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be portable (compact), battery-powered and wireless. Today’s
single-chip solutions for RF front-ends do not yield complete
system integration. For example, they typically still need external
components for impedance matching, for antenna switches, for Fig. 1. Block diagram of the single-package 5 GHz receiver front-end.
power amplifiers and for RF bandpass filters (BPFs). Further-
more, problems of substrate coupling (either manifesting as
analog crosstalk or as noise coupling from the digital part to the Silicon technologies, however, suffer from a limited perfor-
analog part on mixed-signal chip) become more important with - mance. It is perhaps not the transistors performance itself that
increasing Integration. . is a bottleneck, but rather the quality of interconnect and pas-
A system-in-a-package (SiP) approach can address these prob- ", h | forth latively |
lems. High quality components can be integrated in the package, sive gomponents. There are severa reasons Qrt ere atively low
avoiding lower quality on-chip passives or circumventing expensive quality of passive components, as explained in Section I1.
chip technology adaptations. Virtually all external components can Only a limited amount of publications for 5 GHz applications
be integrated, as shown in this paper for the case of the bandpassin silicon technologies (e.g., [1], [2],) have been published.
gl_ters and the impedance matching. Even the antenna is a can- war \yireless applications, such as IEEE 802.11b (WLAN
idate for integration in the package. Further, a clever chip par- .
titioning can reduce the substrate coupling problem. Partitioning Standard at 2.4 GHz) and Bluetooth, are often less demanding
also allows using the best IC-technology for each component. for the RF front-end than 5 GHz WLAN because they operate
This paper reports on a fully integrated single-package RF at lower frequencies, use smaller bandwidth, need smaller
prototype module for a 5 GHz WLAN receiver front-end, which  dynamic ranges, etc. In this paper, we concentrate on the real-
Is intended to demonstrate the concept of SiP integration. The ;4iqn of front-end blocks for 5 GHz WLAN. This application,
approach, that is illustrated here with prototype RF blocks for a h ith ificati for the f o
5 GHz WLAN application, is implemented with a thin film multi- Fert e_r with some specifications for the front-end is discussed
chip module (MCM-D) interconnect technology. This technology In Sectionll.
also allows the integration of high quality passive components.  For the realization of the RF front-end for 5 GHz WLAN
With these passives, low-loss filters can be implemented. The useye propose an alternative for SoC with a much better perfor-
of passives, filters and off-the-shelf, active, _bare die components mance of passive components: a single-package approach, often
opens the way to successful system integration. . . .
_ _ ~ referred to as a system-in-a-package. This approach uses high-
_ Index Terms—Bandpass filter, downconverter, low noise ampli- quality passive components that are realized in a thin-film MCM
fier, MCM, RF front-end, single-package integration, system-in-a- - (\1c\M-D) interconnection technology. At the same time, the
package, transceiver, wireless LAN. . . - o
MCM substrate is a carrier for the integrated circuits that are
mounted on this substrate preferably with a flip-chip technique.
|. INTRODUCTION This technology is further explained in Section IV.

N THE booming market of wireless digital telecommuni- Th_e high quality factor of passive components tha_1t are re_al-
cations, manufacturers of transceivers spend a lot of eﬁ&?d in the MCM-D technology enables a successful integration

to lower the cost of their transceivers, with at the same tin‘?é RF filters with an acgeptable insertion loss in the passband,
an increase of the performance and a reduction of the pOV\\/@?'Ch IS not t_he case W'_th an SOC_ approgch. Some MCM-D de-
consumption. Achieving a higher degree of integration fot9ns of RF filters are discussed in Section V.

these transceivers is very helpful to obtain these goals. Thel '€ integration of a front-end on an MCM-D module that

ultimate goal would be a single-chip solution, often referredS€S high-quality passive components, enables the use of
to as a system-on-a-chip (SoC). For cost reasons, this intedrb?- proven-good superheterodyne architecture. Section VI

tion would make use of a silicon IC technology (CMOS 0Flescribes the single-package integration of part of a super-
BICMOS). heterodyne receiver front-end. The front-end comprises two

bandpass filters, a low noise amplifier (LNA) and a downcon-
version mixer, as shown in Fig. 1.
Manuscript received April 20, 2000; revised March 12, 2001. This work was The active components are commercially available, “bare
supported in part by the EC under Contract IST-1999-11114 (ADEPT). die” components, which are fIip-Chip mounted onto the MCM
The authors are with the IMEC, Heverlee B-3001, Belgium (e-mail: . .
diels@imec.be). Substrate. The MCM module integrates some passives for
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Abstract—Transceivers for future digital telecommunications
applications (third generation cellular, wireless LAN) need to i ]_-_.'r I'—P- _®_A
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two lumped-element bandpass filters. The two integratedSubstrate coupling between on-chip digital circuits and
bandpass filters avoid the use of discrete RF filters, whi¢che RF blocks [5] becomes worse and induced eddy currents
are still required in “single-chip” solutions. This minimizescause electrical losses, e.g., in interconnections [6] and passive
the number of components to be mounted. The 5.25 Gldemponents. Electrical losses are an important performance
RF input signal is downconverted to a fixed intermediateller for SoC. They are the reason for low quality factors
frequency (IF) of 500 MHz. The IF frequency is kept fixethf on-chip passives, especially inductors. For example, in a
by ranging the local oscillator (LO) frequency depending od.25.,m CMOS process with thick metal layers, quality factors
which channel is to be received. The measurements are dgnéhe order of 10 are reported [1]. Hence, it is impossible to
for an LO frequency around 4.75 GHz. This means that thgake low-loss filters and matching networks, using on-chip
so-called image frequency for the mixer lies around 4.25 GHaductors.
which is the difference of the (variable) LO frequency and the The frequency of self resonance of passive components also
(fixed) IF frequency. Since the downconverter is as sensiti¢@mes into play. This poses a limit to the useful frequency range
to the RF frequency as to the image frequency, the signgl passives. Silicon on-chip realizations typically have lower
components at the image frequency must be rejected. Thigf resonance frequencies, which is a natural consequence of
is accomplished with one or more bandpass filters, centergg fact that these technologies and the used materials are not
on the RF frequency. The RF bandwidth of WLAN and thgptimized for the passive devices, but for the active ones. More-
required image-signal rejection yield filtering up to fifth-ordegyer, self resonance is an effect that is not always included in
or sixth-order, for the whole RF-part of the receiver chain.  he models of on-chip passives that are provided by foundries
of silicon technologies. Capacitors and resistors are often mod-
Il. SPECIFICATIONS FORS GHz WLAN eled with simple RC ladder networks, which do not model self

Standardization activities for wireless local area network§SOnance. _ _
(WLAN) in the 5 GHz ISM band have been evolving for a Some advanced adaptations of the IC technology partially

few years already. The American IEEE and European gTeyercome the limitations mentioned above. For example, thick
organizations are finalizing their respective standards for teetal layers and copper m.et_al!|zat|on are used more and more
5 GHz band: IEEE 802.11a [3] and HIPERLAN/2 [4]. Thes@owadays to lower the resistivity of the conductors. However,
two standards define nearly identical systems, based on orthEifir €nhancing effect is limited. Another adaptation is to im-
onal frequency division multiplexing (OFDM) modulation Pfément local bulk etching, which partially replaces the lossy
OFDM is a multicarrier modulation technique that efficienty?!IcoN With air, vacuum or another filler gas. This is the most

manages intersymbol interference and multipath distortiorg,fecuve adaptation, butitis an even more costly solution. And it

making it very suited for indoor wireless communications> probably not going to be integrated in standard CMOS process

The standards foresee several data rates up to 54 Mbps, ugfﬁ‘gs' because it complicz?\tes processing significantly and prob-
different modulation schemes at different coding rates. TR also affects processing yield. _ _
modulation schemes can be binary phase shift keying (BPSK),Therefore, today’s single-chip systems still require many
quadrature phase shift keying (QPSK) and quadrature amg@)j"¢hiP components, such as the antenna, the RF bandpass
tude modulation with 16 (16-QAM) and 64 points (64-QAM). fllters, the antenna and the power amplifier.

The IEEE 802.11a standard defines three frequency band&0INg t0 complete integration in GaAs is probably a good
that can be used. A first band extends from 5.15 to 5.25 G|_§£Iut|on for performance, although quality factors of inductors
the second from 5.25 to 5.35 GHz and the third from 5.725 §€ still Iowgr than in our MCM-D technology. Butthis is a very
5.825 GHz. HIPERLAN/2 specifies two bands: from 5.15 tgostly solution. . . .

5.35 GHz and from 5.470 to 5.725 GHz. Our design exampIeThe ab_ov_e consplera_tlon_s |nd|qate thaF the largest prqblem of
only considers the frequency range from 5.15 to 5.35 GH%ngle-chlp integration lies in the integration of the passives for

which is common to both standards. This band is divided inﬂﬂgh frequencies. Several architectures that eliminate the need
eight channels with a nominal spacing of 20 MHz. for bandpass filters at intermediate frequencies (IF) in the range

The IEEE 802.11a standard specifies further that the recei\%l""l few tens of MHz up to a feW.hundreds of MHz, have been
reported. Examples of such architectures are zero-IF and low-IF

package, solves this. This leads to the concept of system-in-a-
package (SiP) [8]. The integration of RF bandpass filters and
impedance matching is discussed below.

Partitioning a system over a number of chips, which can still

For high-performance digital telecommunications Be mounted in a single package, also circumvents substrate cou-
single-chip solution, which would serve the needs for low cogiling since the conductive silicon substrate is replaced by a glass
small size and low power consumption, is very difficult osubstrate that is almost a perfect insulator. In addition, one does
even impossible to obtain. An important reason for this is theot have to stick to one IC-technology. Every component can
inherent semiconductivity of the silicon substrate of an IC. be integrated in the best-fitted technology: e.g., CMOS for dig-

out-of-band blocking signals up to 0 dBm.

Ill. SIP VERSUSOTHER SOLUTIONS
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Fig. 2. Cross section of an MCM substrate with integrated passives and an indicative drawing of some supported mounting possibilities.

ital and BICMOS for the low-frequency analog and the RF, ex- CPW transmission lines have some benefits over microstrip.
cept for the power amplifier. For the latter block, GaAs is probFhey have one degree of freedom more, namely the spacing
ably required. This also leads to much more design freedom. Batween the line itself and the ground plane. They also simplify
SoC approach for a high-end application would require the tedhe process from technological point of view. They use a ground
nology of the most demanding component for the whole chiplane in the same plane as the conductors such that an extra layer
Otherwise, the performance might be jeopardized or the powaain be omitted. Moreover, via holes through the substrate for
consumption might become unacceptable. ground connections are not necessary.

Next to that, silicon-on-insulator (SOI) might be considered Some extra processing steps allow the integration of tantalum
as an alternative solution. A lot of work has already been doRn#ride resistors and tantalum pentoxif,O;) capacitors in
in this area [9], [10]. SOI can also tackle the quality problerthe technology. The resistors have a sheet resistancefop2s
of the passives to some extent, if highly resistive substrates &g#lare. The plates of the ka; capacitors are formed between
used. However, SOI technologies have a much larger area c8§plit metal 1 layer. Electrically, they are complementary to the

than an MCM-D technology. BCB-capacitors with values up to several nanofarads.
The technology can be used up to frequencies above 50 GHz.
IV. AN MCM-D SUBSTRATE AS A CARRIER A library with fixed models for inductors and scalable models

. . . ) or capacitors, resistors and distributed CPW-elements has been

The starting point for the presented SiP approach is a Mullfz e oned and is implemented in Agilent's Advanced Design
chip module (MCM) technology. It is an interconnection techgy e [14]. The models are based on theoretical derivations
nology on a common substrate. A substrate with low Iossg d are confirmed with RF measurements up to 50 GHz
is required for RF applications. I-!ere, a thin-film technology An MCM-D module can host one or more chips, which can
(N:CM'D) with a gllas; suhk?sthrate is used [ldl]ly [12]. Glass i§e mounted with bondwires or with a flip-chip technique. The
a low-cost material with high resistivity and low microwav§yer tachnique is preferable, because it yields lower parasitic
loss. The lithographic nature of a thin film technology guaranye yric| effects. The principle of flip-chip is shown in Fig. 3.

tees IO\_Ner_component tolerances [13,] in compgrison with Stag5|der bumps or gold-wire studs are placed on the substrate or
dard thick film or low temperature co-fired ceramic (LTCC) Progn the chips. In this case 30n high gold-wire studs with a di-

cesses. . . ameter of 5qum are placed on the substrate. Subsequently, the
Several dielectric layers of benzocyclobutene (BEB,= chips are flipped and mounted on the substrate, with an IR-ther-

2.7), alternating with copper metallization layers, are put on torﬂocompression step at 2C. The mounted GaAs components
of this glass substrate, forming the MCM-D. Fig. 2 shows a cro Sve gold metallization layers

section of this technology. The top layer is gold-plated to ensure

reliable mounting. High-quality inductors, BCB capacitors and

coplanar waveguide (CPW) transmission lines can be embeddedv' INTEGRATION OF RF BANDPASSFILTERS IN MCM-D

in this basic layer built-up. This section explores the tradeoff between some dif-
The inductors are made in the metal 2 layer & thick ferent implementations of RF bandpass filters. It considers

copper). The inductor values range between 0.5 and 10 nH, wMi€M-embedded, lumped element filters of two different

a maximum quality facto® up to 100 at 10 GHz. The frequencyorders, MCM-embedded filters using lumped capacitors with

of maximum¢@ and the maximum value @ itself can be ex- transmission line stubs, MCM-embedded distributed element

changed. Inductors with lower values have higQeralues, be- filters and two commercial discrete filters. Since we are looking

cause they can be smaller (lower parasitics) or use wider megathe two lower frequency bands only, the passband of interest

tracks. An inductor with a larger inductance value using wideanges from 5.15 to 5.35 GHz.

tracks would suffer a lower frequency of self-resonance due toA discrete, custom-made LC-filter with six sections [15]

higher parasitic capacitance. Therefore, inductors with lower ineuld be used. Its passbarid1 dB) is between 5.075 and

ductance values can have higher Q-factors, given a certain tesl#25 GHz. The passband ripple is only 0.5 B. The insertion

nology and application (i.e., the required operation frequencygss is 2.2 dB and the return losses at input and output are better

The maximum BCB capacitor value reaches 50 pF. than 14 dB. This discrete filter is called “miniature” but the
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Fig. 3. Principle of flip-chip mounting. Left: detail of the MCM-D module with bumped pads. Right: chip, which is to be mounted upside-down on this module.

package still measures approximatglyx 10 x 10 mm?. The .
filter provides sufficient filtering for rejection of out-of-band :
signals. No further filtering in the RF chain is required. Anothe
possibility is the use of ceramic filters such as the commerci =
5.8 GHz ceramic filter of [16]. It is a three-section filter with
an insertion loss of 2.5 dB. The bandwidth is 100 MHz. Th
filter provides a stopband rejection of 20 dB at 250 MH.:
offset from the center frequency. The size of this filter i
14 x 20 x 5 mm?. Dielectric filters like [17] are probably
the best choice considering size. The package of this filt
measureg.2 x 3.4 x 1.94 mm?. It has a center frequency of
5.25 GHz and a bandwidth of 200 MHz. The insertion loss
smaller than 2 dB. Surface acoustic wave (SAW) filters fc
these frequencies currently do not exist.

Note that these filters are trimmed filters, with superior per- @
formance. They are useful as a point of reference to evaluate

the designed filters. Also notice the dimensions of the filters, “\(—x

which are the kind of filter one would need in combination with 10 / : 5

a single-chip front-end. p / \ / N »
Implementing this design in a planar technology such as £ -20 / : 08

MCM-D imposes some restrictions. For any device in front -g 0 / \ l 15 z

of the low noise amplifier (LNA), the insertion loss should be g \ I 6

minimized, since the value of the insertion loss (expressed in 40 20

dB) directly adds to the noise figure of the complete receiver v

with same amount. A sixth-order filter in MCM-D would -50 1 ad

have too much insertion loss, due to losses in the passives. 400G 450G 5006 550G 6.008 650G 7.006

Therefore, the RF bandpass filter for the receiver is split into Frequency

two filters, one second-order filter in front of the low noise (b)

amplifier (LNA) and a second one after the LNA. Fig. 4. (a) Microphotograph and (b) measurement data of the second-order,

The first design is a second-order bandpass filter with lumpeghped-element bandpass filter, embedded in an MCM-D substrate. Notice the
elements. The design actually consists of two parallel LC ree of a coplanar waveguide approach.
onators, which are coupled to each other and to their input and
output terminals with capacitors. The inductors must have a higapacitor that couples the two resonators has a value of 46 fF
quality factor for the filter to have low loss. The quality factoand the input and output coupling capacitances equal 156 fF. A
drops with increasing inductance. On the other hand, the microphotograph of the resulting MCM-D realization is shown
ductor cannot be too small. The LC tank determines the centerFig. 4.
frequency, which needs to be kept constant (at 5.25 GHz). AThe measurements of the filter show an insertion loss of
smaller inductor implies a smaller capacitor, which in turn i2.5 dB. The stopband rejection at 500 MHz offset is about
related to the required coupling capacitance. To have a gab@ldB for the upper side of the spectrum and 15 dB for the lower
reproducibility and robustness against process tolerances, 8ide of the spectrum. Thel dB passband extends from 5.150
coupling capacitance may not become too low. The values of ttwe5.475 GHz. The return loss in this frequency band is better
LC-tank components are respectively 0.68 nH and 1.17 pF. Tihan 10 dB. The size of the planar structur€.i$ x 1.5 mn?.
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Fig. 6. (a) Layout plot and (b) measurement data of the third-order bandpass

Fig. 5. (a) Microphotograph and (b) measurement data of the bandpass fiftéer.
with transmission line stubs.

Vdd

The center frequency has shifted a little bit upward becau:Vbias
of process tolerances. The physical reason is a variation
the thickness of BCB layer, which forms the dielectric of the
capacitors. This is due to the fact that our MCM-D proces .
flow was not fully optimized yet at the time of production. RFin o—i
When the simulation is redone with an adapted value for tt
changed parameter, the center frequencies of measurement
simulation are again in agreement. The deviation also caus
a nonoptimal ratio between the coupling capacitors and tt C2
resonating capacitors, which explains a small deviation in tr I
insertion loss. The simulated value was 2.2 dB. It was measured
that a 3.5% shift on the center frequency was caused b)FiQ: 7. Schematic of the low noise amplifier with EC2612 transistor.
12% shift on component. As the center-frequency is inversely
proportional to the square-root of the capacitances, imposing & he filter has an insertion loss of 4.3 dB and-& dB band-
maximum allowable shift of 50 MHz yields required proceswidth of 350 MHz, ranging from 4.925t0 5.275 GHz. The return
tolerances smaller than 3.2%. This indicates that the MCM4Dss at input and output is better than 10 dB in the passband. The
technology will allow us to design these filters without a neefilequency shift of this filter is larger, originating from a larger
for tuning, once the process is frozen and characterized.  shift of capacitance values, which also explains the bad figure

Another approach is to use transmission lines instead fof the insertion loss. The size of the structurg.isx 2.2 mn?.
inductors, while sticking to lumped capacitors. The design is The performance for these two second-order bandpass filter
shown in Fig. 5. designsis comparable, taking abstraction from the different shift
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Fig. 8. S-parameter measurements of the LNA separafgly.is the gain in a 5@) environment.

on the capacitors. Both simulations and measurements conf
this. The measured loss of the first filter on the same (off-spe
wafer as the second filter is 3.9 dB. The bandwidth of the seco
solution is somewhat larger, but the filtering is less steep. T
second filter is also larger in size, because transmission i
structures are wavelength-related and this wavelength is <
rather big at 5 GHz.

Because two of these second-order filters used togetherdo .
provide enough out-of-band rejection, a third-order filter is als
investigated. The measurement results are depicted in Fig
The structure is similar to the other filters, but an extra sectic
is added. This yields a structure with three capacitively coupls
LC-tanks. The measurements show an insertion loss of 3 ¢
This is probably too high for an input filter in front of the LNA,
but it still can be used after an LNA with enough gain. TheB
bandwidth is 325 MHz, from 5.125 to 5.450 MHz. The retur
loss is better than 12 dB in the whole band, both at the input a
output. The size i2.8 x 3 mn?.

VI. RECEIVER FRONT-END BLOCKS

As suggested in Section Ill, the presented integration demc
strator contains two bandpass filters, an LNA and a downcc
version mixer. The prototype module is intended to demonstre
the concept of SiP. A lot of optimization work on the different
blocks, especially on the LNA, is still possible. Fig. 9. Microphotograph of the single-package receiver moddlé x

All components are matched for 50, which is not nec- 7 ).
essarily an optimum, but is often a requirement when using
of-the-shelf components or when measurement of the sepaiatpedance. The considerable measures, which had to be taken

functions is mandatory. to get the design unconditionally stable up to 40 GHz, reduced
The low noise amplifier is built around a GaAs high electrothe performance of the LNA significantly. The transistor
mobility transistor [18] and is shown in Fig. 7. was chosen for quick availability in low quantities as bare

It consists of a single class A stage. The transistor is availaldie component, yielding a component with a large overkill
as bare die and is mounted on the MCM-D substrate with tire frequency performance, which makes the instability risks
flip-chip technique, explained in Section IV. All the passives atgroader. L2 (1.9 nH) and C1 (300 fF) provide impedance
integrated in the MCM. matching to 50 at the output. Their values are determined

Inductor L1 (1.9 nH) serves as a load inductor for thwith classical techniques [19]. L3 (3.4 nH) mainly serves to
amplifier. It is chosen such that the LNAs gain maximum is dtias the transistor. L4 (0.6 nH) provides impedance matching
5.25 GHz. R1, R2, C2, and source degeneration in the fofor optimal noise performance at the input. Capacitors C5
of transmission lines T1 and T2 are necessary to stabilize #yed C6 are supply-decoupling capacitors, whereas C3 and C4
amplifier. The RC network R2—C2 has a lowpass characterisgioovide a DC-blocking function. They are omitted when the
to stabilize the circuit at high frequencies. Transmission linesnplifier is combined with the bandpass filters, since the latter
T1 and T2 serve the same stabilization purpose by degeneratings inherently provide DC-blocking.
the high frequencies. They also improve the linearity. The The amplifier consumes 14 mA for a 2 V power supply. Mea-
amplifier is designed to be unconditionally stable, which meassrements on the LNA separately are shown in Fig. 8: the gain
that the amplifier is stable for every possible source and lo&l12.9 dB and the noise figure is 2.5 dB. The output return loss
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® matching networks. We have built prototype SiP-integrated RF
,-'MW\ module of a receiver front-end with commercial bare-die com-
& 10 / ™. ponents to demonstrate this concept. This receiver has a mea-
E o / \ sured gain of 22 dB and a total noise figure of 7.5 dB, making
< )/ it suitable to serve as a part of a 5 GHz Wireless LAN system.
g // In a second step, we will further develop the receiver front-
§ 20 7 end by combining the MCM-D passives with custom designed
% w0 e ICs for the active circuitry, preferably in silicon, due to its lower
/ cost compared to GaAs [8], [11]. We can then do real chip-
0 package co-design by making a good trade-off between on-chip
50 realization or embedding in the MCM. A single-package ap-
45 4755 5% 85 5556 6% 65 nrgach is neither limited to one certain technology, nor to the
RF input frequency [GHzZ} . . .. . .
2 availability or limits of commermql components, thus creating
1o I —F oo more degrees of freedom for design.
o 1| — Extrapot.} Also the antenna is a candidate for future integration in the
T /_, MCM-D module. It has been shown that this is possible [21].
g >
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Fig. 10. Measurements on the receiver front-end: (top) downconversionjg
gain, showing a bandpass characteristic, and (bottom) linearity measuremen{,
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is better than 14 dB over the whole band. The input is matched
for optimal noise performance. The measured 1 dB compressiofP]
point is—5 dBm at the input.

The downconverter is a GaAs MMIC [20]. The device has a
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