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The Design of a 3-V 900-MHz
CMOS Bandpass Amplifier

Chung-Yu Wu,Senior Member, IEEEand Shuo-Yuan Hsia®tudent Member, IEEE

Abstract—A new bandpass amplifier which performs both fiers (PA’s). Recent progress in IC technology has brought the
functions of low-noise amplifier (LNA) and bandpass filter (BPF)  cut-off frequencies of CMOS devices beyond the GHz range,
is proposed for the application of 900-MHz RF front-end in wire- but implementing the GHz-range CMOS components is still a

less receivers. In the proposed amplifier, the positive-feedback . ) o
O-enhancement technique is used to overcome the low-gain low-gdreat challenge due to the existence of inherent limiting factors

() characteristics of the CMOS tuned amplifier. The Miller- in CMOS technology. The limiting factors encountered in the
capacitance tuning scheme is used to compensate for the procesCMOS RF design include:

va}r_iatic_ms of center frequency. Usin_g the high&) banqlpa_ss am- « low device transconductance:

plifier in the receivers, the conventional bulky off-chip filter is . . . .

not required. An experimental chip fabricated by 0.81um N- * large dgwce te.rmlnal gapacngnces, . ) .
well double-poly-double-metal CMOS technology occupies 2.8 * not available high-precision high-quality on-chip passive
2.0 mn? chip area. Under a 3 V supply voltage, the measured components;

quality factor is tunable between 2.2 and 44. When the quality  « not available precise high-frequency CAD model.

factor is tuned at @@ = 30, the measured center frequency of the . .
amplifier is tunable between 869-893 MHz with power gain 17 Recently, much effort has been devoted to the integration of

dB, noise figure 6.0 dB, output 1 dB compression point at-30 RF components in CMOS technology. With the special tech-
dBm, third-order input intercept point at —14 dBm, and power niques developed to overcome some of the limiting factors, the

dissipation 78 mWw. proposed CMOS LNA [12], [13], mixer [14], [15], synthesizer

Index Terms— Bandpass amplifier, bandpass filter, cMOs [16], and PA [17] have good high-frequency performance.
technology, integrated inductor, low-noise amplifier, mobile However, the CMOS BPF has not been reported. Thus, the

communication, radio frequency, wireless receiver. external passive filters such as ceramic filters or surface
acoustic wave (SAW) filters are still required [18]. In order
|. INTRODUCTION to obtain the maximum integration level, the BPF's have to

) ) ) be on-chip integrated with other CMOS RF components.
N recent years, the rapid growth of mobile radio Sys- |, this paper, a new 900 MHz CMOS bandpass amplifier
tems has led to an increasing demand of low-cost higiy- hroposed, which performs the functions of LNA and BPF
performance communication IC’s. The operational frequengymjtaneously. As compared with the design of separate LNA
bands of the modern mobile systems such as advanced mobjlg gpF, the proposed bandpass amplifier can retain the same
phone service (AMPS) and Pan European Group spedighires of low noise, high gain, and high Moreover, it has
mobile (GSM) are 900 MHz, and 1.9 GHz for the persongl,e advantages of low cost, low power consumption due to

communication network (PCN) and digital European cordlegsg high integration level, and the reduction of extra matching
telephone (DECT) [1]. In such a high-frequency band, th§oments between LNA and BPF.

complete systems often contain many IC’s and discrete ele-rpg ynical system requirements of RF front-end circuits in

ments to obtain the maximum performance/cost ratio. Typiclypije systems are given in Section II. The design methodol-
implementation of the systems uses silicon bipolar or BICMO, y of the proposed bandpass amplifier is given in Section III.
IC's as the RF/IF sections [2]-[7] and CMOS IC’s as thg, section Iv, design considerations and simulation techniques

baseband section [8]-{10]. In order to obtain a small-sizgq yresented. In Section V, experimental results are described.
low-weight handheld system, a single-technology scheme,;l;ﬁa”y, the conclusion is given in Section VI.
preferred for the maximum integration level. To realize this

scheme, low-cost high-integration all-CMOS implementation
is one of the most attractive solutions [11]. Il. SYSTEM REQUIREMENTS

'_I'he key factor to obtain an all-CMOS system is the avfaul- The RF front-end circuit is an important building block in
ability of high-performance CMOS RF components, which, yireless receivers because it determines the RF sensitivity
include low noise amplifiers (LNA's), bandpass filters (BPF'S) 4 intermodulation immunity of the overall receivers. A
mixers, voltage control oscillators (VCO's), and power ampliy ;.o piock diagram of the RF front-end circuit is shown in
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Fig. 1. Typical block diagram of the RF front-end in wireless receivers. @5\6?—{
S

filter and LNA must be met simultaneously. The essential

features are center frequency, quality factor, power gain, noise

figure, linearity, impedance matching, stability, and power

consumption. Rs 0)
The major function of the band filter is to remove the out- *

of-band noise, which also contributes to the rejection of image *

signals. In the modern 900 MHz mobile systems, the signal Voo GV 2L I c o
bandwidth is 25 MHz (AMPS, GSM) or 35 MHz (E-GSM). meeste e I tof < Ztot

? To buffer

Thus, a band filter of) = 30 is required.

The power gain of the front-end pre-amplifier is an impor-
tant parameter in the receivers. Its value should be high enough
to reduce the noise contribution of the subsequent stages, but )
not so high to overdrive the subsequent mixer. The power gdiig. 2. (a) Circuit diagram and (b) simplified small-signal equivalent circuit
is featured byS,; (transducer power gain) of the amplifier. It<°f the RF tuned amplifier.
typical value is about 10-20 dB.

Both noise figure (NF) and third-order input intercept point
(1IP3) are also important features. They determine the mini- lll. DESIGN METHODOLOGY
mum detectable signal and the RF sensitivity of the receivers.

For a.GtSM regeiver, the.GMSI.< modulation scheme requirg\s_ RF Tuned Amplifier

the minimum signal-to-noise ratio of 12 dB wher-402 dBm ) .

signal is received [19], which is equivalent to the maximum TN€ design of the bandpass amplifier is originated from the
NF of 7 dB in the front-end circuits. Assume the total NF oRRF tuned amplifier shown in Fig. 2(a), which consists of a
the stages subsequent to the bandpass amplifier is less #@#f0de stage driving ahC' resonator and an output buffer
the gain of bandpass amplifier. Then the required NF of tﬁélvmg a low-resistance Ioao_l. Generally, the tur_1_ed amplifier
bandpass amplifier is about 6 dB. However, the NF of tHg & popular structure for high-frequency amplifiers. In the
bandpass amplifier should be kept as low as possible to eRe tuned amplifier of Fig. 2(a), th&C' resonator acts as a
the NF requirements of other stages in the receiver. high-impedance load for .the 'cascode stage at the resonant

The linearity of a receiver is characterized by theslipfreéquency. Thus, the circuit gain at resonant frequency can be
because the intermodulation of two signals in the adjacelpggstgd.Aamphfle_d small-signal eq_uwalent circuit of the am-
channels may appear in the desired channel to degrade RHfier is shown in Fig. 2(b), whereg,,, is the transconductance
signal-to-noise ratio. For a better intermodulation rejectioR the MOSFETM,, L,, is the equivalent parallel inductance
the value of IIR should be as high as possible. Typicaf! the inductorL, Ci,, is total capacitance at the nod®
specification of the IIp is about—18 dBm [20]. Moreover, including the capacnoﬁ'and the terminal capacitances of the
large-level signals may also occur at the input terminal of t}BOSFET My, and G, is the total conductance at the node
receivers, thus the 1 dB compression point {5 used to ® mclqdmg the output conductance of the (_:ascode stage and
measure the power handling capability of the amplifier is aldB€ €quivalent parallel conductance of the indudtorFrom
an important factor. The value of, B should be as large asFi9: 2(b), the voltage gain at the resonant frequency can be

ad
(b

possible. derived as
The impedance matching at input and output terminals Gm1
are also important features. The matching characteristics are Ay =-— Gron Abpuffer 1)

characterized by;; and.Ss2, whose values should be as low

as possible to avoid the use of external matching elementere Ay .g.. iS the voltage gain of the buffer. As seen in
In addition, the amplifier should also be a stable two-pofl), the key factor to obtain high circuit gain is to decrease
network. Its stability factok” used to measure the tendency othe value ofGG.¢, or equivalently increase th@ value of the
oscillation must be considered. Finally, the power dissipationductor L.

of the circuits should be kept low to extend the available Unlike the integrated inductors in the GaAs monolithic
service time of the battery-operated portable systems. microwave integrated circuit (MMIC) technology with gold
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Fig. 3. Measured inductance and quality factor versus frequency of aThe basic principle of theQ-enhancement technique is
four-turn spiral inductor with optimum performance around 1 GHz. .
to add a negative conductance to th€' resonator so that
the inductor resistive losses can be compensated. With the

metallization layer on thick dielectric substrate, the inductoR€9ative conductance-Gi, connected in parallel with the
in CMOS technology suffer from the resistive losses of mefésonator, the total conductan@.. in Fig. 2(b) becomes
allization layer and substrate resistance. Thus, the inductors’ Giot = G — Gn, (2)

quality factor and self-resonant frequency are limited [21], . ) o
[22]. Investigations show that a four-turn square spiral induct$fnereG is the parallel conductance of the inductor which is

with 24-um line-width, 8u:m line-space, and 314m outer- €dual to 1/780 at 900 MHz in this design. As in (2Jrc: is
dimension has the maximum quality factor around 1 GHz. THj¢creased by the presence of negative conductatég As
measured inductance and quality factor of this inductor af&ort 1S decreased, th@ value of the circuit can be increased
shown in Fig. 3. As may be seen from Fig. 3, the inductan@d the required circuit gain can be obtained with a lower
and quality factor at 900 MHz are 3.7 nH and 2.9, respectivel‘{/‘?‘lue Of g1

This low-quality-factor inductor prevents the direct realization "€ negative conductance(, can be generated from
of CMOS tuned amplifier in Fig. 2(a). a positive feedback network. In this design, the negative

The required power gain described in the previous sectigRnductance is generated by a source follower with a common-
is 10-20 dB. Assume the design goalds, = 16 dB. Then gate stage as the positive feedback element as depicted in

the required voltage gair, is 10 dB in 502 systems. Since Fig. 4. In Fig. 4, the transistal/s acts as the source follower

the driving capability of the CMOS buffer is limited and itsVN€réas the transistab/, as the common-gate stage. The

loss is about 6 dB, the requirggh, /Gio; is 16 dB= 6.3. The effe_ctive negative conductance of this combination can be

value of G, depends on the resistive loading of the ngde derived as

Because the output resistance of the cascode stage is often -G, =-

very high, the value of; is dominated by the parallel con- gm3 + Gma

ductance of the integrated inductor. The parallel conductant8€re the transconductances,; and g4 of Mz and My,

of the optimized CMOS integrated inductor is about 147t r(_aspectlvely, are determm_ed by the bias current of the tran-

900 MHz. Thus the requireg,,; is 6.3 G = 6.3(1/78) = SISOr M. Thus, the negative conductane, can be tuned

8 x 102 U. Such a high transconductance requires a Iargérough the tuning ofty,5. Since -G, is tunable, Gy is

W/L ratio device operated at high dc current. Simulatiofils© tunable. Thus, the circuit gain and quality factor become

shows that an NMOSFET withV/L = 1250/0.8 operated Unable.

at Ip = 52 mA is required. AtVpp = 3V, the dc power ) o

dissipation would be 156 mW. Such a high power dissipatidn Center-Frequency Tuning Circuit

would prevent its applications in modern portable systems. Since the center frequency of the tuned amplifier is deter-
Since the intrinsic characteristics of CMOS devices canined by the integrated. C resonator which has inevitable

not easily be modified, improving techniques on integratedriations in the IC fabrication process, the value of center

inductors must be developed to realize the RF tuned amplifillequency may suffer from a deviation from the desired one. A

Recently, large suspended inductors on silicon substrate havethod to overcome this drawback is to post-tune the values of

been proposed [12] which use an extra mask to etch substrater C after the chip has been fabricated. Thus, the variation of

material under the inductors. Thg-enhancement techniquescenter frequency can be compensated through the post-tuning

are also proposed to enhance the quality factors of the infgecess.

grated inductors [23]-[25]. In this design, theenhancement In this design, a Miller-capacitance tuning scheme is used

technique is employed. to post-tune the” value. The scheme is illustrated in Fig. 5

Im39m4 (3)
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Fig. 5. Miller-capacitance tuning scheme.
Fig. 7. Block diagram of the proposed bandpass amplifier.

circuit diagram is shown in Fig. 8 where the circuits introduced
in Section Il are used. In Fig. 8, the bias transistdfg, and
M, are used to bias the tuned amplifier. The transconductance
gm1o Of Myo and the output resistaneg;; of AM;; determine

out the input resistance of the circuit. Sineg;; > 1/gm1o0,
the contribution ofr,;; to both input resistance and noise
figure can be neglectedis and Cp are antenna termination
resistance and dc blocking capacitor, respectively. The output
buffer formed by two cascaded resistor-load source followers
has a voltage gain aofl;,.g... The tuning of center frequency
and quality factor are realized through the tuning of bias

Fig. 6. Circuit diagram of the voltage amplifier in the center-frequencygltagesVy and Vo, respectively.

control circuit The center frequency,, quality factor(, input resistance

_ _ .. R;, voltage gainA, at fy, and noise factod” at f, can be
where Cy is the feedback capacitor of the voltage amplifi€farived under the first-order approximation as

with the voltage gain—A;. Due to the Miller effect, the 1
effective capacitanc€.g at the input terminal of the voltage fo=—— (5)
amplifier becomesl + A;)C;. By tuning the value of-A;, 2/ LpClror
the effective capacitand€.g can be tuned to compensate for 1 Chot
the deviations of the center frequency. -G L (6)
. . . tot §2
In the design of the voltage amplifier, tuning range-od s 1

should be large enough to obtain the desired tuning range of R, = (7)
center frequency. In addition, the output impedance of the 9m10
voltage amplifier should be kept low to minimize its resistive P R gm

. e . K . A, Abuﬂer (8)
loading to other stages. The voltage amplifier in this design is Rs + R; Giot ,
shown in Fig. 6 where a resistor-load common-source stage is o 2 2(1 + gmi0Rs)
connected to a resistor-load source follower. The voltage gain F=1+ 3(9"’10 gmin)Bs + 3 Rsgmi
of the amplifier is {1 N Gma (s + ]} ©)

: 9m3 T GmaGms
—Aj = —gmeReK7 (4) 97:1(Gm3 + gma)

) ) where g,,,; is the transconductance of the transisidy, and
where K is the gain of the source follower anés andg,.¢ L, is 4.1 nH at 900 MHz. Note that (5)—(9) give sufficient
are the load resistance and transconductance of the commg#yracy for hand calculation and can be used as the design
source stage, respectively. The voltage gaifi; can be tuned gyidelines to determine or adjust the parameters in the circuit
through the tuning o§,,¢, which is accomplished by changingsimulations.
the source control VoltagﬁF of the tl’anSIStOMG It is noted In the above des|gn equanr@tOt consists of the tunable
that both the source d% and the resistoR;; are conn.ec.ted 10 capacitancél 4+ A;)C; and the parasitic capacitancg, and
Vr to realize they,, tuning and reduce the power dissipationshe terminal capacitancg’ of the MOS devices. Thus

IV. DESIGN CONSIDERATIONS Crot = (1+ Ap)C + O+ C. (10)

A. Design Equations Due to the strong dependencefgfon the parasitic capacitance
The block diagram of the proposed bandpass amplifier &, more precise simulation with the parasitic capacitances

illustrated in Fig. 7 where th&)-enhancement circuit andextracted from the circuit layout is necessary.

center frequency control circuit are connected in parallel The advantage of incorporating tlig-enhancement circuit

between tuned amplifier and output buffer. The correspondingth the bandpass amplifier can be seen by evaluating the value
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Fig. 8. Overall circuit diagram of the bandpass amplifier.

of g1 from (5)—(8). At the center frequency of 900 MHz,

TABLE |

163

the required value OCt " is 7.62 p|: from (5) Under the COMPONENT VALUES AND DEVICE DIMENSIONS OF THE BANDPASS AMPLIFIER
o . .

specificationsA, = 16 dB at() = 30 and L, = 4.1 nH in PARAMETERS VALUE
this design, the resultait,,; is 1.43 x 10~2 U in (6). Then (W/L), 1560/0.8
SubstitutingAv = 3.16, Rs = R, = 304, Abuﬂer = 0.5, (WiL), 780/0.8
andGio; = 1.43 x 1072 U into (8), the resultand,,,; is 1.8 x (W/L); 2400/0.8
10~2 U. This value 0fg,,; is 4.4 times lower than that required (WL, 800/0.8
in the amplifier withouty-enhancement circuit as calculated in (WIL)s 400/0.8
Section Ill. Thus, high) and high gain can be obtained with (zvv;t)ﬁ iggﬁgz
a lower value ofg,,;. Although the (J-enhancement circuit EW/LZ 200/0"8
consumes power too, the total power dissipation is still lower WD), 200/0.8
than that withoutQ-enhancement circuit. WD 200/0.8
B. Simulation Techniques (CW/L)“ 5008
f 1pF
The circuit simulations based on the conventional device R 300 Q
model have been found to have limited accuracy in the R, 20Q
900 MHz frequency band. In order to obtain more accurate Ry 1.2kQ
simulation results, an extended wide-channel MOS model is R 180 Q

employed [26] which replaces each large MOS device by

ten smaller MOS devices connected by the gate polysilicim Table I. From the simulation results, it is shown that the

resistances of MOS devices. The major difference betweproposed bandpass amplifier has tunable center frequency

wide-channel model and conventional model is that the widbetween 933-966 MHz, 10 dB power gain, and 5.8 dB noise

channel model takes into account the effect of gate poly resiiggure when tuned a@) = 30.

tances of MOS devices, which produce considerable thermal

noise and are important in the noise performance simulatiofs. @-Tuning Limit

Thus, the noise simulations with the conventional model could The @-tuning limit encountered in this circuit is caused by

lead to inflated results. the instability of the positive feedback network for negative
The simulation model of the inductor is based on agonductance generation. As in (2), the total conductaige

extended multisection equivalent circuit model developed Iy the sum of the negative conductaneér,, and the parallel

the authors [22], which has been proved to have high accuraghductance;, of the inductor. If|—G,,| is tuned to be equal

in modeling the high frequency behavior of the inductors o G, Gi.: is zero and@ is infinite as in (6). Thus, the

silicon substrate. In the whole circuit simulations, the parasitignplifier starts to enter the unstable region|+G,,| > Gy,

capacitances extracted from the circuit layout are considergge value ofG,,, becomes negative and the transfer function

To determine the component values and transistor dimensi@fishe amplifier has right-half-plane (RHP) poles and s,

of the circuit, many trade-offs among,, A,, R;, ', and expressed as

power dissipation should be encountered. Therefore, iterative 3
tuning and simulation of each circuit component is necessary S1, 89 = |G ot + \/ r <|Gtot|> ' (11)
to obtain the optimal performance. After the optimization, 2C0 LpCot 2C%0r

the component values and device dimensions are summarigedhis case, the amplifier is unstable.
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Fig. 9. The microphotograph of the fabricated bandpass ampilifier.

Since the values df/;, and,, are frequency dependent, so
is Giot- When the amplifier is tuned to the high condition,
|-G, (jwo)| = Gr(jwo) at the center frequency,. Under
this condition, the amplifier is stable g%. But at some
frequencyw around fy, |-Gr(jw)| > Gr(jw) could occur
and the total conductancg,,; becomes negative. In this case,
the input impedance of the amplifier is also negative Sndis
higher than 0 dB. Since a stable circuit requires b®th and
Soo below 0 dB at all frequencies, the maximum stable quality
factor of the amplifier is the value af when S;; > 0 dB
occurs. Note that the high-frequency spurious signals in the
circuit may have positive feedback and become unstable. This (b)

may further degrade the maximum stable quality factor.  Fig. 10. The measured (&J21 magnitude and (b)511 magnitude of the
fabricated amplifier tuned at differel values.

$44(dB)

_8 T T T
7.0x108 8.0x108 9.0x108 10° 1.1x10°
Frequency (Hz)

D. Layout Consideration Voo, Vi, Vo, and the gate bias al4; are 796, 46.4, 29,
The chip layout plays an important role in the highand 69.6 pF, respectively.

frequency circuits design. The unsuitable circuit layout

may drastically degrade the circuit performance due to the V. EXPERIMENTAL RESULTS

increasing induced or cpupled. no?se. To obtain the 'desired-rhe bandpass amplifier was fabricated by r8-N-well
performance, the following guidelines are followed in thg,pie-poly-double-metal CMOS technology. The resistors
layout design. Rg¢—Ry in the circuit are implemented by poly resistors. The
* Al active devices are surrounded by groundedguard microphotograph of the experimental chip is shown in Fig. 9.
rings to minimize the substrate noise and reduce th®e measurements were performed by wafer probing systems

coupling among the devices. with on-chip calibration technique. The nominal supply volt-

* Allinterconnections are made by metal layer to minimizgge of the fabricated amplifier is 3 V. As the supply voltage
parasitic resistance. is below 3 V, both circuit gain and linearity are degraded.

* All MOS devices have minimum gate length of Quén The measuredS,; and S;; of the fabricated amplifier
to reduce the terminal capacitances. tuned at different) values are given in Fig. 10(a) and (b),

* Ground connections are carefully routed to prevent thgspectively. In these measurements, the center frequency
ground loop. control circuit is disabled and thé&)-enhancement circuit

Furthermore, in order to reduce inductive parasitics of thie tuned by increasing th€-tuning bias voltagely, from
power lines, all voltage bias or power supply nodes afe7-1.08 V. WhenlV, = 0.7 V, the -enhancement circuit
connected with large on-chip bypass capacitors which aeedisabled and the inherei@ is 2.2, which is lower than
made by connecting many unit interpoly capacitors in paralldie @@ value (2.9) of the integrated inductor because of the
to reduce terminal series resistances. Since the capacitors meystive parasitics in the circuit. Ag; increases, both quality
occupy large chip area, the value of each bypass capacfaetor and amplifier gai$s; are increased due to the increased
is optimized through simulations to obtain the maximurpositive feedback. However, the peak%f; is also increased
performance/area ratio. The bypass capacitances at the nadethe same time. In Fig. 10(b), th&; peak crosses 0 dB
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Fig. 11. The measure@ andQ-tuning sensitivityAQ)/ AV (MmV) versus  Fig. 12. The measured noise figures of the fabricated amplifier tuned at

tuning voltageVy of the fabricated bandpass amplifier. Q = 30 andQ = 10.

when the quality factor is 44 witfi; = 1.08 V. This means 25

the circuit is unstable if) > 44 and the maximum stable

is 44. 20 | 24 MHz
A plot of the measuredy and Q-tuning sensitivity —= =

AQ/AVg (mV) versus Vg is shown in Fig. 11. As seen 15 |

in Fig. 11, @ is more sensitive to the variation &, when

the ) is tuned higher. In the measurement(@f= 30 + 3, the ~ 10 |
required accuracy oV is +£10 mV. Both threshold voltage %,

and resistance variations in the circuit affect the accuracy of &

tuning voltage. The measurement results have shown that,m ] @=30
under a fixed tuning voltagéy, = 1.06 V, the variation 0
of @ = 30 among 40% chips ist15%. The chip-to-chip |
() variations can be reduced by proper layout technique.
Moreover, bothQ)-tuning sensitivity and? variations can be 5 1
reduced by using the current tuning through a current mirror
to adjust the voltagd/,;. -10 ‘ T T
Since the bandpass filtering function of the proposed am- 7.0x108  8.0x10%  9.0x108 10° 1.1x10°
plifier has second-order characteristics, the out-of-passband Frequency (Hz)

attenuation is not so high as that in high-order filters. As can _ 3

be seen from Fig. 10(a), the amplifier gain at the_frequenciggr'n;Sd'mJ;‘ea;,nde;siﬂgﬁﬁ,;qeg:ftr;%rf;fg:;gso{,vﬁ?ﬁ tfr?: lma?gq pifter uned

smaller than 800 MHz or greater than 1 GHz is below 0

dB, and it changes slightly a®@ is varied. Thus, when the contributed by the devices after the gain stage is increased

bandpass amplifier is applied to a dual-conversion receivand NF is increased. Comparing the measured NF (6.1 dB) to

with 70-100 MHz IF, the image filter is still required. the simulated value (5.8 dB) under the same gain of 10 dB,
As @ is tuned from 2.2-30, the peak gain increases frothe deviation is 4.8%.

—3.4 to 17 dB, the center frequency decreases from 951 MHZThe center-frequency tuning range of the fabricated am-

to 893 MHz, and the total dc current increases from 13.9 piifier is illustrated in Fig. 13 where the measuréd; at

24.1 mA. Because the amplifier characteristics strongly depeméximum and minimuny, with the same) of 30 are given.

on @, the following measurement results are obtained Wth As seen from Fig. 13, the tunable range is 24 MHz from

fixed at 30. In some cases, the measured results@yithned 869-893 MHz. If(} is decreased to terfy can be increased to

at ten are also given for comparison. 905 MHz and the tunable range fif remains almost the same.
The measured noise figures of the fabricated amplifier wi@omparing the measured maximum frequency (893 MHz) to

@ = 30 and Q@ = 10 are shown in Fig. 12. As seen fromthe simulated value (966 MHz) & = 30, the deviation is

Fig. 12, NF is about 6.0 dB around the center frequenc§.2%. Note that the tuning of, is dependent upon that of

As (@ decreases, NF increases. This is because the decredge@herefore, iterative tunings dfy and Vy are required to

@ leads to the decreased amplifier gain. Thus, the noisbtain a specified set of, and Q.
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o Fig. 15. The measured (&)1 andS22 and (b)A and|A| of the fabricated
3 amplifier tuned atQ = 30.
0_3 60
OP, gp and third-order input intercept point BRat Q = 30
-80 | (10) are—30 (—23) dBm and—14 (—12) dBm, respectively.
The linearity is degraded with the increas@decause of the
increased positive feedback.
-100 100 éo éo The dynamic range of the circuit is measured by the input
i ) ) 0 1 dB compression point/(?; 4g). In Fig. 14(a) and (b), the
Pin (dBm) values of IP g5 at Q@ = 30 and Q = 10 are —47 and
—31 dBm, respectively. The dynamic range of the actiye
(b) enhancement circuit is limited by the inherentof the circuit

Fig. 14. The measured®oyr and Pjags versus Py, of the fabricated [24], which is 2.2 as in Fig. 10(a). Higher dynamic range can
amplifier tuned at (a)) = 30 and (b)@ = 10. be obtained by increasing the inheréht which can be done
by using a highg inductor or reducing the resistive loading of
The linearity measurement results of the circuit tuned Eie circuit. In most cases, th of integrated inductors cannot
@ = 30 and@Q = 10 are given in Fig. 14(a) and (b), respecbe increased without modifying the fabrication process. Thus,
tively. These plots are obtained by applying two sinusoidéte only way to improve the dynamic range is to reduce the
signals of equal poweP,, and different frequencieg, and resistive loading. In the circuit of Fig. 8, reducing the value
f» to the amplifier and measuring the output power specteh R, decreases the resistive loading. However, the tuning
Py at frequenciesf; and Prys at 2f, — fi versus input range of fy is also decreased. Thus, one should trade off
power Py,. In the measurement @ = 30 (10), the two-tone between dynamic range and tuning rangefgfIn this case,
frequenciesf; and f, are 893 (905) MHz and 897 (909) MHz,I P, gg = —47 dBm is obtained with thefy tuning range of
respectively, and the third-order intermodulation frequen@&4 MHz.
2f2—f1 15901 (913) MHz. Note that all the frequencigs f», The measured matching characteristitls and S, and
and2f, — f; fall in the passband of the amplifier. In Fig. 14(aktability factor K and |A| of the circuit tuned aty = 30
and (b), the corresponding 1 dB compression paifitgs and are given in Fig. 15(a) and (b), respectively. As seen in
third-order intercept points Pare indicated. As can be seerFig. 15(a), S22 is below —13 dB at all frequencies. This
from the figures, the measured output 1 dB compression poineans the output impedance is well matched to{b0As
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(3]
() is tuned, S5, is only slightly changed due to the good
output isolation offered by the double-buffer output stagel4]
On the other hand, the input terminal is not well matched
due to the trade-off betweefi;; and NF. As in (7), good [5]
input matching requires the transconductangg, = 1/50 U.
This value of g,,;0 would produce considerable noise and[ﬁ]
degrade the overall noise figure as in (9). In order to keep
the NF within the specification, the value gf,1 is setto a ]
lower value to reduce the noise effect. Therefore, the external
input matching circuit is required to obtain the minimum input[8]
return loss. AnLC network contains a series inductor of 11
nH and a parallel capacitor of 6 pF at the source end cap
be used as the external matching circuit to match the input
impedance. The simulation results have shown that with tlﬁ%]
LC input matching circuit,S1; is lower than—12 dB in the
passband. The other parameters suclf,ag?, gain, and NF [11]
change slightly after adding the matching network because the
response of the amplifier is mainly determined by the interngk]
circuit and the losslessC' elements do not contribute thermal[ls]
noise. As shown in Fig. 15(b), the required conditions for an
unconditional stable systenf{ > 1 and|A| < 1, are met in  [14]
this design. The measurement results of the fabricated CM(a%J
bandpass amplifier are summarized in Table II.

[16]
VI. CONCLUSION

A bandpass amplifier has been successfully designed a{%
fabricated by using 0.8m CMOS technology. Incorporating
both Q-enhancement circuit and center-frequency control cifL8]
cuit with the tuned bandpass amplifier, the limiting factors ing)
CMOS RF design can be overcome and the amplifier perfor-
mance can be improved. In performing high-frequency circ
simulation for the proposed amplifier, wide-channel MOS
model and multisection inductor model are used to minimizall
the simulation errors. The performance of the experimental
chip has been verified, which can meet the requirement [@]
900 MHz wireless receivers. Thus, the proposed bandpiga
amplifier can perform the functions of LNA and band filter i
conventional 900 MHz front-end circuits. Moreover, it is quité24]
feasible to use the amplifier in the high-integration aII-CMO§5]
receivers.

In the future, high-order bandpass amplifier design aréfl
the integration of other RF components in CMOS will bg,,
conducted.
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