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Wireless sensing plays an important role in industrial automation, domestic systems 
and transportation. Microwave and millimeterwave sensors offer high resolution and 
reliable operation in rough environments. Novel attractive sensor modules for the 
24, 61 and 77 GHz frequency bands are feasible by the use of flip-chip (FC) and 
Surface Acoustic Wave (SAW) devices. 

Drahtlose Sensorik spielt eine wichtige Rolle in der industriellen Automatisierung, 
im privaten Haushaltsbereich und in der Verkehrstechnik. Mikrowellen- und Milli-
meterwellen-Sensoren bieten hohe Auflösung und arbeiten selbst unter rauhen Um-
gebungsbedingungen zuverlässig. Der Einsatz von Flip-Chip- und Oberflächenwel-
len-Bauelementen ermöglicht die Realisierung neuartiger, attraktiver Sensormodule 
für die Frequenzbereiche bei 24, 61 und 77 GHz. 

1. Introduction 
Multiple wireless sensor functions will be implemented in future railroad and automo-
tive traffic management systems [1], in the field of industrial process automation [2] 
and in domestic environments [3]. A particular advantage of microwave sensors is their 
robustness with regard to variable environmental conditions, such as dirt and tempera-
ture. Microwave technology is opening up important commercial applications [4], in-
cluding 

• position and speed measurements for railroad vehicles,  

• forward-looking radar and park distance control for cars,  

• liquid-level sensing for industrial process control,  

• presence detection and object recognition for intelligent domestic systems, 

• vehicle identification and traffic monitoring systems, 

• on-line diagnosis of turbine engines in power engineering. 

Up to 100 GHz, high-resolution sensors can be operated in the ISM (industrial, scienti-
fic, medical) frequency bands at 24.0 - 24.25 GHz and 61.0 – 61.5 GHz. For automotive 
radar, the range 76.0 – 77.0 GHz is designated. Higher frequencies offer better resolu-
tion and small antenna size; however, technical realization usually becomes more 
expensive with increasing frequency, which stands in contrast to the low-cost require-
ments in high-volume sensor applications. 
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2. Flip-Chip Technology 
The engineering potential of microwave sensors can be better and more cost-effective 
utilized by combining the specific advantages of different component and material tech-
nologies. Among other things, this results from the fact that the different and partly 
competing technologies in many cases offer complementary technical properties. The 
combination of these features into a functionally optimized microwave system requires 
reliable and reproducible assembling technologies [5].  

At very high frequencies, a conventional SMD production, being used in high-volume 
consumer electronics (e.g. satellite receivers), encounters technical limitations. The me-
chanical dimensions of the package and the related parasitic electrical effects (e.g. phase 
shift, attenuation) are no longer negligible. Even when using wirebonded chips, addi-
tional compensation networks are needed. Generally, the lack of reproducibility, caused 
by varying interconnection length and coarse placement accuracy, often requires expen-
sive circuit tuning. Although recently developed adaptive bonding techniques [6] can 
correct rough mismatching, they do not solve the problem of attenuation and radiation 
of wirebonds and are tuning methods themselves. 

These constraints are overcome by using flip-chip assembly, which provides extremely 
short connections. As shown in Fig. 1, the microwave devices are directly connected 
face-down onto a ceramic or glass substrate. Small gold bumps with a typical diameter 
of 50 µm are providing the contact. The substrate, processed in thin film technology, in-
cludes all passive structures. Before flip-chip bonding, the bumps are applied to the sub-
strate. The flip-chips are then connected to the substrate with thermocompression. 
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Fig. 1: Flip-chip bonding of microwave devices. 

Flip-chip technology has been used in the production of digital circuits (e.g. ball grid 
arrays, FC soldering) for some time now, whereas FC bonding of microwave and mm-
wave devices is still new. The technological basis for this progressive technique is cur-
rently in development [7 – 9]. 

FC bonding demands no special chip devices. By using a coplanar design, via holes are 
avoided. Besides the advantages of coplanar circuits at millimeterwaves, their design re-
quires sophisticated field simulation [10] and experimental work. The main critical ef-
fects are the ohmic losses and the dispersion of coplanar waves [11]. In addition, para-
sitic modes (surface waves and parallel plate modes) could be excited. These parasitics 
exhibit a strong dependency on the chosen coplanar configuration (backside metalliza-
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tion, inner conductor width, gap width, width of ground metallization, dielectric con-
stant, substrate height), but can be minimized in a proper circuit design. 

3. Flip-Chip Sensor Modules 
Different chips, ranging from diodes and discrete HEMTs [12] to MMICs [13, 14] have 
been used in the development of new flip-chip sensor modules at 24, 61 and 77 GHz. 
The results illustrate the excellent performance of flip-chip assembly. 

Figure 2 shows a single stage K-band amplifier. The active flip-chip device is a discrete 
GaAs PHEMT chip (Siemens T409D). The transistor chip is very small (300 x 300 
µm2). The amplifier module (12 x 6 mm2) is realized in coplanar waveguide with a 
inner conductor width of w = 130 µm and a gap width of g = 65 µm on a 635 µm thick 
alumina substrate. A tapered transition connects the amplifier input and output to co-
axial ports. The bias network incorporates radial inductors. The simulated and measured 
gain curves S21(f) are plotted in Fig. 3. At the center frequency, a maximum gain of 
9 dB is obtained. Experimental characterization of 10 identical flip-chip amplifier mo-
dules proved a very high circuit reproducibility.  

 

 

Fig. 2: K-band FC amplifier. Fig. 3: Simulated and measured gain (S21). 

 

 

Fig. 4: K-band VCO module. Fig. 5: Swept VCO output spectrum. 
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The K-band VCO, depicted in Fig. 4, is a reflection-type oscillator also utilizing the 
Siemens T409D chip. The size of the module is 12 x 6 mm2. In the VCO design, we op-
timized for maximum reflection gain (S11) and moderate transmission (S21) in order to 
get a broad tuning bandwidth and small load pulling. Sweeping of the VCO is obtained 
by using a varactor tuning diode in a serial feedback configuration. The assembled FC 
VCO achieved a sweep bandwidth of 1.5 GHz and an output power of +5 dBm (Fig. 5). 

By cascading the VCO, a buffer amplifier and a receiver, a compact K-band flip-chip 
FMCW sensor is realized (Fig. 6). A simple coplanar single diode detector receiver, de-
picted in Fig. 7, has been built. Through radial inductors, the sensor signal d(t) is taken 
from the detector DC pad, while interdigital capacitors (IDCs) provide the DC decou-
pling of the VCO, the buffer amplifier and the receiver. 

receiver

d(t)

VCO antennabuffer

 
 

Fig. 6: Schematic of a FMCW sensor. Fig. 7: Flip-chip detector. 

Similar sensor modules for millimeterwave frequencies are in development. Figure 8 
shows the photo of a 77 GHz flip-chip oscillator (chip size 2.4 × 0.9 × 0.1 mm³). The 
GaAs MMIC VCO [15] incorporates the oscillator and two additional buffer stages. The 
chip is connected to the alumina substrate by a total of about 20 bumps with additional 
bumps for mechanical stabilization. The assembled FC VCO module includes the 
transition to a W-band coaxial connector. Typical VCO output power is +3 dBm 
(Fig. 9). 

Fig. 8: 77 GHz flip-chip VCO. Fig. 9: VCO output spectrum 
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4. FMCW Sensor with SAW Reference 
For commercial microwave applications, inexpensive sensors are needed. The FMCW 
principle is well established for radar distance measurements, because it offers high 
sensitivity and is thus suitable for high distance measurements and objects with low re-
flectivity. However, the performance of a FMCW sensor is limited by the sensor hard-
ware: Typical effects, such as drifting, aging, nonlinearity and noise of the VCO will 
cause phase errors and thus limitations in measurement sensitivity and accuracy [16].  

The basic idea behind a new patented FMCW sensor concept is that the measured dis-
tance is compared with an internal reference length [17]. To accomplish this, the IF sec-
tion of the microwave sensor incorporates a highly precise reference path (Fig. 10) — a 
small 2.45 GHz SAW delay line [18]. Phase effects occur in the target path and in the 
reference path in an analogous way. These phase errors are detected and adaptively 
compensated by software. With the internal SAW reference, a self-calibration of the 
sensor hardware is achieved, which proved to work excellent for precise distance mea-
surements at 24 GHz [19]. 

In the millimeterwave range, oscillator phase noise is a crucial sensitivity limitation in 
FMCW sensors [20]. For high-distance measurements, a good phase noise behavior is 
essential. Currently, monolithically integrated oscillators do not fulfill this requirement. 
The phase noise level of chip VCOs is typically at about -70 dBc/Hz @ 1 MHz (see 
Fig. 9). The corresponding limited coherence length of the radar signal is equivalent to a 
marked reduction in sensor sensitivity with respect to distant objects.  

The stabilization of chip VCOs with a feedback loop is very critical and necessitates 
considerable additional hardware costs. As a cost-effective alternative, the phase noise 
related deterioration in system dynamics can be eliminated with the aid of the SAW re-
ference. A possible sensor topology of a millimeterwave FMCW sensor with SAW refe-
rence is depicted in Fig. 11. A small part of the millimeterwave VCO signal is down-
converted to the IF level and drives the 2.45 GHz reference path. Target and reference 
signal are fed into the DSP section, which removes all phase errors [17]. 
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Fig. 10: High-Precision 2.45 GHz SAW 
reference. 

Fig. 11: FMCW sensor with SAW reference. 
Phase errors are compensated by soft-
ware. 
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In experiments, performed with noisy millimeterwave MMIC VCOs, the reference tech-
nique proved to significantly enhance the dynamic range of the FMCW sensor, particu-
larly for long-distance targets. Figures 12 and 13 illustrate the effect of phase errors on 
the FFT echo spectrum corresponding to a target at 100 meter distance. Due to these 
phase errors, the raw target echo is spread over a wide bandwidth. After phase error 
compensation, the same echo is compressed to a narrow peak.  

Fig. 12: Raw target signal (100 m distance).  Fig. 13: Same target signal after phase er-
ror compensation. 

The SAW reference obviates expensive demands on the quality of the oscillators, thus 
low-cost MMICs or planar Gunn elements can be used — an important prerequisite for 
opening up large-quantity commercial millimeterwave applications, such as 77 GHz 
automotive radar. 

5. Conclusion and Outlook 
New modules for microwave and millimeterwave sensor applications have been deve-
loped. It has been demonstrated that sensors can be significantly improved by utilizing 
the specific features of FC and SAW devices, while cost and size is reduced. The re-
ported sensor modules prove the feasibility and attractiveness of flip-chips. To establish 
coplanar FC modules into high-volume production, however, further efforts are needed 
with respect to advanced production processes for thin-film ceramics with integrated 
bumps and airbridges.  
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