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Abstract— This invited paper reviews the progress of silicon-
based integrated analyzers for biomedical applications over the
last two decades. Focus is set on various integrated circuit
realizations in the millimeter-wave range from 30 GHz and at the
terahertz frequencies of above 300 GHz. This article discusses
high-frequency architectures and concrete implementations of
both narrowband as well as broadband integrated readout
circuits, including their use in miniaturized sensor solutions.
A variety of circuits ranging from low-power sensing oscillators
to highly integrated broadband vector network analyzers (VNAs),
and example realizations of millimeter-wave cardiovascular sen-
sors and implants to THz microfluidic labs-on-chip and exhaled
human breath analyzers are recapitulated. This article closes with
an outlook on emerging fields of research for future advancement
of such biomedical sensors toward reliable and specific systems.

Index Terms— BiCMOS integrated circuits, biomedical elec-
tronics, microfluidics, millimeter-wave circuits, sensor systems,
submillimeter-wave circuits, transceivers.

I. INTRODUCTION

B IOMEDICAL technologies continue to experience high
interest and fast development. The ever-increasing need

for new tools of analysis, rapid and reliable diagnosis, and
patient-specific health assessment is fueled by the challenges
of aging western populations and increasing cost of healthcare
systems. Both established and novel sensor technologies are
an important part in this task, and the foundation to prevent
and treat diseases, restore health, and extend the lifetime
of a population. Among the broad spectrum of biomedical
sensing principles, high-frequency electromagnetic electronics
in the microwave and millimeter-wave range [1] can provide an
important contribution and new modalities. Their technological
maturity due to the unprecedented success of commercial
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communication applications allows for the proliferation of
solutions for miniaturized complex sensors and microsystems
using reliable high-level integration and sensing schemes in
low-cost mass market silicon technologies.

Radiation in the microwave to terahertz range is
non-ionizing and has traditionally been used for radar monitor-
ing [2] and material imaging [3]. Recently, however, advanced
biomedical sensor systems for lab-on-chip and point-of-care
diagnosis, smart implants, and mobile devices with the goal of
fast and reliable diagnosis of the patient’s conditions have been
proposed. Within this frequency range, materials can be probed
at the cellular and molecular levels. Therefore, it is possible
to determine gaseous, fluid, and tissue compositions via their
dielectric properties. Depending on their frequency, these
electromagnetic waves can penetrate biocompatible coatings
and human tissue to a certain extent, allowing for localized
noninvasive measurements. In [4], a microfluidics-based sen-
sor solution for enhanced cancer cell detection through the use
of wideband microwave spectroscopy of single biological cells
has been proposed [5]–[7]. In addition, various research on
the noninvasive sensing of glucose levels has been performed
[8]–[12]. Furthermore, different promising tissue diagnos-
tics [13], including hydration monitoring [14] and cancer
identification [15], exist. Finally, proteins and DNA [16] can
be probed in the THz range, and recent publications have even
proposed the detection of stress via THz emission [17].

For all of the aforementioned applications, affordable and
easy-to-use miniaturized sensor solutions are highly desir-
able to trigger a widespread use [18]. In this regard, state-
of-the-art silicon technologies provide both the necessary
high-frequency performance with maximum frequencies of
oscillation above 700 GHz [19] as well as the complex
integration capability and reliability at low cost [20]. Also,
high-frequency integrated analysis circuits have already been
investigated in the context of built-in test circuitry for complex
radar and communication frontends [21]–[23]. Consequently,
dedicated realizations of highly integrated systems for biomed-
ical applications in the microwave spectrum have emerged in
the last decade [24].

This article focuses on the advances made in the realiza-
tion of miniaturized biomedical analyzer electronics in the
millimeter-wave and terahertz domain. These can be com-
bined with various broadband or resonant passive sensing
elements. Due to their high-frequency capability and proven
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Fig. 1. Block diagram of (a) transmission-based analyzer and (b) analyzer based on the readout of a stimulus manipulated by a sensor element.

Fig. 2. Block diagram of a general (a) reflectometer architecture with directional element and (b) two-port network analyzer comprised of two reflectometers.

success in radar and communication [25], SiGe BiCMOS
technologies are a natural choice for such complex cir-
cuits [26]. After an overview on different architectures,
highly integrated microsystems for microfluidic labs-on-chip,
point-of-care spectroscopy systems, as well as invasives are
presented. Finally, integrated multimodal sensor platforms
with functionalization possibilities and future directions are
discussed.

II. ANALYZER PRINCIPLES

A. Fundamentals

High-frequency biosensors are generally comprised of three
parts: the sensor element, a stimulus for excitation of the
former, and a readout circuit to determine the change of the
stimulus after it has been affected by the varying sensor char-
acteristic. The sensor is either an electromagnetic waveguide
with field interaction to an external medium-under-test (MUT)
or a radiating structure (antenna) for free-space media. Typical
guided-wave sensor types in use are planar resonators or
broadband transmission lines, depending on the need for high
sensitivity or a broadband sensing range. The measurement
circuit is used to quantitatively determine the changes of the
stimulus wave due to the sensor element as a function of
the changes in the MUT. These characteristics are typically
amplitude (or power) and phase of the signal.

Fig. 1(a) shows a straightforward implementation of such
a concept. It contains a circuit for stimulus generation and
transmission, followed by a two-port sensor and a subsequent
measurement channel, which is essentially a receiver (RX).
This concept allows monitoring any change in the transmis-
sion behavior of a two-port sensor, such as a ring resonator
[27]–[29] or a half-wavelength microstrip line resonator [30]
due to the MUT. In a more advanced concept, the sensor can be
included in the stimulus generator itself, for example, as the
resonator in an oscillator tank, according to Fig. 1(b). This
allows for power-efficient solutions, but introduces interdepen-
dencies of amplitude and phase change of the output signal.

If the sensor is a one-port device, such as a ring resonator
in reflection mode [31], then a so-called reflectometer concept
according to Fig. 2(a) can be used. Here, the introduction of
a directional element, e.g., a circulator, hybrid, or directional
coupler, allows for the separation of the incident stimulus and
the reflected wave from the sensor. The reflectometer is the
basic element of network analyzers and can be used to con-
struct arbitrary-port systems. As an example, Fig. 2(b) shows
a two-port network analyzer comprised of two reflectometers.
The system can determine both reflection and transmission
characteristics of the sensor. Most importantly it can account
for the reduced transmission due to mismatches at the two
ports and enables a more precise analysis.

In the high-frequency domain, the determination of voltages
and currents is difficult due to very high or low impedance
ports not being available. This has led to the concept of
device characterization by means of scattering (S) parameters.
The goal of this network analysis is the determination of
the scattering matrix of a linear N-port network. For such
a network, the relationship between all waves ai traveling into
and all waves bi traveling out of an N-port can be written as
a system of linear equations and given in a matrix form as
b = Sa, where S represents the complex scattering matrix

S =
[

S11 S21

S12 S22

]
with

Si j = bi

a j

∣∣∣∣
ak=0;k �= j

. (1)

The S-matrix consists of N2 complex scattering coeffi-
cients Si j . In this context, Sii is commonly referred to as
a reflection coefficient at port i , while Si j is a transmission
coefficient from port j to port i . All coefficients need to
be determined by measuring the ratio of the wave bi to the
incident wave a j , while the incident waves ak of all other
ports are required to be zero. This also implies that all other
ports need to be terminated with matched loads to avoid any
reflections [32].
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Fig. 3. Block diagrams of a mixer-based (a) heterodyne and (b) homodyne (direct conversion) reflectometer, excluding directional element/coupler [32].

The physical distance between analyzer and sensing element
introduces additional attenuation and phase shifts. This does
not necessarily pose a problem for the sensor system, but
it is often desirable to perform a calibration to move the
measurement reference plane to a desired interface to exclude
parasitic effects and apply physical property extraction. Var-
ious methods with different complexity exist for a network
analyzer calibration [33]. If the sensor element is located off-
chip, it is possible to create a reference plane outside the
analyzer by means of a set of on-wafer [34] or waveguide [35]
calibration standards. More advanced methods employ elec-
tronically tunable on-wafer standards [36] or calibration by
different reference MUTs [37] at the sensor.

B. Architectures

The concept of S-parameters can directly be mapped to
a hardware architecture known as a vector network analyzer
(VNA) [39]. The VNA not only features the aforementioned
measurement channels of Fig. 2, but additionally includes
reference channels for the identification of the incident-wave
characteristics. Furthermore, the RF signals need to be down-
converted in frequency. Although it is possible to do so by
means of a noncoherent (power) detection scheme known as a
scalar network analyzer [40]–[43], the simultaneous (complex)
determination of the phase via coherent detection using a linear
mixer scheme after Fig. 3 provides many advantages [44].

In complete analogy to modern radar or communication
transceivers, the reflectometer can either feature a direct con-
version or a heterodyne architecture [32]. Fig. 3(a) shows the
block diagram of a heterodyne implementation of a reflec-
tometer where the directional element has been omitted for
simplicity. The concept requires two signal generators for the
RF stimulus and local oscillator (LO) signal, which run at a
fixed frequency offset to each other by means of a dual-loop
phase-locked loop (PLL). This results in a downconversion
of the complex RF signal to this IF offset frequency at the
measurement and reference channels. Amplitude and phase
of these channels are subsequently determined in the digital

Fig. 4. Different implementations of a homodyne measurement or reference
channel. (a) IQ mixer. (b) Six port. (c) Sampled line approach [38].

domain. In principle, an image-reject mixer is required, but
the absence of signals in the image band in linear networks
allows the use of single broadband (double sideband) mixers.

In contrast to the above, a homodyne or direct-conversion
reflectometer architecture is shown in Fig. 3(b). Here, only
a single signal source is used both as the RF stimulus as
well as the LO signal for the mixers in the measurement and
reference paths. To maintain the complex nature of the signal,
an in-phase and quadrature (IQ) mixer is used to convert to
the complex baseband. While the previous heterodyne concept
requires an elaborate offset synchronization of the RF and LO
signal, the homodyne approach suffers from dc offsets, limited
bandwidth of the IQ phase shifters, and the necessity of twice
as many analog-to-digital converters (ADCs).

Fig. 4(a) shows the IQ-mixer architecture in more detail.
The 90◦ phase shifter is often split into two ±45◦ paths.
While this concept has been used successfully in the past
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Fig. 5. (a) Chip photograph of a 20-GHz sensing oscillator and (b) related PLL-based readout architecture. (c) Permittivity sensor system demonstrator [55].

Fig. 6. (a) Block diagram and (b) chip photograph of a 30-GHz sensing oscillator with complex (power and frequency) readout circuit [56].

for transmission setups [45], reflectometers [46], as well
as two-port VNAs [47], another popular approach is based
on the so-called six port [48]. Depicted in Fig. 4(b), this
architecture is based on the superposition of the LO and
RF signal at four different phase differences to each other
and subsequent additive mixing at individual detectors. Both
six-port reflectometers [49]–[51] and a two-port VNA [52]
have been demonstrated. Finally, the block diagram of a
sampled-line RX is shown in Fig. 4(c). It can be considered
as a simple six port [53] where the wave interference pattern
along a transmission line is sampled by three to four detectors.
This enables the computation of the amplitude and phase from
simple scalar measurements [54].

III. READOUT CIRCUITS

A. Sensing Oscillators
The use of oscillators as sensing elements after the concept

of Fig. 1(b) is a very popular approach. It combines the tasks
of test signal (stimulus) generation and the interaction with
a passive sensor structure. The latter is typically realized as
part of the resonator (tank) within the oscillator, which defines
the frequency of oscillation. Fig. 5(a) shows an example
of a 20-GHz sensing oscillator, where the tank capacitance
has been realized in the top gold metal layer, acting as a
variable capacitor. Interaction of the passive tank sensor with
an external MUT alters the attenuation and capacitance of the
element, which leads to both a change of the oscillator output
power and, most importantly, the frequency [57]. The intrinsic
sensitivity of such an oscillator sensor is limited by its phase
noise [58], and it is often used in conjunction with a reference
oscillator in close proximity that can reduce process and
temperature variation, drift dependencies, and other correlated

effects [59]. Finally, when moving into the millimeter-wave
frequency range, many geometrically small oscillators can be
used to enable spatial sensing over a certain area, as shown
in [60] by means of 60- and 120-GHz 2-D arrays.

Various methods for the readout of an integrated
oscillator-based sensor exist. After division to low frequen-
cies, a frequency detector or counter can be used, requir-
ing an additional reference signal. Furthermore, a properly
designed filter with preceding buffer can be used to convert
the frequency information into an amplitude, which can then
be detected. In the microwave frequency range, however,
a practical concept is the embedding of the oscillator in a
PLL [61], [62]. An example of such a PLL-based readout is
shown in Fig. 5(b) and (c) [55]. As a minimum, the general
concept requires a voltage-controlled oscillator (VCO) and
a comparison against a reference through a phase-frequency
detector (PFD) in a feedback loop configuration. As a result,
any change in the natural oscillator frequency due to a change
in the tank resonance results in an adaption of the required
tuning voltage at the input of the VCO. This dc voltage can be
used as the detector output of the sensor. Another concept that
has recently been proposed is the use of injection-locked sens-
ing oscillators [63]. An injection-locked oscillator responds to
a change of its natural oscillation frequency due to the sensor
through a change in its output phase. This phase change can
then be converted to a voltage by means of a mixer, driven
by a reference [64]. The main drawback of the concept is the
need for a high-frequency locking source.

Fig. 6(a) shows an extended concept that allows for a
complex readout of a sensing oscillator. Here, a power detector
first measures the variation of the amplitude due to the
conductivity of the MUT, before a mixer-based frequency
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Fig. 7. Chip photographs of (a) integrated 120-GHz interferometric permittivity sensor [66] and (b) 60-GHz six-port reflectometer [67].

Fig. 8. (a) Concept and (b) chip photograph of a 120-GHz reflectometer with a sampled-line detector. (c) Permittivity sensor demonstrator [68].

discriminator determines the frequency shift, related to the
change of the sensor reactance. A buffer, inserted between the
power detector and mixer, decouples both detection principles.
A fully integrated version of the dielectric sensor, operating
at 30 GHz and intended for complex characterization of
biological materials, has been demonstrated in [56]. The chip
with a size of 2.3 mm2 and a power consumption of 50 mW
is depicted in Fig. 6(b). By embedding multiple such sensors
on a single chip, differential measurements can be performed
that can cancel out correlated effects, such as environmental
noise, temperature, and manufacturing variations [65].

B. Interferometers

While the preceding sensing oscillator approach allows for a
low power consumption, it also possesses a number of inherent
system limitations due to the cross dependency of amplitude
and phase behavior inside the oscillator feedback loop. There-
fore, it is useful to decouple the stimulus generation from
the sensor interaction, following the principle of Fig. 1(a).
To further simplify the measurement, the sensing element can
be put into an interferometer configuration, where the stimulus
is split into a sensor arm and a reference arm [69]. The idea
is to set both the amplitude and phase in the reference arm
for a specific frequency in a way that leads to destructive
interference when both signals are subsequently recombined.
The phase shift and attenuation of the sensor then correspond
to the parameters set in the reference path. This output nulling
approach works with a simple power detector at the output and
also provides advantages for a high impedance range [70].

Fig. 7(a) shows the chip photograph of an electrical inter-
ferometer in a 130-nm BiCMOS technology for contactless
permittivity measurements operating at 120 GHz [66]. The
integrated interferometer is comprised of a 120-GHz VCO
with a tuning range of 7 GHz, which acts as the stimulus.
A frequency divider chain by 64 is integrated with the VCO
to enable stabilization via a PLL. Switchable slow wave
transmission lines in each arm act as high-resolution phase
shifters, and the output is sensed via a low-noise power
detector. A permittivity characterization technique, which
includes loading the two microstrip line sensors (reference
and measurement channel) and performing the aforementioned
phase compensation technique, has been used to successfully
determine the dielectric properties of biological samples [71].

An advanced concept of an interferometer is the so-called
six port [72]–[74]. The idea behind this structure is the overlay
of the received signal with a reference signal at four different
phase differences, typically spaced 90◦ apart from each other
to form a differential quadrature set. If the reference and the
received signal are of the same magnitude, interferometric
mode operation is possible. Otherwise, a strong reference (LO)
would result in a differential IQ mixer based on additive mix-
ing at the detectors. An example of an integrated 60-GHz six-
port reflectometer is shown in Fig. 7(b) [67]. The meandered
six-port network, comprised of hybrids and power dividers,
is clearly visible. Through the addition of a 60-GHz VCO and
a directional coupler, a highly integrated interferometer has
been realized. An optional modulator can serve as a chopper.

The six-port concept of four-phase wave superposition
can further be simplified for even higher frequencies. In its
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Fig. 9. (a) Block diagram and (b) TX chip photograph with (c) output spectrum of a miniaturized M-sequence-based PRBS sensor system [75].

Fig. 10. (a) Chip photograph and (b) output waveform of a 115-Gb/s PRBS generator [76]. (c) Versatile 80-Gb/s, 20–60-GHz PRBS TX [77].

simplest form, the concept features a single transmission
line tapped with four sensors at 90◦ offset after Fig. 8(a).
These can sample the standing wave pattern that results from
mismatches at the sensor interface, enabling the determination
of a reflection coefficient. Fig. 8(b) shows the first fully
integrated dielectric biosensor in the millimeter-wave range
based on this principle in a 250-nm BiCMOS technology on
an area of 1.4 mm2 [68]. The sensor consists of a 500-μm
shorted half-wavelength coplanar line in the uppermost metal
layer. Within a system demonstrator according to Fig. 8(c),
the reflectometer is able to measure the reflection coefficient
from 118 to 133 GHz.

C. Pseudorandom Sequences
The use of a broadband sensor, such as a transmission

line loaded by an MUT, necessitates a stimulus generation
and detection with a large bandwidth. The signal generation
via a single tunable VCO with low phase noise is typically
limited to around 30% [78] but can be pushed to an octave
bandwidth through the use of arrays or mixing and multipli-
cation of signals. This approach is especially cumbersome for
multioctave microwave bandwidths that extend to very low
frequencies. In this case, the use of pseudo-noise techniques
can be highly beneficial. Here, quasi-white noise sequences,
such as a maximum-length (M) sequence, can be used to
characterize the transfer function of a sensor via a Fourier
transformation of the cross correlation of the input with the
output signal [79], [80]. M-sequences are periodic binary
sequences that can conveniently be generated by an n-stage

shift register yielding a sequence of period length L = 2n −1.
Due to the inherent periodicity, subsampling of the output
is possible. In addition, it allows the use of fast Hadamard
transformations. In principle, the measurement channel (RX)
can even be decoupled from the transmitter (TX) completely,
when an analog synchronization scheme is used [81].

Chipsets based on M-sequences for ultra-wideband sensing
have been presented [82]. In Fig. 9(a), the block diagram of a
miniaturized transmission-based M-sequence sensor system is
depicted. Here, the pseudorandom binary sequence (PRBS) is
generated via an 11-bit linear feedback shift register (LFSR).
The clock is generated by an on-chip synthesizer, which is also
divided in frequency to supply the subsampling clock to an
external ADC with a track-and-hold input. Finally, the impulse
response is calculated in the digital signal processing (DSP)
unit via a fast M-sequence transformation, which can be con-
verted into the frequency domain by the well-known Fourier
approach. Fig. 9(b) shows the corresponding chip photograph
of the highly integrated 211 − 1 PRBS TX for biomedical
applications [75] in a 0.35-μm bipolar technology with an
area of 12 mm2. The TX can generate bit rates up to 10 Gb/s
[see Fig. 9(c)], resulting in a minimum bandwidth of 5 GHz
if low-pass-filtered at half the clock rate.

The frequency range of operation can further be extended
into the millimeter-wave spectrum through the use of
high-speed technologies. A state-of-the-art example in 130-nm
BiCMOS is shown in Fig. 10(a), which shows the chip pho-
tograph of a 7-bit LFSR TX with a bit rate of up to 115 Gb/s
[see Fig. 10(b)], a record efficiency of 0.87 pJ/b, and a size of
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Fig. 11. (a) Photograph and (b) block diagram of an integrated 4–32-GHz heterodyne two-port VNA. (c) Reduced-size VNA with integrated sensor [84].

Fig. 12. (a) Reflectometer and (b) two-port version of an integrated 50–100-GHz heterodyne VNA. (c) System block diagram and (d) demonstrator [85].

0.64 mm2 [76]. To achieve such a high bandwidth, a half-rate
topology has been used. An alternative millimeter-wave TX,
using a combination of PRBS generation and spectrum shifting
via double-sideband mixing, is shown in Fig. 10(c). The
TX relies on a number of broadband circuit techniques [83]
and realizes a versatile stimulus with an 11-bit, 80-Gb/s
PRBS generator whose spectrum can be doubled and centered
from 20 to 60 GHz via a broadband mixer [77]. The TX
consumes a chip area of 2.25 mm2 and was manufactured
in an 0.35-μm SiGe bipolar technology.

D. Network Analyzers

Over the last ten years, an increased effort has been
spent by the research community to integrate certain func-
tions of a network analyzer according to Fig. 3(a) and (b).
The motivation behind this is the proliferation of broadband
miniaturized high-frequency sensor solutions. In [86], an inte-
grated measurement (receive) channel from 1 to 50 GHz
has been presented, which can be operated in a heterodyne
configuration by means of a 3-Hz chopper and a subsequent
external demodulator. Another integrated heterodyne receive
channel operating up to 3 GHz was shown in [87], and a
homodyne version based on IQ mixers working up to 10 GHz
was introduced in [88]. In the following, an application-
specific 27–40-GHz chipset including a TX and a noncoherent
self-mixing RX was successfully used in [89], and a single-
chip 3.8–4.8-GHz transceiver solution for a homodyne IQ-
mixer-based reflectometer (excluding the directional element)

was presented in the context of electron paramagnetic reso-
nance (EPR) spectroscopy [90]. Finally, a reflectometer RX up
to 26 GHz [91] and the first broadband heterodyne 4–32-GHz
transmit/receive chipset [92] were introduced.

Fig. 11(a) and (b) shows the subsequent successful real-
ization of a highly integrated heterodyne two-port VNA with
a broadband performance from 4 to 32 GHz on a sin-
gle chip. The circuit has been fabricated in a commercial
0.35-μm SiGe bipolar technology and occupies a chip area of
3 × 3 mm2 [84]. It can be combined with an external passive
microwave biosensor to yield a powerful miniaturized sensing
system. The chip contains two independent broadband signal
sources, realized through a multiplexed oscillator array, which
can be locked via a dual PLL architecture. Furthermore, the
system contains a set of four directional couplers for wave
separation and Gilbert-cell-based downconversion mixers to
implement the measurement and reference channels. The
presented chip was embedded in a system demonstrator and
showed excellent agreement with the results of a commercial
VNA (PNA-X) after calibration. In addition, a fully integrated
version, depicted in Fig. 11(c), with an on-chip sensor has
been realized.

The previously used SiGe bipolar technology with an
ft / fmax of 170/250 GHz can support even higher operating
frequencies. Consequently, both a highly integrated two-port
VNA as well as a reflectometer covering the octave band-
width of 50–100 GHz have been realized, as shown in
Fig. 12(a) and (b) [85]. The circuits are based on the broad-
band integrated transceiver building blocks, including a
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Fig. 13. (a) Chip photograph of a frequency-extending 200–240-GHz reflectometer-based integrated analyzer and (b) co-integrated resonant sensor [94].

Fig. 14. (a) Frequency-extending heterodyne two-port analyzer concept and (b) photograph of a 207–257-GHz implementation with three multipliers [95].

single-sideband selecting 50–100-GHz synthesizer, presented
in [93]. The aforementioned chips can be used to measure
complex scattering parameters of external devices or deter-
mine the permittivity of different materials using an inte-
grated dielectric sensor in transmission or stub configuration.
Fig. 12(c) shows the measurement system block diagram
including the synchronization of the two on-chip synthesizers
via an external dual-loop PLL. The resulting modular demon-
strator board of the 50–100-GHz VNA, shown in Fig. 12(d),
has been used for automated measurements of the permittivity
of liquids.

E. THz Frequency Extenders

The realization of signal sources beyond 100 GHz becomes
increasingly difficult, due to the transistor gain limita-
tions, high losses in the passive networks, and prohibitively
low-quality factors of the tuning elements such as varactors.
Therefore, system architectures based on frequency multiplica-
tion both for the RF stimulus as well as the LO in the measure-
ment and reference paths are used to achieve broadband target
frequencies in the D-band (110–170 GHz) or even higher into
the THz regime [96]–[100]. In measurement equipment, the
required frequency multipliers, mixers/detectors, and direc-
tional couplers are typically outsourced as a so-called fre-
quency extender and combined with a lower-frequency VNA.

Integrating such a frequency extension module into
an on-wafer measurement probe is called active probe
[101]–[103] and dates back to the last century where chipsets
of nonlinear transmission lines in combination with diode

samplers were proposed [104]–[107]. This principle of a
frequency extender can readily be adopted for integrated
millimeter-wave and THz analyzers. The resulting standalone
integrated circuit typically features RF and LO inputs in the
microwave-frequency range to limit the on-chip multiplication
factor and IF output ports for the measurement and refer-
ence channels. Recently reported work in this area includes
reflectometers in the W-band (70–110 GHz) [108], [109] and
the G-band (160–200 GHz) [110].

In the context of millimeter-wave and THz sensor readout,
the frequency extender principle has first been proposed in a
transmission-based setup in [111] with a single 215–245-GHz
multiplier chain, an integrated resonant sensor, and an
IQ-mixer-based complex measurement channel. Fig. 13(a)
shows a related realization of an integrated 200–240-GHz
heterodyne reflectometer with the aforementioned resonant
stripline sensor, visible in Fig. 13(b) in a one-port configu-
ration [94]. Both circuits rely on an advanced 130-nm SiGe
BiCMOS technology that features an ft / fmax of 300/500 GHz.

An approach to further increase the characterization capabil-
ity is illustrated in Fig. 14(a). Here, a full two-port heterodyne
VNA architecture is described that uses four dedicated mul-
tiplier chains to generate both the stimuli as well as the LO
signals for the measurement and reference channels. The most
recent result and state of the art in the field, demonstrating
the integration capabilities of silicon technology, are shown
in Fig. 14(b). The figure depicts a fully integrated frequency-
extending two-port VNA that operates from 207 to 257 GHz
using a shared multiplier chain for all mixer LO ports. The
circuit features fully differential measurement ports as well as
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TABLE I

COMPARISON OF ANALYZER PRINCIPLES

TABLE II

OVERVIEW OF HIGHLY INTEGRATED MICROWAVE AND MILLIMETER-WAVE READOUT CIRCUITS WITH DC/IF OUTPUT

an adaptive power tuning via on-chip variable attenuators on
a chip area of 11 mm2. The chip enables the measurement
of not only the transmission parameters but also the reflec-
tion parameters of a co-integrated resonant stripline sensor.
This enables complex sensing of the dielectric properties of
biomaterial in close proximity to the sensor structure.

Current silicon technology is, in principle, capable of
operating at even higher frequencies, approaching the tera-
hertz range of above 300 GHz. This is especially true for
on-chip sensors that do not require excessive stimulus powers,
and recently, first results in the 480-GHz range have been
published [112].

F. Comparison

The different analyzer architectures, discussed in this sec-
tion, feature different advantages and drawbacks that make
their use application-specific. Table I shows a qualitative com-
parison of the individual analyzer principles against each other.
Sensing oscillators, sometimes embedded in a PLL or injection
locked to a reference, have an inherent resonant characteristic
with a limited dynamic range due to the maximally allowed
loss before cease of oscillation. On the other hand, they can
be very compact in size with low power consumption and are
suitable for 2-D array sensing at millimeter-wave frequencies.
Interferometers, including sampled lines, are based on direct-
conversion/power detection, which still limits the dynamic
range. However, in comparison with oscillators, the passive
resonant elements typically provide a wider bandwidth when
based on transmission-line techniques. PRBS-based analyzers
(for example, based on M-sequences) rely on digital process-
ing techniques. The principle allows for very high relative

bandwidths in the lower microwave spectrum combined with
a fast measurement time. At the same time, the achievable
signal-to-noise ratios and, hence, the accuracy and dynamic
range are limited. VNA and related frequency extender archi-
tectures, either realized as one-port reflectometers or two-
port systems, can achieve the highest accuracies and dynamic
ranges, due to their heterodyne conversion principle combined
with a low instantaneous bandwidth. Heterodyning further
enables a large bandwidth because of the lack of broad-
band (IQ) phase shifters in the RF domain. A careful choice
of the LO frequency in an extender architecture can lead to
optimal phase noise and, hence, accuracy, while penalties in
dynamic range, form factor, and power consumption arise from
the frequency multiplier.

A more detailed presentation of various published highly
integrated analyzers with dc or IF readout with quantita-
tive results is given in Table II. One can clearly observe
the trade-off between narrowband low-power and small
form factor resonant approaches, such as sensing oscilla-
tors, and broadband high-dynamic range and high-accuracy
network analyzers with significantly increased area and
power consumption. Table II also provides the correspond-
ing linearized (real) permittivity accuracy for the standard
methanol:ethanol reference.

Fig. 15 shows an example measurement of such a
methanol:ethanol mixture using an integrated 50–100 GHz
reflectometer from [85]. Here, the (uncalibrated) phase results
are shown, as these typically provide the highest accuracy.
On can clearly see the influence of the 50-GHz resonant
stub, which increases the phase sensitivity in this frequency
range.
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Fig. 15. Example phase measurement of methanol:ethanol mixtures using
the reflectometer from [85] in combination with a 50-GHz resonant stub.

IV. SENSOR SYSTEMS

A. Microfluidic Lab-on-Chip Sensors

Due to their short wavelength, millimeter-wave and THz
sensors provide the possibility of a contactless, noninva-
sive, and non-ionizing characterization of geometrically small
biological samples, such as molecules, single cells, or cul-
tures. An investigation of cellular properties requires a buffer
medium to keep the cells alive, which can mask the cell
analysis at frequencies below GHz. In addition, broad-
band approaches provide a certain potential for a label-free
analysis. For this purpose, standalone coplanar sensors have
been investigated up to 110 GHz in combination with a
polydimethylsiloxane (PDMS) microfluidic channel atop the
transmission line [116]–[118], including the use of resonant
approaches [119], [120]. It has further been shown that
bandpass-type on-chip integrated 120-GHz sensor structures
can interact with external microfluidic channels formed by
quartz capillaries with ultra-thin walls [121].

Bringing both the high-frequency analyzer-on-a-chip and
the microfluidic environment together requires novel advances
in micro-fabrication and technology that enable the devel-
opment of a true high-frequency lab-on-a-chip. Here, nano-
liter volumes need to be transported close to the sensor
device to enable electromagnetic interaction and cellular
characterization. Recently, the first fully BiCMOS inte-
grated micro-channel technology for millimeter-wave and THz
biosensing applications has been proposed [114]. Fig. 16(a)
shows the principle integration concept of the microfluidic
backend into the BiCMOS technology. The process integration
is relatively easy and adds only two mask steps to the standard
CMOS process to maintain a low-cost approach. One of the
advantages of this concept is that the fluidic inlet and outlet
are located at the backside of the chip and do not interact
with the electrical interfaces on the topside. This fact allows a
number of different packaging options for various application
scenarios. On the other hand, one of the drawbacks of the
presented platform is the need of inlet and outlet interfaces
on a geometrically larger higher-level domain. As a result,
the fluidic interfaces can be much larger in size than the

electrical interfaces, therefore increasing the overall chip area
for low-complexity sensors, as shown in the manifold system
in Fig. 16(b). Here, a 5 × 5 mm2 area is required to fit the chip
into the cavity, which self-aligns to the O-rings to prevent any
leakage. Fig. 16(c) shows the measurement setup with fluid
pumps for velocity and pressure control.

The aforementioned lab-on-chip technology has been
applied to a 120-GHz dielectric sensor [122], and measure-
ments have been performed for different fluids to extract
the complex dielectric constant [115]. Fig. 17(a) shows the
chip photograph of the 120-GHz dielectric sensor with the
integrated micro-channel. The BiCMOS microfludidic lab-
on-chip generates the 120-GHz test stimulus via an on-chip
VCO. The signal passes a resonant transducer, which interacts
with the MUT inside the micro-channel, and the resulting
high-frequency response of the filter is read out by an on-
chip detector. Using this lab-on-chip, permittivity perturbations
in fluids inside the co-integrated channel [Fig. 17(b) and (c)]
could be detected. Alternative approaches for the integration
of the micro-channels include additional oxide deposition in
combination with deep reactive ion-etched channels [123].

B. Point-of-Care THz Gas Spectrometers
Rotational gas spectroscopy (RGS) is an emerging appli-

cation field for millimeter-wave and terahertz integrated sen-
sors. It combines broadband free-space quasi-optical network
analysis [125]–[127] with a gas absorption cell. This tech-
nique has the critical advantage of high specificity under low
pressure. RGS can, for example, be used to provide a stable
high-frequency source via locking to an absorption line of a
known gas, called a molecular clock [113]. In the field of
biomedical systems, one of the most interesting applications
is the analysis of exhaled human breath, for example, via the
detection of volatile organic compounds [128]. In previous
years, a number of publications have shown CMOS transmit-
ter realizations for gas spectroscopy applications in the fre-
quency range from 85 to 180 GHz [129]–[131]. Furthermore,
a 220–320-GHz comb spectrometer for the molecular clock
was introduced [132].

Fig. 18(a) and (b) shows a 240-GHz chipset comprised of a
transmitter array and a RX [124]. It is used within a spectro-
scopic system in the frequency range from 238 to 252 GHz.
The four-element spatial power-combining transmitter array
can provide +7 dBm of output power and an effective isotropi-
cally radiated power (EIRP) of +18 dBm [133]. Each TX path
consists of a two-stage power amplifier, a frequency doubler,
and an integrated antenna. These parallel paths are driven by
a 120-GHz on-chip push-push LO with a differential amplifier
and subsequent Wilkinson power divider. The corresponding
RX is based on a subharmonic downconversion mixer concept
and an identical LO. The complete system can be stabilized
via an external low-frequency PLL by means of the inte-
grated divide-by-64 frequency dividers. To further increase
the operating frequency range, it is possible to integrate
multiple TX or RX chains with a recentered frequency of
operation on a single die. This has been demonstrated in [134]
and resulted in an overall operational frequency range of
222–270 GHz.
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Fig. 16. (a) Microfluidic integration concept and (b) photograph of the fluidic O-ring interfaces, as well as (c) lab-on-chip measurement setup [114].

Fig. 17. (a) 120-GHz microfluidic lab-on-a-chip sensor and (b) flow simulation, as well as (c) physical realization of the microfluidic channels [115].

Today’s integrated circuit technology allows for the real-
ization of circuits for even higher spectral analysis. In
Fig. 18(c) and (d), an example of a spectroscopic trans-
mit/receive chipset at 500 GHz is depicted [135]. The
500-GHz transmitter array includes a frequency quadrupler
instead of the previously implemented doublers and consumes
a total chip area of 8.6 mm2. For the 500-GHz RX, a frequency
doubler to 500 GHz is inserted between the 125-GHz LO and
a transconductance subharmonic mixer. The die area of the
fabricated RX chip is 2.1 mm2. Recently, these chipsets have
been further improved, covering 440–540 GHz [136], [137].

Various gas spectroscopy systems have been realized based
on the abovementioned chipsets, either by direct tuning [138]
or by operation inside a PLL. Fig. 19(a) shows an example of
the latter. The spectroscopic system includes a gas absorption
cell [124] shown in Fig. 19(a), with a length of 0.6–1.9 m.
A frequency modulation at the TX enables the determination
of the second harmonic content (2f) of the absorption spectrum
by means of an IF lock-in amplifier. Fig. 19(c) shows the
2f absorption spectrum of a gas mixture of CH3OH and
CH3CN at a pressure of 11 Pa around 500 GHz. Excellent
agreement to the integrated NASA Jet Propulsion Laboratory
(JPL) absorption coefficients is observable.

C. Invasive and Implanted Sensors

A number of invasive medical applications for microwave-
and millimeter-wave sensors have been discussed. One of them
is the integration of such high-frequency sensors into catheter
tips for the diagnosis of arteriosclerosis. Here, these sensors
can be used to detect plaque formation in arterial vessels
based on the associated dielectric contrast and even, more

importantly, can distinguish between different (fibrous white
and high-cholesterol yellow) plaque types. The realization
of such a sensor solution in a clinical environment necessi-
tates appropriate integration and packaging techniques [141].
Moreover, the sensing concept needs to ensure non-contact
operation due to the risk of plaque release in an intra vascular
measurement, which can cause embolism.

A millimeter-wave sensing concept, based on an inte-
grated circuit operating at 30 GHz and a matching trans-
mit/receive antenna pair, has been proposed in [142]. The
chip contains a signal source for radiation of the stimulus
via the antenna and an IQ RX to detect the amplitude
and phase of the reflected signal. In the concrete scenario,
the received signal is a multipath combination of direct
antenna coupling, mismatches, and the (desired) reflection at
the blood-to-arterial wall interface. An alternative concept is
presented in Fig. 20(a) and (b) [139]. The sensor is based on a
27-GHz sensing oscillator with an electromagnetically exposed
microstrip stub line inside the resonant tank. The resulting
frequency change due to a change in the permittivity of the
MUT in proximity to the transmission line is detected via an
on-chip frequency discriminator, similar to the architecture in
Fig. 6(a). The chip is mounted on a long flexible polyimide
interposer with a width of 1.2 mm and a thickness of 0.2 mm.
Because of this minimal size, the interposer could be combined
with an 8F (French gauge system, 3F equals 1 mm) diameter
catheter suitable for further clinical use in cardiology and heart
surgery. Ex vivo results of the detection of plaque formation
in human tissue with a first sensor version are shown in
Fig. 20(c). Fig. 20(a) shows the results for healthy tissue
that yields an output voltage of 0.5 V, while the calcified
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Fig. 18. Chip photographs of a 240-GHz (a) transmitter array and (b) RX, as well as a 500-GHz (c) transmitter array and (d) RX [124].

Fig. 19. (a) System block diagram and (b) gas absorption cell of the spectroscopy measurement setup. (c) 2f absorption spectrum around 500 GHz [124].

pathological tissue of Fig. 20(b) yielded a significantly higher
level above 1.7 V.

The encouraging results from the abovementioned exper-
iments have led to an implementation of a high-frequency
K-band permittivity sensor in a commercial 130-nm BiCMOS
technology [140] for wider application in the detection of bio-
materials. Fig. 21(a) shows a block diagram of the integrated
system, which contains several enhancements over the pre-
vious concept. For example, it resolves the inherent trade-off
between the sensitivity to ε ′-variations and the oscillator tuning
range by means of magnetic tuning of the tank inductor. Also,
the measurement of the amplitude level of the oscillation via
a power detector enables determining both real and imaginary
parts of the permittivity. The final chip, shown in Fig. 21(b),
consumes 36 mW from a 1.5-V supply and occupies a die
area of 1.8 mm2. Based on this IC, an 18 × 14-mm system-
on-board for the fully autonomous implantable continuous
monitoring of biomaterials has been realized [143]. It includes
a ball-grid array packaged chip, two of the aforementioned
24-GHz complex sensing oscillators, a temperature sensor,
wakeup timer, serial-peripheral interface, ADC, and a finite
state machine. The latter is used to activate the sensor every
9 min to perform a 4-ms measurement and transmit the data
via an integrated 60-GHz TX with in-package antenna.

V. MORE-THAN-MOORE PLATFORMS

A. Multimodal Sensing

The microfluidic integration approach presented in the
previous chapter can be regarded as a first step toward an

application. However, further important aspects need to be
considered for a successful commercialization. These include
the realization of microfluidic control elements, such as micro-
heaters for a defined temperature of the medium, integrated
flow meters, as well as trapping electrodes for the separation
and fixation of single cells at the sensor. While main considera-
tions such as the localization of inlet and outlet on the backside
of the chip for a reduced chip area and simultaneous electrical
and mechanical contact have already been considered, the need
of practitioners for a simultaneous optical inspection has not
been addressed. To enable such a system, a modified three-
wafer stack approach, including a glass wafer after Fig. 22(a),
has been proposed [144]. In Fig. 22(b), the cross section of
the complete integrated BiCMOS microfluidics technology can
be seen. Again, the fluids can be fed into the system by a
multipurpose manifold, which connects the chip to the pumps
and other external fluidic equipment. The concept allows for
a simultaneous electrical and optical measurement at the top.

The manufacturing process is based on 200-mm wafer-to-
wafer bonding techniques. A single fully processed BiCMOS
wafer is used for the integrated electronics, including the stim-
ulus, sensor, and readout circuitry. Meanwhile, the microfluidic
channels are etched into a second bare silicon wafer, which
is aligned with the former and bonded using plasma-active
oxide–oxide fusion bonding. This results in the formation
and encapsulation of the microfluidic network at the interface
of these two wafers. Then, the channel wafer is grinded
from the backside until the pads and channels are exposed.
Finally, the glass wafer is bonded on top of the channels by
adhesive, and the channels are encapsulated. Once again, the
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Fig. 20. (a) Photograph and (b) catheter tip packaging of a 27-GHz sensor for intra vascular plaque detection with (c) ex vivo results [139].

Fig. 21. (a) Block diagram and (b) chip photograph of an integrated implantable 24-GHz biosensor with complex permittivity detection capability [140].

electrical pads have to be cleared, which is done by two-step
dicing on the final chips. Fig. 22(c) shows an image of the
cross section of the process. The described wafer-bonding
approach for a highly integrated millimeter wave or THz lab-
on-chip in silicon is most suitable for applications with mass
market capability, and a high number of units shipped per
year. This can, for example, be a low-cost replaceable sensor
module inside a medical or pharmaceutical cartridge. Another
promising technology that can be combined with integrated
high-frequency analyzers is flexible microfluidics [145].

B. Sensor Functionalization

While gas spectroscopy under low pressure can be used for
a finger-print-like identification of constituents, the problem of
identification of complex mixtures and compositions in liquid-
and solid-state media is significantly more difficult. For exam-
ple, biological materials, such as tissue and protein solutions,
contain a high percentage of water (70%–80%), and the overall
behavior is governed by the dielectric properties of water.
Essentially, the MUT behaves like a water macro-molecule
whose frequency response is perturbed in the presence of addi-
tional components. A quantitative determination of these com-
ponents of interest generally requires additional knowledge
and is often limited to binary mixtures. The use of terahertz
radiation with distinct molecular resonances potentially pro-
vides new opportunities for a better identification in complex
media, but the additional presence of secondary signatures,
such as surface effects, hinders an effective detection scheme.
Furthermore, to increase the sensitivity of a system, intentional
geometrical resonances often have to be introduced into a
millimeter-wave or terahertz sensor system.

To overcome the abovementioned problems, robust methods
for sensor functionalization with a specific response to a
desired analyte are highly desirable. Fig. 23(a) shows a free-
space large-aperture resonator array readout concept where the
terahertz split-ring resonators have been functionalized by an
aptamer specific to human African trypanosomiasis, a highly
dangerous tropical disease [146]. In Fig. 23(b), the sensor
surface with a trypanosome parasite cell coating is shown.
The combination of miniaturized high-frequency sensors with
such functionalizations will be one key to reliable biomedical
applications.

A promising concept that allows functionalized multimodal
sensing in the high frequency as well as the optical domain is
illustrated in Fig. 24 [147]. Fig. 24 shows a schematic cross
section of a CMOS back-end-of-line where a locally applied
backside-etching technique followed by a chemical wet etch
is used to expose the optical slot waveguide [148]. The overall
process steps are fully compatible with a photonic integrated
circuit (PIC) technology and allow the deposition of organic
materials onto the optical sensor for direct label-free biosens-
ing or dedicated functionalization for a target analyte. For this
purpose, a hybrid optical resonator based on the combination
of a stripline and a slot-waveguide for functionalized biosens-
ing has recently been demonstrated [149]. As a next step, the
presented approach can be combined with a high-performance
BiCMOS electronic-PIC (EPIC) technology [150]. In addi-
tion to these optical elements, the abovementioned EPIC
technology also features high-frequency bipolar transistors,
which can pave the way for future monolithic electro-optical
multimodal sensor platforms [151] at an unprecedented degree
of integration and functionality.
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Fig. 22. (a) Integration approach, (b) schematic BiCMOS microfluidic cross section, and (c) image of the processed lab-on-chip cross section [144].

Fig. 23. (a) Free-space split-ring resonator-array readout concept and
(b) sensor coating with parasite of an aptamer-functionalized large-aperture
terahertz sensor for African tripanosomes detection [146].

Fig. 24. Schematic cross section of a CMOS-compatible back-end-of-line
with a backside release process for exposure of integrated optical waveguides
with a scanning electron microscope image of the optical sensor device [147].

VI. FUTURE DIRECTIONS

Current millimeter-wave and terahertz biosensor realizations
still suffer from a number of drawbacks that often hinder their
practical application. Among them, the most important is a
limited sensitivity or dynamic range, high power consumption,
and limited calibration possibilities and stability over longer
measurement intervals, and finally cost and throughput. The
sensitivity is directly linked to the phase noise of the stimulus
plus the added noise of integrated components of the analyzer.
For the dynamic range, the linearity of the measurement
channels (RX) is of additional importance. The design space

for an optimal dynamic range has already been very well
investigated in the context of wireline or wireless systems.
It is generally agreed upon that improvements can mainly be
achieved through the use of technologies of higher perfor-
mance ( ft/ fmax, NFmin), such as [19]. This directly results in
a lower noise and possible linearity improvements when traded
against additional gain via feedback. Furthermore, this allows
for a further reduction of the power consumption, which is
especially important to allow co-integration of the thermally
sensitive sensor element. In addition, such power scaling will
enable the simultaneous integration of an increased number
of channels on a single chip to bring down cost and improve
calibration capabilities and measurement throughput.

VII. CONCLUSION

In this invited paper, the evolution and status of integrated
millimeter-wave and terahertz analyzers in silicon technologies
have been reviewed. During the last decade, major research
advancements have been made that have led to state-of-
the-art complex and powerful miniaturized circuit solutions,
such as compact VNAs with octave bandwidths and terahertz
integrated chipsets for a biomedical gas spectroscopy of up
to 500 GHz. Recent breakthroughs in the proliferation of
silicon technologies with an fmax of 700 GHz will foster novel
sensor applications and implementations reaching the 1-THz
barrier. In addition, this will enable a drastic improvement
in power consumption and stability of millimeter-wave sys-
tems. Finally, emerging heterogeneous integration and sensor
functionalization approaches will offer new possibilities for
reliable, sensitive, and specific biomedical sensor solutions.
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