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A Linear Integrated LC Bandpass
Filter with Q-Enhancement

Weinan Gao and W. Martin Snelgrove

Abstract—A technique is proposed in this paper for linearizing active Lt 4ic L
2-enhanced monolithicLC filters. This technique employs capacitive di-
viders and tunable linear transconductors. Various multitanh translinear
circuits can be used to implement the linear transconductors, taking into =
consideration the need for linear operating range and the low supply
voltage. A linear Q)-enhancedZ( filter using the proposed technique has Fig. 1. Configuration of activé)-enhancedLC filters.
been implemented in a 0.52m bipolar process. The demonstrated filter
chip operates at a center frequency around 1 GHz with the quality factor
tunable up to 400 without spurious oscillation. For a@) of 40, the input
intercept point and spurious-free dynamic range are—6.67 dBm and 36
dB, respectively, at a power consumption of 68 mW and with 7 dB of gain.

Index Terms—Analog filters, continuous-time circuits, monolithic in-

C C
ductors, RF IC’s, wireless IC's. T ™ l 2

|I. INTRODUCTION

al

. . . L C,=C,=C p

The rapid growth in wireless telecommunication systems has a2 2 le Lo /f
. . . . bl b2 I

necessitated research and development of monolithic bandpass filters Cy,; = Cy, = G, 1

for gigahertz radio frequencies. Active analog filters using popular
techniques such as actiRe, MOSFETC, and switched-capacitor Fig. 2.  Linearized activé)-enhanced.C filter configuration.
are still far from reaching such a high frequency. Transconductor-
C filters are fast but have poor dynamic range when designed for
gigahertz frequencies. There has been great interest in buildihg
bandpass filters using monolithic inductors on silicon [1]-[Bf The idea of activel-enhancement fol C filters is to place the
filters can be used as image reject filters at the front end of a wirelé@gSy monolithic inductors in a positive feedback loop to realize high
transceiver [4] or as inside sigma—delta modulator loops for gigahefz filters as shown in Fig. 1. Transconduct@t; injects the input
bandpass analog-to-digital conversion [5]. It has been showr(that signal to the resonators. Transconductey is placed in positive
enhanced.C filters provide an improvement @? in dynamic range feedback to operate as a negative resistor for compensating the
over comparable transconduciordilters, where@, is the quality loss of the inductor. Both transconductors need to be linearized to
factor of the inductor without enhancement [6]. Monolithic silicorake the filter exhibit good linearity, especially transconducigr
inductors are lossy and generally exhibit a quality factor less th&f1c€ @ high@ filter may result in a large output signal. Further,
10 at gigahertz frequencies. Losses in monolithic inductors can fe has to be variable to tun€ over process and temperature
compensated by the addition of active circuitry in positive feedbad@riation. Implementation of the transconductor using a Gilbert gain
to increase the quality factor of the overalC' bandpass filter at the cell plus emitter degeneration can greatly improve linearity but with
cost of nonlinear distortion due to the exponenitial characteristic of @ Significant noise penalty, a poor tuning range and a much larger
the amplifier, typically an emitter-coupled differential pair. Linearity?©Wer consumption. The dynamic range is worse than that of a
is vital in filter design for wireless receivers since signals from strorgjmple differential pair even though the linear range can be enlarged.
interferers may otherwise combine by intermodulation to mask yansconductors implemented using muiizh translinear circuits
desired signal. have excellent tunability and are not noisy; but the achievable linear
In this paper, we present an approach to improve the linearity @peration range is still limited, typically less than 100/, [7].
active Q-enhanced.C filters by using capacitive dividers and linear I addition to multitanh Iinearization, we use capacitive voltage
bipolar differential transconductors. Modified multinh doublets dividers formed by(Ca1, Ci1) and (Caz, C's2) shown in Fig. 2 to
[7] using series-connected diodes are proposed to implement fisale the filter output voltage down to an acceptable level for linear
transconductors to achieve a wide linear range. Experimental res@ggration of the positive feedback transconduaiqr This lets us

for a linear@-enhanced.C filter fabricated using a 0.5m silicon Maintain large signals on the core resonator to control noise without
bipolar process are reported. overdriving the amplifier. To derive the transfer function of the filter,
an equivalent block diagram is drawn in Fig.3(s) represents the
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Fig. 3. Transfer function block diagram of the linear acti€- filter. Kx N N Ix Ix N N Kx
From the block diagram, we have I 7
o EE? EE?
v;ut(s) = |:_Gj‘;n(9) + Gqﬁ"i}ut(s)} " Z(S’) (2)
“ b Fig. 4. Series-diode-connected doublet configuration.
Rewriting the equation
Vour(s) (Ca+ Cy)G¢Z(s) 3) two transistors. The transconductance for each differential pair is

Vin(s)  (Ca+ Cy) — CaGqZ(s)

SubstitutingZ(s) from (1), we obtain the second-order filter transfe

symmetrical with respect to the input voltage around the offset
voltage, and monotonically decreases as the input voltage becomes
[arger or smaller than the offset. The combination of these differential

funf;tlon pairs with weighting of their tail currents can produce a relatively
Vout (s) — flat transconductance over the range from the most negative offset
Vin(s) voltage to the most positive offset voltage, which defines the linear
Co+Cy Grs input range of the transconductor. To make the linear range and the
_ C(Ca+ Cp) 4+ CaCh ! transconductance of the design less dependent on the manufacturing
&2 4 Co+Cy— CuR,Gy s Ca+0Cy process, one additional consideration in this work is to have the
R,[C(Ca+ Cp) + C.Ch) LIC(Cu+ Ch) + CuCh] emitter-areas of the transistors used in the transconductors be integer

(4) multiples of a unit transistor. Unit transistors can thus be used to
) ] ] “make the integer-ratioed transistor by connecting them in parallel [8]
Comparing the above equation with the standard bandpass filigfy ratios can be expected to be relatively independent of process.

transfer function Similarly, it is also our object that all tail currents have the same
Vour(s) a0 (99 /|52 n wo T2 ) value or are the integer magnitudes of the unit tail current. Based
— T4 - w . . . . .
Vin(s) ‘\Q Q 0 on these considerations, the achievable linear operation range of the

conventional multitanh technique is very constrained. The linear
operation range is about 40V ,, for a multitanh doublet (two
differential pairs), and 5QunV,, for a multitanh triplet (three

we obtain midband gainly, center frequency, and quality factor
@, respectively,

4y = (Ca+ Ch) R, Gy () differential pairs) at 1% transconductance fall-off based on SPICE
Co+ Cy — CaR,Gy simulation and analytical analysis. One limitation of muktizh

Co+C, circui_ts is that these circuits have residual no_nlin_earities With_a

wo = L[C(Co+ Cy) + CaCh (7)  “multiple bumps” shape, and going to extreme ratios increases swing

' at the cost of making the “bumps” larger and worsening linearity

— RP[C(Ca + Ob) + Oacb]/ ,

Wwo.

®) within the “linearized” range. The tradeoff is similar to that between

Q

Co+ Cy, — CuR,Gy ripple and cutoff in a Chebyshev filter design.
To further improve the usable signal swing, the emitter-coupled
[ll. LINEAR TRANSCONDUCTORDESIGN differential pair can be degenerated by additgv — 1) diodes

The objective of the transconductor design is to achieve linelir series between the emitters of input transistors. Using diodes
operation for as large an input signal amplitude as possible, whither than resistive degeneration allows us to maintain tunability.
keeping the added noise and the power consumption as smallF¥% 4 shows a series-diode-connected doublet. It consists of two
possible. The transconductors and the capacitive dividers needufipalanced series-diode-connected emitter-coupled pairs connected
be designed properly. Compared to emitter degeneration, the multiparallel. The offset voltage created by proportioning the respective
tanh technique extends the linear operation range with (theoreticalnitter areas between the unit transistor and the ratioed transistor
3 dB less added noise and allows variable transconductance throwgift a ratio of K for a simple unbalanced differential pair is
control of the tail current. This combination of linearity and tunabilityor = Vr In K, whereV; = kT /q ~ 26 mV is the thermal voltage
is what is needed for the positive feedback transconductgr for room temperature. The differential output curreht,, for the
The feedfoward transconductd@¥; can be designed using eithertansconductor can be derived as

emitter degeneration or a multinh circuit because tunability is not Vin — NVog Vin + NVosr
. Iowt =Igpptanh | ———— | + tanh | —————
essential. 2NV INVy
A conventional multitanh transconductor cell is composed of 9)

two or more unbalanced emitter-coupled differential pairs in parallel . . L . .
and in cross-connections of input terminals and output terminalgk'ng the de_rlvatlve of the _above equation, we obtain the transcon-
[7]. An offset is created for each unbalanced differential pair. Th uctance, which can be written as

offset value is determined by the emitter-area ratio between the G =G+ G2 (20)
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Fig. 5. Transconductance characteristics with different emitter-area ratioffig\ 6. Transconductance characteristics with= 4 and different values
or V.
where . N , .
i i which tells us that the noise is determined by (G required to
G~ Tee soch? <Vin —NVy In Ix) (11) compensate losses and that transistors with Bw allow us to
2NVr 2NVr approach the limit.

and

IV. LINEAR AcCTIVE-LC' FILTER

Gy (12) PROTOTYPE AND EXPERIMENTAL RESULTS

Q

2NVy 2NV

Linear activeL.C filter design using conventional multinh
representing the transconductance of the left differential pair and titgnslinear circuits for implementing, requires a large capacitor
transconductance of the right differential pair, respectively. From thetio for the capacitive dividers and more than three differential pairs
above equations, it can be seen that the peakia$hifts N1 In K with much large emitter-area-ratioed transistors to achieve a wide
to the right of the origin, and the peak af; movesNVy In K linear operation range. The advantage is that the resulting filter can
to the left of the origin. The combination o, and G results operate at a very low supply voltage, which can be as low as 1 V.
in a linear range between the two peaks. Increasing the valuel@iw power consumption can then be expected. The design using the
N would result in a larger separation of the peaks@f and series-diode-connected doublet trades supply voltage for linearity,
G2, and therefore a larger linear range would be generated at thRich results in larger power consumption. Another way of looking
cost of linearity between the peaks. Figs. 5 and 6 give the SPIC&:-this is that designing a low-voltage circuit for the same dynamic
simulated transconductance characteristics while varfingnd NV,  range as our part would require use of lower impedance levels to
respectively. From observation of the shape of the curves in Fig. 5réduce resonatdeT/C andkT L noise, which in turn would call for
is clear thati = 4 results in the flattest curve between the two peakfigher currents at no net gain in power consumption.
From Fig. 6, we can see that the linear range is increased as expectef investigate the utility of the proposed linearization approach,
by increasing the number of diodes in series with the trade-off ofalinear activeEC bandpass filter was designed. Fig. 7 shows the
reduction of transconductance value in the linear range. This confirgigcuit schematic. The circuit gives a second-order bandpass filter
an analytical expression for the transconductance in the linear ramgeponse with itsQ tunable through the feedback transconductance
obtained from the Taylor expansion 6f at Vi, = 0, which is G, and is designed to operate at a 5-V power supply. The series-
. AKIpp diode-connected multianh doublet. was chosen for both feedfoward
= YA+ R)E (13) and feedback transconductors wilh = 4 and N' = 3. To reduce
the noise contribution of the parasitic base resistance, large transistors
N is, however, limited by the power supply voltage. For a 5-V powedre preferred in the transconductor design. We selected the monolithic
supply, the maximum number of diodes that can be used in cascaa@uctors from a library, choosing one with an intringicas high
is about 4, i.e.,N = 5. as possible to achieve a large dynamic range. The capacitors were
Ignoring the noise correlation between the tail currents, the noidesigned using a metal-insulator—-metal structure to achieve the best
analysis of the series-diode connected muiiih doublet is straight- quality factor and the best tolerance. Two identical capacitors are
forward. Summing the two identical noise generators from thennected back-to-back in parallel as shown in the figure to maintain
left-hand and right-hand differential sections in power, we have ti@lance in the presence of substrate parasitics. To reduce the substrate

input referred noise voltage coupling effects, an+ subcollector region under the capacitors was
N used to shield them from the substrate. The dc bias voltages
Vo _ [ N1+ K)? Vi andVp. of the capacitive voltage dividers are set by the voltage bias
~ kT — 2R + (14) ) . . .
VAF K Erg circuit shown in the shaded area of Fig. 7.

. . , . The LC bandpass filter circuit was implemented in a Qr%-
where Ry, is the base resistance of the transistors. Combining (1g},)ar process for a nominal center frequency of 1 GHz. This process

and (14) gives is a self-aligned double-polysilicon process with maximginof 25
o ART o GHz and maximumfma.x Of 40 GHz for the polyemitter bipolar
L \/ - <1 + ,—“> (15) transistor. The inputs are buffered by emitter followers, while the
VA G Vi [l outputs are buffered by a differential amplifier with a unity gain.
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Fig. 8. Chip microphotograph of the linear actile- filter. ) _ o
Fig. 9. Measured frequency response of the linear adtigefilter.

Both inputs and outputs have 5d-termination resistors to enable

ma Vidis 100
test on a wafer-probe station. The implemented core circuit of the te Elﬂ Hh'=ll£lll 15% m;:’ i
el 3 ¥

swma RS

chip consumes a silicon area of 760850 ym?. Fig. 8 shows the -10L

; . . . . =HL0;
fabricated chip microphotograph. The component values in the desi iy |
are:L = 7.0 nH, C = 1.316 pF,C, = 1.0 pF, andC}, = 2.0 pF. The !
chip was tested on a wafer prober through a gigahertz probe ca -0
To test the chip differentially, a pair of two-way 18®road-band = “#.0k — = =
power splitters/combiners were used to implement the single-ende -sL.n

to-differential and differential-to-signal-ended converters required ¢ gpe h

the input and output of the filter. The combiners/splitters exhibi 4 4
almost flat response from 200 kHz to 17 GHz. The test resull 0o [}
described below were calibrated based on measurements of the | | |]
from the output of the signal generators or the network analyz¢ g

to the input probers (about 12 dB) and the loss from the outpl'mtl | :
probers to the input of the spectrum analyzer or the network analyz =05 = : .

(about 12 dB). Fig. 9 shows two measured frequency responses m 'mf m m “ﬁ
the filter using a network analyzer wit§ tuned to 40 and 200,
respectively. For &) of 40, the filter achieved 7 dB of gain and
drew 13.6 mA current in total from a 5-V supply. It was found that

@ can be readily adjusted from 4 to 300 and the center frequeniogind two-tone test for & of 40. Two input tones with-27 dBm
shift during @ tuning is small (from 994 MHz for &) of 40 to signal power into the test chip were placed fat = 992.8 MHz

984 MHz for a(@@ of 200). If care is taken to avoid oscillatioy and fo = 995.2 MHz. They were 2.4 MHz apart within the filter
can be tuned up to 400 with the center frequency located at 98passhand. The third-order intermodulation products fell at 990.4 and
MHz. The linearity of the filter was tested by performing an in997.6 MHz, which were also in the filter passband. Fig. 10 shows

b oy

pie =

Fig. 10. Two-tone IM3 measurement of the activé- filter.
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on the linearization technique was fabricated in an advanced 0.5-
um bipolar process. It was demonstrated that €heof the filter

can be tuned up to 400. For @ of 40: the filter achieved 7-dB
gain, —6.67-dBm IIP3 point, 36-dB spurious-free dynamic range; it
operated at 994-MHz center frequency in measurements, while the
designed nominal frequency was 1 GHz.
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Fig. 11. Measured third-order intercept point plot.

(1]

TABLE |
MEASURED PERFORMANCE OF THELINEAR ACTIVE-LC' FILTER FOR @ = 40 (2]
Parameters Experimental Ref. [4]1(Q = 35) [3]
Technology 0.5 um & 25 GHz f, double-poly bipolar 0.8 um bipolar
Chip area 700x850 um? 0.38 mm?
Power supply 5V 28V [4]
Power consumption 68 mW (13.6 mA) 24.36 mW (8.7 mA)
Q tuning range 4 ~400 3~350 [5]
Center frequency 994 MHz 1.825 GHz
Gain 7dB 7dB
Output noise density —130 dBm/Hz —123.5 dBmvHz [6]
@ 994 MHz (—54 dBm noise power) (—44.5 dBm noise power)
SFDR 36dB 30dB
1pP3 —6.67 dBm -23.5 dBm (7]

the measured output spectrum from the frequency spectrum analyzgsr],
from which it can been seen that the IM3 product power is 40.66
dB below the output signal power. The output noise power density at
994 MHz for a@) of 40 was—130 dBm/Hz. The noise bandwidth is
Af =nf,/2Q = 39.03 MHz, and therefore the noise power is about
—54 dBm (441.76:V rms). For comparison, SPICE simulation gave
output noise power density 6131 dBm/Hz, and an integrated noise
power of —55 dBm (394.92:.V rms). The major contributors to the
output noise of the filter are the lossy inductor itself and the feedback
transconductor due to the larg&tuning current required. Fig. 11 is
the measured IP3 plot of the filter for@ of 40. The input intercept
point (1IP3) is about-6.67 dBm. The spurious-free dynamic range
at this@ is about 36 dB. Table | summarizes the measured results of
the test chip. This table also includes the results from [4] taking into
account the external losses in the test circuitry. It can be seen that
our chip has achieved significant performance improvements in IIP3
point and spurious-free dynamic range. It should be noted here that
a larger dynamic range and a lower current drain can be expected
for integrated active-C filters at 2 GHz since monolithic inductors
exhibit a better quality factor at this frequency.

V. CONCLUSION

A linearization method for monolithic activeC' bandpass filters
was introduced in the paper. It was shown that the muliih tech-
nique is appropriate for implementing tiig-enhancement transcon-
ductor. Various multitanh translinear circuits were discussed in
terms of linearity and power dissipation. A prototype filter based
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