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A 10-60-GHz Micromachined Directional Coupler
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Abstract—A 20-dB directional coupler has been designed and permittivity substraté: 2 This method is limited by high in-
fabricated on a thin dielectric membrane using micromachining  sertion losses and the inability to integrate the coupler into
techniques. The fabrication process is compatible with mono- millimeter-wave integrated circuits.

lithic microwave integrated-circuit (MMIC) techniques, and the
coupler can be integrated into a planar-circuit layout. Design The research presented here seeks to extend the useful

of the asymmetric tapered coupled-line coupler relies on simple frequency range of a coupled-line coupler by equalizing the
quasi-static models and ideal transmission-line theory. The use even- and odd-mode phase velocities within the coupler. A
of membrane technology results in less than 0.5-dB insertion loss membrane-supported circuit architecture such as the SMM
in the coupler from 10 to 60 GHz. In addition, a micromachined jine il he used to create a low-permittivity environment

packaging technique creates a shielded circuit, which is extremely . hich both d odd d il t t
compact and lightweight. in whic oth even and odd modes will propagate a
the same velocity. In addition, the asymmetric tapered
coupled-line coupler will be fabricated using silicon micro-
machining technology to maintain compatibility with MMIC

processing techniques.

Index Terms—Directional coupler, integrated circuits, mem-
brane, micromachined, millimeter wave.

I. INTRODUCTION

EMBRANE-SUPPORTED transmission lines and II. SMM

circuits have proven to be excellent candidates for
millimeter-wave applications where conventional substrate-
supported architectures begin to suffer from parasitic effe

The SMM transmission line, seen in Fig. 1, utilizes micro-
achining processing techniques in two ways. First, the bene-

at the dielectric/air interface [1]-[3]. The transmission-lin IS of extremely low-loss and wide-hand single-mode perfor-

architecture in this paper is known as shielded membraf§ce are provided by suspending the signal conductors in air

microstrip (SMM), and it has been used to realize higho_n a very thin dielectric membrane. The membrane comprises

erformance planar components for applications up 9 cc dielggtric layers, \.NhiCh are grown individually_ using
510 GHz [1]p[2]. The gMM line is (l:oopmpatible wiFt)h standard silicon processing techniques. TheSBQN./SiO;

monolithic-microwave integrated-circuit (MMIC) processing%ompos'te structure has a thickness of approximately.in5

techniques, and also provides the benefit of an integrat ladremalns suspended when the silicon substrate is selectively

conformal package, which enhances circuit performance Whg@moved beneath it. Second, the SMM line is a self-packaged

substantially reducing size and cost architecture since the ground plane of the line is created

This paper presents an asymmetric tapered coupled-I mlcronjtachlmng a:jsf_epf:ljrate fsh|eld” Wafer.h -trrTet _grri)und-t
coupler, which is derived from the Klopfenstein impedan ane cavily can be detined conformally, suc at inheren

taper [5]. This type of coupler can be designed for any desir (gtlja}:.lon li'iletvtvr:aen nel?hbonng ttrans.mlssmnr:!nez |sh_aT(;1|ev?d.
coupling level and it has a theoretically infinite bandwidt tionally, the use of a Separale micromachined shieid water

due to its high-pass frequency response. In practice, of cou%I C,JWTQ’ sgtlecu?n ?:].t?(e groug(rj]-pla_ne _k:elgr}t mdegmdenﬂy |2|f
it is impossible to achieve infinite bandwidth, especially iﬁ € circuitwaler thickness. Ine circuit water an € shie
afer are bonded together using a conductive epoxy, and the

coupled-line structures since differences in even- and o blv is attached t tallized + wafer t let
mode phase velocities contribute to reduced directivity [ ssembly IS attached 1o a metaliized support water to complete
Q%electncal shielding of the circuit.

Typically, planar couplers based on tapered coupled lines c elective silicon etching is accomplished with ethylenedi-

achieve 10-12-dB directivity in the 40-50-GHz frequenc L
e : : : imene pyrocatechol (EDP) [7]. The EDP etchant solution is
range by printing the lines on opposing sides of a lo anisotropic, with a high selectivity to thel 11} crystal planes;
hence, the angled cavity sidewalls seen in Fig. 1. The EDP
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Fig. 1. Architecture of the SMM transmission line. = strip width, A = ground plane height, antl. = shield height.
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< 02 Fig. 3. Circuit schematic of the asymmetric tapered coupled line coupler.
“ | The impedance distributiongg.(z) and Zy,(z) are calculated from the
0.0 ‘ ‘ ‘ Klopfenstein taper algorithm.
0 20 40 60 80 100 120
Frequency (GHz) ) o
@ measured attenuation factor, which increases as the square root
of frequency due to conductor loss and is less than 0.06 dB/mm
1.20 ‘ at 110 GHz. Measured effective relative permittivity data,
. plotted in Fig. 2(b), shows that the thin dielectric membrane
| causes the permittivity to increase to approximately 1.05.
Z The permittivity fluctuates only very slightly with frequency,
% indicating nearly nondispersive single-mode propagation up
£ 1.10 1 to 118 GHz.
o
3]
2 sl Sc——
o 105} [ll. DESIGN AND SIMULATION
w Design of the SMM directional coupler is based on ideal

‘-000 20 ” o o 100 120 transmission-line theory and follows the procedure presented
in [8]. A schematic of the coupler circuit is illustrated in
Fig. 3, and a photograph of the actual micromachined coupler
(®) (with the shield wafer removed for viewing) appears in Fig. 4.
Fig. 2. Measured characteristics of an SMM line with = 98 pum, The |ength of the Couple[L is set to 4.5 mm to provide
h =50 pm, andhc = 5_0(_) pm. (a) Attenuation factor in decibels/cgntimeterzo_dB coupling for frequencies above 20 GHz. The method
and (b) effective permittivitye, .. Gaps appear where data obtained fronT", . .
different S-parameter test sets do not overlap. given by Grossberg [9] is used to calculate the Klopfenstein
impedance values for the taper at discrete positions along the
aﬁoupler. In the absence of an existing model for SMM line
Hwéaedances, approximate line dimensions were synthesized
sing the microstrip line (MLIN) and microstrip coupled line
CLIN) models available in HP-Eesof LineCdclt has

Frequency (GHz)

different testbands: 2—40, 40—60, and 75-110 GHz. Mul§iC
was used with on-wafer calibration standards to deembed
effects of the wafer probes, cables, etc. The line was fabrica

with a ground-plane separatianof 50 :m, and a cover height been previously observed that the effects of the dielectric

he of 500 pm. A strip width w of 100 m resulted in a membrane can be included in the synthesis by using a very

nominal 90¢) characteristic impedance. Fig. 2(a) shows thl%w-permittivity substrate in the model [1]. For the SMM

3R. B. Marks and D. F. Williams, Program MultiCal, rev. 1.00, NIST,
Boulder, CO, Aug. 1995. 4Hewlett-Packard Company, Santa Clara, CA 95054.
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Ao Resistive Termination TABLE |
E/ EVEN- AND ODD-MODE PARAMETERS OF THECOUPLED SMM LINES AT VARIOUS
STAGES IN THE MICROMACHINED COUPLER (EXTRACTED FROM |IE3D
SIMULATIONS OF 5004¢m-LoNG COUPLED-LINE SECTIONS)

A

b | oy T o [ mw [ 6 [
0.0 98 218 83.0 88.0 1.07 1.07

1.0 97 133 81.7 92.0 1.08 1.06

‘M‘ 2.0 96 91 78.7 95.8 1.09 1.05
275 95 71 76.6 98.6 1.10 1.05
3.5 94 57 74.5 101.2 111 1.05
4.0 94 51 73.1 102.4 1.12 1.05
4.5 93 46 71.6 103.2 1.13 1.05

-20

Calibration Reference Planes

Fig. 4. Photograph of the micromachined coupler. The membrane supported
region appears darker than the surrounding silicon support rim, maximum
dimensions are 6 mnx 10 mm. This configuration was used to measure the
coupled-port (port 3) output of the coupler; the direct (port 2) and isolated
(port 4) ports are matched with on-wafer resistive terminations.
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geometry used here, the synthesis model assumes a substrate f
with a relative permittivity of 1.05, a thickness of 5em, -60

and a shield cover height of 500m. At each discrete ° 10 20 % 0 %0 %
position, the model is used to synthesize line dimensions from Frequency (GHz)

the impedances given in the Klopfenstein distribution. Th&g. 5. simulated response of the SMM coupler using the quasi-static model
layout of the coupler is generated through a piecewise-lingased on coupled-line parameters derived from the 2.5-D full-wave analysis.

combination of the discrete synthesis points (see Fig. 4).

To simulate the coupl_er performance, amore ri_gorous moqﬁlambrane on each mode is very different. For the even mode,
of thef SMM cm:jpled I;}”Tfsd!s emP'OVTd- This mvc()jlvlesfthﬁ] which the electric fields are essentially perpendicular to the
use of a two-and-one-hal- mgensmna (,2'5'D,) model o tr}§1ane of the membrane, there is still very little interaction with
coupled SMM lines using IE3D.The physical dimensions of y,o emprane and the propagation constant stays very close
the thin dielectric membrane are explicitly specified in thig, unity. However, for the odd mode, the strong horizontal
model so that differences in the even- and odd-mode ph%?ﬁnponent of the electric-field distribution becomes more

veloc_:|t|es can he predmted._The_memk_)rane IS representQdcf')lﬁcentrated within the dielectric membrane, resulting in an
a uniform sheet with a relative dielectric constant of 4.5 ar]ﬂcrease in the propagation constant

a thickness of 1.5:m. The value of the dielectric constant 114 circuit is analyzed quasi-statically with Libra by ex-

of the sheet _is verified _by simulating a Spm Ien_gth Of_ rﬁressing the coupler as a stair—step connection of 14 lossy
the 100pm-wide SMM line and comparing the dispersio oupled transmission line (CLINP) elements. The CLINP

curve obtained from the analysis with that produced from thg.ents allow specification of the mode phase velocities
measured data [recall Fig. 2(b)]. This predictssany of 1.05 derived from the IE3D simulations in terms &f and k,,
and a characteristic impedance of QQin agreement with the '

L . the even- and odd-mode effective permittivities. A plot of the
original LineCalc results.

simulated coupling and isolation responses appears in Fig. 5,

To find the mode velocity differences that exist in the coyz ik shows the desired 20-dB coupling from 10 to 60 GHz
pler, each piecewise-linear section of the coupler is analy h a minimum directivity of 10 dB at 60 GHz '

separately as a 500m length of SMM coupled lines using
IE3D. The even- and odd-mode parameteff,( Zoe, Vo,

v.) of each coupled-line section are extracted from the IE3D
results and partially listed in Table I. Note that and k. are IV. MEASUREMENTS

equal in regions of the coupler where the line separation iSpsembedded on-wafer measurements of the microma-
large; this shpws that the presence of the membrane impagts,aq coupler are obtained using an HP 8510C network
both modes in an approxmately equa_l manner so that th&bfalyzer and the MultiCal program from NISTwhich
maintain equal velocities. At the opposite end of the couple{,_‘(mpbyS the thru-reflect-line (TRL) method [10] of on-

where the line separation is very small, the impact of tRgfer " calibration. On-wafer circuit contact is made via
5zeland Software, Fremont, CA 94538. Picoprobe ground-signal-ground-type probes with AB0-
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pitch® Transition from the coplanar probe pad to the SMM -10
geometry of the coupler is achieved through a Klopfenstein
taper, which also acts to transform the 80impedance of -20
the probes to the 9@ impedance of the coupler [11]. The iy
effects of the substrate-to-membrane Klopfenstein taper are 5 -sof
deembedded from the measurements since the TRL calibration 3
establishes the measurement reference plane approximately % -a0|
2 mm from the end of the taper (roughly 4 mm from the = ; T S ppoaeured ¥
probe contact point). so| [f | S, - Simulated
To measure the full four-port characteristics of the coupler e 8, - Simulated
using only a two-port network analyzer, three identical cou- -60 . ‘ ‘ ‘
plers were fabricated, each designed for a different two-port 0 oo s s s e
measurement. On-wafer terminations were used to match the Frequency (GHz)

unmeasured ports of each test circuit. The on-wafer termingg. 6. Measured and simulated coupled-port and isolated-port performance
tion comprised a microshield Klopfenstein taper matched witl the micromachined coupler.

thin-film resistors. The taper was designed to transform the

902 SMM impedance to a 70 microshield impedance, and 0.0 ‘ ‘
two thin-film resistors were placed in parallel across the slots . \\‘“\/""W\W\
of the microshield line to form a 7@ load. The two 15:m 03 ]
x 70 um resistors were printed via e-beam evaporation of
Nichrome (Ni-Cr alloy, 40% Cr by weight) to a thickness
of 700 A. Independent measurement of a termination (with
~76<) DC resistance) shows that the return loss exceeds 15
dB up to 60 GHz.

The measured-parameters of the micromachined coupler
(see Fig. 4) are plotted in Fig. 6. The simulated response a0 J
presented in this plot is produced by adding the measured "o 10 20 30 40 50 60
response of the on-wafer terminations to the ideal coupler Frequency (GHz)
response presented in Fig. 5. The measured coupling respangse;
(S31) is 20.12.5 dB from 10 to 60 GHz, and agrees very
well with the simulations. The measured isolation response . ) ) ]
(Su) is significantly higher than expected, resulting in Rhase velocity. According to simulated results, a 5% difference
measured minimum directivity of only 5-6 dB at 52 GHzPetweenv. and v, can cause significant degradation in the
The results of Fig. 5 indicate that a directivity of at leastoupler directivity, and Table | shows that this occurs for
10 dB should be expected from this coupler at 60 GHz. A< 75 pm. In future designs, it would be advantageous to
significant portion of this discrepancy can be attributed to tf&00se & larger ground-plane separation in order to maximize
loss of measurement accuracy imposed by the nonideal ¢n@t the narrow end of the coupler. Note thatshould not
wafer terminations. Addition of the termination response ¢ Chosen so large as to make the line separation impossibly
the Libra simulations results in a significant decrease in tHdde at the opposite end of the coupler.
predicted directivity, leading to the conclusion that a reduction
in the return loss of the on-wafer termination would provide ACKNOWLEDGMENT
a more accurate measurement of the directivity. The insertionThe authors wish to thank Dr. R. N. Simons, NASA Lewis
loss (521) of the coupler, plotted separately in Fig. 7, is lesResearch Center, Cleveland, OH, and Dr. R. F. Drayton,
than 0.5 dB up to 60 GHz. University of Illinois at Urbana-Champaign, Chicago, for their
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Insertion Loss, 1821' (dB

Measured direct port outpuf{;) of the micromachined coupler.
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