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Mobile Terminal RF Circuit Technology
for Increasing Capacity/Coverage and International Roaming

Ever since the first mobile phones were introduced, the radio

transceiver circuits in mobile terminals have continued to

evolve in order to produce devices that are smaller and more

lightweight, offer longer talk times, and have greater capaci-

ty and coverage. In the future, they will need to evolve further

still with a view to the implementation of next-generation

mobile phones. This article summarizes how this technology

has developed, particularly with regard to the radio trans-

ceiver circuit technology of FOMA terminals, and describes

the trends of future developments.

1. Introduction
The FOMA Third-Generation

mobile phone service first started out in
the 2 GHz band in October 2001. Later,
in order to expand the service area effi-
ciently in rural areas, services using the
800 MHz band were also started up in
June 2005 (FOMA Plus-Area). More
recently, new services using the 1.7
GHz band were introduced in June
2006 to accommodate the concentration
of traffic in urban areas due to the
increased number of subscribers to
FOMA services, and the increased user
traffic resulting from the switch-over to
a flat-rate billing system. In June 2003,

we also began offering an international

roaming service to foreign travelers.

In these expanded FOMA services,
a better user convenience can be pro-
vided if a single mobile terminal can
communicate in all FOMA areas, and if
users can carry on using the same
mobile terminals when they go abroad.
We therefore adapted to these band
expansions by developing and market-
ing the FOMA 901iS series of dual
band (2 GHz/800 MHz) mobile termi-
nals, followed by the FOMA 902iS
series of triple band (2 GHz/1.7
GHz/800 MHz) mobile terminals [1].
For international roaming, we have
added various new models to our line-
up since we first introduced the FOMA
N900iG terminals equipped with Glob-
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al System for Mobile communications
(GSM)[2], and since the FOMA 905i
series, these terminals have been provid-
ed with dual-mode (W-CDMA/GSM)
capabilities as standard.

As these mobile terminals evolved,
we continued to add new functions by
incorporating the latest technology into
the radio transceiver circuits so as not to
affect the size trend of mobile terminals
or their battery life. In the future, fur-
ther progress will be needed to achieve
the introduction and rapid uptake of
Super 3G (Long Term Evolution (LTE))
standards [3].

This article clarifies the current situ-
ation regarding current frequency

resources, and explains how radio
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transceiver circuit technology has
evolved from the first FOMA services
to the present state of the art. The tech-
nical issues and development trends of
radio transceiver technology towards
future Super 3G devices in the future

are also discussed.

2. The Current Situation of
Frequency Resources

The frequency allocation for IMT-
2000 services was settled at the 1992
World Administrative Radio Confer-
ence (WARC-92), where it was decided
that the 2 GHz band would be used
worldwide. Three more bands were
later added at the 2000 World Radio-
communication Conference (WRC-
2000) — the 800/900 MHz band, 1.7-
1.9 GHz band and the 2.5 GHz band.
The WRC-2000 conference also

defined Second-Generation mobile

System Band Uplink frequency Downlink frequency  TX-RX frequency separation

Band | 1,920 - 1,980 MHz 2,110 - 2,170 MHz 190 MHz

Band I 1,850 - 1,910 MHz 1,930 - 1,990 MHz 80 MHz

Band 111 1,710 - 1,785 MHz 1,805 - 1,880 MHz 95 MHz
Band IV 1,710 - 1,755 MHz 2,110 - 2,155 MHz 400 MHz

Band V 824 - 849 MHz 869 - 894 MHz 45 MHz

W-CDMA Band VI 830 - 840 MHz 875 - 885 MHz 45 MHz
Band VIl 2,500 - 2,570 MHz 2,620 - 2,690 MHz 120 MHz

Band VIII 880 - 915 MHz 925 - 960 MHz 45 MHz

Band IX 1,749.9 - 1,784.9 MHz  1,844.9 - 1,879.9 MHz 95 MHz
Band X 1,710 - 1,770 MHz 2,110 - 2,170 MHz 400 MHz

Band XI 1,427.9 - 1,452.9 MHz 1,475.9 - 1,500.9 MHz 48 MHz

GSM850 824 - 849 MHz 869 - 894 MHz 45 MHz

GSM GSM900 880 - 915 MHz 925 - 960 MHz 45 MHz
GSM1800 1,710 - 1,785 MHz 1,805 - 1,880 MHz 95 MHz

GSM1900 1,850 - 1,910 MHz 1,930 - 1,990 MHz 80 MHz

phone systems such as GSM/General
Packet Radio Service (GPRS)/
Enhanced Data rates for GSM Evolu-
tion (EDGE) for IMT-2000 standard,
and fixed the current definition of IMT-
2000.

To keep in step with these develop-
ments, the 2 GHz band was assigned at
first for IMT-2000 services in Japan.
Later, to improve frequency usage effi-
ciency and make up for the lack of fre-
quency resources caused by rapid
growth in the number of mobile phone
users [4], the 800 MHz and 1.5 GHz
bands (hitherto assigned to services
such as Personal Digital Cellular
telecommunication system (PDC)[5])
were reconfigured for these services,
and the 1.7 GHz band was also
assigned as a new band. The use of
these additional frequencies was made

possible by IMT-2000.

Table 1 3GPP frequencies

[ ]:FOMA band

Based on these domestic and
international developments in frequen-
cy allocation, IMT-2000 is recognized
as a world standard for mobile commu-
nication systems, and work is under
way at the 3rd Generation Partnership
Project (3GPP) to establish it as a tech-
nical specification. Table 1 shows the
frequency bands defined for Frequency
Division Duplex (FDD) "' systems as of
December 2007 [6][7]. Although 14
bands are specified for GSM, only the
four bands that are most frequently
used worldwide are shown here. For
W-CDMA, 11 bands are currently
defined. Figure 1 shows the frequency
bands of Table 1 plotted on the frequen-
cy axis. By way of reference, this figure
also shows the frequency bands used
for Global Positioning System (GPS)
and Wireless LAN (WLAN), which are

two other capabilities that users look for

Region, Usage
Global (Except North and South America)
United States
Europe
United States
United States, U.S. roaming services
Japan, part of Band V
Europe, South Korea
Europe
Japan, part of Band 111
United States
Japan
Same as Band V
Same as Band VIII
DCS band, same as Band Il
PCS band, same as Band Il

[ 1: Roaming band

*1 FDD: A bidirectional transmit/receive system.
Different frequency bands are allocated to the
uplink and downlink to enable simultaneous
transmission and reception.
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in mobile terminals. As you can see, the
frequencies used in mobile terminals
range from 800 MHz to 2.7 GHz, and
are concentrated around the 800/900
MHz band and the 1.7-2.0 GHz band.
However, there are currently no fre-
quency bands that can be used in com-
mon worldwide, so a major design fac-
tor in the development of mobile termi-
nals is thus the decision regarding
which bands to support.

The state of development of the
FOMA service area is shown in Figure 2.
As this figure shows, NTT DOCOMO
was licensed three frequency bands by
the Ministry of Internal Affairs and
Communications for W-CDMA appli-
cations — the 800 MHz, 1.7 GHz and 2
GHz bands. By using different frequen-
cy bands depending on region and
application, we were able to develop
FOMA services over a wide area. For
foreign visitors, considering the practi-
calities of communicating from destina-
tions throughout the world, we provid-
ed seamless roaming services using W-
CDMA which is adopted by FOMA
services, and GSM/GPRS which are

Figure 1 3GPP frequency bands
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Figure 2 The state of development of FOMA service area

available almost everywhere in the
world.

The basic specifications of a
FOMA terminal are shown in Table 2.
As this table shows, FOMA terminals
are currently configured to work in up
to three W-CDMA bands and up to four
GSM/GPRS bands. The choice of fre-
quency bands to include is made based
on the product concept of the mobile
terminal. Of the W-CDMA bands,
Band I is used as a roaming band in
Europe, South Korea and South East
Asia. In the United States, Bands V and

VI have almost identical arrangements,
so a shared radio transceiver circuit is
used for these two bands, and roaming

is implemented by operating in Band V.

3. The Evolution of FOMA
Radio Transceiver Circuits

In the radio transceiver circuits in
mobile terminals, the latest RF circuit
techniques [8][9] have been introduced
as and when they appear in order to sat-
isfy technical requirements and service
demands. The evolution of radio trans-

ceiver circuit configurations from the
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Table 2 Basic specifications of mobile terminal

Item
System

Frequency bands

Access scheme
Duplex scheme
Transmission rate

Modulation scheme
(data/spread)

Occupied bandwidth

Maximum output
power

Spurious emissions

ACLR1 (5 MHz offset): — 33 dBc or less
ACLR2 (10 MHz offset): — 43 dBc or less

ACLR : Adjacent Channel Leakage power Ratio
BPSK : Binary Phase Shift Keying

DCS : Digital Communication System 1800
GMSK : Gaussian filtered Minimum Shift Keying

W-CDMA GSM
Band I Low band : GSM850/900
Band VI (& Band V) High band : GSM1800 (DCS) /
Band IX 1900 (PCS)
DS-CDMA TDMA
FDD FDD
3.84 Mcps 270.833 kbit/s

Uplink: BPSK/HPSK
Downlink: QPSK/QPSK

5 MHz or less

Class3 : +24 dBm

Specifications

GMSK

200 kHz or less

Low band: +33 dBm
High band: +30 dBm

ITU-R Rec. SM.329-10

+200 kHz: — 30 dBc or less
+400 kHz: — 60 dBc or less

ITU-R : International Telecommunication Union-
Radiocommunication Sector

PCS : Personal Communications Service

QPSK : Quadrature Phase Shift Keying

earliest models to the latest state of the
art is shown in Figure 3. This figure
only shows the configuration of the
transmitter units — the receiver units
have undergone a similar evolution,
which is omitted from the figure.

The first FOMA terminals were
adapted from PDC technology, and thus
their radio transceiver circuits were
configured using a superheterodyne
method (Fig. 3(a)). In this system, the
signals are first orthogonally modulated
at an intermediate frequency, and then
transformed to a radio frequency band.

An advantage of this method is that sig-

HPSK : Hybrid Phase Shift Keying

[a)]

TCXO
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TDMA : Time Division Multiple Access

nal processing such as quadrature mod-

* Superheterodyne method

- Implemented with discrete components

o Stable performance

x Large component count, miniaturization
depends on mounting techniques

_® To receiver circuit

To receiver circuit

- Direct conversion method

* Integrated transceiver circuit

- Integrated ADC and DAC peripheral circuits

o Contributes to reduced component count

x Highly dependent on analog circuits,
difficult to improve performance

To receiver circuit

- Digital RF method

* Transceiver and ABB combined

- Simplified interface

o Performance improved by fusion with
digital signal processing

x Separate circuits provided for each
transmission system

<4———— Front-end —»

******* |
1

1 - Single device
BPF : Band Pass Filter

O Advantage

LPF : Low Pass Filter
QMOD : Quadrature MODulator

X @ Disadvantage

Figure 3 Evolution of radio transceiver circuit configuration
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ulation and quadrature detection is per-
formed in a low frequency range so that
stable performance can be achieved.
However, these circuits have large
numbers of components and require
Intermediate Frequency (IF) stage fil-
ters which are difficult to miniaturize,
making it difficult to fit them inside
mobile terminals. Consequently, the
development of mobile terminals with
this configuration reached its limit
when targeting FOMA deployment.

In the FOMA 900i series and there-
after, this drawback was resolved by
adopting a direct conversion (homo-
dyne) method, where the baseband sig-
nals and radio frequency signals are
subjected directly to quadrature modu-
lation and quadrature detection. This
eliminates the need for an IF stage fil-
ter, and since each transceiver needs
only one synthesizer, the circuits can be
miniaturized and integrated [10][11].
One reason why it became possible to
adopt this technique is because of
advances in analog semiconductor pro-
cessing technologies such as SiGe-BiC-
MOS*Z, but the fact that the use of W-
CDMA made it easier to implement
direct receivers also had a part to play.
The direct conversion method was orig-
inally adopted for GSM equipment, and
contributed to reducing the size and
cost of GSM terminals. However, the
signal bandwidth of PDC is about ten
times narrower than that of GSM, and it
was particularly difficult to eliminate

degradation factors due to distortion

(secondary distortion) in direct receiver
circuits. On the other hand, W-CDMA
has a bandwidth at least ten times as
wide as GSM, so there was no difficul-
ty applying the techniques that had
been established for GSM.

The 800 MHz and 1.7 GHz bands
were added by optimizing the circuit
based on this configuration (Fig. 3(b))
[1]. At the same time, due to develop-
ments in hybrid analog/digital IC tech-
nology*3 during this period, it became
possible to achieve integration of the
Analog Base Band (ABB)”1 unit [12].

Even more recently, the develop-
ment of High Speed Packet Access
(HSPA) has got up to speed, making it
possible to obtain radio transceiver cir-
cuits with not only reduced size but also
improved precision. On the other hand,
it has become difficult to improve the
Error Vector Magnitude (EVM)*5 per-
formance and interference robustness of
the direct conversion method, which are
highly dependent on analog circuitry.
Studies are therefore still being con-
ducted into the use of digital RF (Fig.
3(c)), which is being adopted in a grow-
ing number of cases. This method com-
bines the functions of the direct conver-
sion unit and ABB unit, but by substan-
tially reviewing the way in which func-
tions are partitioned to the analog and
digital circuits, the performance of the
transceiver can be improved by using
digital signal processing to perform
functions such as filtering, distortion

compensation and gain control. Against

the background of progress being made
in the study of this technology,
advances have also been made in semi-
conductor process technology for
improving the performance of the Ana-
log to Digital Converter (ADC) and
Digital to Analog Converter (DAC) cir-
cuits. Specifically, the improved perfor-
mance of the ADC and DAC has made
it possible to implement high-precision
signal processing using digital tech-
niques while at the same time high-fre-
quency analog and digital circuits can
be mixed efficiently on one chip due to
developments in RFCMOS technolo-
gy*s, and submicron semiconductor
processes have made it possible to fab-
ricate digital circuits (whose size is
process-dependent) that are smaller
than analog circuits performing the
same function (whose size is more
dependent on material constants). In the
future, it is likely that radio transceiver
circuit technology will progress based
on these digital RF technologies.
Figure 4 shows the how the foot-
print of each part of the radio transceiv-
er circuit for a single band has evolved.
As explained above, we have been able
to substantially reduce the radio trans-
ceiver circuit size due to advances in
circuit construction. Meanwhile, the
front-end parts have also become small-
er due to miniaturization of the filter
components and advances in module
technology [13]. The end result is that
the current circuit configuration is over

60% smaller than in the initial FOMA

*2 SiGe-BiCMOS: Semiconductor circuits con-
sisting of BICMOS gates made from Silicon
(Si) doped with Germanium (Ge).

*3 Hybrid analog/digital IC technology: An
IC fabrication technique where analog and dig-
ital circuits are implemented on the same pack-

NTT DOCOMO Technical Journal Vol. 10 No. 2

age.

*4 ABB: The analog circuit that performs base-
band processing. It mainly consists of an ADC
and a DAC.

*5 EVM: A measure of signal precision, given by
the difference in position between where a sig-

nal should be and the actual signal obtained
after modulation and demodulation.

*6 RFCMOS technology: CMOS circuit tech-
nology used in the frequency bands for radio
communication.
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terminals. Consequently, even in the
largest configuration shown in Table 2,
the radio transceiver circuit can be built
with a smaller footprint than the trans-
ceiver circuit of the FOMA 900:i.
Figure 5 shows the configuration

of the radio transceiver circuit that is

This figure shows a configuration based
on information about forthcoming
transceiver ICs released from Radio
Frequency Integrated Circuit (RFIC)
manufacturers. As this figure shows,
configurations in which the W-CDMA

and GSM circuits are combined will

Furthermore, with regard to the inter-
face between the transceiver IC and
Digital Base Band (DBB), there is a
trend towards adopting the DigRF3G*7
industry standard [14], which is likely
to result in further integration of circuit

components.

expected to be used in the latest models. become the mainstream in the future.

4. Technical Issues of Radio
Transceiver Circuits with

(%) Super 3G Implemented as
100 . - - - -
Standard
2 80 - frontiend ] -, - - - Super 3G was developed by the
© N
= . 3GPP as the Long Term Evolution
£ 60 (- Up/DOWN g mmmmmmms i -- -- --
% Converter N\ § (LTE), and technical specifications [15]
o . \\\ \\\\\ .
40 p---- Mcl)iiflslltgret =-----{ Front-end sz - were released in December 2007. In the
2 ABB ‘ ) Tramcever e~ | Front-end future, it is thought that this technology
oth \ ABB Transceiver IC will undergo full-scale development for
0 - Others | Others commercial systems. This chapter dis-
Initial FOMA terminal Popular era Global expansion era

cusses the technical issues of imple-

Figure 4 Changes in circuit footprint . . . .
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Figure 5 Radio transceiver circuit configuration for 2008 (projected)

*7 DigRF3G: A standard for digital interfaces
between baseband processors and transceiver
ICs in Third-Generation mobile phones, speci-
fied by an industry group called the Digital
Interface Working Group.
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circuits, and the development trends of
commercial mobile terminals that are

compatible with Super 3G.

4.1 Radio Transceiver Circuit

Requirements

The basic specifications of a Super
3G mobile terminal are shown in Table
3. The technical concerns regarding the
implementation of transmitter circuits
with regard to the specifications shown
in this table are as follows:

e Due to the adoption of SC-FDMA
[16] and 16-Quadrature Amplitude
Modulation (QAM)*s, non-linear
distortion causes pronounced degra-
dation.

* Since W-CDMA is also present, the
adjacent channel leakage power is
specified without regard to band-
width. This means that leakage has
to be suppressed to lower levels
than hitherto.

¢ Maximum Power Reduction (MPR)

is specified as a measure for the

relief of signals whose power level
has a high Peak to Average Ratio
(PAR), but since this leads to area
limitations, it is desirable not to use
this technique in practical opera-

tions.

In mobile terminals, it is also
important to consider issues of heat
generation and battery life. For these
reasons, Super 3G transmitter circuits
should be designed for improved linear-
ity while maintaining high efficiency.
With regard to such issues, we have so
far managed to improve the perfor-
mance of the Power Amplifier (PA). In
the future, we will have to study the
application of linearizing techniques
[17].

The technical issues of the receiver
circuit are discussed next.

* Wider bandwidth and higher preci-
sion
To achieve the maximum

downlink throughput (64 Quadra-

Table 3 Basic specifications of Super 3G mobile terminal

Item
Band used
System bandwidth
Duplex
Access scheme
Modulation scheme

X .
Maximum output power
Occupied bandwidth
Access scheme
Modulation scheme
RX

Antenna branch
Receiver bandwidth

Specifications
Same as W-CDMA (see Table 1)
Max 20 MHz
FDD

SC-FDMA

QPSK, 16QAM
+23 dBm

Variable in units of RB (=180 kHz)
OFDMA
QPSK, 16QAM, 64QAM
2 (under discussion for T GHz and below)

Same as system bandwidth

OFDMA: Orthogonal Frequency Division Multiple Access
RB: Resource Block

ture Amplitude Modulation
(64QAM) °, 20 MHz reception), it
will be necessary to improve the
receiver EVM and extend the
receiver bandwidth.
* Improved blocking characteristics
Since it coexists with earlier
systems, it is necessary to main-
tain the blocking characteristics to
interference irrespective of the
system bandwidth.
¢ Compatibility with Multiple-Input
Multiple-Output (MIMO)
In frequency bands above 1
GHz (the frequencies to be applied
are still under discussion), it is
essential to incorporate a dual sys-

tem receiver.

With regard to these issues, we
must implement an ADC that is faster
and more precise, and we must aim for
reduced size and increased precision
based on the digital RF techniques

mentioned in Chapter 3.

4.2 Technical Issues Regarding

the Standard Implementation

The future development of radio
transceiver technology is shown in Fig-
ure 6. If Super 3G is to become wide-
spread, it will be necessary to develop
triple-mode (GSM/W-CDMA/LTE)
terminals with LTE mode functions
added to the W-CDMA and GSM func-
tions. In Japan, there are plans to add
more frequencies to cope with the trend

towards increasing user traffic [18]. For

*8 16QAM: A digital modulation method that
allows transmission of 4 bits of information
simultaneously by assigning one value to each
of 16 different combinations of amplitude and
phase.

NTT DOCOMO Technical Journal Vol. 10 No. 2

*9 64QAM: A digital modulation method that
allows transmission of 6 bits of information
simultaneously by assigning one value to each
of 64 different combinations of amplitude and
phase.
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international roaming, it may also
become necessary to add compatibility
with frequencies that are used abroad,
not only for GSM/W-CDMA but also
for expanded EDGE/HSPA and LTE
coverage. Consequently, radio trans-
ceiver circuits are tending to increase in
size and complexity in terms of both
frequency and functionality. Mean-
while, to produce mobile terminals that
people want to purchase, it is essential
to offer high quality products at low
prices. In addition, to ensure that
mobile terminals are brought onto the
market in a timely fashion, there will
probably also be a demand for further
reductions in development time scales
and increased flexibility of the radio
functions offered by these terminals. To
meet these conflicting demands, it is
feared that the development burden of
radio transceiver circuits will continue
to grow in the future.

If we look at the new radio trans-

ceiver circuit configuration model

eased scale and comple
of Transceiver uni

[Background]

shown in Fig. 5 from a different view-
point, as explained in Chapter 3, it is
expected that the size of transceiver
units based on digital RF technology
will naturally continue to decrease in
the future as semiconductor processing
technology advances into the deep sub-
micron region. However, since the
front-end units are equipped with sepa-
rate RF components for each communi-
cation system and frequency band, they
will require a larger number of compo-
nents, making it difficult to meet
demands for lower prices. Furthermore,
the miniaturization of the individual
constituent devices of the front-end unit
is surpassing the limits of component
mounting techniques, so further minia-
turization is unlikely with current pro-
duction methods.

This issue will have to be tackled in
the future, and it will be necessary to
develop so-called Software-Defined
Radio (SDR) "' technology where the

sharing of circuits between different

Attractive mobile terminals

systems is made possible by cutting
down on frequency dependent compo-
nents such as filters and isolators, even
including structural modifications to the
transceiver ICs. In SDR transceiver cir-
cuit technology, progress is being made
in the study of the basic technology for
each system [19]-[22], and in the future
it will be essential to figure out how
these technologies can be applied to the
transceiver circuits of mobile terminals.
But at the present stage, the technology
for implementing a fully SDR mobile
terminal has yet to be established, so it
is not yet possible to eliminate all the
frequency-dependent components
(especially duplexers). It is therefore
preferable to reduce costs by building
platforms based on configurations in
which the existence of these modules is
taken as a precondition.

Figure 7 shows the configuration
of an ideal radio transceiver circuit for a
time when mobile terminals are built to
conform with the Super 3G standard,
based on an extension of these view-
points. As this figure shows, a mobile

terminal conforming to the Super 3G

) standard should be easy to produce by
<Frequency-related issues>

* Expansion to incorporate Super 3G
* Addition of new bands ) 21Ker 7
* Expansion of international roaming .g'r‘(grrfétryd?v’flggﬁ«'ii’fgfcle

functions * Incorporate bands with better flexibility

<Terminal development requirements>

* Reduction of terminal price

* Improved quality(Iowerg)owerconsumption, COIlStI'llCtlIlg it from four main compo-

nents — a transmitter circuit that can

Increased burden on wireless circuit development adaptively control the transmitted sig-

—

(i) Pursue SDR techniques

—Share circuits between different systems, and reduce frequency dependent components
(ii) Pursue front-end modularization

—Reduce circuit footprint and cost by converting frequency-dependent components into platforms

nal, together with a multi-band/multi-

mode PA, and main and sub front-end

modules based on transceiver ICs —

with the exception of the Temperature

54

Figure 6 Future prospects of radio transceiver technology

Compensated Xtal Oscillator (TCXO)W.

*10 Deep submicron: A semiconductor process
rule of 0.2 um or less.

*11 SDR: Radio communication in which the RF
operating parameters including, frequency
range, modulation type, or output power can be
set or altered by software, and/or the technique

by which this is achieved.

*12 TCXO: A crystal oscillator equipped with a
function for compensating the deviation of fre-
quency with temperature.
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Figure 7 Radio transceiver unit configuration for next-generation mobile terminals

5. Conclusion

As mentioned above, along with the
development of FOMA services, radio
transceiver circuits have evolved to
incorporate direct conversion instead of
the superheterodyne method used for
PDC, and their configuration has
evolved to adopt digital RF technology.
In the future, as mobile phones are pro-
duced with Super 3G available as stan-
dard, it will be necessary to continue
making substantial improvements to the
front-end parts. From this viewpoint,
considering that it is a key point in the
technical development of radio trans-
ceiver technology, we will study how to
move ahead with modularization of the
front-end with a view to introducing

SDR based on digital RF technologies.
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