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Abstract—The multi-finger architecture has been widely ex-
plored in submicron CMOS circuits because it caters to improved
device performance compared to its mono-finger counterparts.
However, setting appropriate finger variables, including finger
width and number of fingers, to boost the circuit’s performance
is a cumbersome task. The objective of this work is to de-
velop a finger-regulated simultaneous noise and input matching
(FRSNIM) methodology for microwave front-ends. It is driven
by the concept of impedance engineering of source referred noise
impedances (Z,,:) to realize a theoretical optimization exploiting
Keysight’s Advanced Design System (ADS) platform and the 180
nm standard CMOS process. As part of the proposed FRSNIM
approach, a protocol for setting up optimum bias points is
outlined through the assessment of radio frequency benchmarks.
The proposed FRSNIM mechanism takes into account the para-
sitics associated with the bond pad and bond wire to model the
influence of the packaged parasitic on scattering port parameters.
Exploiting the proposed FRSNIM scheme, a low noise amplifier
(LNA) is devised, which furnishes a 16.7 dB forward gain and
a 1.4 dB noise figure at 2.4 GHz while consuming only 6.6 mW
of power from a 1.8 V supply voltage. The input-referred third-
order intercept point (IIP3), defining the linearity of the LNA,
is —7dBm. It occupies an area of 470 x 337 um?>.

Index Terms—Finger number, aspect ratio, packaged parasitic,
Smith Chart, contour plot, impedance matching, minimum noise
figure.

I. INTRODUCTION

As the first active block, the low noise amplifier (LNA) has
a significant impact on the overall performance of the receiver
chain. The main objective of LNA is to amplify a weak
radio frequency (RF) signal while minimizing the inclusion
of additional noise as much as possible [1]. LNA attributes
including impedance matching, noise performance, forward
gain, power consumption and linearity are rigorously balanced
in a highly efficient LNA [2]. The trade-off between noise
figure (NF) and input matching imposes a major challenge
on the design of an LNA. Various input matching networks
have been proposed in prior works for narrowband LNA
[3]. Ratnaparkhi et al. designed a parallel capacitor-inductor
network to cancel the imaginary part of the input impedance
of the source degenerated differential LNA [4]. Nguyen et
al. proposed an external capacitor added in between the gate
and the source of the input transistor to reduce the imaginary
part of the input impedance, hence making the matching
operation more straightforward [5]. Ghanbari et al. suggested
a transmission line-based matching network which requires a
substantial die area [6]. Padhye et al. proposed a large series
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Fig. 1. Schematic of the FRSNIM-based 2.4 GHz cascode LNA.

inductor employed at the gate of the input transistor to cancel
out the imaginary part of the input impedance [7]. Arshad et al.
recommended transformer feedback for input matching where
the transformer is connected to the input, therefore its noise is
directly added to the antenna noise source and hence the NF
gets degraded [8]. As a result, input matching has often been
the reason for high NF, and it has negatively impacted other
RF benchmarks. However, the most important aspect of LNA
design is to get the lowest NF possible.

Recent advancements in CMOS technology have utilized
multi-finger controlled structures to take advantage of superior
layout fitting, reduced gate resistance, and enhanced reflection
loss [9]-[12]. The employment of multi-finger structures can
significantly downscale the diffusion area and perimeter, which
results in improved RF performances. However, arbitrarily
choosing finger variables will not cater to the desired spec-
ifications. Our previous work explored the impact of multi-
finger technology on wideband matching [9], however; a
protocol still needed to be devised to manage finger vari-
ables to establish the required benchmarks. The novelty of
this work is to propose a design approach to accomplish
a better trade-off between impedance matching and noise
performance by modeling the influence of the finger variables
on the impedance settlement of submicron amplifiers. The pro-
posed finger-regulated simultaneous noise and input matching
(FRSNIM) technique is validated by devising a CMOS LNA
operating in the 2.4 GHz band through the assessment of
source-referred noise impedances (Z,,;) modulation. As part
of the impedance matching technique, a protocol is proposed
to regulate finger variables while satisfying the requirements
of multi-finger setups are of great interest to better optimize
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Fig. 2. Contours of (a) MG and (b) N Fy;n as a function of V4 and Vgq.
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Fig. 4. Influence of finger variables (f and r) (a) without Ce¢, (b) with Cez¢ on input impedance and (c) with and without Ce 4 on noise figure (N F’).

the amplifier characteristics. Section II describes the proposed
finger regulation approach in order to achieve the state-of-the-
art performance metrics for the designed LNA which is then
followed by a conclusion in section III.

II. FRSNIM-DRIVEN CASCODE LNA DESIGN

The architecture of the proposed FRSNIM-based CMOS
LNA designed in 180 nm CMOS technology is shown in Fig.
1. The detailed design approach is explained below.

A. Assessment of Bias Points

Keysight’s Advanced Design System (ADS) platform is
exploited for mapping multidimensional contours to determine
the optimum bias points. Simulated contours for maximum
gain (MG) as a function of the drain (Vz4) and gate (V)
voltages are plotted in Fig. 2(a). MG indicates the theoretical
highest power gain that can be achievable from a device at
specific bias points and frequency. Hence, after adding the
matching networks, we can’t attain a power gain that is greater

than MG. Each contour furnishes a certain value of MG for
different combinations of V4 and V4. In this case, the highest
MG of 31.6 dB is achieved through the contour marked by
m;. It can be seen that as we go from my; to m; (along the
vertical axis), V4 increases, which results in an increment
of MG. This is because with the increment of V4, drain
current (I;) increases, which increases the transconductance
(gm) of the device. If g,, is increased, then the voltage gain
(A,) is also increased correspondingly. On the other hand, if
we go from m; to my (along the horizontal axis), V,, gets
increased, which results in a decrease of MG from 31.6 dB
to 26.0 dB. Similarly, as shown in Fig. 2(b), minimum noise
figure (N Fiy,45,) contours are devised as a function of V,, and
Vadg- NFpin is the absolute lowest noise figure that can be
achievable from a device. Hence, we can’t achieve a noise
figure that is lower than the N Fj,;, of a device after adding
matching circuitry. In this case, the best NF,,;, is tailored
to the contour marked by mg, as demonstrated in Fig. 2(b),



where it is obvious that N F,,,;,, gets worsened as we increase
the V. This is because as V;, increases, gate current is also
increased, resulting in an increase of noise current. However,
if V34 gets increased, N Fy,;, is also improved as g, of the
device increases with the increment of V4. To this end, the
optimum bias points are set as Vg and Vg, to 1.8V and 0.7V
(marked by the dotted green line), respectively, where we have
the optimum noise and gain performances.

B. Impedance Settlement with FRSNIM

The proposed FRSNIM protocol is developed to achieve an
impedance settlement through the sizing of the transistors. At
first, several terms including number of fingers (f), multipliers
(m), and aspect ratio (r), are needed to be defined. m means
the number of parallel devices. If we increase m, I; gets
increased. f is the number of polygate fingers exploited in
the layout management. By extending the total f, both the
source and drain experience a reduction in their area and
perimeter. As a consequence, the multi-finger structure concept
will substantially decrease parasitic capacitances, resulting in
an improvement in noise performance. If the transistor has
just one f and one m, the total width (w) becomes 7 x L
(transistor’s aspect ratio, = w/L, where L is the channel
length). Similarly, the total width becomes 2 x r x L for a
transistor having f of 2 and m of 1. By extension, for a split
device having f of 2 and m of 2, the resultant width becomes
2 x 2 x r x L. As such, the overall width of the multi-finger
transistor, W;,:4;, should be:

Wiotal = L X7 X fxXm (1)

Fig. 3 depicts the selection of optimal f and r within the
range allowed by the process technology for achieving nearly
ideal impedance matching by determining the optimum aspect
ratio of the transistor. IV F,,;, of the transistor is plotted in
Fig. 3(a) for the various combinations of f and r values. The
contour marked by m1 shows possible combinations of f and
r for the lowest NV F},;,, of 1.21 dB. Next, f and r are swept to
assess the imaginary part of the input impedance (imagZ;,),
as shown in Fig. 3(b). At m5 (f = 15, r = 10), the imagZ;,, is
440 2, a large off-chip inductor is thus needed to be placed in
order to cancel the imaginary impedance. Various approaches
have been proposed in prior works to reduce the imagZ;,.
One of the approaches is to increase the size of the transistor
(e.g., increase f and r), which can also be observed in Fig.
3(b). From mb5 to m8, imagZ;, is reduced from 440 Q to
140 Q as (f, r) is increased from (15, 10) to (30, 25).

However, for the (f, r) = (30, 25), the N F,,,;,, increases to
1.80 dB as denoted by m4 in Fig. 3(a). Also, with this f and
r combination, the size of the device is increased significantly,
resulting in a five-fold increase in power consumption. Hence,
optimum values for f and r are needed to be chosen so that
NF,,;, is not greater than 1.5 dB while tmagZ;, is the
lowest. Next, to further reduce the imagZ;,, (f, r) = (20,
15) is chosen where N F},,;, is 1.45 dB and the imagZ;,, is
240 Q.
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Fig. 5. Proposed FRSNIM Scheme.
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Now, a trade-off between power gain and N F' is furnished
in Fig. 4 for this f and r combination by devising an optimum
source reflection coefficient for minimum noise figure (S, p+)
and an optimum source reflection coefficient for maximum
forward gain (G;,) [10]. Here, the imaginary part of G,
is 321.55j 2, which is indeed a high value because of the
low capacitance at the input. To further explain this point, the
equation of input impedance of a source degenerated common
source LNA is shown below [10].

Zin = 5(Lg + Ls) +1/(sCys) +

(gmLS)/Cgs 2

wm /¢¢

470 pm

Fig. 7. Layout of the proposed FRSNIM-driven LNA.
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Where, L, and L, are gate and source inductor, respectively,
Cys is the gate-to-source capacitance of the transistor M;.
From equation (2), it is evident that if input capacitance, Cy,
is very low, then the imaginary part of Z;, (= 1/sCys) will
be very high. Hence, an external capacitor, C.,¢, is added be-
tween the gate and source of the M) to increase input capaci-
tance, resulting in a lower imagZ;, (= 1/s(Cys+Ceyt)). This
approach of adding an external capacitor does not increase the
power consumption, as in the case of increasing the size of
the transistor. With C.,; = 3 pF and (f, r) = (20, 15), the
imaginary part of G, is reduced to 123.755 ) as shown in
Fig. 4(b).

However, adding C..; increases the NF', as indicated by
the blue curve in Fig. 4(c). To resolve this issue, the size of
the transistor needs to be increased a little bit (increasing the
transistor size results in an increase of I;, boosting the gy,
of the device, which eventually improves the NF'). Based
on all the steps described above, the proposed FRSNIM
technique is summarized in Fig. 5. Following the proposed
design approach, when (f, r) = (20, 20), with C¢,y, the
NF shows the best performance of 2.2 dB, as shown in Fig.
4(c). Moreover, for this f and r combination, along with the
addition of C¢,¢, the real part of G;, is 50.3 €2, and the
imaginary part is further reduced to 104.3j €2, as shown in
Fig. 6(a), enabling the option to design a simpler matching
network. Hence, in our proposed design, both f and r are set
to be 20 for M;. In a similar fashion, the finger variables are
optimized for M>.

C. Design of Input Matching Network (IMN)

For designing the IMN, (Gj_con; = conj (Giy,)) and Sop¢
are plotted on Smith Chart as shown in Fig. 6(b). S, ,+ allows

TABLE 1
COMPONENT PARTICULARS FOR THE PROPOSED LNA
Components Values
Supply (V) Vaa =138, Vyq =0.7
Resistors (£2) R, = 10k

Capacitors (F)
CS xr

Cpl = Cpl = Cpg = Cp4 = 250f,

t = 03p, Cd = 04p, Cbg = 4p

Inductors (nH)

Lyy=1,L,=7 Ly =2,
Ly=08, Lyg=8, Lys =1

Transistors
WIL (um/pm)

M; = 72/0.18, My = 54/0.18

TABLE II
CORNER ANALYSIS FOR THE PROPOSED LNA
Components TT Corner FF Corner SS Corner
S11 (dB) -12.84 -10.23 -16
S99 (dB) -10.74 -10.38 -12
Ss1 (dB) 10.16 13.72 8.69
NF (dB) 2.82 2.13 3.76
Power (mW) 6.6 7.4 4.8
IIP3 (dBm) -7 -8 -5.5
TABLE III
COMPARISON WITH OTHER WORKS
Parameters [13] [14] [15] This work
Process (nm) 180 GaAs 65 180
Freq. (GHz) 2.4 2.4 2.4 2.4
S11(dB) —-13.8 —10.02 —19.49 —12.84
S22(dB) -12.5  —19.07 - —10.74
S21(dB) 146  19.85 10.6 16.7
Si12(dB)  —34.2 — - —44.64
NF (dB) 2.89 1.01 3.15 1.4
Mu 4.3 — — 9.7
IIP3 (dBm) - — —8.75 -7
Power (mW)  9.15 20 11 6.6
FoM1 0.55 0.72 —2.38 3.74
FoM?2 — — —11.14 —3.25




the minimum noise figure but not good power matching [11].
On the other hand, G'j;,_con; offers the best power matching,
disregarding the minimum noise figure. Hence, the impedance
(36.63 + 100.4j) €2, which is in between the two points, is
chosen for the implementation of FRSNIM. This impedance
point is matched to an impedance network consisting of bond
pads and bond-wires in order to take into account the impact
of packaged parasitics [9].

D. Complete LNA Simulation

Fig. 7 depicts the layout of the proposed LNA. The total area
requirement of the LNA is 470x 337 pum?. Table I tabulates the
component values for the proposed LNA. The quality factor
(Q) of the source (L), gate (Lgy), and drain (Lg4) inductor
are 5, 8, and 6, respectively. Fig. 8(a), 8(b), 8(c), and 8(d)
demonstrate the post-layout simulated noise figure and forward
gain (S21), input and output reflection coefficients, stability
factor and reverse isolation, and I7P3 of the proposed LNA,
respectively. The LNA has a power gain of 16.7 dB and a noise
figure of 1.4 dB at 2.4 GHz. It achieves good input and output
matching. At 2.4 GHz, the values of S7; and S3o are -10.74
dB and -12.84 dB, respectively. The stability factor, Mwu is 9.7
at 2.4 GHz, which means the LNA is unconditionally stable.
The reverse isolation is -44.64 dB at 2.4 GHz. The third-order
intercept point (//P3) is -7 dBm as demonstrated in Fig. 8(d).
The LNA draws a current of 3.6 mA from a supply voltage of
1.8V. Hence, the total power requirement of the LNA is only
6.6 mW. The LNA is simulated at different process corners and
the results are demonstrated in Table II. For different values
of bond wires, Fig. 9(a) and 9(b) demonstrate the influence of
packaged parasitics on input and output matching, respectively.
As the value of the input bond-wire (L) increases to 1 nH,
the resonant frequency shifts towards 2.4 GHz, whereas the
resonant frequency is almost fixed to 2.4 GHz for different
values of the output bond-wire (Lp2).

Table III compares the performance of the proposed LNA
with other recently reported works. All the results presented
in Table III are based on simulation. The proposed FRSNIM-
based LNA dissipates the lowest power, yet it exhibits a
comparable NF and gain. For example, although the design
proposed in [14] consumes almost three times more power
than our proposed LNA, our gain and noise performance are
comparable. Thus, the suggested LNA fits the requirements of
portable low-power high-performance receivers. Two figures
of merits (F'oM s) as described below are exploited for making
a fair comparison among all the architectures. FoM1 is
realized through frequency, power gain, noise figure, and
dissipated power (Ppc¢), whereas F'oM2 considers I1IP3 as
well. The proposed LNA is capable of attaining the best
FoMs.

Freqarz)-Gaingmag)

3
(NF — 1)mag-PDC(mW)) ®

FoM1 = 10[0910 (

Freq(GHz).Gam(mag)
(NF - 1)mag~PDC(mW)

FoM?2 = 1010910 < IIP'?)mw)

“4)

III. CONCLUSION

A finger-regulated input impedance optimization-based de-
sign approach is proposed in this work for impedance set-
tlement faced by submicron amplifier circuits to compensate
for noise and gain impedance discrepancies with better power
management which makes the designed LNA suitable for low
power and short-range communication.
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