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~ Abstract—An RF front-end for dual-band dual-mode operation  dition, dual-band channel selection filters for such applications
is presented. The front-end consumes 22.5 mW froma 1.8-V supply are feasible [4]. Suitable architectures for multimode, multiband

and is designed to be used in a direct-conversion WCDMA and i i i i . i iecti
GSM receiver. The front-end has been fabricated in a 0.3%:m receivers include direct conversion, low-IF, and image rejection
Jeceivers [2].

BiCMOS process and, in both modes, can use the same devices i ) ) .
the signal path except the LNA input transistors. The front-endhas ~ The RF front-end is targeted at GSM and third-generation
a 27-dB gain control range, which is divided between the LNA and  WCDMA applications and designed using specifications related
quadrature mixers. The measured double-sideband noise figure to these standards [5], [6]. The main characteristics of the two
and voltage gain are 2.3 dB, 39.5 dB, for the GSM and 4.3 dB, 33 gy 5tems are shown in Table I. The challenges set by standards
dB for the WCDMA, respectively. The linearity parameters 11P3 for the RE desi lated to the diff t tion band
and IIP2 are —19 dBm, +35 dBm for the GSM and —14.5 dBm  '0" the esigner are reiated to the ditierent reception bands.
and 434 dBm for the WCDMA, respectively. The GSM operates at 900 MHz, while the WCDMA bands are
around 2 GHz. In addition, the two systems have totally dif-
ferent channel spacing and symbol rates. This clearly affects the
channel filtering, but thé/ f-noise can cause significant degra-
dation in noise performance, particularly in the case of direct
. INTRODUCTION conversion receivers with a narrow channel bandwidth [7].

URRENT wireless terminals provide dual- or multiband The paper is organized as follows. Section |l covers issues re-
C operation mainly for cellular capacity reasons. In the nekgted to the direct conversion RF front-end. The building blocks
future, as third-generation wireless systems are launched, trind issues related to the layout are described in Section Ill. Ex-
will be an increasing demand for multimode terminals, whicRerimental results are presented in Section IV and the paper is
will allow access to different systems providing various service3dmmarized in Section V.
The coexistence of second- and third-generation cellular systems
requires multimode, multiband mobile terminals. The optimal !I- RF FRONT-END FOR DIRECT CONVERSIONRECEIVERS

multimode terminal should be as simple and small as possibleThe RF front-end uses the direct conversion architecture,
Hence, it would be advantageous if the receiver could share@ich is suitable for a high integration level, although it has
many of its building blocks as possible in all operation modesome well-known disadvantages compared to the superhetero-
The recently published RF receivers for multiband terminagne architecture [8], [9]. A block diagram of the designed RF
have been implemented by using several parallel front-enfént-end is shown in Fig. 1. It has two separate single-ended
[1], [2]. Although a high integration level can be achieved, thgputs, one input for each standard. The separate inputs are
parallel architecture wastes significant chip area. The front-epsuired because to our knowledge there are no multiband
presented in this paper can use the same signal path in bgiselection filters available. Furthermore, if the two reception
modes, with the exception of the first stage inthe LNA[3].  bands were connected simultaneously to the same input,
The receiver should additionally be able to accommodate tffe spurious responses may corrupt the reception. With the
different radio standards with different bandwidths and modulaxception of the input transistors and matching inductors of
tions. Therefore, different channel and image filters are requirgge |LNA, all on-chip devices are utilized in both modes. The
in the receiver. If such filters are realized with expensive afgihg|e-ended_to-differentia| conversion is performed before
bulky external passive structures, the size and cost of a mufiie signal downconversion, thus enabling a double-balanced
mode receiver increases. The selected architecture should riiker topology. The single-ended-to-differential converter
imize the number of external filters required, thus performingdditionally improves the LO-to-RF isolation and separates the
most of the filtering on the Chlp with active structures. In aq'wo differenﬂy sized resonators of the LNA from the mixer.
The RF front-end requires a single LO port because one mode
is selected to be operational at a time. If the receiver had
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TABLE | RL1 C1 L1 ,t‘ L2 C2 RL2
WCDMA AND GSM SYSTEM CHARACTERISTICS ? ’ , . ? .
$1 K ) $2
WCDMA GSM.
Rid1 RId2
Main application Data Voice
Access method DS-CDMA  TDMA OoUT1 o—¢ t—oouT2
Duplexil?g FD]?( TD];I/FED Vb3 oy
Modulation QPS GMS GND o—
Receive bands Vb1,
Base station [MHz) 1920-1980  880-915 GND o
Mobile station [MHz] 2110-2170 925-960
Channel spacing 5 MHz 200kHz = cieeennnadionn.
Off-Chip :
LOI
J <
ouTI WCDMA in - GSM in
GSMIN Fig. 2. Schematics of the LNA.
WCDMA IN
outQ : . . . .
input transistors for different modes. The base and emitter in-
Lo Q ductors of the transistors Q1 and Q2 are used for matching. In

the GSM mode, the capacitor Cm is also added between the
Fig. 1. Block diagram of the RF front-end. base and emitter of Q2 to reduce the value of base inductor Lb2
to a realizable value. Depending whether the LNA is used in
WCDMA or in GSM mode, either of the input transistors is bi-
own filter structure, thus leading to parallel filters and vergsed on while the other is off. The transistor, which is turned
complicated interface design. A possible solution generatigé§ has a negligible effect on the NF and the signals coming to
quadrature LO would be to use divide-by-two circuits. Thghe base of this transistor are shunted to chip ground. Therefore,
signal paths between the different blocks are ac-coupled WiHe signals laying at the reception band of another standard and
10-pF on-chip capacitors. Hence, the low-frequency distortigRys passing the preselection filter cannot desensitize the LNA.
components generated by the second-order nonlinearitiesTife LNA has two damped resonators, which are used as load in
the LNA and Sing|e'ended't0'diﬁerential converter are filteregifferent modes. The resonance frequencies are 950 MHz and
out before downconversion. Otherwise, they could partly leak] GHz, respectively. The damping resistors RL1 (2§@nd
through the mixer to the output. A fully differential signal pattr| 2 (150¢2) give a sufficient bandwidth for both mobile ter-
could also be used throughout the front-end to reduce the effgghal and base station usage and tolerance against the different
of common-mode distortion and noise [11]. However, it woul@rocess variations without deteriorating the noise performance
double the power consumption of the LNA, increase the chit the LNA. The—1-dB bandwidths are 350 and 150 MHz for
area, and require a balun in front of the LNA, thus increasingCpmA and GSM resonators, respectively. The active output

the loss between the antenna and the receiver. The front-gjagh and the load resonator of the LNA are selected with the bi-
has a tunable gain to relax the baseband linearity and gaiing of the cascode transistors.

control requirements. The gain control is divided between theThe NA has two gain steps in both modes, which are imple-
mixer and the LNA. The combined current consumption of th@ented in the following manner. In the maximum gain, the LNA
LNA and single-ended-to-differential converter is 6.6 MA ifses the damped resonator of the appropriate mode as a load. For
GSM and 6.1 mA in WCDMA mode, respectively. A singléexample, in WCDMA mode, the Q1 acts as an input transistor,
mixer uses 3 mA. Q3 as a cascode, and RL1, C1, L1 as load. Depending on the
chosen standard, the first gain step is realized by connecting an-
I1l. CIrcuIT DESIGN other resistor in parallel with the resonator by closing the PMOS
switch S1 or S2 to reduce the Q-value of the resonator. The
sizing of the switch constitutes a tradeoff between on-resistance
The schematic of the LNA operating in WCDMA mode withand parasitic capacitance, which both affect damping and res-
maximum gain is shown in Fig. 2. The LNA uses the convemnant frequencies. The gain step is 3.2 dB in GSM mode and
tional common-emitter topology with cascode transistors in &18 dB in WCDMA mode at the resonant frequency, respec-
gain and mode settings to achieve a good reverse isolation witlely. A larger gain step in the LNA is performed connecting
high gain and low NF. Transistors Q1 and Q2 are used as the resonator tuned for the other mode as a load. In that case, the

A. LNA
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Fig. 3. Schematics of the single-ended-to-differential converter.

LNA does not operate at the resonance frequency and the g
is lowered over 12 dB compared to the maximum. For examp|i&s
in WCDMA mode, this gain step is performed by connectin it
Q3 to chip ground and using Q4 as a cascode. In that case,
LNA uses resonator L2, C2, and RL2 as load and OUT2 it
stead of OUT1. The gain and mode control in the LNA is imple=
mented using MOS switches, which steer the biasing of Ql—(%. 5. Chip microphotograph.
turning off the biasing of the unused devices. The input transis-

tors are biased .us_ing current mirrors while the_cascode trangigr supply pads in the converter to ensure the equal lengths and
tors uses,. multipliers. The use of two stacked diode-connecteqmper of bond wires. In addition, a dummy transistor Q7 is
bipolar transistors in the biasing of LNA cascode is not possiblg|jeq to compensate for the effect of the collector capacitances
due to the low supply voltage. The LNA drives an ac-couplegt 5 and Q6 [12]. According to simulations, the phase and gain

EERMEH E_Ei:!
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single-ended-to-differential converter. errors are less thar? 4nd 0.2 dB over the operation range from
] ) ) 800 MHz to 2.2 GHz, respectively.
B. Single-Ended-to-Differential Converter The single-ended LNA and the single-ended-to-differential

The single-ended-to-differential converter enables the useashverter are sensitive to supply noise. Therefore, an on-chip
double-balanced mixers and isolates the LNA load resonatafécoupling 100-pF capacitor with a small series resistor pro-
The schematic of the single-ended-to-differential converter Vides efficient damping without susceptibility to unwanted res-
shown in Fig. 3. The conversion is performed with the eith@nances.
transistor Q5 or Q6 depending on the chosen LNA resonator.
This kind of structure has some benefits compared to pass%e
baluns or differential pair converters. The integrated passiveThe designed mixer, shown in Fig. 4, is basically a
baluns are not feasible because they require a large area dodble-balanced cross-coupled Gilbert mixer. It utilizes NMOS
cannot be used in the whole frequency band from 900 MHz t@nsistors in its input stage with bipolar LO-switches [13].
2.2 GHz. The differential pair on the other hand cannot fulfiThe advance of using MOS transconductors (M1-M2), rather
the high linearity requirements with a low supply and low cuithan bipolars, is in the better linearity performance. In addition,
rent. the mixer topology is current boosted to better relax the lower

The converter has a 3-dB voltage gain when connected to theply voltage conditions [14]. The boosting enables the uti-
front-end. The maximum voltage gain to a high impedance lo¢idation of higher mixer conversion gain by allowing the larger
is 6 dB for this type of a converter. In order to achieve a good baksistive loading in the mixer output. By current boosting, a
ance, the load impedances seen from the emitter and collectolosier mixer noise figure is achieved without deteriorating the
Q5 and Q6 must match well. Therefore, the supply inductandiérd-order linearity performance. In this type of mixer without
L1 and L2 should also be equal. This was solved by using segafrent boosting, the linearity and noise performance always

Mixer
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TABLE I 45
MEASURED PERFORMANCE INWCDMA AND GSM MODES
40
WCDMA GSM /\\ GSM WCDMA
NF(DSB) @max gain [dB] 4.3 2.3 o ®[7 \
NF(DSB) @min gain [dB] 15.9 12.3 % 30 A~
Voltage gain max ~ [dB] 33 39.5 £ \/ =4
Voltage gain min [dB] 6.5 12 O
IIP3 @max gain [dBm) -14.5 -19 S ~7 \
TIP3 @min gain [dBm] -7 -1.5 % 20 N
IIP2 @max gain [dBm] +34 +35 > \
IIP2 @min gain [dBm] +32 +34 15
ICP ~1dB @max gain [dBm] -25 -29 \
ICP -1dB @min gain [dBm)] -20 -23 1%00 000 500 3000 2500
LO-to-RF isolation [dB] >58 >68
st [dB] <18 <12 Frequency (MHz)
P(LO) [dBm] -10 -10 Fig. 6. Maximum gain responses on both modes.
Power dissipation [mW] 22.5 21.5
Supply voltage [V] 1.8 1.8
Chip area [mm?] 3.5 3.5 i
30
o : @ //
trade off each other. The linearity of the input transconductors T2 —
can be maintained since the drain currents through the devices £ 2 ,r/
do not need to be lowered. The additional dc currehts]s, o )/
are fed through resistively degenerated long-channel PMOS 15
transistors. % 10 //
The bipolar switching transistors (Q1-Q4) are used as > /{
the functional mixer core instead of the respective NMOS 5
transistors due to their lower flicker noise. In addition, the o
bipolars provide a highefr, which is required in order to © 2 4 6 8 10 12
achieve as symmetrical on-off switching as possible. Thus, Gain Code

the second-order distortion caused by the nonideal LO SigRg] 7. Gain of WCDMA mode at different tuning codes.
duty cycle is minimized. In addition, MOS switches typically
require a larger swing to exhibit complete switching compared
to bipolars. This relaxes the LO cross coupling and isolation
performance. The mixers provide adjustable voltage conversion
gain with three 4-dB gain control steps. The maximum voltage
conversion gain is 14 dB. The gain control is implemented by
switching additional resistor pairs between the mixer output
terminals. The mixer has dRC lowpass pole at the output to
relax the out-of-band linearity requirements of the following
baseband stages and it is designed to drive a circuit as in [15].
The mixer has not been implemented and measured as a
stand-alone circuit due to the uncertainties in the linearity
measurements of a single direct-conversion mixer without an 850 900 950 1000
LNA and on-chip LO buffers [2]. Nevertheless, the comparison Frequency (MHz2)
between the stand-alone simulations of the mixer and the
measurements of the whole front-end match very well. Theg. 8. RF response with six different gain settings in the GSM mode.
simulated IIP3 of the mixer ig-10 and+8 dBm for WCDMA

and GSM, respectively. The simulated double-sideband noj§g it pads are brought as close as possible to the LNA input

figure is 9.5 dB at both bands. transistors in order to minimize the wiring parasitics, which
would affect NF and input matching. The LO and RF wiring are
brought orthogonally to each other and grounded properly on

The microphotograph of the circuit is shown in Fig. 5. Théoth sides in order to achieve a good LO-to-RF isolation. Also,
designed front-end has been implemented using a 25-GHz the LO and RF wiring do not overlap even in the commutating
BICMOS process with a 0.3pm minimum MOS gate length. switches. The balanced mixers have been drawn as symmetric
The chip area is 3.5 mtrincluding the bonding pads. The twoas possible to minimize the second-order distortion.
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IV. EXPERIMENTAL RESULTS o 10 /' 02
_ _ _ _ s, £
In direct-conversion receivers, the mixer output does not o3 / P3 R}
need to drive 50RQ impedance [8]. However, an external a -1 / 20
instrumentation buffer with a high input impedance was used -20
to drive the 502 measurement equipment. The front-end -30 10
. . . . . 1.0 1.5 20 25
chip was bonded directly on a high-frequency ceramic printed Vdd (V)

circuit board (RO4350), which is a compatible material with the
standard FR4. All measurement results presented in this Papgri3.  Gain, P2, and IIP3 as a function of supply voltage in the WCDMA
include the PCB. The main benefit of using RO4350 materiabde
compared to FR4 is its lower dissipation factor (0.0040), thus
reducing the input losses. curve Alillustrates the maximum gain setting. Curves B—D show
The measured performance of the RF front-end is sumnthe mixer gain steps as the LNA gain is at maximum. Curves E
rized in Table Il. The RF responses of the both modes witind F present the LNA gain steps while the mixer has minimum
the maximum gain settings are shown in Fig. 6. The simulatgdin. Total gain control range is 27 dB for both modes. The vari-
maximum gain was 39 dB in both modes. In GSM mode, thation in the gain, due to the RF response, between the mobile
gain was achieved while in the WCDMA maximum gain wastation reception and base station reception bands is less than 1
only 33 dB. Thus, the noise figure in WCDMA mode was alsdB in all settings. The input matching in Fig. 9 is independent
higher than expected according to the simulations. The diffaxf the front-end gain because the biasing of the input transistor
ence between simulated and measured gain in WCDMA modanains the same with the different gain settings. The reported
was due to inaccurate transistor models at higher frequenci®&l values for GSM and WCDMA cover both mobile station
Instead, all other measured values matched very well to siemd base station reception bands.
ulations. Fig. 7 illustrates all 12 possible gain values that canFig. 10 illustrates the frequency response of the output noise
be achieved in WCDMA mode, while Fig. 8 shows the RF rgaower with maximum gain in both modes. The noise figures are
sponses of six different gain settings in GSM mode. In Fig. 3 and 4.3 dB for GSM and WCDMA, respectively. The low-
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Fig. 14. Frequency bands of GSM and WCDMA showing a possible mixing between two bands.

flicker noise corner was achieved with bipolar LO switchingan be as high as 0 dBm, according to the GSM specifications
transistors and with a sufficient gain in the front-end. The cof6]. No effect on the wanted GSM signal was measured with a
tribution of the flicker noise in the total noise figure is almost-15 dBm input blocking signal. Thus, if the out-of-band atten-
negligible even in the GSM. The measured noise figure in thation of the WCDMA preselection filter at the reception band
GSM mode when integrated from 200 Hz to 100 kHz increaseéthe mobile station is 30 dB, the front-end would tolerate more
only by 0.2 dB compared to white noise. In WCDMA, the flickethan+15 dBm blocker. Hence, the problem is insignificant in
noise is insignificant. this case.
Several samples have been measured in order to achieve
reliability in the measurement results. As the noise, gain, and
third-order linearity performances remain almost constant from
sample to sample, some variations in the second-order characd dual-band dual-mode RF front-end is presented in this
teristics can be found. This obviously indicates a dependerizgper. The front-end is applicable to WCDMA and GSM
on the circuit balance, i.e., device mismatch and symmetgdjrect-conversion receivers. With the exception of the LNA
However, the worst [IP2 values, regardless of the mode, wépgut transistors and matching inductors, all on-chip devices
found to be+32, while the highest were above45 dBm. are utilized in both modes. An on-chip active balun permits
Fig. 11 illustrates the linearity of the front-end in WCDMAthe use of single-ended RF input and double-balanced mixers.
mode in the maximum gain. The effects of the supply voltageéhe balun provides a single-ended-to-differential conversion
to gain, IIP2 and IIP3, are illustrated in Figs. 12 and 13 faxt a large frequency range required in multiband receiver
GSM and WCDMA, respectively. To get some perspective @fith high linearity and acceptable noise. The converter uses
the front-end blocking performance, several tests with a largecommon-emitter and common-collector structure with a
blocker were applied in both modes. The gain of the smalummy transistor and separate supply pads to guarantee
wanted signal is compressed by 1 dB with a blocker-@2 symmetrical output loads. The current boosting in quadrature
dBm at 600/1600/3000 kHz offset and27 dBm at 10/15 mixers enables low voltage operation with sufficient gain,
MHz offset from the wanted signal in GSM and WCDMA linearity, and noise. The power consumption from a single
respectively. A comparison of the results with the specificatiods8-V supply is only 22.5 mW. The 27-dB gain control range
reveals that the 3-MHz in-band GSM test blocker wouldivided between LNA and mixers.
probably fail. When comparing the results to specifications,
it should be noted that the measurements do not include the
preselection filter, which loss must be added to results and the
test should be done with modulated signals. The authors would like to thank R. Ahola for technical assis-
A large input signal from the unselected standard can also d@nce.
sensitize the reception. This can happen when the signal from

V. CONCLUSION
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the other system is mixed with the spurious and harmonic tones
of the operating standard. This can cause problems, particularg{
if the front-end has a single input for both standards, i.e., ther
would be a dual-band preselection filter. A situation in which
the two standards selected can desensitize the front-end is ill2]
lustrated in Fig. 14. It is assumed that the handset operates in
the GSM mode. It is connected to the highest GSM band and3]
receives at 959.9-MHz frequency. Simultaneously, there is a
nearby mobile station connected to the lowest WCDMA band 4
transmitting at the 1922.5-MHz center frequency. This channel
can be strong and mix with the second harmonic of the LO 5]
signal, causing an unwanted harmonic in the reception band,
thus desensitizing the signal reception. The out-of-band blocker
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