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George E. PonchalSenior Member, IEEEBnd Emmanouil M. Tentzeridgember, IEEE

Abstract—Microwave and millimeter-wave integrated circuits port 1 m—mine Ine 2 g port 3

and RF distribution networks often require two transmission lines
to cross over each other. In this paper, experimental measurements
and three-dimensional (3-D) finite difference time domain analysis
are used to thoroughly characterize coplanar waveguide (CPW)
and finite ground coplanar waveguide (FGC) 90-degree crossover port 4m—ine 2 line 1 g port 2
junctions. It is shown that FGC crossover junctions have approxi-
mately 15 dB lower coupling than CPW crossover junctions. Fur-
thermore, itis shown that the FGC junctions do not excite the par-
asitic slotline mode, whereas, the CPW junctions do excite the slot-
line mode. The results presented indicate that the FGC crossover
junction is easier to implement and has better characteristics than

Fig. 1. Schematic of 90crossover junction.

lowed by the experimental and theoretical procedures. Then,
the CPW crossover junction. the scattering parameters of the 4-port junction are presented
Index Terms—Coplanar waveguide, coupling, finite ground with a discussion of their significance and the impact of cou-
coplanar waveguide, planar transmission lines, transmission lines. Pling between the CPW and the slotline modes. Finally, electric
field plots and 3-D-FDTD results are used to physically show

why the FGC crossover junctions are superior to CPW crossover
|. INTRODUCTION junctions.

ONOLITHIC microwave and millimeter-wave inte-
grated circuits (MMICs), microwave multichip modules Il. CIRCUIT DESCRIPTION

(MCMs), ar_1d _ante_nna distribution networks often require Both CPW and FGC crossover junctions require the center
two transmission lines to cross over each other as shown

schematically in Fig. 1. These crossover junctions are strai t[[ip of one fine to cross over the second line; however, the
Yy g. L ] E%round plane connections are different. For CPW discontinu-

forward to implement with a single airbridge for circuits baseI ies, it is known that the ground planes of each CPW line must

on microstrip transmission lines. However, circuit deS|gne[)se tied together by airbridges at each discontinuity to short out

often prefer coplanar waveguide (CPW) transmission lm?ﬁe parasitic slotline mode that is easily excited. Since CPW

because it is a planar transmission line, which enables eas L . ) .
und planes are very wide, it is impossible to fabricate an air-

g . ' . [
series and shunt element connections without metal filled V?)?idge that would enable the ground planes of one CPW line to

holes [1]. This simplifies the fabrication process, el'mmatecsompletely cross over the second CPW line as the center strip

backside processing, and lowers fabrication cost by approXi- . . )
mately 30 %. Recently, an improved version of CPW has beéReS' Thus, at the CPW crossover junction, the two lines neces

developed called Finite Ground Coplanar waveguide (FG arily share their ground planes. Two CPW crossover junction

FGC has electrically narrow ground planes that have be?XOUtS are possible. The firstis shown in Fig. 2(a), CPW1, and

i ses underpasses to connect two of the four ground planes at
shown to reduce parasitic resonances caused by parallel p)ate. . )
ejunction reference planes. Because the center strips are now

modes, enable novel uses O.f the g_round planes to 'meg%ﬁher apart, the airbridge connecting them is long as seen in
lumped elements, reduce circuit size, and reduce couplllg%_ 2(a). The second layout, CPW2, is shown in Fig. 2(b). It

between parallel transmission lines [2]-{5]. However, Onlxses airbridges to connect all of the ground planes together, but

E;&igﬂ;gg&fgglilon CPW and FGC crossover junctions haxﬁo of the ground plane airbridges are set back from the junc-

. . ._tion 25 um to ensure that they do not interfere with the center
In this paper, experimental measurements and a three-dimen- """ . . 4
strip airbridge during processing.

spnal (3-D) finite d|fferenc¢ time domain (3-D-FDTD) a”"?" The ground planes of FGC are both electrically and physi-
ysis are used to characterize CPW and FGC crossover junc:, : e
: : . S . : ; ally narrow, which enables airbridges to be used for the ground
tions. First, the crossover junction is described in detail, fol-

planes as well as the center strip. Therefore, FGC lines may
cross over each other without sharing any metal structures be-
Manuscript received June 16, 2000; revised August 7, 2002. This work Wg§een them by employing three airbridges. Each of these air-

presented in part at the IEEE MTT-S International Microwave SymposiurB, . . . .
ridges is longer than those used for the CPW junctions, but
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Fig. 4. Measured and FDTD calculated coupling between CPW and FGC
crossover junctions from set 1.
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Fig. 5. Measured and FDTD calculated insertion loss of CPW and FGC
crossover junctions from set 1.

Fig. 3. SBE'Vr']f}?iCFO?]faPh ?}fﬂ”ite gfgl_md coplanar waveguide (FGC) crossovplanes having a total thickness of 1un and the airbridges
tion. Bot t . . ) S _
Junction. Both fines have the same dimensions having a total Au thickness of 1.0m. The airbridge height

above the Si substrate is approximatelyr, or 2.4,m above

the_ c_enter strip and the ground planes. AlthOUQh not S_ho"me first level metal. No insulators, Si®r SikN,, are grown
variations of FGC1 have also been characterized. FGC2 is si " the wafers either before or after metallization for passiva-

ilgr to FQCL but the g.round_plang airbr_idges are one half tlﬂsn. The second set of circuits was processed similarly, but the
width while the other dimensions, including the slot width, arg

L ) st level metal is 1.2sm thick, CPW/FGC final metal thick-
held constant. FGC3 is similar to FGC2, but the first level met ‘ . L L .
defining the ground strips under the airbridges is one half t&ess 'S 2.5:m, and the airbridge height is 4,0m above the Si

. ¥ 2.8 um above the first level metal.
width. The CPW lines have a center strip wid#, and slot width,
W, of 30 and 22um, respectively. The CPW ground plane is
150+:m wide, which, at five times the center strip width, is
Two sets of circuits are fabricated on Si wafers with a resigquivalent to an infinite width ground plane [2.andW of the
tivity of 2500 2-cm, ¢, = 11.7, and a thickness of 410m. FGC lines are 32 and 19m, respectively, and the ground plane
Prior to fabrication, each wafer is thoroughly cleaned, includingidth, B, is 64 um. These lines are designed to have similar
an HF acid dip to remove the native oxide. For the first set, the+ 2W and a nominal characteristic impedance of 560 that
first level metal is defined by a lift-off process and consists dheir characteristics can be compared. Besides the airbridges at
0.02m of Ti and 0.6uxm of Au. A 1.0m Au plating process the crossover junction, an airbridge is located immediately after
is then used to build the center strip, the ground planes, and the probe pads to short the parasitic slotline mode that is often
airbridges, which results in the center conductors and grouexkited at CPW junctions.

I1l. EXPERIMENTAL PROCEDURE
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Fig. 8. Measured and FDTD calculated power loss for CPW and FGC

Fig. 6. Measured and FDTD calculated return loss for CPW and FGGqssover junctions from set 1.
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Fig. 9. FDTD calculated slotline mode at the coupled ports.

To measure the 4-port scattering parameters, a HP vector net-
work analyzer, GGB Industries picoprobes, and a quartz wafer
between the Si wafer and the metal wafer chuck is used. Since
the network analyzer only measures two port circuits, two of the
four ports are terminated by specially designed GGB picoprobes
with built in 50 2 terminations.

IV. THEORETICAL MODELING (FDTD)

Theoretical characterization of the coupling between the
lines at the crossover junctions is obtained through the
3-D-FDTD method [2], [8]. In the theoretical analysis, the 3-D
junction with nonzero conductor thicknesses is used, but the
conductors and dielectrics are all assumed to be lossless. Thus,
the FDTD results only include power lost to radiation and to

Fig. 7. (a) Measured return loss for CPW and FGC crossover junctions frd®@N-CPW modes. The FDTD is implemented with: interleaved
set 2. (b) Measured coupling for CPW and FGC crossover junctions from Seiﬁasitioning of the electric and magnetic field components to

provide a second-order accuracy of the algorithm; grids of 54

A thru-reflect-line (TRL) calibration is implemented througHoy 200 by 80 cells terminated with 4 Perfectly Matched Layers
the MULTICAL software [7] routine, with the calibration stan-(PML) cells in each direction to provide accurate results for
dards fabricated on the same wafer as the test circuits. Thus,ahtme-stepAt = 0.9A¢n.«; and the superposition of the
reference plane is accurately placed at the crossover junctiercitation on the FDTD calculated field value of all cells of the
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Fig. 10. (a) FDTD calculated electric fields in the plane of the substrate for CPW1 after 700 time steps.

excitation region for each time-step to guarantee the eliminaad measured results indicates that conductor and dielectric
tion of spurious retroreflective effects (total field formulation)losses play a minor role in the junction characteristics. In fact,
A Gaussian pulse withf,,,.x = 40 GHz and odd horizontal measured attenuation for CPW and FGC linesfromsets1and 2is
spatial distribution is used to excite only the CPW mode in thapproximately 5.2 dB/cm and 3.3 dB/cm at 40 GHz respectively.
circuit; however, the CPW mode and all parasitic modes thdsing this measured attenuation, a CPW line the length of the
are generated by the junctions are modeled. To achieve a fagiaction, S + 2W, should have 0.04 dB of loss for set 1 and
convergence (less than 15 000 time-steps) the Gaussian pul€025 dB of loss for set 2 at 40 GHz. Similarly, a FGC line the
multiplied by a correction spatial factor that accounts for tHength of the junctionS + 2W + 2B, should have a loss of
edge effects of the ground and signal conductors. Two proki&4 dB for set 1 and 0.065 dB for set 2 at 40 GHz. Comparing
placed symmetrically on either side of the center conducttitese values to those shown on Fig. 5 clearly indicates the small
in the slot regions are used for the decomposition of the fietdle that conductor and dielectric losses play in the junction’s
into CPW and slotline modes. Finally, the frequency-domaiharacteristics.
results are derived from the time-domain values through theComparing the two CPW junctions shows that CPW1 has
application of FFT algorithm. approximately 2.5 dB lower coupling, but it has higher insertion
loss and lower return loss; however, the difference between
the characteristics of the two CPW junctions is minor and
either may be used in practice. More importantly, Fig. 4 shows
The measured and calculated couplifffy, |, insertion loss, that the FGC1 crossover junction has approximately 15 dB
|S21], and return losg,S11 |, for CPW1, CPW2, and FGC1 from lower coupling than either CPW crossover junction across the
the first set of circuits is shown in Figs. 4-6, respectively. It isntire frequency band. In addition, FGC1 has lower insertion
seen that the measured and calculated results are in excelless than the CPW junctions as shown in Fig. 5, |8t | of
agreement across the entire frequency range, which indicatébea FGC1 crossover junction is approximately 5 dB higher.
high level of accuracy in the characterization methods. Recheasured characteristics of junctions from the second set of
that the FDTD results do not include conductor and dielectriircuits are similar, but the insertion loss is lower due to the
losses whereas the experimental results include all loss metttieker gold lines and the coupling of FGC1 is lower due to the
anisms; therefore, the excellent agreement between theoretiégher airbridges.

V. RESULTS
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Fig. 10. (Continued) (b) FDTD calculated electric fields in the plane of the substrate for CPW1 after 900 time steps.

Although the FGC1 crossover junction has good charactergenerated by the narrowing of the ground plane terminate on the
tics, the return loss is too low for some applications. Since tisecond FGC line and thus increase coupling. However, the lower
two FGC lines at the crossover junction do not share any methidtributed capacitance due to the narrower ground strips helps
structures between them, the junction characteristics, in partigaintain the characteristic impedance of the FGC line and thus
ular the impedance mismatch that causes high reflections, master |S11|.
be dominated by capacitance. Therefore, FGC2 and FGC3 ar&ven though it has been shown that FGC crossover junc-
developed. FGC2, with half the ground strip airbridge widthions have lower insertion loss than CPW crossover junctions,
should have half the capacitance of FGC1, and FGC3, with bdtte character of that loss has not been addressed. First, the mag-
the upper and lower ground strips being half the width at thetude of the power lost needs to be established by calculating
junction, should have one forth the capacitance as FGC1. The |S11|? —|S1]? —|S31|? — | S41]?, which should equal O for a
measured return loss and coupling for FGC1, FGC2, and FGI©8sless junction [9]. Fig. 8 shows the theoretical and measured
from the second set of circuits is shown in Fig. 7(a) and (b), rpewer loss for junctions from set 1. It is seen that CPW1 has
spectively, with the characteristics of CPW1 included for contess power loss than CPW2, but again the difference (approxi-
parison. As shown, the return loss of the FGC crossover junctiorately 1 dB) between the two CPW junctions is small. FGC1
improves with the narrowing of the ground plane strips from 1&nd FGC2 have nearly equal characteristics with a total power
to 20 dB at 40 GHz, and the FGC2 and FGC3 junctions ndass that is approximately 3 dB less than the CPW junctions
have the same return loss as the CPW1 junction. Howevertad0 GHz. FGC3 is not shown for clarity, but it has the same
slight penalty is paid since the measured coupling of FGC2 adkaracteristics as FGC1 and FGC2. Characteristics from the
FGC3 is approximately 5 and 8 dB higher across the frequensgcond set of circuits, not shown, are in agreement with these
band respectively. It must be noted that measured characteristézsults. Since it has been established that conductor and dielec-
from the first set of circuits and the FDTD results show a mudhic loss is not significant for the crossover junction, radiation
smaller increase in coupling, approximately 2 dB, while the imis usually assumed to be responsible for the remaining loss.
provementin returnloss is similar to that shown in Fig. 7(a). THéowever, power lost to the slotline mode that is excited at the
increase in coupling for FGC2 and FGC3 compared to FGC1 ijonction is another possibility. Note that the airbridges placed
dicates that significant capacitance is generated at the junctadrithe probe pads and the use of Ground-Signal-Ground probes
when the ground plane is narrowed fr@i$ito S. Electric fields eliminates the measurement of power in the slotline mode in
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Fig. 11. (a) FDTD calculated electric fields in the plane of the substrate for FGC2 after 700 time steps.
the experimental data, but the FDTD analysis can differentiate VI. ELECTROMAGNETIC FIELDS AT JUNCTION

the slotline modes from the CPW modes. Fig. 9 shows the

slotline mode in the coupled portss,| and|S4|, foreach of . "". ) .
. . . . unctions have lower coupling and power loss to slotline modes
the four junctions. The two FGC crossover junctions have v Y ; . ;
B . . an CPW crossover junctions, the reason for these characteris-
low excitation of the slotline mode, less than 40 dB, while the ; . .
. . . o . tics has not been addressed. These issues will be addressed in
CPW crossover junctions have higher excitation of the sIotInEﬁ. . : :
. o . is section by employing the 3-D-FDTD analysis.
modes, approxm_ately 30 dB. Excitation of the slotline modes First, the crossover junction CPW1 is analyzed. Fig. 10(a) and
?r: p_ortst;L andT2h 1S c_?ltchulated to Ibe Ie;;ss thar;] §O dtB forhall ) show the magnitude of the electric fields on the plane of the
. eFJ_uncglgns. us,:j ¢ € pr)]ower 355 or leac Ju(rjlcrllonsl cl)' substrate after 700 and 900 time steps, respectively. The met-
N Fg. © 1S _correcte or the conductor loss an t € slotingi;ed areas of the substrate that comprise the CPW structure
mode coupling, the CPW and FGC crossover junctions hayg, o 1\, tangential electric field components because perfect
an unaccounted power loss of 8.45 dB and 12.5 dB at 40 GHgyq ctors are assumed: thus, they appear as dark blue. At 700
respectively. This remaining loss is QUe to excitation of surfagg, o steps, see Fig. 10(a), the incident electric fields has just ar-
wave modes and free space radiation. o rived at the crossover junction as evidenced by the excitation of
Typically, airbridges are required at all CPW junctions to SURsjectric fields in the lower slot of the coupled CPW line. At 900
press excitation of the slotline mode, but as just shown, thie steps, the incident electric fields have traversed the junction
is not necessary for the FGC crossover junctions. Howevergi shown in Fig. 10(b). In Fig. 10(b), it is seen th&t in the
added security against the slotline mode is required, two &wer slot of the coupled CPW line is higher than in the upper
bridges connecting the two ground strips of line 1 and two aigtot. In addition, theZ excited in the slots of the coupled line are
bridges connecting the ground strips of line 2 may be addeddat of phase; the leading edge of thHén the lower slot is ahead
the FGC lines. A set of FGC crossover junctions were fabiif the leading edge of thE in the upper slot. This is clear evi-
cated and characterized with these extra airbridges. While dence of the excitation of the slotline mode in the coupled CPW
measured coupling does not change from the results showniie. Fig. 10(b) also shows that thé in the input and output
Fig. 4,|511| increases by approximately 2 dB across the entitige is equal in magnitude and phase, which indicates the slot-
frequency range. Thus, airbridges connecting the ground platiae mode is not excited in the input line. Furthermore, because
of each FGC line is not required for this circuit. all of the current flowing in the ground planes of the input line

While the previous sections have shown that FGC crossover
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Fig. 11. (Continued) (b) FDTD calculated electric fields in the plane of the substrate for FGC2 after 900 time steps.

does not flow through the ground plane airbridges, the curraghe junction. In comparison to the CPW1 junction shown in
splits at the junction with most of the current flowing througlirig. 10(b), the magnitude and phase of thé the two slots of
the airbridges while some current flows along the ground platiee coupled line are nearly equal, which indicates lower power
of the coupled line, the sum of the currents in the two ground the slotline mode. Furthermore, because most, if not all, of
plane airbridges do not balance the current flowing in the centée current in the ground plane strips flows through the ground
strip airbridge. Thus, the currents excited in the coupled CP3ttip airbridges, the current excited in the coupled FGC line by
line by the center strip airbridge of the input line are not canceldiok center strip airbridge is canceled by the currents excited by
by the currents excited by the ground plane airbridges and tihe ground strips. Note that while th&| in the coupled FGC
coupling and slotline mode excitation are high. Further insighnhe is high immediately under the junction, th@| is low out-
is obtained by repeating the modeling with all of the airbridgesde of the junction. If all of the airbridges are removed and the
removed. Ideally, the junction appears as an open circuit at flnaction remodeled, it is seen that no current is excited in the
input port and all of the power is reflected. However, modelingoupled line. Thus, the coupling in the FGC crossover junction
shows that the current that flows through the underpass mesalower because no metal structures are shared and the current
at the end of the input line, see port 4 of Fig. 2(a), excitesiathe ground planes is more predictably directed.
current along the slot of the coupled line. In other words, even
if the airbridges that create the crossover junction are removed,
there would still be coupling between the CPW lines. Thus, cou-
pling is high for the CPW crossover junctions because they shareCPW and FGC crossover junctions have been thoroughly
common ground planes and the current in those ground plaicbaracterized by experimental measurements and a 3-D-FDTD
cannot be directed through the ground plane airbridges. analysis. It is shown that FGC crossover junctions have sig-
Similar electric field plots for the FGC2 crossover junction atificantly lower coupling than CPW crossover junctions; the
700 and 900 time steps are shown in Fig. 11(a) and (b), respeaupling of FGC junctions is less than 40 dB. The return loss of
tively. Again, in the 700 time step plot, the incident field has jushe FGC crossover junction is less than 15 dB, but this may be
arrived at the junction. The high electric field on the outer edgmproved by reducing the width of the ground plane airbridges
of the ground strips of the FGC line are part of the propagatiig achieve 20 dB return loss. FGC crossover junctions also have
mode for the FGC line as described in [2] and are not due Yery low excitation of the parasitic slotline mode, which makes
the junction. At 900 time steps, the electric field has traversédunnecessary to add airbridges to connect the ground planes

VII. CONCLUSION
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of each FGC line. Thus, FGC junctions are easier to impleme
and have better characteristics than CPW crossover junction
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