆrth Smith) me empèdhsh anaforˆc Z0 = 50
 . Sto Sq ma 6.16 parousiˆzontai
ta kuklikˆ graf mata isqÔoc thc Load•Pull anˆlushc . Sugkekrimèna, ìla ta kuklikˆ
diagrˆmmata thc isqÔoc èqoun koinì kèntro se èna shmeÐo pou apoteleÐ thn zhtoÔmenh
tim  thc empèdhshc Zd. Apì tic plhroforÐec sto aristerì tm ma thc eikìnac 6.16, eÐnai
fanerì ìti o telikìc enisqut c pou sqediˆsame èqei th dunatìthta paroq c mègisthc
isqÔoc sthn èxodo 10:2dBmgia empèdhsh exìdou :

ZL = Z0(0:29 � j2 :58 ) = 14 :5 � j129

Autì to apotèlesma gia thn isqÔ exìdou eÐnai apìluta ikanopoihtikì , afoÔ plhroÐ
tic apait seic pou �èsame sta arqikˆ kefˆlaia , ka�¸c epÐshc epibebai¸netai kai sthn
enìthta 6.4, ìpou h mègisth isqÔc koresmoÔ Psat upologÐsthke 10:9dBm . AxÐzei na
anafer�eÐ pwc sto upokefˆlaio 5.8 h empèdhsh exìdou pou epilèq�hke eÐnai Ðsh me
ZL = 20 � j114
 , tim  polÔ kontin  se aut  pou brè�hke mèsw thc Load pull diadikasÐac.

Sq ma 6.16: KÔkloi isqÔoc thc Load pull anˆlushc

76



'Opwc exhg jhke parapˆnw , h mè�odo Load pull sunistˆtai gia thn eÔresh thc
bèltisthc sÔnjethc antÐstashc exìdou ZL, h opoÐa parousiˆzetai sto kèntro poll¸n
"kÔklwn " isqÔoc kai mèsw aut c epitugqˆnetai mègisth isqÔc sto kÔklwma . Ston an-
tÐpoda, h kalÔterh tim  sÔnjethc antÐstashc ZL mèsw thc diadikasÐac twn exis¸sewn ,
ìpwc anafèretai sto upokefˆlaio 2.5, odhgeÐ sto mègisto dunatì kèrdoc (Gmax) tou
enisqut  . Oi dÔo autèc diaforetikèc timèc èqoun mia mikr  apìklish kai sun �wc epilège-
tai telikˆ mia tim  gia thn ZL metaxÔ aut¸n twn tim¸n (trade•o�). 'Opwc parousiˆsthke
sto upokefˆlaio 5.8, gia th sqedÐash tou enisqut  aut c thc diplwmatik c , dì�hke idi-
aÐterh shmasÐa sto kèrdoc, epomènwc h diadikasÐaLoad Pull qrhsimopoi jhke kurÐwc wc
parˆgontac elègqou thc katˆstashc pou brÐsketai o enisqut c mac kai ìqi tìso wc ka-
teujunt rioc parˆgontac sthn arq  thc sqedÐashc . Gia ton lìgo autì , de gÐnetai ekten c
parousÐash thc anˆlushc Load pull sta plaÐsia aut c thc ergasÐac . Gia ìsouc anag-
n¸stec endiafèrontai na apokt soun bajÔterh gn¸sh sqetikˆ me thn Load•Pull anˆlush
kai tic teqnikèc pou qrhsimopoioÔntai gia th sqedÐash enisqut¸n isqÔoc , touc parapèm-
poume sto biblÐo [23] .

6.9 Monte Carlo

Sto kÔklwma tou enisqut  efarmìsthke Monte Carlo anˆlush se 300 deÐgmata. Ta
istogrˆmmata tou kèrdouc S21 kai thc isqÔoc exìdou upologÐsthkan me parembol  sta
145GHz kai parousiˆzontai akoloÔ�wc .

ParathreÐtai ìti to istìgramma thc isqÔoc exìdou emfanÐzei sqedìn tèleia gkaousian 
katanom  me elafrˆ arnhtik  klÐsh . Sunep¸c , faÐnetai ìti èqei sta�er  sumperiforˆ
me mèso ìro 11dBmsta 145GHz.

H kampÔlh tou kèrdouc , wstìso , parousiˆzei arnhtik  klÐsh me �etik  kÔrtwsh
(sÔmfwna me thn �ewrÐa sto kefˆlaio 2.8). O mèsoc ìroc thc eÐnai sta 28.7dB, ìpwc eÐqe
upologisteÐ kai me thn anˆlush twn S paramètrwn .

Sq ma 6.17: Istìgramma tou kèrdouc gia 300 deÐgmata
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Sq ma 6.18: Istìgramma thc isqÔoc exìdou gia 300 deÐgmata

6.10 PÐnakac apotelesmˆtwn

Ta apotelèsmata thc prosomoÐwshc anagrˆfontai ston PÐnaka 6.1.

Parˆmetroi Apotelèsmata sta 145GHz

Suntelest c anˆklashc eisìdou S11 � 35 :3dB

Apomìnwsh S12 � 103 :99dB

Kèrdoc Tˆshc S21 28 :8dB

Suntelest c anˆklashc exìdou S22 � 26 :06dB

EÔroc suqnìthtac 3dB 18 :6GHz

Suntelest c eustˆ�eiac k 2440

IsqÔc koresmoÔPsat 11dBm

Katanˆlwsh IsqÔoc PDC 424mW

ShmeÐo sumpÐeshcP1dB 7:84dBm

ShmeÐo parembol c trÐthc tˆxhc IP3 (� 12 :29dBm ; 17dBm )

Paramìrfwsh lìgw endodiamìrfwsh 3hc
tˆxhc IM3

35dBc

PÐnakac 6.1: Sugkentrwtikìc pÐnakac apìdoshc tou enisqut 
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Kefˆlaio 7 : Fusikìc Sqediasmìc
(Layout)

7 Fusikìc Sqediasmìc (Layout)

To teleutaÐo mèroc aut c thc diplwmatik c ergasÐac apotèlese h oloklhrwtik 
sqedÐash tou enisqut  se epÐpedo Layout, pou aposkopoÔse sthn ulopoÐhsh tou telikoÔ
chip mèsw thc diadikasÐac tape out sto ergostˆsio thc etaireÐac In�neon Technologies
AG.

Sto kefˆlaio autì parousiˆzontai oi kanìnec kai ta probl mata pou akolouj jhkan
kai el fjhsan up 'ìyin gia thn omal  metˆbash tou sqediastikoÔ kukl¸matoc apì morf 
me stoiqeÐa thc biblioj khc B11HFC, pou perigrˆfhke sto Kefˆlaio 5, se morf  Lay•
out. Gia to pèrasma autì qrhsimopoi jhkan katˆllhla progrˆmmata hlektromagnhtik c
prosomoÐwshc : Sonnet kai Momentum Virtuoso. AnalÔetai h diˆtaxh thc plakètac
kai ta epiplèon mèrh tou kukl¸matoc pou eÐnai aparaÐthto na sumperilhfjoÔn sth
sqedÐash. 'Olec autèc oi pros� kec prokˆlesan allagèc sto kÔklwma , oi opoÐec peri-
grˆfontai diexodikˆ . Sto tèloc , parousiˆzetai to telikì sqèdio se epÐpedo Layout, to
opoÐo paradì�hke proc ulopoÐhsh .

7.1 Diˆtaxh thc plakètac tupwmènou kukl¸matoc PCB

Megˆlo mèroc thc teqnologÐac pou qrhsimopoioÔme ka�hmerinˆ den �a  tan dunatì na
upˆrxei qwrÐc thn efeÔresh thc plakètac tupwmènwn kuklwmˆtwn (printed circuit board
(PCB)). Me ton trìpo autì , katèsth dunat  h meÐwsh tou megè�ouc tou hlektronikoÔ
exoplismoÔ, ka�¸c epÐshc ègine pio oikonomik  h kataskeu  isqur¸n kuklwmˆtwn .

Oi plakètec tupwmènwn kuklwmˆtwn qrhsimopoioÔntai gia th mhqanik  upost rixh
kai thn hlektrik  sÔndesh hlektronik¸n exarthmˆtwn . Ta PCB perilambˆnoun ag¸gima
monopˆtia , pads   Ðqnh s matoc qaragmèna apì fÔlla qalkoÔ pou eÐnai elasmatopoih-
mèna se èna mh ag¸gimo upìstrwma, pou den ˆgei hlektrismì . Sth sunèqeia , prostÐjentai
hlektronikˆ exart mata sthn plakèta , h epifˆneia thc opoÐac qarˆzetai katˆllhla ,
ètsi ¸ste na epitrèpetai sto reÔma na rèei mèsw tou qalkoÔ apì stoiqeÐo se stoiqeÐo .

O pio basikìc tÔpoc PCB eÐnai h arqik  plakèta mon c str¸shc , h opoÐa peri •
lambˆnei thn topojèthsh enìc str¸matoc qalkoÔ se èna upìstrwma . Oi metagenèsterec
exelÐxeic od ghsan se PCB pollapl¸n strwmˆtwn qalkoÔ , ta opoÐa efarmìzontai se dÔo
  perissìtera epÐpeda upostr¸matoc . Autì katèsthse dunat  thn pros� kh megˆlou
pl �ouc stoiqeÐwn sto PCB kai thn qr sh touc gia th dhmiourgÐa pio isqur¸n suskeu¸n .
Sta poluepÐpeda PCB dÐnetai h dunatìthta kalÔterhc apomìnwshc metaxÔ twn radio-
suqnot twn kai twn yhfiak¸n shmˆtwn mèsw enìc endiˆmesou metallikoÔ str¸matoc ,
pou na leitourgeÐ wc tupik  epifˆneia tou edˆfouc . Sugkekrimèna, gia to kÔklwma tou
enisqut  mac qrhsimopoi same PCB uyhl c suqnìthtac , tou opoÐou ta stoiqeÐa pou em-
plèkontai me RF s mata sullègontai se epÐpeda pˆnw apì to epÐpedo tou edˆfouc ,
en¸ ìsa emplèkontai me yhfiakˆ dc se str¸mata kˆtw apì to epÐpedo tou edˆfouc .
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Wstìso , h pragmatik  apìdosh eÐnai suqnˆ makriˆ apì tic prosdokÐec . H anamenìmenh
kal  apomìnwsh spˆnia gÐnetai pragmatikìthta .

Gia th metˆbash twn shmˆtwn apì to èna str¸ma sto ˆllo , qrhsimopoioÔntai ag¸gima
via, pou eÐnai to kÔrio ergaleÐo sÔndeshc twn diˆforwn epipèdwn . Bèbaia, èna ag¸gimo
via perièqei parasitik  autepagwg  , qwrhtikìthta kai antÐstash , parìlo pou olìklhrh
h epifˆneiˆ tou eÐnai epimetallwmènh . Epomènwc, katˆ ton sqediasmì enìc kukl¸matoc
se PCB, h parasitik  epagwg  kai h antÐstash mporeÐ na qeirotereÔsoun thn apìdosh
tou kukl¸matoc , an den èqoun sunupologisteÐ ta via stic metr seic [15] [26].

Pèran ìlwn aut¸n twn metabol¸n pou prokaloÔn oi metallikèc epifˆneiec pou
qrhsimopoioÔntai katˆ th sqedÐash tou Layout enìc kukl¸matoc , upˆrqoun basikèc pro-
diagrafèc pou krÐnontai anagkaÐec , prokeimènou na epikoinwn sei o enisqut c me to
exwterikì peribˆllon metˆ thn kataskeu  tou . Anaferìmaste dhlad  se ìla ta mèsa
pou qrhsimopoioÔntai gia na trofodothjeÐ o enisqut c me dc tˆsh , me geÐwsh, kaj¸c kai
meRF s mata , kai epiplèon gia na parjoÔn oi metr seic sta ergast ria thc In�neon
Technologies metˆ thn kataskeu  tou enisqut  .

Sthn eikìna 7.1parousiˆzontai ta epimèrouc kommˆtia , ta opoÐa apartÐzoun èna PCB
kai �a analu�oÔn se xeqwristèc upoparagrˆfouc , diìti ka�èna apì autˆ ephreˆzei
katˆ megˆlo posostì th sqedÐash tou enisqut  . Sugkekrimèna :

ˆ ta pads : eidikèc epifˆneiec pou qrhsimopoioÔntai stic eisìdouc kai exìdouc tou
oloklhrwmènou kukl¸matoc , allˆ kai sthn topo�èths  tou pˆnw se mÐa plakèta
PCB, gia thn pragmatopoÐhsh epikoinwnÐac tou me to trofodotikì .

ˆ ESD : eidikˆ diktu¸mata , ta opoÐa qrhsimeÔoun sthn apofìrtish twn epifanei¸n
twn pads apì ta hlektrostatikˆ reÔmata pou dhmiourgoÔntai .

ˆ Bondwires : kal¸dia sÔndeshc , ta opoÐa parousiˆzontai endeiktikˆ sto sq ma 7.1.

Sq ma 7.1:Aplopoihmènh morfologÐa tou chip tou enisqut  [29]
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Sto Sq ma 7.1parousiˆzetai mia pio aplopoihmènh morf  tou ulopoihmènou oloklhrw •
mènou enisqut  pˆnw se PCB, pou �a qrhsimopoihjeÐ gia thn mètrhsh tou enisqut  metˆ
thn ulopoÐhs  tou . Se olìklhrh th megˆlh gkri epifˆneia oriojeteÐtai to test•chip pou
perilambˆnei ton sqediasmèno enisqut  pou en suneqeÐa epikollˆte pˆnw sthn plakèta
PCB. Perimetrikˆ tou oloklhrwmènou enisqut  topojetoÔntai pollèc tetrˆgwnec kai
parallhlìgrammec epifˆneiec , ta pads, gia sÔndesh me to exwterikì peribˆllon tou .
Mia apì tic qrhsimìthtec twn pads eÐnai h dunatìthta sÔndeshc tou kukl¸matoc me to
trofodotikì mèsw kalwdÐwn bondwires kai akid¸n probes.

AxÐzei na shmeiw�eÐ ìti h diˆtaxh ìlwn twn pads, twn dÔo baluns kai twn tri¸n stadÐwn
sthn eikìna 7.1eÐnai h antÐstoiqh thc oloklhrwmènhc telik c Layout morf c tou enisqut 
pou parousiˆzetai sthn eikìna 7.13, sthn opoÐa lìgw twn metallik¸n epifanei¸n den
eÐnai tìso eudiˆkrita ta mèrh autˆ .

7.1.1 Pads kai GSG pads

Ta pads eÐnai oi epifˆneiec sÔndeshc tou kukl¸matoc sto PCB me ton èxw apì to
chip kìsmo , gia autì orÐzontai kai wc Contact Pads. Mèsw twn pads pragmatopoieÐ-
tai h eisagwg  kai exagwg  RF shmˆtwn , kaj¸c kai h dc trofododÐa tou kukl¸ma-
toc . H sÔndesh, sthn opoÐa anafèretai o ìroc contact pads, den periorÐzetai mìno sta
kal¸dia twn orgˆnwn mètrhshc kai tou trofodotikoÔ , allˆ kai wc mèso sÔzeuxhc mèsw
mikr¸n kalwdÐwn bondwires me èna epìmeno   prohgoÔmeno oloklhrwmèno kÔklwma, sthn
perÐptwsh pou to kÔklwmˆ mac apoteleÐ mèroc miac alusÐdac enìc megˆlou sust matoc .
Epomènwc, topojet¸ntac pads sthn eÐsodo kai thn èxodo enìc kukl¸matoc parèqetai h
dunatìthta trofodosÐac , l yhc metr sewn , akìmh kai paketarÐsmatoc (packaging) tou
ulopoihmènou oloklhrwmènou kukl¸matoc .

Sta plaÐsia aut c thc diplwmatik c ergasÐac qrhsimopoi jhkan apokleistikˆ Pads
alouminÐou. SumperaÐnoume loipìn, pwc ìlec oi epafèc tou kukl¸matoc apoteloÔ •
ntai apì mÐa stoÐba braqukuklwmènwn metˆllwn , to uyhlìtero apì ta opoÐa eÐnai to
aloumÐnio, en¸ to kat¸tero diafèrei genikˆ , anˆloga me th leitourgÐa kai th sÔndesh
thc ekˆstote epaf c . Sthn prokeimènh perÐptwsh , ta parametrikˆ pads (autˆ entìc
tou chip) èqoun wc kat¸tero epÐpedo mia lept  metallik  epifˆneia qalkoÔ , pou sth
sugkekrimènh teqnologÐa brÐsketai èxi metallikèc str¸seic kˆtw apì to aloumÐnio , kai
sumbatikˆ sto prìgramma prosomoÐwshc qarakthrÐzetai wc "Metal 1".

Genikìtera , h tˆsh Vdd, ka�¸c kai h pragmatik  gh (Ground) twn trofodotik¸n , de
sundèetai kateu�eÐan sta pads entìc tou chip, me exaÐresh taGSG pads. Arqikˆ , gh
kai s ma trofodosÐac ftˆnoun mèsw akÐdwn (probes) se pads pou brÐskontai pˆnw sthn
PCB kai faÐnontai endeiktikˆ sto Sq ma 7.1wc paqiˆ maÔra or�og¸nia kai sth sunèqeia
mèsw kalwdÐwnbondwires sundèontai stic pollaplèc epafèc (pads entìc tou chip), pou
qrhsimopoioÔntai apì ton enisqut  wc gh   phgèc tˆshc antÐstoiqa .

Idanikˆ , �a  tan epi�umhtì ta pads entìc tou chip na eÐnai ìso to dunatìn megalÔtera
se epifˆneia . To sumpèrasma autì prokÔptei apì to gegonìc ìti ta bondwires eisˆgoun
autepagwg  , h opoÐa epibarÔnei thn apìkrish tou enisqut  . Epomènwc, ìso megalÔtero
eÐnai to embadìn miac epaf c , tìso perissìtera bondwires mporoÔn na sunde�oÔn se
parallhlÐa , mei¸nontac ètsi thn autepagwg  pou prokaloÔn . 'Opwc faÐnetai sto Sq ma
7.1qrhsimopoioÔntai 3 pads gia dc trofodosÐa me diˆstaseic 75x100um2 kai 11 padsgia
geÐwsh(ta leukˆ tetrˆgwna ) me diˆstaseic 75x75um2 to ka�èna . AxÐzei na anafer�eÐ
ìti se autˆ ta pads, ta mètalla apì ta opoÐa pernˆei to s ma thc ghc , en¸nontai
metaxÔ touc, opìte eÐnai sa na apoteloÔn megalÔtera se mège�oc pads, diìti prˆgmati
ta bondwires pou �a proskolh�oÔn se autˆ �a eÐnai parˆllhla .
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GSG pads

H eÐsodoc kai h èxodoc twn RF shmˆtwn pragmatopoioÔntai mèsw thc Ôparxhc dÔo
GSG pads gia kajemiˆ apì autèc tic leitourgÐec , ìpou kai sundèetai apeujeÐac to kal¸-
dio tou VNA (Vector Network Analyzer). To kal¸dio autì apoteleÐtai apì treic akÐdec
(probes), ìpou anˆmesa touc upˆrqei 50W antÐstash. O �etikìc pìloc tou s matoc
brÐsketai sth kentrik  akÐda , h opoÐa sundèetai me to pad pou qarakthrÐzetai wc S
(Source•Phg  ), en¸ o arnhtikìc pìloc brÐsketai stic pleurikèc tou akÐdec , tic opoÐec
sundèoume me taG (Ground) pads.

Sq ma 7.2: GSG pads

EÐnai polÔ shmantikì prin thn epilog  tou
megè�ouc twn GSG pads na anaferjoÔn oi pro •
blhmatismoÐ kai oi periorismoÐ pou upˆrqoun . Su•
gkekrimèna ta GSG pads, kai eidikˆ to S pad,
dhmiourgoÔn qwrhtikìthta , h opoÐa ephreˆzei polÔ
th leitourgÐa kai th diamìrfwsh tou kukl¸ma-
toc , kaj¸c sundèontai apeujeÐac sthn eÐsodo kai
thn èxodo tou enisqut  . EpijumeÐtai sunep¸c h
Ôparxh elˆqisthc qwrhtik c antÐstashc , h opoÐa
epitugqˆnetai me polÔ mikrèc diastˆseic tou S pad.
Wstìso , o periorismìc ègkeitai sto gegonìc ìti oi
akmèc twn akid¸n èqoun sugkekrimèno mègejoc kai
gia na proskol soun sta GSG padsprèpei ta pads
na eÐnai apì èna mègejoc kai pˆnw .

Lambˆnontac up 'ìyin ìla ta proanaferjènta
dedomèna, epilèq�hke h sqedÐash dÔo Ðdiwn GSG
Pads alouminÐou, èna gia thn eÐsodo kai èna gia
thn èxodo, sta opoÐa to kentrikì S pad èqei ìso to
dunatìn mikrìtero epitreptì embadìn 50um� 50um,
gia na epiteuqjeÐ h elˆqisth dunat  qwrhtikìthta .
Oi diastˆseic twn G pads eÐnai kai autèc 50um�

50um, ìpwc faÐnetai sthn exaristerìn eikìna . Oi apostˆseic metaxÔ twn kèntrwn (pitch)
twn pad G kai S exart¸ntai apì tic antÐstoiqec apostˆseic twn probes. Jewr jhke ìti
75um eÐnai ikanopoihtik  apìstash .

H mikrìterh dunat  qwrhtikìthta pou epitèuq�hke parousiˆzetai sto diˆgramma 7.3
kai sta 145GHz isoÔtai me :

CGSG = 28:78f F

Sq ma 7.3: Diˆgramma qwrhtik c sumperiforˆc twn GSG padssunart sei thc suqnìthtac
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7.1.2 Kukl¸mata prostasÐac ESD

Katˆ th sqedÐash enìc kukl¸matoc prèpei na lhfjeÐ sobarˆ up 'ìyin to fainìmeno
thc hlektrostatik c ekfìrtishc , to opoÐo eÐnai epikÐnduno, giatÐ ìqi mìno emfanÐze-
tai suqnˆ , allˆ epÐshc eÐnai dÔskolo na entopisteÐ , prokal¸ntac stadiakˆ f�orˆ sto
kÔklwma.

H hlektrostatik  ekfìrtish ESD sumbaÐnei, ìtan upˆrqei suss¸reush �etik¸n  
arnhtik¸n fortÐwn se monwtèc   mh sundedemènouc agwgoÔc. To posì suss¸reushc
fortÐou exartˆtai apì thn apo�hkeumènh qwrhtikìthta tou monwt    tou agwgoÔ se
sqèsh me kontinˆ antikeÐmena pou èqoun antÐ�eto fortÐo . To fortÐo eÐnai statikì , ka�¸c
den eÐnai se �èsh na exisorroph�eÐ   na metafer�eÐ me hlektrokinhtik  dÔnamh , ektìc eˆn
upˆrqei meÐwsh thc tim c thc qwrhtikìthtac metaxÔ twn antikeimènwn   an upˆrqei kˆpoia
diadrom  gia thn ekfìrtish tou . H parousÐa miac ag¸gimhc diadrom c epitrèpei sto
fortÐo eÐte na exaerw�eÐ argˆ eÐte na apofortisteÐ gr gora anˆloga me thn antÐstash
pou prosfèrei h diadrom  . To fainìmeno thc gr gorhc ekfìrtishc ESD prokaleÐ zhmièc,
tìso stic plakètec tupwmènwn kuklwmˆtwn (PCB), ìso kai sta hlektronikˆ exart mata .

SÔmfwna me touc nìmouc thc fusik c , h hlektrokinhtik  dÔnamh pou dhmiourgeÐtai ,
prokaleÐ mia terˆstia ro  reÔmatoc katˆ m koc thc diadrom c pou prosfèrei th qamh-
lìterh antÐstash . Sun �wc , to reÔma ekfìrtishc kineÐtai proc to èdafoc mèsw tou met-
allikoÔ plaisÐou miac suskeu c . Mia ekfìrtish ESD mporeÐ na mhn eÐnai arket  gia na
katastrèyei entel¸c th suskeu  , allˆ arket  gia na thn exasjen sei . Dhlad  endèqetai
h suskeu  na upobajmisteÐ kai na suneqÐsei na leitourgeÐ . Wstìso , h suskeu  kajÐs-
tatai anaxiìpisth , kaj¸c mei¸netai h diˆrkeia zw c thc kai ephreˆzetai h leitourgik 
thc sumperiforˆ me thn pˆrodo tou qrìnou [25].

Me thn pros� kh twn epaf¸n alouminÐou se pollˆ shmeÐa tou kukl¸matoc , ìpwc
anafèrjhke sthn prohgoÔmenh upoparˆgrafo , kajÐstatai arketˆ pijan  h emfˆnish tou
fainomènou thc hlektrostatik c ekfìrtishc . Se mia tètoia perÐptwsh , thn opoÐa prèpei
saf¸c na apofÔgoume , anazhtoÔme kukl¸mata na qrhsimopoihjoÔn gia thn prostasÐa
tou enisqut  apì ta uyhlˆ reÔmata qamhl¸n suqnot twn pou tuqìn mporeÐ na dhmiourgh •
�oÔn metaxÔ twn epaf¸n alouminÐou kai thc �ewrhtik c ghc tou oloklhrwmènou .

(a) Sqhmatikì
(b) Layout

Sq ma 7.4: Pad trofodosÐac me kÔklwma prostasÐac ESD
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KrÐ�hke epomènwc, anagkaÐa h topo�èthsh kuklwmˆtwn prostasÐac ESD se kˆ�e
pad thc trofodosÐac VDD gia apofug  hlektrostatik c ekfìrtishc . H leitourgÐa aut¸n
twn kukl¸matwn eÐnai na dhmiourg soun èna dc monopˆti metaxÔ apì thn epifˆneia
epaf c proc th �ewrhtik  gh , ètsi ¸ste ta polÔ uyhlˆ reÔmata na � geiw�oÔn� qwrÐc
na ephreˆsoun to enisqut  .

Stic eikìnec 7.4 apeikonÐzontai to sqhmatikì kai to antÐstoiqo layout tou kukl¸matoc
prostasÐac apì ta fainìmena ESD pou qrhsimopoi �hke stic epafèc twn trofodosi¸n
VDD. To sugkekrimèno kÔklwma apoteleÐ èna ètoimo prosqediasmèno kÔklwma apì thn
teqnologÐa B11HFC kai eÐnai katˆllhlo gia trofodosÐec ˆnw twn 1.5V. 'Opwc faÐnetai
sto dexÐ eikonÐdio tou sq matoc 7.4a, to kÔklwma ESD perilambˆnei èna pmos, trÐa nmos
kai mÐa antÐstash apì polysilicon, en¸ axÐzei na anafer�eÐ ìti pros�ètetai kai ènan cmos
puknwt c qwrhtikìthtac 12.3pF gia tic anˆgkaiec tou kukl¸matoc . Epomènwc, ta ESD
kukl¸mata prostasÐac pou qrhsimopoioÔntai sta diˆfora contact pads, pros�ètoun
mia empèdhsh sto monopˆti metaxÔ tou antÐstoiqou pad kai thc geÐwshc. H eisagwg 
miac tètoiac , sqedìn ˆpeirhc upì kanonikèc sun� kec leitourgÐac , empèdhshc metaxÔ thc
tˆshc VDD kai thc ghc den ephreˆzei sqedìn ka�ìlou thn apìdosh tou enisqut  kai touc
diˆforouc suntonismoÔc pou epi�umoÔme .

7.1.3 Bondwires

'Ena kal¸dio , pou orÐzetai wc bondwire, mporeÐ na qrhsimopoihjeÐ gia th sÔndesh
enìc kukl¸matoc me ˆlla hlektronikˆ stoiqeÐa pou ìla mazÐ apoteloÔn mèroc miac eu-
rÔterhc alusÐdac sust matoc   gia sÔndesh mÐac plakèta tupwmènou kukl¸matoc (PCB)
me ˆllh . H sÔndesh kalwdÐwn �ewreÐtai genikˆ h pio oikonomik  kai euèlikth teqnologÐa
diasÔndeshc kai qrhsimopoieÐtai gia th katskeu  thc pleionìthtac twn hmiagwg¸n . Ta
bondwires mporoÔn na qrhsimopoihjoÔn se suqnìthtec ˆnw twn 100 GHz, epomènwc eÐnai
polÔ pijan  h qr sh touc sto kÔklwma tou enisqut  .

H eÐsodoc enìc enisqut  antiproswpeÔei suqnˆ th diepaf  metaxÔ enìc exwterikoÔ
s matoc kai tou eswterikoÔ mèrouc tou enisqut  , mia diadrom  pou qarˆzetai mèsw
suskeuasÐac (package)kai twn kalwdÐwn sÔndeshc (bondwires). Sun �wc , to tsip sundèe-
tai me to PCB mèsw enìc pakètou pou apoteleÐtai apì kal¸dia sÔndeshc , ta opoÐa
parˆgoun arket  parasitik  epagwg  . Oi epagwgeÐc lìgw twn kalwdÐwn sÔndeshc
apoteloÔn uyhl c poiìthtac epagwgeÐc . To meionèkthma, wstìso , eÐnai ìti h akrib c
tim  touc eÐnai dÔskolo na prosdioristeÐ . Gia ton lìgo autì , eˆn h parasitik  epag-
wg  eÐnai polÔ mikrìterh apì ton ekfulismì (degeneration) pou upˆrqei entìc tou chip,
mporeÐ na agnohjeÐ. Diaforetikˆ apaiteÐtai prosektikìc sqediasmìc gia na oristeÐ h
suqnìthta suntonismoÔ kai to swstì kÔklwma antistoÐqishc .

H ènnoia thc merik c epagwg c eÐnai idiaÐtera qr simh , kaj¸c mporoÔme na diaqwrÐ-
soume to dÐktuo eisìdou se arketèc diadromèc pou apoteloÔntai apì ta kal¸dia sÔn-
deshc bondwires. H merik  epagwg  apì thn phg  tou enisqut  proc to arnhtikì
termatikì thc phg c eÐnai upeÔjunh gia thn arnhtik  anatrofodìthsh . 'Olec autèc
oi diadromèc eÐnai amoibaÐa sundedemènec. Sthn prˆxh , h amoibaÐa autepagwg  metaxÔ
twn kalwdÐwn bondwires kai twn iqn¸n pakètou package tracesapoteloÔn kurÐarqo ìro
[26]. Dedomènou ìti ta kal¸dia sundèsmou bond wires eÐnai suzeugmèna phnÐa, epidi¸ke-
tai h parˆllhlh sÔndes  touc me skopì thn meÐwsh thc megˆlhc tim c epagwg c pou
prokaloÔn , ìpwc  dh èqei anaferjeÐ se prohgoÔmenh upoparˆgrafo .
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7.2 Epifˆneia edˆfouc Vss

'Enac epiplèon problhmatismìc katˆ thn sqedÐash kuklwmˆtwn se Layout morf  ,
qrhsimopoi¸ntac poluepÐpedh teqnologÐa , prokÔptei , kaj¸c orÐzoume èna ek twn epipèdwn
wc geÐwshVss. EÐnai aparaÐthth h melèth tou , eˆn olìklhro to metallikì str¸ma
apoteleÐ isodÔnamh epifˆneia edˆfouc , diìti ephreˆzei ˆmesa th sumperiforˆ tou kuk-
l¸matoc .

Sugkekrimèna, eˆn den eÐnai isodÔnamo, tìte ta diˆfora mèrh tou kukl¸matoc pou
sundèontai me autì to metallikì str¸ma anafèrontai se diaforetikˆ epÐpeda dunamikoÔ
edˆfouc kai h apìdosh �a eÐnai polÔ diaforetik  apì aut  pou anamènetai , eˆn ta
mèrh anafèrontai se mia isodÔnamh epifˆneia tou edˆfouc . Apì thn ˆllh pleurˆ ,
eˆn olìklhro to metallikì str¸ma epalhjeuteÐ wc isodÔnamh epifˆneia edˆfouc , tìte
prèpei na exetasteÐ epiprìsjeta to eˆn eÐnai isodÔnamh me to basikì shmeÐo anaforˆc
thc ghc. Mia tètoia anisorropÐa �a mporoÔse na dhmiourg sei reÔmata epistrof c .
To reÔma epistrof c �a èree pˆnw apì olìklhro to metallikì str¸ma me polÔ perÐ-
ploko trìpo , kˆnontac thn perÐptwsh arketˆ dÔskolh gia exètash kai antimet¸pish
tou probl matoc . Epiplèon , eˆn to metallikì str¸ma den eÐnai isodÔnamo me to kÔrio
shmeÐo anaforˆc edˆfouc , ìqi mìno RF, allˆ kai yhfiakˆ reÔmata epistrof c �a rèoun
se olìklhro to metallikì str¸ma kai �a anameignÔontai me ta reÔmata epistrof c RF
[15].

EÐnai pleìn fanerì pwc katˆ th sqedÐash tou enisqut  se PCB tsip me pollˆ met-
allikˆ str¸mata , mporoÔn na prokÔyoun pollˆ probl mata gia ton lìgo autì prèpei
na upˆrqei ènac kalìc sqediasmìc tou chip, ¸ste na plhroÐ autèc tic proôpojèseic :

ˆ H epifˆneia tou edˆfouc na eÐnai isodÔnamh me to shmeÐo geÐwshc anaforˆc katˆ
m koc olìklhrou tou metallikoÔ str¸matoc , dhlad  ton arnhtikì pìlo thc trofo-
dosÐacDC.

ˆ To s ma RF sthn uyhlìterh suqnìthta leitourgÐac , to opoÐo rèei mèsa sto ag¸gimo
via, na mhn èqei shmantik  exas�ènhsh .

ˆ H prìs�eth qwrhtikìthta , epagwg  kai antÐstash lìgw thc polumetallik c dia •
mìrfwshc na mhn eÐnai shmantik  kai oi prìs�etec parembolèc lìgw thc polumeta •
llik c diamìrfwshc na eÐnai amelhtèec .
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7.3 Analutik  Layout morf  thc energoÔc suskeÔhc

Mèqri stigm c èqei parousiasteÐ mia genik  eikìna twn stoiqeÐwn pou peristoiqÐzoun
ton enisqut  kai mia mikr  anaforˆ gia ta pollaplˆ str¸mata pou parèqontai apì thn
teqnologÐa B11HFC. Sth sugkekrimènh parˆgrafo paratÐjentai , arqikˆ , merikèc plhro-
forÐec gia th 0.13mm BiCMOS teqnologÐa thc In�neon pou qrhsimopoi jhke kai gia ta
progrˆmmata hlektromagnhtik c prosomoÐwshc Sonnet EM kai Momentum Virtuoso, me
th bo jeia twn opoÐwn pragmatopoi jhke to telikì mèroc thc sqedÐashc . Sth sunèqeia ,
analÔetai h telik  ìyh thc energoÔc suskeu c , h opoÐa epilèq�hke stic paragrˆfouc
5.1.1, 5.1.2kai 5.1.3,se epÐpedoLayout.

'Opwc èqei  dh dieukrinisteÐ h teqnologÐa B11HFC prìkeitai gia mÐa teqnologÐa SiGe
BiCMOS 0.13mm pou apoteleÐtai apì pollˆ st¸mata . Orismèna basikˆ qarakthristikˆ
thc , qr sima gia thn kataskeu  enìc oloklhrwmènou kukl¸matoc eÐnai ta akìlou�a :

ˆ Upìstrwma : op¸n p•, eidik  antÐstash 15•20 Wcm.

ˆ Mètalla : èxi str¸mata qalkoÔ , ek twn opoÐwn ta tèssera pio kontˆ sto upìstr-
wma eÐnai pio leptˆ (mètalla 1 • 4) kai ta dÔo pio yhlˆ sthn ierarqÐa eÐnai paqiˆ
(mètalla 5•6).

ˆ 'Ena str¸ma alouminÐou : gia epifˆneiec epaf c (pads) kai kalwdÐwsh .

ˆ Diˆfora via : gia thn sÔndesh metaxÔ twn diafìrwn metallik¸n strwmˆtwn .

ˆ Bˆsh SiGe me diˆmetroc tou diskÐou puritÐou (wafer) : 200mm

Fusikˆ , upˆrqoun epiplèon epÐpeda (polupurÐtio , MIMT op k.a.), ta opoÐa qrhsi-
mopoioÔntai sthn ulopoÐhsh stoiqeÐwn ìpwc : antistˆseic TaN, puknwtèc MIM, pads k.a.,
allˆ den krÐnetai aparaÐthto na anaferjoÔn ìla . Sumbatikˆ ta mètalla 1(prˆsino ) kai
4(kÐtrino) orÐsthkan wc agwgoÐ epistrof c , oi opoÐoi sundèontai sth �ewrhtik  gh VSS
mèsw twn pads.

Sto Sq ma 7.5 faÐnetai to epilegmèno transistor se epÐpedo Layout. To transistor
sqediˆsthke apolÔtwc summetrikˆ wc proc ènan nohtì orizìntio ˆxona .

Sq ma 7.5: Transistor BEBCBEB 220nm*5um se Layout epÐpedo
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Oi parasitikèc antistˆseic enìc dipolikoÔ tranzÐstor se sunduasmì me parasitikèc
qwrhtikìthtec prokaloÔn kajuster seic qrìnou kai sunep¸c mei¸noun th mègisth taqÔthta
kai suqnìthta leitourgÐac . EÐnai sun �hc praktik  na qrhsimopoioÔntai suneqeÐc metal-
likèc rˆbdoi gia tic epafèc tou ekpompoÔ kai tou sullèkth , lìgw twn sqetikˆ megˆlwn
reumˆtwn .

Katˆ th sqedÐash tou tranzÐstor sto Layout peribˆllon , topo�etoÔme to katˆllhla
orismèno tranzÐstor mac, afoÔ pr¸ta epilèxoume , mèsw twn dunatot twn pou dÐnontai
apì to Cadence, o sullèkthc , o ekpompìc kai h bˆsh tou na ftˆsoun mèqri to mètallo
3. Dedomènou ìti to sugkekrimèno tranzÐstor apoteleÐtai apì tèsseric lwrÐdec bˆshc
parˆllhla topo�ethmènec , h eswterik  antÐstash bˆshc mei¸netai arketˆ .

Efìson qrhsimopoi same thn automatopoihmènh epilog  gia thn epimetˆllwsh twn
ekpomp¸n tou tranzÐstor mèqri to mètallo 3 me katˆllhla via, suneqÐzoume sqediˆzontac
ta upìlopoia mètalla thr¸ntac tic apostˆseic kai touc austhroÔc kanìnec sqedÐashc .
O ekpompìc eÐnai h pio euaÐs�hth ˆkrh tou tranzÐstor kai bˆzontac tou lÐga Ohm
mporeÐ na proklh�eÐ ekfulismìc . Epeid  mia uyhl  antÐstash ekpompoÔ upoba�mÐzei
ta gm, fT, ka�¸c kai to fmax, epidi¸ketai h meÐwsh thc antÐstashc tou ekpompoÔ . Autì
mporeÐ en mèrei na epiteuq�eÐ ftˆnontac thn ˆkrh tou ekpompoÔ mèqri to mètallo 6, diìti
eÐnai to uyhlìtero apì ta mètalla thc teqnologÐac me th mikrìterh antÐstash fÔllou .

Sth sunèqeia , prokeimènou na apomonwjeÐ h energìc suskeu  mac apì ton �ìrubo kai
ta reÔmata pou mporeÐ na proèrqontai apì to upìstrwma , ulopoi �hke èna prosta-
teutikì daqtulÐdi (guard ring) apoteloÔmeno apì diˆqush tÔpou p (psub) kai èftane
èwc to mètallo 3 me thn qr sh poll¸n epaf¸n (via). Tèloc , gia thn exagwg  kai thn
mètrhsh ìlwn twn parasitik¸n stoiqeÐwn , pou apoteloÔn to tranzÐstor , dhlad  antistˆ-
seic, autepagwgèc kai qwrhtikot tec , qrhsimopoi jhkan ta exagìmena extracted montèla ,
ta opoÐa dhmiourg �hkan mèsw thc dunatìthtac tou RLCk Extraction pou parèqei to
prìgramma Cadence Virtuoso.

AxÐzei na shmeiw�eÐ pwc sto telikì sqhmatikì me ta Layout kommˆtia tou enisqut  , ta
opoÐa  tan prosomoiwmèna sto Sonnet kai sto Momentum Virtuoso, topo�et �hkan
ìla ta dipolikˆ tranzÐstor tou kentrikoÔ kormoÔ tou kukl¸ •matoc, ka�¸c kai twn
kuklwmˆtwn pìlwshc , wc RLCk Extracted transistors se xeqwristˆ arqeÐa , prokeimènou na
sumperilhf�oÔn oi antistˆseic , oi epagwgèc kai oi qwrhtikìthtec , pou dhmiourgoÔntai
metaxÔ twn metallik¸n strwmˆtwn apì ta opoÐa apartÐzontai . Autì diakrÐnetai en mèrei
sthn eikìna 7.11me mia prosektik  matiˆ .

LÐgo prin th metatrop  thc energoÔc suskeu c se extracted montèlo kai prokeimènou
na �ewrh�eÐ epituq c h diadikasÐa thc sqedÐashc se layout epÐpedo, efarmìzontai pˆnta
oi èlegqoi DRC kai LVS. Sugkekrimèna :

ˆ DRC : Design Rule Check. IsqÔoun eidikoÐ kanìnec gia tic diastˆseic kai tic
apostˆseic twn metˆllwn kai twn via katˆ th Layout sqedÐash. H t rhs  touc e •
xetˆzetai mèsw tou progrˆmmatoc DRC, pou eÐnai exeidikeumèno gia ka�è teqnologÐa
ètsi entopÐzontai tuqìn sfˆlmata .

ˆ LVS : Layout Versus Schematic. ApoteleÐ èna logismikì epal jeushc tou hlek-
tronikoÔ sqediasmoÔ enìc kukl¸matoc . Me ˆlla lìgia , mèsw tou LVS elègqetai ,
eˆn to Layout enìc sugkekrimènou oloklhrwmènou kukl¸matoc antistoiqeÐ akrib¸c
sto arqikì sqhmatikì tou sto Cadence.

Pern¸ntac , loipìn , to diamorfwmèno transistor apì LVS kai DRC bebaiwnìmaste
ìti kˆ�e sÔndesh ègine swstˆ kai pwc ìloi oi kanìnec sqedÐashc throÔntai . 'Etsi
apodeiknÔetai epiplèon ìti o ekpompìc tou kˆtw kaskodikoÔ tranzÐstor apoteleÐ tèleio
braqukÔklwma me th �ewrhtik  gh , afoÔ pros�ètei mÐa apeiroelˆqisth autepagwg  mèqri
to VSS.
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7.4 Kukl¸mata Pìlwshc

Oi Layout morfèc twn dÔo diaforetik¸n kukl¸matwn pìlwshc , pou qrhsimopoi jhkan
parousiˆzontai stic parakˆtw eikìnec . H epilog  twn sugkekrimènwn kuklwmˆtwn
analÔetai sto upokefˆlaio 5.5.

Sthn eikìna 7.6a emfanÐzetai o kajrèpthc reÔmatoc pou sundèetai me th bˆsh tou
kˆtw transistor tou cascode,kaj¸c kai me th mesaÐa l yh tou balun eisìdou , gia na tro-
fodot sei tic diaforikèc bˆseic tou transistor koinoÔ ekpompoÔ tou pr¸tou stadÐou . To
transistor autì eÐnai akrib¸c Ðdio se diastˆseic me autˆ tou kaskodikoÔ 7.5. ParathreÐtai
ìti qrhsimopoi jhkan tèsseric antistˆseic ResTaN twn 57,5W h kajemiˆ , gia thn epÐteuxh
thc zhtoÔmenhc tˆshc sth bˆsh tou koinoÔ ekpompoÔ , kaj¸c epÐshc kai mÐa antÐstash
ResTaN 50W sto klˆdo pou en¸nei th bˆsh me to sullèkth . H antÐstash aut  den
ephreˆzei kajìlou thn epÐdosh tou kajrèpth .

O kaskodikìc kajrèpthc , h bˆsh tou opoÐou sundeètai me thn antÐstoiqh bˆsh tou
pˆnw tranzÐstor tou kentrikoÔ cascode, parousiˆzetai sthn eikìna 7.6b. IdiaÐterh
prosoq  dì�hke stic diasundèseic metaxÔ twn dÔo dipolik¸n tranzÐstor , prokeimènou
na plhroÔn tic proôpojèseic plˆtouc metˆllwn gia thn antoq  touc katˆ th diarro 
touc apì uyhlˆ reÔmata kai tautìqrona na prosjètoun ìso to dunatìn ligìterec pa •
rasitikèc qwrhtikìthtec kai autepagwgèc . EpÐshc, qrhsimopoi jhkan treic antistˆseic
ResTaN twn 50W.

(a) Layout aploÔ ka�rèpth
(b) Layout kajrèpth gia thn bˆsh tou pˆnw
tranzÐstor tou kaskodikoÔ

Sq ma 7.6: Layout twn kuklwmˆtwn pìlwshc
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