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Abstract—in circuit-combining networks, low-loss interconnecting
transmission lines are pivotal in reducing excess loss. Micromachined
finite ground coplanar waveguides are used in this study as low-loss
interconnects showing significant improvements in line loss while main- ’
taining 50-Q2 characteristic impedance. Wilkinson power dividers, reactive e Lateral 1 to 8
tee junctions, and right-angle bends are combined with micromachined Tho/2

interconnects in 1:2, 1:4, and 1:8 power-dividing networks and show

measured loss reduction of 0.3-1.0 dB depending on circuit type and size . . . . . . .

from 85 to 95 GHz. L —— [ i . Py el ]
paiicioy k e mm%

Index Terms—Micromachining, microwave circuits, packaging. v

|. INTRODUCTION

With the advancements of high-density and multilayer circuit appli-
Cf’mon.s comes the Cont!nged emphasis .on onv-loss lOW-.COSt j[ransn'y%-_ 1. 1:4 and 1:8 networks with respective signal line lengths. Distance
sion lines. In power-dividing networks, in which power is split fromyom input to radiating element for 1 : 41s5:+ By and for 1: 8 is3.0 + By.

1 to 4 or more signal paths, the transmission-line characteristics be-

come significant since longer lines are typically required. One power-

dividing application is the excitation of radiating elements, such dMFGC feed lines that maintain a base characteristic impedance, as
patch antennas of,/2 in size and center-to-center spacing’af/2.  well as provide significantly lower ohmic loss. In this paper, the mod-
In Fig. 1, both 1:4 and 1: 8 networks are displayed in which an indéling and measurement of 30-ines is first presented, and is fol-
vidual signal path from the input to one radiating element is illustratddwed by theoretical and experimental verification of the component
asAx+ By. Although they-dimension requirements are less stringenperformance. The interconnect lines and components are then inte-
the z-dimension requirements are dictated by the size of the radiatigrated into circuit-combining networks to demonstrate loss improve-
elements and their spacing. The 1: 8 layout requires twice as much airents obtained through micromachining. Both theoretical and exper-
cuit length from the input to one radiating element as compared to tineental results show substantial loss reduction when the lines are mi-
1:4 layout. Thus, interconnecting line loss may become the dominambmachined in one to two (1: 2), one to four (1:4), and one to eight
loss mechanism despite the presence of low-loss power-splitting €lk: 8) power-dividing networks.

ments such as Wilkinsons and reactive tee junctions.

As shown previously in the literature, the micromachined finite Il. COMPONENTS
ground coplanar (MFGC) waveguide has demonstrated significantly )
lower loss than the conventional coplanar waveguide for frequenciés P€Sign
up to 110 GHz [1]-[3]. By simply micromachining the silicon fromthe The components used for the circuit-combining networks are
aperture regions of the line, loss improvements can be made withguitkinson power dividers, reactive tee junctions, and right-angle
sacrificing the structural integrity, double-sided processing, ammnds. These components have been discussed in the literature [4],
modifying the aspect ratio. Arguably, the localization of the fields als®]. The feed-line dimensions are 40n center conductor, 24m
makes this line a better multilayer candidate than microstrip. Howevepertures, and 106m ground planes. All of the 5@ designs
in addition to decreasing the attenuation of the line, micromachiningcorporate compensations for the capacitive loading effect of air
the aperture regions decreases the effective dielectric constant, thetsfyges on the transmission line. An examination of compensations for
increasing the characteristic impedance. Thus, geometry modificatigisgle air bridges has been presented in the literature [6], [7], where
must be made to match a particular impedance to a micromachirgdair bridge is modeled as a shunt capacitance and its equivalent low
line. impedance is compensated with high-impedance sections.

This study focuses on the application of MFGC lines in circuit-com-
bining networks [4], [5]. Rather than redesign components such gs measurements
Wilkinsons and reactive tee junctions, the intent here is to develop .

S-parameters of the combining networks are measured on an HP
8510C Network Analyzérusing 150xm pitch Picoprobesand a thru-

Manuscript received October 18, 2000; revised May 16, 2001. This work wgsflect line (TRL) calibration method to deembed the probe-to-wafer

supported by the Office of Naval Research under Contract NO0014-95-1-05 i ; ; ;
and by the Defense Advanced Research Projects Agency/Electronics Tec] nsition. This method of deembedding establishes reference planes

nology Office under Contract N66001-96-C-8635. at the input and output ports of the circuits under%@}. _ _

K. J. Herrick was with the Radiation Laboratory, Department of Electrical Measurement of the individual components requires right-angle ori-
Engineering and Computer Science, T_he Univgrsity of Michigan at Ann Arbagntation of the measurement probes. Asifidhand setup requires the
Ann Arbor, MI 49109-2122 USA. She is now with Raytheon RF Componentﬁrobes to be aligned and facing each other, a right-angle bend is added

Andover, MA 01810 USA (e-mail: kherrick@raytheon.com).
L. P. B. Katehi was with the Radiation Laboratory, Department of Electricé? each of the components for measurement purposes. Thus, the three

Engineering and Computer Science, The University of Michigan at Ann Arbor,

Ann Arbor, Ml 49109-2122 USA. She is now with the Office of the Dean of 1HeWIett—PacI§ard, Santa Clara, CA.

Engineering, Purdue University, West Lafayette, IN 47907-1280 USA (e-mail: GGB Industries, Naples, FL.

katehi@purdue.edu). 3R. B. Marks and D. F. WilliamsMultical v1.0Q Nat. Inst. Stand. Technol.
Publisher Item Identifier S 0018-9480(02)05216-X. (NIST), Boulder, CO, 1995.

0018-9480/02$17.00 © 2002 IEEE



1648 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 6, JUNE 2002

TABLE | 040 ' i i ' ' '
ESTIMATED COMPONENT INSERTION-LOSSVALUES AT 90 GHzAS TAKEN
FROM MEASUREMENTWITH MEASUREMENT ERRORDENOTED

0.35¢ 50 Q FGC line ]

S=40pum, W =24 um

Component Component Loss

50 2 Wilkinson 0.40 + 0.03 dB

50 2 reactive tee 0.24 & 0.05 dB
50 €2 right angle bend | 0.11 £ 0.03 dB

e
[
[=]

50 Q Micromachined line
$ =70 um, W =30 pm . e ]

Attenuation (dB/mm)
o °©
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Fig. 2. MFGC geometry. Fig. 3. Measured attenuation for FGC line and micromachined FGC line of
the same characteristic impedance as compared to modeled.
TABLE I
ELECTRO-STATIC CHARACTERISTICS OFMICROMACHINED AND TABLE Il
UNMICROMACHINED (CONVENTIONAL) LINES MEASURED AND MODELED ATTENUATION VALUES FROM 85T0 95 GHz
Design S/W | Csup Caoir | €etf | Zo Design S/W (um) | o (dB/mm) | « (dB/mm)
(pm) | (pF/m) | (pF/m) () Measured Modeled
50 L FGC | 40/24 170 27 6.2 B4 50 2 FGC 40/24 0.260-0.280 | 0.255-0.280
50 QX MFGC | 70/30 140 59 4‘7 53 50 Q@ MFGC 70/30 0.180-0.200 { 0.180-0.195

N . ) _ inductance per unit length for the micromachined and conventional
circuits measured for component loss extraction are: 1) Wilkinson a 509 lines are 22002/m, 3.9 x 10-7 H/m and 3300Q/m,
n

bend; 2) reactive tee and bend; and 3) double bend. The meas 107 H/m. 1 tivelv. Fig. 3 shows the modeled attenuation
values at 90 GHz are averaged and assigned a margin of error basegd’ ) » Fespectively. F1g. 5 shows the modeled attenuatio
rom (1) versus frequency for each line. At 90 GHz, attenuation

the ripple in the measurement. The attenuation of the interconnectin . .
lines is deembedded from the measurement and the remaining inYgjues of 0.27 and 0.19 dB/mm are predicted for the conventional and

tion loss represents that of the tested component. Table | shows rtrtﬁ' (rjzng)agr:jlglagr:?oe:s’ irriseg\?gxqeelﬁ:hus’ the micromachined version
measured loss for each component. These loss values will be used W e P
the measured interconnect line loss to predict and compare total loss in

various circuit-combining networks to be presented. @ = Rey/(R+ jwL)(juCou)- 1)

Il. | NTERCONNECTS
B. Measurements

A. Design A separate calibration set is used for each of the geometries tested

Design of the MFGC waveguide shown in Fig. 2 begins with electr@50-<? finite ground coplanar (FGC), 50-MFGC), and the measured
static simulations of the cross section of the niote these electro- attenuation based on each calibration is shown in Fig. 3. These mea-
static simulations are based on a two-dimensional (2-D) finite-elemefitred results are superimposed with the modeled results showing close
method. This technique allows for accurate modeling of the line arclmatch of both lines, which is obtained by using 2-D methods that allow
tecture, including 500G\ of SiO: underneath each of the three confor modeling of the exact architecture including finite thickness of all
ductors. In addition, no lateral undercut of silicon under the condugenductors and dielectrics. The results have been tabulated showing at-
tive regions is assumed in the model [1], [2]. From the calculated linenuation values for both measured and modeled lines in decibels/mil-
shunt capacitance, the effective dielectric constant and characteriititzeter at 90 GHz (see Table Il1). The attenuation of the conventional
impedance are obtained, as shown in Table II, for micromachined aB@K? line is 0.27 dB/mm at 90 GHz, while the micromachined version
conventional 532 transmission lines. The center conductor width iseduces the loss to 0.19 dB/mm at 90 GHz.
increased by 3@m to maintain a 532 line when the 3Q:m apertures

are etched. Althougls + 2W is wider for the micromachined case, I\V. FABRICATION
radiation loss will not increase # + 2W < X,/10 [9]. In this case, . ) . . L .
,/10 = 136 ;um at 90 GHz and the radiation condition is met. The circuits are printed on 400m-thick high-resistivity double-side

The series resistance and inductance per unit length for the tifgished silicon wafers with 6608- SiO, on both sides. The five
lines as a function of frequency are obtained using a 2-D surfad@in f_abr!catlon steps are: 1) _th_lr_1-f||m re5|§t0r_dep05|t|on;_2) circuit
ribbon method, which takes into account the cross section of tAt@llization; 3) aperture definition; 4) air-bridge formation; and
three 1xm conductors alone [10], [11]. The conductivity used foﬁ) anisotr_opi_c wet (_etching of _th_e apertures. I\_lichrome_(NiCr) is u;ed
all lines is 3.7x 10 S/m. The 502 micromachined line yields the for the thln-fllm_ reS|stgrs, as it is not etched in potassmm hydrox_lde
lowest series resistance and inductance values due to jisnz@ide (KOH), the anisotropic etchant used to create the micromachined

center conductor. For example, at 95 GHz, the series resistance arpves. o . o . ) )
For the thin-film resistors, 404 of NiCr is deposited using a liftoff

4Maxwell 2-D, ver. 1.9.04, Ansoft Corporation, Pittsburgh, PA, 1997. process. This thickness results in a sheet resistance 6f/d@uare
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approximately 1.1 dB. Estimated loss for each network shown is cal-
culated in the same manner and given in Table IV.

The measured and modeled loss data in Table IV for 1: 2 networks
were taken from Fig. 7, in which the measured and modeled excess
insertion losg S21 ) is plotted versus frequency for these circuits with

Fig. 4. Photographs of fabricated 1: 2 networks including one Wilkinson, onze'l'rnrn total interconnect length. The measure nventional cir-

right-angle bend, and 2.1-mm interconnect length for each of two signal patf&lit Yields excess insertion loss of 1.2 dB at 90 GHz, while the micro-
machined version reduces the loss to 0.9 dB, which represents a 30%

_ _ _ reduction in loss and a 10% increase in combining efficiency. Mod-
based on a four-point probe measurement. A liftoff process is also uggeld results of the entire circuit, including the 2.1 mm of interconnects,
for the circuit metallization of Cr/Au (500/9508), and silicon dioxide - show the micromachined circuit with excess insertion loss values of
is patterned in the aperture regions and etched in buffered hydrofluayi¢s dB; 0.15 dB less than the 5Dmeasured results. The modeled
acid (BHF) for 6.6 min (10004/min etch rate). Flood evaporation ofinsertion loss for the 50 conventional circuit yields 0.9-dB excess
a seed layer [Cr/Au/Cr (500/1000/500)] initiates air-bridge forma- jnsertion loss at 90 GHz. Thus, the model predicts a 0.15-dB loss re-
tion. After patterning, the bridges are electroplated in a cyanide-basgigttion while measured results yield 0.3-dB improvements.
solution to approximately #m, and removal of the seed layers com- - Examining the three benchmarks for the 1: 2 networks, the estimated
pletes the air-bridge formation. The final step is to anisotropically et¢hss matches the measured las8.1 dB, while the modeled loss is
the oxide-patterned apertures in potassium hydroxide (KOH) at an efglyer than both estimated and measured losses by 0.15-0.3 dB. These
rate of 30A/h. Note that KOH yields a minimal amount of lateral unyesylts match favorably and show modeled loss to be conservative as
dercut, although substantial lateral undercut may be achieved usigdicted. All three loss benchmarks indicate insertion loss improve-
other anisotropic wet etchants such as ethylene diamene pyrocategh&ht of 0.15-0.3 dB with micromachining.

(EDP) and tetramethyl ammonium hydroxide (TMAH) [1], [2], [12].  The model (not shown) for the 1: 4 networks with 5.7 mm of inter-
As stated previously, lateral undercut was not utilized in this particulggnnect line predicts insertion loss values of 2.2 dB above the nom-

research effort. inal for the conventional 50 designs at 90 GHz, while the microma-
chined version improves loss to 2.0 dB. Measured loss data forthe 1:4
V. 50«2 CIRCUIT-COMBINING NETWORKS networks is taken from Fig. 8 displaying similar improvements with

2.7-dB excess loss reduced to 2.1 dB with the micromachined circuit
o o ) ) design at 90 GHz. This modeled and measured data is summarized in
Three circuit-combining networks will now be presented with 1: 2yapje |V with the estimated loss. The conventional estimated loss is
1:4, and 1:8 power division. In addition to differences in the numb%lrpproximately 2.4, which is 0.3 dB less than the total loss measured
of components required for the desired signal division, interconnectiggq 0.2 dB more than the model predicted loss. For the micromachined
line lengths differ as well. In this study, the interconnecting line Iengtf@ase’ the estimated loss is 1.94 dB and the measured loss is 2.1 dB,
forthe 1:2,1:4, and 1:8 50 networks are 2.1, 5.7, and 6.8 MM,matching that of the model well. Thus, the estimated and measured

resp_ectively. _ ) o benchmarks indicate insertion loss improvement of 0.5-0.6 dB with
Micromachined and conventional networks are shown in Figs. 4-Bicromachining for this particular 1: 4 design.

In Fig. 4, the electrical signal for each of the two 1: 2 networks travels Fig. 9 demonstrates the potential in combining efficiency when in-
through a Wilkinson, a section of line, and a right-angle bend, resultifg--onnect lengths are extended up to 7 mm in a 1:4 combining net-
in 3 dB of nominal loss. Shown in Fig. 5 are fabricated 1: 4 networkgq A schematic of the combining circuit is embedded in this figure.
in which the input signal travels through 5.7. mm of interconnects, \gogeled excess loss and combining efficiency, beyond the nominal 6
reactive tee junction, two right-angle bends, and one Wilkinson powgg are piotted versus interconnect length for combining networks of
divider, yielding 6-dB nominal loss. Lastly, Fig. 6 shows photographg,nyentional and micromachined lines. The overall effect of microma-
of two 1:8 networks consisting of one reactive tee, two Wilkinsongyine circuits, as circuit lengths are increased, is a further reduction of
and three right-angle bends for each of eight signal paths. The tqils and improvement in combining efficiency. For example, a network
interconnecting length is approximately 6.8 mm for each signal pafy 4 mm in interconnect length provides 2.0 dB of excess loss for the
which is physically required for this network, and has 9-dB nomin@jo.() conventional 1: 4 circuit according to the modeled data. When

insertion loss. micromachining is applied, excess losses are reduced to 1.7 dB. For a
network of 5.0 mm, additional loss improvements are obtained using
B. Measurements micromachining. In this case, loss is reduced from 2.3 to 1.9 dB, with
Table IV summarizes the insertion loss results for the 1: 2 (2.1-m&6% improvement in efficiency. This difference of 0.4 dB can be quite
interconnect), 1: 4 (5.7-mm interconnect), and 1 : 8 (6.8-mm intercodHbstantial in a system with a goal, for example, of only 2-dB total loss
nect) circuit-combining networks presented at 90 GHz. As a meas@ed becomes even more beneficial when several combining networks
of consistency, the tabular loss summary includes the estimated [8&8 used for multilayer applications or longer combining networks.
taken as the sum of the measured component losses (Table 1) and if\so shown in Fig. 9 are the measured values for th&5tetworks,
terconnect line attenuation (Table 111) at 90 GHz. Close comparison pfesented as triangular data points. Data points at 90 GHz from Fig. 8
the measured and estimated network insertion loss will not only vadire plotted at 5.7 mm on Fig. 9 as well as the most compact 1 : 4 network
date the measured results, but show consistency in the measurememssured with 1.1 mm of interconnect length.
The IE3D/Libra modeled loss is given as a third benchmark. In measuring a 1: 4 network, in which three of the four output ports
For example, the conventional 1: 2 design includes 2.1 mm of inteare terminated with matched thin-film resistors, it is important to es-
connectline resulting in an estimated loss of approximately 0.6 dB. Ttablish power balance in each of the four signal paths. Ideally, one net-
measured component loss, as taken from Table |, for the Wilkinson amdrk would be fabricated and probes would be placed on the input port
the right-angle bend is approximately 0.5 dB. Since the estimated l@® on each of the four output ports. Since this measurement setup
is the sum of the measured interconnecting line loss and the measusaghavailable, four identical 1: 4 networks are fabricated and each of
component loss, the estimated loss for the conventional 1 : 2 networlthis four output ports are measured separately. All four measurements

A. Design
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ol it

Fig. 5. Photographs of fabricated 1 : 4 networks including one Wilkinson, one reactive tee junction, two right-angle bends, and 5.7-mm intencgghriect |
each of four signal paths.

0.0 T

R Measured
50 Q Micromachined FGC —— = Modeled

———
o -

Excess Insertion Loss (dB)
&

Port 2 1
2.0F L
Port 1 (3 dB nominal)
25 21mm
interconnect line
-3.0 . A .
30 0 FGC 75 80 85 90 95

Frequency (GHz)
Fig.6. Photographs of fabricated 1 : 8 networks including two Wilkinsons, one
reactive tee junction, three right-angle bends, and 6.8-mm interconnect lengi®. 7. Measured and modeled excess insertion loss (above 3 dB nominal) of

for each of eight signal paths. four Wilkinson plus bend circuits with 2.1-mm interconnect length.
TABLE IV -1 e r—
ESTIMATED EXCESSLOSS FORL: 2, 1:4,AND 1:8 QRCUIT NETWORKS AS 8 6.8 mm interconnect line
COMPARED WITH MEASURED AND SIMULATED RESULTS AT 90 GHz. ‘g’ 2~ 50 Q Micromachined
MEASUREMENTERRORIS £0.1 dB R= S NN o
g 3\’—\\/\\.. . - 4“’/“-\
Design Est. loss | Meas. loss | Mod. loss T ~TN N \, ]
1:2 (dB) (dB) (dB) S 40 50 Q Conventional \'\_,.-'\’!
50 2 FGC 1.1 1.2 0.9 §
50 O MFGC 0.9 0.9 0.75 2 s , ) , , , ,
A 50 0.2 0.3 0.15 75 80 85 90 95 100 105 110
Design Est loss | Meas loss | IE3D loss Frequency (GHz)
1 (dB) (dB) (dB) Fig. 8. M d i tion | for 1:4 bini twork with
ig. 8. Measured excess insertion loss for 1:4 combining network wi
50 © FGC 24 2.7 2.2 5.6-mm interconnect length.
50  MFGC 1.9 2.1 2.0
A?O 0.5 0.6 0.2 300 [ e 50
Design Est loss | Meas loss | TE3D loss s FGC\
1:8 (dB) (dB) (dB) = I v -]
50 QFGC | 32 31 3.1 g25f e -7 e
50 O MFGC | 2.6 2.1 2.7 R x P g
A 50 0.6 10 04 E20f FGC _/./‘\ J63 &
1 P .
= I -~ —_— =
. Ry . MFGC 5
S FGC 7~ Micromachined o0
match closely, with insertion loss of 1.2 dB at 90 GHx1 dB. The SLsy FGC (MFGC) 171 £
expected loss for this network at the same frequency is 1.2, whichis & [ v/ - —g
the sum of the expected 0.84-dB component loss and the 0.33-dB line 3 4 o / / v measured| 179 §
loss. The measured phase for the four networks was nearly identical a 5 [ / — modeled
well. !
| YT TN TN T Y W N SN SN NN SO VY VUUOE WY VUG VU WO S T [N VRN ST S SO N S T 'Y
Lastly, Table IV summarizes the excess insertion losses of the two 0.5 1 2 3 4 5 6 789
1:8 networks at 90 GHz with the following three benchmarks: Length of Interconnect (mm)
1) estimated loss;
2) actual measured loss; Fig. 9. Excess loss and combining efficiency versus interconnect length at 90
3) modeled loss. GHz for 1:4 networks.

The conventional 502 design includes 6.7 mm of interconnect line
resulting with an estimated loss of approximately 1.9 dB for the intetimated loss for the conventional 1 : 8 network. For the micromachined

connects alone. The measured component loss, as taken from Tabledage, the estimated loss is 2.6 dB, a 0.6-dB improvement is, therefore,
approximately 1.34 dB, and summing these losses yields 3.2 dB of psedicted.
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225 50Q ]
2 5.7 mm interconnect line
o -3.0 . : .

75 80 95

85
Frequency (GHz)

Fig. 10. Measured excess insertion loss for 1:8 combining networks with

6.8-mm interconnect length.

MeasuredS-parameter results for the conventional @t : 8 case

yield return losses below 17 dB from 75 to 110 GHz, and insertion

(1

[2

(3]

(4]

(5]

loss values of approximately 3 dB above the 9 dB nominal at 90 GHz.[6]
The insertion loss is plotted with that of the micromachined design in
Fig. 10. At 90 GHz, the micromachined circuit yields insertion losses

close to 2.0 dB above nominal, a 1-dB improvement. Overall, the three

loss benchmarks for the 1: 8 networks indicate insertion loss improve-

ment of 0.4—1.0 dB with micromachining.

VI. CONCLUSION

[10

While maintaining a particular characteristic impedance, MFGC
waveguides provide lower loss than the conventional alternative. When
implemented into circuit-combining networks in which half or more (11]

power is lost nominally, MFGC interconnects between components

(8]

[9]

]

significantly reduce the excess loss. This loss improvement becomeg;)

more prominent with larger or multilayer networks.
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