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Abstract—This paper discusses the expectations for the develop- still required. Fig. 2 shows the expected system configuration
ment of radio-frequency systems-on-chip (RF-SoCs) that integrate in the next generation of cellular phone handsets. Two types of
RF, analog, and digital circuits, and the conditions under which cellular phone standards, such as IMT2000 and GSM, should be

they can be realized. Future RF systems will be increasingly large . .
and complex. However, high integration technology is expected to addressed, also, RF networks, such as Bluetooth for inter-device

reduce the circuit size, number of components, and total system COmmunication and global positioning system (GPS) for global
cost. Over the past few years, rapid progress of scaled CMOS tech- positioning will be needed. With these additional requirements,
nology and the introduction of SiGe technology have improved the ynless a more advanced integration technology is introduced,
performance of silicon RF devices and circuits to meet the require- the number of components and circuit size will continue to
ments for conventional RF applications. The RF-SoC, which may . . .

be said to be the ultimate goal for RF systems, is expected to im- increase. To sqlve this problem, the technology must shift from
prove silicon RF devices even further. However, before this is pos- conventional discrete components and board-level assembly to
sible, strict requirements for system perfection, continuous cost chip- or package-level system integration. RF integration on the
reduction, ease of function and specification change, and processsilicon is the most promising solution for future RF systems.

portability issues must be resolved. Difficulty in lowering power i 3 shows the circuit configuration in a conventional RF
consumption of RF and analog circuits and of reducing the size of )

passive components and analog transistors diminish the appeal of SYStém. The conventional super heterodyne method needs the
the RF-SoC. The RF-SoC in deep submicrometer technology may surface acoustic wave (SAW) bandpass filter for the first IF
be an unreasonable solution for some application areas. System-in-and phase-locked loop (PLL) and voltage-controlled oscillator

package may be one way to address this issue. (VCO) for the second mixer. These requirements of the external
Index Terms—CMOS, mixed-signal technology, packaging tech- components result in an increased number of components. De-
nology, RF, silicon, system-on-chip. velopers of the next generation of RF systems should eliminate

the external components that are shaded in the figure by devel-
oping direct-conversion or low-IF technology. The power am-
plifier, antenna switch, and low-noise amplifier (LNA) use con-
F SYSTEMS have progressed remarkably with the popentional GaAs technology, which hinders the complete integra-
ularization of cellular phone handsets. This progress wilbn of RF systems. To realize radio-frequency systems-on-chip
continue in the future because of advancements in RF silicqRF-SoCs), the industry must develop a full integration tech-
systems. RF technology is stepping into the market, primarislogy that will include these parts on the silicon.
because of RF networking. Table | summarizes the mainThis paper discusses the conditions under which the semicon-

features in cellular phone systems; global system for mobigictor industry will accept the RF-SoC for the next generation
communication (GSM), personal digital cellular (PDC), angf RF systems.

IMT2000 and RF network systems; Bluetooth, wireless 1394,

IEEE 802.11b, and IEEE 802.11a. RF networking standards
have been proposed requiring lower reception sensitivity and
transmission power than cellular phone systems. RF networks

must serve more devices, about ten per person, than cellulafhg term system-on-chip (SOC) has several definitions. It can
phone systems, because RF networks will be implemenigd chip that has embedded multifunctional circuits, such as dy-
in every electronic device. Thus, cost and ease of Systgfimic random access memory (DRAM), flash memory, analog
implementation must take priority over performance. circuits, and logic components. It can also mean a chip that inte-
This requirement more aggressively reduces the needgdies intellectual property (IP) cores and works as a dedicated
number of components in a system. Fig. 1 illustrates this red‘é@/'stem or subsystem.
tion for the RF compo_nents a_nd the total system ina cellula_r-l—he digital versatile disk (DVD) player, as shown in Fig. 4, is
phone handset. Despite continuous reduction, much workggomplicated system containing high-speed analog and digital
signal processing, motor servo, error correction, a copy guard,
Manuscript received May 15, 2001 an MPEG video decoder, and an AC-3 audio decoder. The first
The author is with the Advanced LS| Technology Development Center, Sergimneration of DVD players required many large-scale integra-
conductor Company, Matsushita Electric Industrial Co. Ltd., Osaka 570-85 but th ber has d d with th f
Japan (e-mail: matsu@mrg.csdd.mei.co.jp). ion (LSIs), but that number has decreased with the progress o
Publisher Item Identifier S 0018-9480(02)00839-6. LSl technology. DVD players can now be composed of one SoC
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TABLE |
MAIN FEATURES OFCELLULAR PHONE SYSTEMS AND RF NETWORK SYSTEMS
Standard GSM PDC IMT2000 |} Bluetooth Wireless IEEE IEEE
1394 802.11b 802.11a
Frequency (GHz) | 0.9/1.8/1.9 0.8/1.4 19-2.1 24 5.2 24 52
Data rate (Mbps) 0.27 0.042 192 1 70 11 54
Access method TDMA TDMA CDMA TDMA TDMA CSMA/CA CSMA/CA
Modulation GMSK QPSK QPSK GFSK BPSK, CCK, BPSK, QPSK,
QPSK, BPSK, 16/64 QAM
16/64 QAM QPSK
TX power (mW) 2000 800 250 1/100 100 40
RX sense (dBm) -108 -100 -116 -70 -80 -82
This SoC reduces system cost and increases packing density.
RF Due to this, almost all digital consumer devices now use SoC
— Total technology. SoC needs not only ultrahigh integration and em-
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bedded technology, but also many IP cores, which means a large
circuit block. IP reuse is an important factor for SoC because it
shortens development turnaround time (TAT) and reduces cost.
SoC technology also requires software for the MCU, DSP, and
other digital cores, thus, software development cost is about
50% of the total cost. Fast development TAT and low cost are
crucial for success in the SoC business. The following summa-
rizes key factors in SoC success:

1) system reliability and SoC error-free implementation;

2) short TAT;

3) ease of function change;

Fig. 1. Reduction of RF components and total components in cellular phone 4) continuous cost lowering with process roadmap;

handset.

Fig. 2. System configuration in the next-generation cellular phone handset.
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5) high process portability.

1) System Reliability and SoC Error-Free Implementa-
tion: Our study found that more than one-half of the problems
with SoC development are due to bugs in the system or
system-level verification. If the problem is hardware-related,
LSI masks must be changed, which is costly. Hardware bugs
also result in longer TAT and possibly loss of business oppor-
tunities. System-level verification and LSI circuit verification
must be flawlessly executed in a short amount of time. SoC
requires system- and circuit-level perfection at a much earlier
development stage than conventional system integration, where
system bugs are quickly solved by changing the discrete com-
ponents or low-level integration integrated circuits (ICs). SoC
is not the best solution for new systems, but is better for mature
systems requiring heavy cost reduction in a huge market.

2) Short TAT: TAT for developing SoCs is longer than that
of conventional processes. This is because: 1) long system and
Circuit verification times are required to assure the systems are
bug-free; 2) multiple IP cores and software programs are re-

and tiny discrete components. Fig. 5 shows a recently devglired, in contrast to board assembly, in which some ICs can
oped SoC for use in DVD applications [1]. It contains 24 milliode bought from other companies; and 3) processes take much
transistors and integrates 500-MHz mixed-signal processing donger to mature because the process is more complex than that
cuits, 16-Mb DRAM, and large digital circuits including a 32-tof the conventional process. It is crucial that development TAT
microcontrol unit (MCU) and digital signal processor (DSPYor SoC be shortened.
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Fig. 3. Circuit configuration in a conventional RF system.
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Fig. 4. System configuration of a DVD.

3) Ease of Function ChangeSoC is not the proper tech-accelerated. A very important key to the success of the RF-SoC
nology for systems requiring frequent hardware changes. listhat this downscaling will allow continuously smaller circuit
hardware change is required, some parts in SoC need to besiees and improved performance.
designed and all mask sets changed. This is time consuming anfl) High Process Portability: A common business strategy is
often wastes expensive development fees. To avoid this, the So@ise multiple fabrication foundries, due to the stable product
must have changeable software and be programmable. By usngply. This requires quick redesigns of the SoC to accommo-
technology such as embedded flash, the program can easilydbee different foundry processes, even if the process technology
changed late in the development stage or even after the produmde is the same. Digital circuits require only an adjustment of
has shipped. the propagation delay time to fit different processes. In con-

4) Continuous Decrease in Cost With Processast, analog circuits, particularly RF circuits, are too difficult
Roadmap: All electric systems demand a continuous decreaseredesign to fit all characteristics because analog circuits have
in cost. For the silicon digital LSI, device scaling has enablednaultidimensional needed specifications and the design method-
continuous cost decrease. Fig. 6 shows several Semiconduotogy is not clear. Therefore, analog circuits including RF in
Industry Association (SIA) and International Technolog$oCs must be designed to provide this process portability. How
Roadmap for Semiconductors (ITRS) process roadmaps [&icon RF technology can or cannot satisfy these conditions will
Up to now, device scaling has progressed and the progress has be discussed.
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§ 35 3 100 GHz at the production level. The cutoff frequency of a GaAs
25 heterostructure bipolar transistor (HBT) is higher than 200 GHz;
% 97 9 0 04 v 10 13 however, the cutoff frequencies of these silicon devices seem
Year sufficient for mass-market RF applications, whose carrier fre-
Fig. 6. SIA and ITRS process roadmap in some published years. quency is a maximum of 5 GHz. This technology change (where

the f+’s of silicon devices are higher than 50 GHz) has emerged
only during the past few years.

Figs. 9 and 10 show the reported noise figure (NF) of an

GaAs technology has been widely used in RF circuits. If SINMOS LNA [4]-[9] and single-sideband (SSB) phase noise for
icon technology can be applied to RF circuits, reduced circdfiCO of silicon devices [10]-[24] in the 1-2-GHz frequency
cost and size are possible because the wafer cost of silicomasge. The best NF of the LNA is 0.5 dB in SiGe bipolar. The
much lower than that of GaAs. Furthermore, heavy competitiddF for NMOS is insufficient when short channel devices are not
between foundries will further reduce the finished wafer costsed. However, it does improve when short channel devices are
Silicon is the centerpiece in the semiconductor industry and hased. The best NF in NMOS is less than 1 dB in OQ.2Btech-
a large production scale. Fig. 7 shows the percentage of RF arudogy, and it is comparable to that of SiGe bipolar. The SSB
GaAs technology in total semiconductor revenue worldwide [3phase noise of a VCO of CMOS devices was insufficient until
GaAs technology occupies just 1% of the total semiconductimur years ago. It has now improved, and the recently reported
revenue; silicon holds 99%. This suggests that inexpensive vetues [10], [11] are better than that of Si or SiGe bipolar.
sources and aggressive cost lowering by heavy competition ar@he current rapid device scaling has contributed to the
expected when using silicon technology. Six or seven years agogress of RF performance in CMOS technology along
the RF performance of silicon was insufficient, but today it iwith the progress of circuit technology. The most essential
worthy of discussion. principle for CMOS technology is a device-scaling rule [25].

Fig. 8 shows the progress of cutoff frequengyfor several The principal scaling rule is to shrink the device dimensions
devices. Thefr of bipolar silicon saturated at about 40 GHzyertically and horizontally, as well as the operating voltage,
but after the introduction of SiGe technology, has improved #s shown in Fig. 11. The conventional scale factor isx0.7
almost 100 GHz. This value is higher than that of conventiondr one technology generation. The transistor size is reduced
GaAs MESFET. Thg of NMOS was only a few gigahertz, butby 0.5x and integration density is increased by.20per-
because of technology scaling, it has increased to approximataliyng frequency is increased by X4 power consumption

Ill. SiLicoN RF TECHNOLOGY
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Fig. 10. SSB phase noise for a silicon VCO in 1-2-GHz frequency range.
IV. DESIGN TECHNOLOGY FOR THERF-SoC

by about 0.%, and cost by about 0x7. This principle helps  Silicon technology has become useful for application in RF
reduce the chip cost and increase the circuit performance. Tdieuits due to the rapid progress of silicon processes and device
essence of CMOS technology development is to accelerédéehnologies. To realize the RF-SoC, innovative design tech-
this scaling and to suppress the negative effects due to ti@ogies are crucial as well.

nonscalable or antiscalable factors, such as a threshold voltagt) Circuit Technology:Robust direct-conversion or
Vi, resistance and capacitance of interconnections, and contaat|F-conversion technologies are required to eliminate the
resistance. This technology that increases the digital circeitternal filter. It is essential in super-heterodyne conversion
performance has also contributed to the improved RF circaihd it prevents full-system integration on a chip. There are
performance. Fig. 12 shows the relationship between currenany issues with direct conversion, such as signal leakage
CMOS technology features and performance in digital aritbm the local signal to input and the generation of dc offset
RF circuits. Reductions of channel length and gate thicknd&§]. However, the issue of dc offset can be addressed by
have contributed to the improvement 6f, f max, and NF. using high-resolution analog-to-digital converter (ADC), with
Salicidation technology, which covers the gate electrode andncellation by digital feedback. Furthermore, dc-offset sup-
source and drain area with thin metal films, has been intrpression by a high-pass filter will not cause serious degradation
duced to reduce the digital signal propagation delay and gat,communication quality for the RF wide-band networking
source, and drain resistances. This also has contributed to ltkeause its signal bandwidth is wide enough.

improvement off max and NF. Cu interconnection technology 2) Mixed-Signal System and Circuit Simulatiofihe

has been introduced after 0.18a technology to decrease theRF-SoC is not a component, but a system that achieves needed
interconnection propagation delay and to increase the electioactions by a combination of RF circuits, analog baseband, and
migration reliability. Currently, thickness of the first or secondligital signal processing and control. Therefore, the RF-SoC
top interconnection layers are fabricated two or more timesust be designed with total system and circuit simulation.
thicker to reduce the voltage drop on the power supply linBig. 13 shows the digital read/write channel system for DVD
The number of interconnection layers has been increasing wapplications. To optimize the entire system to keep the system
the progress of technology; thus, the distance between the stqong, the signal processing methods and circuit parameters in
interconnection layer and the substrates continues to incredbe.analog and digital circuits, such as the order of filter and
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circuit for system-level simulation. This design methodology
Fig. 14. PLL circuits and simulation methods. can realize fully automated circuit design in order to dras-

tically shorten the design time and increase design quality.
the resolution of ADC, should be optimized concurrently [27standardization of analog and RF circuits, accurate modeling
[28]. We simulated a complete system not only under normahd extraction of parameters for several devices, and design
conditions, but also under abnormal conditions, by using regptimization methodology must be developed. A few years
DVD signals with C, and &+ language programs, MatLab,ago, this design method was just a dream for circuit designers,
and HP-ADS. ADS can generate register transfer level (RTpharticularly RF designers. Furthermore, MOS device modeling
for logic synthesis after system simulation. This functiohas not addressed RF involving the gate-induced current noise
guarantees the coincidence between the simulation model and substrate effect. Current RF MOS circuit design has
real logic circuits. Circuit simulation has conventionally usefinproved. A design tool for synthesizing the analog circuits
SPICE, but this is not suitable for the current analog circliicluding the RF circuit, such as a spiral inductor and VCO,
design. It has an exceptionally long simulation time for severate now availablé. A new MOS device model, e.g., BSIM4,
analog or mixed-signal circuits, such as PLL circuits. It haghich involves gate-induced current noise and substrate effect,
an ultrafast clock signal and a very slow feedback loop, whi¢§ in development [29]. Also almost all the silicon foundries
results in increased simulation time. Fig. 14 shows the Pldan provide RF characteristics of on-chip spiral inductance.
circuit and simulation languages [27]. Concurrent mixed-signal
simulation with SPICE, digital behavioral language Verilog-D, V. RF-SoCAND FUTURE ISSUES
and analog behavioral language Verilog-A have been used t

reduce simulation time up to 5Q The conventional simulation nology selection, i.e., SiGe-BICMOS or CMOS, depends on the

time with SPICE takes abo8 h and the new circuit simulation A o
. N ; . . .application area and needed specification. CMOS technology
method takes only 9 min. This simulation time reduction is". e .
. 4 . . .Will be chosen when the specification requirements are low and
effective not only in reducing development time, but also i . : . .
increasing desian auality. It enables strona desian by usig'® 'S @ strong demand for cost reduction. SiGe-BiCMOS
g gh quatty. 9 gn by usig hnology will be chosen for specifications with higher

multiple simulations under several operating conditions, such” . . o
. : fequirements, especially for sensitivity and low-power con-
as multitemperatures and process fluctuations.

3) Analog Circuit SynthesisSufficient development time sumption, with relatively low priority for cost reduction. The

. . Si?e—BiCMOS has an excellent RF performance; however,
can be spent for conventional analog ICs because of infrequgent . X . S
e issue is cost and the relatively low performance in digital

process changes. Current analog circuits in the SoC must bé
) . IR oo circuits. The CMOS may have an acceptable performance for
designed quickly to keep up with digital circuits when proce L .
! . F applications when using 0.25- or 0.1& technology,
changes emerge. New design methodology is needed to addfess . . A 90
S . g ; ._low cost, and relatively high performance in digital circuits.
this issue. Analog synthesis, as shown in Fig. 15, is crucial

the future. The needed functions are: 1) selection of circdri?]e ISsues with CMOS are low sensitivity, larger power
onsumption, and larger mismatch voltage compared with

topology suitable for realizing the needed function and speci hose of SiGe-BICMOS. The finished wafer orice of the SoC is

catlon.; 2) quick opt|m|;at|on of circuit and dewce. parameterr%ore expensive than that of pure CMOS LSI. This is because
by using accurate device models such as transistors, pasgive . "
eopumber of steps in the SoC process is increased by several

components, interconnections, substrates, and packages; an
3) extraction of an analog behavioral model from the optimizedOnline]. Available: http:/Awww.barcelonadesign.com

OCurrentIy, the silicon RF-SoC can be realized. The tech-
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Fig. 17. Chip configuration of a current CMOS SoC.
30.0 ;
[
nonpure logic functions. RF-SoC needs resistors, metal-insu- 25.0 _—
lator-metal (MIM) capacitance, varactors, and inductors that YDD7~3V
are not needed in logic circuits. Fig. 16 shows the finished wafer = 200
prices of embedded processes in Qt2btechnology. The price = e VDD=E2SV
increases of RF-CMOS and SiGe-BiCMOS are about 15% and g 150 : ] ) e ———
40%, respectively, compared with the pure CMOS technology. S 0. e ® t = T
It is easier to design the SiGe-BiCMOS circuits compared ety A \
with RF-CMOS to obtaining sufficient RF performance with 5.0 e B i s Ee———
low power consumption. However, the finished wafer price is oo |
expensive, and lowering the price will not be easy because of ) ; 05 035 025 o1
the lack of competition in SiGe-BiCMOS industry compared Gate Length(um) )
with the CMOS industry. Thus, if performance is acceptable,
CMOS technology is the best choice for the RF-SoC. Fig. 20. 10P3 of an NMOS LNA.

The RF-SoC is a possible choice, but it has fundamental busi-
ness and technology issues. One is a further cost reduction tnagsistor for the internal transistor has thin gate oxide in low
the other is difficulty in using a more scaled technology. Thaperating voltage according to the scaling rule. In contrast, the
RF and mixed-signal SoC may embed the nonscalable paremnsistor for I/O and analog circuits has thicker gate oxide with
on scalable CMOS logic technology. Nonscalability means pex-higher operating voltage such as 3.3 or 2.5V, as determined
formance or cost cannot be improved with technology scalinigy I/O voltage. Fig. 18 shows a CMOS technology roadmap
It is extremely difficult to reduce the area of analog transi§2]. The operating voltage for digital can be reduced to keep
tors and passive components. The low mismatch voltage Iiee scaling scenario, however, lowering voltage of analog cir-
tween transistors and the high accuracy or high quality factouits is more difficult. General-purpose analog and 1/O circuits
for passive components require a larger occupied area. Lawguire a voltage between 3.3 and 2.5 V. Some RF circuits can
ering the voltage of analog circuits causes degradation of the made with 1.8 or 2.5 V depending on the circuit specifica-
signal-to-noise ratio (SNR), distortion, and tolerance. It ald®mns and functions, researchers are currently studying a more
makes it difficult to design the circuits (particularly small-scalaggressive low-voltage operation. The difficulty in low-voltage
devices that provide highefr) because device reliability be-operation for RF and analog limits the use of more scaled de-
comes an issue. vices and area reduction. This limitation of area reduction re-

Fig. 17 shows the chip configuration for a current CMOSults in an increased chip cost for the SoC. Fig. 19 shows the
SoC. The chip with a technology node of 0.251 or more estimated area and chip cost when the mixed-signal SoC is fab-
scaled down has two types of transistors; one is for internal digeated in 0.35:m and the occupied analog circuits occupy 30%
ital circuits and the other is for I1/O and analog circuits. Thef the system, 1/O circuits 10%, and digital circuits 60%. If this
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SoC is fabricated in 0.25-, 0.18-, 0.13-, and @rh-technology,
assume that the finished wafer cost will increase 30% for each
technology node and that occupied area of the analog and 1/0
cannot be reduced [28]. The chip size of the SoC can be re-
duced in each technology node, but the chip cost will increase
after the 0.13zm node. Therefore, a 0.25- or 0.18n process

is the best choice for this system. This result indicates that the
nonscalable parts on an SoC will increase the chip cost when
using a smaller scale technology. An occupied area for the RF
and analog circuits must be reduced to realize the RF-SoC. The
low-voltage operation circuits must be developed to lower the
area of transistors; however, it must have the limitation to be 1.5 0= i

or 1.8 V. The degradation of dynamic range and increased dis- 0-35% 025% 0~18% 0-13% 0. 1y,
tortion is a major concern. Fig. 20 shows the output third-order
intercept point (OIP3) of an LNA with technology generation
[4]-{9]. The distortion has been continuously degraded withy. 22. Estimation of the total LS cost in the SoC and SiP.
technology scaling, thus, the challenge is how to use shorter

technology nodes. Novel low-voltage circuit technology, novédchnology and design rule for each chip to combine high per-
compensation or calibration technology to suppress the dist@§rmance with low cost will be realized. For example, one is
tion or degradation of accuracy, and new device technology thagieep submicrometer digital chip and the other is a moderate
can improve the reliability of the device must be developed. Cggbmicrometer analog and RF chip. This technology allows us
pacitance has an opportunity for scale down by using high g change the functions or specification by changing the analog
electric-constant material. However, it will be very difficult tochip or digital chip quickly. Fig. 22 shows an estimate of total
reduce the occupied area for inductance. High-quality inducs) cost when using this SiP technology and using SoC tech-
tance will need sufficient area. The design that can reduce $§ogy. In this case, the analog and I/O circuits use a P35-
number of passive components to as few as possible is bestd@fios technology and the digital circuits use each technology

Analog

Chip Cost (Relative)

Technology node

the RF-SoC. node. The SoC cannot reduce the cost even if it uses a deeper
scaled technology, but the SiP can. Furthermore, the SiP has a
VI. SYSTEM INTEGRATION WITH SiP feature that can integrate needed nonsilicon components, such

The SoC solution may not be the best solution for some
systems, depending on the required functions, specificatio
time, or target cost. However, a conventional board-level sol
tion is no longer acceptable because of the large chip size, h
power consumption, and expensive cost. For these system
package solution is the best. Fig. 21 shows one candidate
the package solution “system in package” (SiP) [30], [31]. Th
technology allows you to connect two or more chips or comp
nents by microbump bonding with a 30w pitch. Capacitance
of the connection part is only 10 fF and has no inductance com-
ponent up to 90 GHz [32]. The 30m-pitch connection can pro-  Future RF systems will be increasingly large and complex.
vide 1000 contacts in a 1-nmnarea, which is a sufficient numberHowever, high-integration technology is expected to reduce the
for conventional use. By using this technology, the most propehip size, number of components, and total system cost. Over

inductances, filters, and large capacitances. A bigh-
Fgictor can be obtained using this technology. Thef 50 is
Ugt unusual for the off-chip inductor [33]; however, tiefor
on-chip inductor is less than 20 at the maximum [34]. This
er@) can reduce the phase noise and power consumption in
2 CO [33]. Thus, this SiP solution is an interesting and rea-
%onable solution. SoC and SiP technology shall be developed
8|_multaneously for future RF system-level integration.

VII. CONCLUSION
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