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FREQUENCY TUNABLE LOW NOISE AMPLIFIER

FIELD OF THE INVENTION
[0001] The invention relates analog circuits and more specifically to analog circuiits

which provide tunable operating frequencies.

BACKGROUND
[0002] A wide variety of communication applications using numerous frequency” bands
and standards such as the global system for mobile communication (GSM, RX 935-960 MHz,
TX 890-915 MHz)), digital cellular system (DCS1800, RX 1805-1880 MHz, TX 171 0-1785
MHZz), personal communication system (PCS, RX 1930-1990, TX 1850-1910 MHz), wide-band
CDMA (RX 2110-2170, TX 1920-1980 MHz), global positioning system (GPS, 1.275 & 1.57
GHz), Wireless LAN (2.4, 4.9.5.2. and 5.8 GHz), and Bluetooth (2.4 GHz) have emerged. For
seamless communication at any time and any place, these systems are required to coexist, and
the demands for radios which can handle many if not all of these applications/systems axe
expected to rapidly increase. This type of demand is traditionally addressed by having rultiple
sets of key RF blocks, which each handle one of the bands.
[0003] However, the multiple RF block approach increases the die area or number of
integrated circuits and thus increases the cost and reduces the reliability as compared to a radio
haviﬁg a single RF block. Accordingly, a radio design is needed for multi-band operation having
a single RF block to reduce the die area and IC count as compared to conventional multi-band

radio designs.
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SUMMARY
[0004] A frequency tunable low noise amplifier (LNA) providing multi-band operation
includes an anipliﬁer, and a frequency tunable input matching metwork including at least one
varactor coupled to an input of the amplifier. The input network receives a signal from a signal
source. The input matching network includes a control input for providing an impedance match
to the source. A frequency tunable output matching network includes at least one varactor
coupled to an output of the amplifier. The output matching network also includes a control input
for providing an impedance match to a load.
[0005] The varactors are preferably on-chip varactors. At least one of the varactors
comprise source/drain to gate capacitive switches. in a preferred embodiment, the varactors are
back-to-back accumulation mode MOS structures disposed in a common well, wherein gates of
the MLOS structures are connected to an RF input provided by the signal source, with the well
being connected to a control voltage. The varactors can provide a maximum to minimum
capacitance ratio of at least 4.
[0006] The input network generally comprises at least one inductor, the inductor causing
an input impedance of the input network for two spaced apart frequency bands to converge to an
output impedance of the signal source. The output network cary include at least one capacitive
switch. The capacitive switch can include a control input, where the control input changes a
capacitance of t.he switch. The output network can be entirely on-chip.
[0007] The LNA provides an impedance match over at least 2 spaced apart RF bands.
The center frequency of the RF bands can be spaced apart by at least one octave, or more. The
LNA. can further comprise an inductor in the input network in series with the amplifier, wherein

the inductor compensates for a parasitic capacitance of the varactor in the input network.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0008] A fuller understanding of the present invention and thie features and benefits
thereof will be accomplished upon review of the following detailed escription together with the
accompanying drawings, in which:
[0009] Fig. 1 is a schematic showing a circuit comprising a frequency tunable low noise
amplifier (LNA) having frequency tunable input and output impedarace matching network,
according to an embodiment of the invention.
[0010] Fig. 2 shows a plot of the input reflection coefficient (S11) evidencing input
matching for the circuit shown in Fig. 1 as a function of frequency (in GHz) as the varactor
capacitance (Cyiy) in the input network is varied from 2 to 4 pF.
[0011] Figs. 3(a)-(d) shows variable input matching S;; of thie circuit shown in Fig. 1
using on-chip varactors (Cvin) and its parasitic capacitance (Cpsr) at various frequencies and
varactor capacitances.
[0012] Fig. 4(a) shows L-C components used in the input network and Fig. 4(b) and (c)

shows their effect on tuning bandwidth.

[0013] Fig. 5 is a plot of capacitance and Q factor vs. gate voltage for an exemplary
NMOS capacitive switch.
[0014] Fig. 6 shows the measured output reflection coefficient [S22|. As CVload and

CVout are increased, the output network can be tuned at frequencies between ~0.7 and ~2.2
GHz.

[0015] Figs. 7(a) and (b) shows the various S-parameters as a function of frequency.
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DETAILED DESCRIPTION
[0016] A frequency tunable low noise amplifier circuit providing multi-band operation
includes an amplifier, and a frequency tunable input matching network including at least one
varactor coupled to an input of the amplifier. The input network receives a signal from a signal
source. The input matching network includes a control input for providing an impedance match
to the source. A frequency tunable output matching network includes at least one varactor
coupled to an output of the amplifier. The output matching network also includes a control input
for providing an impedance match to a load.
[0017] The invention is described relative to an exemplary single RF front end low noise
amplifier (LNA) which was designed, fabricated in a 0.18-um CMOS process, and tested which
demonstrated tuneability between about 0.7 and 1 GHz and between about 1.5 and 2.0 GHz, such
as for RF band operation near 0.9, 1.57, 1.8 and 1.9 GHz. As will be evident based on the
description below, the invention is clearly not limited to the specific process used, the specific
design used, the particular bands handled, nor the number of barads obtained.
[0018] Fig. 1 shows a frequency tunable LNA 100 according to an exemplary
embodiment of the invention. LNA 100 includes a cascode amplifier 110 having inductive
source degeneration (Ls) to generate positive resistance looking into the gate of common source
transistor M}, frequency tunable input network 130 and output network 140 each matched to a 50
Q load 195. To the first order, the resistance looking into the gate of M is independent of
frequency. Although amplifier 110 is shown as a cascode amplifier in Fig. 41, the invention is in
no way limited to cascode amplifiers, nor MOS devices, nor sin gle stage amplifiers.
[0019] The tunable input matching network 130 includes of three off-chip inductors L.

,, three bond-wire/lead inductors (Lpong), and two (2) on-chip varactors (Cvin). On chip
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components are shown within the dotted line shown, while off chip components are shown
outside the dotted line for the prototype radio designed and fabricated. Although LNA 100
shown in Fig. 1 includes off-chip components comprising inductors Lg1.3, LNA 100 can be
embodied using all integrated components.

[0020] The input matching network 130 which includes varactors 141 and 142 is tuned
by changing the varactor capacitance (Cvi,) through application of control voltage Vcvin 171.
The tunable output matching network 140 is fully integrated on-chip, and includes a capacitively
switched variable L-C tank (VLC) 150 and two varactors (Cyou) 181,182, The varactor
capacitance of Cy,y is controlled by application of control voltage Vevou 191. The output
network 140 is tuned by changing the parasitic capacitance of Lp; and Lp, the C of VLC 150,
and the varactor capacitances (Cvou) though application of the control voltage Vevou 191
[0021] There are generally significant parasitic effects on input matching. When a VLC
or a varactor is used for input matching, such as in input matching network 130 and the output
matching network 140 in LNA 100 shown in Fig. 1, such structures preferably have low series
resistance and parasitic capacitance to prevent increases of noise figure (NF), while maintaining
50-Q matching (or other desired impedance level). On-chip capacitors and varactors with high
Q at 1-5 GHz are acceptable for this purpose. On the other hand, integrated VLC's using a
transistor switch are generally avoided because their losses can significantly degrade the NF.
[0022] The series resistance of the on-chip varactors can be made negligible by using a
muoderate valued high Q varactor. However, increasing the v-aractor value increases parasitic
capacitance and the loss through substrate. The loss through substrate can decrease power gain
and input impedance, and increase the NF. The parasitic capacitance of varactors (Cparin) in Fig.

1 also complicates input matching. As a result, the network is no longer a simple series network.
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As the frequency increases, the real part of the input imped ance is decreased by Cparin Which
malkes input matching difficult over a wide frequency range. Therefore, it is generally important
to minimize Cparin.

[0023] If Coparin, Lgs and Liond's are excluded and the varactor Cyi, is modeled as a
capacitor, then the resulting circuit is the same as an input amatching network having two
resonances. Accordingly, matching network 130 shown in. Fig. 1 is expected to have multiple
frequencies when the input from signal source 160 is matched to 50 Q (or other impedance
level). As will be described below, Lg; enables matching by compensating for the presence of
Chparin-

[0024] Fig. 2 shows a plot of input reflection coefficient (S1) for the circuit shown in
Fig. 1 as a function of frequency (in GHz) as the varactor capacitance (Cyin) in the input network
is varied from 2 to 4 pF. When the varactor control voltage (Vcvin) in Fig. 1 is 0V, Cyin is ~2 pF,
and the measured | S;; |'s are -13.4 dB at 0.73 GHz and -12.3 dB at 1.62 GHz. As the control
voltage Vcvin increases, the capacitance (Cyin) increases and the measured frequency bands
matched to 50 Q shift up in frequency as shown in Fig. 2. For example, when Vi is 1.8V, Cyin
is ~4 pF, and measured I Si1 | 's are -9.4 dB at 0.91 GHz and less than -10 dB at 1.98 GHz.
Thus, the impedance of the input network 130 can concurrently be matched to 50 Q from 0.7 to
1.0 GHz and from ~1.5 to ~2.1 GHz by controlling input Veyi, from 0 to 1.8 V.

[0025] The varactors Cyi are preferably implemented using two integrated back-to-back
accumulation mode MOS structures in a shared n-well to reduce Cparin. The gates of the MOS
structures M and M, are connected to the RF source (Vs) 160 and the shared n-well is connected
to the control (Vovin) 141. The parasitic capacitance Cparin of the varactors Cyin de-tunes the

input matching network 130 at both 0.91 and 1.98 GHz. However, by including the inductor L,
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and properly selecting its value, Cparin can make the input impedance to move around the 50-Q
point and the impedances at the two bands to converge to 50 Q. Figs. 3(a)-(d) demonstrates
variable input matching Si; of the circuit shown in Fig. 1 using on-chip varactors (Cvin) 141 and
142 and its parasitic capacitance (Cp,r) at various frequencies and varactor capacitances.

[0026] In Fig. 1, neglecting Cparin, Lovond's and Cin's forms a series resonant circuit and
results in a zero at a resonant frequency around 2 GHz. These elements and an off-chip inductor,
Lg, form a parallel resonant circuit and result in a pole around 1 GHz. The impedance (Zvaz)

shown in input network 130 in Fig. 1 less Cparin is shovwn in Fig. 4(a), and is given by:

2
. 1-o L’hnndcﬁi’in

ZVGZz}mLMi 2(:11. +1, a}
e 2 G2 bon CViﬂ

(M

[0027] Since the off-chip inductor La, and varactors Cyi, have high Q factors and the

! and
\/ (0.5Le2 + Lsona)Cvin VLsondCvin

combination has one pole and one zero at , respectively,

Zva is greatly influenced by Cvin (Fig. 4(b)). Depending on frequency, Zvg, can be made to be
inductive (up to about 1.2 GHz, and > 2.3 GHz) and capacitive between about 1.2 GHz, and 2.3
GHz as shown in Fig. 4(c). These characteristics provide flexibility to tune the input network 130
over a wide frequency range.

[0028] Output matching is provided in LNA 100 using an output matching network 140
comprising a variable L-C tank 150. The output matching network 140 shown in Fig. 1 is
essentially an L-matching network composed of a shumt inductor, Lp, and a series capacitor
formed with two series Cyou's. Lp, parasitic capacitance of Lp. The capacitance of varactors Cyout
are varied to frequency tune the output network 140 while keeping Q thus gain relatively

constant. Lp and its parasitic capacitance are varied using NMOS source/drain to gate capacitive
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switches 151-153 shown in Figs 1. By varying the capacitance seen from the source/drain node
to gate, the capacitance of capacitive switches 151-153 can be changed between the full gate
oxide capacitance and the capacitance associated with the gate to drain/source overlap
capacitance and drain/source to substrate jun ction capacitances to achieve a maximum to
minimum capacitance ratio of 6.8 as shown in Fig. 5. The quality factor at 2 GHz when the
switch 151-153 is on or the capacitance is high, Qon is about 8. By controlling the three
capacitive switches 151-153 shown in Fig. 1 with three control pins, Via, Viaz, and Vias, Cvicad
in Fig. 1 can be set to about 2.3, 5.7, 9.0, 12.4 and 15.7 pF, which in turn simultaneously varies
the inductance and capacitance seen from the drain node of M,. The series C of the output
network 140 is formed with two integrated b ack-to-back accumulated-mode varactors (Cyout)-
The total series capacitance can be changed from 4 to 8 pF by varying the control voltage Vevou
191.

[0029] Figure 6 shows the measured output reflection coefficient [S22|. As CVload and
CVout are increased, the output network can be tuned at frequencies between ~0.7 and ~2.2
GHz.

[0030] Regarding noise performance of LNA 100, for cascode CMOS LNAs with

inductive source degeneration there is an optimum Qv at which noise factor is the minimum.
Qugsis given by:

1 1
@gCiylop Ly  ®,C, 50 2

where Cin is the total input capacitance. This optimum Qvgs is independent of operating
frequency. As illustrated in Fig. 4(c), if Cparin is neglected, then Zya; starts inductive and

becomes capacitive as frequency is increased to about 1.2 GHz. Ci, is the effective capacitance
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of Zygy+ 1/joCygs, which is approximately Cgs at ~ 0.8 GHz and ~0.75 Cg near 1.8 GHz. To
maintain relatively constant Qygs, or to keep the noise matching optimum over the frequency
range, the effective capacitance associated with Zyg, + 1/joCgs should be reduced with
frequency and this effect can be partially achieved by using the frequency dependence of Zyg,
shown in Fig. 4(b). When the frequency is further increased to about 2.2 GHz, Zygz acts as an
inductor which increases Qvgs. This problem, however, can be solved by changing Cyi, to 2 pF
by changing Vcvin which makes Zyg, once again acting like a series capacitor to achieve
relatively constant Qv,s over frequency.

[0031] The invention thus provides reconfigurable RF circuits with dynamically tunable
operating frequencies utilizing a combination of multiple resonant networks and frequency
tuning to realize multi-band operation using a single RF front end. The input and ourtput
matching networks permit tuning over a large frequency range and also provide neax optimal
noise matching over the frequency range. The die size of multi-band low noise amplifiers
(LNAs) according to the invention are considerably smaller than convention multi-band designs
which require separate LNAs for each desired band, such as less than ’2 the size of a
conventional four (4) band ammplifier.

[0032] The frequency tuning designs and techniques described herein according to the
invention is expected to have a wide variety of applications. For example, the invention can be
used in intelligent communication systems that can dyhamically adjust spectrum usage. In
addition, the invention can be used to tune circuits post wafer processing to compersate for
process variations and operate tuned circuits with higher Q for lower power consumption. The

invention can thus significantly benefit communications, computing and telecommuinications
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applications and devices such as cell phones, personal digital assistants (PDA’s) and laptops with

enhanced communication capability.

EXAMPLES
[0033] The present invention is further illustrated by the following specific examples,
which should not be construed as limiting the scope or content of the invention in any way.
[0034] LNA 100 shown in Fig. 1 was fabricated as noted above using a 0.18-um CMOS
process, and the resulting LNA 100 tested. Figs. 7(a) and (b) shows plots of measured |S]
versus frequency for LNA 100. The LNA evidenced two tuned frequencies. The tuned
frequencies for the plots are 0.73/1.67 GHz (Fig. 7(a)) and 0.84/1 .88 GHz (Fig. 7(b)). The peak
gain |Sz1]'s are nicely aligned with the minimums of input reflection coefficient |Sy;| and input
reflection coefficient |Sy,|. By controlling input and output accumulation-mode varactors using a
control voltages Vevin and Vevou, respectively, and NMOS source/drain to gate capacitive
switches 151-153 using control voltage V4.3, the matching frequency for input network 130 and
output network 140 is varied from 0.73 to 0.91 GHz. and from 1.64 to 1.98 GHz.
[0035] In the 0.73 - 0.91 GHz range the LNA provided a maximum |Sz;| of 23.0 dB, and
the minimaum NF of 1.32 dB at 0.77 GHz. IP;qs was measured at about -15 dBm. IIP3 was
measured. at about -8 dBm. In the 1.69 - 1.98 GHz range the maximum |S;;| was measured as
15.3dB. The NF was measured at 2.54 dB at 1.69 GHz, 2.94 dB at 1.81 GHz, and 3.93 dB at 2.1
GHz. IP;qp was measured at about -8 to -9 dBm. IIP; was measured at about -0.5 dBm.
[0036] The die size of the tunable LNA 100 was 570 x 850 pm? excluding the pads. The
size of the multi-band single band LNA die was estimated to be about 0.28 mm?. The die size of

the multi—band LNA should be ~14%, ~43%, and ~57% smaller than conventional radio designs

10
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having two, three, and four single band LNA's, respecti vely. The performance of the tunable

LNA is summarized in Table I below.

PCT/US2005/037913

Table I.
Frequency N.F. IS | [dB] IIP; [dBm]

0.72 GHz 1.74 20.7 -3.17
0.72/1.69 GHz 1.83/2.54 17.8/13.5 -6.5/+2.33
0.76/1.74 GHz 1.54/2.77 17.5/14.0 N/A

0.81 GHz 1.74 22.0 -3.08
0.84/1.88 GHz 1.32/2.94 20.7/11.7 -6.17/+8.42
0.90/2.05 GHz 1.49/3.93 23.0/11.2 -2.25/+4.50

[0037] This invention can be embodied in other forms without departing from the spirit

or essential attributes thereof, Accordingly, reference should be made to the following ¢laims,

rather than to the foregoing specification, as indicating the scope of the invention.

11
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CLAIMS

We claim:

1. A frequency tunable low noise amplifier (LNA), comprising:

an amplifier;

a frequency tunable input matching network including at least one varactor coupled to an
input of said amplifier, said input network for receiving a signal from a'signal source, said input
matching network including a control input for providing a tunable impedance match to said
source, and

a frequency tunable output matching network including at least one varactor coupled to
an output of said amplifier, said amplifier driving a load, said output matching network including

a control input for providing a tunable impedanice match to said load.

2. The LNA of claim 1, wherein said varactors are on-chip varactors.

3. The LNA of claim 1, wherein at least one of said varactors comprise source/drain

to gate capacitive switches.
4. The LNA of claim 1, wherein s aid varactors are back-to-back accumulation mode
MOS structures disposed in a common well, wherein gates of said MOS structures are connected

to an RF input provided by said signal source, said well being connected to a control voltage.

5. The LNA of claim 1, wherein s aid varactors provide a maximum to minimum

capacitance ratio of at least 4.

12
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6. The LNA of claim 1, wherein said input network comprises at least one inductor,
said inductor causing an input impedance of said imput network for two spaced apart frequency

bands to converge to an output impedance of said signal source.

7. The LNA of claim 1, wherein said output network includes at least one capacitive

switch.

8. The LNA of claim 7, wherein said capacitive switch includes a control input, said

control input changing a capacitance of said switch.

9. The LNA of claim 1, wherein said output network is entirely on-chip.

10.  The LNA of claim 1, wherein said LNA provides said impedance match over at

least 2 spaced apart RF bands.

11.  The LNA of claim 1, wherein a center frequency said RF bands are spaced apart

by at least one octave.
12.  The LNA of claim 1, further comprising an inductor in said input network in

series with said amplifier, said inductor compensating for a parasitic capacitance of said varactor

in said input network.

13
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