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Wideband Low-Noise Amplifiers Aiming at
Achieving Transistor Fmin

Leonid Belostotski, University of Calgary

Abstract—Many RF receivers operate over wide bandwidths
and require wideband low-noise amplifiers (LNAs). While there
are many wideband LNA topologies, only a few are able to
achieve noise factors that are close to the lowest noise factors
possible by a given semiconductor technology. This article com-
plements an earlier RFIC Virtual Journal article from April
2014 by focusing on LNA topologies that are theoretically able
to exhibit both wideband input and noise matching. Three broad
groups of input matching strategies are identified as promising
for the implementation of very-low-noise wideband amplifiers.
With the focus on wideband LNA noise, this article does not
consider LNA linearity, gain, and power consumption.

Index Terms—Wideband LNA Design Considerations, Noise
Measure; LNA Design Techniques; LNA Design Papers; Simul-
taneous Noise and Power Matching, Reactive Feedback, Trans-
former Feedback, Intrinsic Feedback, Noise Factor Sensitivity,
Negative Capacitor; Nullor; Generalized Immitance Converter;
Negative Impedance Converter

I. INTRODUCTION

An excellent overview of low-noise amplifier (LNA) devel-
opment, including design considerations, historic LNA papers,
trends, and design techniques was published in Issue 4 of the
RFIC Virtual Journal [Mak et al., 2014]. This article com-
plements [Mak et al., 2014] by focusing on LNA topologies
that are designed not only to operate over wide bandwidths
but also achieve the transistor minimum noise factor, Fmin. In
addition to noise, LNA linearity, gain, and power consumption
are also important performance metrics for wideband LNAs,
but these are beyond the scope of this article.

The main challenge when designing wideband very-low-
noise amplifiers is achieving power and noise matching si-
multaneously. While a wideband power match is not necessary
for excellent noise performance, failure to do so may cause
in-band ripple and degraded filter (when filters are used
prior to LNA) and system performance. In addition, it may
be necessary to add additional stages to boost the received
signal power, thereby increasing power consumption and the
complexity of the receiver design. Before discussing wideband
LNAs, some key design concepts are reviewed.

A. Noise matching

The concept of noise matching, which has been known
since at least the 1950s [Rothe, 1954], [Rothe and Dahlke,
1956], [Haus and Adler, 1958], [Haus et al., 1960], is best
illustrated by LNA noise factor descriptions that are based
on noise parameters. The minimum noise factor, Fmin, is one
of three noise parameters that fully characterize an LNA. The
other two noise parameters are the Lange invariant, N , [Lange,
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Figure 1: Noise wave representation of an LNA.

1967] and the optimum signal-source admittance for minimum
noise, Yopt = Gopt + jBopt. The equivalent noise resistance,
Rn, is often used instead of the Lange invariant, N . The
two parameters are related via N = RnGopt [Lange, 1967],
[Pospieszalski, 1989], [Boglione, 2008], [Belostotski, 2011],
[Boglione, 2013]. Unlike N and Fmin, Rn is not invariant under
lossless input impedance transformation and is therefore more
cumbersome to use. In terms of the noise parameters, the noise
factor is written as

F = Fmin +
N

RsRopt
|Zopt − Zs|2 (1)

= Fmin +
N

GsGopt
|Yopt − Ys|2 (2)

where Zs = Rs + jXs (or Z−1
s = Ys = Gs + jBs) is the

signal-source impedance, Zopt = Y −1
opt = Ropt + jXopt is

LNA optimum signal-source impedance for minimum noise,
and T0 = 290 K is the IEEE reference temperature for noise
measurements and simulations. To realize F = Fmin, Zs should
be tuned to the exact value of Zopt. When this has been
accomplished, the LNA is said to be noise matched. Noise
matching requires an (ideally lossless) matching network to
be placed between the LNA and the source of the incoming
signal so that Zopt is seen looking back towards the signal-
source from the LNA input.

The concept of traveling noise waves [Wedge and Rutledge,
1992] is particularly useful when visualizing noise matching.
The traveling-wave representation of noise contains two cor-
related noise waves: one emanating out of the LNA input, c1,
and one emanating out of the LNA output, c2. As shown in
Fig. 1, noise wave c1 partially reflects off the signal source
– with a reflection coefficient of Γs = (Zs − Z0) / (Zs + Z0),
where Z0 is the characteristic impedance – and interferes with
noise wave c2 at the LNA output. If Γs is selected such
that Zs = Zopt, the correlated portions of c1 and c2 will
destructively interfere, and their remaining portions comprise
the net LNA output noise that determines the LNA noise factor.
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Figure 2: Simplified MOSFET small-signal model with noise
sources.

When this happens, the LNA noise factor reaches its minimum
of F = Fmin, as desired [Belostotski, 2016].

Since MOSFET noise parameters are important when min-
imizing the LNA noise factor, it would be useful to review
them before discussing circuit details. The noise parameters
of the simplified MOSFET small-signal model in Fig. 2
are dependent on transistor gate-source capacitance, Cgs, and
transconductance, gm and are

Fmin = 1 + 2 ω
ωT

γψ
α

l.c.
= 1 + 0.77 ω

ωT

N = 1
2 (Fmin − 1)

l.c.
= 0.39 ω

ωT

Gopt = ωCgsψ
l.c.
= 0.58ωCgs

Bopt = −ωCgsξ
l.c.
= −0.75ωCgs

(3)

where, for brevity, ωT represents gm/Cgs,

ψ ≡ α
√(

1− |c|2
)
δ/5γ (4)

ξ ≡ 1− α |c|
√
δ/5γ (5)

, and
α = (1 + 0.5ρ) / (1 + ρ)

2
, (6)

with ρ ≡ Vod/vsatL, wherein vsat is the saturation velocity,
Vod is the gate-source overdrive voltage, and L is the channel
length [Belostotski and Haslett, 2006], [Lee, 2004]. The drain
and induced gate mean-squared noise currents are described
by

i2dn = 4kTBγgdo (7)

and

i2gn = 4kTBδ
ω2C2

gs

5gd0
, (8)

respectively, where

c = idni∗gn/

√
i2dni

2
gn (9)

is the correlation coefficient, gd0 = gm/α is the output
conductance when the drain-source voltage Vds is zero, B
is the noise bandwidth, k is Boltzmann’s constant, and T is
the absolute temperature [Belostotski and Haslett, 2006], [Lee,
2004]. For long-channel (l.c.) transistors, α = 1, c = j0.395,
γ = 2/3, and δ = 4/3 are the excess drain- and gate-
noise coefficients, respectively. In this article, the long-channel
values are used to give the reader a sense of the magnitude
of some of the parameters shown in (3). Noise parameters
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Figure 3: Simplified schematic (biasing not shown) of a
source-degenerated cascode LNA.

in (3) only pertain to a stand-alone MOSFET. Addition of
lossy components for matching the LNA modifies the noise
parameters and increases Fmin as will be discussed later in
this article. LNA topologies that minimize the increase in Fmin
are therefore of interest.

B. Narrowband designs

We will begin by reviewing narrow band designs, as doing
so will help illustrate the challenges associated with wideband
designs. The main challenge in designing a very-low-noise
amplifier that exhibits noise factors near transistor Fmin is
achieving simultaneous noise and power matching of the signal
source and amplifier input. The inductively source-degenerated
LNA shown in Fig. 3 is able to achieve very low noise figures.
While there are many different methods that can be used to
design LNAs, the two most common ones are described in
[Shaeffer and Lee, 1997], [Nicolson and Voinigescu, 2006].
The method in [Nicolson and Voinigescu, 2006], [?] prescribes
biasing a transistor at the technology-independent current
density yielding the minimum Fmin, Jopt = 0.15 mA/µm. For
a design with the characteristic impedance, Z0 equal to 50 Ω,
the transistor is sized such that Gopt = Z−1

0 . Next, a source
inductor, Ls, is selected to make the real part of the input
impedance equal to 50 Ω, while a gate inductor, Lg, is used to
cancel out the reactive portion of the input impedance. Note
that since −Boptis not equal to ωCgs when gate induced noise
is included, the combination of ω (Lg + Ls) equals 1/ωCgs
and therefore does not fully achieve noise matching.

This design strategy works well for high-frequency designs,
but it results in high power consumption at low frequencies.
To illustrate this behavior, assume that Cgs ≈ 2

3CoxWL, with
Gopt being expressed as in (3). Under these conditions,

W =

(
2

3
ωCoxLZ0ψ

)−1

(10)
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Figure 4: Demonstration of misalignment between noise
matching and input power matching. The x-axis is normalized
by the center frequency, ω0. The desired band is between ωL
and ωU, which were arbitrarily assigned values of 0.7ω0 and
1.4ω0, respectively. Long-channel noise parameters and gm
and Cgs from a 90-nm MOSFET were used in this simulation
[Belostotski and Haslett, 2007c].

is needed to yield Gopt = Z−1
0 . Therefore, the current

consumption of this design becomes

Idc = Jopt

(
2

3
ωCoxLZ0ψ

)−1
l.c.
= Jopt (19C oxLω)

−1
. (11)

Substituting Cox for a desired technology demonstrates a high-
power consumption for a long-channel transistor that decreases
with frequency.

To limit power consumption at lower frequencies, the
power-constrained approach presented in [Shaeffer and Lee,
1997] is preferred. Here, the size of the MOSFET and the
biasing voltages were constrained by a specific power con-
sumption and input power matching. Because −Bopt 6= ω0Cgs,
the input-power-matching constraint will not permit the design
to achieve transistor Fmin. Fig. 4 demonstrates the misalign-
ment between the input power matching and noise matching
frequencies. The design procedure in [Shaeffer and Lee, 1997]
produces a narrowband design when low power consumption
is desired for the circuits. By contrast, when a large power
consumption is chosen, Cgs increases and the gate inductor
decreases, which results in a low input-network quality factor,
Qs ≡ (ωCgsRin)

−1. As [Belostotski and Haslett, 2007a]
demonstrated using a 10-dB return loss, the relationship be-
tween Qs and the relative bandwidth, Br ≡ (ωU − ωL) /ω0,
is Qs = 2/ (3Br); therefore, a low Qs results in a large
bandwidth. Consequently, relying on a very low Qs is not
sufficient for wideband LNAs, as doing so drives up power
consumption.

In addition, Bopt behaves like a negative capacitance (−C) ,
see (3). For noise matching across a wide band of frequencies,
this creates the design challenge of transferring the (typically
50 Ω) output impedance of the network driving the LNA to
an admittance Ys near Yopt that exhibits the −C behavior with
frequency. Fortunately, the Fmin of a transistor decreases with
decreasing frequency, and some mismatch between Yopt and
Ys at low frequencies will not increase the noise factor of

an LNA significantly. A close look at Fig. 4 reveals that the
mismatch penalty is not significant (proportional to Rn/Rs
[Belostotski and Haslett, 2007a]) below the frequency at which
noise matching is accomplished, whereas the penalty between
the noise factor and Fmin increases quickly (proportional
to Rn/Rsω

4/ω4
0 [Belostotski and Haslett, 2007a]) at higher

frequencies. As a result of the large mismatch penalty that
occurs above the noise-matching frequency, wideband designs
that only use a gate inductor to noise match a common-source
MOSFET tend to perform this task at the upper band edge (i.e.,
at ωU, as shown in Fig. 4). At lower frequencies, the mismatch
between F and Fmin is negligible, which results in a nearly
constant overall noise factor across the wideband [Belostotski
and Haslett, 2007c]. While this approach is acceptable for
applications such as radio astronomy, it is less desirable for
commercial systems due to the presence of large gain ripples
and reduced filter rejection caused by input power mismatch.
Thus, other methods that include additional components are
required for wideband designs striving to achieve Fmin, as gate-
inductor-only input-matching networks are clearly insufficient
for this task.

C. Noise measure

At this point, the question: “how do these additional circuits
affect noise?” may be raised. A cascade of stages is one well-
known amplifier arrangement, the noise factor, F12, of which
can be estimated using Friis’ formula [Friis, 1944]

F12 = F1 +
F2 − 1

G1
(12)

where F1 and F2 are the noise factors of the first and second
stages in the cascade, respectively, and G1 is the available
gain of the first amplifier. When the noise factor of a transistor
is reduced to near unity by applying degenerative feedback,
the network noise factor becomes determined by the second
stage of the cascade. Therefore, in more complicated situations
wherein feedback is used or transistors are cascaded, another
performance metric is required. Such a metric was proposed
by Haus and Adler [Haus and Adler, 1958], [Adler and
Haus, 1958], [Haus and Adler, 1959], who developed a single
measure that incorporates noise factor and gain in order to
identify the noise performance of amplifiers.

Considering (12), we note that switching the positions of
the two amplifiers in the chain gives us

F21 = F2 +
F1 − 1

G2
. (13)

Moreover, if F12 < F21, (12) and (13) give

F1 − 1

1−G−1
1

<
F2 − 1

1−G−1
2

. (14)

This suggests that the lowest noise factor for a cascade
can be achieved by placing the amplifier with the lowest
(F − 1) /

(
1−G−1

)
at the front, rather than the amplifier

with the lowest F . Haus and Adler refer to the term

M ≡ F − 1

1−G−1
(15)
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as “noise measure,” with the noise measure of a cascade being
expressed by

M12 = M1 + (M2 −M1)
G2 − 1

G1G2 − 1
. (16)

The important conclusion of [Haus and Adler, 1958] is that
when a two-port amplifier is comprised of an arbitrary number
of two-port amplifier stages with lossless interconnections,
the noise measure of the resultant amplifier cannot be less
than the noise measure of the best amplifier in the network.
Furthermore, if interconnections are lossy, the resultant noise
measure cannot be less than that in the lossless case. Another
important result is that the minimum noise measure of a circuit
is invariant to a lossless network, which embeds the active
devices. However, lossy or active-circuit embedding adds noise
and can only degrade the minimum noise measure.

The results of Haus and Adler’s work indicates that, for a
network consisting of more than one active circuit, the lower
limit on the minimum noise factor will be determined by the
minimum noise factor of the best active circuit. Any lossy
passive components will increase the lowest noise factor of
the network. Keeping the outcomes of [Haus and Adler, 1958]
in mind, we can now investigate different wideband design
strategies.

II. WIDEBAND AMPLIFIERS

Common-gate LNAs [Zhuo et al., 2005], [Sanghyun Woo et
al., 2009], [Shim et al., 2007], [Jeong et al., 2011] are popular
due to their input impedance, Zin = 1/ [gm (1 + jω/ωT)] ≈
1/gm, being relatively low (i.e., close to 50Ω) and resistive
at frequencies much lower than ωT. While it is easy to
show that common-gate and common-source transistors have
identical noise-parameter values, common-gate LNAs do not
achieve transistor Fmin because in such designs the input-
power-matching condition ( i.e., Zs = 1/gm) does not coincide
with the noise-matching condition as the common-gate LNA
relies on ωCgs is much less than gm, which from (3) implies
that noise matching is not possible since Gopt � gm = Z−1

s .
Resistive shunt-feedback LNAs [Lin et al., 2014], [Chang and
Hsu, 2010], [Zhan and Taylor, 2006] are also able to achieve
very wide bandwidths, but the addition of the feedback resistor
increases their noise factor well beyond Fmin, as would be
expected based on the discussion in Section I-C.

Noise-canceling LNAs [Bruccoleri et al., 2001], [Bruccoleri
et al., 2004], [Blaakmeer et al., 2006], [Blaakmeer et al.,
2008], [Jussila and Sivonen, 2008], [Ho and Saavedra, 2010],
[El-Nozahi et al., 2011], [Mak and Martins, 2011], [Murphy
et al., 2012], [Chen and Liu, 2012] were developed to al-
leviate the noise penalty associated with the design choices
in common-gate and shunt-feedback LNAs by embedding
them in a network of one or more additional active devices.
As discussed in Section I-C, the fundamental limit on the
noise performance of such circuits is determined by the
individual sub-circuit noise- and S-parameters. Prior work by
Haus and Adler [Haus and Adler, 1958], [Haus and Adler,
1959] indicate that noise-canceling LNAs cannot achieve noise
factors approaching the technology Fmin. Nevertheless, noise-
canceling LNAs are popular because they are broad band,
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Figure 5: (a) Filter-synthesis approach for input power match-
ing [Bevilacqua and Niknejad, 2004], [Ismail and Abidi,
2004]. (b) LNA with simultaneous wideband noise and input
power matching as proposed in [Zailer et al., 2020].

some are capable of providing differential outputs, and they
enable the cancellation of circuit intermodulation components
[Blaakmeer et al., 2008].

The following sections provide an overview of circuits that
provide wideband input power matching, and are also capable
of noise matching, at least in theory.

A. LNAs with wideband reactive input-matching networks

The input impedance (looking into the transistor gate) of
the inductively degenerated common-source MOSFET in Fig.
3 is

Zin = (jωCgs)
−1

+ ωTLs + jωLs. (17)

Considering this R-C-L impedance as a part of a bandpass
filter, the filter synthesis method can be used to identify
matching components, which are placed ahead of the amplifier
to complete the wideband impedance match. An example is
shown in Fig. 5(a) [Bevilacqua and Niknejad, 2004], [Ismail
and Abidi, 2004]. Although this method does not provide
noise matching explicitly, the wideband nature of the input-
matching network means that noise matching can be expected
somewhere within the band. For the lowest noise in the band,
the input impedance network should be over-designed slightly
to extend the input-power-match bandwidth beyond the upper
band edge so that noise matching is satisfied at this point, as
discussed in Section I-B.

However, over-designing is not always possible and setting
−Bopt = Bin, where Bin = ={1/Zin}, is therefore desired.
In an attempt to set −Bopt = Bin within the band for
simultaneous wideband noise and input matching, authors in
[Zailer et al., 2020] investigated both the mismatch between
transistor F and Fmin (expressed as ∆F = F − Fmin) and the
sensitivity of ∆F to ω

Sf ≡
∂∆F

∂ω

ω

∆F
. (18)

Coincidence ∆F = 0 and Sf = 0 occurs when ψ2 + ξ2 = ξ,
which results in

α = |c|
√

5γ/δ
l.c.→ 0.62 (19)

from the definitions of ψ and ξ,. Simultaneous noise and power
matching is achieved when transistor bias is selected such
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that α = 0.62. Paper [Zailer et al., 2020] also investigated
a matching strategy that permitted the input resistance at
the transistor gate to deviate from 50 Ω, which provided an
additional degree of design freedom. Given the flexibility
in designing the input network and selecting Rs, the design
of the LNA in Fig. 5(b) was achieved by: (a) selecting an
inductor with the highest Q in-band for Lg from the design
kit, (b) selecting a high-Q kit inductor, L2, and (c) targeting a
return loss of at least 12 dB. This design strategy enabled
the LNA to achieve its minimum noise factor throughout
the operating range. Nevertheless, these passive matching
components contribute noise, and Fmin for the LNA remains
higher than that of the transistor.

B. Wideband LNAs with feedback

Feedback elements can also be used to realize input match-
ing. For example, shunt feedback amplifiers [Zhan and Taylor,
2006] demonstrate wide input bandwidth. However, such am-
plifiers use lossy feedback elements and do not come close to
achieving Fmin. In contrast, reactive, low-loss feedback may
permit wide input matching without increasing the LNA noise
factor significantly beyond Fmin. Examples of such designs
were presented in [Reiha and Long, 2007], [Cui and Long,
2020], [Xiaoyong Li et al., 2005], wherein a transformer
formed between the MOSFET source inductor and gate in-
ductor (Fig. 6) was used to provide negative feedback. The
noise factor of the LNA in the circuit depicted in Fig. 6 is

F = 1 +
1

n+ 1

γ

α
+
ω2

ω2
T

(n+ 1)

(
γ

α
+
δα

5
− 2 |c|

√
γδ

5

)
,

(20)
where n is the transformer turns ratio, the transformer cou-
pling coefficient is assumed to be 1, the impedance matching
condition forces Rsgm = n2/ (n+ 1), and losses in the
transformer are ignored. From (6), a minimum in F exists
when n

l.c.
= ωT /ω − 1. While no physically realizable n can

make F = Fmin, by focusing on setting feedback factors
to set the input impedance to 50 Ω across a wideband in a
more reproducible way than the LNA with source degeneration
and series gate matching, the LNAs in designs following
[Reiha and Long, 2007], [Cui and Long, 2020] have achieved
excellent bandwidths (3.1 to 10.6 GHz and 22 to 32 GHz) and
very low noise figures (2.1 dB and 1.7 dB) while consuming
9 mW and 17.3 mW of power.

To reduce the number of lossy reactive components at the
LNA input, the parasitic feedback through transistor gate-drain
capacitance, Cgd, can also be employed to tune the power and
the noise match independently [Hu and Yang, 2005], [Hu,
2006], [Belostotski et al., 2006], [Belostotski and Haslett,
2007a], [Belostotski and Haslett, 2007c], [Belostotski and
Haslett, 2007b]. Since feedback through Cgd is always present,
and measurements of transistor noise parameters naturally take
Cgd into account, using Cgd for feedback does not impact
Fmin. When an inductively source-degenerated LNA is loaded
with a dc-blocking capacitor, CL, and a load resistor, RL, as
shown in Fig. 7(a), the input impedance of the transistor can
be described by

Z−1
in = Z−1

gs + Ygd, (21)

where
Zgs = (sCgs)

−1
+ sLs + gmLs/Cgs (22)

and Ygd is the result of Cgd feedback. When the load is
implemented by a common-gate transistor such that RL =
1/gm, the model of the resultant Zin is as illustrated in Fig.
7(b) [Belostotski et al., 2006]. This configuration forms two
resonant networks: Zgs resonates at high frequency, and Ygd
resonates at low frequency. By adjusting CL, the location of
the low-frequency resonance can be tuned. This arrangement,
which is conceptually very simple and resembles a narrowband
circuit, does not require any additional components to be
connected to the transistor input to form feedback networks.
The wideband LNA design then uses a standard narrowband
source-degenerated LNA design method to implement the
narrowband LNA noise match at the upper frequency range
(see Section I-B and Fig. 4). Since LNAs that utilize Cgd
feedback exhibit an additional low-frequency resonance at the
LNA input due to Ygd, adjusting the LNA load capacitor,
CL, will enable wideband input power matching. Such LNAs
have been shown to achieve very low noise factors over wide
bandwidths [Belostotski and Haslett, 2007b], [Beaulieu et al.,
2016], [Hu, 2004]. [Belostotski and Haslett, 2007b], [Beaulieu
et al., 2016] demonstrated noise noise figures of <0.2 dB over
55% relative bandwidth (from 0.8 to 1.4 GHz), while GaAs
LNA in [Hu, 2004] reported return loss of greater than 10 dB
and noise figures of 1.3dB in the band between 8 and 20 GHz.

C. LNAs with negative capacitance for wideband noise and
power matching

As discussed in Section I-B, the realization of simultaneous
noise and power matching over a wide frequency range in
an LNA design is complicated by the fact that a negative
capacitance (–C) is required at the MOSFET input to achieve
the MOSFET minimum noise factor, Fmin. This –C element
is often approximated using an inductor over a narrow band
of frequencies. While there are examples of LNAs that have
employed negative capacitance [Chang et al., 2008], [Jang et
al., 2019], [Jacob and Sievenpiper, 2016], these examples do
not use the –C for noise matching, but rather, they tend to
use the –C for power matching or for neutralizing capacitance
Cgd. When used for power matching, the –C circuit spoils
the LNA noise factor, and it does not contribute to noise



6

Out

Lg

Ls

Vdd

Rs
Vin

CL

RL

R
F

 c
h

o
k

e

Zin

(a)

L s gm

Cgs

Lg

Ygd

L s

Cgd rds

Zgs

Z in
Cgs Cgd

Cgdrds gm

CL

Cgd gm

L s CL

Cgd

Ls

(b)

Figure 7: (a) Example of an LNA topology that makes use
of intrinsic feedback through Cgd. (b) Approximate input-
impedance model of the LNA in (a) with RL = 1/gm.
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V+ −+ −V
I I

I I0≡
≡
≡

Figure 8: A small-signal MOSFET nullor model.

matching when it is used to neutralize Cgd. To create a –C
element that can be embedded within an LNA, it is convenient
to replace a noiseless version of the MOSFET controlled-
current-source model in Fig. 2 with the nullor small-signal
representation in Fig. 8 to make use of the concept of nullor
equivalences in circuit analysis [Bruton, 1980]. A two-nullor
generalized immittance converter (GIC) comprised of nullators
and norators is shown in Fig. 9(a) [Bruton, 1980]. Many
possible circuits can be constructed from the GIC configured
as a negative impedance converter (NIC) in Fig. 9(a) by
identifying MOSFET nullor models within it (see Fig. 8). For
example, the two-MOSFET circuit in Fig. 9(b) synthesizes the
NIC, and is capable of synthesizing a negative capacitance

(b)

gm3 ≡ Y1
gL ≡ Y2 sCgs2 ≡ Y4

gm2 ≡ Y3

Y2 Y3
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Figure 9: (a) The two-Nullor GIC configured as an NIC (b)
MOSFET based representation of the GIC (biasing not shown).
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for small signals. However, since the input is applied to
the source terminal of M3, this circuit topology will likely
yield unsatisfactory noise factors, similar to those observed in
common-gate LNAs. To improve the noise factor, the nullor
equivalence [Bruton, 1980] is used to transform the GIC in
Fig. 9(a) to the equivalent GIC of Fig. 10. Note that the
nullator and norator definitions are depicted in Fig. 8. Using
these definitions, it is easy to show that they can be connected
in series to produce an open circuit. Therefore, adding such
networks to the GIC in Fig. 9(a) will not affect it, as shown in
the first step in Fig. 10. Furthermore, the other transformations
also do not affect the GIC. The last transformation in Fig. 10
is possible because currents flowing through gm2 and Cgs2 are
independent of the voltage, vx. Further use of equivalences
can continue until a suitable circuit topology is found. With
the three transformations shown in Fig. 10, the resultant
nullor-equivalent representation can be implemented with three
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gc
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vout
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Rs

gL
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Figure 11: An example of a –C LNA.

MOSFETs (including a common-source MOSFET at the input,
as in Fig. 11), and thus has the potential for enabling lower
noise factors. With the GIC configured as an NIC, the small-
signal –C, synthesized by M2-M3 at the input to M1, provides
simultaneous power and noise matching over a broad-band
frequency range. Unlike shunt feedback LNAs, the circuit in
Fig. 11 has a non-zero conductance, (i.e., gc = 1/Rc). In
addition to providing a DC current to M3, gc is required
for stability and an adequate output match. Transistor M3

draws very low current and contributes a low amount of
noise at the input node. Using this NIC, the 65-nm CMOS
LNA in [Belostotski et al., 2012] was able to achieve a 1-
dB noise figure, while it was also noise and power matched
with S11 < −10 dB across a 10MHz to 2.8GHz frequency
range, consumed the total power in all sections of 40 mW,
and demonstrated voltage gain of 32dB and IIP3 of -13.6dBm.
However, the addition of M3 and the current source, which was
implemented with a large resistor to ensure a low impact on
noise, inevitably increased the LNA F above the MOSFET
Fmin.

III. CONCLUSIONS

This article has reviewed several wide-band LNA circuit
topologies that theoretically permit simultaneous noise and
power matching over at least part of the desired pass band.
Circuits that require a lower number of components at the LNA
input are more likely to have noise factors that approach the
transistor Fmin. Since wideband LNAs require more than one
passive element for input power matching, those that employ
reactive or intrinsic feedback through Cgd are better able to
achieve low noise factors due to the reduced number of circuit
elements at the LNA input. A short example of how the nullor
equivalence can be used identify new LNA topologies was also
provided at the end of this article.
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