
RADIO FREQUENCY LOW NOISE AMPLIFIER WITH AUTOMATIC
GAIN CONTROL TECHNICAL FIELD [0001] The present
invention generally relates to amplifiers, and more
particularly to low noise amplifiers for use in radio
frequency equipment or the like. BACKGROUND [0002]
Radio frequency (RF) devices transmit an information
signal from one point to another by moving the
information signal to a higher frequency range that is
more suitable for transmission over the medium being
used. This process is known as upconversion. As used
herein, "radio frequency signal" means an electrical
signal conveying useful information and having a
frequency from about 3 kilohertz (kHz) to thousands of
gigahertz (GHz), regardless of the medium through
which such signal is conveyed. Thus an RF signal may
be transmitted through air, free space, coaxial cable,
fiber optic cable, etc. An RF transmitter mixes the
desired signal, known as the baseband signal, with an
RF carrier frequency for transmission over the
selected medium. An RF receiver then mixes the signal
with the carrier frequency to restore the signal to
its original frequency. [0003] In a typical RF
receiver the RF signal is received by an antenna, then
amplified using a fixed gain amplifier and transmitted
over a transmission line having a characteristic
impedance to the receiver circuitry. Since the
received RF signal strength can vary significantly
depending on the distance between the receiver and the
transmitter, RF receivers typically include a circuit
for automatic gain control (AGC). AGC is helpful to
the operation of the receiver because it helps to keep
the power level of the received signal close to the
optimal level. The signal at the other end of the
transmission line is then typically amplified in a
variable gain low noise amplifier (LNA) whose gain is
controlled by the AGC circuit before being converted
from RF to baseband. [0004] One known method of AGC
uses a variable resistor T-network. This T-network
includes resistors that whose resistances can be made
to vary together. The T-network allows the
transmission line termination impedance to be kept at
the desired value while the signal is properly
attenuated, resulting in near optimal power transfer.
However resistor T-networks exist as discrete
components, which add to system cost. Furthermore
resistor T-networks are not very accurate when
implemented in conventional, low-cost CMOS integrated
circuits. It would be desirable, therefore, to provide
new RF circuitry capable of integration but with
performance comparable to or better than such known
discrete circuits.BRIEF SUMMARY [0005] In one form a
low noise amplifier includes first and second
transconductance devices, first 



and second load devices, and an attenuation device.
The first transconductance device has a control
electrode for receiving a first input signal, and a
first current electrode. The first load device has a
first terminal coupled to a first power supply voltage
terminal and a second terminal coupled to the first
current electrode of the first transconductance device
and forming a first output voltage signal thereon. The
second transconductance device has a control electrode
for receiving a second input signal, and a second
current electrode. The second load device has a first
terminal coupled to the first power supply voltage
terminal and a second terminal coupled to the first
current electrode of the second transconductance
device and forming a second output voltage signal
thereon. The attenuation device is coupled between the
first current electrode of the first transconductance
device and the first current electrode of the second
transconductance device, and has a control input
terminal for receiving a control voltage thereon.
[0006] In one particular embodiment of the low noise
amplifier the attenuation device advantageously
includes a plurality of exponentially-weighted
attenuation devices. The exponentially-weighted
attenuation devices may be controlled by a plurality
of control signals, together comprising the control
signal, coupled to corresponding ones of the plurality
of the exponentially-weighted attenuation devices.
[0007] In another particular embodiment a low noise
amplifier includes first through fourth inductors,
first through fourth transistors, and an attenuation
device. The first inductor has a first terminal
coupled to a first power supply voltage terminal, and
a second terminal forming a first output voltage
signal thereon. The first transistor has a first
current electrode coupled to the second terminal of
the first inductor, a control electrode coupled to the
first power supply voltage terminal, and a second
current electrode. The second transistor has a first
current electrode coupled to the second current
electrode of the first transistor, a control electrode
for receiving a first input signal, and a second
current electrode. The second inductor has a first
terminal coupled to the second current electrode of
the second transistor, and a second terminal coupled
to a second power supply voltage terminal. The third
inductor has a first terminal coupled to the first
power supply voltage terminal, and a second terminal
forming a second output voltage signal thereon. The
third transistor has a first current electrode coupled
to the second terminal of the third inductor, a
control electrode coupled to the first power supply
voltage terminal, and a second current electrode. The
fourth transistor has a first current electrode
coupled to the second current electrode of the third
transistor, a control electrode for receiving a second
input signal, and a second current electrode. The
fourth inductor has a first terminal coupled to the
second current electrode of the fourth transistor, and
a 



second terminal coupled to the second power supply
voltage terminal. The attenuation device iscoupled
between the first current electrode of the first
transistor and the first current electrode of the
third MOS transistor, and has a control input terminal
for receiving a control voltage thereon. [0008] In
another form a low noise amplifier includes an
amplifier and a bias circuit. The amplifier has a
first input terminal for receiving a first input
signal, a first output terminal for providing a first
output signal, and a feedback input terminal for
receiving a control voltage, wherein the control
voltage determines a gain of the amplifier. The bias
circuit has an input terminal for receiving a control
signal, and an output terminal coupled to the first
input terminal of the amplifier for providing a bias
voltage thereto. The bias circuit is responsive to the
control signal to operate in one of first and second
modes. In the first mode the bias circuit biases the
amplifier to operate in a substantially constant
transconductance mode, and in the second mode the bias
circuit biases the amplifier to operate in a
substantially constant saturation voltage mode. [0009]
In still another form the present invention provides a
method for operating a low noise amplifier with
automatic gain control. A power level of an output
signal of the low noise amplifier is determined. A
control voltage is provided in response to the power
level. The low noise amplifier is biased to operate in
a constant transconductance mode in response to the
control voltage being less than a predetermined
voltage. The low noise amplifier is biased to operate
in a constant saturation voltage mode in response to
the control voltage being greater than the
predetermined voltage. [0010] In yet another form an
integrated circuit receiver includes first and second
layout blocks. The first layout block includes a low
noise amplifier having an input terminal for receiving
an input signal and a first output terminal for
providing a first amplified voltage substantially
proportional to the input signal, and a first
transconductance device having an input terminal
coupled to the first output terminal of the low noise
amplifier, and an output terminal for providing a
first current signal. The second layout block has an
input terminal coupled to the output terminal of the
first transconductance device, and an output terminal
for providing a first tuned signal having significant
signal energy at a different frequency than the input
signal, wherein the first transconductance device and
the second layout block together function as a mixer
of the integrated circuit receiver. BRIEF DESCRIPTION
OF THE DRAWINGS [0011] The present invention will
hereinafter be described in conjunction with the
following drawing figures, wherein like numerals
denote like elements, and [0012] FIG. 1 illustrates in
partial block diagram and partial schematic form a
radio receiver known in the prior art;[0013] FIG. 2
illustrates in partial block diagram and partial
schematic form a portion of a radio receiver according
to the present invention; 



[0014] FIG. 3 illustrates in partial block diagram and
partial schematic form the low noise amplifier ofFIG.
2; [0015] FIG. 4 illustrates in schematic form an
implementation of the attenuation device of FIG. 3;
[0016] FIG. 5 illustrates in partial block diagram and
partial schematic form a voltage conversion circuit
for use with the attenuation device of FIG. 4; [0017]
FIG. 6 illustrates a graph of the output voltages of
the voltage conversion circuit of FIG. 5; [0018] FIG.
7 illustrates in schematic form an implementation of
the bias current source of FIG. 3; [0019] FIG. 8
illustrates a graph of various parameters associated
with the implementation of the bias current source of
FIG. 7; and [0020] FIG. 9 illustrates a floor plan of
a portion of an integrated circuit radio frequency
receiver using the low noise amplifier of FIG. 3.
DETAILED DESCRIPTION [0021] The following detailed
description is merely exemplary in nature and is not
intended to limit the invention or the application and
uses of the invention. Furthermore, there is no
intention to be bound by any expressed or implied
theory presented in the preceding technical field,
background, brief summary or the following detailed
description. [0022] FIG. 1 illustrates in partial
block diagram and partial schematic form a radio
receiver 100 known in the prior art. Receiver 100 is a
superheterodyne receiver that includes generally an
antenna 102, a low noise amplifier labeled "LNA" 104,
an RF to IF mixer 106, a bandpass filter 112, an IF to
baseband mixer 114, a programmable gain amplifier
labeled "PGA" 120, and a lowpass filter 122. Amplifier
104 has an input terminal connected to antenna 102,
and an output terminal, and amplifies a broadband
signal received on antenna 102 to provide an amplified
signal to the output terminal thereof. Mixer 106 mixes
the amplified signal to IF as follows. Mixer 106
includes a multiplier 108 and a tunable oscillator
110. Multiplier 108 has a first input terminal
connected to the output terminal of amplifier 104, a
second input terminal, and an output terminal. Tunable
oscillator 110 has a tuning input terminal and an
output terminal that provides an RF local oscillator
(LO) signal referenced to a ground voltage received at
a ground terminal thereof. The RF LO signalis selected
by the tuning input to have a frequency such that a
desired channel is mixed from RF to a selected IF,
which is also the center frequency of bandpass filter
112. Bandpass filter 112 has an input terminal
connected to the output terminal of multiplier 108,
and an output terminal for providing an output signal
with significant signal energy in a passband centered
around the chosen IF, and with significant attenuation
of signal energy in a stopband outside the passband. 



[0023] This signal at the output of bandpass filter
112 is then mixed to baseband in mixer 114. Mixer 114
includes a multiplier 116 and an oscillator 118.
Multiplier 116 has a first input terminal connected to
the output terminal of bandpass filter 112, a second
input terminal, and an output terminal. Oscillator 118
provides an IF LO signal between an output terminal
thereof and ground received at a ground terminal. The
IF LO signal is selected to have an output frequency
chosen to mix the selected IF signal to baseband, and
multiplier 116 thus provides the output signal thereof
at baseband. Amplifier 120 is provided to amplify this
signal to a desired level, and has an input terminal
connected to the output terminal of multiplier 116,
and an output terminal. Filter 122 has an input
terminal connected to the output terminal of amplifier
120, and an output terminal for providing an output
signal of receiver 100 labeled "BASEBAND OUT". [0024]
FIG. 2 illustrates in partial block diagram and
partial schematic form a portion of a radio receiver
200 according to the present invention. Radio receiver
200 includes generally antenna 102, a first LNA 202, a
transmission line 204, and an integrated circuit 210
including the radio receiver. LNA 202 is physically
located adjacent to antenna 102 and has an input
terminal connected to antenna 202, and an output
terminal connected to a first end of transmission line
204 nearest antenna 102. Integrated circuit 210 is
connected to a second end of transmission line 204
opposite antenna 102 and includes an LNA 212, a
multiplier 214, and a power measurement block 216. LNA
212 has an input terminal connected to the second end
of transmission line 204, a gain control input
terminal for receiving a control voltage labeled
"VCNTL" and an output terminal. Multiplier 214 has a
first input terminal connected to the output terminal
of LNA 212, a second input terminal (not shown) for
receiving an RF LO signal, and an output terminal.
Power measurement block 216 has an input terminal
connected to the output terminal of multiplier 214,
and an output terminal connected to the gain control
input terminal of LNA 212 for providing control
voltage VCNTL- [0025] In operation, the RF signal
received by antenna 102 is amplified in two parts, the
first part by fixed gain LNA 202 and the second part
by variable gain LNA 212. The two amplifiers are
separated by a transmission line having a 50-ohm
characteristic impedance. Since the signal strength
may vary over a wide range depending on how close the
receiver is to the transmitter, the on-chip LNA must
provide either gain or attenuation. In the illustrated
radio receiver, LNA 212 has a variable gain in the
range of +15 decibels (dB) to -25 dB, but it should be
apparent that this gain range may vary in other
embodiments. To provide the proper amount of gain, LNA
212 is part of anautomatic gain control (AGC) loop
formed by multiplier 214 and power measurement block
216. In other embodiments power measurement block 216
could measure the power at the output of LNA 212.
However due to the superheterodyne design of the
receiver, power measurement block 216 



advantageously measures the power at the output of
multiplier 214 that has been mixed to a fixed IF,
simplifying the design of power measurement block 216.
The AGC loop works to keep the power at the output of
multiplier 214 constant by providing a control voltage
(VCNTL) s a feedback signal to LNA 212. As will be
described further with reference to FIGs. 3-9 below,
LNA 212 has several significant advantages over known
LNAs. [0026] FIG. 3 illustrates in partial block
diagram and partial schematic form low noise amplifier
212 of FIG. 2. LNA 212 includes generally an input
portion 300, a bias circuit 310, an amplifier 320, an
attenuation device 340, a first output
transconductance portion 350, and a second output
transconductance portion 360. Input portion 300
includes generally a balun transformer 302, an
inductor 304, and capacitors 306 and 308. Balun
transformer 302 has a first input terminal connected
to the second end of transmission line 204, a second
input terminal connected to a ground power supply
voltage terminal, typically at 0 volts, and first and
second output terminals. Inductor 304 has first and
second terminals respectively connected between the
first and second output terminals of balun transformer
302. Capacitor 306 has a first terminal connected to
the first output terminal of balun transformer 302,
and a second terminal for providing a first input
signal. Capacitor 308 has a first terminal connected
to the second output terminal of balun transformer
302, and a second terminal for providing a second
input signal. The first and second input signals form
a differential signal pair corresponding to the signal
at the second end of transmission line 204, to
amplifier 320. [0027] Bias circuit 310 includes
resistors 312 and 314, a current source 316, and an
N-channel MOS transistor 318. Resistor 312 has a first
terminal connected to the second terminal of capacitor
306, and a second terminal. Resistor 314 has a first
terminal connected to the second terminal of capacitor
308, and a second terminal connected to the second
terminal of resistor 312. Current source 316 has a
first terminal connected to a positive power supply
voltage terminal conventionally designated "VDD" i MOS
integrated circuits, and a second terminal. Note that
while VDD is designated generically herein, it may
assume different values for different circuits, such
as 5.0 volts for biasing circuitry and 2.5 volts for
LNA 212. Transistor 318 has a drain connected to the
second terminal of current source 316 and to the
second terminals of resistors 312 and 314, a gate
connected to the drain thereof, and a source connected
to ground. [0028] Amplifier 320 includes an inductor
322, N-channel MOS transistors 324 and 326, an
inductor 328, an inductor 332, N-channel MOS
transistors 334 and 336, and an inductor 338. Inductor
322 has a first terminal connected to VDD> and a
second terminal. Transistor 324 has a drainconnected
to the second terminal of inductor 322, a gate
connected to VDD, and a source. Transistor 



326 has a drain connected to the source of transistor
324, a gate connected to the second terminal of
capacitor 306 for receiving the first input signal,
and a source. Inductor 328 has a first terminal
connected to the source of transistor 326, and a
second terminal connected to ground. Inductor 332 has
a first terminal connected to VDD> nd a second
terminal. Transistor 334 has a drain connected to the
second terminal of inductor 332, a gate connected to
VDD, and a source. Transistor 336 has a drain
connected to the source of transistor 334, a gate
connected to the second tepninal of capacitor 308 for
receiving the second input signal, and a source.
Inductor 338 has a first terminal connected to the
source of transistor 336, and a second terminal
connected to ground. [0029] Attenuation device 340 is
illustrated as an N-channel MOS transistor having a
first source/drain terminal connected to the second
terminal of inductor 322, a gate for receiving control
voltage VCNTL and a second source/drain terminal
connected to the second terminal of inductor 332. As
will be described further with respect to FIG. 4
below, transistor 340 may be advantageously
implemented as a series of exponentially-weighted
transistors connected in parallel that are switched by
corresponding control signals for better
log-linearity. As used herein, log-linearity means a
log change in gain for a linear change in the control
voltage VCNTL- [0030] First output transconductance
portion 350 includes an N-channel transistor 352, a
capacitor 354, and a resistor 356. Transistor 352 has
a drain for providing a first output current labeled
"IMIXN' a gate, and a source connected to ground.
Capacitor 354 has a first terminal connected to the
second terminal of inductor 322, and a second terminal
connected to the gate of transistor 352. Resistor 356
has a first terminal for receiving an intermediate
bias voltage labeled "VB" , and a second terminal
connected to the gate of transistor 352. Second output
transconductance stage 360 includes an N-channel
transistor 362, a capacitor 364, and a resistor 366.
Transistor 362 has a drain for providing a first
output current labeled "IMIXP" , a gate, and a source
connected to ground. Capacitor 364 has a first
terminal connected to the second terminal of inductor
332, and a second terminal connected to the gate of
transistor 362. Resistor 366 has a first terminal for
receiving VB, and a second terminal connected to the
gate of transistor 362. [0031] As shown in FIG. 3,
input portion is external to integrated circuit 210
but the other components are implemented on-chip.
Since LNA 212 must terminate a 50-ohm transmission
line, amplifier 320 uses MOS transistors having source
degeneration inductors. The 50-ohm transmission line
is input to one end of balun transformer 302 for
conversion to a differential signal. Inductor 304 and
capacitors 306 and 308 form an impedance
transformation network that transforms the 200 ohm
characteristic output impedance of balun transformer
302 to the impedance looking into the device. 



Transistors 326 and 336 form a pair of gain devices
and inductors 328 and 338 form a partially real
impedance looking into the gates of transistors 326
and 336 from the matching network.[0032] Transistor
pair 326 and 336 is biased using current source 316
and diode-connected transistor 318. The mirror voltage
at the drain of transistor 318 is connected through
large-valued resistors 312 and 314 to set the constant
(DC) current through transistors 326 and 336. The
outputs of amplifier 320 at the drains of cascode
transistors 324 and 334 are currents which are
transformed into voltages by the load impedances.
These voltages are input to output transconductance
portions 350 and 360 which form the front end of
multiplier 314, which has a nominally capacitive
input. To provide additional gain, inductors 322 and
332 are sized to resonate with this capacitance
(around the carrier frequency of the RF signal).
[0033] In an alternate configuration of the amplifier,
the two source degeneration inductors could have their
first terminals connected to the sources of
transistors 326 and 336, respectively, and second
terminals connected together and through a tail
current source to ground. In this alternate embodiment
the drain of transistor 318 could be connected to the
gate of an MOS transistor of appropriate size that
functions as the tail current source. However
amplifier 320 is slightly more linear and has more
headroom than this alternate amplifier, and these
advantages are important in certain applications.
[0034] The outputs from amplifier 320 are AC-coupled
using capacitors 354 and 364 into transistors 352 and
362, which are transconductance (gm) devices. Being
MOS devices, transistors 352 and 362 have a
significant gate-to-source capacitance (Cgs) which
provides the majority of the capacitive load seen by
the drains of transistors 324 and 334. If the total
capacitive load seen from the drain of either
transistor 324 or transistor 334 is equal to CTOt,
then the inductance LL of inductors 322 and 332 would
be chosen to satisfy the equation: 2pf0 = , [1] where
fo is the center frequency of the desired operation
frequency band, i.e. the carrier frequency. Although
ideal inductors and capacitors would provide for an
infinite amount of impedance and thus infinite voltage
gain at f0, series resistance in LL and Cgs reduces
the maximum impedance to approximately a few hundred
ohm. [0035] Attenuation element 340 provides variable
attenuation for use in the AGC loop by providing a
resistive differential load between the two legs of
amplifier 320. Attenuation element 340 can further
reduce the impedance in the load from a few hundred
ohms down to a few ohms, reducing the overall gain by
about 40 dB. For full gain, control voltage VCNTL is
set to zero volts. For a full attenuation, control
voltage VCNTL is at its maximum possible value.[0036]
FIG. 4 illustrates in schematic form an implementation
of attenuation device 340 of FIG. 3 



that provides a log-linear characteristic between gain
and control voltage VCNTL- Attenuation device 340
includes a set of exponentially-sized N-channel MOS
transistors connected in parallel, including
representative transistors 402, 404, and 406.
Transistor 402 has a first source/drain terminal
providing the first current electrode of attenuation
device 340, a gate for receiving a control signal
labeled "VAGC[0]" 3 and a second source/drain terminal
providing the second current electrode of attenuation
device 340. Transistor 404 has a first source/drain
terminal connected to the first source/drain terminal
of transistor 402, a gate for receiving a control
signal labeled "VAGC[1]" > and a second source/drain
terminal connected to the second source/drain terminal
of transistor 402. Transistor 406 has a first
source/drain tepninal connected to the first
source/drain terminal of transistor 402, a gate for
receiving control signal labeled "VAGC[N]", and a
second source/drain terminal connected to the second
source/drain terminal of transistor 402. Additional
transistors between 2 and N are present in attenuation
device 340 but are omitted from FIG. 4. Each
transistor k has a width-to-length ratio (W/L) that is
2k times the W/L of transistor 402. Thus if transistor
402 has a W/L designated MA, then transistor 404 has
21 = 2 times MA, and transistor 406 has an area equal
to 2N times MA. The total area is equal to 2N+1times
MA. [0037] FIG. 5 illustrates in partial block diagram
and partial schematic form a voltage conversion
circuit 500 for use with attenuation device 340 of
FIG. 4. Voltage conversion circuit 500 has an input
stage 501 and N conversion circuits corresponding to
each of the N transistors of attenuation device 340,
including representative conversion circuits 510, 520,
and 530 providing voltages VAGC[0], VAGC[1], and
VAGC[N], respectively. Input stage 501 includes an
operational amplifier 502, resistors 504 and 506, and
a voltage supply 508. Operational amplifier 502 has a
negative input terminal for receiving control voltage
VCNTL through resistor 504, a positive input terminal,
and an output tepninal connected to the negative input
terminal through resistor 506. Voltage supply 508 has
a positive terminal connected to the positive input
terminal of operational amplifier 512, and a negative
terminal connected to ground, and provides a reference
voltage labeled "VDC" between the positive and
negative terminals thereof. Each conversion circuit is
constructed similarly. Conversion circuit 510 includes
an operational amplifier 512, resistors 514 and 516,
and a voltage supply 518. Operational amplifier 512
has a negative input terminal connected to the output
terminal of operational amplifier 502 through resistor
514, a positive input terminal, and an output terminal
connected to the negative input terminal through
resistor 516 and providing control signal VAGC[0].
Voltage supply 518 has a positive terminal connected
to the positive input terminal of operational
amplifier 512, and a negative terminal connected to
ground, and provides a reference 



voltage labeled "VDC[0]" between the positive and
negative terminals thereof. Conversion circuit 520
includes an operational amplifier 522, resistors 524
and 526, and a voltage supply 528. Operational
amplifier 522 has a negative input terminal connected
to the output terminal ofoperational amplifier 502
through resistor 524, a positive input terminal, and
an output terminal connected to the negative input
terminal through resistor 526 and providing control
signal VAGc[l]. Voltage supply 528 has a positive
terminal connected to the positive input terminal of
operational amplifier 522, and a negative terminal
connected to ground, and provides a reference voltage
labeled "VDC[1]" between the positive and negative
terminals thereof. Conversion circuit 530 includes an
operational amplifier 532, resistors 534 and 536, and
a voltage supply 538. Operational amplifier 532 has a
negative input terminal connected to the output
terminal of operational amplifier 502 through resistor
534, a positive input terminal, and an output terminal
connected to the negative input terminal through
resistor 536 and providing control signal VAGc[N].
Voltage supply 538 has a positive terminal connected
to the positive input tepninal of operational
amplifier 532, and a negative terminal connected to
ground, and provides a reference voltage labeled
"VDc[N]" between the positive and negative terminals
thereof. [0038] To generate the desired log-linear
effect, each VAGCM is a control signal that is a
gained up, DC shifted version of control voltage
VCNTL- Each control signal VAGC[k] is DC shifted by a
different amount (determined by VDCM ) S0 that each
transistor becomes active at a different value of
control voltage VCNTL- Thus control voltage VCNTL can
be thought of as including or corresponding to a set
of VAGc[k] control signals for k = 0 to N. [0039] FIG.
6 illustrates a graph 600 of the output voltages of
voltage conversion circuit 500 of FIG. 5. In FIG. 6
the vertical axis indicates the voltage of control
signals VA c[k] for k = 0 to N, whereas the horizontal
axis represents control voltage VCNTL i volts. Thus in
FIG. 6 several curves are superimposed on each other
at different values of VCNTL- AS control voltage VCNTL
increases, successive control signals VAGc[k]
transition smoothly from a low voltage to a high
voltage. Shown in FIG. 6 are representative control
signals VAGC[0], VAGC[1], VAGc[2], and VAGC[N]. The
transition of a succeeding signal begins at about the
voltage of control voltage VCNTL t which the previous
control signal VAGc has completed its transition.
However through selection of appropriate values of
VDCM the transition periods are made to overlap
slightly to make the attenuation characteristic more
log-linear with respect to VCNTL [0040] Returning
briefly to FIG. 3, note that the DC bias current
through transistors 326 and 336 is set by current
source 316 providing a bias current IB through
diode-connected transistor 318. To minimize the change
in input impedance and noise figure and gain over
manufacturing process and 



temperature variations, a constant transconductance
biasing scheme is desirable. This feature is most
important when the AGC loop requires full gain. A
constant transconductance biasing scheme provides a
bias current IB to keep the transconductance of
transistors 326 and 336 substantially constant across
expected process and temperature variations.[0041]
However once the gain begins to be reduced by the
operation of the AGC loop when the input signal
strength increases, the consistency of the gain and
noise figure becomes less important. Under the smaller
gain condition, the gain consistency only needs to be
monotonic (and roughly loglinear, as described above)
so that the closed loop AGC can keep the mixer output
at constant power. As the signal grows very large and
the gain is further reduced, linearity of the LNA
becomes the primary concern. To maximize linearity,
the saturation voltage (VDSAT) of transistors 326 and
336 should be maximized. Unfortunately, constant
transconductance biasing does not maximize VDSAT and
on the contrary, VDSAT can typically vary by 2-3 times
between the fast processing corner at cold temperature
and the slow processing corner at hot temperature.
[0042] To improve linearity in these low gain regions
of operation while maintaining the desirable
properties of constant transconductance biasing at
high gain, the inventor has added a new biasing mode
known as the constant VDSAT mode. In the constant
VDSAT mode, bias current source 316 provides a bias
current IB to keep the saturation voltage of
transistors 326 and 336 substantially constant across
expected process and temperature variations. This mode
is described with respect to FIG. 7, which illustrates
in schematic form an implementation of bias current
source 316 of FIG. 3. Bias current source 316 includes
generally a current mirror 700, a first current source
710, a second current source 720, and an N-channel
transistor 730. Current mirror 700 includes P-channel
MOS transistors 702 and 704. Transistor 702 has a
source connected to VDD a gate, and a drain connected
to the gate thereof and serving as an input of the
current mirror. Transistor 704 has a source connected
to VDD a gate connected to the drain of transistor
702, and a drain providing an output terminal of
current mirror 700 and of current source 316 and
providing current IB therefrom. [0043] Current source
710 has a first terminal connected to the drain of
transistor 702, and a second terminal connected to
Vss- Current source 710 conducts a current labeled
"Icgm" associated therewith to cause LNA 212 to
operate with substantially constant transconductance.
[0044] Current source 720 includes current sources 722
and 724. Current source 722 has a first terminal
connected to VDD and a second terminal, and conducts a
current equal to ICGM- Current source 724 has a first
terminal connected to the second terminal of current
source 722, and a second terminal connected to ground,
and conducts a current labeled " ICVDSSAT" -
Transistor 730 has a drain connected to the drain of
transistor 702, a gate for receiving a control signal
labeled "VAGCO]" a a 



source connected to the first terminal of current
source 724. [0045] The operation of current source 316
can be better understood with reference to FIG. 8,
which illustrates a graph 800 of various parameters
associated with the implementation of bias current
source 316 of FIG. 7. In graph 800, the horizontal
axis depicts control voltage VCNTL i volts. FIG. 8
depicts two quantities on separate sections of the
vertical axis. The first section is gm,in mhos, and
the second section is V SAT i volts. The VcNTL-gm
section includes a first set of characteristic curves
810 representing normal variation over process and
temperature and including curves 812, 814, 816, and
818. For low VCNTL (high gain), gm is relatively
constant over process and temperature variations and
amplifier 320 demonstrates good gain consistency.
However as VCNTL increases further, curves 812, 814,
816, and 818 separate in a poor gain consistency
region. The VCNTL-VDSAT section includes a second set
of characteristic curves 820 including curves 822,
824, 826, and 828. For high VCNTU VDSAT demonstrates
good linearity and is relatively constant across
process and temperature. However as VCNTL decreases,
curves 822, 824, 826, and 828 separate in a poor
linearity region. [0046] The inventor discovered that
it would be advantageous to dynamically change the
bias mode of the amplifier based on the amount of gain
required by the AGC loop. When the AGC loop causes LNA
212 to operate with high gain, constant
transconductance mode is selected to provide good gain
consistency. When the AGC loop causes LNA 212 to
operate with low gain, constant VDSAT mode is selected
to provide good linearity. Switching between constant
transconductance mode and constant saturation voltage
mode can be easily achieved by using an appropriate
one of the VAGC control signals, designated VAGCD]-
other embodiments in which attenuation device 340 is
not separated, control voltage VCNTL itself could be
used to change between the two modes. Now referring to
FIG. 7 as well, in constant transconductance mode
transistor 730 is nonconductive and bias circuit 316
provides constant current ICGM as IB. In constant
saturation voltage mode transistor 730 is conductive
and provides current ICVDSSAT s IB. [0047] FIG. 9
illustrates a floor plan of portion of an integrated
circuit RF receiver 900 using low noise amplifier 212
of FIG. 3. Portion 900 occupies a corner of the
integrated circuit and other circuitry, bonding pads,
etc. are not shown. Portion 900 includes generally a
first layout block 910 and a second layout block 920.
Layout block 910 includes LNA 212, and transistors 352
and 354 of the mixer stage. Layout block 920 includes
all other elements necessary to form a mixer. For
example in an analog implementation of the mixer
layout block 920 would include nonlinear devices that
multiply the differential current conducted at the
drains of transistors 352 and 354 in response to a
mixing signal. In a corresponding digital
implementation of the mixer layout block 920 could 



include binarily-weighted current switches that are
switched by a digitized local oscillator signal.
However, these two examples are merely illustrative.
[0048] To maximize the gain of the amplifier, the
quality factor (Q) of the load must be kept as high as
possible. Series resistance with the gates of
transistors 352 and 362 can severely reduce the Q.
Since these devices are functionally a part of the
mixer, they may be physically separated from the
output of LNA 212 due to conventional integrated
circuit layout techniques, thus increasing series
resistance due to parasitic losses in signal routing
over relatively long distances. To reducethis effect,
transistors 352 and 362 have been combined with the
rest of LNA 212 and laid out in close proximity to the
drains of transistors 324 and 334 to substantially
reduce the routing parasitic. On the other hand
currents IMIXN and IMicp provided at the drains of
transistors 352 and 362 are inputs to a low impedance
mixer node, and parasitic resistance due to signal
routing can be better tolerated on these nodes. [0049]
The important advantage of integrated circuit receiver
900 is that the gates of transistors 352 and 354 are
located as close to the outputs of LNA 212 as possible
to avoid degrading the Q of the effective load through
parasitic routing resistance. Signals IMIXN and IMIXP
however are routed between layout blocks 910 and 920
because the subsequent operation is less sensitive to
parasitic resistance. Thus the circuit components
forming the mixer of the receiver are advantageously
distributed between two different modular layout
blocks. [0050] Thus LNA 212 provides at least four
significant benefits over known amplifiers. First, it
includes a differential load between two amplifier
stages to provide appropriate attenuation for
operation in an AGC loop. Second, the mixer gm stage
is located physically close to the LNA output to
maximize the Q of the resonant load. Third, the
attenuation device is broken up into multiple
exponentially sized components to produce a desirable
log-linear characteristic, with control voltage
produced from gained, level-shifted versions of the
AGC control voltage. Fourth, the amplifier transistor
biasing is varied based on the relative gain, with a
constant-gm biasing scheme selected for high gain and
a constant V SAT biasing scheme chosen for low gain,
with the switchover point determined by the AGC
control voltage. [0051] In other embodiments, the
conductivities of the MOS transistors could be
reversed. While MOS transistors have been illustrated,
other appropriate transistor types could be used where
appropriate. Furthermore the circuitry that provides
any of the advantages listed above could be employed
alone or in various combinations to achieve desired
results. [0052] While at least one exemplary
embodiment has been presented in the foregoing
detailed description, it should be appreciated that a
vast number of variations exist. It should also be 



appreciated that the exemplary embodiment or exemplary
embodiments are only examples, and are not intended to
limit the scope, applicability, or configuration of
the invention in any way. Rather, the foregoing
detailed description will provide those skilled in the
art with a convenient road map for implementing the
exemplary embodiment or exemplary embodiments. It
should be understood that various changes can be made
in the function and arrangement of elements without
departing from the scope of the invention as set forth
in the appended claims and the legal equivalents
thereof.CLAIMS claimed is: A low noise amplifier (212)
comprising: an amplifier (320) having a first input
terminal for receiving a first input signal, a first
output terminal for providing a first output signal,
and a feedback input terminal for receiving a control
voltage, wherein said control voltage determines a
gain of said amplifier (320); and a bias circuit (310)
having an input terminal for receiving a control
signal, and an output terminal coupled to said first
input terminal of said amplifier (320) for providing a
bias voltage thereto, wherein said bias circuit (310)
is responsive to said control signal to operate in one
of first and second modes, wherein in said first mode
said bias circuit (310) biases said amplifier (320) to
operate in a substantially constant transconductance
mode, and in said second mode said bias circuit (310)
biases said amplifier (320) to operate in a
substantially constant saturation voltage mode. The
low noise amplifier (212) of claim 1wherein said bias
circuit (310) comprises: a current source (316) having
an output terminal for providing a first current while
in said first mode and a second current while in said
second mode; a transistor (318) having a first current
electrode coupled to said output terminal of said
current source (316), a control electrode coupled to
said first current electrode thereof, and a second
current electrode coupled to a power supply voltage
terminal; a first resistor (312) having a first
terminal coupled to said first current electrode of
said transistor (318), and a second terminal coupled
to said first input terminal of said amplifier (320);
and a second resistor (314) having a first terminal
coupled to said first current electrode of said
transistor (318), and a second terminal coupled to
said second input 



terminal of said amplifier (320). The low noise
amplifier (212) of claim 2 wherein said second current
is larger than said first current.The low noise
amplifier (212) of claim 1 wherein said amplifier
(320) is characterized as being a differential
amplifier having said first input terminal for
receiving said first input signal and a second input
terminal for receiving a second input signal, and
having said first output terminal for providing said
first output signal and a second output terminal for
providing a second output signal, wherein said first
and second input signals and said first and second
output signals each comprise differential signal
pairs. The low noise amplifier (212) of claim 4
wherein said amplifier (320) comprises: a first
transconductance device (326) having a control
electrode for receiving said first input signal, and a
first current electrode; and a first load device (322)
having a first terminal coupled to a first power
supply voltage terminal and a second terminal coupled
to said first current electrode of said first
transconductance device (326) and forming said first
output signal thereon. The low noise amplifier (212)
of claim 5 wherein said first load device (322)
comprises a first inductor. The low noise amplifier
(212) of claim 6 wherein said amplifier (320) further
comprises a second inductor (328) coupled between a
second current electrode of said first
transconductance device (326) and a second power
supply voltage terminal. The low noise amplifier (212)
of claim 5 wherein said first current electrode of
said first transconductance device (326) is coupled to
said second terminal of said first load device (322)
through a cascode connected MOS transistor (324). The
low noise amplifier (212) of claim 5 wherein said
first transconductance device (326) comprises an MOS
transistor. The low noise amplifier (212) of claim 5
wherein said amplifier (320) further comprises: a
second transconductance device (336) having a control
electrode for receiving said second input signal, and
a first current electrode; and a second load device
(332) having a first terminal coupled to said first
power supply voltage terminal and a second terminal
coupled to said first current electrode of said second
transconductance device (336) and forming said second
output signal thereon.The low noise amplifier (212) of
claim 10 wherein said amplifier (320) further
comprises: 



an attenuation device (340) coupled between said first
current electrode of said first transconductance
device (326) and said first current electrode of said
second transconductance device (336), and having a
control input terminal for receiving said control
voltage thereon. The low noise amplifier (212) of
claim 11 wherein said attenuation device (340)
comprises a plurality of exponentially-weighted
attenuation devices (402, 404, 406). The low noise
amplifier (212) of claim 12 wherein said control
voltage comprises a plurality of control signals
coupled to corresponding ones of said plurality of
exponentially-weighted attenuation devices (402, 404,
406). A method for operating a low noise amplifier
(212) with automatic gain control comprising the steps
of: determining a power level of an output signal of
the low noise amplifier (212); providing a control
voltage in response to said power level; biasing the
low noise amplifier (212) to operate in a constant
transconductance mode in response to said control
voltage being less than a predetermined voltage; and
biasing the low noise amplifier (212) to operate in a
constant saturation voltage mode in response to said
control voltage being greater than said predetermined
voltage. The method of claim 14 wherein said step of
determining said power level comprises the step of
determining said power level of said output signal of
the low noise amplifier (212) by measuring a power at
an output terminal of a mixer (214) that also has an
input terminal coupled to an output terminal of the
low noise amplifier (212). The method of claim 14
wherein said step of biasing the low noise amplifier
(212) to operate in said constant transconductance
mode comprises the step of providing a first bias
current and wherein said step of biasing the low noise
amplifier (212) to operate in said constant saturation
voltage mode comprises the step of providing a second
bias current higher than said first bias current.An
integrated circuit receiver (900) comprising: a first
layout block (910) including a low noise amplifier
(212) having an input terminal for receiving an input
signal, and a first output terminal for providing a
first amplified voltage substantially proportional to
said input signal, and a first transconductance device
(352) having an input terminal 



coupled to said first output terminal of said low
noise amplifier (212) and an output terminal for
providing a first current signal; and a second layout
block (920) having an input terminal coupled to said
output terminal of said first transconductance device
(352), and an output terminal for providing a first
tuned signal having significant signal energy at a
different frequency than said input signal, wherein
said first transconductance device (352) and said
second layout block (920) together function as a mixer
of the integrated circuit receiver (900). The
integrated circuit receiver (900) of claim 17 wherein
said low noise amplifier (212) further has a second
output terminal for providing a second amplified
voltage, wherein said first and second amplified
voltages form a differential signal pair, and wherein
said first layout block (910) further comprises a
second transconductance device (362) having an input
terminal for receiving said second amplified voltage,
and an output terminal for providing a second current
signal to said second layout block (920). The
integrated circuit receiver (900) of claim 17 wherein
said input terminal of said first transconductance
device (352) is coupled to said first output terminal
of said low noise amplifier (212) through a coupling
capacitor (354). The integrated circuit receiver (900)
of claim 19 wherein said first layout block (910)
further comprises a resistor (356) having a first
terminal for receiving a bias voltage, and a second
terminal coupled to said control electrode of said
first transconductance device (352). 


