% applied sciences

Article

Frequency-Bounded Matching Strategy for Wideband LNA
Design Utilising a Relaxed SSNM Approach

Vanya Sharma *, Patrick E. Longhi

and Ernesto Limiti *

check for
updates

Academic Editor: Christos Bouras

Received: 25 June 2025
Revised: 13 July 2025
Accepted: 17 July 2025
Published: 22 July 2025

Citation: Sharma, V.; Longhi, PE.;
Ciccognani, W.; Colangeli, S.; Serino,
A.;Sharma, S.; Limiti, E.
Frequency-Bounded Matching
Strategy for Wideband LNA Design

Utilising a Relaxed SSNM Approach.

Appl. Sci. 2025,15,8148. https://
doi.org/10.3390/app15158148

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Walter Ciccognani ¥, Sergio Colangeli ©, Antonio Serino, Swati Sharma

Department of Electronics Engineering, University of Rome Tor Vergata, 00133 Rome, Italy;
longhi@ing.uniroma?2.it (P.E.L.); walter.ciccognani@uniroma?2.it (W.C.); colangeli@ing.uniroma2.it (5.C.);
serino@uniroma?2.it (A.S.); swati.sharma@uniroma2.eu (S.S.)

* Correspondence: vanya.sharma@students.uniroma2.eu (V.S.); limiti@ing.uniroma2.it (E.L.)

Abstract

This paper proposes relaxed Simultaneous Signal and Noise Matching (SSNM) conditions
to address limitations in selecting source degeneration inductors for multistage LNA de-
sign, achieved by introducing controlled mismatches at the external ports. Additionally,
a novel frequency-bounded mismatch envelope is introduced to guide load termination
selection based on desired IM-OM (input mismatch-output mismatch) characteristics across
the operating band. Building on these concepts, a systematic, easy-to-follow strategy is pre-
sented for implementing wideband multistage low-noise amplifiers (LNAs), significantly
reducing reliance on blind CAD-based optimisation. This approach is validated through a
three-stage MMIC LNA prototype, fabricated using a 0.15 pm GaAs process and operating
from 28 to 34 GHz. The measured results closely match the simulation, demonstrating a
stable gain of 23 £ 1 dB and a noise figure of 2-2.5 dB, confirming the practical effectiveness
of the proposed design approach for wideband amplifiers.

Keywords: IM-OM circles; wide-band impedance matching; mismatch regions; MMIC;
LNA; GaAS pHEMTs; relaxed SSNM,; frequency bounded mismatch envelope

1. Introduction

Low-noise amplifiers (LNAs) are critical components in modern radio frequency (RF)
and microwave systems, typically serving as the first active stage in a receiver chain. Their
performance directly impacts the overall system noise figure (NF), making LNA design
essential for applications such as automotive radar, satellite communications, electronic
warfare [1-5], and biomedical applications such as ultrasound imaging systems and short-
range radio, etc., at low frequency (10-1000 MHz) [6,7]. In addition to achieving an optimal
trade-off between the gain and noise figure, many of these applications demand wideband
operation. However, conventional LNA design methodologies often prioritise narrowband
performance and rely on single-frequency matching strategies. Techniques such as source
degeneration [8,9] and drain—gate feedback [10-13] have been widely adopted to bring the
optimum noise and gain impedances closer together, enabling simultaneous signal and
noise matching (SSNM). These feedback mechanisms help mitigate the effects of Miller
capacitance (e.g., Cgq, Cgs) at high frequencies, thereby improving amplifier stability and
marginally reducing noise parameters. Nevertheless, excessive feedback can degrade small-
signal gain. Furthermore, achieving ideal SSNM conditions at both ports is not feasible
in a single-stage amplifier, making multistage topologies more suitable. In this context,
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Patrick et al. [14] proposed a systematic approach using mismatch charts to determine
appropriate feedback for each stage, while Walter et al. [15] introduced a method based on
mismatch circles to realise SSNM. These works provide important foundations for SSNM-
based design. Additionally, the influence of varying mismatch levels on gain has been
explored in [16], and a graphical synthesis method on the load admittance plane has been
proposed for optimised low-noise design [17]. Other efforts include multistage millimetre-
wave LNAs using passive R-C-L shunt feedback to achieve wideband SNIM with high
efficiency and low noise [18], although these techniques remain primarily focused on
narrowband design.

To address the challenges of broadband matching, several alternative circuit topologies
have been explored. Transformer-based matching [19], filter-based matching [20], and
forward combining techniques [21] have demonstrated extended bandwidth. Design
incorporating a series inductor at drain terminal [22] and drain to source coupling (using
coupled lines) [23] also achieved flat gain and a low noise figure. While these methods are
effective, they often require complex matching structures and extensive use of computer-
aided design (CAD) tools, limiting the designer’s ability to control mismatch levels across
multiple stages. An interdisciplinary approach in reference [24] integrates linear circuit
theory, noise analysis, communication theory, and soft-computing methods, using particle
swarm optimisation to synthesise frequency-dependent terminations via Darlington-based
networks. Similarly, reference [25] proposes an analytical formulation for source reflection
in distributed matching networks to achieve broadband gain flattening.

This paper presents a systematic and practical strategy for designing wideband mul-
tistage LNAs using a relaxed SSNM framework. The approach introduces frequency-
bounded mismatch regions derived from input-output mismatch circles plotted on the
Smith chart. These graphical regions offer a visual and intuitive method for selecting source
and load terminations across a wide frequency span, facilitating broadband impedance
matching, a low noise figure, and unconditional stability, without relying on iterative
CAD-based optimisation. The behaviour of input mismatch (IM) and output mismatch
(OM) circles is analysed and extended into bounded regions that preserve geometric clarity
while generalising their use to wideband, multistage LNA designs. To validate the pro-
posed methodology, a three-stage monolithic microwave integrated circuit (MMIC) LNA
prototype was fabricated using a 0.15 um GaAs process, targeting the 28-34 GHz band.
The general architecture of this, with various reflection coefficients and mismatches, is
shown in Figure 1. Measured results demonstrate a gain of 23 = 1 dB and a noise figure of
2-2.5 dB, closely matching simulations. These results confirm the practical effectiveness
of the proposed frequency-bounded mismatch region strategy for wideband LNA design.

Circuit schematics and EM simulations are performed using Keysight’s Advanced Design
System (ADS) software (version 2023 update 1).

[out1 rsa 4_'_] [out3

Figure 1. Detailed block architecture of the three-stage LNA.
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The remainder of this paper is organised as follows: Section 2 reviews prior approaches
to source degeneration and introduces the relaxed SSNM framework. Section 3 presents
the concept of frequency-bounded mismatch regions. Section 4 details the proposed design
methodology. Section 5 discusses measured results from the fabricated prototype, and
Section 6 concludes with insights and future research directions.

2. Relaxed SSNM Conditions: Background and Choice of Source
Degenerative Inductors

In traditional multistage LNA design, SSNM is achieved by enforcing strict mismatch
conditions at each stage [9-11,16]. At the design frequency fy, and assuming lossless
matching networks, the following relationships are imposed:

1.  Mismatch at external ports: IM; = OM, =0
2. Mismatch at inter-stages: OMp, = IM41

This strict SSNM condition is enforced throughout a narrowband design procedure.
This enforcement is used even when selecting source degeneration (Ls); an appropriate Lg
is crucial in the case of LNA, as it must satisfy not only the gain-noise trade-off but also
ensure signal matching.

Figure 2 shows the IM-OM pairs obtained by sweeping Lg from 0 pH to 300 pH in
10 pH steps. Both IM and OM decrease as Lg increases. For this process, the grounded
FET (0 pH) yields IM = 0.891 and OM = 1.358. The geometrical stability factor (j) remains
above unity at fo = 31 GHz for Lg = 45 pH to 200 pH, allowing designers to choose Lg safely
within the unshaded regions (for Tr2: p > 1).

Figure 2. IM-OM vs. Lg variation chart with 10 pH steps (unshaded zones denote unconditional
stable regions, allowing a visual one-shot selection of safe inductance values, shaded zones including
B, C, A represent conditional stability).

The complex chart in Figure 2 is further disintegrated into smaller, more interpretable
zones. Region A is unusable, as the IM-OM trace at 0 pH lies below it. The pale blue (B)
and green areas (including C) correspond to conditional stable regions (1 < 1). Patrick
et al. [14] developed a chart-based method to select Lg values according to mismatch levels
that forces the strict SSNM conditions in multistage, narrowband amplifiers. To understand
the method, consider a three-stage LNA with identical biasing and transistor sizes, and
assume chart shown in Figure 2 represents the second stage of the cascade network and
the Y-axis equates to OM; = IMj, while the X-axis represents OM, = IM3. For this, we
obtain an unconditional stable region for Trl (between D1-D2 boundaries) and Tr2 (between
C1-C2). Their sole intersection region (C), where both transistors are stable, lies in the
region that corresponds to p < 1 for Tr2. Any inductor value chosen in this region will
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come with certain limitations of source and load terminations for Tr2. This illustrates how
some methods may offer limited flexibility for selecting inductor values. That limitation,
however, depends on factors like transistor sizing, biasing, or technology; under different
conditions, Patrick’s system works effectively.

A possible solution to this problem is to relax the SSNM constraint by deliberately
introducing a small mismatch at each external port. Even a mismatch of 0.1 would be a great
help to reduce the limitations, and a 0.1 mismatch will equate to —20 dB reflection, which is
not ideal, but still an excellent match in a practical RF system. Easing this constraint allows
more flexibility in choosing appropriate source degeneration values, enabling better gain
and increased stability. Figure 3 demonstrates this perfectly. Here, introducing a mismatch
of 0.1 will move the IM-OM axis to a new x’-y’ axis, and a mismatch of 0.2 moves it to an
x""-y"" axis. This gives us an extended region to select Lg value where all transistors are
within the stability margin. Also, introducing deliberate mismatches eventually leads to
low inductance values. For example, in Figure 3, Point “p” in the stable region gives a low
OM value compared to Figure 2, and low Lg and high OM both result in a high gain.

y oy

0.9
0.8 |
07+ b |

0.6 |

Figure 3. IM-OM vs. Lg variation (comprising the same data as in Figure 2) with an introduction of a
small mismatch (X’-Y’: 0.1, X”-Y"’: 0.2 mismatch).

The chart shown in Figure 3 can be modified for various pairs of IM-OM values by
simply shifting the axes according to the desired mismatches. Additionally, adding a
mismatch does not affect NF, which depends on the source reflection coefficient (I's), while
mismatch at both ports is controlled only by the load reflection coefficient (I'L). Thus, a
relaxed SSNM grants designers more freedom to assign Lg per transistor rather than being
locked into strict inter-stage relationships.

Relaxed SSNM conditions for a multistage amplifier can be summarised as

1.  Inputexternal port: IM; # 0
2.  Interstage: OMy = IM 41
3. Output external port: OMp # 0

Here, external mismatch must lie in the “good” (0-0.1) or “acceptable” (0.1-0.25)
mismatch range. Even with added mismatch, the chart-based method offers little guidance
for wide-band circuitry, although it is an excellent tool for initial Lg selection. In later
sections, we will combine the tool with the relaxed SSNM rule to realise a wideband LNA.
The next part of the paper includes developing a frequency-bounded envelope of mismatch
regions on the Smith chart and defining load terminations that yield the desired mismatch
combinations. This strategy will also reduce the blind dependency on software-based
optimisation to obtain a wide operating band.
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3. IM-OM Circles and Frequency-Bounded Mismatch Envelope

As shown in Figure 1, a two-port network such as an LNA is characterized by four
reflection coefficients (I's, I'1n, I'1 and I'oyr). These coefficients determine the amount of
matching at each terminal that can be calculated using IM and OM expressions. Interest-
ingly, the reflection coefficients are interdependent and can be expressed as functions of
one another.

I's controls output reflection coefficients (Ioyr) through the following relation:

Tour = m_ f([S].Ts) e))

Similarly, I'7 influences the input reflection coefficient (I5,) as:

(S11—It.A)

F' =
(1 -T1.S»)

= (8] 1) 2
From these equations, it follows that knowing one reflection coefficient from each side
of the device is sufficient to determine all four, assuming the known values are independent.

The mismatch at each port can be computed using the equations of OM and IM as
follows [12]:

OM = % ()
OM = f(I, Tour) = f(Is,[S], T1) @)
And )
IM = % ®)
IM = f(Is, Iin) = f(Is,[S], I'r) (6)

From Equations (1)—(6), it is evident that IM and OM are mutually dependent. That is,
knowledge of one can inform the other, given the appropriate device parameters. Walter
et al. [12] first formalised these relationships and introduced a set of equations to graphically
represent mismatch through IM-OM circles. In this work, we will be summarizing the
behaviour of these circles and further extend the concept to derive a frequency-bounded
mismatch region on the Smith chart.

3.1. IM-OM Circles for a Single Frequency Point

To illustrate the behaviour of mismatch at a single frequency point, we analyse the IM-
OM circles using the equations introduced in [15]. For simplification, the source reflection
coefficient is set to a predefined value I's (Ippr), Based on this assumption, the centre and
radius of the OM circle can be calculated using the following equations:

1— OM?
Center = 5 sTour* (7)
1— OM~ |Tour]
1 - |[Tour/’

Radius = oM 8)

1 - OM? |Tour)?
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Here OM = 0 represents a perfect match at output, which means I = I'pyr*; this
is also equal to the centre of “OM = 0” circle. Similarly, IM = 0 circle can be obtained at
IT = It cin which means perfect input match and can be evaluated from following equation:

o (S Isx)
FLCZTZ - (A _ FS * 822) (9)

This equation is simply obtained by putting I's* = I}, in Equation (3). This defines the
centre of the IM = 0 circle on the Smith chart. To plot corresponding IM circles for various
OM values, the following equations can be used:

2
Itcin — 9" Tour”

Center = (10)
1— ¢ [Tour|®

2
Radius = Louﬂzq 11)

1—¢* [Tour|

where the scaling factor (g) is defined as:
1— 51115

=IM - 12
‘ A — Syl (12)

Using the equations described above and the IM-OM values listed in Table 1, the
corresponding mismatch circles are plotted in Figure 4.

Table 1. OM values and corresponding IM Values.

OM (Linear) 0 0.1 0.25 0.3 0.6 0.65 0.7 0.8 0.895 0.952 1
OM [dB] —00 -20 -12 -10.46 —4.44 -3.74 -3.10 -1.94 —-0.96 —-0.43 0

IM (Linear) 0.47 0.36 0.3 0.25 0.1 0.08 0.05 0 0.05 0.08 0.1
IM [dB] —-6.56 -8.87 -10.46 -12 -20 -17.20  -20.90 —00 —26 -219 -20

T Gont*

OM=1

e IM>0.73 2 N
w— |M circle

w— OM circle
w—OM >1
(a)

Figure 4. (a) IM-OM circles (@31 GHz) for Ls = 70 pH; (b) IM-OM circles along with stability circles
(zoomed out view).
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As illustrated in Figure 4a, each IM or OM value corresponds to both a minimum and
maximum counterpart; that is, every OM circle (blue) is associated with two potential IM
values (red), and vice versa. The tangency points between these circles do not lie along a
straight path but instead trace a curved trajectory, which becomes more noticeable as they
move away from the centre of the Smith chart. Between the points I'oy;r* and I7;, no IM
circle fully encloses an OM circle, and nor does any OM circle fully enclose an IM circle.
Instead, these circles intersect at discrete points, forming a curved locus that defines Region
B, a zone where the mismatch levels are balanced. By increasing the IM level further, IM
circles begin to fully enclose OM circles, defining Region A. A similar reversal occurs in
Region C, where elevated OM levels cause OM circles to enclose IM circles.

This dual behaviour demonstrates that, for any fixed OM, there exists both a minimum
and maximum IM value, and vice versa, outlining a bounded range of feasible matching
conditions. Notably, the OM = 1 circle aligns exactly with the boundary of the Smith chart
(dotted black line), indicating I7 = 1, or a completely reactive load. The corresponding
IM values for this OM = 1 condition are 0.1 and 0.9. When OM exceeds 1, the resulting
circles completely encompass the Smith chart, reflecting load conditions with a negative
real part. Such terminations imply instability and are therefore excluded from practical
amplifier design.

Figure 4b presents a zoomed-out view of the IM and OM circles overlaid with the
source and load stability circles. A notable behaviour observed in the IM circles (green) is
their reversal of curvature direction after reaching a certain mismatch level. Specifically,
in this process, the IM circles begin to reverse when IM =~ 0.73, even before reaching the
IM = 1 stability boundary. This curvature reversal originates from the shift in IM circle
centres (e.g., C2, C3, C4, C5) into the right half of the Smith chart, which corresponds
to active terminations. In this region, the device sees conditions conducive to instability,
and the IM contour ceases to behave monotonically with respect to OM. This behaviour
imposes a practical constraint on the maximum usable IM value in wideband amplifier
design, especially when avoiding unstable terminations. The IM = 1 and OM = 1 contours
also serve as stability boundaries, beyond which the device enters potentially unstable
regions and thus is excluded. A linearised visualisation of the IM-OM tangency points
discussed above is shown in Figure 5. The horizontal axis traces tangency points from the
lower edge (point 1) to the upper edge (point 24) of the Smith chart.

IM=0.1, OM=1,0.6 e OM
N \ //’, 1
N \ " 4
N P
) AN » /‘(z
o\ OM=0.6, IM=0.1,0.733 _ ;T, f
Sy \ = Y
\\ o > i v
N - v
AN “1 4
AN - 4
v
Y . ,
M ,ffﬂﬂ J |
A 8 12 16 20 24

Tangency Points

Figure 5. IM-OM pair with linear variation of tangency points shown in Figure 4 (moving from
bottom (point 2) to top (point 24) of the Smith chart).
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Point 1 represents an extreme case with OM = 1.1, indicating a highly mismatched
and unstable load. Point 2 lies exactly on the OM = 1 circle and corresponds to IM = 0.1.
Moving upward, point 5 intersects IM = 0, while point 14 marks OM = 0. At the final
tangency point (point 24), the match reaches the IM = 1 circle, and OM again rises to 1.1,
mirroring the behaviour observed at the chart’s lower edge. In situations where only a
single IM or OM value is observed, its alternate counterpart lies outside the unit Smith
chart. These out-of-bound values represent either unstable or non-physical terminations
and are excluded from practical use.

3.2. Frequency-Bounded Envelope of Various Mismatch Regions

The IM-OM circles introduced in Section 3.1 are extended to construct a frequency-
bounded mismatch envelope on the Smith chart. This approach offers a structured graphical
tool to select I'L, based on relaxed SSNM conditions, for wideband LNA design.

The first step involves decomposing the operating frequency band into three discrete
points (illustrated in Figure 6):

e  f1: Starting frequency of the band (29 GHz)
e 5 (orfp): Centre frequency (31 GHz)
e f3: Ending frequency (33 GHz)

) S

28

29

30 31 32 S0 34
Frequency (GHz)

Figure 6. Frequency decomposition for wideband design (28-34 GHz).

The second step is the selection of appropriate source reflection coefficients I's at the
three chosen frequencies:

o TIg =TIopr@29GHz
e TIg=TIopr@31GHz
o Ig3=Iopr @33 GHz

In the third step, the independent sets of IM and OM circles at each frequency are
generated using the equations defined in Section 3.1 and using I's values defined in step 2.
The fourth step involves tracing the loci of tangency points between the IM and OM circles
for all three frequencies. These points define the practical IM-OM pairs across the band.
The lower tangency points from f; to f3 are connected to form the lower boundary, and the
upper tangency points define the upper boundary of the frequency-bounded mismatch
region. As shown in Figure 7a, the left and right edges of the envelope correspond to
tangency points at f1 and f3 respectively.



Appl. Sci. 2025, 15, 8148

9o0f21

7 ™ 0.1<0M<0.25
0.1<IM<0.25

e —————

(a)

Figure 7. (a) Frequency-bounded mismatch region, formed using tangency loci at f1, f», and f3;

(b) categorised mismatch zones based on IM and OM levels.

The interior of the envelope shown in Figure 7a is subdivided into several mismatch

zones (Figure 7b), which guide the selection of appropriate reflection coefficients for each
stage of the LNA.

1. Low mismatch zones

Al: 0 < |OM] < 0.1 (red shaded area)

This region is suitable for designing the last stage, or in between stages, where
strong output matching is critical and a higher gain is desired. It typically offers
output return loss better than —20 dB. However, the input mismatch in this
region may be higher.

A1": 0 < |OM] < 0.1 (light green shaded area)

This region lies opposite side of Al, with I} out. being the centre. In this region,
OM is the same, but IM is comparatively larger than Al. It may be useful for
inter stages focused on good Sy, performance.

B1: 0 < |IM| < 0.1 (pink shaded area)

Similar to Al, this zone supports input matching with excellent return loss. In
this region, OM is higher. This region can be used to design the initial stages.
B1’: 0 < [IM| < 0.1 (black shaded area)

This represents the mirrored region of B1, with excellent IM but much higher OM. It
is suitable for stages where input reflection dominates performance considerations.

2. Acceptable mismatch zones

A2: 0.1 < |OM| < 0.25 (blue shaded area)

Represents a more relaxed output match. It can be used where —12 dB to —20 dB
return loss is sufficient. In this region, IM is higher than OM but lower than the
Al region.

A2': 0.1 < |OM] < 0.25 (green shaded area)

This region has the same output mismatch as A2, but IM is comparatively higher
than A2 and Al.
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e B2:0.1<|IM]| < 0.25 (yellow shaded area)
It is similar to A2; in this region, IM remains in an acceptable range. These
regions are suitable for intermediate stages where a balance between input and
output matching is acceptable, and design constraints are less strict.

3.  High mismatch zone

e (Cl: Corresponds to areas where mismatch exceeds its largest possible limits.
These regions may be avoided in critical input-output paths but are occasionally
useful in buffering stages or gain shaping.

It is important to note that the specific shape and distribution of these regions depend
on the transistor model, bias conditions, and technology. Additional mismatch zones
may emerge for other configurations. For example, moderate mismatch regions with
both IM and OM exceeding 0.25 may form separate sub-regions. However, for the device
studied in this work, such regions overlap significantly with A2 and B2 due to the inherent
convergence of IM-OM boundaries.

This analysis confirms that the frequency-bounded mismatch map is flexible, scalable,
and adaptable to both wideband and narrowband amplifier designs. The categorised zones
serve as a visual aid for selecting suitable I';, values that meet relaxed SSNM constraints
across multiple stages, thereby streamlining the design process and minimising reliance
on iterative optimisation. Furthermore, this method extends naturally to much wider
bandwidths. The construction procedure remains unchanged: the mismatch envelope is
primarily defined by the tangency loci at the start and end of the band. Additional interme-
diate frequencies may be used to refine the internal structure of the envelope and improve
the resolution between regions, especially in ultra-wideband designs. This generalisation
makes the approach suitable for a broad range of RF and mm-wave applications with
stringent bandwidth requirements.

4. Wideband LNA Design Strategy Using Modified SSNM Conditions

A wideband design strategy is developed in this paper using relaxed SSNM conditions
and frequency-bounded envelopes. The first step in wideband implementation, which is
the focus of this work, involves decomposing the operating frequency band into discrete
frequency points. For this study, a three-point decomposition is employed, as described in
Section 3.2. While additional frequency points may improve accuracy, they also increase
computational complexity.

The second step is to select the proper size of the transistor and bias conditions based
on the required noise figure and available gain. Subsequently, the appropriate Lg for each
stage is determined using mismatch charts (see Figures 2 and 3). The goal is to locate
stable operating regions that satisfy gain—noise trade-offs and remain within the relaxed
mismatch bounds. Lg; =70 pH, Lsy = 60 pH and Ls3 = 70 pH was selected with gate bias
voltages of 0.6 V, 0.65 'V, and 0.7 V for stages 1, 2, and 3, respectively. The drain voltage
(Vds) was set to 1.2 V for all stages.

Next, it is necessary to define the design targets for each stage and synthesise the
corresponding matching networks. This starts with synthesising the input matching
network (IMN) of the first stage, as introducing input mismatch does not significantly
impact its design. Following this, the output matching network (OMN) of the last stage is
synthesised, which can be designed with or without deliberate mismatch, depending on
the desired performance trade-offs.
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1.  First stage: Minimum noise figure—IMN synthesis

The total noise figure (NFcas) of a cascaded system is given by Friis” formula [26]:

NF2 -1 n NF2 -1
Gl G1G2

NFcas = NF1 + +.o (13)

This expression highlights the predominant influence of the first-stage noise figure
on overall system performance. However, the contribution of further stages can be under-
stood by the available gain from each stage. Haus and Adler [27] introduced the noise
measure (M) as a quantity to give an idea about the quality of the overall noise figure of a

ded network.
cascaded networ F_1

M= —
1
-5

(14)
where F is the noise factor and G is the available gain. Minimising the overall noise figure
requires “Mn_1 < MN” across stages [28].

To synthesise IMN for minimum noise, we select three I's values as follows:
I'si1 = T'opt @fl, I'sip = T'opt @f2’ and I'si3 = I'opr @f3; match these three points to
50 Q). This typically requires multiple matching elements instead of the classic two el-
ements. We then introduce a deliberate mismatch at the first stage output, selecting a
suitable I'y 1,¢ from mismatch region Bl or B2 (Figure 7b) and obtaining the corresponding
OM values.

2. Last stage: Maximum gain—OMN synthesis

Instead of designing a second stage after the first one, the parameters of the third stage
that yield the maximum gain are decided. Therefore, it is necessary to choose appropriate
I'ssef for the third stage (ex., can be a point for max gain from constant gain circles) and
select an appropriate mismatch, similar to the first stage. The procedure. Following this
is then to choose a reference I't 3¢ from the mismatch region Al or A2 and synthesize an
output matching network to match the I't1 31, I'ap, I'1 33 to I't 3t Value.

3. Middle stage: Relaxed SSNM based determination
The middle stage is not directly designed to match 50 (2; instead:

e  Derive its matching conditions from neighbouring stages via relaxed SSNM.
e  Use mismatch transfer theory (lossless matching networks preserve reflection
coefficients)

Choose a I'spref and I'rppef value for a trade-off between gain and noise.
3.1. ISMN1: OM1 ~ IM2

To synthesise the first inter-stage matching network (ISMN1), we first ensure that the
output mismatch of stage 1 equals the input mismatch of Stage 2. Then ISMNT1 is designed
in such a way that input reflection coefficients (I'L11, I'112, I'L13) at f1, f2, and f3 at portl of
ISMNT1 are equal to or in the vicinity of I' 1,ef (derived from the output of the first stage) as
shown in Figure 8. Similarly, the output port of ISMN1 (I'sp;, I'spp, I'sp3) is simultaneously
matched at these three frequencies to I'sy.f, specified at the input of the second stage. This
ensures consistent and optimised mismatch transfer across the entire targeted frequency
band. To further simplify ISMN1, we can match I'sps of ISMN1 to I'sy.f Value, as we obtain
maximum NF at high frequencies and doing this would not increase the NF beyond the
overall limit of the noise figure.
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Figure 8. Smith chart representation of various reflection coefficients for ISMN1.

3.2. ISMN2: OM2 ~ IM3

To synthesise the second inter-stage matching network (ISMN2), again, it is necessary
to enforce the relaxed matching condition. The input port of ISMN2, looking into the
matching network, is matched at the three frequency points to the reference load reflection
coefficients derived from the output of the second stage. Similarly, the output side of ISMN2
is simultaneously matched at these frequencies to the reference source reflection coefficients
specified at the input of the third stage. Figure 9 depicts the matching conditions for
the ISMN2.

Figure 9. Smith chart representation of reflection coefficients for ISMN2.

Complementing these visualisations (Figures 8 and 9), Table 2 summarises the corre-
sponding IM and OM values obtained at these frequencies.
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Table 2. IM-OM values at three frequencies for three stages.
IM (f1) IM (f2) IM (f3) OM (f1) OM (f2) OM (f3)
Stagel 0.10 0.067 0.072 0.270 0.401 0.442
Stage2 0.253 0.384 0.42 0.052 0.038 0.038
Stage3 0.070 0.051 0.047 0.148 0.091 0.123

are

S-Parameters ( dB)

The corresponding S-parameters of the designed MMIC using lossless components
shown in Figure 10.

30

20

10

1 1 1

20 25 30 35 40
Frequency (GHz)

Figure 10. S-parameter vs. frequency of 3-stage LNA with lossless transmission lines.

These combined charts and numerical values confirm that the proposed relaxed

SSNM framework effectively guides the wideband MMIC design by providing practi-

cal,

frequency-dependent reflection coefficient targets that maintain stable and efficient

operation throughout the desired frequency range.

This entire strategy to design a wideband matching network is summarised in the

flow chart shown in Figure 11:
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v

Optimize MNs for gain linearity

A

< End >

Figure 11. Design-methodology flow chart for a three-stage LNA MMIC.

5. MMIC Implementation

To demonstrate the practical application of the relaxed SSNM condition and the de-
sign strategy outlined in Section 3, a three-stage LNA MMIC operating in the Ka-band
(28-34 GHz) was designed. The circuit structure, shown in Figure 12, utilised ideal mi-
crostrip lines initially, which were then replaced by equivalent components available
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in the WIN PQO07-0C GaAs process. The PQO07-0C process, provided by WIN, features
0.15 um GaAs PHEMT transistors available in both E-mode and D-mode. E-mode HEMTs
are optimised for single-supply LNAs and PAs, whereas D-mode devices are primar-
ily intended for PA and switch applications. Reliability testing recommends operat-
ing the PQO07-0C process at 4 V. Deep UV lithography enables the fabrication of high-
voltage f transistors suitable for various markets and applications. The process supports
two metal layers, dielectric crossovers, precision resistors (50 ()/sq and >4 kQ)/sq), PN
diodes for electrostatic discharge (ESD) protection, and options for high-performance
packaging, including hot vias and Cu-pillar bumps. These features contribute to a
moisture-robust platform.

0.65V 0.7V
2%Q 2kQ
1.5 pF 1pF
a— i
0.15 pF
—L
) 4X25pum Tr3
RFin 0.13 pF Fout
4X25um 1 L2 o I | 4X25um
0.15 pF 0.053 pF
60 pH 70 pH
70 pH
1.5 pF i H 1 pF
i i i
703 703 15pF 7Q

o 12V

Figure 12. Circuit schematic of the three-stage wideband LNA MMIC showing transistor sizes,
biasing, and matching elements.

Source degeneration inductors, shown in Figure 12, were replaced with equivalent
transmission line models provided by the foundry. This approach helps reduce the area
and unwanted parasitic losses, while still achieving the desired feedback performance.

For this LNA MMIC, E-mode PHEMT transistors with a gate geometry of 4 x 25 um
were selected due to their low noise figure characteristics. The first two stages are optimised
for minimum noise and biased with gate voltages of 0.6 V and 0.65 V, respectively. The
third stage is designed for high gain, with a gate bias set to 0.7 V.

Figure 13 shows a microphotograph of the fabricated MMIC chip. The layout ad-
heres to best practice for mm-wave design in the 0.15 um GaAs process, featuring com-
pact transistor placement, carefully routed matching networks, and well-designed RF
input/output pads for on-wafer probing. The chip footprint measures approximately
2.5 x 3.4 mm?, demonstrating the integration of the wideband relaxed SSNM design
approach in a practical MMIC.

The MMIC'’s performance was evaluated under the specified biasing conditions to
ensure it met the design goals and aligned with simulation results. On-wafer S-parameter
measurements were performed across the 20 to 40 GHz frequency range with 100 MHz in-
crements, utilizing an HP8510C Vector Network Analyzer. Calibration of the measurement
setup was carried out using the standard Short-Open-Load-Thru (SOLT) technique. For
noise figure characterization, an Agilent E4448A Spectrum Analyzer was used, with the
noise signal amplified beforehand by two low-noise amplifiers: a MACOM MAAM-011109
and an HP83051A. Measured outputs of the MMIC are presented in the following section.
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Figure 13. Microphotograph of the fabricated three-stage LNA MMIC implemented in 0.15 um
GaAs technology.

6. Results and Discussion

The designed MMIC prototype was realised and measured for the 20 to 40 GHz
frequency band. To validate small-signal stability across the operating band, the fabricated
MMIC LNA was subjected to a comprehensive analysis using multiple standard and
advanced criteria. Figure 14 shows the computed Rollet stability factor (K) and geometrical
stability factors, which confirm unconditional stability across the frequency range of DC to
70 GHz with both p and K exceeding unity.

Geometrical stability factor (p)
Rollet stability factor (K)

0\|||||\|||\|||||\||||\\||||\||||\|0
0 10 20 30 40 50 60 70

Frequency (GHz)

Figure 14. Simulated Rollet stability factor (K) and graphical stability factors (i1, ) of the LNA
across 0-70 GHz, confirming unconditional small-signal stability.

In addition, the partitioned Ohtomo stability test was applied to all ports of the three-
transistor cascade using the methodology proposed in [29]. The Ohtomo test provides a
powerful framework to detect internal feedback-induced instability by evaluating each ter-
minal’s reflection behaviour on a Smith chart. The corresponding six Ohtomo circle plots are
shown in Figure 15, with each subplot corresponding to one of the six transistor terminals.

The plots confirm that the trajectories do not encircle or approach the instability
boundary ((1,0) point at x-axis), indicating that no unstable pole exists for any terminal
across the frequency sweep. This confirms that all transistor stages remain uncondi-
tionally stable, even when mismatches and interstage feedback are present. The test
thus validates the core premise of this work, that relaxing the SSNM condition does not
compromise stability.
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Ohtomo circled: Drain node of Trl Ohtomo circle5: Drain node of Tr2 Ohtomo circle6: Drain node of Tr3

Figure 15. Partitioned Ohtomo test results for each terminal of the three-stage LNA MMIC (DC to
70 GHz).

Figure 16 presents both simulated and measured S-parameters (in dB) alongside the
noise figure of the proposed three-stage LNA. Across the targeted 28-34 GHz frequency
band, the amplifier achieves a flat and stable gain of approximately 23 + 1 dB, with
measured gain closely following simulation predictions. The simulated NF, shown as a
solid magenta curve, remains below 2 dB throughout the operating band. The measured
NE, depicted by the dashed magenta line, varies between 2.0 dB to 2.5 dB over 28 to
34 GHz.
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Figure 16. Simulated (post EM) and measured S-parameters and noise figure of the LNA MMIC.

As depicted in Figure 16, the simulated reflection coefficients (S11 and 522) demon-
strate excellent wideband matching, maintaining better than —18 dB and —15 dB return loss,
respectively, over the 28-34 GHz band. This broad matching performance directly validates
the effectiveness of the relaxed SSNM design approach, which expands the permissible
mismatch regions to achieve robust wideband impedance control.

While minor deviations between simulated and measured S11 and S22 occur, primarily
due to parasitic effects such as probe pad capacitances, calibration inaccuracies, and small
process variations, these measurement variations are independent of the relaxed SSNM
condition itself. A similar variation occurs in the noise figure, which shows a noise figure
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increment of 0.5 dB at some frequencies; this is due to the difference between the noise
model and noise data provided by the foundry.

Thus, the relaxed SSNM methodology inherently enables wideband operation, and
the observed differences in measured data stem from practical implementation fac-
tors rather than the design approach, confirming the method’s practical reliability and
wideband applicability.

A comparison with previously published LNA MMICs, fabricated using the same
GaAs technology, is summarised in Table 3. As observed, the performance of the proposed
design is comparable to, or better than existing designs. References [8,10,11,18,21,30] all
utilize transistors with a 150 nm gate length, similar to that used in this work. However,
reference [8] shows a high noise figure and a high gain due to a bigger transistor size.
Reference [10] demonstrates excellent performance, and [11,18] achieve comparable results.
All three LNAs operate for ultra-wideband but rely on extra circuitry. References [21,30]
report a significantly higher noise figure, despite employing only two amplifier stages. Ad-
ditionally, none of the referenced works provides a systematic methodology for achieving
wideband performance. Instead, they depend heavily on additional circuitry or extensive
software-based optimisation. In contrast, the proposed approach offers a structured and
efficient alternative, achieving competitive performance without the need for extra circuitry.

Table 3. State-of-the-art GaAs LNA MMICs in Ka-band.

Channel Gate
BW . Geometry No. of S11, S22
Ref No. (GH2) v(\glc:? (Fingers » Stages 521 «B) NF (dB) Topology
Width (um))
[3] 26-36 100 2 x 50 4 33 —12, —12 1.8 Grounded FET
8] 25-35 150 4% 120 3 28 ~10,-15 3 Source
degeneration
[9] 27-31 70 4 %30 3 26 ~10, —10 1.6 Source
degeneration
Drain-gate
[10] 14-31 150 2 x 50,1 x50 4 30-25 —10, —10 1.25 RLC feedback
[11] 27-34 250 Not avai. 5 30 Not avai. 2-3 Grounded FET
[12] 18.7-36.5 100 4 x (25,75) 2 15.9 —10, —10 1.5-2.1 R-L-C feedback
[13] 1843 100 4 x (25, 35,50) 3 21.6 —10, —10 1.8-2.7 Feedback
[18] 13-33 150 6 x 40 3 15.6-18.6 —8,-10 1.05-2.8 R-L-C shunt
feedback
Transformer
[19] 11-39 100 4 x 25 3 23 -2,-10 2.1-3 feedback
Filtering
[20] 27-31 100 Not avai. 3 20 -12, —12 1.6 matching
networks
[21] 29-44 150 Not avai. 2 14.2 10, -7 23-3 Forward
combining
[30] 27-34 150 Not avai. 2 229 —10, —10 2.7-3.2 Cascode, CS
This work ~ 28-34 150 4 x 25 um 3 2441 10, -11 225 Source
degeneration

7. Conclusions

This work extends the classical SSNM concept from narrowband theory to practical
wideband application by introducing deliberate mismatches at the external ports; thus,
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it removes ambiguity in inter-stage mismatch levels. Each stage can function inside a
frequency-bounded mismatch envelope described by IM-OM circles (derived from closed-
form equations in the literature). Thanks to the relaxed SSNM conditions, the proposed
graphical charts guide the designer across the entire band, while preserving an improved
balance among gain, noise figure, and stability.

An easy-to-follow strategy for wideband implementation using the relaxed SSNM
condition is presented, supported by an MMIC demonstration. This approach significantly
limits reliance on CAD-based optimisation when targeting wide frequency bands. The
fabricated MMIC prototype achieves over 23 dB gain and 2-2.5 dB noise figure, from
28 GHz to 34 GHz, with measured results closely tracking simulations.

The methodology naturally scales to wider bandwidths without modification and
extends to N-stage cascaded LNAs. The improved IM-OM versus Lg charts with induced
mismatch scale provide a practical tool for selecting source degeneration inductors across
multiple stages, and the frequency-bounded mismatch regions can be adapted for broader
frequency spans.

Future Work Directions

Future work will focus on integrating the envelope construction into an automated
synthesis engine and validating the method across octave-band LNAs and reconfigurable
front-ends. This will help transform the relaxed SSNM concept into a wideband design
framework suitable for next-generation microwave and millimetre-wave systems. Further
studies will explore mismatch limits over varying frequency bands. These efforts will
broaden the applicability of the approach and ultimately make it more accessible to diverse
real-world design scenarios.
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