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Abstract—The design and measured results of a single-substrate  However, the radar systems currently available are unlikely
transceiver module suitable for 76-77-GHz pulsed-Doppler radar to meet the projected cost profile required for commercial
applications are presented. Emphasis on ease of manufacture anddeployment. Since the projected demand for these systems is

cost reduction of commercial millimeter-wave systems is employed illi f unit th bl Y t hiah-vield
throughout as a design parameter. The importance of using MWONS OF units per year, the problem or low-cost high-yie

predictive modeling techniques in understanding the robustness Manufacturing and test is a significant challenge. Recent
of the circuit design is stressed. Manufacturing techniques that advances in simulation capability and resources, semicon-
conform to standard high-volume assembly constraints have ductor manufacturing [12]-[14], and assembly techniques have
been used. The packaged transceiver module, including three focused on solving this problem through the development of

waveguide ports and intermediate-frequency output, measures 20 o . . o2 -
mm x 22 mm x 8 mm. The circuit is implemented using discrete monolithic microwave integrated circuit (MMIC) building

GaAs/AlGaAs pseudomorphic high electron mobility transistors blocks [15]-[25]. However, the problem of device integration,

(pPHEMTSs), GaAs Schottky diodes, and varactor diodes, as well as their packaging, and providing other mechanical and electrical
GaAs p-i-n and pHEMT monolithic microwave integrated circuits  jnterfaces remains a technically challenging and potentially
mounted on a low-cost 127#m-thick glass substrate. A novel ¢4y issue that has not been adequately addressed [26], [27].

microstrip-to-waveguide transition is described to transform . . - .
the planar microstrip signal into the waveguide launch. The The intent of this paper is to address these issues at a funda-

module is integrated with a quasi-optical antenna. The measured mental level. The module design is driven equally by consider-
performance of both the component parts and the complete radar ations of ease—of manufacture and cost—and functional con-

transceiver module is described. siderations. This philosophy necessitates accurate modeling and
Index Terms—Circuit functions, consumer electronics, Doppler characterization of the circuit, including yield analysis under
radar, millimeter-wave radar, waveguide transitions. process drift, manufacturing tolerance, and statistical variation.

Though a complete millimeter-wave transceiver module suit-
able for use in a commercial ACC radar system is described,
the philosophy underlying the design holds for other applica-

HE FIELD of radar for automotive applications and othefions as well.

millimeter-wave sensors is currently attracting great in- section 11 of this paper describes some of the system con-
terest and investment [1], although work in the field has begfaints of ACC radar modules and their implication for mechan-
going onfor many years [2]. The techniques required to prisa| and electrical design of the transceiver. This information
vide the desired level of system performance are not new gg8¢;sed to explain the choice of the selected circuit configura-
have formed the basis of many military applications in radar ag@n The design and performance of the individual components
sensing for more than 30 years [3]. The stumbling block that hascovered in Section 1l. The transceiver module is integrated
prevented the implementation of these sophisticated systemgith an antenna from a commercial ACC system, and the cor-

commercial arenas such as the automotive industry is the digsponding results are reported in Section IV. This paper con-
parity between the traditional cost of a millimeter-wave rad@f,des with a summary in Section V.

system and the price that a consumer is willing to pay. The focus

to date, therefore, has been hardware demonstration that fulfills

the required functionality [4], [5]. Nevertheless, several oper- IIl. ACC RADAR SYSTEM CONSTRAINTS

ating autonomous cruise control (ACC) systems have been deThe millimeter-wave components of a radar transceiver

veloped and demonstrated—often in conjunction with automgan pe broadly classified in two parts: 1) the circuit func-

tive manufacturers—and a few are now in production and CORons—signal generation, conversion, and routing—and 2) the

mercially available, although at a premium price [1], [6]-{11].antenna. The challenge of making antennas that are compatible

with the requirements of the automotive industry such as

Manuscript received February 21, 2000; revised August 25, 2000. low cost, compact size, and possibly either electrically or

Lobvslfehjgaag’g‘é’Sgygﬂaﬁ_-igiggg:ﬁg‘i‘ii Erg;wn are with M/A-COMmechanically steered plus harsh environmental considerations,

; ; - is also attracting much attention [28], [29].
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low-frequency oscillator can provide noise reduction, though at
Pulse Processor a considerable expense [43], [44].

In addition to the phase-noise issues of MMWZ-band os-
cillators, the temperature stability of the oscillators is also rel-
atively poor [45] and requires compensation. This has perfor-
mance implications for both pulsed and FMCW systems in ad-
s Signal gr‘;;‘—’""i"” | <Amenm dition to the legal requirement to operate within a defined band

Recovery of the frequency spectrum. The ability of FMCW radar systems
to identify range and discriminate between targets is a direct

Millimeter-Wave Module function of the tuning linearity of the oscillator, which varies as
CAN Bus a function of temperature. The temperature stability of an oscil-
(Automotive — Car Area Network) lator can be greatly improved by using a lower frequency source
combined with a frequency multiplier [46]. The buffering that
Fig. 1. Simplified block diagram of a pulsed-Doppler radar system. this technique provides between the oscillator and the antenna

also helps to reduce frequency pulling. As the antenna beam is

of the technical challenges and certainly all of the manufaseanned, changes in the load impedance due to the proximity of
turing challenges are identical for other millimeter-wave radather vehicles causes frequency pulling of the source. Although
systems. The relative advantages and disadvantages of thettig-use of a buffer amplifier d8/-band to increase the output
ferent system architectures are not within the scope of this papewer of the oscillator helps in reducing this effect, the isolation
and have been well covered elsewhere [3]. it provides may be less than that available from a frequency mul-

The millimeter-wave module consists of a signal generatidiplier and amplifier. Additional considerations are the relative
and recovery stage that interfaces with the antenna. More treaailability and cost of these devices. In addition, the increased
one antenna may be used in some applications, but the princigsonatox) at lower frequencies also makes the oscillator less
remains the same. The interfaces between the millimeter-waesceptible to frequency pulling.
module and the control and digital-signal-processing (DSP) cir-The advantages for manufacturing in producing lower fre-
cuitry are at relatively low intermediate frequency (IF) or basefuency signal generation include greater tolerance of manufac-
band frequencies. The choice of configuration of the signal getaring error, lower cost materials and semiconductors (including
eration and recovery circuitry can be made by considering tHiscrete devices), and the large experience base of high-volume
following issues. assembly techniques at these frequencies.

A. Performance Issues of Using MMICs as Frequency Sourdas Optimum System Architecture for Cost and
and the Advantages of Low-Frequency Signal Generation Ease-of-Manufacturing Reasons

Traditionally, millimeter-wave signal generation has relied The precise system architecture needed to address a specific
on circuits using transferred electron devices (TEDs) and otlmarformance requirement is flexible. Given this fact, the subse-
two-terminal devices; these form the basis of some of the AGftient choice of the circuitry when designing for commercial ap-
systems available today. Although TEDs can generate signifilications should be made predominantly for material cost and
cant amounts of power, and their low-flicker noise charactezase-of-manufacturing reasons.
istic results in low-phase-noise sources, the assembly and alignthe impetus to use MMICs in automotive applications arises
ment cost of cavity-based oscillators tends to make them exp&om seeing the effect that high-volume markets have had upon
sive. Furthermore, their poor conversion efficieney2f6) and the associated pricing on GaAs technologies at lower frequen-
physical device structure makes the implementation of planades due to the expansion of the wireless market [47]. The pres-
TED-based oscillators a challenge for electrical and thermahce of a high-volume consumer application coupled with com-
reasons [30], [31]. Although several authors have attemptedpeting technologies such as Si or SiGe forced the cost reduction
minimize the complexity and, therefore, the part count of thef GaAs IC-based products. This was achieved by a combination
millimeter-wave circuitry by fundamental signal generation aif increasing yield, increasing wafer sizes to first 100 mm and
76 GHz using MMICs [32]—[38], there are compelling perfornow 150 mm, and introducing automated test techniques that
mance and manufacturing reasons to generate power with were already well established for lower frequency products. The
cillators operating at lower frequencies. This necessitates sositeiation is quite different for the millimeter-wave arena, and
form of upconversion to realize tH& -band signal. although cost reduction is predicted [48], the rate of progress

From a performance consideration, it is easier to generdenot compatible with that desired by the automotive industry
low-phase-noise oscillators at lower frequencies [39], [4049]. Aside from the high volume required to reduce pricing,
Phase noise is an important parameter in both frequency-mothere are several technical reasons that must be considered in
lated continuous-wave (FMCW) and pulsed radar systems—salecting the appropriate circuit configuration and technology.
the former because of the homodyne detection architecturd’rocess requirements for millimeter-wave devices are more
and in the latter due to the requirements on pulse-to-pulegacting than they are for wireless applications. Raffaelli re-
stability [3], [41]. Reducing the phase noise of thHé-band viewed the available technologies suitable for automotive radar
source using highf) structures such as a dielectric resonat@pplications and concluded that there were two principal op-
is very difficult [42]. Phase-locking the source to a stabléons, both of which have their drawbacks [50]. Metal-semicon-
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ductor field_eﬁect transistor (MESFET) deVICeS With aolzﬁ' ;.c--o.--..--.---o--.--.---.--o.-oo--.---.---c-..--o---.--..--.--s
gate length cannot be effectively used above 38 GHz, while 76GHz GaAs PIN :

. L. - . : 19GHz 38GHz Multithrow
pseudomorphic high electron mobility transistor () HEMT) de- Amplifier Amplifier  Switch MMIC :

vices capable of operating at 77 GHz have two issues: they re- i : Radiated
quire a short gate lengthQ.2 xm) that cannot be defined op- Power
tically and are principally InP based. InP devices potentially  i19-19.25GHz 19-38GHz  38-76GHz|LO

offer better performance for amplifiers Bt-band due to their i Oscillator  Multiplier  Multiplier RX : Antenna
increased mobility when compared with GaAs. Available de- i Interface

. . : 76GHz
vices are still largely from 3-in processes, although the move to Mixer
100-mm wafers is slowly happening. Yield is also a cost driver wer| Y |
for these devices, with a high yield designt&tband defined Y,
as be|ng>50% [51] The firSt Of these iSSUeS haS been I’eCOg- :....I.I.I ........................................ i;.};;i;;;;;;
nized as a cost driver by Wethet al. [52], who have demon- Control line and d¢ Interface
strated @V -band amplifier based on 0.25n GaAs HEMTS, supply Interface

although the 1-dB compression point of the amplifier was only

+9dBm. A study by Morenc [53] similar to that of Raffaelli Fig- 2. Circuitry within the signal generation and recovery module showing
’ o L . 'the required interfaces.

concluded that the way to realize the circuitry required for au-

tomotive radar at the lowest cost was to generate the signal at _ _ _ _

as low a frequency as possible—using discrete devices whegdible with standard high-volume manufacturing practice. To

appropriate—and multiply the signal up ¥6-band. minimize the area of expensive semiconductor material, discrete

The second area whel&-band monolithic and planar cir- devices are used where possible. These devices are mounted in

cuits cannot utilize the advances made by the burgeoning wik&th a conventional upright fashion and flip-chip where appro-
less market is packaging and interconnects. This pr0b|em_m.[ate. The selected circuit configuration is illustrated in Flg 2
least of the same importance as that of device selection and &id emphasizes the practice of realizing the source at a rela-
cuit configuration—has been relatively neglected. Regardlesdiyely low frequency and multiplying to generate tie-band
the devices and circuit used to generate and control the 77-GHgnal. The entire circuit is contained within a low-cost package
signal, the problem of connecting devices with each other awpose interfaces with the other components of the radar system
providing electrical and mechanical interfaces to the antenf@nsist of dc supply lines, the IF signal output, and three wave-
and control circuitry is a significant challenge. This was re@uide ports that feed the antenna. Following the principle that
ognized by Takahasleit al. [54], who demonstrated a 30-GHzthe millimeter-wave signal should be generated and the received
receiver front end by mounting active devices on a low-loss begignal recovered as close to the antenna as possible, the module
zocyclobutene (BCB) dielectric substrate on an Si carrier. Ag designed to mount directly behind the radio-frequency (RF)
of the interconnects were made using this dielectric substra@ound plane of the antenna, thus minimizing the length of the
Discrete devices rather than MMICs were used to minimize tigveguide feeds. A schematic diagram indicating the mounting
area of expensive heterostructure substrates. The importanc@gthod is shown in Fig. 3 [55]. The drop-in interface between
small Ch|p Size, low-cost packaging, and interconnects for autb.e millimeter-wave module and the antenna allows the module
motive radar has more recent]y been stressed by Koetah tO be independently tested and its performance characterized.
[26], who mounted an MMIC chip-set on an “interconnectiod he novel package technique described later in Section Il al-
sheet” comprising of a dielectric substrate that also formed tifvs for easy interchange and replacement of the module during
reverse side of a planar antenna structure. production testing. This combination of low material cost, com-
We can, therefore, draw some broad conclusions about f{&nce to standard manufacturing techniques, and ease of inte-
way that the millimeter-wave module should be realized. Usirgjation and test describes a design approach that results in po-
discrete devices where possible should minimize the areat@ntially low-cost products.
the semiconductors; circuit functionality should be realized at
a lower frequency where practical; and the selected medivin Overview—System and Circuit Architecture
should be compatible with standard manufacturing techniquesThe ACC system uses a switched three-beam pulsed-Doppler
and procedures. Increased signal loss at high frequency plusgdar operating at 76—77 GHz. Fig. 2 illustrates the module
increased difficulty and cost of manufacture requires that, idgtock diagram employed. The output from a voltage controlled
ally, the millimeter-wave signal be generated as close to the afielectric resonator oscillator (DRO) at 19 GHz is amplified
tenna as possible and that the receive signal be downconvegggé multiplied to 38 GHz. The DRO, amplifier, and multiplier
and recovered in a similar fashion. Lastly, each element in thee based on upright bonded discrete pHEMTs and flip-chip
circuit chain should be tolerant of the effects of typical manunounted varactor diodes. The 38 GHz signal is then further mul-
facturing tolerance and process variation. tiplied and amplified to provide an output signal at 76 GHz. In
this example, the second multiplier stage was realized using a
commercially available MMIC [15] for reasons of expediency in
proof-of-concept. There are further cost advantages to be gained
This paper uses the principles outlined above to designrareplacing this MMIC with a 38-GHz amplifier and a second
single low-cost millimeter-wave module that is entirely compassive multiplication stage.

I1l. DESIGN AND PERFORMANCE OFMODULE COMPONENTS
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When the module is in transmit mode (TX), the 76-GHz  1®:lis 3 M L g lle

signal is directed via the GaAs p-i-n diode switch MMIC to  ‘h«illainr eiltries
one of three antenna feeds providing azimuth object detectit 13Tum Height
[56]. In receive mode (RX), the DRO is electronically tuned
to an appropriate IF offset and the multiplied output switcheslg. 5. The complete 76—-77-GHz transceiver module as realized using a glass
to the local oscillator (LO) arm of the mixer. The return signdFMIC) substrate.
received by the antenna is then heterodyne mixed with the LO
and the IF recovered. crostrip, coplanar waveguide (CPW), lumped and distributed
The radar transceiver is realized by mounting discrete agircuit elements, and isolating RF ground shields can and have
tive devices and MMICs onto a glass substrate. Semicondudb@en utilized wherever appropriate for the circuit design. All
devices are mounted by flip-chip attach for the varactor andre-bond interconnects are designed to be implemented with
Schottky diodes, and with normal and compensated wire-bosidindard 25:m diameter ball-bonds. A photograph of the com-
interconnects [57] for the pHEMTs and MMICs. The glass sulplete transceiver module is shown in Fig. 5. The substrate mea-
strate is made using M/A-COM’s proprietary passive glass nmsures 10.16 mm wide by 16.76 mm long.
crowave integrated circuit (GMIC) process [58], [59]. Silicon The glass substrate is mounted on a metal header that per-
and glass are combined to create a low-cost circuit medium tfiatms two functions. First, the header provides an RF ground
has attractive properties for millimeter-wave design. Fig. 4 iplane and thermal heatsink for the devices mounted on the top
lustrates a cross-section of a typical GMIC circuit with somsurface of the substrate. Secondly, to facilitate assembly, han-
representative available features. dling, and test, the millimeter-wave module is required to be a
The monolithic nature of the technology allows foself-contained unit. One of the key challenges in designing a
automated batch processing with the ability to integrate phdrop-in module is how to devise the millimeter-wave connec-
tolithography defined passive components—spiral inductot®n at the module and antenna interface such that it meets both
metal-insulator—-metal and interdigital capacitors, and thin-filfanctional and assembly requirements. The circuitry is assem-
resistors—with external active devices. In addition, the islantted on a planar substrate, yet a robust high-frequency interface
of Si embedded in the glass substrate provide both RF andl@dween the circuit and the antenna is required. This can be ac-
ground returns as well as thermal heatsinks for the extermalmplished with a microstrip-to-waveguide transition, as shown
devices and ICs. The glass provides electrical isolation, ma-Fig. 6.
chanical support, low dielectric constant. (= 4.0), and low The header thus forms the package base and also the mounting
loss tangenttn 6 = 0.002 at 10 GHz). The rigid substrate surface for the three waveguide feeds. The millimeter-wave
and the relatively thick Au metallization{4 ;xm) are also ideal interface between the transceiver module and the waveguide
for die attach and wire bonds. feeds is a tapered waveguide channel fed from a patented
In this instance, the substrate contains low-loss transmissimicrostrip-to-waveguide mode transition on the front side of the
lines and biasing networks as well as provides a low-loss nglass substrate [60]. The waveguide feeds directly illuminate
crostrip to waveguide interface by means of a special mottee antenna by mounting the module on the reverse side of the
transducer and launch network described in Section Ill. Mantenna ground plane. The feeds are captured in a tapered slot
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Fig. 6. Schematic cross-section through the glass substrate and the metal '
header showing how the drop-in package realizes the millimeter-wave +
waveguide interface with the antenna (drawing not to scale). Flex-Cable ZIF Confipcion

in the mounting plate by virtue of an interference fit. Othetig. 7. Photograph of the milimeter-wave module mounted on a test board
self-locating features allow rapid and repeatable installation agtgwing mounting technique with spring clip and flex cables.

replacement of the module. These locators position the wave-

guide ports for proper antenna illumination. Careful attention ~ tusule muumnizd nm reverse sids o

to tolerance and plate thickness ensures that the antenna and th =" e ples=

module share a continuous RF ground plane.

B. Module Package

1) Package Features and Interface Descriptiofihe
millimeter-wave module requires a package that provides
a low-cost rugged enclosure for environmental protection,
has efficient waveguide ports for antenna illumination, and Siprimg Ulig Locking Festure i4)
has a simple yet repeatable installation technique into the
radar assembly to facilitate test and handling. Metal injectidfig. 8. Drawing of the interface between the module waveguide ports and the
molding (MIM) technology was chosen for the fabricatioif"té"na RF ground plane as seen from the antenna.
of the package base and cover to satisfy the requirements for
precision details and low cost in production volumes. MIMingers. A photograph of the module with the cover removed
technok)gy is particu|ar|y attractive for small metal parts tha‘@ shown in Flg 10 and illustrates the interconnection between
have fine details or complex geometry. The milimeter-wavi@e flex-ribbon connector and the glass circuit.
module is then installed into the radar assembly or into a test o o )
fixture and retained in position using a spring clip and two flek- Module Circuit Components—Specifications, Design, and
cable connectors, as shown in Fig. 7 [55]. The spring clip allof4€asured Performance
for repeatable insertion and removal of the module without For brevity, the following details regarding the design, mod-
the need for solder attachment. The flexible cables insert irgbng, and measured performance of the individual circuit com-
zero-insertion-force connectors. These cables provide both ganents are restricted to the more salient points and a summary of
dc and control lines for the module circuitry but also feed thiae measured performance. Comments regarding manufacturing
recovered IF signal to the DSP. issues and relevant references are given where appropriate.

2) Package Assembly Detailsthe glass substrate is The target specification for each of the components was nec-
mounted on the package base using a low modulus epoxyessarily derived by consideration of the system-level specifica-
compensate for the differing thermal coefficients of expansidion. However, the specified operating bounds of each of these
between the glass substrate and the metal composition of doenponent level circuits also need to compensate for the varia-
package. The dc and IF input and output lines are connecteditm of the other circuits in the module. For example, the speci-
the flex-circuit interconnect medium using standard wire-borfitation for input and output return loss, and conversion loss of
methods. The MIM cover includes a shield septum that definbee 19-38 GHz passive multiplier, need to be considered as a
the DRO cavity. These features are shown in Figs. 8 andf@nction of how the available input power varies as a function
The cover is epoxy-sealed to the package base. The spring diipnanufacturing tolerance and process variation, plus dynamic
provides the pressure neededd(4 mPa) to seat the packageonsiderations like ambient temperature. To ensure a robust de-
in the antenna waveguide port properly as well as to ensugign that not only meets performance specifications but also re-
a consistent thermal contact to the mounting plate supportigglts in a high manufacturing yield>-@0%), it is necessary to
the radar assembly. The four latching fingers of the installggerform either Monte Carlo or sensitivity analysis—where pos-
spring clip securely grip the support plate, and removal gble—on each of the circuit designs to ensure that these perfor-
achieved by squeezing the spring clip to release these latchingnce bounds are met.
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LBV EFELATYW TABLE |

e SUMMARY OF THE KEY OSCILLATOR CHARACTERISTICS AND SIMULATION
o Spring Llip-— INFORMATION

7

* Reflection-mode DRO based on self-biased pHEMT
(upright mounted)

—— Epnny Seal

= ~

Circuit
el shisg Uircule,

Configuration * GaAs hyperabrupt varactor diode (flip-chip mounted)

+3 “u
’-ﬂ g M « Single-ended buffer amplifier (self-biased)
- m * Nonlinear pHEMT model extracted from I-V and S-
." Y, parameter measurements
I'J..'I..||_l-|I|L|I-| i

b
- Pachaps Bas ¢ Diode model extracted from S-parameter and dc
Fles Uit . R
L measurements (junction) plus full-wave
. N . Circuit electromagnetic (EM) analysis for package
Fig. 9. Exploded drawing illustrating the assembly of the package to form th ) )
complete millimeter-wave module (from above and below). Models * Resonator model derived from numerical analysis and

compared with full-wave EM model. Curve-fitting
used to optimize fit [62-66]

Flex-cirenit Parkagy Baw *Full-wave EM analysis of circuit structures and
discontinuities

» Small-signal analysis used for insight into operating

. . characteristics
Simulation ] ) )
*Harmonic-balance analysis to predict RF power/bias
Techniques dependency/output spectrum
» Transient analysis to model frequency switching-speed
under pulsed conditions
Yield » Sensitivity analysis of oscillator performance as a
function of process tolerance (device/circuit) and
Analysis manufacturing error (puck placement)

*Monte-Carlo analysis of amplifier (gain/S,, and
S,,/output power)

pHEMT. All wire-bonds are standard 2&m ball-bonds as typ-
%ally available from a high-speed automated bonding machine.
The key oscillator characteristics, with details on circuit models
and modeling techniques used in the design, are summarized in
1) 19-GHz DRO and Buffer AmplifierThe oscillator uses Taple 1.
the series-feedback or reflection-mode configuration. The di-Tpe purpose of the 19-GHz buffer amplifier is twofold: 1)
electric resonator is coupled to a SDtransmission line con- 4 provide a better defined output impedance for the oscil-
nected to the gate terminal. This arrangement helps to isolglg)r__close to 5a2—rather than the sensitive input match of
the oscillator frequen_cy further from freque_ncy-pulling effectg,e frequency doubler and 2) to drive the frequency doubler
caused by changes in the antenna load impedance. The {{&, a constant RF signal level over temperature to minimize
quency of the oscillator is varied by adjusting the reverse-bigg,yer variation within the module. The specified operation of

voltage of a varactor diode, which is used as an impedangga oscillator and amplifier are summarized in Table Il along
transformation or phase-shift element between the resonator a3 their measured performance. The figures for both the

the pHEMT [61]-{63]. This configuration has the following adspecification and the measured results are applicable over the

Fig. 10. Photograph of the glass circuit mounted on the module b
illustrating the flex-circuit interconnections.

vantages. temperature range-40 to -85 °C unless otherwise specified.
1) The position of the diode in the transmission line can b® plot of the output power and frequency of the cascaded
optimized to maximize the tuning range. oscillator and amplifier as a function of ambient temperature
2) The problem of modeling the oscillator is greatly simpliis shown in Fig. 11.
fied. The output power changes a little more than 1 dB over the
3) The tolerance to manufacturing error is reduced. entire temperature range, a virtue of the amplifier's operating in

4) The manufacturing process itself is extremely simple. compression. The oscillator frequency can be varied by approx-
For these reasons, this technique is applicable for high-voluingately 100 MHz at 19 GHz, translating to 400-MHz coverage
applications. The active device used for both the 19-GHz osditrthe 76-GHz band. The output power from the circuit is essen-
lator and the single-ended buffer amplifier is a discrete GaAially flat as a function of frequency. This allows the source to
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TABLE I 5
COMPARISON OF THEMEASUREDRESULTS FOR THEL9-GHz G5CILLATOR AND Input Pulse
AMPLIFIER BUFFER STAGE WITH THE REQUIRED SPECIFICATION \ l ﬂ A !l n .l : l bt
4-
. . Measured g i
Parameter Specification Performance '§ 3 ,'
3 1
@ i
Nominal Frequency 2 27 !
19.1 GHz 19.1 GHz £ 1 Response of 199GHz DRO
(GHZ) -] " measured using a frequency
E‘ 1 f discriminator
= 1
Frequency-Tuning A70 MHz > A95 MHz P
range (MHz) (monotonic) {monotonic) o I
(+0.5-+8V ) et
Power (+dBm) > +10dBm >+12dBm . . . . . .
(compressed) ) 5 10 15 20 25 30
Time (nS)
SSB Phase-Noise @ S0dBe/H QSdBo/H
<- <- . . . . .
100kHz offset e oz Fig. 12. Measured switching speed of the oscillator for a step change in the
input tune-bias voltage.
(FIC;I‘}‘Z')““W'D““ A25 MHz A18 MHz o _ _ .
discriminator is observed on an oscilloscope and compared with
a reference trigger pulse from a pulse generator. The voltage
Slv(v,lttycl;;ncg-g(;;«:.;«li1 . <5nS <358 * step of t_he pulse generat_or is elected to represe_nt the typical
(10% DC-90%RF) change in frequency required for the source to switch between
the Tx and Rx (LO) frequency. The measured discriminator
Bias +3.5V, 75mA +3.5V, 65mA output is shown with the drive pulse in Fig. 12. The dc (10%)

to RF (90%) switching speed is4 nS.
Measured at 425 °C only 2) 19—3_8 GHz Passive Frequency Do_ubler'ﬁhe _design of
varactor-diode frequency doublers requires detailed and often
complex synthesis methods owing to the sensitivity of the var-
actor diode to other circuit parameters [69]-[72] Although loss-
less reactive doublers have a theoretical efficiency of 100%,
. the losses in the diode, the harmonic losses, and the losses in
192 + TR the matching circuits reduce the values achievable in practice.
) L 10 Table Ill summarizes the modeling techniques used for the elec-
trical design of the frequency multiplier, although thermal con-
Tt Fo+85) siderations due to power dissipation in the diode junction are
o Fo (25 also important, as they restrict the maximum drive level of the
—— Fo (-40) ) . o . .
2 Po (+55) d_oubler. These considerations arise in part _due tq the f!|p-ch|p
diode attach but also due to the series circuit configuration and
lack of direct thermal ground return.
In the series configuration, /4 stubs at both the anode and
cathode of the diode are used to separate the input and output
19 e 2.5 networks of the frequency doubler. The shunt-stubs transform
0123456738 the doubler design into the design of input and output impedance
Tune Voltage (V) matching circuits that match the impedance of the varactor diode
at the input and output frequency, respectively. Table IV com-
Fig. 11. Measured output power a(r)d frequency of the oscillator/amplifier aprres the specification design goals with measured results from
function of temperature-{40 to +85°C). the doubler. Note that the measured results with the exception
of fundamental rejection were measured over the temperature
step between the transmit and receive frequencies determineddnge—40 to +120°C.
the IF bandwidth, plus have sufficient margin to cover sourcesinformation as to how the performance of the doubler will
of error such as temperature drift, frequency pulling, and agingary as a function of device parameters is required for assessing
and still drive the passive doubler stage with near constant inpl¢ selection of a die known to be good and, consequently, for
power. yield for high-volume production. This was obtained for the pas-
The switching speed of the 19-GHz oscillator was measursive doubler design by the generation of surface plots using con-
using the conventional technique of splitting the oscillatorentional sensitivity analysis that illustrates, for example, the
output and driving a frequency discriminator. The output of theariance of the output power of the 19-38 GHz doubler with

19.25 T r 12.5

o4,y
2-g. add
"l~l~l~l-..:‘:""~’-=‘o-0 .
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TABLE I TABLE IV
SUMMARY OF THE 19-38 GHz @UBLER CHARACTERISTICS AND COMPARISON OF THEDESIGN SPECIFICATION WITH THE MEASURED
SIMULATION INFORMATION RESULTS FOR THE19-38-GHz DUBLER
* Frequency doubler in series configuration using Parameter Specification Measured Result

microstrip. Diode is reverse biased (+2.2V) to operate at
optimum efficiency point.

Configuration
* Diode is flip-chip mounted using conductive epoxy to Frequency (GHz) 19.12GHz = 100MHz 19.125GHz+ 125MHz
reduce parasitics associated with bond-wires
. . Input P
» GaAs Abrupt-junction varactor: f, = 2700GHz (l:. lt)il;}m;) wer +10dBm<P_ <+16dBm +10dBm<P_ <+16dBm

Diode type * C(0) = 0.15pF

* Barrier Potential ¢ = 1.3V .
Conversion-Loss

» Elastance-voltage exponent y = 0.5 (dB) <12dB <9dB10.5dB
* Diode model extracted from S-parameter and dc Input/Output
Models measurements (junction) plus full-wave EM analysis of Return Loss (dB) >15dB > 10 dB (P, = 10dBm)
the package
' ) ) ] Rejection (dB) >20dB >15dB
. . * Harmonic-balance analysis for nonlinear diode
Simulation operation
Techniques peratio
* Full-wave EM analysis of circuit discontinuities Input/Output
Impedance 00 S0€
* Surface plots and sensitivity analysis to determine
Yield doubler operation as a function of diode parameters.
Analysis The parameters as then used to set diode specifications

so that assembly only uses known-good-die.

respect to the intrinsic diode parameters and package parasi
components. The surface plots not only indicate how well th
design is centered with respect to variations in the importar
design variables but also extend to the selection or screening
appropriate diodes in the manufacturing process. YT ot <
3) Millimeter-Wave Bond-Wire Interconnect3here is a ==t =
common misconception that long bond-wire interconnects may v
not be used at millimeter-wave frequencies because oftheirhi,ggl 13. Side profile of a 25m ball wire-bond connection to an upright
series inductance, resulting in poor return loss [73]-[75]. Howrounted MMIC. The dimensions reflect the typical wire-bond and MMIC
ever, the alternative to bond-wire interconnections—flip-chi'ﬂiouming profile compatible with automated manufacturing equipment.
die attach—is not straightforward for large devices. While
flip-chip attachment of discrete devices is relatively simplle both accurately and repeatedly. This is reassuring to the mil-
(so long as package parasitic components are properly haeter-wave circuit designer who, after designing a compensa-
counted for), the flip-chip attachment of large MMICs andion network for a particular profile of bond-wire, can be confi-
devices is fraught with material and mechanical attachmesfent that the tolerance on the dimensions of the bond-wire pro-
problems. It is extremely advantageous, therefore, becafitewill be tightly held during manufacture. The caveat is that
of both production and reliability considerations, to mourmredictability is bought at the expense of a minimum bond-wire
MMICs in a conventional manner and to use wire-bonds tength, typically between 380 and 436n, which is long for
interconnect the MMICs with the circuit substrate—assuminillimeter-wave design. By treating bond-wire interconnects as
that a method that minimizes the bond-wire interconnect loasfive-stage filter problem instead of as a single inductor that
at millimeter-wave frequencies can be identified. One of theontinually degrades RF performance [57], this problem can be
difficulties in accounting for the behavior of bond-wires isolved.
uncertainty of the equivalent circuit model at high frequencies The performance referenced in Table V is for a bond-wire
[76], which varies with the number of bond-wires, bond-wiréength of 430 zm. This length is typical of a controlled
length, and diameter, plus the specific profile of the transitiorbond-wire available with standard automated bonding ma-
Fig. 13 shows a side view of the bond-wire interconnect behines. The interconnect referenced in [57] is specifically a
tween an MMIC chip and the GMIC substrate for this work. Auglass-to-glass transition. Although a glass—GaAs interconnect
tomated ball-bonding machines used in high-volume manufdtas not been measured, similar performance may be expected,
turing are capable of producing bond-wires of a particular pras the interconnect was designed to provide the same filter
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TABLE V
SUMMARY OF THE OPERATION OFBOND-WIRE INTERCONNECTS AT77 GHz
WHEN USED ASPART OF A FILTER STRUCTURE —_
2
£
Parameter S11 @ 77GHz S11 @ 77GHz 4} A

g —a— Uncorrected TX to LO

Two- 25um diameter Modeled Measured 'g -15 —4— Uncorrected TX to Ant 1

ball bonds Performance Performance 2 —¢— Uncorrected Tx to Ant 2
= 20 - —&— Uncorrected Tx to Ant 3

—e— Estimated Fixture Loss
Length 430um 22 dB 16 dB 225 + : \ \
75 80 85 90 95
Frequency (GHz)
TX/LO TX/RX ANTENNA

Fig. 15. Uncorrected insertion loss measurements for the Tx to antenna and
Tx/LO paths of the switch. Also shown is the estimated fixture loss.

the switching speed of the p-i-n devices used in this MMIC may
be found in [56].
A thru-reflect-line (TRL) calibration was used to extract the
: S-parameters of the diode junction using a single-diode switch
as a test vehicle. This was performed with the diode biased in
p-i-n SWITCH MMIC the reflective state (10-mA bias current) and in the transmission
state (0-V bias voltage). On-wafer measurements of a single-
Mixer pole/single-throw (SPST) switch demonstrated 0.8-dB insertion
, _ o o loss (including the transmission line) with an isolation of 26
Fig. 14. Required functionality of the switch within the pulsed-Doppler radaﬂB_ The worst case isolation of the single-diode switch over
the temperature intervat40 to+105°C is 23 dB at 77 GHz.
response. This approach enables the use of upright wire-bondéés performance is comparable to or better than other devices
MMICs for 76-GHz applications using existing productiorfeported in the literature [77]-[80].
equipment and does not require costly development of flip-chipFull S-parameters were measured for the switch MMIC from
MMIC processes. 75 to 110 GHz. Fig. 15 displays the uncorrected insertion-loss
4) 76-GHz Reflective P-I-N Switch MMICPerhaps the es- values measured from 75 to 95 GHz. Since the frequency re-
sential requirement for a pulsed-Doppler radar system at g@onse of the microstrip-to-waveguide transition is not known,
GHz is the ability to provide very fast switching—less than the values presented include any frequency response due to this
nS—from transmit to receive functions to ensure good nedransition and the fixture itself. The estimated insertion loss of
range performance of the radar [56]. The MMIC switch also alhe switch from this measurement is approximatety 8.5 dB
lows the antenna beams to be electronically steered, eliminathegween the TX port and each of the three antennas at 76 GHz.
the need for multiple sources or mechanical antennas. The TX to LO path insertion loss is lower, as would be expected,
The GaAs p-i-n MMIC discussed in [56] was redesigned tand is approximately & 0.5 dB at 76 GHz. The TX to antenna
improve switch isolation and insertion loss. Additional dc probgath contains three switches for a total insertion loss of 2.4 dB.
points are added to check the electrical continuity of the akdding in GaAs microstrip line losses on the MMIC brings the
bridges of each of the switch elements. Also, RF probe padsestimated loss very close to the measured values from the test
each port allow each switch to be electrically screened to priodture.
vide known good RF die. Fig. 14 illustrates the required func- Fig. 16 displays the calibrated isolation values of each an-
tionality of the switch within the radar architecture. tenna under various bias states from 75 to 78 GHz. The switch
The transmit pulse from the source is directed toward one mfovides isolation between the antenna ports of better than 23
the three antenna ports. In transmit mode, the first two switdB at 76 GHz, regardless of the state of the switch. The final
junctions are biased to direct the signal pulse (TX) toward tlset of measurements used to characterize the switch is that of
antenna. The transmit pulse is at a frequeficyAfter the pulse the LO-to-antenna isolation, shown in Fig. 17. The fixture mea-
has been transmitted, the frequency of the source is changadements suggest that the LO-to-antenna isolation is approxi-
to fo = f1 — IF, wherelF represents the IF frequency ofmately 19-24 dB for the MMIC.
the heterodyne-recovered signal. The TX/LO switch is now set5) 76-GHz Hybrid (Rat-Race) MixerThe IF bandwidth of
to the LO setting so that the source fatacts as the LO drive the pulsed-Doppler system represents an extremely small per-
for the signal recovery mixer. The TX/RX switch is changed toentage of the operating frequency—about 0.25%—indicating
the RX setting so that the received signal is directed from tlieat the RF and LO frequencies are almost identical. A rat-race
antenna and into the RX port of the mixer. The IF signal is thamixer is, therefore, an ideal choice for this application, as it pro-
recovered and the information extracted. Information regardingles RF-LO isolation. Additionally, it was found in modeling
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-10

== Isolation of Ant. 2 with 1 on
=& Isolation of Ant. 2 with 3 on
=0— Isolation of Ant. 1 with 2 on
=t Isolation of Ant. 3 with 2 on
~——Isolation of Ant. 3 with 1 on
—&—Isolation of Ant. 1 with 3 on

Isolation (dB)

Frequency (GHz)
Fig. 18. The 76—-77-GHz GMIC balanced mixer with flipped discrete Schottky
Fig. 16. Calibrated isolation between antenna ports under various conditiofi@des.

0 and other pollutants. In addition to the electrical requirements
- for the transition, there are several additional considerations
51 pertaining to manufacturing and cost issues. The transition

+ —a—Isolation of LO with Ant. 2 . . . . . .
design is required to be insensitive to manufacturing tolerance

101 ——Kolationof LOwith An. 1 fOr three reasons. First, alignment and tuning for specified
g —e—LsomtionofLo wih an. 3 PEfOrmance by hand can be expensive, or at the very least
time-consuming. Secondly, if the transition does not require
o lsohtlnof LOto Rxwith tyning, the part count, and hence the cost, is usually reduced.
——IsohtionofLOto Rxwith  LAStly, adding tuning compensation may render the manufac-
Ant.30n ture and assembly of the part cumbersome and impractical for
volume manufacturing.

Isolation (dB)
&

Y P S As a result of the growing demand to find a low-cost transi-
75 76 77 78 tion between conventional planar circuitry and waveguide, the
Frequency (GHz) subject has attracted increasing interest. This has resulted in sev-

eral techniques that have recently been reported in the literature
Fig. 17. LO isolation with respect to various states of the MMIC over thig2][87], although none of the published techniques is wholly
frequency range 75-78 GHz. . . . . e

applicable for some of the design constraints of this specific ap-

plication.
the design that matching circuits for the diodes were not re-While keeping the constraints, requirements, and solutions
quired under the applicable bias. The mixer could be realizadthe literature in mind, we have developed a novel solution
within a small area using two discrete Schottky diodes offeririg this problem [60], [88].The transition that was conceived for
low-cost potential. Details of the diode model and the 76-GHhis product development comprises a mode transformer to con-
mixer design are described in [81]. Fig. 18 shows a photograpért the transverse or, in the case of microstrip, quasi-transverse
of the mixer test circuit used to measure the conversion loss adectric mode signal carried by the planar transmission line to a
function of LO input power. The Schottky diodes were flip-chipvaveguide mode signal.
mounted and attached with conductive silver-loaded epoxy. Fig. 19 illustrates the composition of the impedance-

The measured conversion loss of the mixer was found to bmtching structure within the transition. The 12 glass
<6 dB for an LO drive level oft-7 to +14 dBm [81]. This was substrate has full metallization on its reverse side with the ex-
measured with an RF drive level 6f9.42 dBm and an RF-LO ception of a patterned area immediately below the rectangular
separation (IF bandwidth) equal to 180 MHz. mode launch. This forms a window in the reverse side of the
6) Microstrip-to-Waveguide TransitionA key element in glass substrate that allows transmission of the electromagnetic

maintaining a compact easy-to-manufacture low-cost packagave into the waveguide impedance transformer. A photograph
for this module is the realization of an MMIC-compatible mi-of the upper and lower sides of the glass substrate showing
crostrip-to-waveguide transition. Ideally, the transition shoultie three waveguide transitions and the three windows in the
be easily integrated into the package, provide an efficierdverse side of the substrate is shown in Fig. 20. The lateral
conversion from the low-impedance (&) microstrip environ- offset in distance between the three antenna launches on the
ment to the higher impedance of waveguide, and be immuugper side of the substrate allows for Si pedestals to be placed
to typical dimensional and manufacturing tolerance variatioreound each launch. The photograph of the reverse side of
Another factor that may be considered desirable for hartie substrate shows the etched glass “windows” in the ground
operating environments found in automotive applications is tiane of the substrate. A section through the glass substrate
ability for the transition to be made hermetic, thus rendering tlirdicating how this window aligns with the MIM carrier is
circuitry feeding the waveguide port impermeable to moistushown in Fig. 21.
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Fig. 21. Cross-section through the microstrip-to-waveguide transition
Fig. 19. Microstrip-to-waveguide transition using a mode converter andillstrating the stepped impedance transition.
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Fig. 22. Photograph of the glass-based mode converter used to transform the
microstrip input to a waveguide mode in the substrate.

and rear sides of the glass substrate.

Fig. 20. Photograph of the three waveguide antenna launches from the frc o |
¥
) .

The mode converter or transducer—shown in detail i
Fig. 22—transforms the quasi-transverse electromagne
mode of the signal on the microstrip input transmission lin
into a parallel-plate waveguide mode in the glass substra I
before continuing into several stepped impedance transforrr
tion sections of conventional rectangular waveguide. Becau. -
the C.amer is metal, the_ walls that bo_und the dlmer_]SKmS I(-)If.23. Field structure for the mode transducer at the microstrip to waveguide
the first recessed portion are electrically conductive, th'i}rﬁgerface and for the output waveguide as calculated using a finite-element
forming the section of parallel-plate waveguide below thanalysis based field solver.
substrate. The combination of the mode transducer with several
stages of impedance transformation as described results ihetween the module and the antenna. The relative dimensions
well-matched broadband transition. Furthermore, the dimefior the impedance matching sections were calculated using a
sions and length of the impedance-matching sections are fadlte-element analysis-based field solver in tandem with an
compatible with the accuracy available from the MIM processptimization engine.
used to manufacture the circuit carrier. As the carrier alsoA plot of the calculated field structure for the mode trans-
forms the base of the module package, the stepped waveguddeer and the output waveguide is shown in Fig. 23. Varying
output transition is inexpensive to manufacture, and the trathe physical parameters within the simulation indicated that the
sition between the planar transmission line and the waveguigigeration of the transition would be relatively insensitive to typ-
output ports results in a low-cost millimeter-wave interfacieal variations in the dimensions of the MIM manufactured car-
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Fig. 24. Measured return loss of the microstrip-to-waveguide transition. Tkgy 25 schematic diagram of the interface between the millimeter-wave
different responses are obtained as the registration between the substrate, le and the quasioptical antenna. The module is mounted on the reverse

MIM carrier is varied by an offset of-100 «m from the nominal placement gjqe of the antenna ground plane with the waveguide feeds forming a common
position. RF ground.

rier and stepped-impedance transition. In addition, photolithog- - Beam 1
raphy ensures that the variation in the line width and spacing of

the mode transducer will be small. The principal source of vari-
ation in the manufacturing process is, therefore, the accuracy of
registration and alignment of the glass substrate on the MIM car-
rier. The effect of this misalignment is most critical in the lateral
direction {-direction in Fig. 20). High-speed automated manu-
facturing equipment is capable of placing the substrate onto the
carrier with an accuracy of better than 10t (i.e., 50 m)

in bothy andz directions.

To ascertain both the performance of the transition and its sen-
sitivity to manufacturing tolerance, the return loss of the tran-
sition was measureith situ on the MIM carrier with the rect-
angular waveguide output terminated in RF absorber. The re-
turn loss of the transition was measured for substrates that had
been misplaced by up to 20 (i.e., £100 xm) in the z-di- Fig. 26. Antenna transmit patterns for the module/antenna combination along
rection. The increase in positional error was selected to allake azimuth axis.
for potential error in placement plus some postplacement varia-

tion in the substrate position due to effects such as epoxy CregR-the reverse side of an antenna ground plane and radiate di-
The results of these measurements are shown in Fig. 24. Theyly into the input ports of the antenna. The antenna used
transition return loss was measured at the microstrip input %} this demonstration was a quasi-optical lens-based design as
the mode transducer using a CPW probe. The return loss of fhgrenily used on commercially available ACC systems [89],
transition may be seen to bfa bgtter than 20 dB over the mtert@d)]_ The module waveguide ports illuminate a parabolic tran-
74-80 GHz, even with a misalignment between the glass sWaflector on the inner surface of the lens that either reflects or
strate and the recess in the carrier of up to 28@ The worst angmits the millimeter-wave signal depending upon the spe-
case return loss at 77 GHz was measured to be better than 21gg: hojarization. The reflected energy is then repolarized by a
This performance represents a microstrip-to-waveguide trangjicrostrip “twist-circuit” on the antenna ground plane to form a
tion that is better than many other complex transitions reportggjjimated beam:; that is then transmitted. This process is shown
in the literature. Furthermore, the performance of the transm%hematically in Fig. 25. The antenna assembly and interface
is robust and tolerant of typical manufacturing errors due to aganveen the module and the antenna is shown in Fig. 3.
tpmated assembly equipment, and is thus ideal for low-cost mil-1,o printed circuit board (PCB) would ordinarily be used for
limeter-wave products. the module drive circuitry plus the IF detection chain and DSP
functions in an actual radar. However, for the purposes of testing
the millimeter-wave functionality, the PCB contains only bias
circuitry for the RF functions. The IF output from the module

The W-band characteristics of the module are measured Isyconnected to a surface-mount coaxial connector mounted on
integrating the module with an antenna. One of the design ghe PCB. It is not possible to do system-level measurements,
rameters of the module was to minimize the millimeter-wave inherefore, but functions such as antenna patterns (TX and RX),
terface length to reduce signal loss and mechanical complexitp leakage, and frequency pulling due to beam steering may be
This was achieved by designing the module to mount directiyeasured.
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-20
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IV. MEASUREMENT OF THEINTEGRATED MODULE
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TABLE VI
SUMMARY OF SOME MEASURED PERFORMANCE PARAMETERS OF THE
MILLIMETER-WAVE MODULE

(1]

Parameter Measured Performance [2]

(3]

LO leakage Minimum isolation between Rx and Tx > 19.5dB 4]
Frequency Frequency pulling as the antenna beam is

Pulling switched between channels = 2MHz [5]

(6]

Azimuth transmit patterns for the antenna are shown in
Fig. 26. The three beams are approximatélywdde with a 3
separation. Sidelobe interference for each of the three beamms)
may be seen to be 15 dBc. Patterns for the azimuth receive

. : - 9]
function are substantially similar. These measured results aré
in accordance with expected results and are compatible witho]
required system performance. Some additional measurementd!
that confirm the correct operation of the module when inteq;
grated with an antenna are given in Table VI.

V. SUMMARY (13]

A compact, complete transceiver module suitable for mil-[14]
limeter-wave (77 GHz) vehicular radar applications has bee»ﬁ5
described. All of the materials and assembly techniques used
in the design are compatible with the low-cost objectives that
the commercial millimeter-wave industry requires. At the COM-[16]
ponent level, improved performance in millimeter-wave switch
networks, and a new low-loss compact process- and assembly-
tolerant microstrip-to-waveguide transition have been showrt.
The measured results of each component have been presented,
along with a discussion of their sensitivity to manufacturing
variation. The operation of the module and the proof-of-conce
of the integrated assembly technique have been demonstrated by
the ability to measure antenna patterns that meet the system féfl
quirements.

It is appreciated that each application for millimeter-wave
consumer systems will probably require very different levels 0f20]
system operation. However, the issues of mechanical and elec-
trical interfaces, compliance with standard high-volume mani21]
ufacturing techniques, and pressures of aggressive pricing will

o 22]
be common enough that the principles and methodology used [n
designing this radar module will be relevant.
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