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Abstract—Monolithic integrated millimeter-wave circuits based (HBT) is a promising candidate for silicon-based monolithic
on silicon and SiGe are emerging as an attractive option in jntegrated millimeter-wave circuits [8]. Ultra-fast silicon bipo-
the field of millimeter-wave communications and millimeter- lar technology also gives a strong impact on the develop-
wave sensorics. The combination of active devices with pas- . - .
sive planar structures, including also antenna elements, allows ment of high-speed digital gnd a”a'og CIrCU!’[S [9]_[:}1]' For
single-chip realizations of complete millimeter-wave front-ends. SIMMWIC's, the IMPATT diode provides high oscillator-
This paper reviews the state-of-the-art silicon- and SiGe-based output power combined with high efficiency.
monolithic integrated millimeter-wave circuits. The technological The linear passive parts of SIMMWIC'’s may be realized in
background as well as active and nonlinear devices and passivep|anar circuit technology. The fundamental transmission-line

circuit structures suitable for silicon- and SiGe-based monolithic truct din SIMMWIC desi . trio I lot
integrated millimeter-wave circuits are discussed. Examples of structures used in esign are microstrip lines, slo

such integrated circuits and first systems applications are also lines, coplanar lines, coplanar striplines, and microshield lines.
presented. Based on these fundamental geometric structures, the planar
circuit elements are designed. These planar circuit elements
include transmission-line discontinuities, planar resonators,
and antennas as the basic structures. In the frequency region
above 60 GHz, SIMMWIC's of only a few millimeters size
ILLIMETER-WAVE sensor and communication ap-may also include planar antenna structures. The integration of
plications as well as fast data processing create @fe antenna allows the direct coupling of SIMMWIC's to the
increasing demand in high-frequency electronic devices argliation field.
monolithic integrated circuits. Silicon is by far the most widely Monolithic integrated millimeter-wave circuits based on sili-
used semiconductor material, and there are good reasons gaatand SiGe will give new options for millimeter-wave sensor
this situation will not change in the future. In productionand communication applications. Compared with microwave-
silicon is preferred due to low costs, established productiGyased systems, millimeter-wave-based systems offer the fol-
lines, the high standard of technological experience, andowing advantages:
number of technological advantages. This yields a Strong1) availability of broader frequency bands;
impact to overcome the drawbacks of standard silicon devicesy) higher gain and smaller dimensions of antennas;

in the millimeter-wave range. ~ 3) smaller size and lower weight of the components;
In 1965, Hyltin had already proposed the use of silicon 4) qye to the shorter wavelength, higher resolution in sensor
as the dielectric substrate for planar microwave circuits [1]. ~ gppjications;

Silicon-based monolithic integrated millimeter-wave circuits 5) atmospheric attenuation may prevent interference be-
have been suggested in 1981 by the RCA group of Rosen ' tyeen cells in communication applications.

et.”ial. [,[2]' Smce. %986} '3 the T‘Eelds(ljl\f/ll\jl\l/l\lclc():r} mtcr)]nohthch broad application of millimeter waves in sensorics and
mifimeter-wave ntegrated Ccircuits ( s) there arfommunications has been hampered up to now due to the
increasing research activities at the former AEG-Telefunk

$ligh costs of millimeter-wave components. This situation
Research Institute, which has merged now into the Daiml " b

. may change in the future due to the availability of low-cost
Benz Research Center, Ulm, Germany, and at the Technis gy 9 y

. R : nolithic integrated components. Especially a silicon and
Universitt Mlnchen, Munich, Germany [3]-[8]. Up to NOW,gize_pased :

: - technol te furth t reduct f

SIMMWIC's for frequencies above 100 GHz have alread foe-based technolagy can promote IUTner cost reduction o

¥onolithic integrated millimeter-wave circuits.
been fabricated, and the suitability of silicon as the substrate g

material for monolithic integrated millimeter-wave circuits
has been successfully demonstrated. Monolithic integration Il. SILICON AS THE SUBSTRATE MATERIAL

of solid-state devices provides the possibility of low-cost q i b il with i . ¢
production, improved reliability, small size and light Weightio?ooaé' siflicon su _ft[j&llte materzlla wit a,slp_ec' IIC resistance o
and easy assembly. -cm is available. For this material in planar circuits,

There is a variety of active semiconductor devices suitatﬁée conductor losses due to the skin effect dominate the

for SIMMWIC’s. The SiGe heterojunction bipolar transistmloss contributions, whereas the substrate losses in the silicon
account only for a minor part. A further comparison of the

Manuscript received January 12, 1998; revised February 11, 1998. = gata of Si and GaAs according to Table | shows the excellent
The author is with the Institutif Hochfrequenztechnik, Technische Uni—f ibili f sili he b ial f illi
versitit Miinchen, D-80333 Ninchen, Germany. easibility of silicon as the base material for millimeter-

Publisher Item Identifier S 0018-9480(98)03392-4. wave circuits. The dielectric constant of both materials is

Index Terms—Millimeter-wave IC, silicon-based RF circuits.

I. INTRODUCTION
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TABLE |
PARAMETERS OF Si AND GaAs

Si GaAs
Diel. Const. € = 11.7 e =129
Specific Resist. >10* Qcm > 10% Q cm
Dielectric Loss (b)
Factor (90 GHz) 1.3.10°3 0.7-10-3 Fig. 2. (a) Bipolar transistor. (b) Magnified part.
Thermal Cond. 145 Wem 'K~! 046 Wem 1K1
Electron p Epi Base
Mobility 700 cm?/Vs 4300 cm?/Vs , n- Poly Emitter .. .
High Field U Nitride
Drift Velocity 107 cm s~} 6-10% cm 5!
Density 2.33 gcm™3 5.32 g cm™3

n+ Subcollector

Fig. 3. Cross section of SiGe HBT.
comparable. At 90 GHz also, the dielectric loss tangents of Si

and GaAs are within the same order of magnitude. Although ) ) ) ]
the electron mobility of GaAs is six times higher than th8Y: high-performance bipolar technologies are mainly based

electron mobility of Si, the high-field drift velocity of Si and°" double-polysilicon self-aligned structures, as first desc_ribed
GaAs are in the same order of magnitude. In most millimetdf [13] and [14]. In the BICMOS technology, the combina-

wave semiconductor devices, the high-frequency performari@ Of self-aligned structures and oxide insulation allows an
depends mainly on the high-field drift velocity, whereas thextreme downscaling, and also the realization of extremely

electron mobility plays a minor role. The thermal conductivit}PW Parasitic capacitances. As an example for a high-speed Si
of silicon is three times higher than the thermal conductivi ipolar transistor structure, Fig. 2 shows a bipolar transistor in

of GaAs. From this point of view, silicon is advantageous fare/€Ctive epitaxial growth (SEG) technology [15odX et al

power circuits. Fig. 1 shows the schematic process flow BRVe Presented a 50-GHz implanted-base Si bipolar technology

a SiGe/SIMMWIC technology which allows the fabricatiod©" Mixed digital and analog applications [16], [17].
of Schottky diodes, IMPATT diodes, SiGe HBT's, and p-i-n

diodes [8]. A. SiGe-Base HBT’s

Since SIMMWIC’s require high-resistivity substrates, - . - L .
whereas integrated circuits based on standard bipolar, CM Sé p[)om|5||r_1|?3_lqe\1lge f_lc_Jrr] m:l:g_]retﬁ r-dwzve ag_ph::atlons ISt tge.
and BICMOS technologies need low-resistivity substrate é e—base [18]. f'.a ad e?” Irst su%gese n
a combination of these technologies is not straightforwar, .57_ y Kroemer [19]"A_‘ w;tsuggestlon oraS|G_e- ase HBT
However, a combined SIMMWIC and CMOS technology h r h|gh-fr§qugncy qpp|_|cat|ons had .b.een made in 1.977 [20],
already been introduced in [12]. 8]. Detailed investigations of the mllllmeter-wave SiGe-base

HBT were presented by [21]-[29]. Fig. 3 shows the cross
section of an HBT.

In the SiGe HBT, the base region is formed by an epitaxially
grown SiGe layer between the adjacent silicon layers. Due to
the lower bandgap of the base region, even in the case of

Ultra-fast silicon bipolar technology also gives a stronbigh base doping, a high emitter efficiency is achieved. This
impact on the development of high-speed circuits [9]-[11]. T@llows one to combine small base width with a low base series

Ill. ELECTRONIC DEVICES

A. Pure Silicon Bipolar Transistors
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resistance.
In the SiGe-base HBT, the base is formed by an epitaxialls="-—

is reduced compared with the bandgap in the emitter regio|
The current gairs of a conventional bipolar transistor is given
by

DppNgwg

=F—FH— 1)

DpBPBwB

holes in the emitter and base regions, respectivaly, and
Pgp are the emitter and base doping concentratians,is the
emitter thickness, and g is the base thickness. For the HBT
after Kroemer [19], the current gajfi is given by

/3 — DppNpwg cAE/kT (2) Fig. 4. SiGe HBT in coplanar line crossing.
D,pPpwp

where AE' is the bandgap difference between Si and SiGe. The maximum oscillation frequency,,.x of the HBT is
The exponential dependence of the minority carrier injectiagiven by

rate across the emitter base barrier on the bandgap difference

already yields at Ge contents of 20%, a value of the exponen- frmax = _fr (8)

tial term of more than 1000. This allows one to obtain a high 87 CheT,

emitter efficiency also in the case of a high base doping. Dudere f;- is the transit frequencys, is the base resistance,
to the high base doping, low base sheet resistances with basdC,,. is the base collector capacity. SiGe HBT's maximum
width down to 10 nm are attainable. A typical high-frequencyscillation frequencies of 120 GHz already have been real-
silicon bipolar transistor with a base width of less than 100 niped [31]. Coplanar monolithic microwave integrated circuits
exhibits base sheet resistances in the order of(Z20whereas (MMIC’s) based on SiGe HBT's withf,,.. values as high
SiGe HBT's reach base sheet resistances as low &3 fok as 80 GHz are under development [34]-[36]. Fig. 4 shows
a 20-nm doped base [8]. A high current gain and a low baaa SiGe HBT embedded in a coplanar line crossing. Meister
resistance may, therefore, also be combined in the caseebfl have described an epitaxial SiGe-base HBT technology

extremely low base widths. suitable for analog as well as digital applications [37].
The transit frequencyr of a bipolar transistor is given by  Since HBT’s exhibit optimum operating conditions at high
[18] collector current densities, the Kirk effect becomes important
1 [18]. When the injected electron concentration exceeds the
fr= G — (3)  collector doping in conventional bipolar transistors, holes will

accumulate in the collector region to compensate the excess
with the total delayrec given by charge. This causes a widening of the base and thereby
a decrease in current gain and transit frequency. In SiGe
HBT's, the Kirk effect is different. Due to the base—collector
The emitter delay timez due to the minority carrier injection heterojunction, the injection of holes into the carrier is sup-
from the base into the emitter is in the order of 0.5-2 ps [30jressed. For the large signal modeling of SiGe HBT circuits, a
The emitter charging timeg is in the order of a few tenths nonlinear HBT model that includes nonideal leakage currents,
of picoseconds [18]. For no accelerating in the base, the bdke Kirk effect, and the thermal behavior has been presented

TEC =TE +TE + 7B+ TC + TCv- 4)

transit timerp is given by in [38].
w2 w The noise figure of a bipolar transistor may be approximated
B B
= 5) by [39
B 5D, T, (5) by [39] e
1 . (1 : 2
with the base widthuy; and the high-field drift velocity,. Felt tlme ey (2 )t )
o . . R, 2 /3 fT 2re
The collector transit time¢ is given by
Te where F' is the noise figureR, is the source impedancg,
TC = 2, (6) s the current gain and. = kT '/el. is the emitter resistance.
o o The high fr and the low base resistance of SiGe HBT's yield
and the collector charging time:» is given by a low noise figure. SiGe HBT noise figures as low as 0.5 dB at
rer = Cpe(Re + Re + Vi /Ic). @) 2 GHz, 0.9 dB at 10 GHz, and 2 dB at 20 GHz have already

been reported [40].
The fabrication of a heterojunction bipolar SiGe transistor with Low-frequency noise in active devices is a serious design
fr values above 80 GHz has already been reported [8], [18hnstraint for millimeter-wave oscillator and mixer applica-
[24], [31]-[33]. tions. Since the low-frequency noise is upconverted by the
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Fig. 7. Coplanar IMPATT diode.

D. IMPATT Diodes

Presently, the IMPATT diode is the most important active
device for SIMMWIC's. The IMPATT diode is biased above
Metallization ntnop the threshold for impact ionization. The carrier generation in
connection with the transit time delay arising from the drift
process causes a dynamic negative resistance [47]-[49]. The
IMPATT diode provides high oscillator output power com-
bined with high efficiency. Since the high-field drift velocity
v of Si and GaAs are in the same order, silicon is suited for
Isolator 1000 Q cm Substrate IMPATT diodes as well as GaAs.
The negative real part of the IMPATT diode impedance is
in the order of 1-10Q2. For this reason, a low-impedance
termination of the IMPATT diode is required in order to

inherent nonlinearities of the active device, the low-frequen@phieve oscillator operation [S0]. Especially in the case of
noise of the active device has to be minimized. The loWanar resonators, due to the l@wvalue of these resonators,
frequency noise in millimeter-wave Si/SiGe HBT’s has beef careful oscil_lator design is rec!uired. IMEATT diodes usu_ally
investigated in [41]-[43]. Comparison of the low-frequenc ave to_ be th|.nned to a few micrometer in order t_o_obtam a
noise properties of Si and SiGe bipolar transistors has shol@i/ Series resistance and a good thermal conductivity. In the
that SiGe transistors exhibit three-to-four times smaller lo/#2S€ of discrete IMPATT diodes, the electrical contacts are
frequency noise than Si devices [44]. For an SiGe HBT with 4Armed on both sides of the contact. Using this geometry in
fr of 43 GHz, Cressleet al. have reported a corner frequenc;F”O”O“th'C C|r<_:U|ts requires substrate Fhmn_lng_ in the region of
of 373 Hz for thel /f noise at a bias current of 2.26A [43]. the I_MPATT diode. This can be done in principle by selective
However, in real circuit applications, the bias currents are &{ching-

least one order of magnitude higher and the corner frequency ©" monolithic integration of IMPATT diodes, a coplanar
increases correspondingly. deévice structure is advantageous [51], [52]. Fig. 6 shows the

cross section, and Fig. 7 shows the microphotograph of a
o coplanar IMPATT diode. The prinlayers of the double drift-
C. Si/SiGe Hetero FET's region diode are grown by molecular beam epitaxy on a highly
Si/SiGe heterostructure technology may also be combingd doped etch stop and contact layer. This layer has also been
with Si CMOS technology [24], [45]. Most of the Si/SiGegrown epitaxially on high-resistivity silicon. In order to obtain
hetero FET's are of the modulation-doped type. These sm-low series resistance, large” ontact areas are defined
called MODFET’s exhibit a thin quantum-well layer within a photoresist process. After passivation of the individual
a thickness of 5-30 nm. Within the quantum-well layer, diodes and opening of the contact windows, the contact and
two-dimensional (2-D) electron or hole gas with collision-freplanar circuit metallization is formed by evaporating gold
carriers exists. The n-quantum wells are Si layers, whereas #mal increasing the thickness of the gold layer tq8 by
p-quantum wells are formed by SiGe layers. Fig. 5 shows teé&ctroplating.
layer structure of an n-type Si channel Si/SiGe hetero FET. For SIMMWIC applications, the double low—high—low
An f..x 0of 81 GHz has been found for a 0.18n T-gate n- (DLHL) diode following the original Read diode approach
MODFET [46]. Performance extrapolation of n- and p-chann& very promising [8]. Compared with conventional IMPATT
devices point to transconductances above 1000 mS/mm aiaddes, the absolute value of the (negative) real part of the
cutoff frequencies around 200 GHz [45]. DLHL diode impedance is increased by more than a factor of

Fig. 5. Layer structure of an-type Si/SiGe hetero FET.

Fig. 6. Cross section of a coplanar IMPATT diode.
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Fig. 8. Schottky diode with air-bridge. Fig. 9. Planar transmission lines.

two. This will improve the matching of the diode to planar IV. PASSIVE CIRCUITS ON SILICON

resonators.

An IMPATT oscillator is formed by an IMPATT diode
connected to a resonator. With IMPATT diodes, oscillators With planar-circuit-structures resonators, filter circuits,
with high output power and high efficiency may be realized. Atower dividers, matching networks, and planar antennas may
an oscillation frequency of 100 GHz, efficiencies above 10%g realized [6], [57]-[59]. It is possible to combine different
may be achieved. Since monolithic integrated circuits usuafiynctions, e.g., the patch-antenna structure of an SIMMWIC
exhibit a higher thermal resistance, the high efficiency dfansmitter may also serve as the resonator of the IMPATT
IMPATT diodes is advantageous. However, especially if plandiode oscillator. By this way, circuits with extremely small
resonator structures are used, a careful design is requiredlimensions can be realized and, furthermore, losses in a
order to fulfill the oscillation condition. For the monolithicconnection line between oscillator and antenna are avoided.
integration of IMPATT diodes, a coplanar diode structure is Since for highly insulating silicon material for millimeter-
advantageous. Monolithic integrated IMPATT oscillators yiel&ave frequencies the dielectric losses in the silicon play a
output powers in the milliwatt region at 100 GHz. minor role compared with the conductor losses, the use of
silicon yields no drawbacks. Experimental investigations have
; shown that on substrates with 1883 thickness, microstrip
E. Schottky Diodes lines with an attenuation as low as 0.6 dB/cm can be re-

Schottky diodes are used for detector and mixer applicatioggzed [4]. Epitaxial layers have to be removed by etching
in SIMMWIC receiver modules [53]. The Schottky diodgn the areas of planar circuits in order to obtain these low
consists of a n-doped layer (&cm~?) grown on a highly attenuation values. Parasitic effects induced by passivation of
nt-doped buried layer. A delta-doping spike on top of thgigh-resistivity silicon substrates play an important role and
epitaxially grown layer reduces the Schottky barrier formed lyave to be minimized in order to obtain low loss [34]. The

the titanium—gold metallization. The cutoff frequengy de-  common types of planar transmission lines are summarized in
pends on the junction capacitanCe and the series resistancerig. 9.

A. Planar Circuits

R; and is given by The main concepts of planar circuit design are based on
either the microstrip concept or the coplanar line concept.

£ = 1 ) (10) Microstrip circuits require thinned substrates (100—200-
27 R,C; thickness) in order to avoid the excitation of substrate modes.

Furthermore, via-holes usually are necessary in order to realize

Zero-bias operation is possible and the diodes can be moronnection with the ground metallization. Coplanar circuit
lithically integrated in microstrip or coplanar circuits [54].design allows one to use substrates of normal thickness and
Monolithically integrated Schottky diodes have been realizedquires no via-holes. However, air-bridges are necessary to
in a coplanar configuration [55], [56]. Coplanar Schottkgonnect the parts of the metallization. Especially in the case
diodes allow a coplanar circuit design without via holesf monolithic integration of antenna structures, the microstrip
through the substrate. At coplanar AsP-doped Schottky diodemcept is advantageous, since due to the thinned substrates,
with a junction area of 33:m, a series resistance of 2B surface-wave excitation may be avoided.
and a junction capacity of 59 fF were measured. From thesel) Microstrip Lines: Microstrip lines are most commonly
values, a cutoff frequency greater than 1 THz is evaluated.used in monolithic integrated circuits. Due to the back metal-

Fig. 8 shows the microphotograph of a Schottky diodkzation, the substrate can easily be fixed on a metallic mount
with air-bridge. The air-bridge technology provides a lowegproviding an efficient heat sink. Mounting of lumped elements
parasitic capacitance and a lower leakage current. in series configuration is very easy. Mounting of lumped



RUSSER: Si AND SiGe MILLIMETER-WAVE INTEGRATED CIRCUITS 595

elements in shunt configuration and fabrication of shor
requires via holes, which in monolithic integrated circuits ar
technologically expensive.

The maximum frequency of operation with a microstrip ig
mainly limited by the excitation of spurious modes, namel
higher order hybrid microstrip modes, trapped surface wavg
and radiating waves. The cutoff frequentys g1 of the first-
order hybrid microstrip mode is given by [57]

f . 0o
SHEL= 5

(11)

where Z, is the characteristic impedance of the microstrif
line, ¢ is the free-space light velocity, angy = 377
is the characteristic impedance of free spaceZfA = 50-
 microstrip line on ah = 100-um-thick silicon substrate Fig. 10. 76-GHz patch antenna.
with 80-um width (11) yields a cutoff frequency. pr; =
200 GHz.

2) Coplanar Lines and Coplanar Strip Lineoplanar
lines have been investigated theoretically and experiment
[60], [61], and particularly with respect to applications in
hybrid and monolithic integrated circuits [62]-[66]. They l_i_QAl:nﬁ’ n=123"- (12)
substantially extend the flexibility in the circuit design and 2
exhibit some distinctive advantages. Mounting of componength the guide wavelength, and the length extensianl of
in shunt and series configuration is equally easy and no Vi open microstrip line.
holes are needed. The fundamental mode propagating along
coplanar lines at low frequencies is quasi-TE. With increasig p|anar Antennas
frequency the fields and surface currents concentrate aroun

the slots, and finally the quasi-TE slot-line mode occurs. The?In _the mﬂhmete_r(;wa\;)el reg|ton with _small ar;)tennah_dl- d
coplanar stripline is due to its balanced nature, ideally suited@%s'ons’ a considerablé antenna gain may be achieved.
|

I'lne of lengthl. For an open microstrip resonator, resonance
dcurs for

a feed line for printed dipole antennas [67]. Passive eleme IS aHOW,S one to mplude planar antenna s@ructures Into
MWIC’s. An overview of planar antennas is presented

for coplanar MMIC's are reported in [34]. ; S I
3) Slot Lines: The slot line is a balanced transmission lin n [81] and [82]. Using integrated antennas as the radiating

In general, due to the hybrid nature of the fundamental modk fu_ctures, feed lines and gssomated compongnts such as
;cnlators, detectors, and mixers may be combined. Planar

treatment of the slot line requires a full-wave analysis. F& " ih 36 d 96 el s h b desianed
transverse dimensions below the wavelength, the structure sgpennas wi an eements nave been designe
d fabricated [4], [83]. In this section, we discuss basic

ports a quasi-TEM type of mode similar to that of the coplanay . -
esign concepts of planar millimeter-wave antennas. For a

stripline [68]. The slot line finds interesting applications a hensi : £ millimet i . |
resonators [52] and resonant antennas [69]-[71]. However, gigmprenensive review of milimeler-wave antennas in generai,
e refer to [84]-[87]. The design of planar antenna arrays

lines suffer from high dispersion, high radiation loss, and lo - L .

power-handling capabilities. The fundamental mode of the sibt the millimeter-wave region involves new pmblems’ since

line is a quasi-TE mode. Substrate surface waves may increase mutual cou.plmg pe.tween
the antenna elements, and losses in the feed lines limit the

o ) ) o array size. However, in order to minimize the SIMMWIC chip

B. Transmission-Line Discontinuities size, the combination of a single patch or slot antenna element

For a variety of stripline and microstrip-line discontinu-on the chip with mirrors or dielectric lenses may be preferable.
ities, equivalent circuits and closed-form expressions for thel) Patch Antennas:The microstrip patch is the most com-
reactances have been found [72], [73]. monly used planar millimeter-wave antenna and the basic

In [74] and [75] open circuits, short circuits, step changemtenna element for antenna arrays. The application of these
in width, and T-junctions of coplanar waveguides havantennas, however, is limited by their narrow bandwidth.
been investigated. In [76]-[79], simple models for coplandt millimeter-wave frequencies, they suffer from excitation
stubs T-junctions were developed. Radiation losses of shavf- surface-wave modes and from losses in the feed lines.
circuited coplanar waveguides have been investigated Emcitation of surface-wave modes results in poor radiation
[80]. At coplanar-waveguide discontinuities substantial modaficiency and in mutual coupling of antenna elements in
conversion can occur [64], [77]. antenna arrays.

Planar resonators are open structures and suffer from energkig. 10 shows a 76-GHz patch antenna. The magnitude of
leakage into radiating and surface-wave modes. This radiatibve 2-D surface current distribution at 76 GHz is depicted
can be utilized if the resonator is also used as an antenna. Thé-ig. 11. Resistance, reactance, and radiation efficiency as
rectangular planar resonator consists of a planar transmisséiofunction of the frequency are shown in Fig. 12 [88]-[90].
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Fig. 11. Patch antenna: surface current distribution at 76 GHz.
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30 20 Fig. 13. Cross section of the microshield line.
- 15
10 cavity resonator exhibits a very large radiation efficiency of
0 .,_._// 5 about 50% [94], [95].
10— ==l g . N
0 100 200 300 400 500 600 D. Micromachined Circuits

h [um] Besides their advantages of high design flexibility, reduced
Fig. 12. Impedance and radiation efficiency. area, and simple integration with active devices, planar circuits
suffer from undesirable electromagnetic effects and para-
sitics limiting their electrical performance. These frequency-

As a very interesting result, we obtain maximum radiatio L .
- . . . ependent parasitic effects are due to the losses in the conduc-
efficiency for a substrate height of 128n. The diode feeding . ) : ; o
tors and in the dielectric material as well as the radiation losses

the patch antenna is located at the point of the highest surf €he open planar structures. The radiation effects may be

'curren't Qensity.—the junction between the p_atches—resulti uced by sophisticated packaging techniques. A very promis-
in a minimal resistance of only 2. A three-dimensional (3- 4 attempt to overcome the drawbacks of planar circuits are
D) experimental analysis of the near- and far-field radiation @fo icroshield line concept and the suspended membrane
planar millimeter-wave antennas has been provided by Pfeifﬁferostrip (SMM) line concept [96]-[100]. The advantages
et al. [91] using electrooptic testing and nearfield probing. of the microshield line and SMM's are low dielectric losses
2) Slot Antennas:Compared with patch antennas, slot angnd low radiation losses at discontinuities. Both transmission-
tennas exhibit a higher bandwidth. The slot length equals ofige types are fabricated by micromachining techniques on an
line wavelength. Coplanar active devices can be placed with§j0,—SiN,—SiO, membrane, grown on a silicon substrate.
the radiating aperture and the slot simultaneously acts asig. 13 shows the cross section of a microshield line. The
resonator. In [92] and [93], results of a rigorous full-wavenembrane thickness is 1.,pm. Standard lithographic and
analysis of half-wavelength and full-wavelength slot antenn@socessing techniques are used for the metal pattern definition
are reported. A slot antenna on a monolithically integratexhd cavity etching. The depth of the ground plane cavity
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is controlled by timing the etch. The microshield line hasi___
properties similar to a coplanar line without dielectric suppor
In coplanar waveguides, the radiation loss into parasitic mod
is a function of bothf? and (e, — 1)? wheref is the frequency
ande, is the relative permittivity of the substrate [82], [101].
Therefore, although radiation loss is increasing strongly wit
frequency, it may be eliminated completely by removing th
dielectric. At 35 GHz, losses as low as 0.03 dB/mm havg =
already been measured [102].

Micromachined techniques already have been applied to tlf‘"‘
development of circuits. Stripline resonators on thin dielectric .
membranes exhibited dispersion-free conductor-loss limite®
performance at 13.5, 27.3, and 39.6 GHz [103]. The fabri =
cation of microshield filters at 30 and 90 GHz, microstrip ~
bandpass filters at 94 GHz, and a 250-GHz bandpass filt*
with 1.0-1.5-dB insertion loss has been reported [102]. .

The fabrication of micromachined circuits requires a high@fy 14 planar 100-mWD-band IMPATT oscillator.
technological effort than the fabrication of planar circuits.
However, since micromachined circuits can be self-packaged
it may be cost-competitive with packaged planar circuits.

V. MONOLITHIC INTEGRATED CIRCUITS

A. Amplifiers

A monolithic SiGe HBT Ka-band amplifier has been re-
ported in [35]. Its design is based on coplanar structure
Slot-line modes are suppressed by air bridges. As the pass
circuit elements coplanar lines, metal-insulator—-metal (MIM
capacitors and spiral inductors were used. The amplifier e
hibits a gain of 4 dB in the frequency range from 20 tg
24 GHz.

B. Oscillators

Monolithic integrated HBT oscillators exhibit a considersig. 15. Voltage-controlled IMPATT oscillator.
ably lower phase noise and a higher frequency stability than
monolithic IMPATT oscillators. However, currently they can . s
only be realized for frequencies up to approximately 40 G .d'sc resqnator with d|amgters of _400—590. The substrat_e
[104]-[106]. The coplanar 25.5-GHz SiGe HBT oscillator chiff Ickness is 70um. The via-hole in the center of the disc
is depicted in the lower part of the module shown in Fig. 20. fSonator is realized by using micromachining techniques. A
monolithic integrated SiGe HBT oscillator with 2-dBm outpuPLHL IMPATT diode is used in this circuit. At the oscillation

power at 38 GHz has been fabricated in coplanar technolofjgduéncy of 147 GHz in continuous-wave operation, 100-mW
on high-resistivity silicon substrate [106]. output power at an efficiency of 4.5% was achieved.

As active elements for planar millimeter-wave oscillators, -A fully monolithic integrated planar-disc resonator oscillator
IMPATT diodes yield high continuous-wave (CW) outqu'th an output power of 1.8 mW at 61 GHz has already been
power at frequencies up to above 100 GHz. In order to obtd@ported [108]. The IMPATT diode is located at the side of the
both high output power and a narrow spectrum, IMPAT $ubstrate with the ground metallization. The diode is connected
diodes must be connected with a low-impedance series ri&the disc metallization via an etched and metallized conical
onant circuit. Since for planar resonators the quality factobgle.
that can be achieved typically range below 100, one mustMany applications of millimeter-wave oscillators require
take care in order to obtain a low-impedance planar resonagdgctronic frequency tuning. Fig. 15 shows a varactor-diode
design. Best results were obtained using a planar circular-digkable planar IMPATT oscillator [109]. The oscillator output
resonator with the IMPATT diode in the center and a througpower is 18 mW at 80.2 GHz. The tuning range is 425 MHz.
contact beyond the IMPATT diode to the circuit ground plane. Using coplanar IMPATT diodes, no via holes are required.
Based upon optimized circuit layouts, CW power output valugeveral coplanar oscillator designs have already been dis-
as high as 20 mW at 93 GHz [83], 200 mW at 73 GHz, ancussed [51], [52]. In the slot-line oscillator, the coplanar
100 mW at 140 GHz [107] were achieved. Fig. 14 shows tHBIPATT diode is connected to the center of a slot line
140-GHz oscillator. The planar resonant structure consists[62]. The oscillator was fabricated on a 108 substrate in
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Fig. 17. MIM capacitor with bias lines.

78.7

Fig. 16. Front-end with planar antenna. 76657

76.6 -

order to minimize the surface wave losses. The slot length is 7°°°
1.12 mm and the slot width is 89m. The IMPATT diode g 7657
diameter is 2Qum. A radiated output power of 7 mW was * ,;,,]
measured at 109 GHz. With dual-fed coplanar resonators, very
low radiation losses are achieved. In this configuration, at R
each end of a\/2 coplanar line resonator, an IMPATT diode %%
is integrated. The generated power is delivered to another 76.3—‘| . ——— .
coplanar line, which is capacitively coupled at the center of 2 30 35 40 45
the resonator [110]. HmAl

The required frequency stabilization is achieved by meaf#g. 18. Oscillation frequency and radiated power.
of subharmonic injection locking [111]. The design of planar
IMPATT oscillators is very sensitive with respect to th
matching of the IMPATT diode to the planar resonator—
structure.

H2]

[wap] 4

Gntenna patches. The bridge between the two antenna patches
antenll%alocated at the spots of maximum current density in the
two patches. This yields a low impedance termination of
the IMPATT diode for maximum RF output power. The ring
C. Transmitter Modules surrounding the structure forms a rat-race coupler and also
In its minimal configuration, a SIMMWIC transmitter con-S€rves as balun transformer for the synchronization signal
sists of an oscillator coupled to planar antenna. It is affeded into the circuit via the stripline coming from the
vantageous to combine oscillator and antenna by using 1g&. The synchronization signal at the subharmonic frequency
antenna structure also as the resonator of the oscillator. TAiS GHz is supplied via the broad microstrip line on the left
facilitates not only a small circuit layout, but also avoid§ide of the chip. The two narrow striplines on the right side
losses between oscillator and antenna [112], [113]. This typ&the chip serve as the dc bias lines. The dc isolation in the
of oscillator is commonly called an active integrated antenn@ybrid ring is performed via two MIM capacitors inserted in
An integrated transmitter for automotive applications deliverdfie ring. Fig. 17 shows a detail of the MIM capacitor with
a radiated power of 1 mW at 79 GHz [114]. The distance to §&e upper bias line connected with the bottom metallization
covered is limited by the coherence length of the free-runniggd the lower bias line connected with the top metallization
IMPATT oscillators [115]. An excellent carrier-to-noise ratioof the MIM capacitor. Fig. 18 shows the dependence of the
of 81.7 dBc/Hz at an offset of 100 kHz has been achievedscillation frequency and the radiated power on the IMPATT
Fundamental or subharmonic injection locking using an HBdiode bias current.
oscillator improves the coherence length of the transmitterFig. 19 shows the block circuit diagram of a millimeter-
[111]. wave radar sensor [116]. The system consists of a 25.5-GHz
Fig. 16 shows a 76.5-GHz front-end SIMMWIC with aHBT oscillator [105], 76.5-GHz front-end, and signal-
planar antenna, coplanar IMPATT diode, and matching circyitocessing unit. The millimeter-wave signal generated by
[116], [113]. The SIMMWIC exhibits an area of 2.6 mm the IMPATT oscillator is radiated by the antenna. The signal
3.2 mm. The planar antenna is formed by the two rectangulaflected by an object to be detected is received again by the
patches in the center of the circuit. The coplanar IMPAT@ntenna. The IMPATT oscillator also acts as the self-oscillating
diode is inserted in the narrow bridge connecting the twaixer for the received signal.
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FRONT END Antenng|
MODULE
76,5 GHz
255 GHz SiGe SIMMWIC-Oscillator
Synchronizgtion
Oscillator Signal
Processing

S

Fig. 19. Circuit diagram of the millimeter-wave sensor.

Fig. 22. Rectenna module.

been realized. Kasper has proposed the name “rectenna” for a
monolithic integrated circuit containing a planar antenna and
rectifying Schottky diodes [118]. The receiver has been inte-
grated monolithically on a highly insulating silicon substrate.
The antenna dimensions are 545.6 mn?. The Schottky
diode exhibits 42 series resistance and a junction capacity of
0.1 pF. The measured receiver sensitivity is 65 V/Wém

A monolithic integrated silicon rectenna has been developed
by Kasperet al. [118]. The rectenna is fabricated on an 100-
pm-thick silicon substrate and is realized in stripline technol-
ogy. The linear antenna structures are formed\py patches
in A/2 distance. Fig. 22 shows a hybrid circuit containing the
0 RBW=10 Hz, VBW=10 Hz rectenna chip and a baseband amplifier in CMOS technology.
The rectenna exhibits a center frequency of 94.6 GHz and
a bandwidth of 1.6 GHz. The CMOS amplifier has a 32-dB
gain. The sensitivity of the rectenna with amplifier is 1600

Fig. 20. Miniature radar module.

-20 —: V/Wcm_2.
o ] Thieme et al have developed a monolithic integrated
2 50 circularly polarized W-band direct detection receiver for
o ] six-port polarimetric radar systems [119]. The dual-patch-
40 1 . antenna direct-detection receiver, shown in Fig. 23, contains
] two asymmetrically fed antenna patches of dimensions 500
50 | pm x 550um. Phase quadrature is achieved by directly
] exciting two slightly detuned fundamental modes TMO01 and
50 - L e T TM10. A cross polarization discrimination of 14 dB has been
500 375 -250 -125 a 125 250 375 500 measured at 76 GHz.
A f[HZ]
Fig. 21. Power spectrum. E. Mixer Circuits

A monolithic integrated coplanar millimeter-wave Schottky

The RF module with the 25.5-GHz HBT synchronizatioliode mixer has been realized in SIMMWIC technology [54].
oscillator chip and the 76.5-GHz front-end chip is depicted ifig. 24 shows the single balanced-mixer circuit. The branch

Fig. 20. Fig. 21 shows the power spectrum emitted from tti@e coupler on the left side of the circuit forms the two 180

synchronized radar module. phase-shifted signals. At 77 GHz, a conversion loss of 7.8 dB
has been measured for an RF powerdf0 dBm, and an LO
D. Receiver Circuits power of 6 dBm. The intermediate frequency is 1 GHz.

Already in the basic SIMMWIC concept [83], [117], a
transmission link with transmit and receive modules wds
considered. As a key element of the receiver module, theDigital circuits cannot be realized in conventional
Schottky diode was developed. A 93-GHz SIMMWIC receiveSIMMWIC technology since the insulation of the transistors
with a planar 36-element antenna and a Schottky diode haguires low-resistivity substrates. However, initial successful

Digital Circuits
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A future Si/SiGe heterostructure CMOS technology may
take advantage of the high carrier mobility alsopithannel
devices. Simulations of Si/SiGe heterostructure CMOS logic
circuits exhibited gate delay times as low as 2.5 and 0.5
ps/stage at a power supply of 1 and 2.5 V, respectively, [45].
Large-signal measurements of Si/SiGe heterostructure field-
effect transistor inverter circuits yielded delay times down to
25 ps [122].

VI. APPLICATIONS AND OUTLOOK

SIMMWIC's applications in millimeter-wave sensorics and
communications have already been investigated [114], [115],
[116], [123]. Complete receivers and transmitters may be
integrated monolithically using IMPATT diodes, SiGe HBT's,
p-i-n diodes, and Schottky diodes. The advantages of millime-
ter waves are high bandwidth for communication applications,
high resolution for sensor applications, and high antenna gain
even with small antennas. The future availability of low-cost
millimeter-wave components and millimeter-wave monolithic
Fig. 23. Dual-patch-antenna receiver. integrated circuits (MMIC’s) will stimulate the penetration of
millimeter-wave technology into commercial and consumer
electronics [124].

Combining millimeter-wave analog circuits with digital
signal-processing circuits on a single chip may provide cost-
effective solutions for single-chip receivers, transmitters, and
millimeter-wave sensors. First attempts to combine SIMMWIC
technology with CMOS technology have already been made
[12]. However, SIMMWIC technology with standard bipolar,
CMOS, and BICMOS technology may also be hampered in
the future due to different substrate requirements and process-
ing technologies. In this case, multichip module technology
may be an interesting alternative to a completely monolithic
integration [125].

A very interesting field of future millimeter-wave com-
munication applications of SIMMWIC's is the broad-band
short-range and in-house communication. Compared with op-
tical systems, millimeter-wave communication systems have
superior transmission properties in the case of adverse weather
conditions or in industrial environments with dust, smoke,
or dirt. Compared with microwave systems, the very small
Fig. 24. Coplanar mixer with silicon Schottky diodes. dimensions of millimeter-wave systems are advantageous.

Concerning the dimensions, millimeter-wave communication
attempts have already been made to combine SIMMWREd sensor systems are competitive with optical systems.
technology and CMOS technology [12]. A major challenge for
the future silicon technology may be to combine SIMMWIC ACKNOWLEDGMENT
technology with bipolar high-speed emitter-coupled 10giC The author would like to thank U. #hig and J.-F. Luy
(ECL) digital technology. For digital high-speed circuits, Sjrom the Daimler-Benz Research Institute, Ulm, Germany,
bipolar transistors as well as SiGe-base HBT's are of interegt. Aufinger, J. Bick and L. Treitinger from Siemens AG,
Meister et al have described an epitaxial SiGe-base HBEorporate Research and Development, Munich, Germany, and
technology suitable for analog as well as digital applications Bjebl from the Institut @ir Hochfrequenztechnik, Tech-

[37]. Up to now, Si- and SiGe-based high-speed digital circuifische Universit Miinchen, Munich, Germany, for helpful
have been realized for toggle frequencies up to 50 GHz [16liscussions.
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