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Abstract

A design methodology is presented for low power dis-
tributed amplifiers and is used for the design of a mW LNA
with programmable gain implemented in a m CMOS
process. The LNA provides a gain of dB from DC
to GHz, with an input match of dB and an output
match of dB over the entire band. The IIP3 is dBm,
and the NF ranges from to dB. The gain is tunable
from dB to dB while gain flatness and matching are
maintained.

Introduction

A broadband low-noise amplifier (LNA) is a critical compo-
nent of the ultra-wideband (UWB) receiver [1] and cognitive
radio [2]. Recent publications have reported ways to obtain flat
gain for UWB through modified narrowband techniques [3]
and resistive feedback [4]. This paper investigates the use of
distributed amplification in the context of UWB applications
and introduces a design methodology geared towards low
power operation.

The main advantages of a distributed amplifier (DA) are
its intrinsic broadband characteristic that goes all the way
down to DC, and good input and output matching. But, high
power consumption and large area have limited its application
space. However, when one considers the trade-off between the
five main design parameters of an LNA: power drain, gain,
bandwidth, noise, and linearity, it becomes evident that the
traditional way of biasing a MOS DA in strong inversion, is
not the optimal choice for reducing power consumption. This
paper describes the design of a low-power 3-stage distributed
MOS DA biased in moderate inversion (M.I.).

Distributed Amplifier Tradeoffs

Design techniques for DAs have been discussed in numer-
ous publications [5]–[7]. At low frequencies, the gain, G of a
DA is given by

(1)

where N is the number of stages, e.g., in Fig. 1,
is the transconductance of a single stage, and R is the

characteristic impedance of the line, usually 50 . At high
frequencies, the expression for gain is more complicated
due to its traveling-wave-like nature, but is still directly
proportional to and . Pseudo-transmission lines are
formed by integrating the intrinsic gate and drain capaci-
tances, , and , of the transistors with inductors and

, respectively. The bandwidth of the DA is limited by
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Fig. 1. Schematic of the 3-stage distributed amplifi er.

the cutoff frequency, , of the gate and drain lines because
matching degrades as the cutoff frequency is approached. As
a rule of thumb, matching better than dB cannot be
achieved for frequencies above of [8]. For the
gate line we obtain:

(2)

To achieve impedance matching, the lines are terminated in
their characteristic impedance , i.e. . The
cutoff frequency can then be rewritten so that is the only
variable. Eq. (2) shows that to obtain a given bandwidth for a
given there is an upper limit on the size of the capacitance

.
The figure of merit (FOM) used in most DA designs and

literature is the gain bandwidth product (GBW)

GBW (3)

where is the unity gain frequency of the transistor. The
important observation from (3) is that the upper bound of
GBW is proportional to and . cannot be made too
large since it is limited by the attenuation caused by the losses
in the on-chip inductors as well as area constraints. For the
technology used in this design, a 3-stage amplifier resulted in
the best compromise. is process and bias dependent. The
tradeoffs between inversion coefficient (IC) and have been
analyzed extensively in e.g., [9]. In order to achieve high
for a given technology, the devices need to be biased at a high
IC, i.e. in strong inversion, and this is indeed what has been
done in most DA designs. However, the usefulness of GBW
as the FOM for LNA design depends on the application. As
mentioned earlier, noise, linearity, and current budget are all
critical, but are not reflected in GBW. Therefore, using the
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following unit-less FOM is more appropriate for gauging the
total performance of LNAs for UWB applications:

FOM (4)

where IIP3 is the input-referred third-order intercept point,
is the noise factor, and is the total power consumption of
the DA.

We now investigate the dependence of this FOM on the DA
design parameters. The expression for gain in (1) is valid for
MOS transistors biased in weak inversion (W.I.) as well as in
strong inversion (S.I.).

To the first-order, the IIP3 of a MOS transistor [10] is

(5)

where n is the subthreshold slope, a unit-less technology
constant, and is . In the S.I. formula, is the
second-order effect of mobility degradation and has the unit
of [ ] [10]. From (5), it is evident that IIP3 is constant in
W.I., and is directly proportional to the overdrive
in S.I.. The IIP3 of the DA tracks the IIP3 of a single MOS
transistor if we assume the worst-case scenario of constructive
summation of distortion components.

The noise characteristic of MESFET DAs has been ana-
lyzed extensively in [11] and the results are applicable to
MOSFET DAs as well. The simplified expression for F is

(6)

where is a noise modeling constant equal to approximately
in W.I. and in S.I. The important observation is

that noise is inversely proportional to . Eqn. (6) is a
simplified view of DA noise since only the drain current noise
is included and therefore is only valid at low frequencies. The
gate-induced noise, which is directly proportional to is
important and is considered in the next section.

The total power consumption of the DA is equal to

(7)

where I is the current through one stage and is
the total current budget for the DA; is the supply voltage.

Substituting the results from (1), (5) (7) into (4), the FOM
of the DA in W.I. and S.I. is

(8)

where the substitutions and
are used for W.I. and S.I., respectively. Table I

also illustrates the tradeoffs in W.I. and S.I., assuming fixed
power consumption.

For a fixed current budget of the DA the FOM in
S.I. is improved by increasing the , which corresponds to
reducing the overdrive and inversion coefficient and increasing
the ; this moves the bias point towards W.I. operation.
Once the devices operate in W.I. the FOM can no longer be
improved. So, to obtain a good trade-off between the different

TABLE I
LNA Tradeoffs for Fixed Power Consumption

W/L Operation Gain IIP3 NF BW
Toward W.I.
Toward S.I.
Desired

DA performance parameters we need to bias the transistors
as close to W.I. as possible. This is also evident from the
first row in Table I. However, operation towards W.I. requires
a large which implies a lower and thus larger
for a given . The desired set of amplifier specifications for
gain, noise, distortion, and most importantly, bandwidth, in
combination with the technology performance will determine
how close this optimized biasing can be achieved.

Due to bandwidth limitation, the 3-stage DA described
in this work is biased in moderate inversion (i.e. between
W.I. and S.I.). A closed form expression for the FOM in
M.I. is difficult to obtain due to the partial drift, partial
diffusion behavior of the device in that region. The gain
and NF characteristic of the DA moving from W.I. to S.I.
is monotonic, whereas the IIP3 improves somewhat in the
M.I. region [10].

Design Methodology

The proposed design procedure for the 3-stage DA is as
follows: First, the cutoff frequency of the gate line is calcu-
lated from the required bandwidth of GHz: GHz.
Secondly, the maximum gate capacitance is calculated from
(2): fF. Next, using the minimum length, the
maximum width of the transistor is determined for the worst-
case process corner: m. The width of the
transistors are then selected based on the constraint set by the
cascode node and the gate-induced noise, both discussed later
in this section. Finally, the inductor values are determined
from , , and the selected R, which is for both the
gate and drain lines.

a) Gate-Induced Noise: The frequency at which the gate
noise becomes comparable to the drain current noise, ,
is critical [11]. Equating the gate-induced noise with drain
current noise gives

(9)

where is a constant equal to approximately in S.I..
must be designed to be higher than the cutoff fre-

quency where noise starts to increase anyway due to gain roll-
off. This restriction forces the width of M1 to be less than
the maximum allowed by the cutoff frequency. A width of

m was used for M1 based on the value calculated
from Eqn. (9).

b) Cascode: A cascode structure is necessary for this
design because of stability concerns and the effect of Miller
capacitance. The cascode transistor improves reverse isolation
and at the same time minimizes C ’s effect on bandwidth.
However, the side effect of using large width transistors and
low bias current is that the cascode node, labeled ”A” in
Fig. 1, can now limit the frequency response of the circuit.
At node A, “competes” with , , and .

and are junction capacitances that have become
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significant due to the large transistors used to obtain the high
-efficiency, i.e., large .
Some processes offer deep-nwell nFETs with a local sub-

strate connection, which eliminates . However, now the
capacitance associated with the large deep-nwell required to
contain the large transistor shunts away the signal at the
cascode node at high frequencies. Another concern is that the
doping inside the deep-nwell is higher than the bulk which
results in higher capacitance values. Therefore we use regular
bulk nFET devices in our amplifier.

The width of M2 needs to be optimized to achieve the
desired frequency response. The pole at node A, , is:

(10)

where is the unity-gain frequency of M2. For fixed
current, increases with decreasing W2, is
constant, and increases with decreasing W2. The
competing requirement for W2 in the numerator and denom-
inator of (10) implies that an optimal width for M2 exists.
From simulation, the optimal value for W2 was found to be
slightly less than W1; the value was close enough to W1 so
that for layout reasons, m was also used for W2.

c) Adjustable Termination Resistors: The frequency re-
sponse of the DA is less sensitive to process variation
compared to modified narrowband techniques. A variation in
capacitance1 of the transmission lines results in a different
characteristic impedance, , but the change in
and as a result of this variation is small. For UWB
applications, gain flatness down to DC is not necessary, but
for applications such as cognitive radio, it is a requirement. To
achieve gain flatness below GHz the termination resistors
need to track , and to account for the worst case where

( ) and ( ) skew in the same direction, adjustable
termination resistors shown in Fig. 1 are used; M7 and M8
are zero- devices biased in triode region. The parallel
combination of M7(M8) with a polysilicon resistor
provides the flexibility to adjust the termination resistance to
achieve flat gain below GHz.

d) Programmable Gain: A distributed amplifier has the
important property that gain and broadband matching can be
dealt with separately. When the cascode voltage, ,
is reduced, M1 moves from operation in saturation towards
triode. The reduces and the gain of the amplifier can be
varied. At the same time, for a substantial range in
the variation in the total gate capacitance remains small and
therefore good impedance matching is maintained.

Measurement and Results

A 3-stage DA for UWB was designed in a m CMOS
process with a - m thick top metal. The custom induc-
tor designs with polysilicon patterned ground shields were
optimized using an electromagnetic simulation tool (EMX).
Simulations and characterization of a inductor test structure
show a quality factor of about .

1Inductance depends on layout geometry therefore varies little with pro-
cess.
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The chip occupies including pads; the die
photograph is shown in Fig. 6. The stages of the DA were laid
out as close as possible and EM simulations where performed
on the amplifier to verify that the coupling between the stages
is sufficiently small.

The DA consumes mA from a V supply. V is
the ”true” supply voltage since no external RF choke or bias-
T is used. This is because the voltage drop across the drain
termination resistor is small due to low current consumption.

Ten amplifier samples were characterized on an RF probe
station. The S-parameter data was measured using the Anritsu
37369C 40 GHz network analyzer; the data for different sam-
ples was very consistent and the results for a typical sample
are shown in Fig. 2 and 3. A good input and output impedance
match and a flat gain of dB are obtained between

MHz and GHz. The reverse isolation, , is less than
dB. The noise figure was measured using the HP8970
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TABLE II
LNA Performance Comparison

CMOS Flat-Gain BW 3-dB BW S21 G S11 Spot NF NF IIP3 ICP P Area
[ m] [GHz] [GHz] [dB] [dB] [dB] [dB] [dB] [dBm] [dBm] [mW] [mm ]

This Work 0.18 - - + -
[12] 0.18 - + -
[6] 0.6 -

[4] 0.13 - -
[3] 0.18 - - -
[3] 0.18 - - -

Measured @ 2 GHz * mW buffer stage for output match

Noise Figure meter, and is shown in Fig. 4. As expected,
noise is large at low frequencies and increases after the cutoff
frequency [11]. Fig. 5 demonstrates the programmable gain
feature; gain is varied from dB to dB while input
and output matching, and gain flatness are maintained. The
linearity of the amplifier was verified with two-tone IIP3
and dB gain compression (ICP) measurements which are
reported in Table II.

The performance of the presented amplifier is compared
with other ultra-wideband LNAs in Table II. The performance
of the presented design is at par or exceeds the performance
of other LNAs for UWB applications [3], [4]. The power con-
sumption of the presented amplifier is also significantly lower
than previously published DAs [6], [12] which demonstrates
that the presented design methodology is effective for low
power DA design.

Conclusion

A low power MOS DA design has been demonstrated. Im-
provement in overall DA performance is obtained by biasing
the transistors towards the weak inversion region. While this
approach limits the attainable bandwidth, as the of scaled
MOS transistors increases, this design approach will become
even more attractive. Thanks to the operation from DC to RF,
combined with the programmable gain feature, this DA design
can be used in various broadband applications including UWB
and cognitive radio.
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