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Abstract: This paper presents the integration of an indubiprcomplementary metal-
oxide-semiconductor (CMOS) compatible processes ifibegrated smart microsensor
systems that have been developed to monitor théomaind vital signs of humans in
various environments. Integration of radio frequem@nsmitter (RF) technology with
complementary metal-oxide-semiconductor/micro eteahechanical systems (CMOS/
MEMS) microsensors is required to realize the wsel smart microsensors system. The
essential RF components such as a voltage comtrBIfeCMOS oscillator (VCO), spiral
inductors for an LC resonator and an integratedrara have been fabricated and evaluated
experimentally. The fabricated RF transmitter amegrated antenna were packaged with
subminiature series A (SMA) connectors, respedtiviebr the impedance (&) matching,

a bonding wire type inductor was developed. In gaiper, the design and fabrication of the
bonding wire inductor for impedance matching isciéed. Integrated techniques for the
RF transmitter by CMOS compatible processes haes Iseiccessfully developed. After
matching by inserting the bonding wire inductorvien the on-chip integrated antenna
and the VCO output, the measured emission poweistnce of 5 m from RF transmitter
was -37 dBm (0.2W).

Keywords. Bonding wire inductor, RF transmitter, CMOS/MEMSMOS compatible
process.
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1. Introduction

Intelligent human sensing systems and wearable gakedionitoring and alert systems have been
proposed not only for high-risk and chronically phtients, but also for other healthcare field
applications. Life Shirt [1] and Sense Wear [2] @lsis basic concept of wearable sensor systems.
However, further miniaturization of each sensingice is necessary for a wearable sensor system to
be unobtrusively attached to the body. One of thjeatives of our research work is the realizatién o
wireless smart microsensor systems developed toitonote activity and multiple vital signs of
humans in various environments. The concept ofsauart microsensor systems has been reported in
our previous work [3].

Figure 1. Concept diagram of intelligent human sensing sy$&j.

smart microchip

Figure 2. Examples of CMOS-integrated microsensors develdyyeour research group,
(a) CMOS-integrated three-axis accelerometer f§]Nerve potential sensor array [7].
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Figure 1 shows the diagram of the proposed conaleptr intelligent human sensing system [3].
The system can collect data during the subjecily dautine, providing health information in reairte
to medical researchers. To meet this objective shggem should be a wearable, mobile, and fully
integrated wireless sensor system. Wearable seagatgms and smart sensors that are integrated with
the communication circuit have been reported. Fanle, the Wearable Computing Group’s
LiveNet [4] of MIT and the Smart Dust Project [5] the University of California, Berkeley, are
pioneering works in this field. However, deviceriahtion technology needed to achieve integration o
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various sensors and the RF transmitter, includorgpiementary metal-oxide semiconductor (CMOS)
processing circuits on silicon, has not been eistaddl at present. Figures 2(a) and (b) show a CMOS-
integrated three axis accelerometer [6] and a sneaxte potential sensor array [7], respectivelgt th
have been developed by our group. They will beetbsential sensor elements for detection of human
motion and nerve activity for the purpose of ingght human sensing. The integration of the RF
communication unit, including RF circuitry, and tba-chip antenna on such smart complementary
metal oxide-semiconductor/micro electro mechangyatems (CMOS/MEMS) sensors is required.
Thus, essential fabrication technologies of thecBRfmunication unit for wireless smart micro sensors
have been developed [8]. Nevertheless, the passatehing element that is inductor was not yet
integrated. In this paper, the development of &egiation technique for RF transmitters to inclade
integrated inductor that will be integrated on snaicrosensors is presented.

2. Smart microsensorsfor Intelligent Human Sensing System

The introduction of wireless communication is esis¢to enhance the application of smart sensors.
In the case in which each smart sensor adopts émdiemt communication methods, the problem is that
the sensors will have to be made larger and wilhsome correspondingly increased power.
Additionally, in order to measure the motion anthivsigns of humans accurately, each sensor must be
attached to the appropriate part of the human lodgffective sensing. In some cases, multimodal
smart sensors with many types of integrated senwdlisbe considered, where each sensor is
completely integrated with minimal control and coomtation circuits in order to achieve the
smallest and most easily attachable form. Intedrdt&=MS sensors with CMOS technology, RF
circuits and small-sized microchip of fully intetgd wireless smart microsensors will be realized in
the near future. In order to communicate with estlart sensor at the front end of a network, a short
distance (~1m) wireless communication is used. Bhirt-distance network uses an extremely low
power radio transmitter and has been designedtigfysthe legal limit for no licensed transmitters
Japan, which is below 500uV/m electric field at 3istance for under the 322-MHz band.

Figure 3. Block diagram of the simplest RF-transmitter falegrated smart microsensor.
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Figure 3 shows the configuration of a simple R&nsmitter for monolithic integration with
CMOS/MEMS smart sensors [8]. The transmitter carelaézed by standard CMOS technology, and it
is integrated with CMOS/MEMS sensors. It considta gignal conditioner, a modulator, an output
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amplifier, and an on-chip integrated antenna. Aag® controlled RF-CMOS oscillator (VCO) is a key
building block in wireless transceivers and oth@mmunication systems. The ring oscillator is one of
the most popular wide-tuning-range topologies, aad be used as a VCO or a phase locked loop
(PLL) with the bias controllability of the inverterin this study, the VCO controlled by the sensor
signal is used as a direct FM modulator, which ossidered the simplest integrated transmitter.
Therefore, in this study the VCO functions as th&ier generator, modulator, and power amplifier.
Also, an LC resonator is used as an integratechaateA 300-MHz CMOS VCO was designed and
fabricated by 2.5¢:m CMOS technology at the Toyohashi University of Amalogy. The key
components, integrated LC resonators and the aatelement were also integrated on the chip. They
were realized by the aluminum metallization procassshe end of the CMOS fabrication step, and
could thus be integrated with the VCO. Their inggigm on CMOS/MEMS smart sensors is essential
to realize monolithic wireless smart microsensors.

2.1. Integrated 300-MHz CMOS VCOs

High frequency oscillators have been designed ahddated by reducing the size of CMOS design
rules according to the CMOS scaling law [9]. Figdreshows a photograph of a fabricated CMOS
VCO that was used as the FM transmitter in the stmécrosensor by our previews works [8]. It
consists of three-stage inverters and a power émpWith 1-, 3-, and 9-times buffer stages. The
supply voltage of the VCO was used to control teeil@ation frequency in this study. The fabricated
CMOS VCOs were evaluated. The measured fundaméetgiency of the oscillation output of the
CMOS VCO was 351 MHz in this measurement. The abthioutput power for a $Dload was
-0.93 dBm (about 810uW). The targeted center frequef the VCO was 300-MHz. Figure 5 shows
the measured relationship between the oscillatiequiency and the control voltage of the fabricated
VCO. A wide range of frequency control was realis@an 52.4- to 361.3-MHz for 1.6- to 5-V control
voltage, respectively. The measured coefficienV/GO sensitivity to voltage (Kvco) extracted from
the relationship in Figure 5 was about 81-MHz/\2&tC. The oscillation frequency was matched with
the targeted center frequency of 300-MHz at 4.1THis sensitivity was high enough for our
application.

Figure 4. Fabricated 3-stages CMOS VCOs for carrier sigeakgator.
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Figure 5. Measured relationship between oscillation freqyeand control voltage of
fabricated VCO. The ¥#co is extracted from this measured relationship.
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2.2. Integrated LC resonator and integrated antenna

A LC resonator and an integrated antenna in theN8d@ range were designed and fabricated.
Some types of patterns were designed and fabricetiag two metal (aluminum) layers. The patterns
of spiral inductors and LC resonator were seleatetioptimized from various geometric parameters.

Figure 6. Comparison of the simulated inductance with thesueed inductance of a
planar spiral inductor.
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When the number of sides grows (square to cira@gametry) the inductance grows faster than the
resistance. It can be set as a design rule thapamum inductor has to be designed with the highes
number of sides allowed by the fabrication techgpl$l0]. On the other hand, if the spacing is
reduced, the quality to augment because the raesesia maintained and the inductance is increased b
set as a design rule that to maximize the qualignanductor has to be designed with smallestiagac
allowed by the technology. The external radius aachber of turns have been analyzed. They define
the inductor’s length. Figure 6 shows the influetehe number of turns comparing the measured
results with simulated results. As the number ofiguncreases the inductance grows and the quality
curve shifts to lower frequencies. However, an eitgli analysis to set the design rule for the axdkr
radius and the number of turns is necessary. Figsfgows also the influence of the track widthse Th
track widths increase the inductance to diminutecause more metal track length would be needed
leading probably to higher DC resistance and cogpib the substrate [11].

Figure 7. Fabricated (a) inductors and (b) LC- resonatositbcon.
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Figure 8. Cross section of the spiral inductors with two ah&yers in CMOS process.

Al (2 pm)

Al+Si (1%, 0.6 um)
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Figure 7 shows the fabricated coils and LC resaonattegrated on silicon for the 300-MHz
frequency band. Figure 7(a) shows the fabricatéelgmated inductors with various layout patterns.
Finally, the pattern of the inductor was optimizewd used in the LC resonator, as shown in Figure
7(b). All the materials are common to standard CM@&ication technologies. The cross-sectional
structure of the spiral inductors is shown in Feg8r A thick (2um) second metal layer was formed to
obtain a lower resistive conductor because thesteesie of the conductor degrades the Q-factor of
integrated RF components, as is well known [12]sAswn in the figure, the first metal layer has two
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layers of 1% silicon composite aluminum and puterahum. The lower layer is necessary to prevent
harmful reactions between the first metal layer aiidon device surface, while the upper layer is
required for better contact with the second meigel (pure aluminum). The parameters of spiral
inductors are the number of sides, the space bativaeks, the number of turns, the external radius,
and the track widths. The performance of the spirdlictor has been satisfactory for this applicatio
of design improvement. Nevertheless, parameteaetxdn and further optimization will be continued
to obtain higher performance. The spiral inductaswlesigned with the modified widebananodel
[13]. An inductance of 28.1nH and a Q-factor of o¥ewere the design targets. First, the fabricated
spiral inductors and LC resonators were evaluatégeawafer level by RF probes for electrical creck
Then they are mounted on packages (test fixtur&uBminiature series A (SMA) connector was used
between the devices under test (DUT) and the VN#e measured Q-factor of the inductor was 0.22 at
300-MHz. The low Q-factor is due to parasitic effeesuch as magnetic field penetration, metal—
substrate capacitance, and so on. The measuredargsivequency was about 600-MHz. When an
inductor is integrated on silicon, some undesirabtkiced effects show up. The reason is that the
metallic layers are separated from the semicondwusibstrate by a layer of silicon dioxide. These
effects can be classified in two types, magnefidatiiuced [13] and electrically induced [14]. Besau

of the induced effects, the value of inductancd décrease and the resonant frequency becomes
higher. The parasitic effect also causes impedarismatching at the targeted carrier frequency (300-
MHz in this study). Thus, an impedance matchingedure is necessary to obtain better performance
of the integrated LC resonator used as an on-chipnaa for RF radiation. Improvement of the
performance of the LC resonator is discussed iméx¢ section in detail.

3. Impedance matching procedure and the bonding wireinductor

The CMOS VCOs and integrated antennas were fabdday the same CMOS technology on each
silicon wafer. The fabricated CMOS VCOs and intégglaantennas were packaged with the SMA
connector for electrical connection. Before the éaignce matching procedure, the output power of the
CMOS VCO for 5@ load was —0.93 dBm (=810 pW).

Figure 9. Measured return loss characteristics (S11) obadated antenna on silicon
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The output impedance of CMOS VCO has been well neatcto 5@ by inserting a passive
matching element (series L, 27 nH). After the meughthe output power of the CMOS VCO became
1.09 dBm (=1.28 mW) at the same supply power. Towep efficiency has become 50 % higher as
compared to that before the matching. Althoughniiagching was performed by a discrete component
in this experiment, it is possible to be integratadhe same chip by extracting the proper valuief
parameter from the experiment. Figure 9 shows tkasuared return loss characteristics before and
after the impedance matching of the on-chip antdahdacated on silicon. The center frequency was
moved from 600-MHz to 300-MHz as a result of impszamatching. Also, the voltage standing wave
ratio (VSWR) is improved by the matching proceduree measured bandwidth with a VSWR better
than 2.0 was approximately 247-to 351-MHz. Thigegponds to the measured result of Figure 9.

Figure 10. The configuration of measurement system for trassion characteristic.

On-chip
Antenna

Finally, the CMOS VCO and the on-chip antenna wemabined to evaluate the performance of
the RF transmission ability. The configuration dfetmeasurement system for the transmission
characteristic is shown in Figure 10. The packegs@nna on the silicon chip and the CMOS VCO
chip were attached to SMA connectors for transmrsstharacteristic measurement [8]. Each
measurement commenced by sending out the signatajed from the CMOS VCO via the antenna on
silicon. The signals received by a dipole anterari(su MP534A) were analyzed with a spectrum
analyzer (HP8590D). For comparison, the transmispa&formance was measured before and after the
impedance matching procedure discussed above. @twived power of the dipole antenna was
-44 dBm (39 nW) at a distance of 3-cm before thepadance matching procedure. This level of signal
Is too small to communicate the microsensor sigméthe network. After that, the impedance matching
circuit was inserted between the VCO and the op-entenna. Therefore, the VCO output, more than
5 m transmission of the RF signal from the micrpcbould be obtained with the dipole receiver
antenna. Therefore, the measured emission povaestance of 5 m from RF transmitter was -37 dBm
(0.2 uW) This electric field is high enough for our amaliion of short-distance RF communication,
and a ‘detuning’ of the impedance at 300-MHz wapimeed for the legal limitation. The transmission
characteristic of 300-MHz radiowave was much impbvby the matching procedures of the
impedance of the final output node of the CMOS wtr@and the input impedance of the on-chip
antenna.
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Bonding wire inductor for impedance matching

The Q-factor of an inductor is determined by it®metry and fabrication processes [15]. In our
CMOS technologies, the Q-factor of a spiral indudtas been limited to 0.22 on 27 nH at 300-MHz
band. Recently, inductor designs on CMOS and siligermanium (SiGe) substrates have resulted in a
Q-factor of spiral inductors with typical inductankt of a few nH is over 12 at 2-GHz range. However
in standard CMOS technologies, the Q-factor hashbsdl less than 10, besides, the targeted
inductance L in this study is around 27nH at 3002aMband. The Q-factor of an inductor is in
proportion to the operation frequenay) @nd inversely proportional to the resistaRcd herefore, low
Q-factor of both spiral and bonding wire inductsr expected for our purpose. In the fabrication
processes of CMOS/MEMS sensors, the inductor isidaied by standard CMOS processes for
compatibility with fabrication. If thick metal press can be utilized in CMOS fabrication procesaras
optional step, the Q-factor of an inductor willibgproved by the low resistance of the metallic faye

Figure 11. The simulation model of bonding wire inductor famsoft HFSS.
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In this paper, the bonding wire inductors for imgece matching that will be integrated on the
wireless smart microsensors have been developgdre=1L1 shows the simulation model of bonding
wire inductor for Ansoft HFSS. The bonding wire wador usually had known high Q inductor on
silicon substrate.

Figure 12. The simulated Q and L of a bonding wire indusionulated using the HFSS.
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Figure 12 presents the simulated Q and L of a bmndiire inductor at different frequencies. The
resonant frequency is 370-MHz and L=26.1 nH at Bk and Q of 0.79 at 170-MHz. The fabricated
bonding wire inductor and the DUT for network amzahg are shown in Figure 13.

Figure 13. The fabricated (a) bonding wire inductor and (i® DUT for network analyzing.

(b)

The bonding wire inductor results in Q of 1.65 @2-MHz was measured. The resonant frequency is
345-MHz and L=31.3 nH at 300-MHz. The measuredmasbfrequency and inductance corresponded
to the simulated results proportionally. Howevére imeasured Q-factor did not correspond to the
simulation. The Q-factor is dominated by the gesiogtand process parameters of the inductor. Then,
extraction of Q-factor from simulations is more quivated than the inductance. As a result, the
Q-factor of bonding wire inductors was improvecrtithe Q-factor of spiral inductors and the bonding
wire inductor was suitable for impedance matchifige measured results are shown in Figure 14.
Therefore, the bonding wire inductors were fabadatnd connected by wire bonding between the RF

transmitter and the antenna.

Figure 14. The measure® andL of a bonding wire inductor
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The sensor chip consists of the RF transmitter ahgbthe bonding wire inductor chip for impedance
matching and integrated antenna chip was fabricatesilicon, respectively. Following the fabricagjn
each chip was packaged on the printed circuit bd®@B). The transmission performance was
measured after the impedance matching procedurey use wire bonding inductor. The received
power really makes no difference between matchipnghe SMD inductor and the wire bonding
inductor. Figure 15 presents the fabricated smatasensor on the PCB and the concept of one chip
for the further works. The integration techniques fully integrated smart microsensor were
successfully established. By these integrationriegles, the wireless smart microsensor system that
was fully integrated one chip shown in the Figusenill be realized in our next work.

Figure 15. The multi-chip packaged smart microsensor anaddmeept diagram of one chip.

4. Conclusions

The integration of RF transmitter technology wittMGS/MEMS microsensors is required to
realize wireless smart microsensors system. Inpiduier, the integration techniques for fully intégd
smart microsensor systems are developed. The VG@ baen designed and fabricated for the
300-MHz frequency band by our CMOS fabrication tembgy. Also, on-chip spiral inductors for the
LC resonator and an integrated antenna have béeicdted with a CMOS-compatible metallization
process. The bonding wire inductor for impedancdchmag was fabricated and estimated. After
matching of the on-chip integrated antenna and the VCO dutming developed bonding wire
inductor, more than 5 m signal transmission frora thicrochip antenna has been observed. The
integrated techniques of the RF transmitter for@MOS/MEMS microsensor have been successfully
developed. Also, for the 300-MHz band applicatithe integrated wireless smart microsensor consist
of 3-chips on the PCB has been successfully demaiedt for the first time. By these integration
techniques, the wireless smart microsensor systatmwas fully integrated one chip will be realized.
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