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Wideband LNA Noise Matching
Eugene Zailer, Leonid Belostotski Member, IEEE , and Rene Plume

Abstract—A new method for designing wideband
noise- and power-matched source-degenerated cascode
LNAs is presented. At the core of the method is the
selection of transistor size and biasing that simultane-
ously minimize the difference between the LNA noise
factor and the minimum noise factor as well as reduce
the sensitivity of that difference to frequency. An exper-
imental demonstration of the method is presented with
a 0.13-µm CMOS LNA exhibiting <-12dB S11, 10dB of
gain, and <2.5dB NF, which remains within 2.8% of the
minimum noise figure, from 4 to 8GHz while consuming
12.8mW of power.

Index Terms—Source-degenerated LNA, noise
matching, power matching

I. Introduction
In wideband power-matched receivers, shunt-feedback

amplifiers are widely used and demonstrate low noise
factor, F , and power consumption [1], [2]. However, F of
wideband LNAs, such as shunt-feedback, noise-canceling,
and common-gate LNAs, cannot achieve transistor mini-
mum noise factor, Fmin, when matched to a 50-Ω signal
source. On the other hand, F of source-degenerated (SD)
LNAs (SD-LNAs) can approach Fmin, if hiqh-Q induc-
tors are used, but such LNAs are narrowband. While
in wideband SD-LNAs, filter-based designs, as in [3],
achieve wideband input match, wideband simultaneous
noise (i.e. F = Fmin) and power matching (SNPM) is
not guaranteed. This work addresses the lack of theory of
designing wideband noise and power matched SD-LNAs.
This theory is verified with an LNA, which was designed
to replace connectorized, large, power-hungry LNAs for
Cerro Chajnantor Atacama Telescope heterodyne array
instrument (CHAI) [4] with an integrated LNA achieving
similar noise performance.

A schematic of a cascode SD-LNA input stage driven
by a signal-source Zs and its small-signal (SS) model
are shown in Fig. 1. In Fig. 1(a), it is assumed that Zs

is not necessarily equal to the characteristic impedance
Z0. “Matching Network” represents some transformation
from Z0 to Zs. In the SS model of the SD-LNA in Fig.
1(b), the drain and gate noise currents are described by
i2dn = 4kTBγgdo and i2gn = 4kTBδ ω2C2

gs

5gd0
, respectively, and

a correlation coefficient c = idni∗gn/
√
i2dni

2
gn (c = j0.395

for long-channel (l.c.) MOSFETs), where γ (γ = 2/3 for
l.c. MOSFETs) and δ (δ = 4/3 for l.c. MOSFETs) are
the excess drain- and gate-noise coefficients, respectively,
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Fig. 1. (a) Schematic of the input stage of an SD-LNA and (b) its
SS model. Partially correlated gate and drain noises are identified
with ign and idn noise currents, and the cascode noise contribution
is assumed insignificant.
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Fig. 2. SS simulations: (a) Return loss; (b) NF and NFmin.

and gd0 = gm/α (α = 1 for l.c. MOSFETs) is the output
conductance when Vds = 0, B is the noise bandwidth, k is
Boltzmann’s constant, and T is the absolute temperature
[5], [6]. For a stand-alone M1, the optimum admittance
(Yopt = Gopt + jBopt) for F = Fmin depends on Cgs via{

Gopt = ωCgsψ
l.c.→ 0.58ωCgs

Bopt = −ωCgsξ
l.c.→ −0.75ωCgs,

(1)

where for brevity ψ ≡ α

√(
1− |c|2

)
δ/5γ, ξ ≡ 1 −

α |c|
√
δ/5γ, α = (1 + 0.5ρ) / (1 + ρ)2 with ρ ≡ Vod/vsatL,

vsat is the saturation velocity, Vod is the overdrive voltage,
and L is the channel length [5], [6]. From the definition
of α, Yopt depends on Vod via ρ. The SD-M1 optimum
impedance for F = Fmin is Zd

opt = Y −1
opt − sLs [7]

while the input impedance is Zin = Rin + jXin =
Lsgm/Cgs + (sCgs)−1 + sLs [5], where Lsgm/Cgs ≈ ωTLs.
Assuming that Zs = Rs is real, to noise match this SD-
LNA (see Fig. 1(b)) Zg = Rs + sLg should equal to
Zd

opt while for power matching Zin + sLg should equal
Rs. As =

{
Zd

opt

}
6= ={Z∗

in}, prior art [8], [9] cannot
achieve SNPM using Lg, i.e. the LNA is either noise or
power matched as illustrated by “Prior method” curves in
Figs. 2(a) and (b). The power match bandwidth in Fig.
2(a) is wide as Cgs (and power consumption and circuit
parasitics) is very large with methods [8], [9] at a few
GHz when the lowest NF is desired. At high frequencies,
smaller Cgs would be needed reducing power consumption
and making approaches as in [9] applicable. While non-kit
components, e.g., transformers [10], could be used, here,

Authorized licensed use limited to: University of Calgary. Downloaded on April 09,2020 at 15:44:38 UTC from IEEE Xplore.  Restrictions apply. 



2

an SD-LNA matching strategy to achieve wideband SNPM
with kit components is discussed next.

II. Simultaneous noise and power matching
A. Transistor size and biasing

This work proposes a new way to find M1 size, i.e.
Cgs, and bias, i.e. α (Vod), that reduce ∆F = F − Fmin

and the sensitivity, Sf ≡ ∂∆F
∂ω

ω
∆F , of ∆F to ω. We

start by minimizing ∆F with respect to Cgs. Ignoring
noise contribution from Lg and other passives at the
input and with Fmin = 1 + 2ωγψ/ (αωT ) [8], we find
∆F = F − Fmin = N

∣∣Zg − Zd
opt

∣∣2 / (RsRopt) where
Lange’s invariant [11] N ≡ RnGopt replaces the match-
variant noise resistance, Rn. It can be further shown that
N ≈ ωγψ/ (αωT ) since for a MOSFET N ≈ 1

2 (Fmin − 1)
[11]. At the resonance of Cgs with LT = Ls + Lg and the
parameters in (1), the optimum Cgs from ∂∆F/∂Cgs = 0
is found as

ωCF
gs = 1

Rs
β

√
1 + (ψ2 + ξ2 − ξ)2

ψ2 (2)

where β = ψ/
(
ψ2 + ξ2) and where for now Xs = 0, i.e.

Zs = Rs, is assumed. For a wideband match, sensitivity
Sf is zeroed with a different optimum Cgs, which is

ωCS
gs = 1

Rs
β. (3)

While beyond the scope of this paper, noise due to Lg [5]
can be accounted for in (2) and (3), as Lg depends on Cgs.
CF

gs and CS
gs have similar traits in their dependence on

R−1
s and ω. For a coincidental ∆F = 0 and Sf = 0,

CF
gs = CS

gs. This equality happens when ψ2 + ξ2 = ξ,
which, through the definitions of ψ and ξ, results in
α = |c|

√
5γ/δ l.c.→ 0.62 and in β = ψ/ξ. With Cgs = CS

gs

and regardless of α, F = Fmin + N
(
ψ2 + ξ2 + ξ

)2
/ψ2 is

independent of Rs. Adjusting Vod to set α = |c|
√

5γ/δ
makes F = Fmin regardless of Rs (i.e. the SNPM condition
can be achieved). Note that Cgs may not be reduced
arbitrary, which at high frequencies puts a limit on Rs.
With the apparent independence of F on Rs, (2) also

makes ∂∆F/∂Rs = 0 and the sensitivity Sr ≡ ∂∆F
∂Rs

Rs

∆F =
0. Now, if Xs 6= 0 and if Xs+sLT and 1/sCgs resonate at a
center frequency ω0, some non-zero ∆Xs (ω) is required for
a wideband resonance of (Xs + ∆Xs) + sLT and 1/sCgs.
Then, with Cgs set based on (3), we find that F = Fmin +
N (∆Xs/Rs)2, i.e. F again depends on Rs unless Rs →∞,
i.e. Cgs → 0. Since Rs →∞ is not practical, we then would
like to have ∆Xs = 0 while maintaining broadband match
Xs (ω)+sLT = −1/sCgs. Therefore, Xs (ω) must resemble
a −C (negative capacitor) to reduce Rs effect on F and
create wideband SNPM.

B. Bandwidth consideration
When an SD-LNA in Fig. 1 is matched with Lg,

the 10dB-return-loss (RL) relative bandwidth, Br ≡
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Fig. 3. Matching possibilities (Br = 0.54).

(ωH − ωL) /√ωHωL, between low and high frequencies ωL

and ωH , relates to the network quality factor, Qs, by [12]

Qs = 1
ωCgsRin

≤ 2
3Br

. (4)

With Cgs = CS
gs, (4) results in Rs ≤ Rin × 2β/3Br giving

a bandwidth-based relationship between Rs and Rin and
differs from the conventional assumption of Rs = Rin [3],
[8], [9]. Using α from above (α = 0.62 making ψ = 0.36,
ξ = 0.85, and β = 0.425) and a 4-to-8GHz band, which
is used later in an experimental example, Rs ≤ 0.4Rin,
which, even when assuming ∆Xs = 0, results in a narrow-
band design and poor RL at band edges, as confirmed in
Fig. 2(a), while Fig. 2(b) shows that indeed F = Fmin

is at the band center. Using Rs ≤ Rin × 2β/3Br and
expressing Br ≤ 2

3β
1+Γ
1−Γ , where for RL≥ 10 dB sets the

reflection coefficient Γ ≡ (Rin −Rs) (Rin +Rs) = 0.3,
shows Br ≤ 0.54 over which RL ≥ 10dB is achieved. Such
Br makes Rs ≤ 0.52Rin. For Br > 0.54, a higher-order
matching network is required to relax constraints in (4).

III. LNA designs and an implementation example
There are many approaches to find matching networks,

provided they generate Xs, that result in wideband input
resonance (∆Xs = 0) and make F independent of Rs.
As 25-Ω and 100-Ω loads in a 50 Ω system result in
RL≈ 10dB, for the SD-LNA Rs > Z0 or Rs < Z0 could
also be targeted while setting Rin = Rs/0.52 at either
ωL or ωH as in Fig. 3. Setting Rin = Rs/0.52 at ωH

(or ωL) and Br = 0.54 results in Lg that causes LT &Cgs

resonance at the center frequency of Br. This on its own
results in inadequate RL at ωL (or ωH), as Br = 0.54 is
too narrow (Fig. 3). The ωL (or ωH) RL is rectified by
using a matching network.
Many possible circuits could implement a matching

strategy based on discussions above. Here, we design a
matching network so that packaging and basing compo-
nents, shown in Fig. 4, are reused for matching. Since
these parts are already present in an SD-LNA, they do
not contribute any additional noise.
We next consider four different matching strategies that

result from selecting Rs > Z0 or Rs < Z0 and realize
Rin = Rs/0.52 at ωH or ωL.

A. Rs > Z0

Considering Fig. 5(a) and simulation results in Fig. 6,
the lowpass L1&C1 resonates near ωH (Q = 1) realizing
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Fig. 4. Schematic of the input stage of an SD-LNA with the
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Fig. 5. Input matching network before Lg : (a)Rs > Z0; (b)Rs < Z0.

Rs ≈ 100 Ω while the highpass L2&C2 resonates near ωL

(Q ≈ 1.7) realizing Rs ≈ 200 Ω. As Rs changes by a factor
of ~2 from 4 to 8GHz, it roughly imitates Rs ∝ ω−1 as
desired for a constant Cgs in (3). A deviation from this
behavior at the lower part of the band is not significant
when ∆Xs ≈ 0, making NF − NFmin < 0.05 dB around
the band center in Fig. 6. Since Rs can be designed at
either ωH or ωL, both conditions are shown next where
for brevity the parameters corresponding to ωL identi-
fied in brackets. With Rs ≈ 100 Ω (200 Ω) at ωH (ωL),
Rin ≈ 190 Ω (350 Ω) and LT &Cgs is resonant at 6.1 GHz
(5.3 GHz), which is the center frequency when Br = 0.54
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Fig. 6. Rs > Z0: (a) Return loss; (b) NF and NFmin results from
SS-model simulations. (c) Zs = Rs + jXs realized by the matching
network in top right. Ideal passives and MOSFET SS model are used
in these simulations. (d) −C imitation with Z0&L2 and Z0&L1.
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Fig. 7. Rs < Z0: (a) Return loss; (b) NF and NFmin results from
SS-model simulations. (c) Zs = Rs + jXs realized by the matching
network in top right. Ideal passives and MOSFET SS model are used
in these simulations.

and ωH = 2π × 8GHz (ωL = 2π × 4GHz). The parallel
resonance of C1&L2 near ωL and the series resonance of
L1&C2 near ωH also ensure −C-like behavior (explained
in Fig. 6(d)) for Xs, thus making ∆Xs ≈ 0 above and
below 6.1 GHz (5.3 GHz), as assumed when deriving (2)
and (3).

B. Rs < Z0

Considering the matching network in Fig. 5(b) and
simulation results in Fig. 7, L2&C1 resonates near ωL

(Q ≈ 0.9), while together with L1&Z0 imitating −C
behavior. L1&C1 resonates near ω0 (Q ≈ 0.7), while Rs

varies from 50 Ω at ωL to 30 Ω at ωH due to the L1&L2
divider to imitate the reduction of Rs with ω. Again, Rs

can be set at either ωL or ωH , with results related to ωH

shown in brackets. With Rs ≈ 50 Ω (30 Ω) at ωL (ωH),
Rin ≈ 95 Ω (60 Ω) and LT &Cgs is resonant at 5.4 GHz
(6.1 GHz), which is the center frequency when Br = 0.54
and ωL = 2π × 4GHz (ωH = 2π × 8GHz). For input
resonance Xs (ω) + sLT = −1/sCgs, L1&Z0 and L2&Z0
approximate −C behavior as in Fig. 6(d).
In contrast to Rin ≈ ωTLs, the core-LNA voltage

gain G ∝ L−1
s requires a compromise with Br through

(4). Advantageously, this packaging/biasing network has
enough elements to accommodate some flexibility.

C. Experimental example
Out of the possible design options, Rs < Z0 with

Rin = Rs/0.52 at ωH was selected for implementation as
it resulted in the smallest Ls = 0.2 nH and Lg = 1.8 nH
at the expense of larger power consumption. The lowest
power design would be with Rs > Z0 with Rin = Rs/0.52
at ωL, but, with Ls = 1 nH and Lg = 12 nH.
A 4-to-8 GHz SD-LNA, with its schematic in Fig. 8,

was implemented in 0.13-µm CMOS. As a part of a larger
system, the LNA is followed by 2 differential stages. Due to
the flexibility in designing the input network and selecting
Rs, the design started by (a) selecting the kit inductor
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Fig. 9. Simulation and measurement of (a) S21, (b) S11, (c) NF. (d)
Performance summary.

with the highest Q in-band for Lg; (b) selecting a high-
Q kit inductor L2; and (c) targeting RL ≥ 12dB. With
this Lg, the requirement for resonance at 6.1 GHz sets the
gate capacitance, which sets the required Rs from (3) at
ωH and the matching network to realize Rs. Accounting
for layout parasitics gives the components in Fig. 8. In the
final circuit, Cgs ≈ 150 fF, Vod = 0.23V, and α ≈ 0.63.
Noise and S-parameter were measured in a single-ended

mode with the LNA 2nd terminal loaded as in Fig. 8. Such
measurements do not impact the NF, but the measured
gain is 3 dB lower than in the intended differential mode.
The test results in Fig. 9 show that in the 4-to-8 GHz
band the LNA has a maximum NF of 2.5 dB, differential-
output gain of 18 dB, and RL > 12dB. The LNA NF
and NFmin are within 2.8% over the full band indicating
wideband noise matching and are only slightly higher
than in the post-layout simulations. The LNA consumes
24.8 mW from a 1.6 V supply, of which the front-stage
LNA consumes 12.8 mW. Fig. 10 shows how the described
LNA compares to other 0.13-µm CMOS LNAs [13].

IV. Conclusion
This work presented a way of noise and power matching

SD-LNAs. This strategy is based on reducing ∆F =
F − Fmin and the sensitivity of ∆F to frequency, ω.
Unlike other SD-LNA design strategies, in this work (a)
the Cgs that minimizes noise-factor penalty ∆F and the
sensitivity, Sf , of ∆F to frequency is found; (b) the
overdrive voltage, Vod, for coincidental ∆F = 0 and Sf = 0
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Fig. 10. Performances of 0.13-µm CMOS LNAs published since 2000
[13]. Larger markers of brigher colors indicate higher dc power in (a)
and (b) and larger Br in (c).

is found; (c) these Cgs and Vod result in noise figure,
NF, being independent of the signal-source impedance
Zs = Rs +jXs for SNPM; (d) the input resistance, Rin, is
not constrained to 50 Ω; (e) the effect of reactive mismatch
on ∆F is minimized with small Cgs; and (f) Zs with ω−1

dependence is synthesized with the biasing and packaging
components to achieve SNPM without additional noise.
An experimental example demonstrated the ability of this
approach to maintain ∆F within 2.8% of Fmin from 4 to
8 GHz while achieving >12-dB return loss in band.
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