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A 900-MHz/1.8-GHz CMOS
Receiver for Dual-Band Applications

Stephen Wu and Behzad Razavi

Abstract—A dual-band receiver employs the Weaver archi- TABLE |
tecture with two tuned radio-frequency stages and a common SYSTEM CHARACTERISTICS OF THEGSM AND DCS1800 WRELESS STANDARDS
intermediate-frequency stage to allow operation with 900-MHz

and 1.8-GHz standards while using only two oscillators. Fabri- _ _GSM_ i D_Cswfm_
cated in a digital 0.6um CMOS technology, the receiver achieves Modulation Gaussian Minimum Gaussian Minimum
an overall noise figure of 4.7 dB and input third intercept point Shift Keying Shift Keying
of —8 dBm at 900 MHz, and 4.9 dB and—6 dBm at 1.8 GHz. Multiple Access Time Division Muitiple | Time Division Multiple
The voltage gain is 23 dB with a power dissipation of 75 mw Technique Access Access
from a 3-V supply. Duplexing Frequency Division Frequency Division
Duplexing Duplexing
Index Terms—Low-noise amplifiers (LNA's), mixers, RF re-  Receive Frequency 935-960 MHz 1805-1880 MHz
ceivers, wireless communications. Band
Channel Spacing 200 kHz 200 kHz
Number of Channels 124 350
I. INTRODUCTION
ULTISTANDARD radio-frequency (RF) transceivers
are predicted to play a critical role in wireless com- \
. . . . Band Image Channel
munications in the 900-5200-MHz range. With cellular and Select Reject Select

Filter LNA  Filter Filter

cordless phone standards operating in the 900-MHz and 1.8-
GHz bands, the Global Positioning System in the 1.5-GHz
band, and wireless local area networks in the 2.4-GHz band,
it is desirable to combine two or more standards in one\/
mobile unit [1]. The principal challenge in this task arises
from the stringent cost and form-factor requirements, making it
necessary to limit the additional hardware, particularly, filters, oLoz

resonators, oscillators, and frequency synthesizers. Thus, both _
the architecture design and the frequency planning of a mflg- 1+ €onceptual example of a dual-band receiver.
tistandard transceiver demand careful studies and numerous

iterations. Il. GENERAL CONSIDERATIONS

This paper describes the design of a dual-band CMOS - o . . i
receiver for 900-MHz and 1.8-GHz standards [2]. Based To target realistic specifications, this design uses two cel

on the Weaver image-reject architecture, the receiver liglsar standards, namely, GSM and Digital Communication
been designed and fabricated in a pré- digital CMOS ystem at 1800 MHz (DCS1800) as the framework. The two

technology. Section Il of this paper reviews the global syste?ﬁandards incorporate identical multiple access and duplex-

for mobile communication (GSM) and DCS1800 standar ng techniques, channel bandwidths, and modulation formats.

: e L - able | summarizes the characteristics of GSM and DCS1800
and discusses some of the difficulties in combining the twg " . . : ) .
rtaining to receiver design. The common properties suggest

in one transceiver. Section Il deals with image-reject receiv v .
architectures and their tradeoffs, and Section IV presents gt .the tWO. standa}rds can be accommodated in a dual-band
dual-band receiver architecture. The design of the buildiﬁsce'ver Wh'le sharing some of the components.
blocks in CMOS technology is the subject of Section V, Fig. 1 |IIustrates a conceptual .example, where two het-
and spurious components are studied in Section VI. TI%Odyne [TECeIvers translate th? Input t_)ands to a common
experimental results are summarized in Section VII. intermediate frequen.cy (,”:)' with the S|gnal. paths merged
after channel selection is performed. Sharing the analog-
to-digital (A/D) converter and the digital signal processor
Manuscript received May 15, 1998; revised June 28, 1998. This work whgtween the two bands, this architecture nonetheless requires
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Fig. 3. Weaver image-reject architecture.
Fig. 2. Hartley image-reject receiver.
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The objective of this work is to eliminate the image-reject aE mage Channe
filters and move the channel-selection filtering to the baseband Input | /V\
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A commonly used image-reject architecture originates fromg. 4. Problem of secondary image in Weaver architecture.
a single-sideband modulator introduced by Hartley [3]. lllus-
trated in Fig. 2, Hartley’s circuit mixes the RF input with
the quadrature outputs of the local oscillator (LO) and lowB. Weaver Architecture

pass filters and shifts the results by°9efore adding them  The Weaver architecture [5], originally invented as an
together. It can be shown that the spectra at paihnd B alternative to Hartley’s single-sideband modulator, can also
contain the desired channel with the same polarity and tberve as an image-reject receiver. Recently utilized in [6] and
image with opposite polarity. The summed output is therefo[g], the architecture is shown in Fig. 3 in simplified form. The
free from the image. circuit performs two consecutive quadrature downconversion
The principal drawback of the Hartley architecture is itgperations on the signal and the image such that if the final
sensitivity to mismatches: with phase and gain imbalance, tbgtputs are subtracted, the signal is obtained and the image is
image is only partially cancelled. The influence of gain anguippressed; and if they are added, the reverse occurs.
phase mismatch on image rejection can be studied by lumpingrhe Weaver approach is also sensitive to mismatches, but
the mismatches of the mixers, the low-pass filters, the twoavoids the use of amRC-CR network, thereby achiev-
ports of the adder, and the 9@hase-shift network into the ing greater image rejection despite process and temperature
error termsAA and ¢ for the gain and phase mismatchesygriations.
respectively, between the two paths in the Hartley architecture An important issue in the Weaver architecture is the “sec-
It can be proved that iRA < A andf < 1 radian, whered  ondary image” [4]. If the second downconversion translates the
is the nominal gain of each path in the architecture, the imagﬁgned spectrum to a nonzero center frequency, an unwanted
rejection ratio (IRR) can be approximated by the expressigand may fall into the desired channel. lllustrated in Fig. 4,

(4] this effect constrains the choice of the second LO frequency.
q y
624+ (AAJA)? For example, in [7], the IF spectrum is translated to dc so as to

IRR™ ~ - 4 eliminate the problem. We return to this issue in Section IV.

In typical integrated circuits, an IRR in the range of 30—40
dB may be achieved, which corresponds to a gain mismatch in
the range of 0.2-0.6 dB along with phase imbalance betweerRecall from Section Il that the Weaver architecture (and
1° and 5. also the Hartley architecture) can yield the signal or the image

In addition to random mismatches, the upper and lowdepending on whether the final results are added or subtracted
paths in Fig. 2 suffer from gain error if the absolute value dqFig. 5). The fact that addition or subtraction of the outputs
R and C varies with process and temperature. A variation @f Fig. 5 can select or reject two bands symmetrically located
20% in RC limits IRR to only 20 dB [4], pointing to a severearoundw; provides the foundation for this work.
difficulty in integrated-circuit implementations, especially if Fig. 6 depicts the dual-band receiver architecture. The signal
high-quality resistors and capacitors are not available. received by the antenna in each band is applied to a duplexer

Other drawbacks of the Hartley topology include the lodiiter to perform band selection. Subsequently, a low-noise
and noise of the shift-by-90stage and the linearity and noiseamplifier (LNA) and two quadrature mixers boost and translate
of the adder. the signal to an IF of 450 MHz. The results of the two bands

IV. DUAL-BAND RECEIVER ARCHITECTURE
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Band 1 As mentioned in Section IlI-B, the problem of secondary
Al XatXg: [\ [ image constrains the choice of the second IF in the Weaver
sinest 6/ ® ®  topology. As shown in I_:ig. 8, the present d_esign provides
cosmst >‘ Band 2 quadrature downconversions to allow translation to the base-
X,-Xg : ‘ ‘ band. This approach, however, suffers from some of the
0 © (difficulties encountered in direct-conversion receivers. For
example, dc offsets due to the self-mixing of the second LO,
flicker noise in the analog baseband circuits, ahdnd
mismatch corrupt the downconverted signals [8], [9].

Band 1 Band 2

AW I

©; ®

V <—Band Select
V. BUILDING BLOCKS

The design of the building blocks of the receiver is governed
by various tradeoffs among noise, linearity, and power con-
el sumption. Issues related to the interface between the LNA and
: the RF mixers mandate that these two circuits be designed as

one entity.
e 2 =~ Band Select

A. LNA and RF Mixer

To achieve a relatively low noise figure and a reasonable
input match, the LNA employs a common-source cascode
are combined at this IF and undergo a second quadratgtage with inductive degeneration [10] (Fig. 9). To avoid
downconversion operation as in Fig. 3. The LNA and REncertainties due to bondwire inductance, both the source
mixers of the two bands are separate to allow flexibility in theductor and the drain inductor are integrated on the chip.
choice of device dimensions and bias currents, thus optimiziBgawing approximately 5 mA from the supply, the LNA
the performance of each path independently. For the secandhibits a noise figure of less than 2.5 dB and & of
downconversion, two sets of quadrature downconversion migreater than-2 dBm in each band. The parasitic capacitance
ers have been used to provide bdtAnd ¢ baseband outputs of L, the drain junction and overlap capacitancel$, and
[7]. The bandpass filters are formed by means of on-chipe input capacitance of the mixers resonate withat the
inductors and parasitic capacitances, but they do not perfofiraquency of interest. With & of about three, this resonance
channel selection. lowers the image signal by approximately 10 dB.

In the receiver of Fig. 6, the first LO frequency is set The LNA directly drives the quadrature RF mixers, which
midway between the GSM and DCS1800 bands, making thee configured as single-balanced circuits. Employing induc-
two bands images of each other. That is, the RF mixirttye loads to minimize thermal noise, each mixer drains 2 mA
uses high-side injection for GSM and low-side injection foto achieve a reasonable tradeoff between noise and nonlinear-
DCS1800. The band-select input switches the receiver betwéigm With 22 dB of voltage gain in the LNA, it is desirable to
the two operating modes (GSM or DCS1800), shutting off threalize anl P; of greater than 1.26 ¥, (equivalent to+15
RF path of the idle band to save power consumption. AlsdBm in a 50§ interface) in the mixer, while maintaining its
the band-select switch controls the addition or subtraction iaput-referred noise voltage below roughly 5 rRXHz.
the receiver output in order to generate the desired signal andhe dimensions ofd;—My in Fig. 9 strongly affect the
reject the image component. performance of the RF mixer. Transistdd; is sized such

While the Weaver architecture by itself does not providihat its overdrive voltage is sufficiently large to guarantee the
sufficient image rejection, the 900-MHz spacing between thequired P;. This is in contrast to bipolar implementations,
signal and the image allows substantial image filtering iwhere enormous emitter degeneration would be necessary to
the front-end duplexers. Fig. 7 shows an example: the meshieve anl P; greater than 1.26 V. The key point here
sured insertion characteristics of a 900-MHz Murata duplexir that for a given bias current anflP;, a properly sized
(DFC5R881), exhibiting 3 dB of in-band loss and 41.7 dBAOS transistor exhibits muchigher transconductance than
of rejection at 1.8 GHz. As a result, the overall IRR exceedsdegenerated bipolar structure.

70 dB. TransistorsMg and My in Fig. 9 also influence the noise
The distribution of gain, noise, and nonlinearity in thend conversion gain of the mixer. The choice of the width
receiver chain plays a key role in the overall performancef these devices is governed by a tradeoff between their
necessitating iterations between architecture design and swwvitching time and the parasitic capacitances they introduce

cuit design. Since channel-selection filtering is postponed &b node P. For a given (sinusoidal) LO swingy/g and My

the stages following the IF mixers, the third intercept poirdre simultaneously on for a shorter period of time as their
(IF5) of each stage must scale according to the total gawidth increases. A compromise is thus reached by choosing
preceding that stage. With the initial estimate of #1&;, the (W/L)s o = 400 m/0.6m, allowing the pair to turn off with a
corresponding circuit is then designed so as to minimize itfferential swing of 100 mV while degrading the conversion
noise contribution. gain by less than 1 dB.

Fig. 6. Dual-band implementation of the Weaver architecture.
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Fig. 7. Murata DFC5R881: 900-MHz duplexer receiver path.
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Fig. 8. In-phase and quadrature baseband outputs from IF mixers.
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Fig. 9. LNA and RF mixer.

B. LNA/Mixer Interface

L To Q-Mixer

Fig. 10. RF stage.

@ of L. Realized as an NMOS transistaf; consists of a
large number of gate fingers to reduce the channel resistance,
achieving a? of greater than 30 at the frequency of interest.

In contrast to ac coupling techniques, the above approach
incurs no signal loss, but it consumes some voltage headroom.
Interestingly,AM3 can serve as the current source for another
circuit, e.g., an oscillator, thus reusing the bias current of the
LNA.

The interface between the LNA and the mixer merits
particular attention. As shown in Fig. 10, to achieve a wellC. IF Mixer
defined bias current in the mixer, the LNA incorporates The differential output of the RF mixers in Fig. 10 is

the dc loadM3 with diode-connected device®l, and Afs.
Neglecting the dc drop acrogs, we note thaVass+ Vass =
Vass+ Vasy. Thus, proper ratioing oM and M~ with respect
to M, and M; defines/7 as a multiple ofl;. CapacitorC;

capacitively coupled to the input port of the IF mixers,
allowing independent biasing. With an overall voltage gain of
about 26 dB in the LNA and the RF mixers, the nonlinearity of
the IF mixers tends to limit the performance of the receiver.

provides an ac ground at the sourceld§ so that the output To this end, we note that a differential pair with a constant
resistance ofM3[= 1/(gm3 + gmn3)] does not degrade thetail current [Fig. 11(a)] exhibits higher third-order nonlinearity
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Fig. 12. Band switching in IF mixers.

Fig. 13. IF mixer.
than a grounded-source pair biased at the same current and
device dimensions [Fig. 11(b)] [12]. For example, for square- Kby Kfomfioy  KfpemfLoinfLon

law devices - | i /
IpiIps = (1/Dpin Cox(W/L) (Vi) al., "“ .,

fint
VA{2Ls5/[(1/2) 1 Cox(W/L)]} — (Vin)?
in Fig. 11(a), whereas
Ipy = Ipz =(1/2)ptn Cox(W/L)
[(Vast — Vrr)® — (Vas2 — Ver)?]
=(1/2)pnCox(W/L)(Vas1 — Vas2)
- (Vas1 + Vasz — 2Vrn)

in Fig. 11(b). That is, the grounded-source pair output contains
no third-order intermodulation products. In practice, short- 0 gfn"(', 0 Dgg:lz‘;joo
channel effects such as nonlinear channel-length modulation )
and mobility degradation with the vertical field in the channel
give rise to third-order distortion, but this calculation point§'d: 14 Spurious components downconverted to baseband. (a) Effect of
. . . . Tn-band interference and (b) most significant spur combinations.
to the potentially higher linearity of the grounded-source pair.
The tradeoff is somewhat greater sensitivity to supply noise, ) o i
as expressed byus; + Vass — 2V in the above equation, . 1€ current multiplexer performs the switching function
We should also note that the addition/subtraction functidiiStrated in Fig. 12. The switches negate the signal current
in Fig. 6 must be incorporated in the IF mixer. To avoidaccor@mg to the logical state of pand select while sustaining
voltage headroom limitations at the output of the mixer, thid drain-source voltage of approximately 35 mV.
function is implemented by switching the polarity of one of the
differential signals generated by the RF mixers (Fig. 12). The
switching network is inserted in both signal paths to equalize An important concern in heterodyne and image-reject re-
the delays, but only one of the paths is controlled by treeivers is the translation of various interferers to the desired
band-select input and the other is hard-wired. channel frequency after downconversion. Owing to nonlinear-
Shown in Fig. 13, the IF mixer is configured as a doublaties and switching operations in each mixer, an interferer
balanced circuit consisting of an input paif,—A1,, a current at fi,; results in components atfi, + mfLo. With two
multiplexer S-S54, and a switching quad/s—Mg. Drawing downconversions usingro; and fr.oz2, the downconverted
a drain current of 1 mAM; and M, are sized to sustain anspurs appear atfi,; = mfror = nfrLo2, many of which may
overdrive voltage of 500 mV, thereby achieving &F; of fall in the desired baseband channel [Fig. 14(a)]. Since in-band
approximately 1.77 Vs (equivalent to+18 dBm in a 50¢2 interferers are not filtered before channel selection and since
interface). The low transconductance /df, and M together they are located on the same sidefgf; as the desired signal,
with voltage headroom limitations ultimately results in a slighthey are not suppressed by the image-rejection technique used
voltage conversion loss (abou2 dB) in the IF mixer. in the receiver.

fLor fio2

@

VI. SPURIOUS RESPONSE
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Fig. 15. RF signal feedthrough to IF port.
It is also important to note that the spurious response is not
exercised in a simple noise-figure measurement, but it reveals
the performance of the receiver in a realistic environment. LNA
) . DCS1800 VB =0y VA+(12 VA2+GG VA3
The spurious response of the dual-band receiver has been Duplexer | A B
examined with the aid of a spreadsheet program. Five in- Image
terference frequencies in each band were found to be the A '

i vAifi ; Duplexer n
most significant sources of downconverted spurs. Fig. 14(b) | ¢haracteristic _ 900 18 "
illustrates the mixing mechanisms that generate in-channel Ny gg:r"frfg MHz GHz
components. Section VIl presents the measured spurious re-] ____..-- n'/ B | ﬂ

i 900 1.8 ®
sponse for the fabricated prototype. la?loz G1I-|Bz o Miix Gite

Random mismatches in the RF mixers together with the
finite bandwidth of the IF bandpass filter yield another type @ig. 16. Problem of second-order distortion in the DCS1800 band.
spur that results from mixing of the RF input and harmonics of
thesecond.O. As illustrated in Fig. 15, random asymmetry in
the RF mixer allows a fraction of the RF signal to appear at th v
IF port without frequency translation [4]. Since the bandpass
filter (BPF) suffers from a lovg, this component is attenuated
by a small amount and subsequently multiplied by the second
LO signal and its harmonics. In the present design, only the
component given byfi, — 2f1.02 becomes noticeable in the
GSM mode. Note that the second harmonigiaf is nonzero
because Of mismatches in the LO and the mixer. Fig_ 17. In-band |eakage to antenna.

In addition to input-dependent spurious response, some

other tones are observed that result from mixing of the L owever, by virtue of differential signaling from the first IF

signals themselves. The most significant of these is given onard, and by proper low-pass filtering at the output, this
Jro1 — 3fro2. ;

Another effect that arises in the DCS1800 mode of th&P® of leakage can be suppressed to acceptably low values.
receiver is signal corruption by the imadeefore the first
downconversion. As illustrated in Fig. 16, if a strong im- VII. EXPERIMENTAL RESULTS
age component at 900 MHz accompanies the desired signalan experimental prototype of the dual-band receiver has
second-order distortion in the LNA creates the second hdyeen fabricated in a digital 0,6m CMOS technology. Fig. 18
monic of the image, thereby degrading the signal-to-nois@ows a photograph of the die, which measures &54.37
ratio (SNR) in the DCS1800 band. Nevertheless, since then?. A number of precautions have been taken in the layout
duplexer suppresses the image considerably, the corruptiomfisthe circuit. First, two pads are dedicated to the ground
negligible. Simulations indicate that if @98-dBm DCS1800 connection ofL; in Fig. 10 so as to minimize the effect of
signal and a—30-dBm 900-MHz image are applied to thebondwire inductance. Second, the RF input pad of each LNA is
receiver, the output of the LNA exhibits an SNR of 50 dBhielded from the resistive loss in the substrate by a grounded
provided the duplexer attenuates the image by 40 dB. Withpalysilicon square [12]. Third, the gate resistance of the LNA
fully differential LNA/mixer design, this effect would be evenand mixer transistors is reduced to acceptably low levels by
less critical. proper layout.

Another interesting phenomenon that results from the choiceFor inductor values greater than 10 nH, stacked structures
of the two LO frequencies is the in-band leakage to theave been used [11]. In particular, inductdts and L4 in
antenna. As shown in Fig. 17, the LO/ F; feedthrough and the RF mixer of Fig. 10—each approximately equal to 100
the low @ of the BPF give rise to a significant 1350-MHznH—incorporate three metal layers (Fig. 19) to reduce the
component at the input of the IF mixer. Upon second mixingequired area by a factor of about eight with respect to a single
this component is translated to both 900 and 1800 MHIigyer [11]. The polysilicon connection to the center of the
potentially appearing as in-band leakage to the antennagsptal-1 spiral must be wide enough to contribute negligible

900 MHz
1800 MHz

Feed-through
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Fig. 20. Measured third-order intercept point.

TABLE I
EXPERIMENTAL RESULTS FORDUAL-BAND RECEIVER
900 MHz 1800 MHz
Rx Rx w/ Rx Rx w/
alone | Duplexer | alone | Duplexer

Noise Figure 4.7 dB 7.7dB 4.9dB 7.9dB

1P; -8dBm | -5dBm |-6dBm| -3dBm

Image Rejection 40 dB 78 dB 36dB 74 dB

Input Return Loss -11dB N/A -12dB N/A

Power Dissipation 72mwW | 72mW | 75mW | 75 mW
Fig. 18. Die photograph of dual-band receiver. Voltage Gain 23 dB 20 dB 23 dB 20 dB

Supply Voltage 3V

Technology 0.6-um CMOS

-40 'y — GSM

«ene: DCS1800

)
=)

Fig. 19. Implementation of three-layer inductor.

Conversion Gain for -40dBm input, dB
&
=1

<-70 T o T o T .

resistance, but tying this side of the inductoritpp lowers k 1122223333
i m 1-3-1-3-3-1-1-3-3-5

the effect of capacitance to the substrate. N 5511553333

The chip has been directly mounted on a printed-circuit Spur Index
board such that a ground plane lies under the die, providing
a low-impedance connection to the backside and all of th&- 21 Conversion gain of various spurs in each band.
ground pads. Various supply and bias decoupling techniques
reduce the effect of both trace inductances and external sourcephe spurious response of the two receive paths has also

of noise. The quadrature LO signals are generated by me@gen studied. Fig. 21 plots the conversion gain ef4®-dBm

of external transformers. interferer after it undergoes the spur mechanisms illustrated
Plotted in Fig. 20 are the measured values of the interma@- Fig. 14. We note that the interferer experiences a loss

ulation products in a two-tone test. THé P is equal to—8 of at least42 + 23 = 65 dB with respect to the desired

dBm for the 900-MHz path and-6 dBm for the 1.8-GHz signal. Also, the most significant component, namely, that at

path. The corresponding noise figures are 4.5 and 4.9 dB, + f;.01 —5fr.02, can be suppressed considerably by adding

respectively. The image-rejection ratios are equal to 40 dBparallel first-order LC notch filter at the IF with a resonance

for 900 MHz and 36 dB for 1.8 GHz. Table Il summarizes threquency of fiu: + fror = 2.25 GHz.

measured performance of each receive path. Also shown ar€or an input level of—30 dBm, the spur affi, — 2fr.02

the quantities when front-end duplexers with an in-band logs equal to—57 dBm in the GSM mode. The discrete tone

of 3 dB and far-out rejection of 41 dB are used. resulting from fr.01 — 3fr.02 has a magnitude of40 dBm,
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and the in-band leakage illustrated in Fig. 17 is less th&80 Stephen Wuwas born in 1973. He received the B.S.

dBm. In these tests, the first and second LO levels48e
dBm.

We should also note that, while the receiver has been ch
acterized by various measurements here, in practice, the G
and DCS1800 standards require many more type-appro
tests. Also, it is important that theansmitpath use the same
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frequencies to minimize the number of oscillators an

frequency synthesizers. A companion dual-band transmitter is
described in [13].
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