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n analytic tech-
nique and figure-
f-merit (F_ ) for

the trade-off of noise
measure and mismatch
loss in the design of low
noise amplifier is pre-
sented. The trade-off

quate noise figure also compromises system
performance. Optimizing the input noise fig-
ure of an active stage, irrespective of the
impedance presented to the source, preserves
the noise figure, however at the expense of
other parametric values. For example, high
port VSWR can lead to excessive passband
insertion loss when filters are used, as in a

This article explores the
trade-offs between gain,
match and noise figure in a
low noise amplifier, result-
ing in a new figure-of-merit
for selecting the value of
source inductance

between various design
parameters as a function of inductive source
degeneration is evaluated using the developed
design curve. It is shown that the design
curves are unique to the selected device.
Several devices demonstrated conditions
whereby the use of source degeneration leads
to instability and must be avoided. The tech-
nique is straightforward and permits pre-
screening of potential devices being consid-
ered for low noise amplifier design. The result-
ing design curves permit accurate selection of
the range of acceptable feedback values to
achieve desired performance. A new figure-of-
merit has been introduced which allows
designers to choose the optimum value of
source inductance either analytically or
graphically. The new methodology is discussed
and was applied to low noise pseudomorphic
hetero-junction FET (pH-JFET) amplifier
designs at 2.10 GHz and 10.24 GHz.

I. An Overview of Design Techniques
Noise figure, available gain, and return
loss or the port VSWR are key elements in low
noise amplifier design. Low noise figure with-
out adequate gain or poor return loss degrades
system performance. High gain without ade-

preselector design, or can results in excessive
group delay distortion. Consequently,
although the noise figure may be excellent, the
system performance can suffer significantly.
System performance is degraded due to an
increase in inter-symbol interference and lack
of decoding sensitivity.

Noise measure [2] was introduced as a fig-
ure-of-merit tying together two key compo-
nents in amplifier design, noise figure and
gain. The noise measure M is defined as:

M=F-1D/1-1/G) D

Where F' is the noise factor (numeric noise
figure) and G, is the numeric amplifier avail-
able gain.

The goal is to minimize the noise measure,
that is achieve as low a noise figure as possi-
ble while maximizing the amplifier available
gain. The desired result is to minimize secon-
nd stage noise contribution in a cascaded sys-
tem. In addition, although not part of noise
measure, this should be achieved with a low
port VSWR. Mismatch loss and excessive
input VSWR for an individual amplifier noise
figure is not an issue. A necessarily high input
VSWR could be required to meet a specific

Editor’s note—This article is an extended version of the paper [1] that received the “Best Student
Paper” award at the 2010 IEEE Wireless and Microwave Technology Conference (WAMICON).
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amplifier noise figure target. However, the impact on cas-
caded system performance might be compromised. Most
filter designs are sensitive to mismatch loss, which affects
both selectivity and out of band rejection as well as pass-
band response. High port VSWR leads to additional noise
figure degradation as well as system distortion.
Therefore, a technique which leads to LNA design that
achieves low input and output VSWR and low noise mea-
sure simultaneously is highly desirable.

The noise figure of a single stage amplifier is a func-
tion of the output impedance of the source attached to the
input terminals of the transistor. The value of the source
impedance which corresponds to a noise figure near the
minimum noise figure, F_; ,is usually different from the
source impedance required for conjugate match.
Therefore, the input matching network can be tuned for
either low VSWR or low noise but not both. Available gain
contours and noise contours when plotted on the Smith
Chart allow assessment of the trade-off between a good
match and low noise figure [3]. In addition, input and out-
put VSWR circles are overlaid allowing the designer to
evaluate the mismatch loss. This process is tedious. Noise
measure contours, where the noise and gain contours are
combined were introduced in [4] to simplify the design
process.

One technique for achieving an acceptable tradeoff is
by judicious choice of load impedance. Modification of the
load impedance alters the input impedance. If properly
chosen, the load impedance will permit the source
impedance to lie close to the optimum noise impedance.
This technique, using an optimization function [5] based
on the noise measure, permits a modest improvement in
performance. However, noiseless feedback using a reac-
tive component in conjunction with load termination
adjustment provides further improvement. Graphical
techniques may be used in the process for both adjust-
ments; load termination modification and series feedback
[6]. This technique permits the real part of the input
impedance to be driven in the direction coincident with
the optimum noise impedance through series feedback
while simultaneously achieving low input VSWR. These
two degrees of freedom assist the designer by permitting
the real part of the input impedance to be modified read-
ily. The relationship between the input reflection coeffi-
cient of the active two-port and the applied load termina-
tion is a bilateral transfer function and is given by equa-
tion (2). Reflection feedback for the active device is pro-
vided by

" Sy S,T,
1-S,,I;

SII = Sn

(2)

whereby the S-parameters of the two-port are modified by
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the choice of T}, the load reflection coefficient. The reflec-
tion feedback in conjunction with the two-port pH-JFET
series source feedback leads to a coherent design tech-
nique for optimizing the noise figure and the input VSWR
at a single frequency. Series source inductive feedback
modifies the S-parameters of equation (2). Finding the
composite S-parameter set is straightforward by conver-
sion of the active device S-data to Z parameters and
adding the matrix sets term for term. The composite set
of S-data is subsequently applied in equation (3). Setting
the desired input reflection coefficient equal to the opti-
mum noise reflection coefficient yields

F* - Sll (Ls)

I, (L)= on :
T AT

with [T, (L,)| <1 (3)

where the S-parameters of the active two-port and the
determinant of the S-matrix, A, are functions of the
series feedback inductance, L,. The optimum noise input
reflection coefficient is defined as T [7]. We can achieve
the desired input conjugate match point and optimum
noise match point through the appropriate load reflec-
tion coefficient, I'; provided by equation (3), if it exists.
This may be achieved as L, goes to zero. However, this is
achieved provided the magnitude of the required load
reflection is within the boundary of the unit Smith chart.
The desired input conjugate match point and optimum
noise match point, it if exists, can be achieved through
the appropriate I'}, provided by equation (3). This can be
accomplished without the use of series inductive feed-
back if the condition

SIZS 21

S 1-—
| 22|> r:n_Sll

(4)

is met. If not, then series inductance feedback is required.
The constraint of equation (3) is readily met, and the
design of the load termination and series feedback is done
concurrently to arrive at a suitable I'; (L,) using equation
(2). Unfortunately, series feedback may lead to instability.
Therefore, additional design parameters must be intro-
duced. Multiple amplifier design parameters such as sta-
bility factor, noise measure, and return loss may be han-
dled analytically.

However, the insight afforded by analytic techniques
is limited and an intuitive understanding of the trade-off
between port VSWR, available gain, and the noise figure
versus actual feedback inductance versus frequency is not
evident. As a result, the design is typically turned over to
a CAD tool for optimization. However, it is possible to
recast the noise measure equations and the mismatch cir-
cles as a function of feedback inductance explicitly. Using
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Figure 1 Simplified pH-JFET input model with series
inductive feedback and load termination.

this technique noise measure and mismatch loss as func-
tion of feedback inductance are plotted for a specific
device. The design curves readily demonstrate whether
the feedback is degenerative or regenerative for the cho-
sen device. Furthermore, a new figure-of-merit (FOM) is
defined and plotted for the given device that clearly high-
lights an optimum value for feedback. The minimum
value in the plot of figure-of-merit is used to obtain the
optimum value of feedback inductance which allows the
best trade-off of noise measure, mismatch loss, and avoids
instability. A review of the feedback technique and equa-
tions for various parameters is presented in the next sec-
tion and an explanation of possible regeneration is high-
lighted. In Section III, comparison of simulation results
using the new technique with optimized results described
in [6] is presented. Finally, in Section IV, experimental
results and comparison of measured and simulated data
is presented.

Il. Circuit Design

A simplified pH-JFET model is shown in Figure 1 and
is used for analysis. Mismatch loss is used as a metric to
gauge the match between the source impedance and the
amplifier port impedance. The loss is derived directly
from the two-port transducer gain for a passive network.
For this case, |Sy;|=[S19|=1,S1; = Sgg = 0, and the mis-
match loss is given by

(1-Ir.f)(1-Ir,[)

1 —rxry|2

ML = (5)

The reflection coefficients, I', and T', provide a mea-
sure of the ports relative to the source and the load. In the
context of this design work it would be the optimum noise
reflection coefficient, either T’ or T’ functions of noise
measure or noise figure respectively, and the actual input

20 High Frequency Electronics

10 |

Real Z,, ohms
(<]

—

A 1 10
Log Frequency GHz

Figure 2 - The real input impedance of Figure 1 is either
positive or negative with frequency and is dependent
on the active device parameters, the load termination,
and the series feedback reactance.

reflection coefficient of the device, T . In this work the
emphasis is in applying T’ .

Stability of the network is assessed by observing the
real part of the input impedance, Z,,, between the gate
source terminals with load termination Z;. If the gate-
drain capacitance is absent or sufficiently small, the
series inductance feedback will provide degeneration,
while series capacitance provides negative real input
impedance. However, adding sufficient gate-drain capaci-
tance and the appropriate load impedance Z;, will lead to
negative real input impedance for the case of series induc-
tance. Figure 2 demonstrates the real part of Z,; for a
variety of assigned parameters of Figure 1. A broad fre-
quency range of negative input resistance is supported
and is both active device and termination dependent. The
variations illustrated in Figure 2 are obtained with the
load impedance, Z; and the series feedback always induc-
tive. In addition Cgs, ng and g,, are constrained within a
typical range for small low noise FET devices.

Writing an expression for the real part of the input
impedance, Re(Z;;) with an inductive load impedance Z;,
and feedback ng present, we get:

Re(Z11 [m,Ls]) =

A gmLs 2 gm (ngLSZL)
: -
C,+C, (C.+Cy)

gmLsZL
(Cgs (Ls +ZL)} (6)

The imaginary component is part of the input match
and is tuned out, while three significant real components
remain. The first positive real component leads to degen-
eration and the ability to alter the input impedance in a
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Figure 3 - (a) Noise Measure, M(Ly), (b) Mismatch Loss,
ML(L), and (c) Figure-of-Merit (FOM), F_ (L) for
FHX04X as function of L. (1)

noiseless manner. A second negative real component leads
to regenerative feedback. However, if Z; is appropriately
modified it is possible to achieve conditional stability,
assisting in matching the input and the output, and
reducing the ports VSWR. The noise measure, M (L), and
available gain, G,(L,), as a function of feedback induc-
tance, L, can be obtained explicitly. The reflection coeffi-
cients, I' | (L) and T, (L,) are the optimum noise measure
and input reflection coefficients respectively with a load
termination T’} obtained from Z;. The available gain is
calculated with source reflection coefficient set equal to
the optimum noise reflection coefficient, T' (L) =T (L,).
Conversion of device S-parameters to Z-parameters
allows the addition of the series impedance. The modified
S-parameters, G,(L,) and M(L,) are combined for calcula-
tion. The expression for M developed in [8] is coupled to
conjugate-mismatch-loss ratio or input VSWR to create a
new figure-of-merit and design curves inherent to a par-
ticular device. Although the minimum value of M is
invariant to feedback, M is not. In this application the
input VSWR tracks the input impedance presented to the
device for minimizing the noise measure, along with the
actual input impedance which is a function of the device
S-parameters and the load impedance. Using [8] and [9]
noise measure M(L,) is derived as function of the source
inductance. The inverse mismatch loss as function of L_ is
shown in equation (7) [3]:

_ (r-ra@r.@))
(1= (2 (1= (T (2
A new figure-of-merit F,, (L,) is introduced and

defined as the product function of noise measure, M(L,)
and mismatch loss, ML(L,), both functions of L_.

(7
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Figure 4 - Available Gain, G, (solid line) and stability
factor, k (dashed line) vs. L, for FHX040X, (a) and (c)
and NE4210S01, (b) and (d). (1)

F, (L)=M(L,)* ML(L,) ®)

For the best trade-off of noise measure and mismatch
loss, ', (L.) must be minimized. This leads to the opti-
mum value of L, which can be obtained either graphical-
ly or analytically.

lll. Comparative Results

The data for the HEMT device FHX04X optimized in
[6] was used for comparison with simulation results
obtained using the proposed technique. Investigation is
conducted at a frequency of 10 GHz.

The trade-off of noise measure and mismatch loss is
evident in Figures 3(a) and 3(b). The new figure-of-merit
is plotted as a function of source inductance and a mini-
mum occurs for a value of 250 pH; see Figure 3(c). This
representation of the benefit of feedback is complemen-
tary to that on the Smith chart. In addition, it is easier to
interpret than the technique using transducer gain and
load admittance plane presented in [10]. Next a set of S-
parameters based on a feedback inductance of 250 pH is
collected and the matching networks designed and com-
pared to the case where optimization functions are
employed, as discussed in [6]. Although the gain is slight-
ly lower at 10.2 dB, the NF is identical and noise measure
difference is less than 0.02. The output match is exact and
the input VSWR is less than 1.7:1, a 5 dB return loss
improvement. Comparative results are highlighted in
Table 1.

The available gain as a function of source inductance
is plotted in Figure 4(a) for FHX040X and in Figure 4(b)
for NE4210S01 (from NEC Corp.). For the latter device
the feedback becomes regenerative above 200 pH and
gain increases exponentially while available gain contin-
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Measure (In) (Out) | (dB) T / S
Ref. [4] 0.1634 2.67 220 | 134 2 2.00 S / : gt =
This work 0.1817 1.66 1.00 10.2 = 1.80 9’ [ 0.32 ‘Z‘”

st WIZT T2 5
Table 1 Comparison of simulation data based on | ¢ | | =
Ref. (4) vs. the analytic technique outlined in this work. | S 1.60 b 711030 =

£ i —_—

Qo s '

S 1.40 4 ——=+f1H0.28 E
ues to decrease monotonically for the former. The stabili- % FHTH - }.:"- i (a} 3 =
ty factor, &, is plotted in Figures 4(c) and 4(d). As seen in 1.20 AL .-+ 0.26 g"n
4(d) the feedback is initially degenerative but turns 100 (b} 024 L
regenerative above 200 pH. Separate calculation of sta- Y 10 100 1000
bility factor, &, is not necessary if the new figure-of-merit, Inductance, L (pH)

F, ., is used for design. This is evident from Figures 3(c)
and 5(c), as a significant rise and a steep slope in the Figure 5 - (a) noise measure, M(Ly), (b) mismatch loss,

function is noted.

IV. Design and Experimental Verification

The low cost pH-JFET, NE4210S01 discussed in the
previous section was used in a common source configura-
tion. The S-parameters and noise figure data from the
device datasheet at 10.0 GHz and 10.5 GHz were interpo-
lated to obtain the data at 10.24 GHz (see Table 2) and
subsequently utilized in a MathCAD® script to create
appropriate networks based on theory presented in sec-
tion III. The input and output terminations were selected
after a review of the plots for noise measure and conju-
gate input mismatch loss, see Figure 5(a) and 5(b). The
figure-of-merit for this device is plotted in Figure 5(c).
This shows that the optimum value of source inductance
is 130 pH, which was chosen for design for best trade-off
of noise measure and return loss. If optimum noise match
is used, NF is 0.44 dB. While the output match is perfect,
the input VSWR under this condition is 2.8. Using the
technique outlined in this work, NF is traded off with
mismatch loss and is slightly higher at 0.67 dB. The input
termination forces an output termination which, if select-
ed, allows a perfect output match. Instead, this output
termination is used only to re-calculate a new input
reflection coefficient which is subsequently matched. The
result is a minimal shift in the noise measure M but a sig-
nificant drop in input mismatch loss. The output match is
sacrificed slightly.

The device was mounted on a 30 mil thick Rogers

S11 S12 S21 S22
0.528/-134 0.096/8.9 | 4.04/44 | 0.26/-101
Noise Parameters Lo Rn Fmin
0.380/101 54 0.44
Table 2 S-parameter (MAG/ANGLE), noise figure,
optimum input reflection coefficient and F,;, in dB at

10.24 GHz.
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ML(L), and (c) figure-of-merit (FOM) F for

NE4210501 as function of L, (1).

nm(Ls)

HP 3464 [ nput Tuner e
Noise Source

Figure 6 - Test Set up for noise figure and gain mea-
surement at 10.24 GHz (1).

R0O4350B laminate and was biased at a Vdsq of 2V and
Idsq of 10 mA with a set of bias tees. External tuner
matching was used and the device was degenerated by
using the package lead inductance and a PCB pad with
three additional 40 mil vias.

Measurement device reference plane was located at
the lead bend in an SO1 package. Lead extension beyond
both source bends added to the desired inductance. The
source leads were soldered to a pad and located within 40
mil of the three ground vias. A ground via fence was locat-
ed both above and below the device. The test setup and a
close-up of the device under test (DUT) are shown in
Figure. 6.

Measured VSWR shows an excellent input match and
an output VSWR less than 1.5:1, see Figure 7. In simula-
tion, the reflection coefficient is held constant over a 160
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Figure 7 - Comparison of measured (solid) and simu- Figure 8 - Comparison of measured (solid) and simu-

lated (dashed) input and output VSWR vs. frequency.
The minimum value occurs at a source inductance of
approximately 130 pH. In simulation, the reflection
coefficient is held constant. (1).

Figure 9 - Three stage cascaded amplifier with series
degenerative feedback in each stage.

MHz bandwidth around a center frequency of 10.24 GHz
and does not emulate the tuner response over the mea-
sured band. Simulation shows a NF of 1.37 dB across the
bandwidth of interest when corrected for 0.7 dB fixture
loss. Noise figure (NF) measurement was single sideband
(SSB) using a down conversion mixer-filter centered at
10.24 GHz. Bias tee, tuner loss, and second stage contri-
bution loss were accounted for in NF measurement.
Although input reflection coefficient is held constant in
simulations, measured NF shows good agreement, see
Figure 8. Gain measurement does not account for tuner
and bias loss of 3.2 dB. Simulation therefore is offset by
this loss for purpose of comparison. The insertion gain is
10 dB and is in good agreement with simulation at the
center frequency, see Figure 8. Stability was monitored
using a directional coupler and spectrum analyzer at
10.24 GHz. Adjustment of the amplifier for best input
return loss at band center resulted in the lowest noise fig-
ure. Any readjustment of the input tuner degraded the
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lated (dash) available gain and noise figure vs. fre-
quency. In simulation, the reflection coefficient is held
constant. (1)

Figure 10 -

Close-up of one of three amplifiers incor-
porating series feedback. The 3-stage cascade pro-
vides 46 dB of available gain at 2.1 GHz with 0.54 dB
noise figure.

noise figure measurement.

The technique discussed was also applied to cascaded
amplifier stages at 2.1 GHz, see Figure 9. Discrete induc-
tive feedback was added to each of the FET sources as
shown in detail in Figure 10. Isolators applied at inter-
stage locations were added to facilitate noise figure mea-
surement of the cascade using an extended manual Y-
factor measurement method [11]. Minimization of the
merit function lead to individual noise figures of less
than 0.5 dB. Although the input return loss was excel-
lent, better than 20 dB return loss, the output return loss
was less than 10 dB. The output return loss was subse-
quently improved and the input return loss degraded
while still maintaining an optimum input noise termina-
tion. Each port return loss was set to 15 dB and a cascade
of three stages was readily completed. The final cascade
gain is 46 dB while providing a noise figure total of 0.54



dB which included second and third stage noise figure
contributions.

Summary and Conclusions

A new analytic technique and a figure-of-merit for
optimizing the feedback inductance for degeneration in a
low noise amplifier were discussed. The plot of noise mea-
sure and mismatch loss together serve as a valuable
guide in optimizing the design and avoiding instability.
The plot of the figure-of-merit enables the selection of
optimum inductance. The well established approach to
noise matching, working from the input side of the ampli-
fier to the output can potentially be improved. As a proof-
of-concept an X-band LNA was designed and measured.
The output termination was chosen first based on the
optimum noise measure and input reflection coefficient
and the information from the design curves as a function
of feedback inductance. The output match degrades
slightly but the input match is perfect. The noise measure
increases minimally, demonstrating the desired trade-off.
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