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Abstract

Front-end Monolithic Microwave Integrated Circuits (MMICs) have recently become commer-
cially available for frequencies above 100 GHz. However, achieving low-loss and broadband
interconnections between the antenna and MMICs is challenging for integrated front ends at
these frequencies. This thesis presents the characterization of a flip-chip interconnection used
for an integrated front end at 150 GHz (G-band) with an on-package leaky-wave dual lens an-
tenna. Two paths for the front-end integration have been proposed. The first path adopts
CPW transmission lines on 500 m-thick fused silica and provides easy assembly and seam-
less flip-chip capabilities. The second uses microstrip transmission lines on 50 m-thick fused
silica and provides lower transmission line loss but a challenging assembly and flip-chip inter-
connection. In this thesis, a path toward microstrip and CPW flip-chip interconnections has
been outlined at the high millimeter-wave frequencies. Two-port test structures using CPW
transmission lines were developed, adopting a double Thru-Reflect-Line calibration and allow-
ing for accurate extracting of the interconnection response. The final interconnection to the
MMICs has been realized using a via-less CPW to microstrip transition with high impedance
transmission line S11 matching compensation. The simulated S11 and S22 are below -12 dB,
Ohmic loss below 0.6 dB, radiation loss below 0.4 dB, and transmission line losses around
0.15 dB/mm.
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Introduction

Front-end Monolithic Microwave Integrated Circuits (MMICs) have recently become commer-
cially available for frequencies above 100 GHz. However, achieving low-loss and broadband
interconnections between the antenna and MMICs is challenging for integrating front ends at
submillimeter frequencies. At these frequencies, there are integrated solutions where anten-
nas and electronics are integrated within the same package, for example by employing IC to
waveguide interfaces [1], adopting an antenna-on-chip [2] or utilizing a near system-on-chip
solution using EM-coupling [3]. Atfrequencies above 100 GHz and below 300 GHz, the MMICs
that are commercially available are sold separately from the antenna. The packaging and in-
tegration of these chips are in the hands of the front-end integration designer. The packaging
technology that is currently available typically uses one of these three MMIC interconnection
technologies (see Fig. 1.1): wire bonding or flip-chip bonding in the low millimeter band or
beam-lead bonding in the higher millimeter band (above 300 GHz).

(a) Wire-bonding [4] (b) Flip-chip bonding [5]

(c) Beam-lead bonding [6]

Figure 1.1: MMIC interconnection technologies
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At frequencies above 60 GHz, high inductance effects of wire-bonding lead to an S11 mis-
match. Furthermore, high radiation losses are associated with the bond-wires at mm-wave
frequencies [7]. The distance between the MMIC and the carrier as well as from the pads to
the edge of the MMIC/carrier restricts the minimum length of the wire-bonds to around 100 m
[8]. The parasitic inductance associated with these wire-bonds may be compensated for, but
this results in a narrowband behavior.

Beam-lead bonding results in lower losses at mm-wave frequencies. Arias Campo et al. [6]
mention losses of 0.2 dB per interconnect over the H-band, using a differential air-bridge in-
terconnect, from GaAs to Quartz. However, beam-lead bonding is unsuitable for integration
using commercial MMICs because the lengths of the beam leads are limited. Furthermore,
beam-lead bonding is significantly more costly than other interconnection methods and not
widely available, in contrast to flip-chip and wire-bonding.

Flip-chip technology is very suitable for commercial applications because it is well established
for use at microwave and millimeter-wave frequencies [8]-[10]. The height of the flip-chip
studs is much shorter than the wire-bonds, reducing the inductance and losses. Furthermore,
radiation effects are critical for the performance of flip-chip interconnections above 100 GHz
and should thus be reduced. Lastly, parallel plate line (PPL) modes should be suppressed [11].

Sinha et al. [11] present a broadband interconnection using the flip-chip approach for fre-
qguencies up to 500 GHz using a BCB stack. At 500 GHz, they report a total loss of 0.9 dB
and reflection below -18 dB. Although their approach does not use commercial MMICs, the
design principles hold, and the potential of the flip-chip technology at high frequencies has
been proven. By shrinking the dimensions of the flip-chip studs, the parasitics are reduced.
Yet, the effect of the carrier on the MMIC circuitry should also be considered for commercial
MMICs. Flip-chip interconnections up to 100 GHz are typically modeled by an equivalent -
circuit, consisting of a few lumped elements [12]. If dimensions scale linearly with frequency,
this description can be extended to higher frequencies [11]. Nonetheless, due to fabrication
limitations, this is not the case.

The impact of the parasitic effects in the interconnection plays a very important role in the
system performance at high mm-wave frequencies. However, the packaging using commer-
cial MMICs using a flip-chip interconnection has not been studied in detail at frequencies above
100 GHz. Thus, there is a need to study the parasitic effects of the flip-chip interconnection at
the G band frequency range and suppress them to realize a low-loss broadband interconnec-
tion to commercial MMICs.

1.1. Background and project context

The rapid growth of cellular data and smartphones creates challenges for providers of wireless
services in terms of the available bandwidth [13]. Millimeter-wave frequencies in the range of
30-300 GHz provide the bandwidths required for mobile broadband applications [14]. Wireless
links will support data rates towards 100 Gbps for point-to-point mobile applications at these
frequencies [15].
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The fifth-generation mobile technology standard for broadband cellular networks (5G) facili-
tates high-speed communications. 5G builds upon existing technology platforms while inte-
grating new radio concepts such as phased-arrays, massive MIMO, and ultra-dense networks
to increase the network capacity. However, the most demanding situations with high connec-
tion density reflect challenges not properly addressed by the current technologies implemented
in 5G [16].

The scenario that is the most demanding in terms of simultaneous user connections and has
high bandwidth requirements is a stadium hosting an audience of several people. Similar sce-
narios include other congested locations like shopping malls, festivals in the open air, and
conference halls. The Fly’s Eye concept [17] proposes to combine quasi-optical beam form-
ing with a mm-wave broadband operation to enable a single base station providing more than
Tbit/sec overall (front-end) capacity to a dense environment with tens of thousands of users.
A complete base station will contain an array of thousands of directive lenses covering a band-
width of over 20%. The developed technology can be potentially exploited for future 6G use
cases [18].

The final goal of the Fly’s Eye project is to demonstrate the concept and performance by
developing an integrated front-end prototype. Scalable lens arrays are realized in the form of
modular planar panels, each generating multiple simultaneous beams, as depicted in Fig. 1.2.
The antenna architecture consists of a core and shell lens and a fused silica wafer, on which
the antenna feed is placed. The antenna design and single-pixel architecture are developed
by Nick van Rooijen, a Ph.D. candidate at the Terahertz Sensing group.

7 panels:
15 X 15 beams

FoV = 50°

Figure 1.2: Sketch exemplifying the multi-beam base station synthesis for the link demo using N lens array
panels. The example shows M=7 panels with a 16x16 lens array per panel (N=256).

This thesis presents the characterization of a flip-chip interconnection used for an integrated
front end at 150 GHz (G band) with a leaky-wave on-package dual lens antenna using com-
mercial MMICs. The work presented in this thesis is part of the development of a single-pixel
prototype, as depicted in Fig. 1.3a. This prototype will demonstrate the front-end integration,
after which the single module will be scaled by placing the elements in an array of desired size,
as depicted in Fig. 1.3b.
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(a) Single-pixel architecture (b) 3D view of a packaged multi-pixel lens antenna array
element

Figure 1.3: Fly’s Eye demonstration at 150 GHz

For the single-pixel prototype, two commercially available MMICs and a feeding antenna are
integrated on a single fused silica wafer, as shown in Fig. 1.4. The first MMIC provides a
multiplication (x6) stage, followed by a subharmonic 1Q mixer acting as a frequency doubler to
end up at the G band. As indicated in Fig. 1.4 by the red dotted lines, three flip-chip intercon-
nections are required. A transmission line on the fused silica connecting the mixer MMIC and
the multiplier MMIC requires two flip-chip interconnections, whereas the final connection from
the mixer to the transmission line for the antenna feed on the fused silica requires another
flip-chip interconnection.

Multiplier MMIC .
i Mixer MMIC

[

11.67GHz - 14.167 GHz 71-86 GHz T

140-170 GHz

Fused Silica Wafer

Figure 1.4: Circuit diagram of the MMIC integration. The red dotted lines indicate the locations of the
interconnections.

1.2. Study of the acquired MMICs

Advances in technology for high electron mobility transistors (HEMTs) and low-noise ampli-
fiers (LNAs) have led to the development of MMICs above 100 GHz [19], [20]. However,
very few companies sell MMICs or packaged components above 100 GHz. Virginia Diodes
produces MMICs based on Schottky diode technology and Goteborg Microwave Integrated
Circuits (Gotmic) AB, a spinoff company from Chalmers University, provides GaAs MMICs
technology. The latter offers a performance oriented for communications applications, possi-
ble to be implemented for applications with a high number of array elements.
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7KH GHVLJQ KDV EHHQ UHDOL]HG EDVHG RQ WKH PLQLPL]DWLRQ RI \
IOLS FKLS LQWHUFRQQHFWLRQ WKH WUDQVPLVVLRQ OLQHV DQG W
PLVVLRQ OLQH JHRPHWULHVY 6LQFH UDGLDWLRQ ORVVHV DUH QRW G|
PHWKRG WKHLU UHGXFWLRQ ZLOO HQVXUH SURSHU FDOLEUDWLRQ R
SHUIRUPDQFH RIWKHILQDO GHVLJQ

7KLY &KDSWHU LV GLYLGHG LQWR WARJSBUWRPHY BHFWALIRFKLS LQW
WLRQV DUH HIDPLQHG D &3: LQWHUFRQQHFWLRQ D PLFURVWULS LQ
YLD OHVV PLFURVWULS LQWHUFRQ QHFMRYRHU \6 WEZ\RHW X B Q WION LERHFWMULL
WR ODQG WKH 5) SUREHV RQ WKH WHVW VWUXFWXUHV

)OLS &KLS 7UDQVPLVVLRQ /LQH ,QWHUFRQQHFWL
7KH IOLS FKLS LQWHUFRQQHFWLRQV FRQVLGHUHG LQ WKLV FKDSWH!
JHRPHWULHV XVHG IRUWKH I[URQW HQG LQWHJUDWLRQ RKWKH 00,&V
'"HOOLSVRLGDO VWXG PRIGHXOVIWRWR.BRGHO WKH VWXGV 7KH VHSDUI
WKH VWXGV ZPOPRAHJHVSRQGLQJ WR WKH GLVWDQFH VHW E\ WKH GLFP
DV VKRZQ LQELJ

)OLS &KLS &3: LQWHUFRQQHFWLRQ
7KHIOLS FKLSLQWHUFRQQHFWLRQ XVLQJ &3: WUDQVPLVVLRQ OLQHYV
DV WKH ILHOG GLVWULEXWLRQ RI D &3: WUDQVPLVVLRQ OLQH PDWFK!
VWXGV 7KHIOLS FKLS &3: LQWHUFRQQHFWLRQ LV GHSLFWHG LQ )LJ



&KDSWHU 2SWLPL]DWLRQ RI 7UDQVPLVVLRQ/LQH 7UDQVLW|

D '"PRGHO XVHG IRU &67 VLPXODWLRE@WWXG SODFHPHQW DQG GLPHQVLRQV

JLIXUH )OLS &KLS LQWHUFRQQHFWLRQ XVLQJ &3: WUDQVPLVVLRQ

9HULILFDWLRQ RI WKH UDGLDWLRQ ORVV UHGXFWLRQ
7KH &3: WUDQVPLVVLRQ OLQHV VXIIHUIURP UDGLDWEZRBWRRYHV
WKH GLPHQVLRQV Rl WKH &3:V RQ ERWK ZDIHUV DUH UHGXFHG 1
LQGLFDWHGEQYLWHGXFH® WRRUGHU WR OHDYH VXIILELHQW VSD
EXPSV 7Kig JDMH )LIJE EHWZHHQ WKH FRQGXFWR UV MVDMH G X E DGV ¥
DFFRXQW WKH PLQLPXP GLPHQVLRQV DQG WROHUDQFHV RI WKH |
7KH PRGHO GLVSOD\BZDVQVILRIXODWHGsIRUJYDEWRJINHULI\ WKH
UHGXFWLRQ RI WKH UDGLDWLRQ ORVV 7KH ORVVHV ZHUH H[WUD
$SSHQBL[7TKH UHVXOW LV SORMRMHGURYL LUWKH UHGXFWLRQ

JLIXUH 5DGLDWLRQ ORVV IRU YDU\LQJ &3: ZLGWK IRU WKH IOLS FKLSLQWHUFRC

6WXG\ RI WKH &3: LPSHGDQFHV

6XEVHTXHQWO\ WKHLPSHGDQFH PDWFKLQJLQ WKH WUDQVLWLR
VLRQ OLQH VWUXFWXUHYV ZHUH VLPXODWHG LQ &67 RQHDUHSUHYV
DQG DQRWKHU UHSUHVHQWLQEWK® WIRI SOHVWHQEB RI WKH RWKH
ZDIHU 7KHVH VLPXODWLRQV YHULI\WKDW WKH 00,& SHUIRUPDQF
WKH IXVHG VLOLFD ZDIHU FORVH WR WKKHLRXWHRIWIBWHUXSBWIRF LP S
ERWKWUDQVPLVVLRQ OLQHV LV FRPSXWHG IURP WKH 6 SDUDPHW
GHSLFWHG LR RMRQFOXGLQJ WKHUH LY SUDFWLFDOO\ QR PLVPDW
WKHHIITIHFW RI WKH ERWWRP ZDIHU LV QHJOLJLEOH



)OLS &KLS 7UDQVPLVVLRQ /LQH ,QWHUFRQQHFWLRQV

D&3: WUDQVPLVVLRE &LQHUID@VPLVVLRE@ BDHDE 8QUW RI WKH FKDUDFWHULVWLF LPSHGDQFH |
ERWWRP ZDIHWKH WRS ZD IPI UWUIRW WK H &67 VLPXODWLRQV
ERWWRP IXVHG VLOLFD ZDIHU

JLIXUH &3: WUDQVPLVVLRQ OLQHV IRU WKH IOLS FKLSLQWHUFRQQHFW

(IN'HFW RI WKH EXPS VL]IH VKDSHRQ 6 6
&RQVHTXHQWO\ WKHHIIHFWRIDGGLQJ WKH VWXGV EHWZHHQ WKH W.

UHSODFLQJ WKH HOOLSVRLGDO VWXGV ZLWR F\ORBQGB®OG VPRI YDU\LQJ |
DVGLVSOD\HG LQ )LJ

D 'PRGHO RIWKH &3: WUDQVLWLRQRYLQJVRILFQGHYFHAABR| BLDPHWHU
WR UHSUHVHQW WKH VWX%@% P DQ@B65 P FRQQHFWLQJWKH WZR
&3: WUDQVPLVVLRQ OLQHV

JLIXUH "PRGHOV RI WKH IOLS FKLS &3: LOWHUFRQQHFWLRQ IRU YDU\LQJ F\O

7TKH6 DQG6 RIWKHIOLS FKLS &3: LOWHUFRQQHFWLRQ IRU WKH F\(
DPHWHUV DUH SORWWROGVYQHYY WKH HITHFW RI WKH VKDSH DQG VL]H |
6 6 PDWFKLQJLPSURYHV VLIQLILFDQWO\ZKHQ WKH F\OLQGHU GLI
EOHV WKH SHUIRUPDQFH RI WKHHOOLSVRLE&D®P VMKXKREMHUUNDWQRB® U
WKDW VPDOO GLDPHWHU VWXGV LPSURYH WKH SHUIRUFBK@RHDZDV DO

GLDWLRQ ORVV LVLQFUHDVHG E\ G% ZKHQ WKH F\OLQGHU GLDPHW
E



&KDSWHU 2SWLPL]DWLRQ RI 7UDQVPLVVLRQ/LQH 7UDQVLW|

D6 VROLG OLQHV DQG 6 GRWWHG OLQHYV E5DGLDWLRQ ORVV

JLIXUH 5HVXOWYV IURP IXOO ZDYH VLPXODWLRQV RI WKH IOLS FKLS &3: LQWHUF
)LJ DQG HOOLSVRLGDO VVXGV IURP )LJ

,WLVFRQFOXGHG WKDW WKHVKDSHDQG VL]HRIWKHVWXGV KDYH
LOQWHUFRQQHFWLRQDW  *+] 'XHWRWKHVHQVLWLYLW\RIWKH V
RIWKH SURFHVV YDULDWLRQLV UHTXLUHG 7KLV VWXG\ZLOO EH G
IRU ZKLFK WKH PDVN ZLOO EH GLVS§KNRUWGLIQY 6 PMWKIRQLQWHUFRQ
RSWLPL]HG IXUWKHU WR FRPSHQVDWH IRUWKH PLVPDWFK IRU HJ

)OLS &KLS PLFURVWULS LOWHUFRQQHFWLRQ XVLQJ YLC
$V GHPRQVWUDWHG LVQKEHWWDRYPLVVLRQ OLQH ORVVHV DUH VLJ!
UHSODFLQJ &3: WUDQVPLVVLRQ OLQHV ZLWK PLFURVWULS WUDQ\
IDFH ZDYH UDGLDWLRQ LQ WKH ODWWHU FDVH 7KHUHIRUH WKL\
LOQWHJUDWLRQ 7KHILUVWDWWHPSW WR GHVLJQDIOLS FKLS WU
WKHLQWHUFRQQHFWLRQ RI WKH JURXQG SODQH RI WKH PLFURVW
YLDV RIIHUHG E\ $73 DUHPX¥HERV® ULS WUDQVPLVVLRQ GPLIQH ZL WKk
VHOHFWHG WR PLQLPL]H WKH 2KPLF ORVVH¥K B WH RSIDROQMHE \L\Y %66
HLWKHU VLGH DUH SODFHG RQ SDGV ZKLFK RQ ERWK ZDIHUV W\S
SODQH XVLQJ YLDV DV GHSLFWHG LQ )LJ

D 'PRGHO RIWKH )OLS &KLS PLEURGWHERWLRQ RI WKH GLIIHUHQW SDUWYV RI W|
LOQWHUFRQQHFWLRQ XVLQJ YLDV VIPPHWULF WUDQVLWLRQ

JLIXUH "PRGHOV RI WKH IOLS FKLS PLFURVWULSLQWHUFRQQHFWLI



)OLS &KLS 7UDQVPLVVLRQ /LQH ,QWHUFRQQHFWLRQV

ORGHOLQJRIWKHYLDVDQG GHVLIJQ RI WKH YLD SDGV

7KH $73 WHFKQRORJ\ LQLWLDOO\ SURYLGHG WKH FDSDFLW\ WR IDEUL
WLPHVWKHVXEVWUDWHKHLJKW +RZHY HUWEKHHINX ¥ B RH WAKHHOYHHRUN W/ & L
YLDVKDGWREHUHSODFHG E\KROORZ SODWHG WKURXJKV +73V ZLW
E\ $73 7KH UHVXOWLQJ GLDPHWHUDIWLWOQOOVWHG LHQUWK®GIHPRUH
FLUFXODU SDGV DUH GHVLJQHG RQ ZKLFK WKH YLDV DUH SODFHG RQ
RWKHU DV VKRZELKH.GLDPHWHU RI WKH SDGV ZDV ILUVW GHWHUPLC
P WR OHDYHD PPOMLQJ DURXQG WKH YLDV DFFRXQWLQJIRU WRO
ORFDWLRQ RI WKH YLDV 6XEVRT2OH/OMNECBHBQRRVWHKYH SDG GLDPHWHU
SODFLQJ WKH VWXGV RQ WKH WDSHU RI WKH YLD KROHV 7KH PLFUR)
LPSURYH WKH PDWFKLQJ

7TDEOH 9LD GLPHQVLRQV DQG WROHUDQFHYV $X SODWHG WKURXJK IURP

'LDPHWHU 0:004" P
6L]H WROHUD QB0 P
/IRFDWLRQ WRQMUDQF HP
+ROH WDSHU 0:001° P

SHUIRUPDQFH RI WKHIOLS FKLS PLFURVWULS LQWHUFRQQHFWLRQ
7KH SHUIRUPDQFH RI WKH IOLS FKLS LQWHUFRQQHFWLB®PQMRU WKH Jt
GHSLFWHG LQ $OWKRXJK JRRG 6 6 PDWFKLQJ RYHU WKH EDQGZLG
WKH UDGLDWLRQ ORVV LV LQFUHDVLQJ WR G% EW,Q &KDPSOMMHGHSLF'

WKH GHVLJQ RITEDFN WR EDFN WHVW VWUXFWXUHYV XVLQJ &3: WUDC
ZKLFK KDV DOVR EHHQ DWWHPSWHG XVLQJ WKH PLFURVWULS GHVLJ
FDOLEUDWLRQ RI WKH PLFURVWULS VWUXFWXUHYV XVLQJ YLDV ZKLF
VLIQLILFDQW FDOLEUDWLRQ HUURUV FRPSDUHG WR UHIHUHQFH VLP)
HUURUVY DUH GXH WR WKH FRXSOLQJ RI WKH UDGLDWLRQ ORVV WR Wt
UHGXFH WKLV FRXSOLQJE\LQFUHDVLQJWKHOHQJWK RIWKHWUDQVF
IDEULFDWLRQ FRQVWUDLQWYV OHDGWR YHU\ODUJHSDGVDQGYLDV L«
DWZKLFK WKH FRUUHFW RSHUDWLRQ RI WKLY DUFKLWHFWXUH EHFRP
FDQQRWEH IXUWKHU LPSURYHG IRU WKH UHGXFWLRQ RIUDGLDWLRQ
KDV WR EHFRQVLGHUHG

D6 DQG6 PDWFKLQJ E/RVVHV 2KPLF/RVV 5DGLDWLRQ/RVV 7RWDO /R\

JLIXUH 6LPXODWHG SHUIRUPDQFH RI)OLS &KLS PLFURVWULS LQWHUFRQQH



&KDSWHU 2SWLPL]DWLRQ RI 7UDQVPLVVLRQ/LQH 7UDQVLW|

9LD OHVV )OLS &KLS PLFURVWULS LQWHUFRQQHFWLRQ
6XEVHTXHQWO\ D VYULF ORMWWULS LOWHUFRQQHFWLRQ ZDV HQGHD)Y
WKHVWXGVY DUH SODFHG RQ D &3: OLNH FRQILIXUDWLRQ ZLWK W
6HFWLR@®=60 Pg=15 P +RZHYHU WKH &3: JURXQG FRQGXFWRU"
DUHWUXQFDWHG LQ D TXDUWHU FLUFXODU VKDSH LQ RUGHU WR
PLFURVWULS ILHOG GLVWULEXWLRQ )XUWKHUPRUH IRU WKH PLF
PHWDOOL]DWLRQ LV UHTXLUHE WRIFPWXESGHEG VURAMWIOH +RZHYHU |
JURXQG SODQH EHORZ WKH &3: ZLOO H[FLWH WKH JURXQGHG &3:
GXFLQJD PLVPDWFK 6 6 TKHUHIRUH WKH JURXQG SODQH LV
VKDSH DV ZHOO DV LOOXVIWURNHIGFURYWXUHWUDQVPLVVLRQ OL
DUHGHVLIQHG DQG YXVWLQUHGL&BWVLPXODWLRQV

D7UXQFDWHG JURXQG SODQH E1IRQ WUXQFDWHG JURXQG SODQH

J)LIXUH '"PRGHO RI WKH YLD OHVV )OLS &KLS PLFURVWULS LQWHUF

2SWLPL]IDWLRQ RI WKH TXDUWHU FLUFOH UDGLXV
%RWKTXDUWHU FLUFXODU VKDSHVYVDUHRSWLPL]JHGIRUWKHUHGX
RI'VXUIDFH ZDYHV LQ WKH GLHOHFWULF 7KHUDGLXV RI WKH TXD!
DURXQGP DV GHSLFWHG LKW LV DSSUR4 PO WHOG\FHQWHU IUHT
ZKHUHZDYHOHQJWK ZDV IRXQG XVLQJ WKH HITHFWLYH SHUPLWW
WUDQVPLVVLRQOLQH :KHQLQFUHDVLQJRUGHFUHDVLQJWKHUD
PDWFKLQJLVGHWHULRUDWHGDDXGWYESOPRAGILGHIFUHDVLQJ WK
WRDQLQFUHDVHLQ UDGLDWLRQ CRVVHV DV VKRZQ LQ )LJ

D6 DQG6 PDWFKLQJ ES5DGLDWLRQ /RVYV

JLIXUH 6LPXODWHG SHUIRUPDQFH RI YLD OHVV IOLS FKLS PLFURVWULS LQWH
UDGILRX20 P 275 P D@8 P



)OLS &KLS 7UDQVPLVVLRQ /LQH ,QWHUFRQQHFWLRQV

9HULILFDWLRQ RI WKH HIITHFW RI WKH JURXQG SODQH WUXQFDWLRQ

$V GHSLFWHG IIWKH JURXQG SODQHV DUH WUXQFDWHG XVLQJ TXDU
DYRLG H[FLWLQJWKH &3:* PRGH 7KHHIIHFW RI WKLV WUXQFDWLRQ ZL
VLPXODWLRQV RI WKH LQWHUFR @QQHFWZ RWQKRXWK EHWINMPFDWLRQ

RI WKH JURXQG SODQH ,Q WKH ODWWHU FDVH WKH JURXQG SODQH
PLFURVWULS 7KH UHVXOWLQJ FRPSDULVRE BV $UH\DHORKH G LRDVYJ

EHHQ LPSURYHG IURPEHORZ G% WREHORZ G%

D6 DQG6 PDWFKLQJ ES5DGLDWLRQ /RVYV

JLIXUH 6LPXODWHG SHUIRUPDQFH RI YLD OHVV IOLS FKLS PLFURVWULS LQWHUT
QRQ WUXQFDWHG JURXQG SODQH

3HUIRUPDQFH DQG EDQGZLGWK

7KHLQWHUFRQQHFWLRQ PRGHOMVS VHPHQDWBGE EYLDJI &67 WR DVVF
SHUIRUPDQFHDQGEDQGZLGWK RI WKH WUDQVLWLRQ $PDWFKLQJ EF
LV WR EH H[SHFWHG RYHU D OLPLWHG EDQGZLGWK RQO\ DV SUHVHQW

D6 DQG6 PDWFKLQJ E/RVVHV 2KPLF/RVV 5DGLDWLRQ/RVV 7RWDO /R\

JLIXUH 6LPXODWHG SHUIRUPDQFH RI YLD OHVV IOLS FKLS PLFURVWULSLQWHUFR
HIWHQGHG WR **] WR GHPRQVWUDWH WKH OLPLWHG EDQGZLGWI

O9LVXDOL]DWLRQ RI WKH "HOHFWULFILHOG
7KH "HOHFWULFILHOG ZDV REWDLQHGIURP &67 VLPXODWLRQV WR YL



&KDSWHU 2SWLPL]DWLRQ RI 7UDQVPLVVLRQ/LQH 7UDQVLW|

ILHOG RYHU WKH LQWHUFRQQHFWLRQ :\ FXWV $ D% CD\@ IS He HDAHHF MG
ILHOG LV SORWWHG XVLQJ FRQWRXU SORWV DQG YHFWRU SORWYV

JLIXUH 7RS YLHZ [] SODQH RIWKH YLD OHVV )OLS &KLS PLFURVWULS LQWHUF
GLITHUHQW [\ FXWYV

,Q FXW$ WKH ILHOG GLVWULEXWLRQ LV LGHQWLILHG DV FRUUH\
LV FRQFHQWUDWHG EHWZHHQ WKH VWULS DQG WKH JURXQG SOD(C
JURXQG SODQH LV WUXQFDWHG LQ WKH FHQWHU SDUW EHQGLQJ
GLUHFWLRQ RQ ERWK VLGHV )XUWKHUPRUH EULQJLQJLQ WKH &3
DOVR DLGV LQ EHQGLQJ WKH ILHOG KRULJRQWDOO\ )LQDOO\ FRC
LV UHFRJQL]JHG DV LWLV FRQFHQWUDWHG EHWZHHQ WKH FHQWH
RQ WKH VLGH DORQUJ [

D&RQWRXU SORW LQ FR®WRIQWRXU SORW LQ FK®RQWRXU SORW LQ FXW &

G9HFWRU SORW LQ FXWSHFWRU SORW LQ FXWIHFWRU SORW LQ FXSR&RU
EDU D[LV
JLIXUH "(OHFWULFILHOG UHODWLYH WR WKH PD[LPXPLQ [\ FXWV $ % DQG

7KH &3:ILHOG SDWWHUQLQFXW %LV YHU\VLPLODU WR WKHILHOC
UHVHPEOHY WKH &3: HTXLYDOHQFH RIDWZLQ OLQH RUWZR ZLUH

D&RQWRXU SORW E9HFWRU SORW

JLIXUH '(OHFWULFILHOG UHODWLYH WR WKH PD[LPX}P /2 ¥ KHdHS WKEGH RI WK
VHSDUDWLRQ EHWZHHQ WKH WZR WUDQVPLVVLRQ OLQHV RUWKH WR



3UREH ODQGLQJWUDQVLWLRQV

&RPSDULVRQ ZLWK LQWHUFRQQHFWLRQ XVLQJ YLDV

7KH FRPSDULVRQ RI WKH SHUIRUPDQFH LQ WHUPV RI6 6 DQG UDGL
FURVWULS LOQOWHUFRQQHFWLRQ XVLQJ YLDV DQG WKH YLD OHVV LQW
7KH PDWFKLQJ KDV VOLJKWO\ LPSURYHG ZKLOH WKH UDGLDWLRQ O
DERYH G% WR EHORZ G%

D6 DQG6 PDWFKLQJ E5DGLDWLRQ ORVV

J)LIXUH &RPSDULVRQRI6 6 PDWFKLQJDQG UDGLDWLRQ ORVVEHWZHHQ WKH
LOQWHUFRQQHFWLRQ XVLQJ YLDV DQG WKH YLD OHVV LQWHUFRQQH|

7KHPLFURVWULS WUDQVPLVVLRQ OLQHV GR QRW DGG DGGLWLRQDO |
WKH &3: WUDQVPLVVLRQ OLQHV )XUWKHUPRUH WKHUHLV QR QHHG |
WKHPLFURVWULS IHGDQWHQQD 7KHYLD OHVV PLFURVWULS LQWHU
WKH QH[W SKDVH H[DPLQLQJ WKH GHVLJQ RIWKHIOLS FKLSLQWHUFR

SUREH ODQGLQJWUDQVLWLRQV
7KH IOLS FKLS WUDQVPLVVLRQ OLQH LQWHUFRQQHFWLRQV GLVFXVV
PHQWHG LQ WKH GHVLJQ RIEDFN WR EDFN WHVW VW) SE\REHMYV WKDW
ZLWK P SLWFK 7KHUHIRUH WUDQVLWLRQV IURP ERWK &3: DQG PLFUI
5) SUREH ODQGLQJ SDGV DUH H[DPLQHG

7KH ODQGLQJ SDGV DUH GHILQHG E\ WKH 5) SUREHV ZKLFK H[FLWH D ¢
RI'WKHODQGLQJSDGVDUHUHGXFHGWRDYRLG WKHH[FLWDWLRQ RI W
RI WKH FHQWHU VWULSRVZKHEX EWAGMWKR PLQLPDO ZLGWK RQ ZKLFK WI
DUH HQVXUHG WR ODQG VXFFHVVIXOO\ 6HFRQGO\ WKH JDS EHWZHH

P LQDFFRUGDQFH ZLWK WKH IDEULFDWLRQ OLPLWDWLRQV /DVV
WDSHUHG IBR\PR P IRUODQGLQJWKH5) SUREHV DV GHSQAWHGK Q )LJ
RI WKH SDGWLWR OHDYH VXIILFLHQW VSDFH IRU ODQGLQJ WKH SUREH
RI WKH PLFURVWULS WUDQVPLVVLRQ OLQH D WUDQVLWLRQ WR D &3:
GHVLJQHG 7KH UHVXOWLQJSUREHODQGLQJWUDQVLWLRQ LQFOXGI



&KDSWHU 2SWLPL]DWLRQ RI 7UDQVPLVVLRQ/LQH 7UDQVLW|

D7RS YLHZ E%WRWWRP YLHZ

JLIXUH &3: SUREH ODQGLQJ )LJXUH OLFURVWULS SUREH ODQGLQJWUDQVL!
WUDQVLWLRQ

2SWLPL]DWLRQ RI PLFURVWULS WR &3: WUDQVLWLRQ

%HIRUH DUULYLQJ DW WKH ILQDO GHVLJQ WKH WUDQVLWLRQ IU
WHUPV RIWKH 6 PLQLPL]LQJERWKUDGLDWLRQDQGPLVPDWFK
LQ )LJ DZDV VLPXODWHG LQ &67 7KH &3: FHQW U D Od\WDUA SVKW W D
EHJLQQLQJRIWKHPLFURVWULE WKNKRZY RGNIPHBO PROKH
UDGLDWLRQ ORVV UQ EWHMFHWHPKIOWHG LQ WKH ILUVW SOBFH DV

,QFUHDRWMLDLIGHQV WKH &3: RYHU WKH WUDQVLWLRQ OHDGLQJ WR
ZDYHV

D'UDZLQJ E6

FS5DGLDWLRQ ORVVHYV G6 6 PDWFKLQJ

JLIXUH 2SWLPL]DWMALRQRWKH PLFURVWULS WR &3: WUDQVLWLRQ IRU SUR



3UREH ODQGLQJWUDQVLWLRQV

, QWKHVHFRQG SODFH ERWKLQ#&{| HDRRQWNRGEWHFDADNDIOXH FDXVHV
PLVPDWFK DV SUHVHQAVHALNV@P)IVMIPDWFK LY GXHWR WKHFKDQJH LQ WK
LPSHGDQFH RI WKH PLFURVWULS 7KH FKDUDFWRdJ4VY¥LPLPSHGDQFF
ZKLFK PDWFKHV WKH FKDUDFWHULVWLF LPSHGDQFH RI WKH &3: LQ WK

JXUWKHUPRUH WWKHHMALZNHDORWHKH &3: JURXQG DQG WKH FHQWUDO VW
WKH WDSHU LQGLFDWHDF DOMR RSWLPLIHG LQ WHUPV RI WKH 6 DV G
$OWKRXJIK GMWFWH®XEKYY WKH UDGLDWLRDQ DRVYVRDWEHK LQ 6
DQG 6 )L ELVLQWURGXFWGARXYWPRPDKCHUH LV D WUDGH RII EHWZHH

ORVVDQG6 6 PDWFKLQJ 7KW#W RSWLIADOVHBOMHEWRIG

JLIXUH 2SWLPL]DWRRWHKRH PLFURVWULS WR &3: WUDQVLWLRQ IRU SUREH ODQ

D5DGLDWLRQ ORVVHV E6 6 PDWFKLQJ

JLIXUH 2SWLPL]DWRRWKRH PLFURVWULS WR &3: WUDQVLWLRQ IRU SUREH OEL

6XEVHTXHQWO\ WKH PLFURVW WPLSLIGHWMNSHISHRAHNGRIRU WKH DQWHQQL

IHHGLQJ 7KHJURXQG SODQHLV WDSHUHG VLPXOWDQHRXVO\ IXUWKI

UHVXOWLQJJHRPHWU\ ZDV GDQSODKHGL@D)Q X67 VLPXODWLRQ UHVXO

LQ)LJ 7TKH6 6 PDWFKLQJLVEHORZ G% DQGWKHUDGLDWLRQ O
G% RYHUWKHIUHTXHQF\UDQJH *+]



&KDSWHU 2SWLPL]DWLRQ RI 7UDQVPLVVLRQ/LQH 7UDQVLW|

D6 DQG6 PDWFKLQJ E5DGLDWLRQ ORVV

JLIXUH 6 6 PDWFKLQJDQG UDGLDWLRQ ORVV RIWKHPLFURVWULS SUI



'"HVLIJQ RI'RXEOH 75/ THVW 6\
IRU )OLS &KLS & KDUDFWHUL]D

,Q WKLV FKDSWHU WKH &3:10LS FKLSLQWHUFRQQHFWLRQ DQG SURE
SUHYLRXV FKDSWHU DUH LPSOHPHQWHG LQ WZR SRUW VWUXFWXUH F
WLRQ GH HPEHGGLQJDQG DFFXUDWH H[WUDFWLQJ RI WKH LQWHUFRC
WDLQLQJD &3: WUDQVPLVVLRQ OLQH LV IOLS FKLSSHG RQWR D ZDIHU
DV GHSLFWHG LQ )LJ

D%DFN WR EDFN WHVW VWUXFWXUH

E)OLS FKLS &3: LQWHUFRQQHFWLRQ F)OLS FKLS VWXG IRUPHFKDQLFDO VXSSRUW

JLIXUH %DFN WR EDFN &3: WHVW VWUXFWXUH IRUPHDVXULQJ WKH HOHFWULFDO S
LQWHUFRQQHFWLRQ



&KDSWHU '"HVLIQ RI "RXEOH 75/ 7THVW 6 WUXFWXUHV IRU )OLS &K

7KH HIWUDFWLRQ RI WKH LQWHUFRQQHFWLRQ UHVSRQVH IRU WK
XVLQJ D GRXEOH 7KUX 5HIOHFW /LQH FWRKHEFWDDWER QW LR QHFWRAH
SODLQHG DQG WKHPRWLYDWLRQ IRU XVLQJ WKH 75/ SURFHGXUH

7KH ILuvw 75/ 75/ LV UHTXLUHG WR GH HPEHG WKH 6 SDUDPHMW
75/ LV FRYHUHG LQ 6PWARQDUWY ,Q WKH ILUVW SDUW WKH 75/
WRIJHWKHU ZLWK WKH GHULYDWLRQ RIWKH QHFHVVDU\HTXDWLRC
WLRQWKHLPSOHPHQWDWLRQ RIWKHHTXDWLRQVDQG GHVLJQ LV
RIWKHGHVLIQHG VWUXFWXUHYV

1H[W D VHFRQG 75/ 75/ LV GHYHORSHG WR GHWHUPLQH WKH 6 S
LOQOWHUFRQQHFWLRQ IURP WKH PHDVXUHPHQW RI WKH76EDFN WR E!
GLVFXVVHG LQ IRXU SDUwV ,Q WKHILUVW SDUW WKH PRWLYDWL
VWUDWLQJ WKDW WKH 6 SDUDPHWHU ELVHFWLRQ LV LQVXIILFLH(
LOWHUFRQQHFWLRQ IURP WKH EDFN WR EDFN VW WURHNXXWHV W KK %
GHVLJQ RI WKH 75/ VWUXFWXUHV ZKHUHDV LQ WKH WKLUG SDU
HUURU ER[HV DUH GHULYHG )LQDOO\ LQVWHKHZDVRESOBIPW QW b MF
WKHHTXDWLRQVDQG WKHGHVLIQ LV YHULILHG XVLQJIXOO ZDYH

7KH ODVW WZR VHFWLRQV RI WKLV FKDSWHU FRYHU PDVN GHVLJC
VLIQV SUHVHQWHG LQ WKH SUH F H GIRIUWMFQWLWR @ M GHMVLWQRRY D O
ZDIHU Rl P WKLFN IXVHG VLOLFD ZLWK RQH PHWDO OD\HU ZKHUF
IHDWXUHV D VPDOOHU PRQFKLFNIBQR®EZLWK WZR PHWDO OD\HUYV

7KH 75/ FDOLEUDWLRQ SURFHGXUH

7KH 5) SUREHV DUH FRQQHFWHG WR D YHFWRU QHWZRUN DQDO\]t
WUDQVPLW UHFHLYHPRGXOHV FDSDEOHRIFRPSXWLQJWKH SRI
GHVFULELQJUHIOHFWLRQVDQGWUDQVPLVVLRQLQWKHQHWZRUI
FOXGHDOOUHIOHFWLRQVLQ WKHFDEOHVDQG SUREHV ZKLFKDU
WKDW LV WR EH PHDVXUHG 7KH DUWLIDFWV RI WKH PHDVXUHPHQ
WKH 6 SDUDPHWHUV RI WKH '87 XVLQJ D SURFHGXUH FDOOHG FD
LQFOXGHG LQ WKH VR FDOOHG HUURU ER[HV

6HYHUDO FDOLEUDWLRQ SURFHGXUHV ZHUH GHYHORSHG IRU WKL
SURFHGXUHV ZDV SUHVHQWH®& ENKGKAUDWQWH[IPYOEFLW VROXWLRQ |
SRUWO91$E\DQ HLJKW WHUP PRGHO ZDVLQWURGYXFHEH\V.RASGD R
ZDV IXUWKHU PRGLILHG WR\LHOG WKH WHQ WHUP VROXWLRQ NQ
WKUX RSHQ VKRUW PDWFK 7260 ZKLFKLVWRGD\D ZHOO HVWDE
> @LOQWURGXFHG WKHWKUX UHIOHFW OLQH 75/ FDOLEUDWLRQ\
UHTXLULQJDOO VWDQGDUGV WR EHLGHDO RUIXOO\NQRZQ /LQH
LPSURYH WKHEDQGZLGWK I WREAYBDUEVNDWDRQG LQH 5HIOHFW (
DUHOXPSHG VWDQGDUG EDVHG FDOLEUDWLRQPHWKRGYVY ZKLFKJ
VXUHPHQW UHVXOWY DW PP D YH WHUTWHKE@ RAICHWWBR GXFWLRQ RI W/
RWKHU VHOI FDOLEUDWLRQ PHWKRGYV ZHUH GHYHORSHG RSWLPL
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7KH 75/ FDOLEUDWLRQ SURFHGXUH SURYLGHVY WKH DELOLW\ WR GHW
WKH OLQH VWDQGDUG 7KLVHQDEOHV WKHFKDUDFWHUL]DWLRQ RIIL
WR LQWHJUDWH 00,&V )LQDOO\ WKH 75/ FDOLEUDWLRQ PHWKRG LV
TXLUHPHQW RIVWDQGDUGVY DQG LW GRHV QRW QHHG OXPSHG VWDQG|

75/ WR GH HPEHG WKHG6 SDUDPHWHUV LQ EHWZHH(

75/
75/ FRQVLVWV Rl VWUXFWXUHV DWKUX DQRSHQDQG VKRUW IRU W
ORQJOLQHWR FKDUDFWHUL]H WKH CR¥K/H FHDW %Wl 13 G FRWSDUJIDP HWH U V
WKH VWUXFWXUHSREWSHDEED UFRUUHVSRQGLQJ WR WKH WKUX UHIO
ORQJOLQH UHVSHFWLYHO\ BPVKfGURDRVWHERLOWIRI WKH 75/ DUH PRGF

6 PDWUL[ §@ ROSRY

D '"PRGHO

E6FKHPDWLF

JLIXUH 75/ VWUXFWXUHYV

JRUWKH 7KUX VWDQGDUG WKHHUURU ER[HV DUH GLUHFWO\FRQQHF\
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FLGH ZKLOHIRUWKHS5HIOHFWDQG /LQHVWDQGDUGY WKHUHIHU
OHQIJW,Q WKH FDVH RI WKH5HIOHFW RSHQ RU VKRUW WKH WUDQ
DQRSHQ FLUFXLW RUVKRUW FLUFXLW DW WKH UHIHUHQFH SODQ
. » GHILQHV WKH 5HIOHFW VWDQGDUG 7KH/LQH VWDQGDUG KD
OHQIJWKWK FKDUDFW H U L2{ \B QFS LS SRISIDIPAHL R FRRQ Y WEE WH

LV WKH DWWHQXDWLRQ FR @KW BEWD VEFROHMW DQW 7KH ORQJ OLQ
WKH/LQH VWD QAR UBGKHAHIUIMKKR | WK Hi/K QW WRIE ®RED UGHJUHHV
DWWKHFHQWHU IUHTXHQF\RI WKH EDQGZLGWK RILQWHUHVW 7k
/JLQHVWDQGDUG IURP WKH 7KUX LQ \RMHBPWWKIFSHQWH BR @DW 0 QMG W
7KHUHIRUH ID=0880Q PWKOV VHOHFWHG ZKLUEKDM/ WKIREXEBQWHU IUHT
)XUWKHUPRUH WKH UHIOHBWGR® FRHNVR. EHHNQWREW Z k RWEHQH U
WKH H[DFW YDOXHVY DUH GHWHUPLQHG E\ WKH 75/

75/ SURFHGXUH XVHG IRU 75/
7KH 75/ GHULYDWLRQV DQG HTXDWLRQV JLYHQ LQ WKLV VHFWLRC
+RHU® 7KHHTXDWLRQV DUH ZULWWHQ LQ WKLV VHFWLRQ DV W}
UHODWLQJ WKHP WR WKH GHVLJQHG 75/ VWUXFWXUHV

7KH 6 SDUDPHWHUV RI WZR SRUWYV UHODW Hy WKK WHR OWHKFIHMM IGHZ IDG
FLGHQW ZDYH RBPBQEHBWENGHV

by = Spia; + Spa D

b = Syia1 + Sy E

$W WKLV SRLQW LW LV FRQYHQLHQW WR FRQYHUW WR HLWKHU W
RUVFDWWHULQJ WUDQVIHU SDUDPHWHUYV 7 SDUDPHWHUV 7KH
LV WKH SURSHUW\ WR DFKLHYH WKH QHWZRUN SDUDPHWHUV RI W
WKH PDWUL[ SURGXFW RI WKH LQGLYLGXDO QHWZRUN SDUDPHW
OLNH 6 SDUDPHWHUYVY UHODWH LQFLGHQW DQG UHIOHFWHG ZDY
DJHVDQG FXUUHQWY 7KHUHIRUH WR FRQYHUW IURP 6 SDUDPHMW
SOH[IUHTXHQF\ GHSHQGHQW VRXUFH DQG ORDG LPSHGDQFHYV DL
SDUDPHWB®UYKHUHIRUH 7 SDUDPHWHUYVY DUH XVHG DW WKLV SRLC

6 SDUDPHWHUV WR 7 SDUDPHWHUY FRQYHUVLRQ
7TKH7 SDUDPHWHUV DUHIRXQGIURPWKH 6 SDUDPBWBUVYXDWHRQL

EIRUDQd DV D I XQF @ LIRWMPSRD V

G KBy S
b = ap+ =ty = Tyjap+ Tiohy D
So1 So1
S 1
ap = 7822a2 + —bp = Trrap + Tooly E
21 So1

ZKHUHSP H@WGLFDWHY WKH GHWKHK FLDWDWRW HIUM,, Te: DQG
Tp, DUH REWDLQHG IURP W%HSR SDSDFBHWBQSE, UHVSHEWLYHO\ XV
(TXDWLRIDQG (TXDWERQ
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7 SDUDPHWHUV UHSUHVHQWDWLRQ RI WKH 7KUX DQG /LQH FRQQHFWL
7KHQ WKH 7KUX DQG /LQH FRQQHFWLREDWBIVZG HWMWHHE\ FQ YIFDGLQJ
7 PDWULFHV DV

Tr,= Tp1Tp2
e ' 0
TL=Ter o o TP2

ZKHUHWKHWUDQVPLVVLRQOLQHEHWZHHQWKHHUURUER[HV RIWKH .
UHIOHFWV LY HOLPLQDWHG E\ VROYIRY] DTX® WXRWWLWXWLQJ LW LQWR

\LHOGLQJ . 4
e ' 0
TeTer=Te1 o
ZKHUH
Tc=T.T; 1

Tc LV FRPSXWHG |URPLWIXGGN FFRRAE XWHE ID@® REWDLQHG IURP WKH
PHDVXUHPHQWY, DXL OHPDLQ XQNQRZQ ([SDQGLQZKHIHW R
HOHPHQWN @G, DUH UHSUHMWH QWG ;DVYHYSHFWLYHO\VJLYHYV

_ |
tciuatprar + teaotpror = tpyy1ie M D

_ |

tcoatpiin + teootpior = tpyore M E
_ |

tc.uatprio + toiotpo = tpyoe M F
_ |

tc.oatpra2 + teootpio = tpyoe M G

(TXDWLRDLV VRO¥H®G IIRYWG WKHQ VXEVWLWXWHE Z&WRH TKOIW RRQ
FLVVRO¥HGIB®G VXEVWLWXWHG LQWRLTIDYWH\RWKH IROORZLQJ TXEC

HTXDWLRQV
2

tp1:11
+(tc2  tci1)

tp121

tp111
tp1:21

tci21 tc;12=0 D
2

tp1:12 tp112
+(tc2  tci1)
tp1:22 tp1:21

tco1 tc;12=0 E

5RRW FKRLFHDQG VROXWLRQ RI
W LV QRWHG WKD\W DIQX® WILXFDQV ERKDYH WKH VDPH NQRZQ FRHIILFLHQ
WKHUHIRUH\LHOG WZR RI WKH VDPH VR@ OWUIRBWKDRWH®RDIG FERWH >

tpq- tp1:
P12 _ lpyu
tp1:22 tp121

KDVWRKROGIRUSUDFWLFDO PHDVXUHPHQW VA\VWHPV 7KHUHIRUH W
HTXDWLRQ LV%WWKH@%HW@IMU (TXDDWLRXPAD\ EH

P 1,22

VROYHG IRSUHVVHG LQ WHUP YV Rt VDIKQHG HADKHSRWIFRRM (TXDWLRQ

P 1,22
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FZDV LPSOHPHQWHIGBVWR ILQG

1 LVREWDLQHG H\ ENSOIDF LRXIDWLRDQKLY JLYHV
Te=TuT:!
7KHQ LV IRXQG E\

tp1:20
1=< OQcu* —tca
tp121

6ROXWLRQ RIGH HPEHGGHG 7 SDUDPHWHUV LQ EHWZHHQ WKH HU
$Q\ PHDVXUHG GHYLFH XQGHU WHVW '87 PD\EH PRGHOHG XVLQ
SLFWHG LQ MKHUH WKH HUURU ER[HSt DV®EE3 H @ RMQHIGMKE, 1.5/

GH HPEHGG IS IWRA ODWWHU GHQRWLQJ WKH PHDVXUHG 6 SDUDP

JLIXUH 6 FKHPDWLF RI D PHDVXUHG '87 VWUXFWXUH

Sy DQS&%x DUH FRQYHUWHG WR VFDWWHTLQ QT XIVQQUHUT $DWDRGWH L
DQG (TXDWERQ LVGHFRPSRVHGLQWR WKH FDVFDGHG HOHPHQW YV

Tvm = Tp1Tx Tp2

Tps DQT, DUH UHZULWWHQ LQ WHUPV RI WKHHOHPHQWYV DV

tp1;11 tpaa2 tp2;11  tp212
— tp1;22  tp122 tp2;22  tp222
Tm = tpa2otp222 tpys: 1 TX  tpoo 1
tp1;22 tp2;22

$QG WKHQ DIWHAKWVIR@Y LQYHRJWLQJ WKH PDWULFHYV

tplj_z# " tpzlz#
1 : 1 ;
T = 1 1 1 tr122 T tp2;22
tp1ootpoogp tPull  teuiz teiar traiin  teaisz trojas tpior  lpuu M tpoo1  traun
' Tteue  teuzztPize tr2zz trp2i22 troj2e tp122  tpyz tp222 ez

(TXDWLRQLVDOVR ZULWWHQ LQ DVLPLODDWZD\DV (TXDWLRQ

;i trae tp1;11

tp1;12 tp2;11 tp212

tr;e tr;2 — tp1;22  tp1;22 tp2;22  tp222
t1:22 15 1 - tp1;22tp 2,22 {515 1 tpoio1 1
tr;22 tp1;22 tp2;22
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ZKLFKLVY UHZULWWHQ DV

tp1ootpoool =

#
tp1;12 ;i1 a2 tp212
1 1 1 1
t. tp1;22 tr;22 122 tp2;22
T;22 tp1:11 tp112 tp121 tp21a tp2:12 tp2:21 tp1;21 tpi11a tr;21 1 tp2;21 tp2;n1
tp1:22 tp1;22 tp1:22 tp2i22 tp2:22 tp2;22 tp1;22 tp1;22 tr;22 tp2;22 tp2;22
7KLY PHDQV RQO\WKH UDWLRYV DUHUtﬂ%—*F Plzz tP122 5 tF,222WHUPLQHG

DQEZ 7KHQ (TXDWUORQHYV WK Hts4GX FIKLFK YDOXH LV UHTXLUHG W
Tx ITURP (TXDWLRQ

SHZULWLQJWKH 7 SDUDPHWHUV H[SDQVLRQ RI WKH 7KUX WR ILQG WK
(TXDWLRQLV SUHPXOWDI%SDVHG E\

1 1 tp1;12 trri1 triao tpo;11 tp2i12
tp1:22 tri2  trizz — tp2:22  tp222
t1;22 tp111 tp1.12 tp1:21 tp1;21 tpa11a tr:21 1 = tp2;22 tp2:21 1
tp1.22 tp1.22 tp1:22 tp1;22 tp1;22 tr:22 tp2:22

7TKHQ PDWUL[ PXOWLSOLFDWLRQ RQ WKH Q@3 WVKO@QISFWHICGRIQ W K H DIRIY
KDQG VLGH \LHOGLQJ

1] n

t 1 tr;11 tp1;12 tr;21 tr;12 tp1:12 tp2;11 tp212
T22 triz  tpra i triz tpiae — tp2z tp2
tp 220 tp1.11 tp1.12 tp1:21 tp121 tim tpa1aa tr;21 tp121 t1;12 tp111 tp2;21 1
" tp1a2 tp1.22 tp1:22 tp1;22 t1;22 tpa;22 tr;22 tp1;22 t1;22 tp1;22 tp2:22
7KHPDWUL[HOHPHQWY DUHHTXDWHG JLYLQJ
tp2a1 _ tr;a1 tpriotrza D
tp2;22 tr;22  tpyzotlr2
tp212 _ tri2 tpra2 E
tp2;22 tri22  tp122
tpo tpy1o1 tT: tp111 tT:
P2;21 =k P1;21tT;11 + P1;,11tT;21 F
tp2;22 tpr22tr22  tpaiatr22
tp12atria2 | tpina
1=k : . : G
tp122tr22  tp122
ZKHUH
K = t1:22 1
tp2:22 trrun tepyratpin

tp1;22 tp1;22 tp1;22

7R HOLPK. QRQ @ W K Hpbbbl RURP WKH ULJKW KDQG VLGB RI (EXD@WGRQV
F (TXDWLRG@LV VROXHIRIRWKHQ VXEVWLWXWHGDLQWR (TXDWLRQ\

DQG F \LHOGLQJ
tr:11 tp1;12 t1:21
tp2:11 - _tnz tp122 tr;22 D
tp222 tp1;21 t7;12 tp11a

tp1;22 tr;22 tp1;22



&KDSWHU '"HVLJQ RI 'RXEOH 75/ THVW 6 WUXFWXUHV IRU )OLS &K
tr;12 tp112
1:P2;12 _ tr:20 tp1;22 E
tp2:22 - :P 1;21 :T;lZ :P 1;11
P1;22 iT;22 P1;22
tp121 trina tpaaa tr;2n
tpo.21 _ tp1;22 tr;22 tp1;22 tr;22 =
tP2;22 - tp1:21 t1:12 + tp1;11
tp122 tr;22 tp1,22

tp1m D Q @1;12

tp1:21 tF1;22

KDYH EHHQ GHWHUPLQHG E\ VROQG J T X R DVERRID

VSHFWLYHO\ ZKLOH jWKRH HKONPHEHWMAY GHULYHG IURP WKH PHDV X
St 7KHUHIRUH LWLV XVHIXO WRDNHZUEWH)@GXPWILWRWYQO\ NQRZC(
YDULDEOHV RQ WKHULJKW KDQG VLGH JLYLQJ

tr;11 tpa;12 tr;21
1:P2;11 tP1;21 _ tr22 tp1;22 tr;22 D
= t te1.
tp222tp1;22 Til2 4 PLiL
tr;22 tp1;21
tr:12 tp1;12
tpoa2tP121 _ tre  triz E
- . th 1.
tpo22tp1;22 Tiiz 4 CPLll
tr;22 tp1;21
tr.11 tr;21
tp2o1 _ t1.22 tr;22 F
tpooo tr;12 tp1;11
’ tr;22 tp1;21

5HODWLQJ UHIOHFWLRQ FRHIILFLHQWYV RI WKE%HIOHFW VWDQGD

7KH RWKHU UDWLRV RQ WKH OHIW KDQG VLGH £\ EWNFRRBEWRGE Z
WKLY WKHS5HIOHFW VWDQGDUG LV FRQVLGHUH GsgiHVOR Q GQJ WK H
SRz WR DV LQGLFDWHGELPRMLHUURU ER[ 3 WKH LQFLGHQW ZDYH

ap11 DQ#&p12 ZKLOH WKH UHIOHFWHG ZoprY HD RIB S0 I7\WW K Q MWKIHUHH IO H F V
FRHIILFLHQW DW WKH ORDG LaV JLYHQ E\

_ dP1;2

! t)31;2

7KH ZDYH DPSOLWXGHV DUH UHODWHG WR WRHDQ G DT)OIPMEBRHU V E\
8VLQJ WKHVH HTXDWLRQV D @& HTX@IKVR QHIOHFWLRQ FRHIILFLHQ
GDUG LV ZULWWHQ DV

bp 11

ap1;1

tp1118p12 + tp1;12bp 1
tp1218p12 + tp122bp 12
tp111 1+ tp12

tp121 1+ tp122

SR;11 =

6ROYLQJ (TXDWIRRJQQILYHYV

tp112

_ SR;11 tp122
1= tP1;21S o tr1;m1
tp1;22 tp1;22
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$OQGHTXLYDOHQWOV\ IRU HUUaRU ER[ 3
_ ap2;1

)=
bp2:1

bp2:2

ap2:2

SR;22

tp211 tp2:21
Gy P21 Gy P2l

tp2;12

tp2;22
_'p212 g+ —=F222
Gy P21t Gy P2t
tp211 2 tp22
tpo1o 2+ thooo

tp2;21
tp2;22
tp2;12 + tp2;ma
SR- —=
tp2;22 tp2;22

6LQFHDQG DUH XQNQRZQ EXW HTXDO WKH\DUH HOLPLQ DWIEG E\ HTXD
(TXDWLRQ JLYLQJ

SR:22 t

2:

tp1;12 tp2;11 tpa;21 tp2;12 tpa;21
tp1;22 tp2;22 tp1;22 tp2;22 tp1;22

SR;11 SR; 22

o<

tp121 _
tp122

tp2;21 tp1;11

tp2;22 tp121 SR;11

SR:22 t

7KHPDJQLWXGH RI (TXDW ER® Q H{SUHVVHG LQ WHUPV RI WKH PHDV XU
HIILF Iskl@ W@%R 2 WKH %D@% SUHYLRXVO\FRPSXWHG IDRP (TXDWL
DQG (TXDWIER®QG WKH H[SUHVVLRQV IUBP (TKDWMRQWFRPSXWLQJ
WK H PDJQLI«Q\Z%GH’RDWLRQLV XVHG WR FKHEN ZKH%I—LNWRHWI—LHW RI
E\FRPSXWLQJ WKH D QWOHIRQJOH LV VPDOOHU WKDQ fIRUWKH VKRU!

IRUWKHRSHQ WKHVLJIQ }{—;'BE\?W\RFEH-PB&(N\Q-UCHB\ PXOWLSO\LQJ WKH UHV

WLRQ E¥ SUHYLRXVO\FRPSXWHG |DRR GTXIDWMWRERGE DQG

£22 DUH IRXQG IURP (T)ODMQ®QE XVLQJ WKH UHVXOW RI(TXDWLRQ
WLRQ JLYHV WKHtSWRBE&GXAWUHVVHG LQ WHUPV RI DOO UDWLRV WKDV
FRPSXWHG TXLQWORPSXWHG IURP (TPDSBLIRQIRXQG E\ XVLQJ (TXDWLR

DDQG (TXDWERBKLFKILQDOL]JHVY WKH 75/ SURFHGXUH

OHULILFDWLRQ RI 75/ SURFHGXUHDQG GHVLJQ
, QRUGHU WR YHULI\WKH 75/ SURFHGXUHDQG GHVLJQD WHKRAR/G/UXFW X
HOHG DQG VLPXODWHG LQ &67 XVLQJ ZDYHJXLGH SRUWYV SODFHG RQ
OLQHV 7KH UHVXOWLQJ6 SDUDPHWHUY DUH VDYHG DQG LPSRUWHG
DEGHWR S DB IRUWKH WKUX UHIOHFW OLQH DQG ORQJOLQHUHYV
IURP WKH SUHYLRXV VXEVHFWLRQ DUHLPSOHPHQWHG

9HULILFDWLRQ RI WKH SURSDJDWLRQ FRQVWDQW

7KH SKDVH FRQMWB@W®G XVLQJ (TXDWGRMKH DWWHQXLQWULR® FRQVWD
(TXDWLRQ )RU FRPSDULVRQ WKH VHFWLRQ RI XQLIRUP WUDQVPLVVL
HQFH SODQHV RI WKH /LQH VWDQGDUG LV VLPXODWHG LQ &67 DV ZHOC
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7KH6 SDUDPHWHUV DUH ILUVW FRQYHUWHG WR $%&" SDUDPHWHU

A= (Zo1 + S11Z01) (1 S22) + S12S21Z01

D
25,1 (Ro1Ro2) M2
g = (Zoit SuZot)(Zop + Sp2Z02)  S12821Z01Z02 E
2S,1 (Ro1Ro2) 2
C= (1 S1)(@ S22) S12S21 F
25,1 (Ro1R02) M2
_ (@ S11)(Zgy+ S22Z02) + S12S21Z02
D= 172 G
2571 (Ro1Ro2)

WDNHQ IURP7XKH DVWHULVNV LQGLFDWHRFR&3§) Hof BQALXDOM H D Q
WKH SRUW LPSHGDQFHV IURP &67 7KH.¥ WRISHQ DUWHR@ ERQVWDQW
" #o #
A B _ FRMKZ VLQK
C D  1VLQK FRVK

ZHUHV WKHOHQJIJWKRIWKHVLPXOD@A& HKWBRRYPCHYNKB QDAVQHUWL V!
Z Rl WKH VLPXODWHG WUDQVPLVVLRQ OLQH LV BRURL®A X QTXKRWLLG
IRUDQG WDNLQJ WKH LPDJLQDU\ SDUW JLYHV

1rer = = (DUFHRBRAEK)/ 1)

ZKHOkKfr FRUUHVSRQGYV WR WKH WK HOHPHQW RI WKH $% &' PD\
SDUDPHWHUV REWDLQHG I[IURP WKH UHIHUHQFH &67 VLPXODWLRQ
FRQVWDQW LY GLUHFWO\IRXQG IURP WKH 6 SDUDPHWHU RI D ORQ

1rer =10 O RJIjSrer: 11 + jSrer; 12 /1

7KH DWWHQXDWLRQ FRQVWDQW REWDLQHG XVLQJ WKH 75/ LV DC
EVO/ QID) 8686 7KH UHVXOWYV DUH GHSLVPWRZLQQ H[FHWHOHQW DJU
EHWZHHQ WKHUHVXOWYV REWDLQHG IURP WKHLPSOHPHQWHG HTX
VWUXFWXUHVY DQG WKH UHIHUHQFH VLPXODWLRQ RI WKH XQLIRUP

D3KDVH FRQVWDQW RYHU IUHH VSDFH ZDY HE®WEHQXDWLRQ FRQVWDQW LQ G% SHU P

JLIXUH BURSDJDWLRQ FRQVWDQW UHVXOWYV XVLQJ75/ HTXDWLRQV IURP VLP
VLPXODWLRQRID XQLIRUP UHIHUHQFH OLQH UHG
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9HULILFDWLRQ RI WKH UHIOHFWLRQ FRHIILFLHQWYV DQG SHUIRUPDQF
7KH UHIOHFWLR Q; ARHG I DEHHFEDMOW XODWHG DV SDUW RI WKH 75/ XVLQJ
DQG (TXDWLRIQRG LQGLFDWHGELDKH WHMXOWYV IRUERWK WKH 5HIOHFW
DQG 5HIOHFW VKRUW FLUFXLWD DV H GG HVMEQ MG GQLINOY)E D U H
LGHQWLFDO EHFDXVH WKH VWUXFWXUHV DUH SHUIHFWO\V\PPHWULF |
VWDQGDUG PHDQV WKDW WKH PDJQLWXGH RI WKHUHIOHFWLRQ FRHII
RSHQ FLUFXLW WKHDQJOHRIWKHUHIOHFWLRQ FRHIILFLHQW LV LGHLE
SKDVH DQJOH EHWZHHQ WKH LQFLGHQW DQG UHIOHFWHG ZDYHV 2Q \
WKHUH LV  GHJUHHV SKDVH GLIIHUHQFH +RZHYHU ERWK VKRUW D
VKRUW LV SHUIRUPLQJ VOLJKWO\EHWWHU WKDQ WKH RSHQ 7KH PDJC
DQG DUH SORWWHGAKRWW DQG RSHQ DUH WKH UHDOVHFRWLWR Q IRRJH I I L F
WKH VKRUW DQG RSHQ ZKHUHDV VKRUW DQG RSHRWDSRUWKHRIHIOH
WKH VKRUW DQG RSHQ FLUFXLW )RUFRPSDULVRQ WR WKH VKRUW
RIWKHRSHQ FLUFXLW EORWWHG LQ )LJ

DODJQLWXGH RI WKHUHIOHFWLR @ $QBOIH RUMKMWHIOHFWLRQ FRHIILFLHQWY LQ GHJUH|
UDQJH GHJ

JLIXUH 5HIOHFWLRQ FRHIILFLHQW UHVXOWY REWDLQHG XVLQJWKH 75/ IRU ERWK 5H|
DVLQGLFDWHELEKRUW DQG RSHQ WHIKWWKWMLRQ FRHIILFLHQW DW SRUW IRU WKH
FLUFXLW ZKHUHDV VKRUW DQKI@BRAQLBQHRKHLFLHQW DW SRUW IRUWKH VKRU

9HULILFDWLRQ RI WKH GH HPEHGGHG 6 SDUDPHWHUV LQ EHWZHHQ Wt
7KH EDFN WR EDFN VWUXFWXUH GHVLIJQHG LV UHSUHVHQWHG E\ 6 SLC
7KHGH HPEHGGHG VXESDUW RI WKH EDFN WR EDFN VWUXFWXUH L

JLIXUH %DFN WR EDFN WHVW VWUXFWXUH ZLWK WKHGH HPEHGGHG VXESDU)
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7KH 6 SDUDBHWIHWKH KLIKOLJKWHG SDUW DUH REWDLQHG XVLQJ
ODWHG 75/ VWUXFWXUHV )LUVW WKHVWUXFWXUH ZD\BYLPXODW
BXEVHTXBRWDV FRQYHUWHG WRTY SDUQP HWKDWR RQG (TXDWLRQ

E DQGZDV IRXQG XVLQJ (TXDWERFRQY IS WHG WRIKOLIJKWHG SD
)LJ ZDVDOVRVLPXODWHGLQ &67 SODFLQJWKH SRUWV GLUHFW
DQG REWDLQLQJ WKH &67 UHIHUHQFH 6 SDUDPHWHUV TKMHGFRPSE
VKRZV H[FHOOHQW DJUHHPHQW 7KLV DJUHHPHQW YHULILHV WK
GHVLJQHG 75/ VWUXFWXUHYV

J)LIXUH &RPSDULVRQ EHWZHHQ WKH GH HPEHGGHG 6 SDUDPHWHUV LQ EHWZHH
&67 UHIHUHQFH VLPXODWLRQ

75/ WR REWDLQ WKH6 SDUDPHWHUV RIDVLQJO
,Q WKH SUHYLRXV VHFWLR& XWKUHH6GHDH PPHOGHE XVLQJ 75/ +RZ|
FRUUHVSRQGLQJVXESDBRQWHBH QIVJWZR IOLS FKLS &3: LQWHUFRQ
LVWR REWDLQ WKH 6 SDUDPHWHUV RIDVLQJOH LQWHKHRXESDBW
LV VIPPHWULF DQG HDFK KDOI LV UHSUHVHRWHG E\DQ 6 SDUDPHYV

D "GUDZLQJRIWKHVXESDUW E6FKHPDWYF RI

JLIXUH 6 XESDUW RI EDFN WR EDFN &3: WHVW \BWUXFWXUH FRUUHVSF



75/ WR REWDLQ WKH6 SDUDPHWHUV RIDVLQJOHWUDQVLWLRQ 75/

6 SDUDPHWHU ELVHFWLRQ
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LQ)LJ E\ "5HI 30DQH 75/ " )RXUEDFN WR EDFNWHVW VWUXFWXUHV L
GH HPEHGGHG XVLQJ WKH SURFHGXUH RI 75/ H[SODLQHG LQ WKH SUH
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D75/ 7KUX E75/ 5S5HIOHFW RSHQ

F75/ BHIOHFW VKRUW G75/ /LQH

JLIXUH 'PRGHOV RI WKH 75/ VWUXFWXUHYV

7KH 75/ 7KUX )DJ 5HIOHFW RSHQ VERWW FLDQG /LQH )& DUH
UHSUHVHWIB®R ED®Bg UHVSHFWLYHO\IZ®HWHUURU ER[HVDUHLQ W
Ss EHFDXVH WKH FDEOHDQG SUREHVY KDYHEHHQ DOUHDG\GH HPE

JLIXUH 6FKHPDWLF RI 75/ XVLQJ6 SDUDPHWHU ER[HYV

75/ SURFHGXUH XVHG IRU 75/
7KH SURFHGXUH LQWURGXFHG IRU 75/ KDV WKHDGYDQWDJH WKD
LGHQWLFDO DQGLWLVQRWUHTXLUHG WR FDOFXODWH WKH 6 SDI
WKHLUHIIHFW ,Q WKHFDVHRI75/ WKH®6 SDUDPHWHUV RIWKH HL
WKH DSSURDFK LV V Bk IS OD @SRl I BUHOQMWJ VW FRQYHUWHIgTWR 7 SD!
Txr DO, UHVSHFWLYHO\ XVL@INOBDWXBWERT: DQTx DUH
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7KH 6 SDUDPHWHUV RI WKH VWUXFW XZHUHS®H WPEWE GH® XVLQJ
IURP &67 VLPXODWLRQV RIWKHIXOO EDFN WR EDFNVWUXFWXUHV
(TXDWLRQV DQG ZHUHLPSOHPHQWHGLQDO$7/$% IXQF\
St IURPLQSXW6 SHYBRHWEBEY $&67 UHIHUHQFH VLPXODWLRQ SO
RQ WKH WRS VWUXFWXUH DW WKH G RIWZ\DH/GGRIQHHW. R & IY BIDW B &/ H QV
FRGHDQG GHVLJQHG VWUXFWXUHV 7KH D®E XYW Z\W JARRIAL B WHHGHLX
EHWZHHQ WKH VLPXODWHG UHVXOWV Rl 75/ DQG WKH UHIHUHQFH



ODVN GHVLIJQ RQD LQFK PLFURQ WKLFNIXVHG VLOLFD ZDIHU

JLIXUH &RPSDULVRQ EHWZHHSR WRXREGHVRCPWLRXODWLRQ RI WKH 75/ EDFN WR EL
VWUXFWXUHV DQG WKH 75/ 0$7/$% FRGH YV &67 UHIHUHQFH VLPXODWL

ODVN GHVLJQ RQ D LQFK PLFURQ WKLFNIXVHG
7KHWHVW VWUXFWXUHV IRUWKH FKDUDFWHUL]DWLRQ RI WKH &3:10L
WKH FDSDELOLWLHV RI &,7& DQG (OVH .RRL /DERUDWRU\ (./ WKH OI
YHUVLW\ RI THFKQRORJ\ 7KH ILUVW VWHS LV WR GHVLJQ D PDVN IHDV
VWUXFWXUHV SODFHG LQ RQH PHWDO OD\HU ZKLFK LV GHSRVLWHG
ZDIHU RI P WKLFN (./ZLOO UHDOL]JH ERWK WKH DOXPLQXP PHWDOOL]
IHDWXUHV B6XEVHTXHQWO\ &,7& ZLOO IOLS FKLS WKH 75/ WRS IHDW
,Q)LJ WKHFRPSOHWHPDVNLV GHSLFWHG ZLWK WKH FRPSRQHQW V
FRQWDLQLQJ

t PP2GLHLJ E \HOORZ 7RS SDUWBERYWDXFWXUHV 7KUX
7 S5HIOHFW2 RSHFHHQOHFW6 VKRQM DQG ([WUD OR Q %@®RMIMR P
SDUW FRQWDLQV 75/7 ERRAN RP/LQH % 5HIOHFW6 YK R\
S5HIOHFW 2R%®H Q

t PP GLH FRQWDLQLQJ 75/ WRS OLQH RSHRPVERW W
FRQWDLQLQJ 75/ WRS WKEXX H UHSHWLWLRQV RI 75/ WRS VWU
7KUX /JLQH S5HIOHFW6 VKIRUVSHIOHFW RSHQ

t PP2GLHLJ G JUHHQ &3:DQWHQQD GHW. JQRXYE
SODQH DQG WUDQVLWLRQ IRUSUREH ODQGLQJIRUGH HPEHGGLGC

1 PP2 GLHLJ H UHG $OLJQPHQW PDUNV DW LQFK IRU

PLFURVWULS DQWHQQD IDEULFDWHG LQ $73






	Preface
	Abstract
	Introduction
	Background and project context
	Study of the acquired MMICs
	Flip-Chip bonding
	Characterization of transmission lines for front-end integration
	Front-end integration paths
	CPW transmission line for Front end integration
	Microstrip transmission lines for Front end integration

	Thesis outline

	Optimization of Transmission Line Transitions for Flip-Chip test structures
	Flip-Chip Transmission Line Interconnections
	Flip-Chip CPW interconnection
	Flip-Chip microstrip interconnection using vias
	Via-less Flip-Chip microstrip interconnection

	Probe landing transitions

	Design of Double TRL Test Structures for Flip-Chip Characterization >100 GHz
	The TRL calibration procedure
	TRL to de-embed the S-parameters in between the error boxes (TRL1)
	TRL procedure used for TRL1
	Verification of TRL1 procedure and design

	TRL to obtain the S-parameters of a single transition (TRL2)
	S-parameter bisection
	TRL2 design
	TRL procedure used for TRL2
	Verification of TRL2 MATLAB function and design

	Mask design on a 4 inch 500 micron-thick fused silica wafer
	Mask design on 1/4 inch 50 micron-thick fused silica wafers

	Flip-Chip Interconnection to commercial MMICs >100 GHz
	Flip-chip interconnection to MMICs using CPW on fused silica
	Flip-chip transition to MMICs using microstrip on fused silica

	Preliminary TRL Measurements
	Mask for the preliminary measurements
	TRL calibration verification
	Propagation constant measurement results

	Conclusion and Future work
	References
	Appendix
	Computing the losses using CST simulations
	Mask used for the preliminary measurements
	Switch-term correction


